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Tongle Zhi**, Kuan Jiang®", Chuanzhuo Zhang?, Xiupeng Xu?, Weining Wu?, Er Nie?, Tianfu Yu?, Xu Zhou?,
Zhongyuan Bao?, Xin Jin%, Junxia Zhang?, Yingyi Wang?, Ning Liu*

1Department of Neurosurgery, The First Affiliated Hospital of Nanjing Medical University, Nanjing 210029, Jiangsu
Province, China; 2Department of General Surgery, Affiliated Hospital of Nanjing University of Traditional Chinese
Medicine, Nanjing 210029, Jiangsu Province, China. "Equal contributors.

Received February 18, 2017; Accepted March 3, 2017; Epub April 1, 2017; Published April 15, 2017

Abstract: Glioma is one of the most common, rapidly progressive and fatal brain tumors, and accumulating evidence
shows that microRNAs (miRNAs) play important roles in the development of cancers, including glioma. Therapeutic
applications of miRNAs in Ras-driven glioma have been proposed; however, their specific functions and mecha-
nisms are poorly understood. Here, we report that miR-1301-3p directly targets the neuroblastoma Ras viral onco-
gene homolog (N-Ras) and functions as a tumor-suppressor in glioma. Quantitative reverse transcription-PCR was
applied to detect the expression of miR-1301-3p in glioma specimens. The direct target genes of miR-1301-3p
were predicted by bioinformatic analysis and further verified by immunoblotting and luciferase assays. The effects
of miR-1301-3p on the proliferation and cell cycle of glioma cells were analyzed by cell-counting kit 8, colony forma-
tion, 5-ethynyl-2-deoxyuridine (EDU) and flow cytometry assays. A xenograft model was used to study the effect of
miR-1301-3p on tumor growth and angiogenesis. The expression levels of miR-1301-3p in glioma specimens were
significantly downregulated. N-Ras was confirmed as a direct target of miR-1301-3p. MiR-1301-3p inhibited glioma
cell growth and blocked the cell cycle to G1 by negatively regulating N-Ras and its downstream signaling pathway,
MEK-ERK1/2. Furthermore, the inhibitory effects of miR-1301-3p could be rescued by the overexpression of N-Ras.
The protein levels of N-Ras were up-regulated in clinical glioma specimens and were negatively correlated with
miR-1301-3p expression levels (r=-056, P=0.0002). In vivo studies revealed that increased levels of miR-1301-3p
delayed the growth of intracranial tumors, which was accompanied by decreased Ki67 and CD31 expression. Taken
together, our results demonstrate that miR-1301-3p plays a significant role in inactivating the Ras signaling pathway
through the inhibition of N-Ras, which may provide a novel therapeutic strategy for treatment of glioma and other
Ras-driven cancers.
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Introduction

Gliomas are the most frequent primary tumors
that arise in the brain. The most malignant form
of glioma, glioblastoma multiforme (GBM,
grade V), is one of the most aggressive human
cancers and is a challenging disease to treat
[1]. Although the current standard therapeutic
strategy, which includes surgery, chemothera-
py, and radiotherapy, has been widely used, the
median survival time of patients with GBM is
still only 15 months [2, 3]. The rapid growth of
glioblastoma is a result of genomic instability
and dysregulation of gene expression [4, 5].
Moreover, because of our poor understanding

of this cancer’'s pathogenesis, therapeutic
strategies for glioblastoma are limited [6, 7].
Studying the molecular implications of genetic
alterations underlying the malignant phenotype
of glioblastoma should aid in the development
of new diagnostic, prognostic, and therapeutic
approaches.

MicroRNAs (miRNAs) are small endogenous
noncoding RNAs with lengths of approximately
18-23 nucleotides. They regulate gene expres-
sion at the transcriptional and posttranscrip-
tional level by completely or incompletely bind-
ing to the 3’-UTR (untranslated region) of their
target messenger RNA (mRNA), and then
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repress translation or promote degradation of
the mRNA to exert biological functions [8, 9].
MiRNAs have pivotal roles in regulating impor-
tant cellular functions such as proliferation,
invasion, apoptosis, death, stress response,
differentiation, and development. Dysregulation
of miRNAs has been suggested to be associat-
ed with a variety of disorders, particularly can-
cers [10, 11]. Moreover, miRNAs have been
shown to be useful as diagnostic and prognos-
tic indicators of disease type and severity [12-
14]. Accumulating evidence has indicated that
a subset of mMiRNAs are deregulated in gliomas
[15-18], and our preliminary experiments show
that miR-1301-3p is one of them. However, the
role and mechanism of miR-1301-3p in glioma
has not been reported so far.

RAS sarcoma (Ras) proteins are highly homolo-
gous small G proteins with GTPase activity that
mediate cellular responses to external growth
stimuli by signaling via different effector cas-
cades [19]. Kirsten Ras (K-Ras), neuroblastoma
Ras viral oncogene homolog (N-Ras), and
Harvey Ras (H-Ras) represent the prototype
members of the family of small G proteins that
are the most frequently activated oncogenes in
human cancers [20-23]. N-Ras is implicated
and functionally altered in a number of cancers
including glioma and has potential roles in the
regulation of cancer cell growth, survival, migra-
tion, invasion, and angiogenesis [24, 25].
Enhanced expression of the N-Ras gene by dis-
rupted transcription may be a factor in the pro-
gression of glioma [26]. The major mechanism
of N-Ras-induced oncogenic transformation is
related to enhanced mitogen-activated kinase
(MAPK) pathway signaling caused by Ras-
dependent activation of Raf serine/threonine-
specific kinases. In addition, signal transduc-
tion via other pathways, such as the PISK/AKT
and NF-kB pathways, are also critical [27-30].
Thus, N-Ras silencing has become an efficient
therapeutic strategy in glioma, but it is still far
from optimal and novel therapeutic strategies
are needed urgently.

In the present study, we found that the expres-
sion of miR-1301-3p correlated with WHO grade
and was down-regulated in clinical GBM sam-
ples. Moreover, we identified N-Ras mRNA as a
direct target of miR-1301-3p, which was up-
regulated in GBM tissues, and that the levels
miR-1301-3p inversely correlated with those of
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N-Ras. We then sought to understand: (i) what
are the roles of miR-1301-3p in tumor growth;
(ii) the potential direct target of miR-1301-3p
that may be involved in glioma development;
(iii) whether miR-1301-3p overexpression inhib-
its MEK-ERK1/2 signaling pathways via its
direct target; (iv) the role miR-1301-3p has in
glioma cell growth in nude mice. Generally
speaking, the answers of these questions will
provide new insights into the molecular mecha-
nism of glioma development and will help
develop a uniqgue miRNA-based therapy for
GBM management.

Materials and methods
Human tissue samples

Glioma specimens (low grade =15, high grade
=18) and non-cancerous brain tissues (NBT)
(n=6) were obtained from The First Affiliated
Hospital of Nanjing Medical University. The
Research Ethics Committee of Nanjing Medical
University (Nanjing, Jiangsu, China) approved
the use of GBMs and non-cancerous brain tis-
sues, and the procedures were performed in
accordance with the approved guidelines.
Permissions were obtained from participants,
and patients granted informed consent. Gene
expression profiling from four glioma cohorts of
were used in this study. Microarray miRNA
expression data for 158 gliomas were down-
loaded from the Chinese Glioma Genome Atlas
(CGGA) data portal (http://www.cgga.org.cn/
portal.php). The samples included 48 astrocy-
tomas (A, WHO Grade Il), 13 oligodendroglio-
mas (O, WHO Grade ll), 8 anaplastic astrocyto-
mas (AA, WHO Grade lll), 10 anaplastic oligo-
dendrogliomas (AO, WHO Grade 1IV), 15 ana-
plastic oligoastrocytomas (AOA, WHO Grade ll),
and 64 GBMs (WHO Grade V). Microarray
MRNA expression data for 216 gliomas were
downloaded from the CGGA, which included 97
WHO I, 34 WHO lll, 89 GBMs. Gene expression
data (27 WHO Il and Ill, 595 GBMs) were down-
loaded from The Cancer Genome Atlas (TCGA)
database (http://tcga-data.nci.nih.gov/). Gene
expression profiling data for 153 glioma sam-
ples were collected from GSE4290 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE4290), including 44 WHO II, 31 WHO Ill and
77 GBMs. Gene expression profiling data for
284 glioma samples were collected from
GSE16011 (https://www.ncbi.nlm.nih.gov/geo/
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query/acc.cgi?acc=+GSE16011), including 8
WHO [, 24 WHO Il, 85 WHO lll and 159 GBMs.

Cell culture and antibodies

Human GBM cell lines U87, U251, U118,
LN229, A172, and H4 were obtained from the
Chinese Academy of Sciences Cell Bank
(Shanghai, China), and were cultured in
Dulbecco’s modified Eagle’'s medium (DMEM)
supplemented with 10% fetal bovine serum
(FBS), 100 units of penicillin/mL, and 100 ng of
streptomycin/mL. Normal human astrocytes
(NHAs) were obtained from Lonza (Basel,
Switzerland) and cultured in the provided astro-
cyte growth media supplemented with rhEGF,
insulin, ascorbic acid, GA-1000, L-glutamine
and, 5% FBS. All the cells were incubated at
37°C in a humidified atmosphere with 5% CO,,.
Antibodies against mammalian MEK, p-MEK,
ERK, p-ERK, CyclinE1l, CDK2, CDC2 and B-actin
were purchased from Cell Signaling Technology
(MA, USA). Antibodies against N-Ras, H-Ras
and K-Ras were obtained from Abcam
(Cambridge, UK).

Oligonucleotides, plasmid construction, and
transfection

Hsa-miR-1301-3p mimic and hsa-miR-ctrl were
chemically synthesized by Ribobio (Guangzhou,
China). Small interfering (Si)N-Ras and control
si-non-coding (siNC) oligonucleotides were pur-
chased from GenePharma (Shanghai, China). A
plasmid containing the human N-Ras coding
sequence was constructed according to the
manufacturer’s protocol (Genechem; Shanghai,
China). A human N-Ras cDNA was inserted into
the vector, pGL3, to generate pGL3-N-Ras. All
oligonucleotides and plasmids were transfect-
ed using Lipofectamine 2000 Transfection
Reagent (Invitrogen, CA, USA) according to the
manufacturer’s instructions.

Lentiviral packaging and establishment of sta-
bly transduced cell lines

A lentiviral packaging kit was purchased from
Genechem (Shanghai, China). A lentivirus carry-
ing hsa-miR-1301-3p or hsa-miR-negative con-
trol (miR-ctrl) was packaged in the human
embryonic kidney cell line, 293T, and the viri-
ons were collected according to the manufac-
turer’s instructions. Stable cell lines were es-

984

tablished by infecting U87 cells and U251 cells
with lentiviruses, followed by puromycin
selection.

RNA isolation and quantitative real-time PCR
(qPCR)

RNA was isolated from harvested cells or
human tissues with Trizol reagent according to
the manufacturer’s instructions (Life Techno-
logies, CA, USA). A stem-loop-specific primer
method was used to measure the expression
levels of miR-1301-3p, as described previously
[31, 32]. Expression of U6 was used as an
endogenous control [33]. The cDNAs were
amplified by gRT-PCR using SYBR Premix Ex
Taq (Takara) on a 7900HT system, Primers
were purchased from Ribobio. And fold chang-
es were calculated by relative quantification
(2-b0ct),

Protein extraction and immunoblotting

Western blot analysis was performed as
described previously [34]. Briefly, Cells or tis-
sues were lysed on ice for 30 min in radio
immunoprecipitation assay buffer (150 mM
NaCl, 100 mM Tris, pH 8.0, 0.1% sodium dodec-
yl sulfate [SDS], 1% Triton X-100, 1% sodium
deoxycholate, 5 mM EDTA, and 10 mM NaF)
supplemented with 1 mM sodium vanadate, 2
mM leupeptin, 2 mM aprotinin, 1 mM phenyl-
methylsulfonyl fluoride, 1 mM dithiothreitol,
and 2 mM pepstatin A. The lysates were centri-
fuged at 12000 rpm at 4°C for 15 min, the
supernatants were collected, and protein con-
centrations were determined using the bicin-
choninic acid assay (KenGEN, Jiangsu, China).
Protein extracts were separated by SDS-
polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene difluoride membranes
(Thermo Fisher Scientific, MA, USA) in transfer
buffer (20 mM Tris, 150 mM glycine, 20% [vol-
ume/volume] methanol). Membranes were
blocked with 5% nonfat dried milk for 2 h and
incubated with primary antibodies. An electro-
chemiluminescence detection system (Thermo
Fisher Scientific) was wused for signal
detection.

Cell proliferation assay

For the cell counting kit-8 (CCK-8) assay, sta-
bled transfected U251 and U87-MG cells were
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seeded in 96-well plates, and then cells were
cultured for 24, 48, 72 and 96 h before per-
forming the CCK-8 assay (Dojindo, Japan). After
a 1 h incubation with CCK-8 at 37°C, absor-
bance (OD value) at a wave length of 450 nm
was detected and used for calculating cell
viability.

For the colony formation assay, cells were har-
vested 24 h after transfection and then seeded
in a new six-well plate (200 cells/well) and cul-
tured for approximately 2 weeks until colony
formation was observed. Colonies were fixed
with methanol and stained with 1% crystal vio-
let (Sigma, USA). A colony was considered to be
450 cells. Colony formation rate was used to
calculate post-transfection cell survival rate.

For the 5-ethynyl-2-deoxyuridine (EDU) prolifer-
ation assay, the Cell-Light EDU imaging detec-
tion kit was purchased from Life Technologies
(MA, USA). Cells which had been transfected
48 h previously were incubated with 10 uyM
EDU for 24 h, fixed, permeabilized, and stained
with both the Alexa-Fluor 594 reaction cocktail
for EDU and Hoechst 33342 for cell nuclei,
according to the manufacturer’'s protocol.
Finally, samples were imaged under a fluores-
cent microscope.

Flow cytometric analysis of the cell cycle

The glioma cells from each group were cultured
in six-well plates, trypsinized at 48 h after
transfection of lentivirus and/or plasmids, and
then collected by centrifugation for five min-
utes at 1500 r/minute. The cells were washed
with phosphate buffered saline (PBS), collected
by centrifugation and ruptured in 70% alcohol
overnight. The supernatant was discarded after
centrifuging. The cells were washed with PBS,
stained using a Cell Cycle Staining Kit (Multi
Sciences, Hangzhou, China), and incubated for
30 minutes in the dark before being analyzed
by flow cytometry.

Dual luciferase reporter assay

The wild-type (WT) and mutated (Mut) putative
miR-1301-3p seed matching sites in the N-Ras
3-UTR and cloned into the Sacl and Hindlll
sites of the pmiRNA-Report vector (Genechem,
Shanghai, China). U87 and U251 cells were
seeded in a 24-well plate and cotransfected
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with the WT or Mut reporter plasmid, a Renilla
luciferase (pRL) plasmid, and the miR-1301-3p
mimic or miR-ctrl. Luciferase activities were
analyzed 24 h after transfection using the
Promega Dual Luciferase Reporter Assay
System (WI, USA).

Nude mouse model of intracranial glioma

BALB/c-A nude mice at 4 weeks of age were
purchased from the Shanghai Experimental
Animal Center of the Chinese Academy of
Sciences. We investigated the therapeutic
potential of miRNA-1301-3p using U87 glioma
cells in a xenograft model. The mice were ran-
domly assigned into two groups and intracrani-
ally implanted with 5x10° U87 cells (pretreated
with lentivirus containing the miRNA-1301-3p
or negative control sequences) using a stereo-
tactic instrument. Bioluminescence imaging
was used to detect intracranial tumor growth.
The mice were anesthetized, injected intraperi-
toneally with D-luciferin at 50 mg/mL and
imaged with the IVIS Imaging System (Caliper
Life Sciences) for 10-120 s. The Living Images
software package (Caliper Life Sciences) was
used to determine the integrated flux of pho-
tons (photons per second) within each region.
Additionally, the overall survival of the mice was
monitored during the experimental period.
Paraffin-embedded sections (5 pm) of brain
specimens were stained with hematoxylin and
eosin (HE) and used for immunohistochemistry.
All animal experiments were approved by the
Animal Management Rule of the Chinese
Ministry of Health (document 55, 2001) and
were conducted in accordance with the
approved guidelines and experimental proto-
cols of Nanjing Medical University.

Hematoxylin-eosin staining

For HE staining, brain tissue sections (5 pm)
embedded in paraffin blocks were deparaf-
finized in xylene and hydrated in alcohol and
distilled water. The samples were washed in
PBS for 5 min three times each and stained
with hematoxylin (USA, Sigma) for 5 min. To
observe the clarity of nuclei and cytoplasm
under the microscope, sections were stained
with eosin (USA, Sigma) for 2 min. After conven-
tional dehydration and sealing, images were
observed and collected under a microscope.

Am J Cancer Res 2017;7(4):982-998
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Figure 1. Down-regulation of miR-1301-3p in glioma tissues and glioma cell lines. A. CGGA database showing
reduced miR-1301-3p expression in high-grade glioma tissues compared with that in low-grade glioma tissues. B.
The expression of miR-1301-3p in 6 non-cancerous brain tissues, 15 low-grade glioma tissues and 18 high-grade
glioma tissues was measured by real-time PCR, miR-1301-3p levels in normal brain tissues were indeed higher than
in glioma specimens, and were significantly decreased with ascending pathological grade of tumor. C. The expres-
sion of miR-1301-3p in normal human astrocytes (NHAs) and six glioma cell lines (U118, LN229, H4, A172, U87
and U251). D. The expression of miR-1301-3p in NBT and GBM specimens was assessed by fluorescence in situ
hybridization (scale bars, 50 um).

Immunohistochemistry (IHC) China). The FISH procedure followed the

BioSense instructions. Briefly, frozen sections
Immunohistochemistry to detect CD31 and were fixed with 4% paraformaldehyde for 30
Ki-67 (Cell Signaling Technology MA, USA) in min, then washed twice with PBS. Fixed slides
nude mouse xenograft tumor tissues was per- were then treated with proteinase K at 37°C for
formed as described previously [35]. 10 min, followed by dehydration in 70%, 85%

and 100% ethanol for 5 min. The probe was
then added to the slides, which were denatured
at 78°C for 5 min. Hybridization was then car-
ried out overnight at 42°C in a humid chamber.
The next day, post-hybridization washes were
performed with 50% formamide with 2xSSC at
43°C, followed by 2xSSC washes at room tem-
perature to remove non-specific and repetitive

Fluorescence in situ hybridization (FISH)

The expression of miR-1301-3p in GBM sam-
ples and NBTs was detected by FISH. The
mature human miR-1301-3p sequence is:
3’-CUUCAGUGAGGGUCCGUCGACGUU-5.  We
used (LNA)-based probes directed against the

full length mature miRNA sequence. The RNA hybridization. Finally, slides were counter-

5’—FAM—IabeIIed miR-1301-3p probe sequence stained with DAPI (Sigma) for 10 min and exam-
IS: 5-GAAGTCACTCCCAGGCAGCTGCAA-3, and ined with a Zeiss LSM 700 Meta confocal

was purchased from BioSense (Guangzhou, microscope (Oberkochen, Germany).

986 Am J Cancer Res 2017;7(4):982-998



987

Cell Number

Roles of miR-1301-3p and N-Ras in glioma

Absorbance(450nm)

D

colony number

u251 us7
5a == miR-ctrl 4+ = miR-ctrl
- miR-1301-3p T —— miR-1301-3p
4 c
o 3+
3
H T
£ 24
24 ]
@ 14
1 o
<
0 0 T T T T y
0 0 1 2 3 4 5
days days
Bl miR-ctrl B miR-ctrl

B miR-1301-3p

Il miR-1301-3p

B

w

EdU positive rate (%)
=N

U251 us7

A Bl miR-ctrl
Bl miR-1301-3p
3
5
83
o5 2
2E
g
[:4
& 0‘9
u251
miR-ctrl . .
miR-1301 . ‘
E
EDU
DAPI
Merge
miR-ctrl
G 60T
_ G1: 52.7%
S:19.3%
o G2: 28%
%Aﬂ'
0]

U251 miR-ctrl
o G1: 54.1%
S:18.1%
G2: 27.8%

260}

38 3
DNA Content

U87 miR-ctrl

miR-1301-3p miR-ctrl miR-1301-3p

G1: 63.9%
S:9.82% 51

G2:26.2% *

Z o 3

3 S

[}

g

g

Cell Number

1250{

% 23 I
DNA Content

U251 miR-1301-3p

G1:67.2%
S:10.6%
G2:22.2%

0% 128 16
DNA Content

U87 miR-1301-3p

oR oR
S & p &
coc: IS @RS

Crcin 1 I —

U251 us7

Am J Cancer Res 2017;7(4):982-998



Roles of miR-1301-3p and N-Ras in glioma

Figure 2. Overexpression of miR-1301-3p inhibits glioma cell proliferation in vitro. A. The relative expression of miR-
1301-3p in U251 and U87-MG cells was analyzed by qRT-PCR after transfection. B. Proliferation was determined
using the CCK-8 assay following culture for 96 h. Data are presented as the means of triplicate experiments. C, D.
Long-term cell viability was evaluated using the colony formation assay. Data are presented as the means of trip-
licate experiments. E, F. Proliferating cells were examined using the EDU assay. Representative images are shown
(original magnification, 200x%). (**P<0.01). G, H. The cell cycle phase of U251 and U87-MG cells transfected with
miR-1301-3p or negative control (miR-ctrl) lentivirus was analyzed by flow cytometry. I. Western blot analysis of
CDC2, CDK2 and cyclinE1 in U251 and U87-MG cells 48 h after transfection. B-Actin served as the loading control.

Statistical analysis

All experiments were performed three times,
and all values are presented as the mean +
standard deviation (SD). The correlations be-
tween miR-1301-3p expression and N-Ras lev-
els in glioma tissues were analyzed using
Pearson’s correlation analysis. Kaplan-Meier
survival analysis was performed using Graph-
Pad 5.0 software. Statistical evaluation of data
was determined using the t test. The differenc-
es were considered to be statistically signifi-
cant at P<0.05.

Results

MiR-1301-3p is down-regulated in glioma tis-
sues and cell lines

To investigate miRNA expression in human glio-
ma tissues, miR-1301-3p expression was ana-
lyzed in 158 glioma tissues based on the
Chinese Glioma Genome Atlas (CGGA) data,
and we found that miR-1301-3p expression
was significantly lower in high grade gliomas
(HGG) compared to low grade gliomas (LGG)
(Figure 1A). We then evaluated the expression
level of miR-1301-3p in 33 different grades of
glioma tissues and in six hon-cancerous brain
tissues by qRT-PCR. The data indicated that the
expression level of miR-1301-3p was signifi-
cantly lower in glioma tissues compared to
non-cancerous brain tissues. Moreover, the
decrease was more pronounced in high-grade
gliomas (grade lll and IV) compared to low-
grade gliomas (grades | and Il) (Figure 1B). In
addition, we found that miR-1301-3p was also
decreased in the glioma cell lines U118, LN229,
H4, A172,U87 and U251, especially in U87 and
U251 cells (Figure 1C). We then chosed one
representative GBM specimen and the non-
cancerous brain tissues for FISH analysis, and
we drew a consistent result (Figure 1D). In gen-
eral, these data suggested that miR-1301-3p
was down-regulated in glioma tissues and cell
lines and the expression level was negatively
correlated with the grade of glioma.
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Critical role of miR-1301-3p in glioma cell pro-
liferation

The abnormal expression of miR-1301-3p led
us to investigate its biological roles in glioma.
Specially constructed lentivirus for miR-1301-
3p was transfected into U251 and U87-MG
cells to alter the expression level of miR-1301-
3p. qRT-PCR demonstrated that miR-1301-3p
was significantly increased compared to nega-
tive control groups (Figure 2A). The CCK-8
assay was used to assess short-term cell viabil-
ity. As shown in Figure 2B, miR-1301-3p strong-
ly inhibited cell viability compared to the control
group. Furthermore, the colony formation assay
found that glioma cells transfected with lentivi-
rus miR-1301-3p always exhibited significantly
fewer and smaller colonies compared with
those transfected with the miR-ctrl (Figure 2C
and 2D). This observation illustrated that miR-
1301-3p can suppress long-term glioma cell
proliferation. To more objectively evaluate the
effect of miR-1301-3p on proliferation, EDU
incorporation experiments were performed, the
results showed that miR-1301-3p significantly
decreased the EDU-positive rate in both U251
and U87-MG cells (Figure 2E and 2F). Because
a reduction in cell proliferation ability often
accompanies changes in cell cycle progression,
we next investigated the cell cycle distribution
of cells overexpressing miR-1301-3p. Flow
cytometry analysis showed that overe
xpression of miR-1301-3p increased the per-
centage of cells in the GO/G1l phase and
decreased the percentage of cells in the
S and G2/M phases (Figure 2G and 2H).
Meanwhile, western blotting indicated that
the expression of cell cycle-related pro-
teins, cyclinEl, CDK2 and CDC2 were reduced
dramatically after transfection with miR-
1301-3p compared with miR-ctrl (Figure 2I).
Taken together, these data suggested that
miR-1301-3p acts as anti-oncogene in glioma
cells.

Am J Cancer Res 2017;7(4):982-998
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Figure 3. MiR-1301-3p directly targets N-Ras and suppresses the activity of the Ras-MEK-ERK1/2 pathway in GBM
cells. A. N-Ras, H-Ras, K-Ras, MEK, p-MEK, ERK1/2 and p-ERK1/2 expression levels in indicated cells were de-
termined by western blotting. B. Predicted miR-1301-3p binding sites in the 3'-UTR of the N-Ras gene. C, D. The
expression levels of N-Ras in NBTS and glioma specimens were determined by western blotting; the fold changes
were normalized to B-Actin. The non-neoplastic brain tissues (n=6) were collected from brain trauma surgery. The
low-grade (n=15) represents samples derived from grades | and |l glioma tissues, whereas high-grade (n=18) rep-
resents grades Il and IV glioma tissues. Data represent the means + SD from three independent experiments.
*P<0.05, **P<0.01, ***P<0.001. E. Pearson’s correlation analysis of the relative expression levels of miR-1301-
3p and the relative protein levels of N-Ras. F. Wild-type and mutant N-Ras 3’-UTR reporter constructs. G. Luciferase
reporter assays were performed in U251 and U87 cells with co-transfection of indicated wild-type or mutant 3’-UTR
constructs and miR-1301-3p mimic. The data shown are representative of three independent experiments. Data
shown are mean + SD of three independent experiments. *P<0.05.

N-Ras is a direct target of miR-1301-3p in sion of miR-1301-3p (Figure 3A). Therefore, we
glioma cells believe that miR-1301-3p can indeed affect the

Ras pathway. MiRNAs repress transcription or
Activation of the Ras pathway has been well induce mRNA degradation by binding to com-
documented in various tumor types and plementary sequences in the 3-UTRs of their
ERK1/2 are major downstream effectors of target MRNA molecules. Therefore, we propose
Ras signaling in the regulation of cell prolifera- the hypothesis that miR-1301-3p can affect the
tion and survival. MiR-1301-3p can affect the Ras pathway by targeting a gene in it. To iden-
proliferation of glioma cells, but does it affects tify the mechanism of the oncogenic effects of
the proliferation of glioma cells through the Ras miR-1301-3p in glioma cells, we used the bioin-
pathway? Immunoblotting revealed that N-Ras, formatic tools, miRNAWalk 2.0 and TargetScan,
p-MEK and p-ERK expression levels were down- to identify potential targets of miR-1301-3p.
regulated in U87 and U251 cells by overexpres- There were 2013 genes overlapping between
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Figure 4. Down-regulation of N-Ras inhibits glioma cell proliferation in vitro. A. Western blot analysis of N-Ras, MEK,
p-MEK, ERK1/2 and p-ERK1/2 expression in U251 and U87 cells after knockdown of N-Ras. B. Proliferation ability
was determined using the CCK-8 assay following culture for 96 h. Data are presented as the means of triplicate ex-
periments. C, D. Long-term cell viability was evaluated using the colony formation assay. Data are presented as the
means of triplicate experiments. E, F. Proliferating cells were examined using the EDU assay. Representative images
are shown (original magnification, 200x). (**P<0.01).

the target genes predicted by these two pro-
grams (not show). Here, we mainly focused on
genes involved in the Ras pathway (Figure 3B).
To further determine the correlation between
miR-1301-3p and N-Ras levels, we measured
the levels of N-Ras protein in glioma specimens
and non-cancerous brain tissues. The results
showed that the average expression levels of
N-Ras were significantly higher in tumor tissues
than in the non-cancerous brain tissues and its
expression was positively correlated with the
degree of glioma malignancy (Figure 3C and
3D). Then, we determined the correlation
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between N-Ras and miR-1301-3p expression
levels in the same glioma tissues. As shown in
Figure 3E, Spearman’s correlation analysis
demonstrated that N-Ras levels in glioma sam-
ples were inversely correlated with miR-1301-
3p expression levels (Spearman’s correlation
=-0.56). Thus, lower levels of miR-1301-3p in
glioma are associated with induction of N-Ras,
which may in turn induce tumorigenesis. We
then performed luciferase reporter assays to
determine whether miR-1301 could directly
bind to the 3-UTR of N-Ras. U251 and U87
cells were co-transfected with vectors harbor-
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the CCK-8 and colony formation assays. E-H. Cell proliferative po-
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tion. I-L. Cell cycle distribution of glioma cells was measured using
flow cytometry.

1080

G1:59.5%
S:9.78%

G2: 30.7%

G1:45.4%
S:17%
G2: 37.6% e

Cell Number

360,

192 24 25 i 6

B 160 152 E 256

Eg 128 180
DNA Content

miR-ctrl+ N-Ras

DMA Content

miR-1301-3P+ N-Ras

Am J Cancer Res 2017;7(4):982-998



Roles of miR-1301-3p and N-Ras in glioma

ing wild-type or mutant N-Ras 3’-UTRs (Figure
3F) and miR-1301-3p mimic. Luciferase activity
in U251 cells was markedly decreased after
transfection with wild-type vector and miR-
1301-3p mimics (Figure 3G). Luciferase activity
was also significantly decreased when the
poorly conserved binding site 1 (7mer) was
mutated, whereas mutation of conserved bind-
ing site 2 (7mer) nearly rescued the decrease.
Similar results were obtained in U87 cells
(Figure 3G). These data suggest that miR-1301-
3p directly regulates N-Ras expression through
its binding to site 2 (nt1378-1384) in the 3-UTR
of N-Ras.

Down-regulation of N-Ras exhibited a similar
effect to that of miR-1301-3p overexpression
in glioma cells

Previous studies have suggested that N-Ras
plays a critical role in the development and pro-
gression of various types of human cancers,
including GBM. Analysis of N-Ras expression
using the CGGA, TCGA, GSE4290 and
GSE16011 databases revealed significant
upregulation of N-Ras in all subtypes of GBM
compared with NBTs (Supplementary Figure 1).
Having verified that N-Ras is a direct target of
miR-1301-3p in human gliomas, we wondered
whether N-Ras is a downstream effecter of
miR-1301-3p that mediates its function. To
confirm this, we transfected siNC and siN-Ras
into U87 and U251 cells to knock down the
expression of N-Ras. Western blot analysis indi-
cated that the N-Ras small interfering RNA
could effectively suppress the expression of
N-Ras protein. Moreover, the activity of the
N-Ras pathway was inhibited (Figure 4A). The
effects of N-Ras knockdown on cell viability
and growth were evaluated in U87 and U251
cells using CCK-8, colony formation and EDU
assays. We found that knockdown of N-Ras
expression dramatically inhibited the prolifera-
tion of GBM cells (Figure 4B-F). These results
were consistent with the effect of miR-1301-3p
overexpression.

Reintroduction of N-Ras attenuates the effect
of miR-1301-3p on the malignant phenotype
of glioblastoma cells

As shown above, overexpression of miR-1301-
3p inhibited the proliferation of glioma cells
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and N-Ras was validated as a direct target of
miR-1301-3p. Therefore, we addressed wheth-
er changes in cell phenotypes after miR-1301-
3p overexpression resulted directly from the
down-regulation of N-Ras and its downstream
pathways. PcDNA3-N-Ras plasmids were trans-
fected into U87 and U251 cells stably express-
ing miR-1301-3p or miR-ctrl. As shown in Figure
B5A, the decreased level of N-Ras due to miR-
1301-3p overexpression was rescued by over-
expression of N-Ras. Interestingly, the phos-
phorylation levels of MEK and ERK1/2 were
altered in a similar way to the expression level
of N-Ras; that is, decreased levels of p-MEK
and p-ERK1/2 due to miR-1301-3p overexpres-
sion could be rescued by up-regulation of N-Ras
(Figure 5A). To further confirm whether N-Ras
is an important target of miR-1301-3p in cell
proliferation, further experiments on the cell
cycle and proliferation were conducted. As indi-
cated in Figure 5B-L, the the cell cycle status
and the inhibition of proliferation induced by
miR-1301-3p were reversed by N-Ras overex-
pression. These results suggest that N-Ras is a
functional target of miR-1301-3p in glioblasto-
ma cells.

MiR-1301-3p suppresses glioblastoma xeno-
graft growth in vivo

Considering the remarkable inhibitory effects
of miR-1301-3p on glioblastoma in vitro, we
extended our investigation to examine if miR-
1301-3p could retard glioblastoma growth in
vivo using nude mice. Before implantation, U887
glioblastoma cells were co-infected with lentivi-
rus expressing luciferase with miR-ctrl or miR-
1301-3p. The intracranial tumor volumes of the
miR-1301-3p groups were significantly reduced
compared with those of the miR-ctrl groups. On
days 14, 21, and 28 after implantation, the
growth of intracranial tumors was significantly
inhibited in association with increased expres-
sion of miR-1301-3p (Figure 6A). To analyze the
survival of the different treatment groups, we
generated Kaplan-Meier survival curves and
found that the survival of mice injected with
miR-1301-3p expressing U87 cells was signifi-
cantly prolonged (Figure 6B). Tumor volumes
were significantly different between the two
groups as revealed by hematoxylin and eosin
staining (Figure 6C). Further, immunohisto-
chemical experiments were carried out to
examine the levels of Ki67 and CD31, which
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mice, and tumor formation was assessed by bioluminescence imaging. Bioluminescent images were measured at
days 7, 14, 21 and 28 after implantation. B. Overall survival was determined by Kaplan-Meier survival curves, and
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1301-3p group was significantly diminished based upon HE histology. D. After sacrifice, mouse brain tissues were
harvested, embedded, and cut into paraffin sections for immunohistochemistry analysis. The expression of CD31

and Ki67 in the LV-miRNA-1301-3p group was significantly reduced.

are often used to reflect tumor proliferation and
angiogenesis. We found that levels of these two
proteins were significantly reduced in the miR-
1301-3P groups. In conclusion, these data sup-
ported the tumor-suppressive roles of miR-
1301-3p in vivo.

Discussion
Previous studies have demonstrated that the

abnormal expression of miR-1301 was closely
related to oral squamous carcinoma, hepato-
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cellular carcinoma, colorectal cancer, colon
cancer, prostate cancer and chronic myeloid
leukemia [25, 36-39]. However, its expression
in glioma tissues was not clear. Through CGGA
database analysis, we found that the expres-
sion of miR-1301-3p was decreased and nega-
tively correlated with glioma grade. To verify the
expression level of miR-1301-3p in glioma tis-
sues, we randomly selected 33 different grades
of glioma tissues and six cancerous brain tis-
sues, and using independent qRT-PCR, we
found that the expression of miR-1301-3p in
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glioma tissues was significantly lower than that
in non-cancerous brain tissues. Moreover, our
results showed that the expression of miR-
1301-3p was significantly lower in high-grade
gliomas than in low-grade gliomas, indicating
that the expression level of miR-1301-3p was
negatively correlated with glioma grade.
Whether miR-1301-3p could be a biomarker of
early stage diagnosis warrants further study.

Emerging evidence has shown that some miR-
NAs play significant roles in the development
and progression of glioma. The abnormal
expression of these miRNAs is closely related
to malignant biological behaviors, including
proliferation, invasion, apoptosis and angiogen-
esis. To study the effect of miR-1301-3p on the
proliferation of glioma cells, we up-regulated
miR-1301-3p in glioma cells by transfecting
them with miR-1301-3p lentivirus. We obtained
stably transfected glioma cells and CCK-8, col-
ony formation and EDU assays showed that
their proliferation capacity in both the short
and long term was significantly decreased.
Through flow cytometry assay, we found that
miR-1301-3p could arrest cells at G1/S phase,
which inhibits proliferation. As is well known,
regulation of the cell cycle mainly depends on
the protein kinase complex, which is composed
of various cell cycle proteins (cyclins) and the
corresponding cyclin  dependent kinases
(cyclin-dependent-kinase, CDK). Among them,
CyclinE-CDK2 and CyclinE-CDC2, the two key
kinase complexes, play vital roles in transition
from the G1 phase to the S phase, enabling
cells to initiate DNA synthesis by phosphoryla-
tion of a series of downstream substrates such
as Rb, NPAT and P107 [40-42]. By western bolt-
ting, we found that the expression levels of
CDK2, CDC2 and cyclinEl were significantly
decreased after overexpression of miR-1301-
3p. Therefore, we suggest that miR-1301-3p
can arrest the cell cycle in the G1 phase by
inhibiting the expression of CDK2, CDC2 and
cyclinEl.

The Ras family plays pivotal roles in the trans-
duction of several growth and differentiation
factor stimuli. The expression of N-Ras is close-
ly related to the degree of the cancer malignan-
cy, including for glioma, melanoma, breast can-
cer and other cancers [43-46]. Recent evidence
has indicated that miRNAs can regulate the
expression of Ras family proteins. For example,
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overexpression of miR-181a can led to reduced
proliferation, impaired colony formation and
increased sensitivity to chemotherapy of acute
myeloid leukemia (AML) cells by targeting N-Ras
and K-Ras [44, 47]. In this study, we have dem-
onstrated that the N-Ras oncogene is a target
of miR-1301-3p in vitro and in vivo. Firstly, lucif-
erase reporter assays confirmed that miR-
1301-3p can specifically bind to the 3-UTR
region of the N-Ras transcript. Secondly, the
expression of N-Ras was significantly decreased
in glioma cells stably expressing miR-1301-3p.
Thirdly, the expression of N-Ras protein was
negatively correlated with miR-1301-3p in clini-
cal specimens. Finally, inhibition of N-Ras
expression by miR-1301-3p inhibits constitu-
tive phosphorylation of MEK and ERK1/2 which
are downstream proteins of the Ras/MEK/
ERK1/2 pathway. Taken together, our results
provide the first evidence that miR-1301-3p is
significant in suppressing glioma cell growth
through inhibition of N-Ras and its downstream
Ras/MEK/ERK1/2 signaling pathway.

In summary, the present study provides novel
evidence of an important link between miR-
1301-3p and tumorigenesis in human glioma.
Our findings suggest that miR-1301-3p func-
tions as a tumor suppressor by negatively regu-
lating N-Ras expression. MiR-1301-3p impairs
tumor growth through inhibiting Ras/MEK/
ERK1/2 pathways at multiple levels. Although
miRNA-based therapeutics are still in the initial
stages of development, our findings are encour-
aging and suggest that miR-1301-3p has poten-
tial as a diagnostic/prognostic marker and
novel therapeutic target for glioma. Never-
theless, further studies are needed to deter-
mine the exact mechanism of decreased miR-
1301-3p expression during the progression of
glioma and to further explore other possible
targets of miR-1301-3p in glioma. Additionally,
a large cohort study, incorporating N-Ras
expression and function should also be
investigated.
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