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ABSTRACT

The metastasis of tumor cells is a challenge for the clinical treatment of glioma. Epithelial-
mesenchymal transition (EMT) contributes to glioma cell invasiveness. Our previous study con-
firmed that the expression of miRNA-451, which inhibits the PI3K/Akt signaling pathway by
directly targeting CAB39 and plays a repressive role in glioma, is downregulated in glioma.
However, the specific mechanism of miRNA-451 regulation in glioma is unclear. In this study,
we investigated whether miRNA-451 blocks the processes of EMT and metastasis in glioma cells
in vivo and in vitro. By targeting CAB39, miRNA-451 likely triggers the PI3K/Akt/Snail signaling
pathway to reduce glioma proliferation, invasion, migration and EMT. We used Western blotting
experiments to demonstrate that overexpression of miRNA-451 significantly reduced p-AKT
(Ser473), N-cadherin, Vimentin, Twist, Snail and Cyclin D1 expression and increased E-cadherin
expression. We demonstrated that overexpression of miR-451 suppressed glioma cell proliferation,
invasion, migration and EMT by MTT and colony formation assays, Transwell assays, wound
healing assays and animal experiments. Taken together, these results suggest that miRNA-451
can reduce EMT and metastasis in glioma cells through the suppression of the PI3K/Akt/Snail
signaling pathway by targeting CAB39 in vitro and in vivo. miR-451 may be a new target for
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glioma treatment.

1. Introduction

Glioblastoma multiforme (GBM) is one of the
most common types of primary brain tumors in
adults, but despite multimodal treatment that
combines surgery, radiation, and chemotherapy,
the median survival time of GBM patients
remains poor[l]. Tumor cell invasiveness is
a critical challenge in the clinical management
of glioma patients[2]. Additionally, the complex
molecular features of multiple genetic mutations
that occur during glioma formation and progres-
sion make the identification of critical targets
that are involved in essential pathophysiological
processes in glioma highly challenging.
Clinically, it is urgent to further understand the
molecular basis by which glioma cells may be
identified and to identify new targets for the
development of approaches for malignant glioma
treatment [2,3].

In recent decades, an increasing amount of evi-
dence has shown that microRNAs (miRNAs),
which are approximately 22-nucleotide short non-
coding RNAs, play critical regulatory roles in
a wide range of biological and pathological pro-
cesses and act as oncogenes or tumor suppressor
genes in glioma, depending on their target genes
[4,5]. miRNAs have been shown to play important
roles in various cellular processes, including pro-
liferation, differentiation and apoptosis. [6,7]

The molecular mechanism involved in metasta-
sis has been shown to dysregulate the signaling
pathways that control epithelial-mesenchymal
transition (EMT). EMT is closely related to the
transformation and infiltration of tumor cells.
Substantial research on the relationship between
miRNAs and tumor development and metastasis is
focused on the expression of EMT-related pro-
teins. Transcription factors (TFs), such as Snail,
Zeb, and Twist, are crucial for EMT [8,9].
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Therefore, it is important to block metastasis by
inhibiting EMT in the treatment of glioma [8-10].
PI3K signaling plays an important role in cell cycle
progression, motility, metabolism, and survival.
Aberrations of PI3K signaling induce the patho-
genesis of numerous cancers by altering cell
growth and apoptosis[11]. A previous study con-
firmed that miRNA-451 can inhibit cell prolifera-
tion and induce cell apoptosis through the PI3K/
Akt signaling pathway by directly targeting CAB39
in glioma [11-13].

Given that the PI3K/Akt and Snail-mediated
signaling pathways activate the processes of EMT
and tumor metastasis [14,15], we hypothesized
that overexpression of miR-451 can reduce the
EMT process and metastasis in glioma through
the suppression of the PI3K/Akt/Snail signaling
pathway. Therefore, based upon the relevant lit-
erature and preliminary experiments, we evaluated
whether overexpression of miR-451 in glioma cells
resulted in lower expression of CAB39 and
reduced EMT and metastasis through the suppres-
sion of the PI3K/Akt/Snail signaling pathway
in vitro and in vivo.

2. Materials and methods
2.1. Cell culture

The human glioblastoma cell lines U251 and U87
were purchased from the Institute of Biochemistry
and Cell Biology, Chinese Academy of Science
(Shanghai, China). All the cells were cultured in
high-glucose DMEM (Dulbecco’s modified Eagle’s
medium Dulbecco) (Corning, New York, USA)
supplemented with 10% FBS (fetal bovine serum)
(Thermo Fisher Scientific, Massachusetts, USA) at
37°C in 5% CO2.

2.2. Lentiviral infection and cell transfection

Lentiviruses containing hsa-miRNA-negative
control (miRNA-NC) or hsa-miRNA-451
(miRNA-451) were obtained from GenePharma
(Shanghai, China). The coding sequences were

miRNA-NC, 5'-
UUCUCCGAACGUGUCACGUTT-3' and
miRNA-451,

5’AAACCGUUACCAUUACUGAGUU-3".  For
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transfection, the human glioma cell lines U251
and U87 were grown to 50-80% confluence and
were transfected with viral suspensions under
normal conditions. Stable cell lines were estab-
lished with lentiviruses and were selected with
puromycin according to the manufacturer’s
instructions. The cells were harvested 48 h after
transfection, and the RNA and protein were
extracted. Three groups were used throughout
our experiments: the human glioma cell group
without transfection (Control), the lentivirus-
miRNA-negative control group (LV-miRNA-
NC) and the lentivirus-hsa-miR-451-
overexpression group (LV-miRNA-451).

2.3. RNA extraction and real-time PCR

Total RNA was extracted from glioma cells using
TRIzol reagent (Invitrogen) after transfection for
48 h. RNA (1 pg) was reverse-transcribed using
a Promega kit (Promega, USA) and converted to
cDNA. PCR was performed using Taq hot start
polymerase (Promega, USA) in a Bio-Rad instru-
ment; U6 was used as a control to compare the
relative RNA expression between samples. The
oligonucleotide primers (GenePharma, Shanghai,
China) used for quantitative PCR were as follows:
miRNA-451 forward, 5'-
GCGGCGCAAAGAATTCTCCT-3" and reverse,
5-GTGCAGGGTCCGAGGT-; U6 forward, 5'-
ATTGGAACGATACAGAGAAGATT-3' and
reverse, 5-GGAACGCTTCACGAATTTG-3'. The
PCR cycling parameters were 95°C for 3 min, 40
cycles of amplification (95°C for 12 s, 62°C for
1 min, and 72°C for 1 min), and extension (72°C
for 2 min). Quantitative PCR of all the mRNAs
was performed according to the manufacturer’s
protocol (Promega, USA).

2.4. MTT and colony formation assays

Glioma cells in the logarithmic phase of growth
were seeded into 96-well plates at 2 x 10> cells per
well. Five wells from each group were tested on
days 1, 2, 3, 4, 5, and 6 after transfection by using
the MTT assay. The optical density (OD) was
measured at 570 nm in an automated microplate
reader, and the cell proliferation of each group was
analyzed using GraphPad software. For the cell
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colony formation assay, cells were seeded in
a 6-well plate (0.5 x 10° cells per well) and cul-
tured for 2 weeks. Then, the cells were fixed in 4%
phosphate-buffered paraformaldehyde (Solarbio,
China) and stained dyed with 0.1% crystal violet
(Solarbio, China). Image] software (Image], NIH)
was used to determine the colony formation rate.

2.5. Transwell invasion and wound healing
assays

The cell invasion assay was conducted using 24-
well BD Matrigel invasion chambers (BD, USA)
according to the manufacturer’s instructions.
Glioma cells (5 x 10*) were seeded in the upper
well of the invasion chamber in DMEM without
serum. The lower well of the chamber contained
DMEM supplemented with 10% FBS to stimulate
cell invasion. After incubation for 24 h, the glioma
cells remaining in the top well were removed with
a cotton swab, and the invading cells in the bottom
well were fixed with 4% paraformaldehyde and
stained with 0.1% crystal violet. Five random fields
(magnification: 100x) in each well in the different
treatment  groups were counted under
a microscope, and the results were analyzed. For
the wound healing assay, glioma cells were seeded
in 6-well plates at 3 x 10° cells/well and cultured
for 48 h after transfection. The glioma cells were
grown to 70890% confluence, and the cell layers
from each group were scratched using a 200-uL tip
to form wound gaps. The cells were incubated in
DMEM containing 5% FBS after washing three
times with PBS. An inverted microscope was
used to observe the migration of the cells at the
wound site, and images of the wound site were
taken at 0 and 24 h. Image] (version 1.45 software)
was used to analyze the percentage of wound
closure.

2.6. Western blotting assay

RIPA lysis buffer (Solarbio, R0010, China) con-
taining protease inhibitors (Solarbio, A8260,
China) was used to isolate proteins from U251
and U87 glioma cells, and the protein concentra-
tions were determined by a BCA kit (Solarbio,
PC0020, China). Then, the denatured proteins
were separated by 10% SDS-polyacrylamide gel

electrophoresis and transferred to polyvinylidene
difluoride membranes (Millipore, Billerica, USA).
The membranes were blocked in TBST with 5%
skim milk for 1 h and with mouse antibodies
against GAPDH, CAB39, AKT, p-AKT(Ser-473),
Twist, Snail, Cyclin D1, N-cadherin, E-cadherin
and Vimentin (1:1000; CST, USA) at 4°C over-
night. The next day, the membranes were washed
with phosphate-buffered saline/Tween three times
for 5 min each and incubated with goat anti-
mouse HRP-conjugated secondary antibodies
(1:2000; CST, USA) for 1 h. The protein blots
were developed using the ECL Protein Detection
kit (Pierce, USA) and analyzed in the gel imaging
analyzer (Syngene, UK).

2.7. Animal experiments

Four-week-old BALB/c-A nude mice were pur-
chased from the Animal Center of the Cancer
Institute of the Chinese Academy of Medical
Sciences. The mice were randomly assigned into
three groups and intracranially implanted with
5 x 10° U87 cells (U87 cells pretreated with lenti-
virus carrying miRNA-451, U87 cells pretreated
with lentivirus carrying negative control sequences
or U87 cells without transfection) using
a stereotactic instrument. Intracranial tumor
growth was detected by using bioluminescence
imaging. After the mice were anesthetized, they
were intraperitoneally injected with 50 mg/mL
D-luciferin (Promega, Wisconsin). An IVIS ima-
ging system (Caliper Life Sciences) was used for
imaging for 10K120 s. During the experimental
period, the overall survival of the mice was mon-
itored. All the protocols involving animals were
performed in accordance with a protocol approved
by the Institutional Animal Care and Use
Committee.

2.8. Immunohistochemistry

Paraffin-embedded sections (5 pm) of brain speci-
mens were stained. Brain tissue sections embedded
in paraffin blocks were deparaffinized in xylene,
and the antigens were retrieved in citrate buffer for
20 min. After blocking, the samples were incu-
bated with primary antibodies (1:100 dilution)
against CAB39, p-AKT(Ser-473), E-cadherin,



N-cadherin, Vimentin, Twist, Snail and Cyclin D1
overnight at 4°C. The samples were brought to
room temperature for 1 h, washed with PBS
three times, and incubated with a biotinylated sec-
ondary antibody (1:200 dilution) at room tempera-
ture for 2 h. After washing with PBS, the sections
were incubated with ABC-peroxidase reagent for
40 min. The sections were stained with diamino-
benzidine (DAB) (Peroxidase Envision kit; Dako
Corp, Carpinteria, CA, USA) for 5 min, washed in
water, and counterstained with hematoxylin. The
expression of CAB39, p-AKT(Ser473), E-cadherin,
N-cadherin, Vimentin, Twist, Snail and Cyclin D1
in the tumor tissue samples from the three groups
was compared.

2.10. Statistical analyses

Student’s t test was performed to compare differ-
ences among the different groups with respect to
parametric variables. Overall survival was evalu-
ated using the Kaplan-Meier method and log rank
test. All the data are presented as the mean +
standard error. P value <0.05 was regarded as
significant.

3. Results

3.1. miRNA-451 expression was upregulated
after transfection and Overexpression of miR-451
reduces the proliferation, invasion, and
migration abilities of glioma cells

To investigate miRNA-451 mRNA expression after
transfection, we introduced lentiviruses expressing
miRNA-451 or miRNA-NC into human U251 and
U87 glioma cells. We performed RT-PCR to verify
the transfection efficacy of the lentivirus expres-
sing miRNA-451 in glioma cells. Compared with
the Control and LV-miRNA-NC groups, we found
that miRNA-451 expression was significantly
increased in the U251 and U87 glioma cells in
the LV-miRNA-451 group (Figure 1(a)). To con-
firm whether overexpression of miRNA-451
reduces the proliferation, invasion, and migration
abilities of U251 and U87 glioma cells, we per-
formed MTT and colony formation assays,
Transwell invasion assays and wound healing
assays. The MTT and colony formation assays
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showed that cell viability and proliferation were
reduced by miRNA-451 in the LV-miRNA-451
group (Figure 1(b-c)). The Transwell invasion
and wound healing assays showed that cell inva-
sion and migration were reduced by miRNA-451
in the LV-miRNA-451 group (Figure 1(d-e)).

3.2. Overexpression of miR-451 regulates the
expression of EMT-related genes in glioma cells

To confirm whether overexpression of miRNA-
451 regulates EMT-related genes expression, we
performed Western blot experiments. We exam-
ined the expression of proteins related to the
PI3K/Akt and Snail-mediated signaling pathways
by Western blot experiments. The Western blot
experiments results showed that the expression of
proteins related to the biological behavior of
malignant glioma cells, namely, CAB39, p-AKT
(Ser-473), N-cadherin, Vimentin, Twist, Snail and
Cyclin D1, was decreased in the LV-miRNA-451
group, and the protein expression of E-cadherin
was increased in the LV-miRNA-451 group.
However, there is no statistically significant differ-
ence in the relative expression level of AKT in the
three experiments groups (Figure 2). These results
suggested that overexpression of miR-451 can
reduce the EMT process and metastasis of glioma
cells through the suppression of the PI3K/Akt/
Snail signaling pathway.

3.3. miRNA-451 reduces glioma cell EMT and
metastasis in xenograft models

To evaluate the effects of miRNA-451 reduction
on the EMT process and metastasis through the
suppression of the PI3K/Akt/Snail signaling path-
way by targeting CAB39 in vivo, we established
intracranial xenograft tumors in nude mice. U87
cells were pretreated with lentiviruses carrying
a luciferase reporter. Compared with the Control
and LV-miRNA-NC groups, the LV-miRNA-451
group exhibited significantly decreased tumor
growth (Figure 3(a)). To analyze the survival of
the three groups, we generated Kaplan-Meier sur-
vival curves and found that the survival of the
BALB/c-A nude mice in the LV-miRNA-451
group was significantly prolonged compared with
that of the mice in the Control and LV-miRNA-
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Figure 1. The transfection efficiency, viability, proliferation, invasion and migration abilities of glioma cells were detected after
treatment with LV-miRNA-451. (a) Compared with the that in the Control and LV-miRNA-NC groups, miRNA-451 expression was
significantly increased in the U251 and U87 glioma cells in the LV-miRNA-451 group, as shown by RT-PCR analysis (*P < 0.05). (b-c)
MTT and colony formation assays showed that cell viability and proliferation ability were reduced by miRNA-451 in the LV-miRNA-451
group. (*P < 0.05). (d-e) Cell Transwell invasion and wound healing assays showed that cell invasion and migration abilities were
suppressed by miRNA-451 in the LV-miRNA-451 group compared with the Control and LV-miRNA-NC groups. (*P < 0.05).
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Figure 2. Western blotting analyses of the protein expression levels of EMT-related genes and proteins related to the PI3K/Akt
pathway in glioma cells treated with LV-miRNA-451. Compared with the Control and LV-miRNA-NC groups, Western blotting
experiments showed that the protein expression of CAB39, p-AKT(Ser-473), N-cadherin, Vimentin, Twist, Snail and Cyclin D1 was
decreased in the LV-miRNA-451 group, and the protein expression of E-cadherin was increased in the LV-miRNA-451 group
(*P < 0.05). There was no statistically significant difference in the relative expression of AKT among the three experimental groups

(P > 0.05).
NC groups (Figure 3(b-0)).
Immunohistochemistry analysis showed that

CAB39, p-AKT(Ser-473), N-cadherin, Vimentin,
Twist, Snail and Cyclin D1 expression in the sec-
tions from the LV-miRNA-451 group were signif-
icantly reduced compared with that in the sections
from the Control and LV-miRNA-NC groups, and
E-cadherin expression in the sections from the
LV-miRNA-451 group was significantly increased
compared with that in the sections from the
Control and LV-miRNA-NC groups (Figure 3
(d)). Therefore, miRNA-451 significantly reduced

the protein expression of CAB39, p-AKT(Ser-473),
N-cadherin, Vimentin, Twist, Snail, and Cyclin
D1, increased the protein expression of
E-cadherin, reduced the glioma EMT process and
metastasis and clearly prolonged the survival of
nude mice.

4. Discussion

GBM is the most common form of primary
malignant brain cancer, and it is one of the
most aggressive and fatal human cancers [1,2].
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Figure 3. Antitumor effect of miRNA-451 on the growth of human U87 glioma cells in xenograft models. (a) Bioluminescence images
from Control, LV-miRNA-NC and LV-miRNA-451-treated animals at 21 days after tumor implantation. (b) Tumor growth curves were
evaluated at 7, 14, and 21 days after tumor implantation. (c) The survival time was determined in the three groups. (d) After sacrifice,
mouse brain tissues were harvested, embedded, and cut into paraffin sections for immunohistochemistry analysis (200x). The results
showed that CAB39, p-AKT(Ser-473), N-cadherin, Vimentin, Twist, Snail and Cyclin D1 expression in the sections of the LV-miRNA-451
group was significantly reduced compared with that in the sections of Control and LV-miRNA-NC groups, and E-cadherin expression in
the sections of the LV-miRNA-451 group was significantly increased compared with that in the sections of the Control and LV-miRNA-

NC groups.

The poor prognosis and mortality associated
with this disease are mainly due to the high
invasiveness and mobility of glioma cells, which
can diffuse and spread extensively to the sur-
rounding brain tissue[2]. To date, the molecular
mechanisms underlying glioma invasion and
mobility have not been fully understood[2].
One important factor that contributes to the
invasiveness of high-grade gliomas is the EMT
of glioma cells. EMT is a complex cellular pro-
cess reflecting a high level of phenotypic plasti-
city, and this process is characterized by the loss
of epithelial markers, namely, E-cadherin, and
the enhanced expression of mesenchymal cell
markers, including N-cadherin, Vimentin, Snail
and Twist. EMT has been recognized as a major
contributor to cancer cell migration, invasion,
and metastasis [8-10,14,15]. Understanding the
mechanisms that drive EMT is therefore impor-
tant to identify new targets for the prevention of
the diffuse infiltration of tumor cells in glioma.

miRNAs are short noncoding RNAs of approxi-
mately 22 nucleotides that act as both tumor sup-
pressors and oncogenes by negatively regulating
their mRNA targets through degradation or trans-
lational repression [5,9,12]. Recently, many studies
have suggested that miR-451 expression is fre-
quently downregulated in glioma, and its down-
regulation has been correlated with poor prognosis
in glioma patients [11-13,16]. We conclude that
miR-451 represses glioma in vitro and in vivo,
likely by directly targeting CAB39 and by indir-
ectly inhibiting the PI3K/Akt pathway[11]. The
PI3K/Akt signaling pathway plays an important
role in regulating cell proliferation and maintain-
ing the biological characteristics of malignant cells
[6,11]. Other studies have shown that overexpres-
sion of miR-451 inhibits cell proliferation, migra-
tion, and invasion and induces the apoptosis of
bladder cancer cells. MiR-451 could maintain the
epithelial phenotype of bladder tumor cells and
inhibit the EMT process, thereby reducing the



invasion and migration of tumor cells[17].
Previous studies reported that the PI3K/Akt sig-
naling pathway can activate the process of EMT
and induce tumor metastasis [14,18]. Activated
AKT will then phosphorylate a series of substrates,
thereby affecting a variety of cellular and physio-
logical processes, including the cell cycle, cellular
growth, differentiation, survival, angiogenesis,
metabolism and migration [8,18]. These changes
may induce the EMT process. The PI3K/Akt- and
Snail-mediated signaling pathways mediate the
process of EMT and have attracted widespread
attention as potential targets for the prevention
and treatment of metastatic tumors [8,18,19]. The
EMT process is regulated by a variety of factors
within tumor cells. After stimulation by these
inducible factors, a series of chain reactions
occur, which results in enhanced cellular mobility
and invasion [20-22]. Thus, suppression of the
EMT process is crucial to block metastasis in can-
cer therapies. However, it is unclear whether miR-
451 can affect the glioma EMT process and metas-
tasis through the suppression of the PI3K/Akt-
and Snail-mediated signaling pathways by target-
ing CAB39.

In the present study, to verify the transfection
efficacy of the lentivirus expressing miRNA-451 in
glioma cells, we performed RT-PCR and found
that miRNA-451 expression was significantly
increased in the U251 and U87 glioma cells in
the LV-miRNA-451 group. The MTT and colony
formation assays showed that cell viability and
proliferation were reduced by miRNA-451 in the
LV-miRNA-451 group. Transwell invasion and
wound healing assays showed that cell invasion
and migration were suppressed by miRNA-451 in
the LV-miRNA-451 group. The Western blotting
experiment results showed that the expression of
proteins related to the biological behavior of
malignant glioma cells, namely, CAB39, p-AKT
(Ser-473), N-cadherin, Vimentin, Twist, Snail and
Cyclin D1, was decreased in the LV-miRNA-451
group, and the protein expression of E-cadherin
was increased in the LV-miRNA-451 group.
Compared with the control and LV-miRNA-NC
groups, the LV-miRNA-451 group exhibited sig-
nificantly decreased tumor growth. The survival of
the BALB/c-A nude mice in the LV-miRNA-451
group was significantly prolonged, as shown by
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Kaplan-Meier survival curves.
Immunohistochemical analysis showed that the
protein expression of CAB39, p-AKT(Ser-473),
N-cadherin, Vimentin, Twist, Snail and Cyclin
D1 was decreased in the LV-miRNA-451 group,
and the protein expression of E-cadherin was
increased the in LV-miRNA-451 group. These
results, both in vitro and in vivo, suggest that
overexpression of miR-451 can reduce the glioma
EMT process and metastasis through the suppres-
sion of the PI3K/Akt/Snail signaling pathway by
targeting CAB39.

In conclusion, we demonstrate that miR-451
can reduce the EMT process and metastasis of
glioma through the suppression of the PI3K/Akt/
Snail signaling pathway in vitro and in vivo. miR-
451 acts as a tumor suppressor gene that can
suppress glioma growth, metastasis, and EMT by
directly targeting CAB39. Our results suggest that
overexpression of miR-451 may be a useful ther-
apeutic strategy for treating glioma in the future.
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