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Abstract. Glioblastoma (GBM) is a type of malignant
tumor occurring in the brain that severely influences the life
of affected individuals. GBM cells are highly infiltrative,
which is one of the main obstacles in the treatment of the
disease. Numerous microRNAs (miRNAs/miRs) are associ-
ated with the development of GBM. However, the effects of
miR-15a-5p on GBM remain elusive. In the present study,
reverse transcription-quantitative PCR and western blot
analysis were applied for the detection of RNA and protein
levels, respectively. Cell Counting Kit-8 and Transwell assays
were performed to examine cell proliferation and invasion,
respectively. TargetScan 7.1 and dual-luciferase reporter
assay were utilized for the prediction and verification of the
association between miRNAs and mRNAs. The present study
revealed that miR-15a-5p expression was upregulated in the
GBM T98G cell line. The results further demonstrated that,
through the inhibition of cell adhesion molecule 1 expression
and the promotion of Akt phosphorylation, miR-15a-5p was
able to promote GBM cell proliferation and invasion. Overall,
the present findings revealed a novel mechanism responsible
for the development of GBM and provided an experimental
basis for the diagnosis and treatment of GBM.

Introduction

Glioblastoma (GBM) is the most common and severe type of
human glioma, with an incidence rate of 3.19 cases/100,000
individuals/year globally, as reported in 2017 (1). Glioma is
a primary malignant tumor occurring in the brain, the inci-
dence rate of which is the highest among tumors of the central
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nervous system (2,3). GBM is known as grade IV glioma, with
characteristics of high malignancy, high recurrence rate and
very low 5-year survival rate (4-5%) (4,5). One of the reasons
why GBM is difficult to cure is that the tumor tissue mainly
grows infiltratively; the tumor cells migrate to the surrounding
brain tissue during the process of proliferation, binding to the
dura mater or directly penetrating into deep brain structures,
such as the ventricles (6-8). The molecular mechanisms of
GBM cell proliferation and invasion are crucial, and remain
to be fully elucidated.

Some important molecules have been found to be involved
in the proliferation and invasion of GBM cells, such as cell
adhesion molecule 1 (CADM1) (9-11). CADM1 has been iden-
tified as a tumor suppressor in a variety of tumors, including
lung, prostate, liver, pancreas and breast cancer (12). Studies
have indicated that CADMI is able to activate STAT3 and the
PI3K/Akt signaling pathway, and thus regulates the prolifera-
tion of tumor cells, including lung cancer cells and squamous
cell carcinoma cells (13,14). In GBM-associated research, it
has been demonstrated that CADM1 expression is decreased
in patients with GBM and in GBM cell lines, and CADM1
overexpression inhibits the proliferation of GBM cells (9,11).
These findings indicate that CADMI is an effective suppressor
of GBM proliferation.

MicroRNAs (miRNAs/miRs) are a type of non-coding
RNAs, which form RNA-induced silencing complexes by
binding to the mRNA of target genes, and thus inhibiting their
translation (15,16). Therefore, by regulating the expression
levels of oncogenes and tumor suppressors, miRNAs are able
to regulate the development and pathogenesis of a variety of
tumors, including breast, prostate and pancreatic cancer (17).
In addition, a number of studies have indicated that the
expression levels of some miRNAs are abnormal during
the occurrence of GBM (18-20). Therefore, miRNAs have
been widely investigated in tumor detection and treatment,
including GBM. For instance, the expression levels of miR-21
and miR-10b are upregulated in GBM, while those of miR-15b,
miR-137 and miR-124 are downregulated in GBM; addition-
ally, manipulating the levels of these miRNAs can regulate
some of the pathological characteristics of GBM, including
cell migration, invasion, proliferation and apoptosis (21-24).
Among the cancer-associated miRNAs, miR-15a-5p has
been reported to be involved in the proliferation and inva-
sion of a variety of tumor cells, including non-small cell lung
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cancer, colorectal adenocarcinoma and endometrial cancer
cells (25-27). However, its role in GBM has not yet been eluci-
dated. Therefore, the present study aimed to investigate the
role of miR-15a-5p in GBM.

Materials and methods

Antibodies and reagents. The antibodies used in the present
were as follows: CADMI1 (1:1,000; cat. no. ABT66; EMD
Millipore), Akt (1:1,000; cat. no. 9272; Cell Signaling
Technology, Inc.), phosphorylated (p)-Akt (1:1,000; cat.
no. 4060; Cell Signaling Technology, Inc.) and GAPDH
(1:1,000; cat. no. HPA061280; EMD Millipore) primary
antibodies, and goat anti-rabbit (1:3,000; cat. no. 7074; Cell
Signaling Technology, Inc.) secondary antibodies.

The reagents used were as follows: Fetal bovine serum
(FBS; Thermo Fisher Scientific, Inc.), Dulbecco's modified
Eagle's medium (DMEM; Thermo Fisher Scientific, Inc.),
penicillin-streptomycin (Thermo Fisher Scientific, Inc.),
Lipofectamine® 2000 (Thermo Fisher Scientific, Inc.), TRIzol®
(Thermo Fisher Scientific, Inc.), the PrimeScript qRT Reagent
kit (Takara Bio, Inc.), SYBR-Green Mix (Roche Diagnostics),
the Dual-Luciferase Assay System (Promega Corporation),
Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies,
Inc.), protease inhibitor cocktail (Sigma-Aldrich; Merck
KGaA), RIPA buffer (Roche Diagnostics), BSA (Beijing
Solarbio Science & Technology Co., Ltd.) and Premixed
Luminata™ Western HRP substrates for stronger signals
(EMD Millipore).

Cell culture and transfection. The T98G cell line was obtained
from the American Type Culture Collection. Human brain
normal astroglia HEB cells were purchased from Ningbo
Mingzhou Biotechnology Co., Ltd. (cat. no. MZ-0831). The
cells were cultured in DMEM containing 10% FBS and 1%
penicillin-streptomycin, and incubated in a 37°C incubator
containing 5% CO,.

Small RNAs [50 nM miR-negative control (NC) mimic or
miR-15a-5p mimic; 100 nM miR-NC inhibitor or miR-15a-5p
inhibitor] and small interfering (si) RNAs (50 nM siNC,
siCADMI1-1 and siCADMI1-2) were transfected into the cells
using Lipofectamine 2000. After 48 h of incubation, the cells
were used for subsequent experiments. The non-targeting
scrambled miR-NC mimic and miR-NC inhibitor, miR-15a-5p
inhibitor and miR-15a-5p mimic were obtained from Shanghai
GenePharma Co., Ltd., while siCADM1 and siNC were
purchased from Shanghai Tuoran Biological Technology
Co., Ltd. Their sequences were as follows: miR-NC inhibitor,
5'-CAGUACUUUUGUGUAGUACAA-3'"; miR-15a-5p inhib-
itor, 5'-CACAAACCAUUAUGUGCUGCUA-3"; miR-NC
mimic, 5-UUCUCCGAACGUGUCACGUTT-3'; miR-15a-5p
mimic sense, 5'-UAGCAGCACAUAAUGGUUUGUG-3'
and antisense, 5'-CACAAACCAUUAUGUGCUGCUA-3
siNC sense, 5-UUCUCCGAACGUGUCACGUATAT-3'
and antisense, 5'-ACGUGACACGUUCGGAGAAdTdT-3;
siCADM1-1 sense, 5'-CCAACCUGUUCAUCA AUAAATAT-3'
and antisense, 5S'-UUAUUGAUGAACAGGUUGGATdT-3"
and siCADMI1-2 sense, 5-UCAGGUGGUUCAAAGGGA
AdTdT-3' and antisense, 5'-UUCCCUUUGAACCACCUG
AdTdT-3.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from the cultured T98G or HEB cells
using TRIzol reagent, and then reverse transcribed into cDNA
at 37°C for 15 min and 85°C for 5 sec using the PrimeScript
gRT Reagent kit according to the manufacturer's protocol. The
SYBR-Green Mix kit was used for the RT-qPCR experiments
on an ABI Prism 7500 system (Thermo Fisher Scientific, Inc.)
according to the manufacturer's protocol. The thermocycling
conditions were as follows: 95°C for 3 min, followed by
40 cycles of 95°C for 10 sec, 60°C for 15 sec and 72°C for
31 sec. The expression levels of miRNAs and mRNAs were
analyzed using the 224 method (28), with U6 and GAPDH
as the internal control for miRNAs and mRNAs, respectively.
The primer sequences were as follows: miR-15a-5p forward,
5" TAGCAGCACATAATGGTTTGTG-3' and reverse, 5'-CTC
AACTGGTGTCGTGGA-3'; U6 forward, 5-CTCGCTTCG
GCAGCACA-3' and reverse, 5-AACGCTTCACGAATTTGC
GT-3'; CADMI1 forward, 5'-CCACAGGTGATGGGCAGA
AT-3' and reverse, 5-TTCCTGTGGGGGATCGGTAT-3";
GAPDH forward, 5-GAGAAGGCTGGGGCTCATTT-3' and
reverse, 5S“AGTGATGGCATGGACTGTGG-3".

Transwell assay. T98G cells (5x10%) were seeded in serum-free
DMEM in the upper chamber of a Matrigel-precoated
Transwell chamber (Corning, Inc.), while the lower chamber
was filled with DMEM with 10% FBS. Following incuba-
tion at 37°C for 24 h, the upper chamber was removed, the
polycarbonate membrane was inverted and cells on top of the
membrane were removed using a cotton swab. The invading
cells were fixed with 4% paraformaldehyde for 1 h at room
temperature and stained with 0.25% crystal violet for 1 h at
room temperature. The invading cells were counted based on
five field digital images taken at a magnification of x100 using
an Olympus IX51 light microscope (Olympus Corporation).

CCK-8 assay. CCK-8 assay was used to detect the cell
proliferative ability. T98G cells transfected with miR-NC
inhibitor, miR-15a-5p inhibitor, siNC or siCADMI1 were
seeded (1,000 cells/well) in 96-well plates and incubated at
37°C for different periods of time (24, 48 or 72 h). Prior to
CCK-8 detection, 100 u1 fresh DMEM containing 10 u1 CCK-8
reagent were added to each well according to the manufac-
turer's protocol and the cells were cultured for 4 h at 37°C. The
OD values of the different groups of cells were measured at
450 nm using a spectrophotometer (BioTek Instruments, Inc.).

Dual-luciferase reporter assay. The candidate target genes
for miR-15a-5p were screened using TargetScan (http:/www.
targetscan.org) (29). The 3'-untranslated region (3'-UTR)
sequences of wild-type (WT) CADMI1 were obtained from
T98G cell cDNA, and inserted into pGL3-luciferase reporter
plasmids (Promega Corporation) using Kpnl and Xhol restric-
tion sites to obtain pGL3-CADMI1-3'-UTR-WT. Two-point
mutations were introduced into CADM1 3'-UTR using a
site-directed mutagenesis kit (Agilent Technologies, Inc.), in
order to construct pGL3-CADMI1-3'-UTR-mutant (Mut). The
plasmids were then co-transfected with 50 nM miR-15a-5p
mimic or NC mimic into T98G cells using Lipofectamine
2000. After incubation at 37°C for 48 h, the luciferase inten-
sity was detected using the Dual-Luciferase Assay System
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Figure 1. miR-15a-5p is upregulated in a glioblastoma cell line. (A) Reverse transcription-quantitative PCR revealed that miR-15a-5p expression was higher in
T98G cells than in HEB cells. (B) miR-15a-5p inhibitor suppressed miR-15a-5p expression. (C) miR-15a-5p mimic increased miR-15a-5p expression. “P<0.01.

miR, microRNA; NC, negative control.

(Promega Corporation). Renilla luciferase activity was used
as the reference.

Western blot analysis. T98G cells were washed with PBS,
collected in test tubes by centrifugation at 1,000 x g at 4°C
for 5 min, and lysed with RIPA buffer containing protease
inhibitor. Protein concentration was determined using a
BCA kit (Beyotime Institute of Biotechnology). The SDS
loading buffer was mixed with the protein samples. Proteins
(15 pug/lane) were separated via 8% SDS-PAGE and trans-
ferred to a PVDF membrane, which was blocked with 5% BSA
at room temperature for 2 h in TBS-Tween 20 (0.5%; TBST),
then incubated with primary antibodies overnight at 4°C,
followed by HRP-conjugated secondary antibodies at room
temperature for 1 h. After washing thoroughly with TBST,
the HRP signals were detected with chemical HRP substrate.
The intensity of positive protein bands was measured using
ImagelJ software version 1.50 (National Institutes of Health),
and the average value of the control group was normalized to
1. GAPDH served as the reference protein.

Statistical analysis. All data were analyzed using GraphPad
prism 6.0 (GraphPad Software, Inc.) and are expressed as
the mean + SEM. Each experiment was repeated =3 times.
Unpaired student's t-test was used to compare differences
between 2 groups. One-way ANOVA followed by Tukey's post
hoc test was used to compare differences among =3 groups.
P<0.05 was considered to indicate a statistically significant
difference.

Results
miR-15a-5p expression is upregulated in T98G cells. To

examine whether miR-15a-5p expression is normal in GBM,
RT-qPCR was performed to detect miR-15a-5p expression in

T98G and HEB cells. T98G is a widely used human GBM
cell line, while HEB is a type of human brain normal astro-
glia cell line. As shown by the results presented in Fig. 1A,
miR-15a-5p expression was significantly higher in T98G
cells compared with that in HEB cells, which indicated that
miR-15a-5p expression was upregulated in GBM cells. To
further examine the roles of miR-15a-5p in GBM, miR-15a-5p
inhibitor and miR-15a-5p mimic were designed to inhibit or
enhance miR-15a-5p expression, respectively (Fig. 1B and C).

miR-15a-5p promotes T9S8G cell proliferation and invasion. In
order to verify whether miR-15a-5p participates in GBM cell
proliferation and invasion, CCK-8 and Transwell assays were
performed. As shown in Fig. 2A, the results of CCK-8 assay
revealed that the proliferation of T98G cells was significantly
suppressed by the miR-15a-5p inhibitor compared with the NC
inhibitor. Similarly, as shown by Transwell assay, which was
used to measure the cell invasive ability, miR-15a-5p inhibitor
effectively restrained the invasion of T98G cells (Fig. 2B and C).
These experiments indicated that miR-15a-5p was able to
promote the proliferation and invasion of GBM cells.

CADMI1 is regulated by miR-15a-5p. In order to determine the
mechanisms through which miR-15a-5p regulates cell prolif-
eration and invasion, the candidate target genes of miR-15a-5p
were screened using TargetScan. The results revealed that the
3'-UTR of CADMI may contain a targeting site of miR-15a-5p
(Fig. 3A). For further verification, a normal CADM1 3'-UTR
sequence (WT) and a mutated one (Mut) were designed,
and each sequence was inserted into the luciferase reporter
plasmid for dual-luciferase activity assay. As shown by the
results presented in Fig. 3B, in the T98G cells transfected
with the WT reporter plasmid, the luciferase activity in the
miR-15a-5p mimic group was significantly lower than that
in the NC mimic group. On the other hand, no significant
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Figure 2. miR-15a-5p inhibitor suppresses T98G cell proliferation and invasion. (A) Cell Counting Kit-8 assay revealed that the miR-15a-5p inhibitor suppressed
T98G cell proliferation. (B) Transwell assay revealed that miR-15a-5p inhibitor suppressed T98G cell invasion (magnification, x100). (C) Quantification of
Transwell assay showing a significant decrease in cell invasion in the miR-15a-5p inhibitor group. “P<0.01 vs. miR-NC inhibitor. miR, microRNA; NC,

negative control.

A Position 622-628 of CADM1 3' UTR 5'-ACAAUGAAAACUCUUUGCUGCUG... WT

L1111
hsa-miR-15a-5p 3-GUGUUUGGUAAUACACGACGAU

| |
I 1]

Position 622-628 of CADM1 3' UTR 5'-ACAAUGAAAACUCUUUGACGCUG... Mut

- -
o w
1 1

Relative luciferase activity
in T98G cells (fold-change)
[
g

o
o
I

CADM1 (WT)

@l miR-NC mimic
@8 miR-15a-5p mimic

CADM1 (Mut)

Figure 3. miR-15a-5p targets CADMI. (A) WT and Mut sequences of the CADM1 3'-UTR. (B) Dual-luciferase assay revealed that the miR-15a-5p mimic
suppressed luciferase activity in the CADM1 (WT) group, but not in the CADM1 (Mut) group. “P<0.01 vs. miR-NC mimic. miR, microRNA; NC, negative
control; WT, wild-type; Mut, mutant; CADMI1, cell adhesion molecule 1; UTR, untranslated region.

difference was observed between the two groups transfected
with the Mut plasmid.

Subsequently, the present study determined whether
CADMI1 expression was altered in GBM cells. RT-qPCR and
western blot analysis were performed to detect the expression
levels of CADM1 in T98G and HEB cells. The results revealed
that both the mRNA and protein levels of CADM1 were down-
regulated in T98G cells compared with those in HEB cells
(Fig. 4A-C). These findings were consistent with the upregu-
lated miR-15a-5p phenotype observed in T98G cells.

Inhibiting CADM1 attenuates the effects of miR-15a-5p
on cell proliferation and invasion. To examine whether
CADMI1 was involved in miR-15a-5p-induced cell prolif-
eration and invasion, two CADMI siRNAs (Fig. SA and B)
were designed, with siCADM-1 resulting more effective and
being therefore selected for further research. Subsequently,
siCADMI1-1 and miR-15a-5p inhibitor were co-transfected
into the T98G cells for CCK-8 and Transwell assays. As
shown in Fig. 5C-E, miR-15a-5p inhibitor significantly
suppressed T98G cell proliferation and invasion, and
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Figure 4. CADM1 expression is downregulated in T98G cells. (A) Reverse transcription-quantitative PCR revealed that the mRNA levels of CADMI1 were
lower in T98G cells than in HEB cells. (B) Western blot analysis revealed that the protein levels of CADM1 were lower in T98G cells than in HEB cells.
(C) Quantification of western blot analysis showing a significant decrease in CADMI protein expression in T98G cells. “P<0.01 vs. HEB cells. CADMI, cell
adhesion molecule 1.
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Figure 5. CADMI knockdown reverses the inhibitory effects of miR-15a-5p inhibitor on T98G cell proliferation and invasion. (A) Western blot analysis
revealed that the protein levels of CADM1 were downregulated by CADM1 siRNAs. (B) Quantification of western blot analysis showing a significant decrease
in CADMI1 protein expression. "P<0.05 and “P<0.01 vs. siNC. (C) Cell Counting Kit-8 assay revealed that siCADM]1-1 attenuated the inhibitory effect of
miR-15a-5p inhibitor on T98G cell proliferation. (D) Transwell assay revealed that siCADMI-1 attenuated the inhibitory effect of miR-15a-5p inhibitor on
T98G cell invasion (magnification, x100). (E) Quantification of Transwell assay showing a significant decrease in cell invasion in the miR-15a-5p inhibitor
group compared with in the control group, and a significant increase in the miR-15a-5p inhibitor plus siCADMI-1 group compared with in the miR-15a-5p
inhibitor group. "P<0.05 and “P<0.01 vs. miR-NC inhibitor + siNC; “P<0.05 vs. miR-15a-5p inhibitor + siNC. miR, microRNA; NC, negative control; CADMI,
cell adhesion molecule 1; si, small interfering.

these phenotypes were attenuated when the cells were  Effects of miR-15a-5p and CADM1 on Akt activity. Akt,
co-transfected with siCADMI1-1. These results suggested that  also known as protein kinase B, is an important protein
miR-15a-5p promoted T98G cell proliferation and invasion  regulating cell proliferation and has been found to be over-
by targeting CADMI1. activated in GBM tissues and cells (30,31). p-Akt is the
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Figure 6. CADM1 knockdown reverses the inhibitory effects of the miR-15a-5p inhibitor on Akt phosphorylation. (A) Western blot analysis revealed that Akt
phosphorylation was suppressed using the miR-15a-5p inhibitor, which was reversed using siCADMI-1. (B) Quantification of western blot analysis showing
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vs. miR-15a-5p inhibitor + siNC. miR, microRNA; NC, negative control; CADMLI, cell adhesion molecule 1; si, small interfering; p, phosphorylated.

activated form, and has been demonstrated to be regulated
by CADMI1 (13). Consequently, the present study investigated
whether miR-15a-5p and CADMI1 were able to regulate Akt
phosphorylation in T98G cells. As shown in Fig. 6A and B,
the phosphorylation levels of Akt were decreased using the
miR-15a-5p inhibitor, and this effect was partially reversed by
siCADM1-1.

Discussion

The present study identified a novel mechanism through which
miRNAs may promote GBM cell proliferation and invasion.
The data demonstrated that miR-15a-5p expression was higher
in the GBM T98G cell line than in an immortal control cell
line. Introducing miR-15a-5p inhibitor into T98G cells effec-
tively inhibited Akt phosphorylation and suppressed T98G cell
proliferation and invasion. The cell adhesion protein CADM1
was found to be regulated by miR-15a-5p, and inhibiting
CADMI in the T98G cells attenuated the effects induced by
the miR-15a-5p inhibitor.

One of the key findings of the present study was that
miR-15a-5p expression in T98G cells was significantly
increased compared with that in normal cells, and subsequent
experiments revealed that miR-15a-5p inhibition suppressed
cell proliferation and invasion, indicating that miR-15a-5p was
able to promote cancer cell invasion. Therefore, in GBM cells,
the abnormal expression levels of miR-15a-5p further aggra-
vated the cancer pathological process. In addition, miR-15a-5p
expression has been evaluated in other types of tumors,
including non-small cell lung cancer and colorectal adeno-
carcinoma, in which it has been found to promote cancer cell
proliferation (25,26). However, a previous study has reported
that miR-15a-5p expression is decreased in endometrial carci-
noma (27), suggesting that the role of miR-15a-5p may differ
in various types of cancer.

The present study identified that CADMI1 was one of
the candidate target genes of miR-15a-5p using TargetScan,
and this finding was confirmed using the dual-luciferase
activity assay. The current results demonstrated that only the
miR-15a-5p mimic, but not the NC mimic or Mut CADM1
3'-UTR, suppressed luciferase activity. This strongly

suggested that CADMI1 may be targeted by miR-15a-5p. In
addition, subsequent experiments revealed a functional asso-
ciation between miR-15a-5p and CADMI. In previous studies,
CADMI has been demonstrated to interact with FERM and
PDZ domain containing protein and inhibit cancer cell prolif-
eration of squamous cell carcinoma and non-small cell lung
cancer (14,32). In GBM-associated studies, it has been demon-
strated that CADMI1 expression in GBM cell lines and patients
with GBM are significantly decreased (9). These findings are
consistent with the results of the present study, suggesting that
CADMI may be a reliable and stable tumor suppressor.

In addition to CADMI, there are several other target genes
of miR-15a-5p. It has been reported that miR-15a-5p regulates
the proliferation of endometrial mesenchymal stem cells
by inhibiting VEGFA (33), and can also inhibit the growth
of uterine leiomyoma cells by inhibiting the Wnt3 protein
through the Wnt/B-catenin signaling pathway (27). These
results suggest that miR-15a-5p may be able to regulate cell
cycle through different signaling pathways. CADMI1 inhibition
alone may not be sufficient to reverse all the effects induced by
the miR-15a-5p inhibitor, which was one of the reasons that the
knockdown of CADM1 expression only partially reversed the
effects of the miR-15a-5p inhibitor on T98G cell proliferation
and invasion. Another reason for this partial reversal effect
may be that a small amount of CADMI is sufficient to inhibit
cancer cell proliferation and invasion, since siCADMI could
not completely prevent all CADM1 mRNA translation.

The PI3K/Akt signaling pathway is closely associated
with the proliferation and invasion of a number of tumor cells,
including GBM and non-small cell lung cancer cells (30,31,34).
The present study firstly demonstrated that miR-15a-5p was
able to inhibit Akt activity in GBM cells, which was consistent
with the results obtained in other cancer systems, including
gastric and ovarian cancer (35,36). Additionally, it has been
demonstrated that Akt participates in other physiological
processes of tumor cells, such as autophagy, aging and apop-
tosis (37-39), suggesting that miR-15a-5p may also serve a role
in these functions.

In conclusion, the present study demonstrated that
miR-15a-5p promoted GBM cell proliferation and invasion
by targeting CADMI. The present findings revealed a novel
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candidate mechanism through which miRNAs may participate
in the development of GBM and provided a potential target for
the treatment of GBM.
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