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Abstract: MicroRNAs are associated with different types of cancers. In this study, we found that miR-1468-5p could
inhibit growth and cell cycle progression in glioma by targeting ribonucleotide reductase large subunit M1 (RRM1).
First, we analyzed miR-1468-5p expression in different glioma grades and the prognostic significance of its expres-
sion in glioblastoma multiform patients from the Chinese Glioma Genome Atlas. Then, we expressed miR-1468-5p
in U7 and U251 cells and assessed the effects on proliferation and cell cycle progression using cell counting kit-8,
colony formation, EdU and flow cytometry assays. Western blotting and luciferase reporter assays identified RRM1
as a novel direct target of miR-1468-5p. Experiments to determine the role of RRM1 in glioma showed that RRM1
expression was significantly higher in glioma than in normal brain tissues, and silencing RRM1 with small-interfering
RNAs decreased proliferation and suppressed cell cycle progression, which indicated that RRM1 had pro-tumor
functions. miR-1468-5p overexpression suppressed RRM1 expression, reduced glioma cell proliferation and in-
duced cell cycle arrest, which was partially rescued by forced RRM1 expression. In summary, our study revealed
that the regulatory mechanism of miR-1468-5p in glioma cell cycle progression involved direct regulation of RRM1

expression, suggesting that RRM1 may be a potential therapeutic target for glioma.
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Introduction

Gliomas are the most common nervous system
malignancy, accounting for more than 70% of
brain tumors [1, 2]. The most common subtype
of glioma is glioblastoma multiform (GBM),
which has an age-adjusted incidence rate rang-
ing from 0.59 to 3.69 per 100,000 persons [3].
Although great progress in standard therapies,
including surgical resection, chemotherapy and
radiotherapy have been made, the prognosis
of GBM remains poor [4, 5]. Thus, there is an
urgent need to develop new molecular targets
and treatment strategies for this disease.

MicroRNAs (miRs) are short single-stranded
RNA molecules, composed of approximately 20
nucleotides, that act as key regulators of gene
expression by binding to the 3’-untranslated
region (UTR) of target mRNAs [6-8]. miRs can
lead to translational repression or mRNA degra-
dation, and thus, generally suppress the pro-

tein expression of their targets [9, 10]. By medi-
ating target-gene expression, miRNAs have
been implicated in the regulation of important
cellular functions such as proliferation, inva-
sion, apoptosis, death, stress response, differ-
entiation and development [11-15]. miRNAs
downregulate multiple target genes, including
oncogenes and tumor suppressors, making
some MiRNAs function as tumor suppressors
and others as oncogenes [16-18].

Ribonucleotide reductase (RNR) is the rate-
limiting enzyme for converting ribonucleoside
diphosphates (NDPs) to deoxyribonucleoside
diphosphates (dNDPs), which are the building
blocks of DNA [19, 20]. In mammalian cells, the
active form of the RNR holoenzyme is a tetra-
mer composed of two large RRM1 subunits and
two small RRM2 or RRM2B subunits [19]. These
two subtypes of RNR, RRM1-RRM2 and RRM1-
RRM2B, provide dNTPs for DNA replication and
repair, respectively [21, 22]. RRM1 contains the
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catalytic and allosteric regulation sites while
RRM2 and RRM2B contain the diiron-tyrosyl
radical cofactor required for enzyme activity
[23-25]. RRM1 plays a vital role in DNA synthe-
sis and cell proliferation, therefore, its ex-
pression and activity are tightly controlled in
cells. When RRM1 is inhibited, the cell cycle is
also arrested [26, 27]. RRM1 dysregulation has
been closely associated with many types of
cancers [28, 29]; therefore, RRM1 inhibition
may be a useful strategy for cancer therapy.
However, the specific role of RRM1 in different
cancers remains unclear. To date, there have
been no reports on the role and clinical signifi-
cance of RRM1 expression in glioma.

In this study, we identified a novel tumor-sup-
pressive miRNA, miR-1468-5p, and investigat-
ed its functional roles and therapeutic effects
in glioma. Moreover, we identified RRM1 as a
direct miR-1468-5p target. As the function of
RRM1 has not been adequately studied in glio-
ma, we also investigated its role in this malig-
nancy for the first time. Our results not only
revealed that RRM1 overexpression in glioma
could be the result of downregulation of miR-
1468-5p, but also suggested an important role
for the loss of miR-1468-5p in proliferation and
cell cycle progression in glioma, highlighting its
potential as a therapeutic target.

Materials and methods
Databases and human tissue samples

mMiRNA expression profiles of 198 glioma sam-
ples of different grades were downloaded from
the Chinese Glioma Genome Atlas (CGGA) data-
base (http://www.cgga.org.cn). Among the 198
cases, 49 were diagnosed as astrocytoma (A),
14 as oligodendroglioma (0), 12 as anaplastic
astrocytoma (AA), 13 as anaplastic oligoden-
droglioma (AO), 19 as anaplastic oligoastrocy-
toma (AOA), and 91 as GBM. The mRNA expres-
sion microarray data were downloaded from
the CGGA, which included 5 normal brain tis-
sues, 58 A, 22 0, 21 oligoastrocytomas (OA,
WHO Grade Il), 8 AA, 11 AO, 15 AOA, 85 GBM.
Gene expression data (21 normal brain tissues,
99 WHO II, 84 WHO lll, 188 GBM) were down-
loaded from The Repository for Molecular Brain
Neoplasia Data (REMBRANDT, http://caintegra-
tor-info.nci.nih.gov/rembrandt).

The human glioma tissue samples were ob-
tained from patients undergoing standard sur-
gical procedure at the Department of Neuro-
surgery of the First Affiliated Hospital of Nanjing
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Medical University, China. NBTs were collected
as negative controls from patients undergoing
decompressive craniectomy for traumatic brain
injury. All study procedures were approved by
the Institutional Review Board of the hospital.
Informed consent was given by all participants.
Tissue fragments were immediately frozen in
liquid nitrogen after surgery. Total protein and
RNA of paired tissues were extracted and
stored at-80°C.

Cell culture

The human glioma cell lines U87, U251, T98,
U118, LN229, H4 and A172 were obtained
from the Chinese Academy of Sciences Cell
Bank (Shanghai, China) and grown in Dulbec-
co’s modified Eagle’s medium supplemented
with 10% fetal bovine serum. Normal human
astrocytes (NHAs) were obtained from Lonza
(Basel, Switzerland) and cultured in the provid-
ed astrocyte growth media supplemented with
recombinant human EGF, insulin, ascorbic acid,
GA-1000, L-glutamine and 5% fetal bovine
serum.

Lentiviral packaging and the establishment of
stable cell lines

A lentiviral packaging kit was purchased from
GenePharma (Shanghai, China). Lentiviruses
carrying has-miR-1468-5p or hsa-miR-negative
control (miR-ctrl) were packaged following the
manufacturer’s instructions. Stable cell lines
were established by infecting U87 and U251
cells, followed by puromycin selection.

Oligonucleotides, plasmids and transfection

siRRM1 and control si-non-coding (siNC) oligo-
nucleotides were purchased from GenePhar-
ma. pcDNA3(+)-RRM1 vector was obtained
from Sangon Biotech (Shanghai, China). All oli-
gonucleotides and plasmids were transfected
into U87 and U251 cells using Lipofectamine
2000 Transfection Reagent (Invitrogen, Carls-
bad, CA, USA) according to the manufacturer’s
instructions.

Quantitative real-time PCR

Total RNA from glioma cells was isolated us-
ing TRIzol reagent (Invitrogen) and treated with
RNase-free DNase | (Roche, Basel, Switzerland).
cDNA synthesis was performed using the
BcaBest RNA PCR kit from TaKaRa (Dalian,
China) according to the manufacturer’s instruc-
tions. Quantitative rea-time PCR was performed
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using the iQ5 Multicolor Real-Time PCR De-
tection System (Bio-Rad, Hercules, CA, USA)
with Real-time SYBR Green PCR Master Mix.
Endogenous U6 snRNA was used as an internal
control. The PCR conditions for relative quanti-
fication were as follows: initial denaturation at
95°C for 5 min, then 40 cycles consisting of
95°Cfor 10 s, 60°C for 30 s and 72°C for 30 s.
The relative expression of each gene was calcu-
lated and normalized using the 222t method.
Each sample was tested in triplicate.

Western blotting

Total proteins were extracted from human glio-
ma cells in radioimmunoprecipitation assay
buffer (Applygen, Beijing, China) and quantified
using the bicinchoninic acid protein assay kit
(KenGEN, Nanjing, China). Sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis was
performed on 20 mg of protein from each sam-
ple. The electrophoresed proteins were trans-
ferred to polyvinylidene difluoride membranes
(Millipore, Billerica, MA, USA), which were incu-
bated with diluted primary antibodies against
RRM1 (1:12000; Abcam, Cambridge, UK) phos-
phorylated (p)-ERK1/2, ERK1/2, p-Akt or Akt
(1:2000; Cell Signaling Technology, Danvers,
MA, USA); anti-B-actin antibody was obtained
from Beyotime (Haimen, China) and used as
a loading control. Secondary antibody incuba-
tion and the visualization of immunoreactive
bands were performed using standard labora-
tory procedures.

Cell proliferation assays

U87 and U251 cells were seeded in 96-well
plates at a density of 2000 cells per well. Cell
proliferation was assayed using Cell Count-
ing Kit 8 (CCKS8; Beyotime) at 24, 48, 72 and
96 h after transfection. Briefly, 10 yL CCK8
solution was added into each well, and cells
were incubated for 1.5 h in a humidified incu-
bator. Optical density was measured at 450
nm. Five replicate wells were setup in each
group and three independent experiments were
performed.

Colony formation assays were performed to
assess the proliferation ability of transfected
U87 and U251 cells. Briefly, U87 and U251
cells in logarithmic phase were digested in
0.25% Trypsin (Sigma-Aldrich, Shanghai, China).
Cells were added to pre-warmed medium in
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new six-well plates (200 cells/well) and incu-
bated in a humidified atmosphere with 5% CO,
at 37°C for 2 weeks. Then, the medium was
discarded, and the cells were washed twice
with phosphate-buffered saline (PBS), fixed in
4% paraformaldehyde for 15 min, stained by
Giemsa (Vetec, Shanghai, China) for 30 min,
washed in running water and dried. The colony
formation rate was used to calculate the post-
transfection survival rate.

For the 5-ethynyl-2’-deoxyuridine (EdU) prolif-
eration assay, we used a Cell-Light EAU imaging
detection kit purchased from RiboBio (Guang-
zhou, China). Cells that had been transfected
with lentivirus were incubated with 10 yM EdU
for 24 h, fixed, permeabilized and stained with
both the Apollo567 reaction cocktail for EdU
and 4',6-diamidino-2-phenylindole (DAPI) for
cell nuclei, according to the manufacturer’s
protocol. Finally, samples were imaged under a
fluorescent microscope.

Cell cycle analysis

Cells were harvested, washed twice with PBS,
fixed with 75% ethanol and stored at -20°C
for 12 h. The cells were then resuspended in
PBS containing 25 mg/mL propidium iodide,
0.1% Triton and 10 mg/mL RNase, incubated
for 30 min in the dark and analyzed by flow
cytometry.

MIRNA target prediction and luciferase assay

MiRNA target prediction and analysis were per-
formed with the algorithms from TargetScan
(http://www.targetscan.org/), miRanda (http://
www.microrna.org/), miRDB (http://www.mir-
db.org/) and miRWalk (http://zmf.umm.uni-hei-
delberg.de/apps/zmf/mirwalk/index.html).

The pGL3-RRM1-3’UTR-wild-type or pGL3-RR-
M1-3’'UTR-mutant luciferase plasmids were
transfected into U87 and U251 cells using
Lipofectamine 2000 (Invitrogen). At 36 h after
transfection, Luciferase activity was measured
using the Dual Luciferase Reporter Assay Kit
(Promega, Madison, WI, USA) according to the
manufacturer’s protocol.

Immunohistochemistry

Immunohistochemical assays were conducted
on human brain tissue microarrays and nude
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mouse xenograft tumor tissues to detect
RRM1, Ki-67 and CD31 expression using previ-
ously described methods [30].

Fluorescence in situ hybridization (FISH)

The expression of miR-1468-5p in GBM sam-
ples and NBTs was detected by FISH. The
mature human miR-1468-5p sequence is:
3’-GUCGCUUUGUCCGUUUGCCUC-5. We used
(LNA)-based probes directed against the full
length mature miRNA sequence. The 5-FAM-
labelled miR-1468-5p probe sequence is:
5-CAGCGAAACAGGCAAACGGAG-3’, and was
purchased from BioSense (Guangzhou, China).
The FISH procedure followed the BioSense
instructions. Briefly, frozen sections were fixed
with 4% paraformaldehyde for 30 min, then
washed twice with PBS. Fixed slides were then
treated with proteinase K at 37°C for 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 carried out
overnight at 42°C in a humid chamber. The
next day, post-hybridization washes were per-
formed with 50% formamide with 2x SSC at
43°C, followed by 2x SSC washes at room
temperature to remove non-specific and repeti-
tive RNA hybridization. Finally, slides were
counterstained with DAPI (Sigma) for 10 min
and examined with a Zeiss LSM 700 Meta con-
focal microscope (Oberkochen, Germany).

Nude mouse intracranial glioma model

Animal experiments were approved by the
Animal Management Rule of the Chinese
Ministry of Health (document 55, 2001) and
were in conducted in accordance with the
approved guidelines and experimental proto-
cols of Nanjing Medical University. Sixteen
nude mice 3-4 weeks of age were purchased
from the Shanghai Experimental Animal Center
of the Chinese Academy of Sciences and ran-
domly divided into two groups. U87 cells were
co-infected with lentiviruses expressing lucifer-
ase with miR-ctrl or miR-1468-5p. Then 2x10°
infected U87 cells were stereotactically im-
planted using cranial guide screws to establish
intracranial gliomas. Mice were imaged for fire-
fly Luciferase activity using a bioluminescence
imaging system on days 7, 14, 21 and 28. The
Living Images software package (Caliper Life
Sciences, Waltham, MA, USA) was used to
determine the integrated flux of photons (pho-
tons per second) within each region of interest.

787

The error bars indicate standard deviations.
Mice were sacrificed after observation, and
their brains were extracted, fixed in 10% forma-
lin for 24 h and embedded in paraffin for
immunohistochemistry.

Statistical analysis

All experiments were performed in triplicate,
and data were analyzed with GraphPad Prism 5
(San Diego, CA, USA). Statistical evaluation of
data was performed using Student’s t-test with
P<0.05 considered statistically significant.

Results

miR-1468-5p is downregulated in glioma tis-
sues and cell lines

To explore miR-1468-5p expression in glioma,
we initially analyzed the CGGA database, which
included 198 glioma tissues (Grade II: 63;
Grade lll: 44 and Grade IV: 91). We found
that miR-1468-5p expression was significantly
lower in high-grade glioma tissues compared
with low-grade glioma tissues, indicating that
miR-1468-5p expression correlated with malig-
nancy (Figure 1A). Next, the prognostic value
of miR-1468-5p expression in 82 GBM cases
was investigated by Kaplan-Meier survival anal-
ysis. The results indicated that patients with
high miR-1468-5p expression (n=41) had lon-
ger median overall survival (0S) times than
patients with low miR-1468-5p expression
(n=41) (Figure 1B).

Quantitative real-time PCR was used to analyze
miR-1468-5p levels in NHAs and glioma cell
lines. We found that miR-1468-5p was down-
regulated in different kinds of cell lines, espe-
cially in U887 and U251 cells compared with
NHAs (Figure 1C). Therefore, we chose to fur-
ther study U87 and U251 cells. Finally, we
chose one representative GBM specimen and
one NBT for FISH analysis. The results were
consistent with the CGGA database (Figure
1D). Together, these results suggested that low
miR-1468-5p expression was associated with
glioma malignancy, and that miR-1468-5p may
serve as a prognostic marker for glioma
patients.

miR-1468-5p expression suppresses glioma
cell proliferation and induces a G1/S arrest

The reduced expression of miR-1468-5p in glio-
mas and glioma cell lines led us to investigate
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Figure 1. miR-1468-5p expression levels in human gliomas and cell lines. A: CGGA database showing miR-1468-5p
expression in different grades of glioma. B: Kaplan-Meier survival analysis of overall survival duration in 82 GBM
patients according to miR-1468-5p expression using CGGA. C: gRT-PCR analysis of miR-1468-5p in NHAs and dif-
ferent glioma cell lines. D: The different expressions of miR-1468-5p were determined by FISH in GBM and NBT,
respectively. Scale bar: 50 ym.

its biological roles. To study the function of miR- were infected with lentiviruses containing miR-
1468-5p in glioma cells, U7 and U251 cells 1468-5p or miR-ctrl. gRT-PCR showed that
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Figure 2. Changes in glioma cell proliferation and cell cycle progression following miR-1468-5p overexpression. A:
RT-PCR showed miR-1468-5p expression in U87 and U251 cells after infection with lentiviruses containing miR-ctrl
or miR-1468-5p; **P<0.01. B: CCK-8 assay revealed the proliferation ability of U87 and U251 cells transduced with
miR-ctrl or miR-1468-5p following 4 days of culture; **P<0.01. C, D: Colony formation assays performed in U887
and U251 cells after miR-ctrl or miR-1468-5p transduction revealed long-term cell viability. The experiments were
performed 3 times, and average scores are indicated with error bars on the histogram; **P<0.01. E, F: EdU assay
was performed in U87 and U251 cells transduced with miR-ctrl or miR-1468-5p. Representative images are shown
(original magpnification, 200x); **P<0.01. G, H: Cell cycle analysis of U87 and U251 cells transduced with miR-ctrl
or miR-1468-5p and analyzed by flow cytometry.
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miR-1468-5p expression was significantly in-
creased in the miR-1468-5p-transfected U887
and U251 cells compared with the negative
control group (Figure 2A).

We then evaluated the effect of miR-1468-5p
overexpression on cell proliferation using CCK-
8, colony formation and EdU assays in U87 and
U251 cells. The CCK-8 assay revealed that miR-
1468-5p-overexpressing U887 and U251 cells
exhibited significantly slower growth rates than
the miR-ctrl group on days 3 and 4 after plating
(Figure 2B). The colony formation assay consis-
tently showed that the colony formation rate of
the experimental group was reduced after 12-d
culture compared with the miR-ctrl group
(Figure 2C and 2D). Furthermore, EdU experi-
ments showed that the EdU-positive rate of the
miR-1468-5p group was significantly decreased
in both U87 and U251 cells (Figure 2E and 2F).
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Moreover, important signaling pathway genes,
such as p-AKT and p-ERK1/2 levels, were
significantly reduced when miR-1468-5p was
overexpressed in U87 and U251 cells (Figure
3B). AKT and ERK1/2 are known to be key roles
in controlling cell proliferation [31]. In conclu-
sion, the proliferation ability of two glioma cell
lines, U87 and U251, was reduced when miR-
1468-5p was upregulated.

A reduction in cell proliferation is often accom-
panied by changes in cell cycle progression
[32]. Therefore, we next performed a cell cycle
analysis, which indicated that following miR-
1468-5p transfection, there was a marked
increase in the G1 fraction and a decrease
in the S fraction (Figure 2G). Together, these
results suggest that miR-1468-5p may serve
as a tumor suppressor in glioma.
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RRM1 is a direct target of miR-1468-5p in
glioma

It is generally accepted that miRNAs do not
cause direct changes in cellular functions, rath-
er they exert their functions by regulating the
expression of downstream target genes. There-
fore, we searched for miR-1468-5p targets
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using four algorithms: TargetScan, miRanda,
miRDB and miRWalk. According to these algo-
rithms, RRM1, which might be a potential tar-
get of miR-1468-5p, attracted our attention.
We identified a miR-1468-5p binding site in the
3'UTR of RRM1 using the microRNA algorithms
(Figure 3A). Western blot analysis showed that
expression of RRM1 protein was downregulat-
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ed in miR-1468-5p-transfected cells (Figure
3B).

To identify whether RRM1 is a direct target of
miR-1468-5p, plasmids containing the poten-
tial RRM1 miR-1468-5p binding sites (Wt) or a
mutated RRM1 3’UTR were synthesized (Figure
3A). Overexpression of miR-1468-5p inhibited
Wt RRM1 reporter activity but not the activity of
the mutated reporter construct in both U87
and U251 cells, demonstrating that miR-1468-
5p can specifically target the RRM1 3’'UTR by
binding to the seed sequence (Figure 3C). The-
se data indicated that miR-1468-5p is a post-
transcriptional regulator of RRM1 via direct
binding to its 3'UTR.

RRM1 is overexpressed in glioma and indi-
cates poor prognosis

RRM1 has been rarely studied in glioma. First,
we analyzed RRM1 expression in NBTs and
low and high grade glioma tissues using the
CGGA and Rembrandt databases. We found
that RRM1 levels were upregulated in both dis-
ease groups compared with the normal brain
group. Moreover, the levels of RRM1 expres-
sion in high grade glioma tissues (WHO clinical
stage lll-IV) were higher than in low grade glio-
ma tissues (WHO clinical stage I-Il), indicating
that RRM1 expression correlated with glioma
malignancy (Figure 4A). The mean OS of the
low RRM1 expression group was longer than
high RRM1 expression group in GBM, using
both the CGGA and Rembrandt databases
(Figure 4B). We then chose one representative
GBM specimen and one NBT for immunohisto-
chemistry; these results were also consistent
with the above database results (Figure 4C).

Silencing RRM1 inhibits glioma cell prolifera-
tion and induces a G1/S cell cycle arrest

To further confirm the role of RRM1 in glioma
cell proliferation and cell cycle progression, we
tested whether silencing RRM1 by siRNA could
alter proliferation and suppress cell cycle pro-
gression in glioma cells. To this end, we trans-
fected siNC and siRRM1 into U87 and U251
cells; western blotting showed effective RRM1
protein down-regulation following manipula-
tion. Following knockdown, there were reduced
p-AKT and p-ERK1/2 levels compared with
cells stably expressing siNC, while no signifi-
cant reduction in AKT or ERK1/2 levels was
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detected (Figure 5A). We also found that silenc-
ing RRM1 strongly decreased the proliferation
of U87 and U251 cells compared with controls
(Figure 5B-F). Moreover, a substantial propor-
tion of the cell cycle arrest in G1/S phase was
observed in the siRRM1 group compared with
the siNC group (Figure 5G and 5H), suggesting
that silencing RRM1 could suppress cell cycle
progression, restraining cells in the G1 phase.
Together, these data confirm that RRM1 stimu-
lates proliferation and promotes G1/S transi-
tion in glioma cells.

RRM1 reintroduction attenuates the inhibitory
effects of miR-1468-5p

Having demonstrated that RRM1 is a miR-
1468-5p target, we further investigated wheth-
er RRM1 was a functional miR-1468-5p target
by co-transfecting miR-1468-5p lentivirus and
RRM1 plasmid into glioma cells. First, we used
western blot analysis to determine whether
RRM1 was involved in changes induced by
miR-1468-5p expression. Western blot analysis
proved that compared with the two other
groups, RRM1 was significantly downregulated
in the miR-1468-5p-transfected group, but
upregulated in the RRMI1-transfected group
(Figure 6A). Subsequently, we examined the
effect of miR-1468-5p overexpression on prolif-
eration and cell cycle progression with regards
to its target RRM1. Both cell proliferation and
cell cycle assay data indicated that the reintro-
duction of RRM1 antagonized the inhibitory
effects of miR-1468-5p (Figure 6B-l). Mean-
while, p-AKT and p-ERK1/2 levels also recov-
ered after exogenous introduction of RRM1
(Figure 6A). These results suggested that RR-
M1 is a functional miR-1468-5p target in glio-
ma cells.

miR-1468-5p upregulation impedes tumor
growth in vivo

Considering the remarkable glioblastoma-in-
hibiting effects of miR-1468-5p in vitro, we
extended our investigation to examine if miR-
1468-5p could impede glioblastoma growth in
vivo using nude mice. Before implantation, U87
glioblastoma cells were co-infected with lentivi-
ruses expressing luciferase with miR-ctrl or
mMiR-1468-5p. The intracranial tumor volumes
of the miR-1468-5p group were significantly
reduced compared with those of the miR-ctrl
group. On days 7, 14, 21, and 28 after implan-
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Figure 5. RRM1 knockdown suppressed proliferation and cell cycle progression of glioma cells. A: Western blot show-
ing the levels of RRM1, p-AKT, AKT, p-ERK1/2 and ERK1/2 in U87 and U251 cells after transfection with siRRM1. B:
The proliferation ability was determined using CCK-8 assay following 4 days of culture; **P<0.01 and ***P<0.001.
C, D: Long-term cell viability was evaluated using the colony formation assay; **P<0.01 and ***P<0.001. E, F:
Proliferating cells were examined using the EdU assay; representative images are shown (original magnification:
200x); ***P<0.001. G, H: The cell cycle distributions of U87 and U251 cells transfected with siNC or siRRM1, as

analyzed by flow cytometry.

tation, the growth of intracranial tumors was
significantly inhibited in association with over-
expression of miR-1468-5p (Figure 7A). Hem-
atoxylin and eosin staining results were also
consistent with the in vitro results (Figure 7C).
Survival analysis also demonstrated signifi-
cantly better outcomes for the animals injected
with miR-1468-5p-overexpressing U87 cells
(Figure 7B). Furthermore, when miR-1468-5p
was upregulated in the U87 cells, it significantly
decreased RRM1, Ki-67 and CD31 expression
in the tumor tissues, which was consistent with
the in vitro results (Figure 7D). Together, these
findings demonstrate that miR-1468-5p inhib-
its the proliferation of glioma cells in vivo.

Discussion

miRNA dysregulation is a common feature of
human cancers, including glioma [33, 34]. miR-
NAs can function as tumor suppressors or
oncogenes, and the expression of more than
one-third of the protein-coding genes in the
human genome is thought to be controlled by
miRNAs [35, 36]. In recent years, the expres-
sion of tumor-suppressive miRNAs in glioma
has been a topic of interest for antineoplastic
research, and accumulating evidence has dem-
onstrated the potential of these antineoplastic
mMiRNAs as prognostic indicators and ther-
apeutic targets [37]. Considering that miRNA
research has advanced from the identific-
ation of an initial association with glioma to
the commercial development of miRNA-based
therapeutics in less than a decade, the an-
ticipation of significant developments in this
field that ultimately improve patient outcom-
es is reasonable [38]. Several recent reports
have confirmed that numerous highly-expres-
sed miRNAs, such as miR-10b [39], miR-
21 [40-42], miR-210 [42] and miR-221/222
[27] are predictive of poor prognosis in glioma
patients. However, an increasing number of
tumor-suppressive miRNAs have also been dis-
covered, including miR-637 [43], miR-663 [44],
miR-218 [45], miR-128 [46] and miR-34a [47].
Here, we identified miR-1468-5p as a novel
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tumor-suppressive  miRNA that was rarely
reported in any cancers including glioma.

In this study, we found that miR-1468-5p was
downregulated in human glioma compared with
NBTs. On the basis of bioinformatic analyses,
we further predicted RRM1 to be a miR-1468-
5p target. We also demonstrated that miR-
1468-5p overexpression in glioma cells led to
reduced p-Akt and p-ERK1/2 levels via directly
targeting the RRM1 3’UTR; and for the first
time, we showed that RRM1 was upregulated in
glioma specimens and played a pro-tumor role
in glioma. As the large subunit of human RNR,
RRM1 is involved in cell proliferation and tumor
development by supplying dNTPs for DNA syn-
thesis [14]. Abnormal RRM1 expression has
been found in several types of cancer [48-52],
but contrasting roles of RRM1 have been re-
ported in different human cancers. For exam-
ple, Gautam et al. suggested that RRM1 acted
as a tumor suppressor in lung cancer, as
decreased RRM1 expression was significantly
associated with metastasis and poor survival
[53]. In contrast, RRM1 was upregulated in
papillary thyroid carcinoma, where RRM1 levels
were positively correlated with aggressiveness
[29]. Thus, the role of RRM1 is tumor-specific.
Our study is the first to clarify the role of RRM1
in glioma. The results of cell viability and EdU
incorporation assays showed that RRM1 con-
tributed to DNA synthesis and proliferation in
both U87 and U251 cells, which was consistent
with previous studies in other cancers [54, 55].
Moreover, we observed that siRNA-mediated
RRM1 knockdown had a negative effect on pro-
liferation and cell cycle progression in vitro,
which was similar to the effects of restoring
miR-1468-5p, whereas RRM1 overexpression
blocked the inhibitory effects of miR-1468-5p
on proliferation and cell cycle progression.
Maintenance of a balanced dNTP pool is funda-
mental for cellular function because the conse-
quences of imbalances in the substrates for
DNA synthesis and repair include mutagenesis
and cell death. RNR expression and activity is
therefore tightly regulated both in cell cycle and

Am J Cancer Res 2017;7(4):784-800
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Figure 6. RRM1 reintroduction reverses the inhibitory effects of miR-1468-5p. Rescue experiments were performed by introducing or RRM1 overexpression vec-
tors or empty pcDNA3 in the presence or absence of miR-1468-5p in U87 and U251 cells. A: Western blot analysis of RRM1, p-AKT, AKT, p-ERK1/2 and ERK1/2
in the indicated cells. B: CCK8 assay with miR-ctrl- or miR-1468-5p-transduced U887 and U251 cells transfected with vector or RRM1; **P<0.01 and ***P<0.001.
C, D: Co-transfected U887 and U251 cells were analyzed by the colony formation assay; *P<0.05 and **P<0.01. E-H: The EdU assay was performed 48 h after co-
transfection; *P<0.05 and **P<0.01. I: Flow cytometry was conducted to determine the cell cycle distribution in each group.

796

Am J Cancer Res 2017;7(4):784-800



Roles of miR-1468-5p and RRM1 in glioma

A
14
S
Q.
(e}
Py
[(e}
p
&
€
B == miR-1468-5p n=8 D
== miR-ctrl n=8
10
p=0.0012
— 801 |
2 RRM1
5 60+
(2]
€
g 407
[0
& 201
Ki-67
c L] L) J L] 1
0 10 20 30 40 50
Days after implantation
C miR-ctrl miR-1468-5p
i N e %
RN CcD31 ;
P PN
‘ v._“x; 5
R § . NORRRRN > e e
ors %) S NN VRIUTT? e
= ““J))t :;,f

Figure 7. miR-1468-5p upregulation inhibits tumor growth and is associated with good prognosis in a murine in-
tracranial glioma xenograft model. A: U87 cells pretreated with a lentivirus with miR-1468-5p or miR-ctrl and a
lentivirus containing luciferase were implanted in the brains of nude mice, and tumor formation was assessed by
bioluminescence imaging. Changes in the bioluminescence signals were measured on post-implantation days 7,
14, 21 and 28. B: Overall survival was determined by Kaplan-Meier survival curves, and a log-rank test was used
to assess the statistical significance of the differences. C: Tissue slices from representative tumors of the two
groups were stained with hematoxylin-eosin-saffron. D: Images show representative immunohistochemical staining
for RRM1, Ki67 and CD31 in the two groups. Scale bar: 50 ym.

the DNA damage checkpoints [22, 56]. Targeted
inhibition of RRM1 depletes dNTPs and could
lead to aberrant replication forks, G1/S check-
point activation and cell cycle arrest, which is
consistent with the results of our study that
RRM1 inhibition caused G1/S arrest of U87
and U251 cells [22]. Our findings also provide
the first evidence that RRM1 is a predominant
mediator of miR-1468-5p-induced tumor-sup-
pressive function.

We also confirmed that miR-1468-5p overex-
pression in glioma cells decreased both p-
AKT and p-ERK1/2 levels, which play vital func-
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tions in regulating tumorigenesis. Furthermore,
RRM1 overexpression in stable miR-1468-5p-
expressing cell lines restored p-AKT and p-
ERK1/2 levels. As a consequence, restoring
RRM1 expression can partially, or even totally,
restore the miR-1468-5p-induced inhibition of
proliferation and cell cycle progression. These
results show that miR-1468-5p is a tumor sup-
pressor that inhibits tumor growth and causes
cell cycle arrest via targeting RRM1.

In summary, we found that miR-1468-5p was
significantly downregulated in glioma, and re-
duced miR-1468-5p expression was associ-
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ated with poor survival. Moreover, we demon-
strated, for the first time, that the role of the
miR-1468-5p/RRM1 axis was to regulate glio-
ma proliferation and cell cycle progression. This
newly identified miR-1468-5p/RRM1 link pro-
vides new insight into the mechanisms underly-
ing glioma development, and suggests that
targeting the miR-1468-5p/RRM1 axis may
represent a promising therapeutic strategy for
glioma treatment. Nevertheless, further stud-
ies are needed to determine the exact mecha-
nism of decreased miR-1468-5p expression
during the progression of glioma and to further
explore other possible targets of miR-1468-5p
in glioma. Additionally, a large cohort study,
incorporating RRM1 expression and function
should also be further investigated.
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