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The role of miR-451 in the switching between proliferation and
migration in malignant glioma cells: AMPK signaling,
mTOR modulation and Racl activation required
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Abstract. Glioblastoma multiforme (GBM), WHO grade IV
astrocytoma, is the most common primary neoplasm of the
central nervous system (CNS) and has the highest malignancy
and mortality rates. The invasive nature of GBM complicates
surgical resection and restricts chemotherapeutic access,
contributing to poor patient prognosis. The migration of tumor
cells is closely related to the tumor cell proliferation. The
acquisition of migratory capability, in addition to intracel-
lular factors, is proposed to be a crucial mechanism during
the progression of invasion. Using qRT-PCR analysis, we
determined that the expression of miR-451 in glioma tissue
was lower than in control brain tissue, especially in the
central portions of the tumor. In glioma cell lines, we found
that decreased miR-451 expression suppressed tumor cell
proliferation but enhanced migration with a concomitant low
level of CAB39/AMPK/mTOR pathway activation and high
level of Racl/cofilin pathway activation, respectively. Notably,
the effect of miR-451 on cytological behavior and on the
activation of mTOR and Racl was limited when AMPKal
expression was knocked-down with a synthetic shRNA. We
suggest that the glioma microenvironment results in heteroge-
neity of miR-451 expression. Our data indicated that miR-451
relays environmental signals by upregulating the activity of
AMPK signaling, thereby modulating the activation of mTOR
and Racl/cofilin which, in turn, play key roles in glioma cell
proliferation and migration, respectively. Our results highlight
the need to consider opposing roles of a therapeutic target
which, while suppressing tumor cell proliferation, could also
promote cell infiltration.
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Introduction

Malignant gliomas are the most common primary brain tumors
in adults. Most patients present with glioblastoma multiforme
(GBM), WHO grade IV tumor at diagnosis. The prognosis
for these patients is poor; the median survival is 15 months,
even with the current standard of care, surgical resection of
the tumor followed by concomitant radio-chemotherapy and
sequential temozolomide administration (1-3). The invasion
and migration of the tumor is one of the intrinsic character-
istics of GBM, demonstrated by both local recurrence and
metastasis and it is a major cause of death in GBM patients (4).
Ironically, the aggressive potential of GBM may also be
increased by radiotherapy and chemotherapy in vivo (5,6). It is
believed that the initial acquisition of migratory and invasive
capabilities by glioma cells is the rate-limiting step of the inva-
sion cascade, and the progression from a non-migratory to a
migratory cellular phenotype is a critical step in the invasive
progression of GBM (7.8).

It has been shown that phenotypic progression of malig-
nant cells from a proliferating to a migrating state is initially
driven by the harsh microenvironment where the cells
propagate. Generally, this process is controlled by a complex
signaling network with different regulatory levels. In glioma
cells, mTOR (mammalian target of rapamycin), a highly
conserved serine/threonine kinase found in all eukaryotic
cells, is considered to be a central regulator of cell growth (9).
In contrast, Ras-related C3 botulinum toxin substrate 1
(Racl), a member of the Rho family of GTPases, promotes
cell migration by regulating actin polymerization at the front
of migrating cells and induces the formation of membrane
ruffles and lamellipodia (10,11). It is reasonable to assume
that the switching of cellular phenotype from proliferation to
migration might be alternatively regulated by mTOR or Racl
activation. Therefore, the master regulator of mTOR and Racl
is a compelling subject for further investigation.

Endogenous microRNAs (miRNAs, miRs) are 18- to
24-nucleotide (nt) single-stranded RNA (ssRNA) molecules that
function in the regulation of gene expression (12). Translation
of the targeted mRNAs is inhibited post-transcriptionally by
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the binding of miRs to sequences in the 3'untranslated region
(3'UTR) (13-15). It has been demonstrated that miRs play
critical roles in biological processes including positive and
negative effects on tumor cell development, differentiation,
proliferation, apoptosis, invasion and pluripotency in various
cancers (16-18). In malignant gliomas, the dysregulation of
a number of miRs has been confirmed, including miR-21,
miR-451, miR-23a, miR-145, miR-155, miR-218, miR329
and others (19,20). Of these dysregulated miRs, miR-451
is peculiar in that its expression is responsive to metabolic
stress in the microenvironment. A recent study suggested
that elevated miR-451 suppresses the expression of calcium-
binding protein 39 (CAB39, also known as MO25a), leading
to repression of LKBI1 activity and its downstream substrate
AMP-activated protein kinase (AMPK). This repression
facilitates unrestrained mTOR activation and maintains high
cellular proliferation rates (21). However, it is still unknown
whether reduced expression of miR-451, in contrast, would
induce AMPK activity, thereby activating Racl and promoting
cell motility. Further investigation is also essential to deter-
mine whether AMPK is, in fact, the master regulator through
which miR-451 functions to regulate the switch between
mTOR or Racl activation.

Materials and methods

Human tissue. Human tissue specimens were obtained at
the General Hospital of Tianjin Medical University (Tianjin,
China). Forty GBM specimens and 25 control brain tissue
specimens were collected from surgeries for tumor resection
or temporal lobe epilepsy, respectively. Tissue samples were
immediately frozen in liquid nitrogen and stored at -80°C. All
procedures used in the present study were approved by the
Ethics Committee of Tianjin Medical University and informed
consents were obtained from all patients included in the study.

Cells and cell culture. The human GBM cell lines U-87,
SNB-19 and U-251 were purchased from the Institute of
Biochemistry and Cell Biology, Chinese Academy of Science.
All cell lines were cultured in Dulbecco's modified Eagle's
medium (DMEM,; Gibco, Waltham, MA, USA) supplemented
with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA,
USA) in a 37°C, 5% CO, incubator.

miRNA overexpression and knockdown. Simulated overexpres-
sion of miR-451 was accomplished using the oligonucleotide
5'-AAACCGUUACCAUUACUGAGUU-3', whereas its
knockdown was achieved with the complementary oligonucle-
otide 5'-AACUCAGUAAUGGUAACGGUUU-3". Synthetic
miR-451, miR-451 inhibitor and scrambled negative control
ssSRNA were purchased from Shanghai GenePharma, Co., Ltd.
(Shanghai, China). U-87, U-251 or SNB-19 cells were seeded
into 6-well culture plates and transfected with 100 pmol of
miR oligonucleotides using Lipofectamine RNAiMAX
(Invitrogen) when the cells reached 70% confluency. After 6 h,
the medium was changed to DMEM or McCoy's 5A supple-
mented with 1% phosphate-buffered saline (PBS). Cells were
harvested 24 or 48 h after transfection. The expression level of
miR-451 was analyzed by quantitative reverse transcription-
PCR (qRT-PCR).
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AMPKal knockdown. The lentiviral vectors expressing
an AMPKal shRNA or fluorescence protein (as a nega-
tive control) were synthesized by Shanghai GenePharma.
AMPKal shRNA and the control vector (1 xg/ml medium)
was transfected into the human U-87, SNB-19 or U-251 cells
according to the manufacturer's protocol.

Real-time PCR analysis. Total RNA extractions were
performed using TRIzol (Invitrogen), according to the
manufacturer's instructions. Integrity of the isolated RNA
quality was determined by electrophoresis in a 1% agarose-
formaldehyde gel. First strand cDNA was generated by reverse
transcription. Subsequent PCR amplification was performed
using a real-time PCR cycler (ABI 7500; Applied Biosystems,
Foster City, CA, USA). Expression levels of mature miR-451
were quantified by miR-qRT-PCR using Hairpin-it™ miRNA
gPCR Quantitation kit (Shanghai GenePharma). The ampli-
fication reaction (40 ul) included 2X real-time buffer, 5 uM
miR-specific primer set (0.80 pl), ddH,O (15 ul), cDNA
(4 pl), and 0.2 ul Taq DNA polymerase (5 U/ul). The reaction
conditions were as follows: an initial denaturation at 95°C for
3 min; 40 cycles of denaturation at 95°C for 12 sec followed
by extension at 62°C for 60 sec; and a final ramping from 62°C
up to 95°C followed by cooling to 0.2°C for 2 sec. The results
of the real-time PCR were analyzed using the AACt method:
ACt = Ctselected gene ~ Ctué’ AACt = ACttherapy group ~ ACtCOnlrol group?
RQ (Relative Quantitation),,crapy eroup = 27> RQ control group = 1-
The results of the real-time PCR were presented as the ratio
between the selected genes and U6 transcripts.

Annexin V/PI analysis. The apoptosis induced by VP-16 was
assessed by staining cells with an Annexin V-fluorescein
isothiocyanate (FITC) apoptosis detection kit (556547, BD
Biosciences, San Jose, CA, USA). Cells were treated similarly
as in the cell cycle assay. The cells were collected and then
washed with cold PBS twice. Then, they were resuspended in
100 ul of Annexin V binding buffer and incubated with 5 ul
of FITC-conjugated Annexin V and 5 pl of propidium iodide
for 15 min in the dark. Annexin V binding buffer (200 ul) was
then added to each tube. Finally, the cells were examined using
a BD FACSCanto II flow cytometer (BD Biosciences).

MTT assay. Transfected and control cells in the log-phase of
growth were seeded into 96-well plates at a density of 0.4x10*
cells/well in 0.1 ml supplemented DMEM. Each day, for seven
consecutive days, 20 pl of MTT (5 mg/ml) was added to the
corresponding well, and cells were incubated at 37°C for an
additional 4 h. The reaction was stopped by lysing the cells
with 200 u1 of dimethyl sulfoxide (DMSO) for 20 min. Optical
density was measured at 570 nm, and the data were expressed
as a percentage of the control well.

Transwell migration assay. Transwell filters (Corning Costar,
Corning, NY, USA) were coated with Matrigel (3.9 ug/ul,
60-80 ul) on the upper surface of the polycarbonic membrane
(diameter 6.5 mm, pore size 8 ym). Following incubation for
30 min at 37°C, the Matrigel solidified and served as the extra-
cellular matrix for tumor cell invasion analysis. Harvested
cells (1x10%) of the transfected or control groups in 100 ul of
serum-free DMEM were added into the upper compartment
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of the chamber, and 200 u1 of conditioned medium from U-87,
SNB-19 or U-251 cells was used as the chemoattractant and
placed in the bottom chamber. After incubation for 24 h at
37°C and 5% CO,, the medium was removed from the upper
chamber. The non-invaded cells on the upper side of the
chamber were scraped off with a cotton swab. The cells that
had migrated from the Matrigel into the pores of the inserted
filter were fixed with 100% methanol, stained with hema-
toxylin, mounted and dried at 80°C for 30 min. The number of
cells invading the Matrigel was counted from three randomly
selected visual fields, each from the central and peripheral
portions of the filter, using an inverted microscope at x200
magnification. Each test was performed in triplicate.

Immunofluorescence. The glioma cells under different treat-
ments were grown on glass coverslips for 24 h. The cells were
washed and then fixed with 4% paraformaldehyde for 25 min.
Fixed cells were permeabilized by treatment with 0.5% Triton
X-100 for 5 min and blocked by incubation with 5% BSA in
PBS for 1 h. The cells were then incubated overnight at 4°C
with p-cofilin (rabbit) antibodies at a dilution of 1:100. The
cells were washed three times with PBS and then incubated
for 1 h with Alexa 488-conjugated goat anti-rabbit secondary
antibody at a dilution of 1:1,000 for 1 h at 37°C. The cells were
washed with PBS and then counterstained with rhodamine
phalloidin for 20 min to stain actin filaments and DAPI to stain
DNA. The cells were imaged under a confocal microscope
(Olympus FV1000; Research Center of Basic Medical Science
of Tanjin Medical University; Olympus, Tokyo, Japan).

Racl activation assay. Racl activation assays were conducted
as previously described to test the activation of Racl in
cells (22). Briefly, cells were rinsed with cold PBS and lysed
in ice-cold radioimmunoprecipitation assay (RIPA) buffer.
Lysates were cleared by centrifugation and the protein
concentration in the clarified supernatant was measured.
Equal amounts of protein (400-600 ug) were incubated with
50 pug of PAKI agarose beads (Assay Designs, Farmingdale,
NY, USA), and the reaction mixture was gently rocked at 4°C
for 60 min. The agarose beads were collected by pulsing for
5 sec in a microcentrifuge at 14,000 x g and the supernatant
was removed and discarded. The beads were washed thrice
with lysis buffer, and the agarose beads were resuspended in
40 ul of 2X Laemmli buffer and boiled for 10 min to elute
the bound proteins. Eluted proteins were resolved in 12%
polyacrylamide gels, transferred to polyvinylidene difluoride
(PVDF) membranes, and immunoblotted with the anti-Racl
antibody (Abcam, Cambridge, UK).

Western blot analysis. U-87, SNB-19 and U-251 cells were
lysed in 1% Nonidet P-40 lysis buffer 48 h after transfection
with negative control sSRNA, miR-451, or miR-451 inhibitor
oligonucleotide. Homogenates were clarified by centrifugation
at 20,000 x g for 15 min at 4°C, and protein concentration was
measured by the Lowry method. SDS-PAGE gels were loaded
with 40 pg of protein from each sample, and resolved proteins
were transferred to PVDF membranes (Millipore, Billerica,
MA, USA) and incubated with primary antibodies against Racl
(1:1,000 dilution; Abcam), AMPKal, p-AMPKal, mTORCI,
p-mTORCI, confilin or p-confilin (1:1,000 dilution; Cell
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Figure 1. miR-451 expression in gloma tissue and control brain tissue deter-
mined by qRT-PCR. The level of miR-451 in glioma tissues was 13.09% of
that in brain tissues (P<0.01).
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Figure 2. The comparison of miR-451 expression between peripheral area
and central area of GBM determined by qRT-PCR. The data showed that
cells in peripheral area of GBM harbored (5.88+1.91) (P<0.05) fold higher
expression of miR-451 than cells in central area.

Signaling Technology, Danvers, MA, USA), followed by incu-
bation with an HRP-conjugated secondary antibody (1:1,000
dilution; Zymed, San Diego, CA). The specific protein was
detected using the SuperSignal protein detection kit (Pierce,
Waltham, MA, USA). After washing with stripping buffer, the
membrane was reprobed with antibody against GAPDH (1:1000
dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Results

miR-451 is downregulated in glioma tissues, especially in the
central portions of tumors. We first determined the relative
expression of miR-451 in human glioma tissues and control
brain tissues by qRT-PCR analysis. The data demonstrated
that the level of miR-451 was significantly suppressed
(P<0.01) in glioma tissues when compared to the control brain
tissues (Fig. 1).

To characterize miR-451 expression in glioma tissues
further, we analyzed the heterogeneous expression of miR-451
between the central and periphery regions of sixteen glioma
tissues. The data showed that cells in the periphery region of
glioma tissues expressed 6.88-fold (+1.91) greater levels of
miR-451 than cells in the central region (P<0.05; Fig. 2). The
tumor cells in the central region of the glioma tissues appeared
to express much less miR-451, indicating that downregulation
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Figure 3. The efficiency of oligonucleotide transfection determined by
qRT-PCR. The expression of miR-451 was elevated in miR-451 mimics-
treated cells was elevated and suppressed in miR-451 inhibitor-treated cells
compared with control group. The miR-451 mimics and miR-451 inhibitor
transfected with Lipofectamine 2000 in U-87, U-251 and SNB-19 cells,
respectively. Cells were incubated with oligonucleotide as described for 24 h,
and miR-451 mRNA was quantified by qRT-PCR. In U-87 cells, miR-451
expression was 250.60+47.53-fold increased in mimics-treated group and
depressed with the RQ of 0.017+0.003 in inhibitor-treated group. In U-251
cells, miR-451 expression was 187.46+52.64-fold increased in mimics-
treated group and depressed with the RQ of 0.025+0.013 in inhibitor-treated
group. In SNB-19 cells, miR-451 expression was 137.63+29.14-fold increased
in mimics-treated group and depressed with the RQ of 0.019+0.007 in
inhibitor-treated group. Data represent mean + SD of three independent
experiments (P<0.05).

of miR-451 expression is sensitive to hypoxic-hypoglycemic
microenvironments.

miR-451 enhances the proliferation in glioma cells regu-
lating CAB39/AMPK/mTOR pathway. To clarify the role of
miR-451 and downstream molecular targets in glioma cells,
we prepared synthetic miR-451 and miR-451 inhibitor and
used them to alter the expression levels of miR-451 in three
glioma cell lines: U-87, U-251 and SNB-19. After transfection
of the oligonucleotides into the cells, qRT-PCR was performed
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to test the efficiency of expression dysregulation. Compared
to the control groups, the miR-451 level was increased in
the synthetic miR-451-treated U-87, U-251 and SNB-19 cells
with an RQ of 250.60+47.53, 187.46+52.64 and 137.63+£29.14,
respectively. In contrast, expression decreased in the miR-451
inhibitor-treated U-87, U-251 and SNB-19 cells with an RQ of
0.017+0.003, 0.025+0.013 and 0.019+0.007 (each of the three
cell lines P<0.01), respectively (Fig. 3).

Furthermore, MTT assays and Annexin V/PI analysis were
performed to measure the role of miR-451 in cellular prolifera-
tion. Cell growth was followed on days 2 through 7 following
transfection with miR-451 or the inhibitor in all three cell
lines compared with the control group. Transfection of U-87,
U-251 and SNB-19 cells with synthetic miR-451 resulted in
127.21+3.06, 140.20+4.61 and 135.46+5.21% increased cell
growth rates, respectively. In contrast, miR-451 inhibitor-
treated cells showed a slower growth rate of 40.23+3.97,
37.31+4.13 and 43.97+£5.37%, respectively, compared to the
control group (each cell line P<0.01) (Fig. 4A). Whereas,
miR-451 had no effect on apoptosis in oligonucleotides treated
and non-treated glioma cells. The percentage of viable cells
had no significant difference among the three groups in each
cell line (P>0.05; Fig. 4B). The cells with highest expression
levels of miR-451 showed the fastest rates of cellular prolifera-
tion.

To investigate the downstream molecular targets affected
by miR-451 upregulation or downregulation in glioma cells,
we transfected synthetic miR-451 or miR-451 inhibitor into
U-87,U-251 and SNB-19 cells. The levels of CAB39, p-AMPK
and AMPK expression were assessed semi-quantitatively by
western blotting. The data showed no significant difference
in AMPKal expression (P>0.05), while CAB39 expres-
sion (40.53+4.61, 39.91+4.23 and 41.06+9.87 in U-87, U-251
and SNB-19 cells, respectively) and p-AMPKal expression
(36.44+3.76, 35.63+2.06 and 29.47+6.59% in U-87, U-251
and SNB-19 cells, respectively) declined after treatment
with synthetic miR-451. These results indicate that elevated
miR-451 inhibits the expression of the immediate downstream
target CAB39, which subsequently leads to decreased AMPK
activation.

To determine the activation state of mTOR after miR-451
upregulation in glioma cells, mTOR and p-mTOR expression
levels were evaluated by western blotting. No significant differ-
ence was found in mTOR expression levels, while p-mTOR
expression was elevated (207.62+19.64, 228.85+23.10 and
188.97+16.73% in U-87, U-251 and SNB-19 cells, respectively).
In short, increased expression of miR-451 enhances mTOR
activation regulating the dominance of downstream mTOR-
dependent pathways (Fig. 5).

Decreased miR-451 triggers the enhanced cell motility in
glioma cells. To evaluate the impact of miR-451 expression on
cell migration, the Transwell migration assay was conducted.
Glioma cells were seeded 6 h after the transfection with the
miR-451 oligonucleotides. In the Transwell migration assay, we
counted the number of cells that migrated onto the Transwell
chamber membrane. The cell number counted in the synthetic
miR-451-treated U-87 (34.67+2.08), U-251 (35.67+8.50) and
SNB-19 (13+4.58) groups were less than in the respective
control groups (P<0.01), whereas, the number of cells on the
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Figure 4. The effect of miR-451 on cell proliferation of glioma cell lines. (A) According to the MTT assay, cellular survival following miR-451 mimics
transfection was increased and following miR-451 inhibitor transfection was decreased in the three glioma cell lines. Cell survival was quantified by MTT
assay at each day from 2nd to 7th day following treatment as described. The survival rate in the control group is presented as 100%. Cells with miR-451 mimic
oligonucleotides result in 127.21+3.06% increased growth rate of cells in U-87 cell line. Cells with miR-451 mimic oligonucleotides result in 140.20+4.61%
increased growth rate of cells in U-251 cell line. Cells with miR-451 mimic oligonucleotides result in 135.46+5.21% increased growth rate of cells in SNB-19
cell line. In contrast, miR-451 inhibitor-treated U-87 cells showed a lower proliferative rate of 40.23+3.97% compared to the control group cells. miR-451
inhibitor-treated U-251 cells showed a lower proliferative rate of 37.31+4.13%. miR-451 inhibitor-treated SNB-19 cells showed a lower proliferative rate of
43.97+5.37%. (B) The percentage of viable cells had no significant difference among the three group in each cell line in the Annexin V/PI analysis (P>0.05).
Data represent mean + SD of three independent experiments (P<0.05).
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Figure 5. The effect of miR-451 downstream of CAB39/AMPK/mTOR pathway in glioma cell lines determined by western blot analysis. Impact of miR-451
mimics and inhibitor oligonucleotides on the expression of CAB39, p-AMPK, AMPK, mTOR and p-mTOR. U-87, U-251 and SNB-19 cells were treated with
oligonucleotides, as described. CAB39, p-AMPK, AMPK, mTOR, p-mTOR and GAPDH expression was determined following treatment by western blot
analysis. Expression of CAB39 was declined in miR-451 mimics group. No statistical difference of total AMPKal and mTOR was found. When we evaluated
the activation of p-AMPKal and p-mTOR expression level, representing activation of AMPK and mTOR, was elevated in miR-451 mimics-treated cells. Data
are from one of three representative experiments in U-87, U-251 and SNB-19 cell lines.
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Figure 6. The effect of miR-451 on cell migration of glioma cell lines evaluated by Transwell migration assay. The Transwell migration assay were conducted
to assess the migration ability of different treatment groups of glioma cells as described. The data showed that miR-451 suppressed the migration of cell lines.
(A) In the Transwell migration assay, cells that had migrated through the membrane were stained by crystal violet and photographed after a 16-h incubation
in chambers. The number of cells of miR-451 inhibitor group on surface of the membrane was the largest of the three groups, and it was the least in miR-451
mimics group. (B) Quantified data showed that the number of cells, which were on the chamber membranes, of miR-451 inhibitor-treated group were much

more than the number of the control group ("P<0.05).

Transwell chamber membrane in the miR-451 inhibitor-treated
groups of U-87 (91.67+7.51), U-251 (106.00+5.57) and SNB-19
(75.00+8.89) were much greater than in the respective control
groups (P<0.01; Fig. 6B).

These results suggest that elevated miR-451 levels in
cultured glioma cells might promote cell proliferation in vitro,
while decreased miR-451 levels might trigger enhanced cell
motility.

Consequently, the fluctuation of miR-451 expression in
glioma cells appears to be associated with the phenotypic
switch between cellular proliferation and migration.

Activation of Racl/cofilin pathway is required for the
enhanced migration of miR-451 decreased glioma cells. We
recruited the immunofluorescence and western blot analysis
to investigate lamellipodia and Racl/confilin activation in
decreased miR-451 glioma cells. miR-451 inhibitor enhanced
the formation of lamellipodia in glioma cells increasing the
fluorescence intensity (Fig. 7A).

To determine the activation state of Racl after miR-451
upregulation in glioma cells, Racl expression levels were eval-
uated by western blotting, and the Racl activation assay was

utilized to analyze GTP-Racl expression. No significant differ-
ence was found in Racl expression levels, while GTP-Racl
expression decreased in the synthetic miR-451-treated cells
(32.76+6.31, 32.19+3.84 and 24.76+1.69% in U-87, U-251 and
SNB-19 cells, respectively) compared to the control groups
(P<0.01; Fig. 7B).

siRNA-Racl were then transfected into the miR-451
inhibitor-treated group and control group cells separately. The
data of western blot analysis suggested that the inhibition of
miR-451 increased the the expression of p-confilin with the
activation of Racl, whereas, siRNA-Racl suppressed the
enhanced activation of confilin in glioma cells with lower
miR-451 expression (Fig. 7B).

In short, increased expression of miR-451 decreases Racl
activation, thereby regulating the dominance of downstream
Racl-dependent pathways.

AMPK is essential for miR-451 regulation of proliferation and
migration. Considering the previous results, AMPK activa-
tion appears to be deeply involved in the miR-451-dependent
phenotypic switch between cellular proliferation and migra-
tion in glioma cells. As shown in Fig. 8, we used a synthetic
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Figure 7. Decreased expression of miR-451 triggers Racl activation, thereby regulating the dominance of downstream Racl-dependent pathway. (A) miR-451
inhibitor enhanced the formation of lamellipodia in glioma cells increasing the fluorescence intensity in glioma cells. After treatment with miR-451 inhibitor
for 24 h, the glioma cells of both treatment groups were grown on glass coverslips for 24 h and then IF was performed. The images showed that lamellipodia
were bigger following treatment with miR-451 inhibitor. Images were captured using a confocal microscope. Actin (red), Cortactin (green) and nuclei (blue).
IF, immunofluorescence. (B) The effect of miR-451 downstream of Racl in glioma cell lines determined by western blot analysis and Racl activation assay. No
statistical difference of total AMPKal, mTOR and Racl was found, while expression of GTP-Racl, representing activation of Racl was increased in miR-451
inhibitor-treated cells. (C) The decreased expression of miR-451 enhanced the activation of Racl/cofilin pathway. The expression of Racl is required for this
miR-451 effect.
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Figure 8. The efficiency of shRNA transfection determined by qRT-PCR and western blot analysis. We employed a synthetic shRNA to knock down the
AMPKal in glioma cell lines establishing three new cell lines, U-87-N.A, U-251-N.A and SNB-19-N.A. qRT-PCR and western blot were performed to test
the efficiency of RNAI. (A) qRT-PCR showed that the expression of AMPKal mRNA in shRNA-AMPKal group was significantly decreased ('P<0.05 and
"P>0.05). (B) 1,2 and 3 stand for the sSIRNA-AMPKa.1 group, shRNA-N.C group and control group. Western blot analysis showed that AMPKa.1 was markedly

knocked down in sShRNA-AMPKal group (P<0.05).

shRNA to knock down AMPKal, and established three cell
line derivatives; U-87-N.A, U-251-N.A and SNB-19-N.A.
qRT-PCR and western blotting were used to test the effi-
ciency of AMPKal knockdown. The mRNA expression
levels of AMPKal in the U-87-N.A (15.91+4.50), U-251-N.A
(15.16+6.69) and SNB-19-N.A (13.81+£3.75%) cell lines were
markedly decreased, as were the levels of AMPKal protein
(26.72+£5.93, 24.87+£3.28 and 21.97+6.72% in U-87-N.A,
U-251-N.A and SNB-19-N.A cells, respectively), compared to
the control groups (P<0.01; Fig. 8).

The glioma cell line derivatives were subsequently trans-
fected with the synthetic miR-451 or the miR-451 inhibitor
oligonucleotides. MTT assays were performed to determine
the rates of cell growth. Following treatment with synthetic
miR-451, the proliferation rate was 109.67+6.71, 104.71+5.43,
and 110.46+5.73% in U-87-N.A, U-251-N.A and SNB-19-N.A
cells, respectively, compared to the parental glioma cell lines.
Moreover, following transfection with the miR-451 inhibitor,
the proliferation rate was 108.99+6.55, 103.78+5.32 and
110.21+5.68% in U-87-N.A, U-251-N.A and SNB-19-N.A cells,
respectively. These data clearly show that no significant differ-
ence was found in the cellular growth rates between synthetic
miR-451-treated AMPKal knockdown cells and the respective
parental glioma cells, nor between miR-451 inhibitor-treated
AMPKal knockdown cells and the respective parental glioma
cells (P>0.05; Fig. 9). These results imply that miR-451 fails to
regulate glioma cell proliferation in the absence of AMPKal,
regardless of the level of miR-451 expression.

As reported previously, the migration ability of the newly
established U-87-N.A, U-251-N.A and SNB-19-N.A cell lines
was investigated. After treatment with synthetic miR-451, the
number of glioma cells migrating onto the Transwell membrane
was 73.33+12.50 in U-87-N.A, 45.67£11.72 in U-251-N.A,
and 51.00£7.21 in SNB-19-N.A cells. After treatment with
miR-451 inhibitor, the number of glioma cells migrating

onto the Transwell membrane was 67.67+9.07 in U-87-N.A,
43.33£7.51 in U-251-N.A and 57.33+9.71 in SNB-19-N.A cells.
By comparison, in the control groups the number of glioma
cells migrating onto the Transwell membrane was 78.67+9.61
in U-87-N.A, 49.67+11.24 in U-251-N.A and 58.67+6.51 in
SNB-19-N.A cells. Thus, the number of cells migrating onto
the Transwell chamber membrane showed no significant
difference among the treatment conditions (P>0.05) (Fig. 10).
These results imply that miR-451 fails to regulate glioma cell
migration in the absence of AMPKual, regardless of the level
of miR-451 expression.

miR-451 regulates activation of mTOR and Racl via AMPK.
To further investigate the downstream molecular targets in
AMPK-knockdown glioma cells in response to miRNA-451
dysregulation, we examined mTOR, p-mTOR, Racl and
GTP-Racl expression by western blotting in the knockdown
derivative cell lines treated with synthetic miR-451, miR-451
inhibitor, or the control oligonucleotide. Neither mTOR nor
p-mTOR protein expression showed a significant difference
in the three AMPKal-knockdown glioma cell lines under
any treatment condition, nor did Racl or GTP-Racl (Fig. 11).
These results imply that miR-451 fails to regulate mTOR and
Racl activation in glioma cells lacking AMPKal, regardless
of miR-451 expression levels.

Discussion

The microenvironment within and around tumors is an
important determinant in the phenotype of tumor cells. The
‘go or grow’ hypothesis, first described in 1996, suggests that
a dichotomy exists between cellular proliferation and motility,
and such hypothesis has been corroborated by several in vitro
studies and through mathematical modeling (8,23). In the
stereotypical environment, tumor cells have higher prolif-



INTERNATIONAL JOURNAL OF ONCOLOGY 50: 1989-1999, 2017

120+ U-87
—=— miR-451 mimics
E 110- —+— miR-451 inhibitor
= l —— Control
£ 100- i
= [ 1
3
90+
“:e T T T T L} T T L} T 1
0o 1 2 3 4 5 6 7 8 9 10
Time (days)
1201 "
U251 —+ miR-451 mimics
- —=— miR-451 inhibitor
£ 1104 —— Control
>
£ \]
8 1004 |
= | |
3
90
80 —r—T—TrTr T T T
01 2 3 4 5 6 7 8 9 10
Time (days)
120+ SN-B19
—— miR-451 mimics
— —+— miR-451 inhibitor
§ 1104 —— Control
E 1004 l L’—"Lﬁ\ l III
s [ 11
o
© 90
sn T T T T T T Ll T L

Time (days)

Figure 9. The effect of miR-451 on cell proliferation of AMPKal knocked-
down glioma cell lines evaluated by MTT assay. Cellular survival following
miR-451 mimics and inhibitor oligonucleotide transfection. U-87-N.A,
U251-N.A and SNA-19-N.A cells were plated into 96-well plate at densities
of 0.4x10* cells/well and treated with miR-451 mimics or inhibitor oligonu-
cleotides or controls, respectively. Cell survival was quantified by MTT assay
at each day from 2nd to 7th day following treatment. The survival rate in the
control group is presented as 100%. Data represent mean + SD of three inde-
pendent experiments. No statistical difference was found between miR-451
mimics treated group and miR-451 inhibitor treated group (P>0.05).

eration rates, but when the conditions become unfavorable
(e.g., acidic pH, decreased nutrient availability, or decreased
oxygen level), cells begin to migrate away in search of better
conditions at the expense of their proliferation ability (24,25).
Thus, it seems that the preference between proliferation or
migration is driven by microenvironmental conditions and is
an intrinsic property of tumor cells, largely complying with
the law of macroecology, similar to the migration of human
beings. Antiangiogenic GBM therapy with bevacizumab is
a good example to demonstrate the relationship between a
harsh microenvironment and the migration of tumor cells.
de Groot et al (26) noted an apparent phenotypic shift to a
predominantly infiltrative pattern of tumor progression after
treatment with bevacizumab.

Because miR-451 was reported to have a prominent
role in glioma, a study of miR profiles in glioblastoma cell

1997

A miRNA-451 mimics miRNA-451 inhibitor miRNA-451 NC

U-87-N.A

SNB-19-N.A

B miR-451 mimics
&2 miR-451 inhibitor
3 control

Cells/Field

Figure 10. The effect of miR-451 on cell migration of AMPKal knocked-
down glioma cell lines evaluated by Transwell migration assay. No statisitical
difference of cell number on Transwell chamber membrane was demon-
strated in the 3 AMPK-knockdown glioma cell lines (P>0.05).

lines, GBM tissue, and brain tissue showed that miR-451 had
reduced expression levels in GBM compared to normal brain
tissues (11). In fact, the microenvironment is also heteroge-
neous within a tumor. Microenvironmental conditions in the
center of a GBM tumor are harsher compared to the periphery
of the tumor. In the central hypoxic-hypoglycemic microenvi-
ronment, the growth of tumor cells is inhibited, and necrosis
is apparent, while in the peripheral portions of the tumor, the
survival of tumor cells is enhanced, and the tumor cells actively
proliferate and infiltrate into the surrounding parenchyma. In
the present study, we compared miR-451 expression not only
between tumor tissue and control brain tissue but also between
central and peripheral tissues of GBM tumors. We found that
miR-451 expression was lower in central regions and higher
in peripheral regions through the qRT-PCR analysis, a result
indicating that miR-451 expression is also heterogeneous,
acting in coordination with the microenvironmental heteroge-
neity. The results further emphasized that miR451 expression
is regulated by the microenvironmental conditions and is
related to the phenotypic switch between cellular proliferation
and migration.

In our in vitro study, miR-451 levels were elevated or
reduced in GBM cell lines following transfection with synthetic
miR-451 or miR-451 inhibitor, respectively. We confirmed
that the higher miR-451 level in the glioma cells could
facilitate cellular proliferation while suppressing migration; in
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Figure 11. The effect of miR-451 downstream of CAB39, AMPK, mTOR and Racl in AMPKal knocked down glioma cell lines determined by western blot
analysis and Racl activation assay. Western blot analysis were performed to evaluate the expression of activation of AMPK, mTORCI1 and Racl. The data
indicated that expression level of AMPK, mTOR and Racl had no statistical difference. In addition, expression of p-AMPK, p-mTOR and GTP-Racl had no

statistical difference in the three groups (P>0.05).

contrast, lower miR-451 levels promoted cell migration while
suppressing cellular proliferation. In fact, miR-451 regulates
the ‘go or grow’ biological behavior of tumor cells by epigen-
etic mechanisms. Understanding the downstream signaling
pathways and identifying the master regulator controlling the
phenotypic switch is essential to determine the utility of these
therapeutic targets in clinical applications.

AMPK is a highly conserved sensor of cellular energy
status in eukaryotes and is known as a regulator of cellular
metabolism (27). It consists of a hetero-trimetric complex
of two regulatory f/y subunits and a single catalytic o
subunit (28,29). AMPK is activated in response to an
increase in the ratio of AMP to ATP within the cell and is
phosphorylated at Thr172 within the activation domain of the
o subunit by upstream kinases LKB1 (30-32) and calmodulin
dependent protein kinase kinase f (CaMKKp) (6,33-35).
Under suitable conditions, normal or upregulated levels of
miR-451 suppress the activation of the LKBI/AMPK pathway
via downregulation of CAB39 expression. As a consequence,
cellular proliferation is promoted because of unrestricted
activity from mTORCI, an essential factor linking growth
factor abundance to cell growth and proliferation (36).
Godlewski et al (21) showed that the concentration of glucose
in the microenvironment of glioma tumors is one of the trig-
gers of this cascade.

In the present study, we found that upregulation of miR-451
suppressed the activation of the AMPK/mTOR pathway via
downregulation of CAB39 expression, while downregulation
of miR-451 facilitated the activation of the AMPK/mTOR
pathway via increased expression of CAB39. The mechanism
of miR-451/AMPK-mediated migration in glioma cells is not
fully understood and is evident in the finding of Racl activa-
tion in both upregulated or downregulated miR-451 scenarios
in the present study.

Cell migration begins with an initial protrusion or exten-
sion of the plasma membrane at the leading edge of the cell.
The protrusion is driven by the polymerization of a network
of cytoskeletal actin filaments and is stabilized through
the formation of an adhesive complex (37). Racl, a highly

expressed protein in glioma and glioma stem cells, promotes
cell spreading, lamellipodia formation and cell migration. Its
activation and phosphorylation, the regulatory mechanism
of Rho GTPase activation, are independent of GDP-GTP
cycling (38,39). It is therefore possible that the activation of
small GTPases or regulatory proteins of small GTPases, such
as guanine nucleotide exchange factors, GDP dissociation
inhibitors, and GTPase activating proteins could be promoted
by the phosphorylation or activation of AMPK. Our data indi-
cate a role for the miR-451/AMPK/Racl pathway in glioma
cell migration.

At this time, we propose that miR-451 may function in
glioma cells to control the phenotypic switch between prolif-
eration and migration through AMPK/mTOR or AMPK/
Racl activation. Whether AMPK plays the pivotal role in this
process, activating mTOR and stimulating cellular proliferation
or activating Racl and stimulating migration required further
investigation. We found that RNAi knockdown of AMPK
expression in glioma cells prevented miR-451-mediated regu-
lation of mTOR and Racl activation, and also prevented the
typical pattern of cellular proliferation or migration of glioma
cells. These findings indicate that AMPKal involvement is
essential in the miR-451-mediated regulation of proliferation
and migration of glioma cells in response to the tumor micro-
environment.

In conclusion, we demonstrated that miR-451 is down-
regulated in GBM tissues, especially in the central regions
of glioma tissues, compared to control brain tissues. The
inclination toward proliferation or migration of glioma cells is
influenced by the expression level of miR-451. By regulating
the activity of AMPK, the master regulator in the downstream
pathway, miR-451, reconfigures the activation of mTOR and
Racl, which play key roles in cellular proliferation and migra-
tion in glioma cells, respectively and enables cells to adapt
to microenvironmental conditions in the tumor. This study
demonstrates that any therapeutic target aimed to suppress
proliferation of tumor cells should be carefully examined
for potential roles in cell infiltration. In the case of GMB,
reducing AMPK expression, compared to simply inhibiting
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AMPK activity, produces more desirable global effects that
disrupt the regulation of mMTOR and Racl activation.
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