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Long Noncoding RNA WEE2-AS1 Plays an Oncogenic Role in Glioblastoma

by Functioning as a Molecular Sponge for MicroRNA-520f-3p

Hengzhou Lin, Dahui Zuo, Jiabin He, Tao Ji, Jianzhong Wang, and Taipeng Jiang

Department of Neurosurgery, Shenzhen Second People’s Hospital, the First Affiliated Hospital of Shenzhen University,

Health Science Center, Shenzhen, P.R. China

The long noncoding RNA WEE2 antisense RNA 1 (WEE2-AS1) plays an oncogenic role in hepatocellular
carcinoma and triple negative breast cancer progression. In this study, we investigated the expression and roles
of WEE2-AS1 in glioblastoma (GBM). Furthermore, the molecular mechanisms behind the oncogenic actions
of WEE2-AS1 in GBM cells were explored in detail. WEE2-AS1 expression was detected using quantitative
real-time polymerase chain reaction. The roles of WEE2-AS1 in GBM cells were evaluated by the cell count-
ing kit-8 assay, flow cytometric analysis, Transwell cell migration and invasion assays, and tumor xenograft
experiments. WEE2-AS1 expression was evidently enhanced in GBM tissues and cell lines compared with
their normal counterparts. An increased level of WEE2-AS1 was correlated with the average tumor diameter,
Karnofsky Performance Scale score, and shorter overall survival among GBM patients. Functionally, depleted
WEE2-AS]1 attenuated GBM cell proliferation, migration, and invasion in vitro, promoted cell apoptosis, and
impaired tumor growth in vivo. Mechanistically, WEE2-AS1 functioned as a molecular sponge for microRNA-
520f-3p (miR-520f-3p) and consequently increased specificity protein 1 (SP1) expression in GBM cells. A
series of recovery experiments revealed that the inhibition of miR-520f-3p and upregulation of SP1 could
partially abrogate the influences of WEE2-AS1 downregulation on GBM cells. In conclusion, WEE2-AS1
can adsorb miR-520f-3p to increase endogenous SP1 expression, thereby facilitating the malignancy of GBM.
Therefore, targeting the WEE2-AS1-miR-520f-3p—SP1 pathway might be a promising therapy for the manage-

ment of GBM in the future.
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INTRODUCTION

Glioma is one of the most common types of primary
malignant brain tumors, accounting for approximately
46% of intracranial tumors'. According to the grading sys-
tem proposed by the World Health Organization (WHO)?,
all glioma cases could be classified into four categories:
low-grade astrocytomas (grades I-II), anaplastic astrocy-
tomas (grade III), and glioblastomas (GBMs; WHO grade
IV). In the past decade, there has been tremendous progress
in the development of comprehensive therapies for GBM
patients, including surgery, immunotherapy, stereotactic
radiotherapy, and chemotherapy™*. However, the clinical
outcomes remain unsatisfactory, with a median survival
period of 9-19 months’, and the poor prognosis is primar-
ily caused by the highly aggressive and invasive nature

of GBM®. The activation of oncogenes, inactivation of
tumor suppressors, and chromosomal abnormalities play
key roles in GBM pathogenesis; however, the detailed
molecular events are not fully understood’. Hence, fur-
ther characterization of the mechanisms underlying GBM
formation and progression is imperative for developing
promising techniques for anticancer therapy.
MicroRNAs (miRNAs) are an enormous group of
endogenous and noncoding short RNA molecules with
18-23 nucleotides®. miRNAs function as guide mol-
ecules in gene expression that can directly bind to the
3’-untranslated regions (3’-UTRs) of target genes via
base pairing, resulting in translational inhibition and/or
mRNA degradation’. As endogenous regulators of gene
expression, miRNAs directly or indirectly affect almost
all physiological and pathological processes, including
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tumorigenesis and tumor development'®'"". Increasing

studies have validated the aberrant expression of miRNAs
in GBM, which contributes to the occurrence and devel-
opment of GBM'*.

Long noncoding RNAs (IncRNAs) refer to a category
of transcripts containing more than 200 nucleotides". They
lack protein-coding ability but are involved in numerous
cellular processes by controlling gene expression at differ-
ent levels, including epigenetics, transcription, or posttran-
scription'®. Accumulating studies have demonstrated that
changes in IncRNA expression and their dysregulation are
closely related to GBM oncogenesis and progression'”'®.
IncRNAs exert cancer-inhibiting or cancer-promoting
activities, and they promote the aggressiveness of GBM by
regulating various malignant characteristics'*”’. IncRNAs
possess miRNA response elements (MREs) and serve as
natural miRNA sponges to release target mRNAs from
miRNAs”. Hence, IncRNA/miRNA/mRNA regulatory
pathways may provide effective targets for diagnosis, pre-
vention, and therapy in GBM.

Recent studies showed that the IncRNA WEE2 anti-
sense RNA 1 (WEE2-AS1) executes an oncogenic role
in hepatocellular carcinoma® and triple negative breast
cancer”. However, the expression profile and detailed
functions of WEE2-AS1 in GBM and its underlying
mechanisms remain poorly defined. In this study, we mea-
sured WEE2-AS1 expression in GBM and determined its
clinical relevance. Also, the influences of WEE2-AS1 on
the malignant behavior of GBM cells were investigated
both in vitro and in vivo. More importantly, the mecha-
nisms underlying the effects of WEE2-AS1 on GBM pro-
gression were elucidated in detail.

MATERIAL AND METHODS
Clinical Tissues

The Ethics Committees of Shenzhen Second People’s
Hospital (Shenzhen, China) approved this study, and
written informed consent was obtained from all partic-
ipants. A total of 59 GBM tissues were collected from
patients at Shenzhen Second People’s Hospital. Nineteen
normal brain tissues were obtained from patients who
died from traffic accidents and craniocerebral trauma. No
patient had received any preoperative therapies prior to
enrollment in the current study. All tissues were obtained,
quickly frozen in liquid nitrogen, and stored in liquid
nitrogen prior to RNA extraction.

Cell Culture

A normal human astrocyte (NHA) cell line was pur-
chased from ScienCell Research Laboratories (Carlsbad,
CA, USA) and cultured in astrocyte medium (ScienCell
Research Laboratories). GBM cell lines T98 and U138
(American Type Culture Collection; Manassas, VA, USA)
were maintained in minimum essential media (Gibco,
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Thermo Fisher Scientific Inc., Waltham, MA, USA) con-
taining 10% (v/v) fetal bovine serum (FBS; Gibco, Thermo
Fisher Scientific Inc.), 100 U/ml penicillin, and 100 pg/ml
streptomycin (Gibco, Thermo Fisher Scientific Inc.). Two
other GBM cell lines, including U251 and SHG-44, were
bought from Shanghai Institutes for Biological Sciences
Cell Resource Center (Shanghai, China) and maintained
in Dulbecco’s modified Eagle’s medium (Gibco, Thermo
Fisher Scientific Inc.) and RPMI-1640 medium (Gibco,
Thermo Fisher Scientific Inc.), which were both supple-
mented with 10% (v/v) FBS, 100 U/ml penicillin, and
100 pg/ml streptomycin (Gibco, Thermo Fisher Scientific
Inc.). All cells were grown at 37°C in a humidified incu-
bator supplied with 5% CO,.

Cell Transfection

The small interfering RNA (siRNA) targeting WEE2-
AS1 (si-WEE2-AS1) and negative control (NC) siRNA
(si-NC) were synthesized by RiboBio Technology
(Guangzhou, China). miR-520f-3p mimic, NC mimic,
miR-520f-3p inhibitor, and NC inhibitor were obtained
from GenePharma Co. Ltd. (Shanghai, China). The speci-
ficity protein 1 (SP1) overexpression plasmid was estab-
lished using pcDNA3.1 (pcDNA3.1-SP1; GenePharma
Co. Ltd.), with an empty pcDNA3.1 plasmid as the con-
trol. GBM cells in the logarithmic growth phase were
harvested, counted, and seeded in six-well plates. After
overnight incubation, cell transfection was performed
using Lipofectamine® 2000 (Invitrogen, Thermo Fisher
Scientific Inc.) according to the manufacturer’s protocol.

Subcellular Fractionation

The fractionation of nuclear and cytoplasmic RNA was
conducted using a PARIS Kit (Invitrogen, Thermo Fisher
Scientific Inc.). Cytoplasmic and nuclear RNAs were col-
lected and analyzed by quantitative real-time polymerase
chain reaction (QRT-PCR). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and U6 small nuclear RNA
were used as the internal controls for cytoplasmic and
nuclear RNA, respectively.

gRT-PCR

After total RNA isolation using TRIzol (Invitrogen,
Thermo Fisher Scientific Inc.), the extracted RNA was
analyzed using a NanoDrop 2000 spectrophotometer to
determine its concentration and purity. To detect miR-
520f-3p expression, reverse transcription and quantitative
PCR (qPCR) were conducted using an miRcute miRNA
First-Strand ¢cDNA Synthesis Kit (Tiangen Biotech,
Beijing, China) and miRcute miRNA gPCR Detection
Kit SYBR Green (Tiangen Biotech), respectively. U6
small nuclear RNA was used as an endogenous reference
to quantify miR-520f-3p expression. For the measure-
ment of WEE2-AS1 and SP1 expression, total RNA was
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reverse transcribed into complementary deoxyribonucleic
acid (cDNA) using a PrimeScript RT reagent kit (Takara
Biotechnology Co. Ltd, Dalian, China). The cDNA was
then subjected to qPCR using an SYBR Premix Ex Taq
kit (Takara Biotechnology Co. Ltd). Expression levels of
WEE2-AS1 and SP1 were normalized to the housekeep-
ing gene GAPDH. The 2™**“ method was used to calcu-
late relative gene expression.

The primers were designed as follows: WEE2-ASI,
5’-ATGGGGCTGTACTGAATACCG-3’ (forward) and 5’-
ATACCATGATCACGAAGGTGGTT-3’ (reverse); SP1,
5-CAGTGAGTCTTCCAAGAATCGC-3’ (forward) and
5'"-TTACTTGATACTGAATATTAGGCATCAC
T-3’ (reverse); GAPDH, 5'-CGGAGTCAACGGATTTGG
TCGTAT-3’ (forward) and 5’-AGCCTTCTCCATGGTGG
TGAAGAC-3’ (reverse); miR-520f-3p, 5-TCGGCAGG
CCUCUAAAGGGAA-3" (forward) and 5-CACTCAA
CTGGTGTCGTGGA-3’ (reverse); and U6, 5-GCTTCGG
CAGCACATATACTAAAAT-3 (forward) and 5’-CGCTT
CACGAATTTGCGTGTCAT-3’ (reverse).

Cell Counting Kit-8 (CCK-8) Assay

After cultivation for 24 h, transfected cells were har-
vested, and single-cell suspensions were subsequently
prepared. A 100-pl cell suspension containing 3 x 10° cells
was inoculated into 96-well plates. Cells were collected
0, 1, 2, and 3 days after seeding. At every time point, 10
ul of CCK-8 solution (Dojindo, Tokyo, Japan) was added
to each well, after which cells were incubated at 37°C
with 5% CO, for 2 h. The absorbance was detected at a
wavelength of 450 nm, and the growth curves were plot-
ted accordingly.

Flow Cytometric Analysis

Forty-eight hours posttransfection, cells were digested
with EDTA-free 0.25% trypsin (Gibco, Thermo Fisher
Scientific Inc.) and washed with precooled phosphate-
buffered saline. The supernatant was discarded, and the har-
vested transfected cells were analyzed using the Annexin
V-Fluorescein Isothiocyanate (FITC) Apoptosis Detection
Kit (BioLegend, San Diego, CA, USA) to evaluate apop-
tosis. After the cells were resuspended in 100 pl of bind-
ing buffer, 5 pl of annexin V-FITC and 5 pl of propidium
iodide solution were added to stain the cells. The rate of
apoptosis of the cells was detected using a FACScan flow
cytometer (BD Biosciences, San Jose, CA, USA).

Transwell Cell Migration and Invasion Assays

To measure cell migration, a single-cell suspension
was prepared by mixing 2 x 10° transfected cells with
1 ml FBS-free basal medium. A 200-ul cell suspension
was added to the apical chamber of Transwell plates (BD
Biosciences), while the basal medium supplemented
with 20% FBS was added to the basolateral chambers.
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The cells were incubated at 37°C with 5% CO, for 24 h.
Before staining with 0.5% crystal violet, the migrated
cells were fixed with 95% ethanol at room temperature
for 20 min. Cell invasion was examined using the same
experimental steps, except that Matrigel (BD Biosciences)
diluted in basal medium was added to the apical chamber.
The migrated and invaded cells were counted using an
inverted microscope (Olympus, Tokyo, Japan).

Tumor Xenograft Experiments

Lentiviral vectors carrying WEE2-AS1 short hair-
pin RNA (sh-WEE2-AS1) and NC short hairpin RNA
(sh-NC) were designed and produced by GenePharma
Co. Ltd. U251 cells were infected with the generated
lentiviral vectors, after which the cells were treated with
puromycin for 2 weeks to obtain stable cell lines express-
ing sh-WEE2-AS1 or sh-NC.

The animal experiments were approved by the Animal
Care and Use Committee of Shenzhen Second People’s
Hospital. Four-week-old male BALB/c nude mice were
purchased from Beijing HFK Bioscience (Beijing, China)
and subcutaneously injected with 2 x 10° U251 cells with
WEE2-AS1 stable knockdown. All mice were bred under
specific pathogen-free conditions. The width and length
of the tumor xenografts were measured using vernier cal-
ipers every 4 days. Tumor volumes were calculated using
the standard formula: volume = 0.5 x length x width’. At
4 weeks after cell injection, the mice were euthanized,
and the tumor xenografts were excised and weighed.

Bioinformatic Analysis

StarBase version 3.0 (http://starbase.sysu.edu.cn/) was
used to identify the potential miRNA targets of WEE2-
AS1. Three databases were used to search for putative
targets of miR-520f-3p: StarBase version 3.0, TargetScan
(http://www.targetscan.org/), and miRDB (http://mirdb.
org/).

RNA Immunoprecipitation (RIP) Assay

A Magna RIP RNA-binding protein immunoprecipi-
tation kit (Merck Millipore, Darmstadt, Germany) was
used to determine the interaction between WEE2-AS1
and miR-520f-3p using RIP assay. GBM cells were har-
vested via centrifugation and lysed in RIP lysis buffer.
The cell extracts were incubated overnight with magnetic
beads conjugated with human anti-Argonaute2 (Merck
Millipore) or normal immunoglobulin G (IgG) (Merck
Millipore) at 4°C. Following the removal of proteins
using a proteinase K buffer, qRT-PCR was performed to
analyze the enrichment of WEE2-AS1 and miR-520f-3p.

Luciferase Reporter Assay

The WEE2-AS1 wild-type (wt) fragments carry-
ing miR-520f-3p binding sequences and mutant (mut)
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WEE2-AS1 fragments were cloned into the pmirGLO
luciferase reporter plasmid (Promega Corporation,
Madison, WI, USA) to generate WEE2-AS1-wt and
WEE2-AS1-mut luciferase reporter vectors, respec-
tively. The SP1-wt and SP1-mut reporter plasmids were
designed and synthesized via the same experimental
procedures. GBM cells were transfected with wt or mut
reporter plasmids together with miR-520f-3p mimic or
NC mimic using Lipofectamine® 2000. Forty-eight hours
later, the collected transfected cells were assayed using a
Dual-Luciferase® Reporter Assay System (Promega) for
the measurement of luciferase activity.

Western Blotting

To extract total protein, transfected cells were lysed
with radioimmunoprecipitation assay (RIPA) solution
(Sangon Biotech Co. Ltd., Shanghai, China) supple-
mented with a protease inhibitor cocktail (Sangon
Biotech Co. Ltd.) and phenylmethanesulfonyl fluoride
(Sangon Biotech Co. Ltd.). After total protein quantifi-
cation using a BCA Protein Assay Kit (Sangon Biotech
Co. Ltd.), equal amounts of protein were subjected to
10% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) electrophoresis and transferred
to polyvinylidene fluoride membranes. The membranes
were blocked with 5% skim milk at room temperature
for 2 h and subsequently incubated overnight at 4°C
with primary antibodies against SP1 (Cat. No. b124804;
Abcam, Cambridge, MA, USA) or GAPDH (Cat. No.
ab128915; Abcam). The primary antibodies were used
with a dilution of 1:1,000. Next, a goat anti-rabbit IgG
horseradish peroxidase-conjugated secondary antibody
(Cat. No. ab6721; Abcam) was incubated with the mem-
branes at room temperature for 2 h. Finally, the protein
signals were visualized using the ECL Prime Western
Blotting Detection Reagent (GE Healthcare, Chicago,
IL, USA).

Statistical Analysis

All measurement results were presented as the mean
+ standard deviation and analyzed with SPSS 21.0
(SPSS, Chicago, IL, USA). The chi-square test was
used to test the association between WEE2-AS1 expres-
sion and clinicopathological data of patients with GBM.
Statistical significance between two groups was deter-
mined using Student’s #-test. The differences among
multiple groups were assessed using one-way analysis
of variance along with Tukey’s post hoc test. Pearson’s
correlation coefficient was determined to evaluate the
expression correlation between two genes in the 59
GBM tissues. Survival curves were plotted using the
Kaplan—Meier method and subsequently analyzed by
the log-rank test. A value of p < 0.05 was considered as
a statistically significant difference.
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RESULTS

WEE2-AS1 Silencing Suppresses Cell Proliferation,
Migration, and Invasion and Increases Cell Apoptosis
in GBM

To understand the roles of WEE2-AS1 in GBM, a total
of 59 GBM tissues and 19 normal brain tissues were col-
lected and subjected to qRT-PCR for WEE2-AS1 quanti-
fication. WEE2-AS1 was upregulated in GBM tissues in
comparison with that in normal brain tissues (Fig. 1A).
Also, all four GBM cell lines (T98, U138, U251, and
SHG-44) showed higher WEE2-AS1 levels compared
with that in the NHA cell line, as illustrated by qRT-PCR
(Fig. 1B). All GBM patients were arranged by the median
value of WEE2-AS1 expression in GBM tissues, and
the clinic significance was examined. High WEE2-AS|
expression presented close relationships with the average
tumor diameter (p = 0.019) and Karnofsky Performance
Scale (KPS) score (p = 0.035) (Table 1). In addition, an
increased level of WEE2-AS1 was evidently correlated
with shorter overall survival in patients with GBM (p =
0.0279) (Fig. 1C).

T98 and U251 cell lines exhibited the highest WEE2-
AS1 level in the four tested GBM cell lines and were
therefore used in the functional experiments. T98 and
U251 cells were transfected with three siRNAs target-
ing WEE2-AS1. si-WEE2-AS1#2 showed the highest
efficiency in silencing endogenous WEE2-AS1 expres-
sion (Fig. 1D) and was therefore selected for subsequent
experiments. The growth curves generated using the
results of the CCK-8 assays indicated that loss of WEE2-
AS]1 substantially decreased the proliferation of T98 and
U251 cells (Fig. 1E). Furthermore, the proportion of
apoptotic T98 and U251 cells was clearly increased after
WEE2-AS1 knockdown (Fig. 1F). Transwell cell migra-
tion and invasion assays were employed to determine the
impacts of WEE2-AS1 downregulation on the migratory
and invasive capacities of T98 and U251 cells. It was
obvious that the migration (Fig. 1G) and invasion (Fig.
1H) of WEE2-AS1-deficient T98 and U251 cells were
highly impaired compared with that in cells transfected
with si-NC. Overall, these data revealed that WEE2-AS1
performed an oncogenic role in GBM cells.

WEE2-AS1 Works by Adsorbing miR-520f-3p
in GBM Cells

To elucidate the molecular mechanisms underlying
the oncogenic role of WEE2-AS1 in GBM, IncLoca-
tor (IncRNA subcellular localization predictor) analysis
was conducted to identify the subcellular localization of
WEE2-ASI1. IncLocator predicted that WEE2-AS1 was
mostly distributed in the cytoplasm (Fig. 2A), which
was further confirmed by subcellular fractionation assay
(Fig. 2B). This result suggested that WEE2-AS1 may
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Figure 1. WEE2 antisense RNA 1 (WEE2-AS1) depletion inhibits the malignant characteristics of glioblastoma (GBM) cells. (A)
WEE2-ASI1 expression in 59 GBM tissues and 19 normal brain tissues was determined using quantitative real-time polymerase chain
reaction (QRT-PCR). (B) qRT-PCR analysis was applied to detect WEE2-AS1 expression in four GBM cell lines (T98, U138, U251,
and SHG-44) and a normal human astrocyte (NHA) cell line. (C) Kaplan—Meier survival analysis evaluated the correlations between
WEE2-AS]1 expression and the overall survival of 59 GBM patients (p = 0.0279). (D) The efficiency of si-WEE2-AS1 transfection
in T98 and U251 cells was assessed by qRT-PCR. (E) The impact of inhibited proliferation by WEE2-AS]1 silencing in T98 and
U251 cells relative to that in negative control short hairpin RNA (sh-NC)-transfected cells was examined using the cell counting
kit-8 (CCK-8) assay. (F) Flow cytometric analysis was performed to determine the apoptosis of T98 and U251 cells after WEE2-AS1
knockdown. (G, H) Migratory and invasive capacities of WEE2-AS1-deficient T98 and U251 cells were determined using Transwell

cell migration and invasion assays. *p < 0.05 and **p < 0.01.

modulate gene expression at the posttranscriptional level.
Recently, several studies revealed that IncRNAs exert
biological roles in human cancers via acting as compet-
ing endogenous RNAs (ceRNAs) by sponging certain
miRNAs and consequently regulating the expression of
their target mRNAs* . StarBase version 3.0 was utilized
to identify the potential miRNAs that can interact with
WEE2-AS1. Since miR-520f-3p was complementary
to WEE2-AS1 at position chr7:141437479-141437678
(Fig. 2C), it was selected for further confirmation based
on its antioncogenic actions in carcinogenesis and cancer
progression” >,

The luciferase reporter assay was conducted to test
the direct binding between WEE2-AS1 and miR-520f-3p
in GBM cells. Exogenous miR-520f-3p expression

resulted in a significant reduction in luciferase activ-
ity of WEE2-AS1-wt, whereas the luciferase activity of
WEE2-AS1-mut was unaltered in T98 and U251 cells
after miR-520f-3p upregulation (Fig. 2D). In addition,
WEE2-AS1 and miR-520f-3p showed enrichment in the
complex precipitated by Ago2, which is the critical com-
ponent of the RNA-induced silencing complex mediated
by miRNAs, as demonstrated by the RIP assay (Fig. 2E).
Furthermore, the regulatory action of WEE2-AS1 on
miR-520f-3p was evaluated in GBM cells after si-WEE2-
ASI1 or si-NC transfection. Interference of WEE2-AS1
expression caused a notable increase in miR-520f-3p
expression in T98 and U251 cells (Fig. 2F). Furthermore,
miR-520f-3p expression in GBM and its correlation to
WEE2-AS1 expression were determined. The expression
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Table 1. The Correlation Between WEE2-AS1 Expression and
Clinicopathological Data in 59 Cases of Glioblastoma (GBM) Tissues

p Value

WEE2-AS1

Clinicopathological Data High (n =30) Low (n=29)
Gender

Male 17 14

Female 13 15
Age

<60 years 16 17

260 years 14 12
Average tumor diameter

<5cm 11 20

>5cm 19 9
KPS score

>60 8 16

<60 22 13
Extension of resection

Subtotal 17 15

Total 13 14

0.606

0.795

0.019

0.035

0.796

KPS, Karnofsky Performance Scale score. The p value was acquired by chi-

square test.
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Figure 2. WEE2-AS]1 functions as a molecular sponge for miR-520f-3p in GBM cells. (A) IncLocator was used to predict the subcel-
lular localization of WEE2-AS1. (B) The subcellular distribution of WEE2-AS1 in T98 and U251 cells was tested by the subcellular
fractionation assay. (C) The binding site between WEE2-AS1 and miR-520f-3p was predicted by StarBase version 3.0. The mutant
sequences are shown. (D) Luciferase activity was detected in T98 and U251 cells that were cotransfected with miR-520f-3p mimic or
NC mimic and WEE2-AS1-wild type (wt) or WEE2-AS1-mutant (mut). (E) RNA immunoprecipitation (RIP) assay was carried out
in T98 and U251 cells, and the relative RNA level of WEE2-AS1 and miR-520f-3p in the immunoprecipitates was analyzed by qRT-
PCR. (F) qRT-PCR was applied to measure miR-520f-3p expression in T98 and U251 cells after si-WEE2-AS1 or si-NC transfection.
Transfection of si-WEE2-AS1 increased miR-520f-3p expression in T98 and U251 cells. (G) The miR-520f-3p expression in 59 GBM
tissues and 19 normal brain tissues was examined by qRT-PCR. (H) Pearson’s correlation coefficient showed a negative correlation
between miR-520f-3p and WEE2-AS1 expression in the 59 GBM tissues (r = —-0.6719, p < 0.0001). **p < 0.01.
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of miR-520f-3p was downregulated in GBM tissues com-
pared with that in normal brain tissues (Fig. 2G). More
importantly, miR-520f-3p presented an inverse correlation
with WEE2-AS]1 expression in the 59 GBM tissues (r =
—-0.6719, p < 0.0001) (Fig. 2H). Taken together, WEE2-
ASI1 physically interacted with miR-520f-3p and acted as
a molecular sponge for miR-520f-3p in GBM cells.

SP1 Is a Direct Target of miR-520f-3p in GBM Cells

To clarify the functions of miR-520f-3p in GBM cells,
miR-520f-3p mimic or NC mimic was transfected into
T98 and U251 cells, and functional experiments were
performed. First, the efficiency of miR-520f-3p mimic
transfection was assessed by qRT-PCR, and the results
confirmed the dramatic upregulation of miR-520f-3p
expression in miR-520f-3p mimic-transfected T98 and
U251 cells (Fig. 3A). Ectopic miR-520f-3p expression
distinctly inhibited T98 and U251 cell proliferation (Fig.
3B) and facilitated cell apoptosis (Fig. 3C). Additionally,
miR-520f-3p overexpression impaired T98 and U251 cell
migration (Fig. 3D) and invasion (Fig. 3E) as it effectively
decreased the number of migrated and invaded cells.

To elucidate the mechanisms underlying the activities
of miR-520f-3p in GBM cells, bioinformatic analysis
was conducted to determine candidates for miR-520f-3p.
SP1 (Fig. 3F), a tumor-promoting gene that is reported
to be highly expressed in GBM** ™, attracted our atten-
tion and was chosen for further study. The luciferase
reporter assay was applied to confirm this prediction.
The results revealed that the upregulation of miR-520-
f-3p could reduce the luciferase activity of SP1-wt in
T98 and U251 cells, while the suppression of luciferase
activity was abrogated when the binding sequences were
mutated (Fig. 3G). Furthermore, upregulated miR-520-
f-3p expression inhibited SP1 mRNA (Fig. 3H) and
protein (Fig. 3I) expression in T98 and U251 cells. In
addition, SP1 was evidently overexpressed in GBM tis-
sues when compared with that in normal brain tissues
(Fig. 3J). In the 59 GBM tissues, the mRNA level of SP1
was negatively associated with miR-520f-3p expression
(r = =0.5393, p < 0.0001) (Fig. 3K). All of the above
results provided sufficient evidence that SP1 is a direct
target of miR-520f-3p in GBM cells.

WEE2-AS1 Positively Regulates SP1 Expression
in GBM Cells via Sponging miR-520f-3p

Our study demonstrated that WEE2-AS1 works by
adsorbing miR-520f-3p in GBM cells and that SP1 is a
direct target of miR-520f-3p. Accordingly, we next exam-
ined whether SP1 expression is affected by WEE2-AS1
knockdown in GBM cells via sponging miR-520f-3p. To
this end, WEE2-AS1-depleted T98 and U251 cells were
subjected to qRT-PCR and Western blotting. A reduc-
tion in WEE2-AS|1 expression obviously suppressed the
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amount of SP1 mRNA (Fig. 4A) and protein (Fig. 4B)
in T98 and U251 cells. In addition, the expression lev-
els of WEE2-AS1 and SP1 mRNA were positively cor-
related in the 59 GBM tissues (r = 0.6259, p < 0.0001)
(Fig. 4C), as identified by Pearson’s correlation coeffi-
cient. Next, si-WEE2-AS1, together with miR-520f-3p
inhibitor or NC inhibitor, was introduced into T98 and
U251 cells, and the change in SP1 expression was mea-
sured. The transfection efficiency of miR-520f-3p inhibi-
tor in T98 and U251 cells was verified using qRT-PCR
(Fig. 4D). qRT-PCR and Western blotting revealed that
loss of WEE2-AST significantly decreased SP1 mRNA
(Fig. 4E) and protein (Fig. 4F) levels in T98 and U251
cells, while cotransfection with miR-520f-3p inhibitor
nearly reversed this trend. In short, WEE2-AS1 worked
as a molecular sponge for miR-520f-3p and consequently
increased SP1 expression in GBM cells.

SP1 Upregulation or miR-520f-3p Inhibition Weakens
the Impacts of WEE2-AS1 Depletion on the Malignant
Characteristics of GBM Cells

To determine whether WEE2-AS1 regulates the onco-
genicity of GBM by targeting the miR-520f-3p/SP1
axis, rescue experiments were performed in T98 and
U251 cells after cotransfection with si-WEE2-AS1 and
miR-520f-3p inhibitor or NC inhibitor. The results of the
CCK-8 assay and flow cytometric analysis suggested that
depleted WEE2-AS1 expression significantly impaired
T98 and U251 cell proliferation and promoted cell apop-
tosis. Significantly, inhibition of miR-520f-3p abrogated
the antiproliferation (Fig. 5A) and proapoptosis (Fig. 5B)
influences of WEE2-AS1 knockdown in T98 and U251
cells. In addition, the results from Transwell cell migra-
tion and invasion assays revealed that downregulation of
WEE2-AS1 restricted the migration (Fig. 5C) and inva-
sion (Fig. 5D) of T98 and U251 cells, while cotransfection
with miR-520f-3p inhibitor almost restored the migration
and invasion abilities of T98 and U251 cells that were
hindered by WEE2-AS1 knockdown.

Furthermore, the SP1 overexpression plasmid
pcDNA3.1-SP1 or empty pcDNA3.1 plasmid, in parallel
with si-WEE2-AS1, was transfected into T98 and U251
cells. Western blotting verified that transfection with
pcDNA3.1-SP1 efficiency increased SP1 protein expres-
sion in T98 and U251 cells (Fig. SE). The inhibited pro-
liferation (Fig. 5F) and increased apoptosis (Fig. 5G) in
T98 and U251cells caused by WEE2-AS1 silencing were
abrogated by the reintroduction of SP1. Furthermore, the
suppression of migratory (Fig. 5SH) and invasive (Fig. 51)
abilities triggered by WEE2-AS|1 interference was abated
by SP1 upregulation in T98 and U251 cells. These results
collectively suggested that WEE2-AS1 performed its
cancer-promoting actions in GBM progression via modu-
lation of the miR-520f-3p/SP1 axis.
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Downregulation of WEE2-AS1 Impairs Tumor Growth

were subcutaneously inoculated into nude mice to gener-
of GBM Cells In Vivo

ate tumor xenografts. The volumes of tumor xenografts

Lastly, tumor xenograft experiments were conducted in the sh-WEE2-AS1 group were smaller than those
to examine the impact of WEE2-AS1 depletion on GBM in the sh-NC group (Fig. 6A and B). Also, the weights
tumor growth in vivo. U251 cells infected with a WEE2- of tumor xenografts of the nude mice injected with sh-

AS1-depleted lentiviral vector or control lentiviral vector WEE2-AS|-transfected U251 cells were decreased in
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comparison with those of the nude mice injected with sh-
NC-transfected cells (Fig. 6C). Four weeks postinjection,
tumor xenografts were excised, and the expression levels
of WEE2-AS1, miR-520f-3p, and SP1 were determined.
The tumor xenografts derived from sh-WEE2-AS1-trans-
fected U251 cells showed lower WEE2-AS1 (Fig. 6D)
and SP1 (Fig. 6E) protein expression as well as higher
miR-520f-3p expression (Fig. 6F) compared with those
derived from sh-NC-transfected U251 cells. In summary,
knockdown of WEE2-AS1 inhibited GBM tumor growth
in vivo via regulating the miR-520f-3p/SP1 axis.

DISCUSSION

Dysregulated IncRNA expression has been observed in
many human cancer types, including GBM™’. Numerous
IncRNAs closely related to GBM pathogenesis have
been identified, leading to the development of promising
molecular-targeted therapy techniques™ ™. Accordingly,
targeting oncogenic IncRNAs or restoring antionco-
genic IncRNAs is possible and will likely be an effective
method to treat GBM. Although the number of identified
IncRNAs continuously increases”, their detailed roles are
largely unknown and require further investigation. In this
study, we first investigated the expression and roles of
WEE2-AS1 in GBM. Additionally, the molecular mecha-
nisms underlying the oncogenic actions of WEE2-AS1 in
GBM cells were explored in detail.

WEE2-AS1 is upregulated in hepatocellular carci-
noma® and triple negative breast cancer”. A high WEE2-

AS1 expression is significantly associated with hepatitis
B infection, major vascular invasion, and tumor differen-
tiation in hepatocellular carcinoma®. Hepatocellular car-
cinoma patients with high WEE2-AS1 expression have
shorter overall survival in contrast to those patients with a
low WEE2-AS1 level”. Functionally, WEE2-AS1 exerts
pro-oncogenic activities in hepatocellular carcinoma®
and triple negative breast cancer” and is implicated in
the control of multiple malignant behaviors. However, to
the best of our knowledge, whether WEE2-AS1 is dif-
ferentially expressed in GBM and contributes to GBM
progression has not yet been reported. Here, we found
that WEE2-AS1 was upregulated in GBM tissues and cell
lines relative to their normal counterparts. High WEE2-
AS1 expression was obviously correlated with average
tumor diameter, KPS score, and shorter overall survival
among patients with GBM. Loss of WEE2-AS1 expres-
sion in GBM cells suppressed cell proliferation, promoted
cell apoptosis, and hindered migration and invasion in
vitro. Additionally, interference of WEE2-AS1 expres-
sion inhibited GBM tumor growth in vivo.

Recently, considerable research has demonstrated
that IncRNAs, acting as ceRNAs or molecular sponges
for miRNAs, formed a huge and complex regulatory
network™™*. IncRNAs are capable of competitively bind-
ing to MREs and consequently weakening the regulatory
effects of miRNAs on their target mRNAs*. Extensive
investigation over the past few decades has demonstrated
the important functions of IncRNA-miRNA-mRNA
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Figure 5. The rescue effects of the miR-520f-3p/SP1 axis on WEE2-AS1 deficiency-mediated inhibition of GBM progression. (A, B)
si-WEE2-AS]1, in combination with miR-520f-3p inhibitor or NC inhibitor, was cotransfected into T98 and U251 cells. Cellular prolif-
eration and apoptosis were examined via the CCK-8 assay and flow cytometric analysis. (C, D) The migratory and invasive capacities
of T98 and U251 cells treated as described above were assessed using Transwell cell migration and invasion assays. (E) The protein
levels of SP1 in T98 and U251 cells were detected by Western blotting after the transfection of pcDNA3.1-SP1 or pcDNA3.1. (F-I)
T98 and U251 cells transfected with si-WEE2-AS1, together with pcDNA3.1-SP1 or pcDNA3.1, were subjected to the CCK-8 assay,
flow cytometric analysis, and Transwell cell migration and invasion assays for the assessment of cell proliferation, apoptosis, migra-
tion, and invasion, respectively. *p < 0.05 and **p < 0.01.
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pathways in many biological and pathological behav-
iors* and suggested that disruption of ceRNA networks
may cause several diseases, including cancers*"*.

To investigate whether WEE2-AS1 worked as a
miRNA sponge, IncLocator prediction analysis and sub-
cellular fractionation assays were performed to determine
the subcellular localization of WEE2-AS1 in GBM cells.
WEE2-AS1 was verified to be substantially enriched
in the cytoplasm of GBM cells, suggesting that WEE2-
AS1 has the potential to directly bind and interact with
cytoplasmic miRNAs. Bioinformatic analysis was per-
formed to search for target miRNAs that can interact
with WEE2-AS1. miR-520f-3p was predicted to have a
high probability of interacting with WEE2-AS1. Using
luciferase reporter assay, RIP assay, and qRT-PCR, we
found that WEE2-AS1 reduced miR-520f-3p expression
in GBM cells through direct binding. In addition, miR-
520f-3p expression was low in GBM tissues, which was
inversely correlated with WEE2-AS1 expression. In sub-
sequent experiments, our data showed that knockdown
of WEE2-AS1 could decrease SP1 expression (a direct
target of miR-520f-3p) in GBM cells at both mRNA
and protein levels. Furthermore, SP1 was upregulated in
GBM tissues and positively correlated with WEE2-AS1
expression. Based on rescue experiments, we confirmed
that the regulatory effects of WEE2-AS1 knockdown on
SP1 expression in GBM cells were attenuated following
miR-520f-3p inhibition. Together, all of these data lead
us to the identification of a novel ceRNA regulatory path-
way in GBM cells comprising WEE2-AS 1, miR-520f-3p,
and SP1.

miR-520f-3p is substantially underexpressed in lung
cancer’® and hepatocellular carcinoma® and is identi-
fied as a tumor-suppressing miRNA. In this study, our
data indicated that restoration of miR-520f-3p expression
led to a significant decrease in GBM cell proliferation,
migration, and invasion and an increase in cell apopto-
sis. Mechanisms by which miR-520f-3p executed its
antioncogenic roles during GBM progression were also
investigated. Mechanistic studies confirmed SP1 as a
direct downstream target of miR-520f-3p in GBM cells.
SP1, located at 12q13.1, is overexpressed in GBM™. Its
overexpression is closely associated with WHO grade and
poor prognosis in patients with GBM™. Moreover, SP1 is
validated as an independent prognostic marker for predict-
ing the survival of patients with GBM™. SP1 plays cancer-
promoting roles during GBM oncogenesis and progression
and is implicated in the regulation of various malignant
processes’' . Through a series of recovery experiments,
our results implied that miR-520f-3p inhibition or SP1
overexpression nearly abrogated the inhibitory impacts of
WEE2-AS1 depletion on proliferation, apoptosis, migra-
tion, and invasion of GBM cells, suggesting that WEE2-
AS1 may perform its actions through regulating the output
of the miR-520f-3p/SP1 axis. All of the above findings
revealed that WEE2-AS1 can adsorb miR-520f-3p to
increase endogenous SP1 expression, thereby facilitating
the malignancy of GBM. Therefore, targeting the WEE2-
AS1-miR-520f-3p—SP1 pathway might be a promising
therapy for the management of GBM in the future.

SP1 sites are numerous in the MGMT promoter and
mediate the therapy response in GBM**. Accordingly,
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WEE2-AS1 may be involved in the modulation of temo-
zolomide resistance in GBM. In our study, we did not
analyze the effect of WEE2-AS1 on temozolomide resis-
tance in GBM cells, and it was a limitation of our study.
We will resolve the limitation in our future experiments.
In summary, WEE2-AS1 knockdown increased miR-
520f-3p expression to reduce SP1 expression in GBM
cells. This resulted in inhibited cell proliferation, migra-
tion, and invasion and increased apoptosis in vitro as well
as impaired tumor growth in vivo. Our findings suggest that
the WEE2-AS1-miR-520f-3p—SP1 regulatory pathway
may provide attractive targets to develop diagnostic and
prognostic biomarkers and therapies for treating GBM.
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