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MicroRNA-422a functions as a tumor suppressor in glioma by
regulating the Wnt/p-catenin signaling pathway via RPN2
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Abstract. MicroRNAs (miRs), which act as crucial regulators
of oncogenes and tumor suppressors, have been confirmed
to play a significant role in the initiation and progression of
various malignancies, including glioma. The present study
analyzed the expression and roles of miR-422a in glioma,
and reverse transcription-quantitative PCR confirmed that
miR-422a expression was significantly lower in glioblas-
toma multiforme (GBM) samples and cell lines compared
with the low-grade glioma samples and the H4 cell line,
respectively. miR-422a overexpression suppressed prolifera-
tion and invasion, and induced apoptosis in LN229 and U87
cell lines. Luciferase reporter assay, western blotting and
RNA immunoprecipitation analysis revealed that ribophorin
IT (RPN2) is a direct functional target of miR-422a.
Additionally, the overexpression of RPN2 partially reversed
the miR-422a-mediated inhibitory effect on the malignant
phenotype. Mechanistic investigation demonstrated that the
upregulation of miR-422a inhibited B-catenin/transcription
factor 4 transcriptional activity, at least partially through
RPN2, as indicated by in vitro and in vivo experiments.
Furthermore, RPN2 expression was inversely correlated
with miR-422a expression in GBM specimens and predicted
patient survival in the Chinese Glioma Genome Atlas,
UALCAN, Gene Expression Profiling Interactive Analysis
databases. In conclusion, the present data reveal a new
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miR-422a/RPN2/Wnt/f3-catenin signaling axis that plays
critical roles in glioma tumorigenesis, and it represents a
potential therapeutic target for GBM.

Introduction

Glioblastoma multiforme (GBM), an incurable primary brain
tumor with a poor prognosis, is characterized by various
genetic alterations, such as mutation of isocitrate dehydro-
genase (IDH)1/2, amplification of epidermal growth factor
receptor (EGFR) and dysregulation of multiple signaling
pathways, such as the PI3K/AKT/mTOR, Wnt/B-catenin and
NF/kB pathways (1,2). The high degree of heterogeneity based
on this complicated molecular network in GBM is responsible
for its poor treatment response, which is influenced by chemo-
and radiotherapy resistance (3). Despite current progress in
high-throughput data containing more significant subtype
genes identifications based on The Cancer Genome Atlas
(TCGA) (1,4,5), the precise molecular mechanism remains
poorly understood. Previously, non-coding RNAs, including
microRNAs (miRNAs or miRs) have been implicated in
GBM and have been shown to form extensive complex
crosstalk networks to participate in GBM initiation and
development (6,7); therefore, further identification of relevant
complex signaling networks is urgently required to provide
insights into combinational targeted therapy and treatment
resistance.

miRNAs regulate gene expression by primarily binding
to the 3'-untranslated region of target mRNAs, leading to
translational inhibition or mRNA destabilization, which is
extensively implicated in numerous cancers (8). Evidence
suggests that miR-422a downregulation is closely associated
with poor prognosis and unfavorable clinicopathologic param-
eters. For example, the miR-422a expression level is negatively
associated with pathological grade, recurrence and metastasis
in hepatic cell carcinoma (9), and has also been reported to
predict lymphatic metastasis with high diagnostic accuracy in
lung cancer (10). Additionally, serum miR-422a is regarded
as a biomarker for the early diagnosis of colorectal adeno-
carcinoma (11). Furthermore, miR-422a, in combination with
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multiple key target genes, such as forkhead box Q1 (FOXQI)
and S-phase kinase associated protein 2, has been extensively
identified to act as a crucial tumor suppressor and prognostic
factor during cancer progression and development in solid
malignancies, including in nasopharyngeal carcinoma (12) and
in retinoblastoma (13). The decreased expression of miR-422a
and the identification of certain targets, such as PIK3CA,
have been reported in glioma (14); however, the molecular
mechanism of the miR-422a-mediated inhibitory effect on
the glioma malignant phenotype is poorly understood and
requires further investigation.

Ribophorin IT (RPN2), which belongs to the key part of
the oligosaccharyltransferase complex, is responsible for the
N-glycosylation of multiple proteins, and its glycosylation
alterations have been confirmed to be associated with GBM
malignant progression (15-17). Accumulating evidence has
demonstrated that aberrant RPN2 overexpression is frequently
associated with multiple clinical parameters, such as lymphatic
metastasis, pathological grade and poor prognosis in a variety
of tumors, including osteosarcoma, non-small cell lung cancer,
advanced gastric cancer and colorectal cancer (16,18-20).
However, to the best of our knowledge, there is no report
that indicates a relationship between miR-422a and RPN2 in
glioma.

The present study initially investigated the miR-422a
downregulation in GBM tissues and cell lines, and verified
its negative relationship with the World Health Organization
(WHO) grade. Additionally, overexpression of miR-422a
markedly suppressed cell proliferation and invasion, and
promoted apoptosis and cell cycle arrest at the GO/G1 phase.
Mechanistically, miR-422a inhibited the Wnt/B-catenin
signaling pathway, as indicated by TOP/FOP luciferase and
western blot assays. Furthermore, it was demonstrated that
RPN2 was a direct functional target of miR-422a and plays
significant roles in miR-422a-mediated inhibitory effects on
Wnt/B-catenin signaling, as well as the malignant phenotype.
Therefore, the present study explored a novel potential axis
involving miR-422a/RPN2/f-catenin, which represents a
novel therapeutic target for GBM.

Materials and methods

Patients and samples. A total of 39 glioma samples under-
going craniotomy for tumor were obtained from 15 male
and 24 female patients (age range, 9-76 years; mean age,
42.4+16.2 years) who were diagnosed by surgeons and pathol-
ogists at Tianjin Huan Hu Hospital (Tianjin, China) between
January 2010 and June 2018. Among the 10 low-grade gliomas,
6 were WHO grade I (pilocytic astrocytoma) and 4 were
WHO grade II (diffuse astrocytoma). All 29 GBM samples
were WHO grade I'V. None of the patients had received any
radiotherapy, chemotherapy or any other anticancer treat-
ments prior to surgery. Five normal adult brain tissue samples
were collected from 4 males and 1 female patient (age range,
58-74 years; mean age, 66+6.3 years) undergoing post-trauma
surgery for severe traumatic brain injury. All the collected
tissues were frozen immediately in liquid nitrogen and stored
at -80°C. This study was approved by the Institutional Review
Board of Tianjin Huan Hu Hospital, and written informed
consent was obtained from all participants or the parents of
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patients below the legal age. Gene expression data from the
mRNAseq_325 dataset and the relevant clinicopathological
variables dataset were obtained from the Chinese Glioma
Genome Atlas (CGGA) database (http:/www.cgga.org.cn/),
which is a web application for data storage and analysis to
explore brain tumor datasets of >2,000 samples from Chinese
cohorts (21). In addition, the ‘Survival Map’ module from
the online databases Gene Expression Profiling Interactive
Analysis 2 (GEPIA2; http://gepia.cancer-pku.cn/index.html),
which is an interactive website that includes information for
514 low-grade and 162 high-grade glioma tissues obtained
from TCGA and GTEXx projects (22), was used to evaluate the
relationships between RPN2 expression and overall survival
and disease free survival. Moreover, UALCAN (http://ualcan.
path.uab.edu) (23), which is a comprehensive interactive data-
base containing data of 513 low-grade gliomas (248 grade II
and 265 grade III) from The Cancer Genome Atlas, was also
utilized to analyze RPN2 expression level in gliomas with
different grades, and the association with the patient prognosis.

Cell culture and transfection. The human glioblastoma cell
lines U87, U251 and A172 and the low-grade glioma cell line
H4 were obtained from the Peking Union Medical College
Cell Library. Human LN308, LN229 and T98G glioblastoma
cells were obtained from the China Academia Sinica Cell
Repository. The SNB19 cell line was purchased from iCell
Bioscience, Inc. U87 and SNB 19 cell lines were authenticated
using short tandem repeat profiling analysis. The U87 cell line
(glioblastoma of unknown origin) used in the present study was
of the American Type Culture Collection type. The cells were
maintained in Dulbecco's modified Eagle's medium (Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal
bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and 1%
penicillin/streptomycin (Invitrogen; Thermo Fisher Scientific,
Inc.). All cell lines were incubated at 37°C with 5% CO,.

The oligonucleotide sequences of the human miR-422a
mimic and miRNA-negative control (miR-NC), and RPN2
overexpression plasmid and empty vector were purchased
from Shanghai GenePharma Co., Ltd. The human miR-422a
sequence was 5'-ACUGGACUUAGGGUCAGAAGGC-3', and
the scrambled sequence was 5'-UUGUACUACACAAAAGUA
CUG-3'. Prior to transfection, U87 and LN229 cells were incu-
bated in a 6-well plate at a density of 2x10° cells/well and then
co-transfected with 200 pmol miR-422a mimic or miR-NC
and RPN2 overexpression plasmid or empty vector (2 ug)
using X-tremeGENE transfection reagent (Roche Diagnostics)
according to the manufacturer's protocol. Subsequent experi-
ments were performed after 72 h.

For RPN2-knockdown, the shRNA lentiviral vector
targeting RPN2 (shRPN2; 5'-GGATCGCCCTTTCACAAA
T-3') and lentiviral vector negative control (sh-NC; 5'-TTC
TCCGAACGTGTCACGT-3") were also purchased from
Shanghai GenePharma Co., Ltd. LN229 cells were infected at
a multiplicity of infection of 10 in the presence of 5 pg/ml
polybrene (Shanghai GenePharma Co., Ltd.), following the
manufacturer's instructions. Western blotting was performed
to identify the knockdown efficiency after 72 h.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was isolated from glioma tissues and cells using TRIzol
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reagent (Thermo Fisher Scientific, Inc.), reverse transcribed to
cDNA using PrimeScript RT Master mix (Takara Bio, Inc.),
according to the manufacturer's instructions and subsequently
qPCR was performed using TB Green Premix EXTaq II kit
(Takara Bio, Inc.) for analysis of the mRNA expression of
RPN2, TCF4, c-myc and cyclinD1. The amplification condi-
tions were 95°C for 5 sec, followed by 40 cycles at 60°C for
30 sec and 50°C for 30 sec. To analyze miRNA-422a expres-
sion, stem-loop RT was performed with an miScript PCR
starter kit (Qiagen GmbH) according to the manufacturer's
instructions. qQPCR was performed using miScript SYBR
Premix Green PCR kit (Qiagen GmbH) and Roche LC480
quantitative Real-Time PCR system (Roche Diagnostics). The
amplification conditions were 95°C for 15 min, followed by
40 cycles at 94°C for 15 sec and 55°C for 30 sec. GAPDH
or U6 levels were selected as internal controls for mRNA
and miRNA expression, respectively, and fold changes were
calculated using the 2224 method (24). Data were analyzed
from three independent experiments and are presented as
the mean + standard deviation. The primer sequences for
the detection of mRNAs and miR-422a expression were as
follows: RPN2 forward, 5'-CTCTGACGCCCACTCACT
AC-3' and reverse, 5'-AATAGAGATCTTTGCATCTGG
CAC-3'; TCF4 forward, 5'-CAAATAGAGGAAGCGGGG
C-3' and reverse, 5"TGCTGAGAGAGATGGAGGAGA-3";
cyclinD1 forward, 5'-AACTACCTGGACCGCTTCCT-3'
and reverse, 5'-CCACTTGAGCTTGTTCACCA-3"; c-myc
forward, 5"-TTCGGGTAGTGGAAAACCAG-3' and reverse,
5'-CAGCAGCTCGAATTTCTTCC-3"; GAPDH forward,
5'-CATGAGAAGATGACAACAGCCT-3' and reverse,
5-AGTCCTTCCACGATACCAAAGT-3'; miR-422a forward,
5'-GGGTCAGAAGGCCTGAGTCT-3' and reverse, 5'-CAA
AGCTTGGCTCAGGGACA-3'; and U6 forward, 5'-CTC
GCTTCGGCAGCACA-3' and reverse, 5'-AACGCTTCA
CGAATTTGCGT-3.

Dual-luciferase reporter assay. The PicTar (http://www.
pictar.org/), miRmap (http:/miRNAMap.mbc.nctu.edu.tw/.)
and miRanda (http://www.microrna.org/microrna/home.do)
databases were applied to identify targets of miR-422a, and
the seed sequence of miR-422a was identified to matched the
3'-untranslated region (3'UTR) of the RPN2 gene. The 3'UTR of
RPN2 containing the miR-422a binding site and corresponding
mutant site were inserted into the pMIR-REPORT vector
(Promega Corporation). LN229 and U87 cells (1x10*/well)
were cultured in 96-well plates, and co-transfected with
wild-type or mutant luciferase reporters and the miR-422a
mimic or miR-NC using the X-tremeGENE transfection
reagent (Roche Diagnostics). To evaluate the [3-catenin/CF-4
transcriptional activity, TOP-FLASH and FOP-FLASH
luciferase reporter constructs were used. TOP-FLASH (with
repeats of the TCF binding site) or FOP-FLASH (with repeats
of the mutant TCF binding site) plasmids (EMD Millipore)
were transfected into LN229 and U87 cells transfected with
miR-422a mimic. Furthermore, RPN2 overexpression plasmid
transfection was performed 24 h after miRNA transfection.
Following a further 48 h incubation, luciferase activity was
measured using the Dual-Luciferase Reporter assay system
(Promega Corporation), and Renilla luciferase activity was
used as an internal control.
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RNA immunoprecipitation (RIP) assay. The Magna RIP
RNA-Binding Protein Immunoprecipitation kit (EMD
Millipore) was used to perform RIP assays according to the
manufacturer's instructions. LN229 and U87 cells transfected
with miR-422 mimic or miR-NC for 48 h were collected
by centrifugation at 150 x g for 5 min at 4°C and incubated
overnight at 4°C with RIP buffer containing protein A/G
magnetic beads coated with anti-Ago2 or anti-IgG antibody
(catalog no. 03-110; EMD Millipore; 1:5,000) as a negative
control. Following overnight incubation at overnight at 4°C
with rotation, and following washing, RNase-free DNase I and
proteinase K (EMD Millipore) were used to purify the RNA
in the immunoprecipitated complex, and RT-qPCR was then
performed to detect the RPN2 expression level, as described
previously.

Viability assay. Cell viability was analyzed by Cell Counting
Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc.)
according to the manufacturer's instructions. Following
transfection with miR-422a mimic or co-transfection with
miR-422a mimic and RPN2 plasmid, LN229 and U87 cells
were incubated for 24, 48, 72 and 96 h. CCK-8 solution (10 pl)
was then added to each well, and the absorbance at 490 nm
was measured after incubation for 2 h to estimate the number
of viable cells.

Cell cycle analysis. Cell cycle analysis was performed by flow
cytometry, and transfected and control LN229 and U87 cells
in the log phase of growth were harvested by trypsinization,
washed with PBS, fixed with 75% ethanol overnight at 4°C and
then incubated with RNase at 37°C for 30 min. A total of 1x10*
nuclei were assessed with a FACS Calibur Flow Cytometer
(Becton, Dickinson and Company), and DNA histograms
were analyzed using Modfit software (Modfit LT 4.0; Becton,
Dickinson and Company). Experiments were performed in
triplicate.

Transwell assay. Transwell membranes coated with Matrigel
(BD Biosciences) were placed in an incubator for 30 min
at 37°C, which were used to quantify glioma cell invasion.
Transfected cells were plated at 5x10* per well in the upper
chamber in serum-free medium. DMEM supplemented with
10% FBS (600 ul) were used as a chemoattractant and placed
in the bottom chamber. After 24 h of incubation, the filters
were gently removed, and the medium was removed from
the upper chamber. The cells that had migrated through the
Matrigel into the pores of the inserted filter were fixed with
100% methanol, stained with hematoxylin for 20 min at room
temperature, and mounted. The number of cells that invaded
through the Matrigel was counted in three randomly selected
visual fields from the central and peripheral portions of the
filter using an inverted microscope (magnification, x200).

Apoptosis assay. Apoptosis was quantified following trans-
fection by assessing Annexin V labelling and caspase 3/7
activity. For the Annexin V assay, an annexin V-FITC-labeled
apoptosis detection kit (Abcam) was used according to the
manufacturer's protocol. Caspase 3/7 activity was analyzed
using Caspase-Glo 3/7 reagent (catalog no. G8091; Promega
Corporation). Briefly, caspase-Glo 3/7 reagent (100 ul) was
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added to a white-walled 96-well plate, which was gently mixed
using a plate shaker at 50 x g for 30 sec. Following incuba-
tion at room temperature for 1-2 h, the luminescence of each
sample was measured in a plate-reading luminometer.

Western blotting. The total protein extraction of different
transfected LN229 and U87 cells was performed using ExKine
Total Protein Extraction kit (Abbkine), and nuclear protein
extraction was performed using DUALXtract Cytoplasmic
and Nuclear Protein Extraction kit (Dualsystems Biotech AG),
according to manufacturer's protocol. Protein concentrations
were determined using a BCA Protein assay kit (Thermo Fisher
Scientific, Inc.). Equal amounts of protein (30 ug/lane) were
separated by 10% SDS-PAGE and subsequently transferred
to PVDF membranes (EMD Millipore). After blocking in 5%
skimmed milk for 1 h, the membranes were incubated with
diluted primary antibodies at 4°C overnight. After washing
with TBST (1% Tween-20), the membranes were incubated
with horseradish peroxidase-conjugated secondary antibodies
(1:5,000; cat. nos. ab222772 and ab222759; Abcam) for 1 h
at room temperature, and the immune-reactive bands were
visualized using ECL Western Blot Detection reagents (EMD
Millipore). The expression levels were normalized to the levels
of B-actin or GAPDH of the total protein and fibrillarin of
nuclear protein. The protein band intensities were quantified
using ImagelJ software (version 1.48; National Institutes of
Health). The primary antibodies used were as follows: RPN2
(1:200; catalog no. ab244399; Abcam), [3-catenin (1:5,000;
catalog no. ab32572; Abcam), cyclinD1 (1:10,000; catalog
no. ab134175; Abcam), TCF4 (1:10,000; catalog no. ab76151;
Abcam), c-myc (1:1,000; ab39688; Abcam), f-actin (1:5,000;
catalog no. ab6276; Abcam), fibrillarin (1:5,000; catalog
no. ab4566; Abcam) and GAPDH (1:1,000; catalog no. 5174;
Cell Signaling Technology, Inc.).

Immunohistochemistry (IHC) analysis. For THC assays,
detailed protocols were performed as previously described (25).
Briefly, the animal tumor samples were fixed with 10% formalin
for 48 h at room temperature, embedded with paraffin, and
sliced into 4-um sections, followed by dewaxing. Subsequently,
these sections were incubated with 3% hydrogen peroxide for
20 min to block endogenous peroxidase. Following antigen
retrieval, the slides were blocked with 10% normal goat serum
(Beijing Solarbio Science & Technology Co., Ltd.) for 30 min
and then incubated at 4°C overnight with appropriate primary
antibody. After washing with PBS, the slides were incubated
with biotinylated secondary antibody (cat. no. Sp-9001;
1:1,000; OriGene Technologies, Inc.) for 1 h at room tempera-
ture. A DAB Horseradish Peroxidase Color Development
kit (Beyotime Institute of Biotechnology) was used for color
development, and neutral gum (Sinopharm Chemical Reagent
Co., Ltd.) was used for sealing. Subsequently, five fields
were randomly selected and imaged using the Olympus X71
inverted microscope (Olympus Corporation). The images were
assessed using Image-Pro Plus 6.0 (Media Cybernetics, Inc.).
The antibodies used for IHC were as follows: RPN2 (1:200;
cat. no. ab244399; Abcam), §-catenin (1:500; cat. no. ab32572;
Abcam), c-myc (1:100; cat. no. ab39688; Abcam), caspase 3
(1:100; cat. no. 9662; Cell Signaling Technology, Inc.) and
PCNA (1:4,000; cat. no. 2586; Cell Signaling Technology, Inc.).
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Xenograft model with nude mice. All animal protocols were
performed with the approval of the Animal Care and Used
Committee of Tianjin Huanhu Hospital (Tianjin, China). A
total of 10 female BALB/c nude mice at 5 weeks of age (weight,
18-21 g) were purchased from the Animal Center of the Cancer
Institute, Chinese Academy of Medical Science. Animal
welfare was taken seriously and all the mice were housed
with filtered air, a 12-h light/dark cycle, regulated temperature
(25+2°C) and humidity (50+10%), and with ad libitum access
to sterilized food and water. A total of 1x107 U87 GBM cells
in 100 ul PBS were subcutaneously injected into the left
flank region of nude mice. When the tumor volume reached
100 mm?, mice were randomly divided into two groups (5 mice
per group) and subsequently treated with oligonucleotides
(10 g miR-422a mimic or miR-NC) with a mixture of 10 ul
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) through local injection of the xenograft tumor at multiple
sites, respectively. The treatment was performed once every
3 days for 27 days. The tumor volume was monitored with
a caliper, using the formula: Volume=length x width?/2. The
health and behavior of mice were monitored daily. Humane
endpoints used in the study to verify when to euthanize the
mice included: i) Tumors, 2.0 cm diameter; ii) weight loss,
=20%; iii) tumor ulceration, iv) abnormal posture; and v) quick
weight loss assessed by observations and weighing. At the
termination of the experiment, no mice reached these criteria.
The mice were anesthetized by injecting 1% pentobarbital
sodium (100 mg/kg body weight) and sacrificed by cervical
vertebra dislocation, when the diameter of the largest tumor
was 1.93 cm. If there was no heartbeat for 30 sec accompanied
by no response to the toe pinch reflex, mice were considered
to be euthanized. Finally, tumor tissues were removed, tumor
weight was calculated, and RNA extraction and IHC assays
were performed.

Statistical analysis. All statistical analyses were performed
using GraphPad software version 6.0 (GraphPad Software,
Inc.) or SPSS 23.0 (IBM Corp.). Data are presented as the
mean =+ standard deviation of at least three independent experi-
ments. An unpaired Student's t-test and one-way ANOVA were
performed to analyze significant differences between two
groups or multiple groups, respectively. Additionally, Tukey's
test was used for multiple comparisons following ANOVA.
Fisher's exact test was used to analyze the associations
between miR-422a and clinicopathological characteristics
of patients with glioma. The correlation between miR-422a
and c-myc expression in 29 GBM patients was assessed using
Pearson's correlation analysis. The survival curves from online
databases were plotted using the Kaplan-Meier method and
compared using the log-rank test. P<0.05 was considered to
indicate a statically significant difference.

Results

miR-422a is significantly downregulated in GBM speci-
mens and cell lines. To investigate the expression level of
miR-422a in glioma cell lines and samples, total RNA was
isolated from eight glioma cell lines, GBM specimens and
normal brain tissues, and the levels of miR-422a were evalu-
ated by RT-qPCR. The results demonstrated that miR-422a
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Figure 1. miR-422a is significantly downregulated in GBM clinical samples and cell lines. (A) RT-qPCR was used to evaluate the miR-422a expression in
10 LGG (WHO grade I-1T) and 29 GBM (WHO grade IV) resected specimens compared with 5 normal brain tissues. (B) RT-qPCR analysis of the low-grade
H4 cell line and GBM cell lines (U87, LN308, LN229, A172, T98G, U251 and SNB19). ‘P<0.05, “P<0.01 vs. H4 cells. (C) The association between miR-422a
and histology in gliomas according to the CGGA database. (D) miR-422a expression was negatively associated with the WHO grade of glioma samples
from the CGGA database. "P<0.05, “P<0.01, ""P<0.001, "*“P<0.0001. miR-422a, microRNA-422a; GBM, glioblastoma multiforme; RT-qPCR, reverse
transcription-quantitative PCR; WHO, World Health Organization; CGGA, Chinese Glioma Genome Atlas; LGG, low-grade glioma.

was significantly downregulated in glioma tissues compared
with normal brain tissues, and miR-422a expression was
significantly lower in WHO grade IV GBM compared with in
low-grade glioma samples (WHO grades I-II) (Fig. 1A). The
clinicopathological characteristics of 39 glioma specimens are
summarized in Table I, and no significant associations were
identified between miR-422a expression and other clinico-
pathological variables, including gender and age, although
it was significantly association with histology. Additionally,
miR-422a was also significantly lower in the seven GBM
cell lines compared with the low-grade cell line H4 (Fig. 1B).
Furthermore, miR-422a expression was analyzed in CGGA,
which revealed that the miR-422a expression level was asso-
ciated with the histopathological subtypes, specifically, the
expression in subtypes O and A (WHO II) were significantly
higher compared with in the subtypes of AOA, AO and AA
(WHO III) and GBM (WHO 1V) (Fig. 1C). Similarly, a high
expression of miR-422a was significantly associated with a
lower WHO grade (Fig. 1D). These data indicate that miR-422a
may act as a key tumor suppressor in glioma progression.

Ectopic miR-422a expression suppresses the GBM
malignant phenotype. Based on the low expression of
miR-422a in GBM, the present study then investigated
how the malignant phenotype of GBM was mediated by
miR-422a. LN229 and U87 cells were transfected with
miR-422a mimic or miR-NC, and RT-qPCR was performed
to verify miR-422a overexpression (Fig. 2A). The CCK-8
assay revealed a significant decrease in cell viability for
miR-422a mimic-transfected GBM cells compared with
the miR-NC group (Fig. 2B). Flow cytometry analysis
demonstrated a significant increase in G1 cell cycle arrest
in miR-422a mimic-transfected LN229 and U87 cells
(Fig. 2C). Additionally, in vitro Annexin-V and Transwell
assays revealed that miR-422a overexpression significantly
enhanced tumor cell apoptosis and significantly reduced the
number of invasive LN229 and U87 cells (Fig. 3D and E).
These results suggest that miR-422a overexpression
suppressed GBM cell proliferation and invasion, and
promoted GI cell cycle arrest and apoptosis, indicating a
crucial role in the progression of GBM.
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Table I. Associations between miR-422a and clinicopathological
characteristics of patients with glioma.

miR-422a
expression
Variable No.of cases Low,n Highn P-value
Sex 0.1532
Female 15 7 8
Male 24 5 19
Age, years >0.999
<42 20 13 7
=42 19 13 6
Histology 0.0015
Astrocytoma 10 2 8
Glioblastoma 29 23 6

RPN?2 is a direct target of miR-422a. To verify the down-
stream effectors of miR-422a, PITA, miRmap and miRanda
databases were used. Based on these databases, it was identi-
fied that the ‘seed sequence’ of miR-422a matched the 3'UTR
of the RPN2 mRNA (Fig. 3A). To determine whether RPN2
expression was modulated by miR-422a, western blotting was
performed to detect RPN2 protein expression in LN229 and
U&7 cells transfected with miR-422a mimic, and the results
revealed that miR-422a overexpression significantly reduced
the RPN2 expression level (Fig. 3B). To confirm that RPN2
was a direct target of miR-422a, luciferase reporter constructs
carrying the RPN2 3'UTR with wild-type or mutant miR-422a
binding sites were constructed and co-transfected with
miR-422a mimic and miR-NC. In comparison to miR-NC,
miR-422a mimic significantly decreased the luciferase activi-
ties (Fig. 3C). However, the miR-NC and miR-422a mimic
did not affect the luciferase activity in mutant constructs.
Furthermore, a RIP assay was performed using an Ago2 anti-
body to investigate the direct association between miR-422a
and RPN2. The results indicated that RPN2 was enriched
in Ago2-coated beads compared with the IgG control group
and that miR-422a mimic resulted in a marked upregulation
of RPN2 level in the Ago2 immunoprecipitation complex in
LN229 and U87 cells (Fig. 3D). In addition, RPN2 expression
level was detected in five normal and 29 GBM specimens,
and RPN2 was significantly upregulated in the GBM samples
compared with the normal samples (Fig. 3E). These data
indicate that miR-422a directly regulates RPN2 expression by
binding to the 3'UTR of RPN2.

miR-422a suppresses the Wnt/f3-catenin signaling pathway, at
least partially through RPN2. Our previous studies confirmed
that RPN2 promotes activation of the Wnt/B-catenin signaling
pathway (data not shown). In combination with the fact that
RPN?2 is a direct functional target of miR-422a, the present
study further investigated whether miR-422a also regulates
the Wnt/B-catenin signaling pathway via RPN2. RT-qPCR
demonstrated successful overexpression of RPN2 in LN229
and U87 cells following transfection with RPN2 overexpression
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plasmid (Fig. 4A), and results of the western blot analysis of
RPN2 expression in LN229 and U87 cells transfected with
miR-422a mimic or miR-422a and RPN2 overexpression
plasmid are shown in Fig. 4B, indicating that the transfec-
tion of RPN2 overexpression plasmid can markedly recover
RPN?2 protein level in LN229 and U87 cells transfected with
miR-422a mimic.

A TOP/FOP assay was used to analyze regulation of
[B-catenin/TCF4 transcriptional activity by miR-422a, and the
results demonstrated that miR-422a significantly suppressed
TOP luciferase activity, with no apparent change in FOP
activity (Fig. 4C). Furthermore, ectopic miR-422a expres-
sion could inhibit TCF4, c-myc and cyclinD1 expression,
and B-catenin nuclear translocation, as verified by RT-qPCR
and western blotting (Fig. 4D-F). However, overexpression of
RPN?2 following the transfection with miR-422a reversed the
effects mediated by miR-422a (Fig. 4C-F). To further verify
the relationship between miR-422a and Wnt signaling, c-myc,
a critical downstream factor of the Wnt/f3-catenin pathway,
was detected by RT-qPCR, which revealed that it was signifi-
cantly higher in GBM tissue samples compared with normal
samples (Fig. 4G). Additionally, Pearson's correlation analysis
demonstrated that miR-422a was negatively correlated with
the expression of c-myc in 29 GBM patient samples (Fig. 4H).
These data demonstrate that miR-422a can attenuate the
Wnt/pB-catenin signaling pathway, at least partially through
RPN2 in LN229 and U87 cells.

RPN?2 is required for the biological effects of miR-422a on the
GBM malignant phenotype. To further verify the functional
association between miR-422a and its target RPN2, the role
of RPN2 in the miR-422a-mediated effect on the proliferation,
invasion and apoptosis of GBM cells was investigated. When
RPN2 was ectopically overexpressed in LN229 and U87 cells
transfected with miR-422a mimic, the inhibition of prolif-
eration and invasion, and the promotion of apoptosis induced
by miR-422a was partially reversed (Fig. 5A-D). Furthermore,
the knockdown of RPN2 by shRPN2 significantly enhanced the
caspase-3/7 activity (Fig. 5E), which was consistent with the
effect mediated by miR-422a overexpression. These results
indicate that miR-422 inhibits the GBM malignant phenotype,
partially through the oncogene RPN2.

miR-422a inhibits tumor growth in vivo. Based on the in vitro
experimental findings, the effects of miR-422a on tumor
growth and Wnt/B-catenin signaling were further examined
in vivo. U87 cells were implanted into the left flanks of nude
mice by subcutaneous injection. miR-422a mimic and miR-NC
were injected in multiple sites of the tumor every 3 days. The
study was terminated on day 27, and the tumors were excised
and further analyzed. The tumor growth curve was generated
from data obtained every 3 days, which demonstrated that the
overexpression of miR-422a significantly reduced the tumor
volume (Fig. 6A). Additionally, a significant decrease in
tumor weight was observed for the miR-422a mimic-treated
tumors compared with the miR-NC-treated tumors (Fig. 6B).
Evidence that miR-422a mimic significantly increased
miR-422a expression in tumor tissues is presented in Fig. 6C.
Furthermore, the IHC assay demonstrated that miR-422a
overexpression significantly inhibited RPN2, (3-catenin, c-myc
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Figure 2. Ectopic miR-422a expression suppresses GBM growth in vitro. (A) Reverse transcription-quantitative PCR was performed to confirm that miR-422a
was significantly overexpressed following transfection with miR-422a mimic compared with miR-NC. (B) CCK8 cell viability assay of LN229 and U87 cells
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and PCNA expression, and increased the caspase3 expression
level (Fig. 6D), which was consistent with the in vitro results.

Increased RPN2 expression is associated with poor
prognosis in human glioma. Based on the association
between miR-422a and RPN2, RPN2 expression and its

correlation with prognosis in the CGGA dataset (CGGA
Mseq325) and the UALCAN and GEPIA public data-
bases was investigated. The CGGA data revealed that
the mRNA level of RPN2 was significantly higher in
high-grade gliomas compared with the low-grade glioma
(Fig. 7A). Retrospective analysis of the clinical outcome of
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these patients revealed that low expression of RPN2 was
significantly associated with a longer overall survival,
in both primary and recurrent gliomas (Fig. 7B and C).
Further analysis of RPN2 expression and relevant clinical
characteristics indicated that RPN2 expression was signifi-
cantly associated with IDH1 gene mutation status, age
and 1p/19q codeletion status (Fig. SIA-C). Furthermore,
the low-grade glioma data analysis of the UALCAN data-
base demonstrated that RPN2 expression in grade 3 was
significantly higher than that in grade 2 (Fig. 7D), and the
higher RPN2 expression was significantly associated with
a poorer survival (Fig. 7E). Moreover, the data obtained
from the ‘Survival Map’ module of GEPIA demonstrated
that the high RPN2 expression group had a poorer overall
survival and disease free survival compared with the low
RPN2 expression group of patients with low-grade glioma
(n=514) and gliomas, including low-grade and high-grade
glioma (n=676) (Fig. 7F-I). Hence, these data indicate that
RPN?2 predicts poor prognosis and is associated with the
progression of gliomas.

Discussion

Accumulating data have demonstrated that miR-422a, which
serves as a key anticancer gene, exerts a crucial influence
on the initiation, development and drug resistance of several
tumors. He et al (26) reported that miR-422a downregulation
contributes to malignancy by targeting pyruvate dehydroge-
nase kinase 2 in gastric cancer. Zhang et al (9) demonstrated
that miR-422a suppresses tumor growth and metastasis in
hepatocellular carcinoma. Additionally, miR-422a inhibits
osteosarcoma cell cycle arrest and induces apoptosis by
directly targeting BCL2L2 and KRAS (27). Furthermore,
a study of glioma analyzing a TCGA dataset indicated that
miR-422a expression predicts the neural subtype of GBM and
patient outcome (28). In combination with the public data-
base analysis, this evidence prompted us to further explore
the expression of miR-422a in clinical tissues of GBM with
different grades and GBM cell lines. Moreover, the role
of miR-422a in the malignant phenotype of GBM and the
underlying antitumor mechanism was also investigated.
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Although previous studies revealed that miR-422a mark-
edly suppressed glioma cell proliferation, migration and
invasion by targeting PIK3CA, insulin-like growth factor 1
(IGF1) and IGF1 receptor (IGFIR), which are new prognostic
biomarkers for human glioblastoma (14,29,30), the detailed
mechanism of the miR-422a-mediated inhibitory effect on
tumor growth remains poorly understood. The present study
first confirmed the downregulation of miR-422a, which was
negatively associated with the WHO grade, and identified
its antitumor function. Mechanistically, by analyzing PITA,
miRmap and miRdanda public databases, it was identified
that RPN2 had highly conserved binding sites for miR-422a
in its 3'UTR region. Experimental evidence from a lucif-
erase reporter assay, western blotting and RIP assay verified
that RPN2 was a direct target of miR-422a. These data also
demonstrated that miR-422a suppressed GBM growth at
least partially through RPN2. Furthermore, the present study
investigated the role of RPN2 in the miR-422a-mediated
regulation of GBM biological behaviors and Wnt/p-catenin
signaling pathway. Collectively, the findings revealed a novel
miR-422a/RPN2/Wnt/p-catenin axis implicated in GBM
development and progression, deepening the understanding of
the etiology of glioma.

Extensive studies have verified that RPN2 upregulation is
involved in the progression of various malignancies, and that
RPN2-mediated glycosylation of P-gp (encoded by MDR1)
is responsible for drug resistance in a number of cancers,
including breast cancer, ovarian cancer, gastric cancer and
esophageal squamous cell carcinoma (31-34). Additionally,
it has been reported that the P-gp gene is closely associated

with poor prognosis and temozolomide (TMZ) resistance in
high-grade gliomas (35,36). Accordingly, whether miR-422a
modulates TMZ chemosensitivity via RPN2 may be worth
investigating. However, to the best of our knowledge, there
have been no reports regarding the expression and function
of RPN2 in gliomas. Our previous unpublished study system-
atically evaluated RPN2 upregulation in glioma specimens
and GBM cell lines and investigated the tumor-promoting
mechanism (data not shown). Furthermore, in the present
study, survival analysis from online public databases indicated
that high RPN2 expression is associated with poor prognosis.
A limitation of the current study is that a log-rank test may
not applicable for survival plots where late-stage crossover
is present, although it is the most common way to analyze
survival differences. However, the survival time of gliomas
is generally similar to the normal distribution, few patients
have a very short or long survival time. Hence, the late-stage
crossover observed for patients with very long survival may
not be significant. Indeed, further verification of these data is
necessary to determine the prognostic significance of RPN2
using a weighted test, such as Renyi or Cramér-von Mises.
Wnt/B-catenin signaling is one of the most important
oncogenic pathways in GBM and represents a promising
target for glioma treatment (37,38). f-catenin in the nucleus
interacts with the TCF/LEF family to regulate the transcrip-
tion of multiple genes, including c-myc and cyclinD1, while
GSK-3p promotes its degradation contributing to Wnt signal
inactivation (37-39). Takahashi ef al (40) confirmed that RPN2
antagonizes GSK3[ through physical interactions and subse-
quently suppresses heat shock protein-containing HSP70 and
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Figure 7. RPN2 overexpression is associated with glioma grade and predicts a poor prognosis. (A) RPN2 expression level in gliomas with distinct WHO grades
from the CGGA database. Kaplan-Meier survival curves for (B) primary and (C) recurrent gliomas with low and high RPN2 expression from the CGGA
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HSP90, which are essential for mtp53 stabilization, enhanced
initiation, metastasis and cancer stem cell property acquisition
in breast cancer. Our previous experimental data also verified
that the knockdown of RPN2 inhibited the Wnt/f3-catenin
pathway in glioma (data not shown); hence, it was hypoth-
esized that miR-422a suppresses glioma growth through
the Wnt/B-catenin signaling pathway via RPN2. Indeed, the
present results revealed that miR-422a markedly disrupted
the Wnt/B-catenin pathway, whereas restoration of RPN2 in
LN229 and U87 cells with miR-422a overexpression could in
part abrogate the inhibitory effect of miR-422a. Therefore,
to the best of our knowledge, the present study demonstrated
for the first time the relationship between miR-422a, RPN2
and the Wnt pathway in glioma.

The miRNA/mRNA/signaling pathway is a complicated
regulatory network that is a critical molecular mechanism

for GBM recurrence, TMZ resistance and EMT (41-43).
miR-422a negatively modulates the EGFR/MEK/ERK
signaling pathway by targeting the mediator complex subunit
(Med19) (44). Additionally, miR-422a serves as a tumor
suppressor through the SULF2-mediated TGF-f/SMAD
signaling pathway in non-small cell lung cancer (45).
Furthermore, miR-422a inhibits the PI3K/AKT pathway by
directly targeting PIK3CA and AKT1 in glioma and colorectal
cancer, respectively (14,46). Combined with the present data
on Wnt signaling pathway regulation by miR-422a, the data
suggested that miR-422a may be a crucial anticancer gene
that acts through multiple signaling pathways. In addition,
Huang et al (47) reported that RPN2 promotes metastasis and
suppresses autophagy via STAT3 and NF-«B signaling path-
ways in hepatocellular carcinoma. These reports reflect the
complexity of the signal transduction pathways mediated by
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miR-422a that are implicated in cancer progression, including
glioma. However, the specific regulatory mechanism between
miR-422a and other pathways, such as NF/KB and STAT3, is
worthy of further study.

Mounting evidence has demonstrated that competing
endogenous RNA (ceRNA) networks play significant roles
in tumor biology. A variety of miRNAs are regulated by
other non-coding RNAs, such as circular RNAs (circRNAs)
and long non-coding RNAs (IncRNAs) (6,48). For instance,
Hong et al (12) reported that circCRIMI1 competitively
sponges miR-422a to block the inhibitory effect of miR-422a
on FOXQI1 and subsequently contributes to nasopharyngeal
carcinoma cell metastasis, EMT and docetaxel chemoresis-
tance. Zhou et al (49), demonstrated that IncRNAD63785
acts as a ceRNA of miR-422a and enhances chemoresistance
by retarding miR-422a-dependent suppression of MEF2D.
However, more circRNAs or IncRNAs sponging miR-422a
have been identified and validated (50,51), which may be of
significance in understanding the in-depth molecular mecha-
nism of glioma initiation and progression, and combined
treatment responses.

In conclusion, the present study confirmed that ectopic
miR-422a expression suppresses GBM tumorigenesis
and promotes apoptosis by regulating the Wnt/B-catenin
signaling pathway, and that RPN2 plays significant roles in the
miR-422a-mediated effect on tumor growth and Wnt pathway
regulation as a direct functional target of miR-422a. These
results revealed a novel miR-422a/RPN2/Wnt/B-catenin axis
in glioma, representing a potential candidate target for GBM
therapy.
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