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Abstract: Glioma is a malignant tumor for which new therapies are needed. Growing evidence has demonstrated
that microRNAs (miRNAs) have a major effect on glioma development. Here, we aimed to characterize a novel anti-
cancer miRNA, miR-625, by investigating its expression, function, and mechanism of action in glioma progression.
The expression of miR-625 and its target mRNA in human glioma tissues and cell lines was assessed by real-time
PCR, western blotting, and immunohistochemistry. Functional significance was assessed by examining cell cycle
progression, proliferation, apoptosis, and chemosensitivity to temozolomide in vitro, and by examining growth of
subcutaneous glioblastoma in a mouse model in vivo. We found that miR-625 expression was significantly lower
in human glioma samples and cell lines than in normal brain tissue and human astrocytes. Furthermore, miR-625
overexpression not only suppressed glioma cell proliferation in culture and in the tumor xenograft model but also
induced cell cycle arrest and apoptosis. AKT2 was identified as a direct miR-625 target in glioma cell lines, and
AKT2 overexpression reversed the suppressive effects of miR-625 in the cell lines and the tumor xenograft model.
Finally, we found that the sensitivity of glioma cells to temozolomide was increased by miR-625 overexpression, and
this was reversed by concomitant AKT2 expression. In conclusion, our findings suggest that the miR-625-AKT2 axis

could be a new prognostic marker and diagnostic target for gliomas.
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Introduction

Gliomas, the most common malignant brain
tumors in adults, frequently harbor genetic ab-
normalities that make them refractory to treat-
ment, leading to high morbidity and mortality
[1]. The prognosis of glioma is highly dependent
on the pathological grade, with the highest
grades associated with worse prognosis [2].
The current standardized treatment for gliomas
is comprehensive, involving surgical resection
followed by chemotherapy and radiotherapy.
Despite advances in modern therapy that have
prolonged survival, the prognosis for patients
with glioblastoma multiforme (GBM) remains
grim, and the median survival time is only ~15
months after diagnosis [3]. Temozolomide
(TMZ) is an antineoplastic DNA-alkylating drug

that readily crosses the blood-brain barrier and
is currently used to treat glioblastoma. TMZ
can efficiently suppress the proliferation and
promote apoptosis of glioma cell lines [4, 5].
Unfortunately, GBM cells eventually develop re-
sistance to this drug, and effective treatment
remains challenging. Therefore, there is an
urgent need for new therapeutic strategies and
prognostic indicators to improve the survival
rate of patients with glioma.

MicroRNAs (miRNAs) are a class of conserved
endogenously expressed small noncoding RNAs
(18-23 nucleotides) that post-transcriptionally
regulate gene expression by binding to partially
complimentary sequences in the 3’-untranslat-
ed regions (3-UTRs) of mMRNAs [6]. MiRNAs play
a pivotal role in a variety of biological functions,
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including cell proliferation, invasion, apoptosis,
differentiation, and development. Accordingly,
aberrant expression of miRNAs is observed in
many types of cancers, including gliomas [7-9].
Considerable evidence has shown that many
miRNAs act as tumor promoters or suppres-
sors, depending on their target mRNAs; conse-
quently, miRNA function has been extensively
investigated in various cancers [10, 11]. A
recent report examined the potential functions
of miRNAs in the malignancy of human gliomas
by comparing miRNA expression profiles in pri-
mary low-grade gliomas and secondary high-
grade gliomas from individual patients [12]. To
date, however, our understanding of how miR-
NAs affect glioma development and progres-
sion remains unclear.

AKT2, also known as protein kinase B, is a ser-
ine/threonine kinase [13] that plays a central
role in signaling for cell survival, metastasis,
metabolism, radioresistance, and drug resis-
tance [14]. Aberrant AKT2 expression is known
to contribute to the dysregulated differentia-
tion, proliferation, metastasis, and invasion of
various types of cancer cells, such as breast
[15], hepatocellular [16], and ovarian [17] can-
cers. However, the expression, function, and
molecular mechanisms of action of AKT2 in gli-
oma are not known.

The aim of this study was to further our under-
standing of miR-625 by studying its function
and mechanisms of action in human glioma.
We show that miR-625 is downregulated in
human glioma compared with normal human
brain tissues (NBTs), and its expression regu-
lates the metastatic capacity and tumorigenic
properties of glioma cells, including tumor initi-
ation, colony formation, and drug resistance
phenotypes. Moreover, miR-625 acts as a no-
vel tumor suppressor by directly targeting AK-
T2 mRNA. Our results not only provide new
insights into the molecular mechanisms of glio-
ma pathogenesis but also highlight new thera-
peutic opportunities for the development of gli-
oma treatments.

Materials and methods
Human tissue samples

Gene expression data were obtained from The
Cancer Genome Atlas (TCGA) database (http://
tcga-data.nci.nih.gov). NBTs (n = 5) and glioma
specimens (n = 26) were obtained postopera-
tively from the Department of Neurosurgery,
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the First Affiliated Hospital of Nanjing Medical
University, China. The pathologic features of
all tissues samples were classified and gra-
ded by pathologists according to the World
Health Organization pathologic classification.
None of the patients had received radiotherapy
or chemotherapy before tumor resection. The
study protocol was approved by the Ethics
Committee of Nanjing Medical University, Chi-
na, and written informed consent was obtain-
ed from all participants. All samples were fro-
zen immediately after collection and stored in
liquid nitrogen until analysis.

Cell culture and antibodies

Human glioma cell lines U87, LN229, U251,
A172, and U118 were obtained from the Chi-
nese Academy of Sciences Cell Bank (Shang-
hai, China). Cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplement-
ed with 10% fetal bovine serum (FBS), 100 U/
ml penicillin, and 100 ng/ml streptomycin, and
were maintained at 37°C in a humidified 5%
CO, atmosphere. Normal human astrocytes
(NHAs) were purchased from Lonza (Wal-
kersville, MD, USA) and cultured according to
the supplier’'s instructions. Antibodies against
AKT2 and 08-methylguanine-DNA methyltrans-
ferase (MGMT) were purchased from Cell Sig-
naling Technology. An antibody against glyce-
raldehyde 3-phosphate dehydrogenase (GAP-
DH) was obtained from Beyotime Biotechno-
logy. Antibodies against Cyclin D1, Cyclin E1,
and cyclin-dependent kinase 4 (CDK4) were
obtained from Open Biosystems. TMZ was ob-
tained from Sigma-Aldrich.

Oligonucleotides, plasmid construction, and
transfection

Lentiviruses carrying miR-625 or a miRNA ne-
gative control (miR-NC) were produced by Ri-
bobio (Guangzhou, China). Small interfering (si)
RNA targeting AKT2 and noncoding control
siRNA (si-Ctrl) oligonucleotides were obtained
from GenePharma (Shanghai, China). A plas-
mid containing the human AKT2 coding sequ-
ence was constructed according to the manu-
facturer’s instructions (Genechem; Shanghai,
China). A human AKT2 cDNA was inserted into
the vector pGL3 to generate pGL3-AKT2. Oli-
gonucleotides and plasmids were transfected
into cells using Lipofectamine 2000 Trans-
fection Reagent (Invitrogen Corporation) ac-
cording to the manufacturer’s instructions.
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Lentiviral packaging and establishment of
stably transfected cell lines

A lentiviral packaging kit was purchased from
Genechem. Lentiviruses carrying miR-625 or
miR-NC were packaged in HEK293T cells and
harvested from the culture supernatant ac-
cording to the kit manufacturer’s instructions.
Stable cell lines were established by selection
of infected U87 cells and U251 cells with
puromycin.

RNA Isolation and quantitative reverse-tran-
scriptase PCR

RNA was extracted from harvested human
glioma samples, NBTs, glioma cells, or NHAs
using TRIzol reagent (Life Technologies, Car-
Isbad, CA, USA) according to the manufactur-
er's protocol. Primers for quantitative RT-
(qRT)-PCR of AKT2 and miR-625 were pur-
chased from Ribobio. Quantitative real-time
PCR was conducted using an ABI StepOne
Plus system (Applied Biosystems, CA, USA) with
the Bulge-loop miRNA gRT-PCR Primer Kit
(Ribobio) to detect miR-625. Expression of U6
was measured as an endogenous control. All
reactions were performed in triplicate and
repeated three times. The fold change in ex-
pression was calculated by the 222t method
[18].

Protein extraction and western blotting

Protein extraction and western blot analysis
were performed as described previously [19].
Briefly, cells or tissues were lysed on ice for 30
min in RIPA buffer (150 mM NaCl, 100 mM Tris,
pH 8.0, 0.1% sodium dodecyl sulfate [SDS], 1%
Triton X-100, 1% sodium deoxycholate, 5 mM
EDTA, and 10 mM sodium fluoride) supple-
mented with 1 mM sodium vanadate, 2 mM
leupeptin, 2 mM aprotinin, 1 mM phenylmethyl-
sulfonyl fluoride, 1 mM dithiothreitol, and 2 mM
pepstatin A. The lysates were centrifuged at
12,000 rpm at 4°C for 15 min, and the super-
natants were collected and assayed for prote-
in concentration using the bicinchoninic acid
assay (KenGEN, Jiangsu, China). Proteins were
separated by SDS-polyacrylamide gel electro-
phoresis and transferred to polyvinylidene di-
fluoride membranes (Thermo Fisher Scientific,
MA, USA) in transfer buffer (20 mM Tris, 150
mM glycine, and 20% methanol). Membranes
were blocked with 5% nonfat milk for 2 h and
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then incubated with primary and secondary
antibodies. An electrochemiluminescence de-
tection system (Thermo Fisher Scientific) was
used for signal detection. GAPDH was probed
as an internal control.

Cell proliferation and colony-forming assays

To assess cell proliferation, cells were seeded
at 2 x 103 per well in 96-well plates, incubated
for 24, 48, or 96 h, Cell growth was measured
using a CCK-8 kit (Dojindo Laboratories) fol-
lowing the manufacturer’'s protocol. Assays
were performed in triplicate. To assess colony-
forming ability, 5 x 102 cells were seeded in a
6-well plate and cultured for 2 weeks. Cells
were fixed with 100% methanol and stained
with 0.1% crystal violet for 30 min. Colony-
forming efficiency was calculated as the cell
activity after transfection. Experiments were
performed three times, each in triplicate. To
quantify DNA synthesis, the 5-ethynyl-2-deoxy-
uridine (EDU) assay was performed using a
Cell-Light EDU In Vitro Imaging Detection Kit
(Guangzhou Ribobio) according to the manu-
facturer’s instructions. Cells were visualized
by fluorescence microscopy. Data were recor-
ded from three separate experiments, each
with four replicates.

Fluorescence in situ hybridization (FISH)

MiR-625 expression in glioma specimens and
NBTs was also detected by FISH. The 5-FAM-
labeled miR-625 probe sequence (5-GGA-
CTATAGAACTTTCCCCCT-3’) was synthesized by
GoodBio (Wuhan, China). The FISH procedure
followed by the BioSense manufacturer’s in-
structions. The frozen tissues were fixed with
4% paraformaldehyde for 25 min and then
washed three times with phosphate-buffered
saline (PBS). The sections were digested with
proteinase K at 37°C for 5 min and dehydra-
ted in 70%, 85%, and 100% ethanol for 10 min.
The probe was added to the sections, which
were denatured at 78°C for 5 min and hybrid-
ized overnight at 42°C in a humidified chamber.
The sections were washed sequentially with
pre-warmed 2x saline sodium citrate (SSC) at
37°C for 10 min, 1x SSC at 37°C for 10 min,
and 0.5x SSC at 37°C for 10 min. Finally, sec-
tions were counterstained with 4’,6-diamidino-
2-phenylindole (DAPI; Sigma) for 10 min and
examined with a Zeiss LSM 700 Meta confocal
microscope (Oberkochen, Germany).
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Immunohistochemistry (IHC)

IHC detection of AKT2 (antibody from Abcam),
cleaved caspase-3, and Ki-67 (antibodies from
Cell Signaling Technology) in subcutaneous
tumor tissues from nude mice was performed
as described previously [20].

Flow cytometric analysis of cell cycle progres-
sion and apoptosis

For the cell cycle distribution assay, cells trans-
fected with lentiviruses and/or plasmids were
harvested and fixed with 70% ethanol at -20°C
for 24 h. Cells were resuspended in Cell Cycle
Staining Kit reagent (Multi Sciences, Hangzhou,
China), incubated for 30 min in the dark, and
then analyzed by flow cytometry. The apoptosis
assay was performed using an Annexin V-FITC/
Pl Apoptosis Detection Kit (BD Biosciences, CA,
USA) according to the manufacturer’s instruc-
tions. For both assays, cells were analyzed
using a Gallios flow cytometer (Beckman Coul-
ter, CA, USA).

Dual luciferase reporter assay

The wild-type (WT) and mutated putative (mut)
miR-625 target sequence in the AKT2 3-UTR
were amplified from human AKT2 cDNA by PCR
and then cloned into the Sacl and Hindlll sites
of the pmiRNA-Report firefly luciferase vector
(Genechem). U87 and U251 cells were seeded
in a 24-well plate and co-transfected with the
WT or mut reporter plasmid, a Renilla lucifer-
ase plasmid, and miR-625 mimic or miR-NC.
Luciferase activities were measured 24 h after
transfection using a dual luciferase assay kit
(Promega, Madison, WI, USA). Each experiment
was performed in triplicate and repeated at
least once.

In vitro chemosensitivity assay

Cells were seeded overnight at a density of 3 x
108 cells per well in a 96-well plate. Freshly pre-
pared TMZ solution was added to the cells at
final concentrations ranging from 25 uyM to 400
M. Cell survival was assessed using the CCK-8
assay 48 h later. Percentage cell survival was
normalized to cells incubated without TMZ. U87
and U251 cells transfected with miR-NC, miR-
625, or miR-625+AKT2 were incubated with
100 yM TMZ, and cell survival was assessed
every 24 h. The percentage cell survival was
normalized to that on day 0.
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Nude mouse model of subcutaneous glioma

Eight male BALB/c nude mice (6 weeks old)
were purchased from Shanghai Laboratory
Animal Experimental Animal Center of the
Chinese Academy of Sciences. Animal experi-
ments were approved by the Animal Mana-
gement Rule of the Chinese Ministry of Health
(document 55, 2001) and approved by the
Animal Experimental Ethics Committee of Nan-
jing Medical University. Mice were randomly
divided into two groups of four and injected
subcutaneously with viable U87 cells trans-
fected with either miR-625 or miR-NC (5 x 10°
cells/injection). Once tumors became visible,
the sizes were measured with a vernier cali-
per every 3 days. Tumor volume was calculated
as: volume = 0.5 x length x width?. Mice were
euthanized 30 days after injection, and the
tumors were excised, trimmed, and weighed.
Protein and RNA extracts were prepared for
western blotting and qRT-PCR analysis.

Statistical analysis

All experiments were performed in triplicate,
and data are presented as the mean % stan-
dard deviation. Differences between groups
were analyzed using Student’s t test. Cor-
relations between miR-625 expression and
AKT2 levels in glioma tissues were analyzed
using Spearman’s rank test. P < 0.05 was
considered statistically significant.

Results

MiR-625 is downregulated in human glioma
tissues and cell lines

To assess the expression of miR-625, we per-
formed real-time PCR analysis of five NBT sam-
ples and 26 glioma tissue samples. The results
show that miR-625 was expressed at much
lower levels in glioma tissues compared with
NBTs (Figure 1A). Moreover, glioma samples
classified as WHO grades Il (n = 7), lll (n = 7),
and IV (n = 12) expressed significantly lower
levels of miR-625 compared with NBTs (P <
0.001, Figure 1B), and significantly lower levels
were detected in grade llI-IV tumors than in
grade Il tumors (P < 0.05, Figure 1B). These
results were confirmed by FISH analysis of miR-
625 expression in representative grades II-IV
glioma samples (Figure 1C). We also assessed
miR-625 levels in the human glioma cell lines
U87, U251, LN229, A172, and U118, and found
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Figure 1. Downregulation of miR-625 in glioma tissues and cell lines. A. gRT-PCR analysis of miR-625 expression in
normal brain tissues (NBTs, n = 5) and glioma tissues (n = 26). B. gRT-PCR analysis of miR-625 expression in NBTs
(n=5) and glioma specimens (n = 26) divided according to WHO pathological classification criteria into grade Il (n
=17), grade lll (n = 7), and grade IV (n = 12). C. FISH analysis of miR-625 expression shows positive correlation with
WHO grade in glioma specimens. D. gRT-PCR analysis of miR-625 expression in normal human astrocytes (NHAs)
and five glioma cell lines (U87, LN229, U251, A172, U118). *P < 0.05, **P < 0.01, ***P < 0.001.

that expression was lower in glioma cells, par-
ticularly U87 and U251 cells, than in NHAs
(Figure 1D). Thus, miR-625 expression levels
are lower in glioma tumor tissues and cell lin-
es than in NBTs and NHAs, and the expression
levels inversely correlate with glioma grade.

MiR-625 overexpression suppresses cell prolif-
eration and colony formation and induces GO/
G1 arrest in glioma cell lines

To investigate the biological functions of miR-
625 in glioma cells, we examined the effects
of miR-625 overexpression on the prolifera-
tion and colony-forming ability of U87 and U2-
51 cells. Lentiviral-mediated overexpression of
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miR-625 significantly decreased the prolifera-
tive capacity (Figure 2A) and the colony-form-
ing ability (Figure 2B) of both cell lines com-
pared with cells expressing miR-NC or mo-
ck-transduced cells. Similarly, EDU assays sh-
owed that DNA synthesis was significantly sup-
pressed in miR-625-transduced cells com-
pared with miR-NC- or mock-transduced cells.

Because inhibition of cell proliferation often
involves changes in cell cycle progression, we
next analyzed the cell cycle distribution of cells
using a flow cytometric assay. We found that
miR-625 overexpression significantly increased
the percentage of cells in GO/G1 phase and
decreased the percentage of cells in S phase

Am J Cancer Res 2017;7(9):1835-1849
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Figure 2. MiR-625 overexpression induces cell cycle arrest and inhibits glioma cell growth in vitro. A. CCK-8 assay
of proliferation of U87 and U251 glioma cell lines transfected with miR-NC or miR-625. B. Colony-forming assays
of U87 and U251 cells transfected with miR-NC or miR-625. C. Representative single or merged images of DAPI-
and EDU-stained U87 and U251 cells transfected with miR-NC or miR-625. D. Flow cytometric analysis of cell cycle
phase of U251 and U87 cells transfected with miR-NC or miR-625. E. Western blot analysis of Cyclin D1, CDK4,
and Cyclin E1 in U87 and U251 cells 48 h after transfection with miR-NC or miR-625. GAPDH served as a loading

control. **P < 0.01.

compared with the mock-transduced and miR-
NC-expressing cells (Figure 2D). Consistent
with this, expression of the cell cycle-related
protein Cyclin D1 was clearly reduced in the
miR-625-overexpressing group compared with
control groups (Figure 2E). However, miR-625
had no effects on Cyclin E1 or CDK4 expres-
sion. The cyclin and CDK proteins have previ-
ously been reported to be important regulators
of entry into the G1 phase [21, 22]. Therefore,
these results suggest that miR-625 suppress-
es glioma cell cycle progression.

AKT2 is a direct target of miR-625 in glioma
cells

To understand the molecular mechanisms by
which miR-625 influences glioma biology, we
used the bioinformatics algorithms miRNAWalk
2.0 and TargetScan to identify potential miR-
625 target genes. Among the candidates iden-
tified was AKT2, which contained a 3-UTR
sequence complementary to the seed sequ-
ence of miR-625 (Figure 3A). To determine
whether miR-625 affects AKT2 expression in
glioma, we analyzed miR-625-overexpressing
U87 and U251 cells. These analyses showed
that levels of AKT2 mRNA (Figure 3B) and pro-
tein (Figure 3D) were both increased by miR-
625 expression in glioma cell lines. To verify
that AKT2 mRNA is an authentic target of
miR-625, we tested U87 and U251 cells stably
expressing miR-625 or miR-NC in luciferase
reporter assays. As shown in Figure 3C, luci-
ferase activity was significantly inhibited by
miR-625 transduction in U87 and U251 cells
expressing a reporter driven by the WT AKT2
3-UTR, but not the mutated AKT2 3’-UTR. To
determine whether the miR-625-AKT2 relation-
ship also exists in human brain tissues,
we first analyzed data from TCGA and GS-
E16011 databases. Both datasets showed th-
at AKT2 mRNA levels were significantly higher
in GBM samples than in NBTs (Figure 3E, 3F).
Next, we measured AKT2 protein levels in the
cell lines and brain tissues. Consistent with the
MRNA analyses, AKT2 levels were higher in gli-
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oma cell lines than in NHAs (Figure 3G) and
also higher in glioma tissues (n = 26) than in
NBTs (n = 5, P = 0.0037, Figure 3H). Spear-
man’s rank correlation analysis showed that
miR-625 and AKT2 levels were inversely cor-
related in 26 glioma specimens (Spearman, r =
-0.4756, P = 0.0004, Figure 3I). Taken togeth-
er, these results suggest that AKT2 mRNA is
a target of miR-625.

MiR-625 suppresses tumor growth and angio-
genesis in vivo

Accumulating evidence has shown that miRNA
mimics are promising anti-cancer treatments
[23]. To evaluate the effects of miR-625 on
tumor progression and angiogenesis in vivo, we
employed an ectopic transplantation model of
human glioma in nude mice. We generated len-
tiviral constructs to stably express miR-NC and
miR-625 in U87 cells, and then injected the
cells subcutaneously into the flanks of athy-
mic mice. Tumor sizes were measured every 3
d for 30 d, at which point the mice were eutha-
nized and tumors were removed for analysis.
We found that the tumors derived from miR-
NC U87 cells were much larger (Figure 4A, 4B)
and weighed more (P < 0.01, Figure 4C) than
the tumors formed from miR-625-overexpress-
ing cells. Tumor tissues were analyzed for AKT2
expression by immunohistochemical staining.
As shown in Figure 4D, the AKT2 expression
was lower in miR-625-U87 tumors compared
with control cells, which was consistent with
the in vitro data. MiR-625-U87 tumors also
showed enhanced expression of the apoptotic
marker cleaved caspase 3 and lower expres-
sion of the proliferation marker Ki-67 compar-
ed with control tumors (Figure 4D). Similarly,
immunofluorescence microscopy of tumor sec-
tions revealed that AKT2 expression was lower
in the miR-625-U87 group, and nuclear AKT2
localization was less prominent that in the
control tumors (Figure 4E). Consistent with
these findings, western blot analysis showed
that AKT2 protein expression was significantly
lower in tumors derived from miR-625-U87
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Figure 3. AKT2 mRNA is a direct target of miR-625, and AKT2 protein expression is inversely correlated with that of
miR-625 in glioma tissues. (A) Predicted miR-625 target sequence in the wild-type (WT) 3’-UTR of AKT2 mRNA and
the mutated construct (mut). (B) Levels of miR-625 in U7 and U251 cells after ectopic expression of miR-625 or
miR-NC. (C) Luciferase reporter assay of U887 and U251 cells co-transfected with miR-625 mimic and either pmiRNA-
AKT2/3’-UTR-WT or pmiRNA-AKT2/3’-UTR-Mut. (D) Western blot analysis of AKT2 protein expression levels in U87
and U251 cells transfected with miR-NC or miR-625. GAPDH served as the loading control. (E, F) Analysis of AKT2
expression in glioblastoma multiforme (GBM) and normal brain tissue (NBT) from the TCGA (E) and GSE16011 (F)
datasets. (G) Western blot analysis of AKT2 protein expression in normal human astrocytes (NHAs) and U87, LN229,
U251, A172, and U118 glioma cell lines. (H) Western blot analysis of AKT2 protein expression in five NBTs and 26
glioma specimens. Expression levels were normalized to GAPDH levels. P = 0.0033. (l) Spearman’s correlation
analysis of AKT2 protein and miR-625 expression levels in human glioma specimens (r = =0.6035, P < 0.001). **P
<0.01.

cells than miR-NC-U87 cells (Figure 4F). Col- ated knockdown of AKT2 (Figure 5B) dramati-
lectively, these results suggest that miR-625 cally inhibited the colony-forming ability of
plays a tumor suppressor role in vivo by target- U251 and U87 cells (Figure 5D). These results
ing AKT2 mRNA. are consistent with the miR-625 overexpres-

sion data and suggest that miR-625 may re-
gulate glioma behavior through modulation of
AKT2. Therefore, we investigated whether for-

AKT2 overexpression reverses the inhibitory
effects of miR-625 in glioma cell lines

Previous studies have shown that AKT2 plays ced AKT2 expression could reverse the effects
an important role in modulating the progres- of miR-625 overexpression. For this, we trans-
sion of various human cancers. To determine fected stable miR-625- or miR-NC-expressing
whether AKT2 plays a similar role in glioma U87 and U251 cells with a plasmid encoding
growth and development, U251 and U87 cells AKT2 lacking a 3™-UTR, which prevents miR-
were infected with AKT2-expressing or control 625-mediated AKT2 downregulation. As shown
lentiviruses (Figure 5A). We found that AKT2 in Figure 5E-G, restoration of AKT2 expression
overexpression promoted the proliferation (Fi- partially abolished the miR-625-mediated sup-
gure 5E) and Co|0ny_f0rming efﬂciency (Figure pression of cell proliferation, colony formation
5C) of both cell lines. Conversely, siRNA-medi- ability, and DNA synthesis. Similarly, AKT2 ex-
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pression reduced the number of miR-625-
transfected U87 and U251 cells in GO/G1 cell
cycle arrest and increased the S+G2/M popula-
tion (Figure 5H). Moreover, western blot analy-
sis showed that while miR-625 suppressed
Cyclin D1 protein expression, this effect was
abolished by forced AKT2 expression (Figure
51). CDK4 and Cyclin E1 protein levels were
unaffected. Collectively, these data confirm
that AKT2 is a functional target of miR-625 in
glioma cells.

MIiR-625 overexpression increases the chemo-
sensitivity of glioma cells to TMZ by targeting
AKT2

TMZ is an alkylating drug currently used as the
first-line chemotherapy for glioma [24]. How-
ever, a major obstacle to effective treatment
is primary and secondary resistance to TMZ.
To determine whether miR-625 affects the
chemosensitivity of glioma cells, we stably
expressed miR-625 or miR-NC in U87 or U251

1843

cells and treated them with various concen-
trations of TMZ. Our results revealed that
miR-625-overexpressing cells were significant-
ly more sensitive to TMZ than the control cells
(Figure 6A). Furthermore, the sensitivity of both
cell lines to 100 yuM TMZ was blocked by forced
expression of AKT2 (Figure 6B). Similarly, while
miR-625-overexpressing U887 and U251 cells
showed a significant increase in apoptosis af-
ter treatment with TMZ compared with vehi-
cle, forced AKT2 expression also partially abol-
ished this effect (Figure 6C). Finally, we found
that expression of MGMT, an enzyme that re-
pairs damaged DNA, was substantially lower in
the miR-625-overexpressing TMZ-treated cells
compared with either the miR-625-overex-
pressing or TMZ-treated cells alone. However,
MGMT expression was restored by co-transfec-
tion of cells with AKT2 (Figure 6D). Taken
together, these results suggest that miR-625
enhances glioma cell sensitivity to TMZ treat-
ment and that the combination of miR-625

Am J Cancer Res 2017;7(9):1835-1849
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Figure 5. AKT2 overexpression reverses the suppressive effects of miR-625 on glioma cells in vitro. (A) Western blot
analysis of AKT2 expression in U87 and U251 cells expressing control (Ctrl) or AKT2 overexpression vectors. GAPDH
served as the loading control. (B) Western blot analysis of AKT2 expression in U87 and U251 cells after transfection
with control (si-Ctrl) or AKT2-targeting siRNA (si-AKT2). GAPDH served as the loading control. (C) Representative
images and quantification of colony-forming assays of control or AKT2-overexpressing U887 and U251 cells. (D)
Representative images and quantification of colony-forming assays of U87 and U251 cells transfected with si-AKT2
or si-Ctrl. (E-H) CCK-8 viability assay (E), colony-forming assay (F), EDU proliferation assay (G), and cell cycle distribu-
tion assay (H) of U87 and U251 cells transfected with miR-NC, miR-625, or miR-625+AKT2. (I) Western blot analysis
of AKT2 and downstream effector proteins Cyclin D1, CDK4, and Cyclin E1 in U87 and U251 cells transfected with

miR-NC, miR-625, or miR-625+AKT2. GAPDH was used as the loading control. **P < 0.01.

overexpression and TMZ treatment induced
apoptosis of glioma cells by targeting AKT2.

Discussion

The proliferative ability of GBM is a key factor
that leads to poor prognosis, but the underlying
mechanisms remain unclear. MiRNAs are a
class of small regulatory molecules that func-
tion as post-transcriptional gene regulators in
many pathophysiological processes [25]. Hu-
man gliomas are known to display aberrant
miRNA expression profiles [26-28], and the
biological functions of a number of these miR-
NAs have been studied extensively. For exam-
ple, miR-146-5p has been shown to regulate
MMP16 expression, and its overexpression
suppresses the migration and invasion of glio-
ma cells [29]. Dysregulated miRNA expression
is a common feature of human cancers [30]. In
general, miRNAs regulate the expression levels
of target genes by binding to specific sites in
MRNAs. Accumulating data suggests that miR-
NAs are involved in cancer development and
may act as tumor suppressors or oncogenes
by regulating many cellular processes. Here,
we showed that miR-625 functions as an anti-
angiogenic regulator in human gliomas. How-
ever, the role of miR-625 in cancer develop-
ment and progression is still unclear. In this
study, we found that miR-625 was expressed
at lower levels in glioma tissues and cell lines
compared with NBTs and NHAs. Restoring miR-
625 expression reduced glioma cell prolifera-
tion in vitro by blocking the G1/S transition. In
a subcutaneous glioma mouse xenograft mo-
del, tumor growth was reduced by overexpres-
sion of miR-625, suggesting that manipulation
of miR-625 levels may have therapeutic poten-
tial for glioma patients.

To date, few miR-625 targets have been ex-
perimentally validated. In our study, luciferase
reporter assays and western blot analysis de-

1845

monstrated that AKT2 is a direct miR-625 tar-
get. AKT2 is a pro-survival protein activated by
phosphatidylinositol 3-kinase (PI3K) [31]. The
PIBK/AKT2/mTOR signaling pathway contrib-
utes to gallbladder carcinoma cell proliferation
[32], and AKT2 can also promote tumor angio-
genesis in pancreatic cancer [33], prostate
cancer [34], and squamous cell carcinoma of
the oral cavity [35]. Our results also support
previous studies showing that inhibiting AKT2
can decrease proliferation in a wide variety of
tumor cells, including pancreatic, ovarian, and
breast cancer [33, 34]. However, the specific
molecular mechanisms underlying the obser-
ved AKT2 increases in glioma have been un-
clear. In this report, we showed for the first
time that miR-625 specifically targets AKT2 in
human glioma cells. AKT2 expression was up-
regulated in glioma tissues compared with
NBTs, and the levels were inversely correlated
with miR-625 expression in clinical glioma tu-
mor tissues. AKT2 expression was significantly
decreased in miR-625-overexpressing glioma
cells, while forced AKT2 expression reversed
the phenotypes associated with miR-625 over-
expression. Thus, this study provides the first
evidence that miR-625 suppresses glioma cell
growth by inhibiting AKT2 translation.

We also observed that AKT2 knockdown sig-
nificantly suppressed glioma cell proliferation,
similar to the phenotype observed following
miR-625 overexpression. More importantly, re-
introducing AKT2 into miR-625 overexpressing
cells blocked the effect of miR-625 on glioma
cell proliferation. Additionally, luciferase report-
er assays revealed that miR-625 could directly
target the 3-UTR of AKT2 mRNA. Collectively,
our results demonstrate for the first time that
AKT2 mediates the anti-proliferative functions
of miR-625 in glioma. The upregulated AKT2
expression induced by decreased miR-625 lev-
els appears to facilitate glioma growth and con-
sequently drive disease progression.
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Our results not only provide insight into the
molecular mechanisms that regulate human
glioma, but also offer an explanation for the
challenges associated with treating glioma.
Several studies have indicated that miRNAs
regulate the growth of chemoresistant tumors
[36, 37]. A recent study showed that aberrant
miR-211 expression significantly increased
apoptosis and DNA fragmentation in glioma
cells [38]. In this study, we found that miR-625
overexpression reduced the resistance of hu-
man glioma cells to TMZ and increased apopto-
sis by targeting AKT2. MiR-625 overexpression
may therefore be an effective therapeutic strat-
egy for overcoming TMZ chemoresistance in
human gliomas.

In conclusion, our study provides new evidence
of an important connection between miR-625
and tumorigenesis in gliomas. Our data clearly
demonstrate the role of miR-625 in suppress-
ing glioma progression and development by
directly targeting the AKT2 3'-UTR. These find-
ings suggest that loss of miR-625 leads to
overexpression of the AKT2 oncogene, which
in turn favors glioma proliferation. We demon-
strated that miR-625 acts as a tumor suppres-
sor through multiple mechanisms, including in-
duction of cell cycle arrest. We also showed
that miR-625 and AKT2 expression are inverse-
ly correlated in glioma tissues, and that miR-
625 overexpression enhances glioma cell sen-
sitivity to TMZ treatment. Although miRNA-ba-
sed combination therapies are still in the ini-
tial stages of development, targeting this novel
mMiR-625-AKT2 relationship may be a useful
strategy for treating patients with malignant
gliomas.
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