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Purpose: The long intergenic non-protein coding RNA 1094 (LINC01094) plays a vital role
in the oncogenicity of clear cell renal cell carcinoma. However, its expression profile and
detailed roles in glioblastoma (GBM) remain unknown. In this study, we mainly investigated
the expression and roles of LINC01094 in GBM and focused on the mechanism by which
LINCO01094 regulates the malignant characteristics of GBM.

Patients and Methods: LINC01094 expression in GBM was determined with quantitative
reverse transcription polymerase chain reaction. The proliferation, apoptosis, migration,
invasion in vitro, and tumor growth in vivo of GBM cells were evaluated using Cell
Counting Kit-8 assay, flow cytometry analysis, migration assay, invasion assay, and tumor
xenograft models, respectively.

Results: LINC01094 was overexpressed in GBM tissues and cell lines. Moreover, increased
LINC01094 expression was associated with adverse clinicopathological parameters in
patients with GBM. Loss of LINC01094 inhibited GBM cell proliferation, migration, and
invasion; promoted cell apoptosis; and suppressed tumor growth in vivo. Mechanically,
LINC01094 functioned as a molecular sponge for microRNA-577 (miR-577) and conse-
quently enhanced the expression of brain-derived neurotrophic factor (BDNF) in GBM cells.
Both miR-577 inhibition and BDNF expression enhancement reversed LINC01094 defi-
ciency-mediated inhibition of malignant processes in GBM cells.

Conclusion: Our results verified the involvement of the LINC01094/miR-577/BDNF path-
way in GBM cells and its enhancing effects on the aggressive behaviors of GBM cells
in vitro and in vivo. This pathway may be a novel and promising focus for the future
development of targeted therapies for GBM.

Keywords: long intergenic non-protein coding RNA, glioblastoma, microRNA, brain-

derived neurotrophic factor

Introduction

Glioma is the most common and aggressive human malignant tumor of the central
nervous system.' Annually, approximately 200,000 patients worldwide are newly
diagnosed with glioma, and this number continues to increase.” Glioma can be
subdivided into four histopathological grades according to the degree of malig-
nancy, i.e., grades I-IV.> Glioblastoma (GBM), also known as glioblastoma multi-

forme, is a World Health Organization grade IV glioma. It is the most aggressive
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subtype and the most lethal malignancy affecting humans.*
Considerable progress has been made in therapeutic tech-
niques for GBM, which range from surgical resection to
adjuvant chemotherapy, immunotherapy, and targeted
therapies. However, the current clinical oncology strate-
gies are ineffective and the long-term prognosis of most
patients remains unsatisfactory.® A large proportion of
patients receiving first-line therapies for GBM die within
2 years after confirmed diagnosis.” The dismal outcome of
GBM is mainly due to a characteristic infiltrative growth
pattern, which increases the difficulty of radical resection
and facilitates relapse.® In this context, comprehensive
elucidation of the mechanisms associated with GBM
pathogenesis may significantly enable the development of
potential therapeutic targets and guide future anticancer
strategies.

Long non-coding RNAs (IncRNAs) are a heterogeneous
group of RNA transcripts longer than 200 nucleotides.’
LncRNAs lack an open reading frame and do not encode
proteins.'® Although these transcripts were first identified as
transcriptional noise, recent evidence has identified the
crucial roles of IncRNAs in almost all physiological and
pathological processes including cancer genesis and
progression.'! Studies on GBM have described differential
IncRNA expression and identified certain IncRNAs to be
closely linked to oncogenicity.'*'* LncRNAs may exert
cancer-inhibiting or cancer-promoting activities in GBM
and are implicated in the regulation of a wide array of
biological behaviors."*

MicroRNAs (miRNAs) have elicited significant interest
from scientific researchers in recent years. These small non-
coding RNAs negatively regulate gene expression by
directly binding to the 3’-untranslated region (UTR) of the
target gene, resulting in mRNA degradation and/or transla-
tion inhibition.'> Studies have increasingly revealed the
anomalous profiles of miRNAs in GBM and identified
modulatory roles of these molecules in oncogenesis and
1618 The RNA
(ceRNA) pathway has become a popular focus of IncRNA

progression. competitive endogenous
research.'” LncRNAs possess miRNA response elements
and act as natural miRNA sponges to liberate target genes
from bound miRNAs.?*?' Accordingly, exploration of the
regulatory actions of the IncRNA/miRNA axis in GBM
may reveal attractive cancer diagnostic, prognostic, and
therapeutic targets.

Long intergenic non-protein coding RNA 1094
(LINCO01094) plays a vital role in the oncogenicity of clear

cell renal cell carcinoma? In this study, we aimed to

investigate the expression patterns and detailed roles of
LINC01094 in GBM. We also explored the mechanism by
which LINC01094 regulates the malignant characteristics of
GBM. MiR-577 is downregulated in GBM, and executes
tumor-suppressing actions during cancer progression.”?
Upregulation of miR-577 inhibits cell growth and cell viability
in GBM by regulating the Wnt Signaling Pathway.*® MiR-577
was predicted as a potential target that may be sponged by
LINC01094. After this, a series of experiments were per-
formed to confirm this prediction.

Patients and Methods
Ethical Statement

Written informed consent was provided by all participating
subjects. The study was performed under the approval of
the Ethics Committee of Weifang People’s Hospital
(2015#0514) and carried out in accordance with principles
of the Declaration of Helsinki.

Patients and Tissue Specimens

Human GBM tissue samples were acquired from 51 patients
with GBM at Weifang People’s Hospital. Normal brain tissue
samples were collected from 14 patients with cerebral inju-
ries. Patients who had received radiotherapy, chemotherapy,
or other anticancer treatments were excluded from this study.
All tissue samples were snap-frozen and stored in liquid
nitrogen until further use.

Cell Lines and Culture Conditions

A normal human astrocyte (NHA) cell line was acquired
from ScienCell Research Laboratories (Carlsbad, CA,
USA). The Shanghai Institutes for Biological Sciences
Cell Resource Center (Shanghai, China) provided the
U251 and SHG-44 GBM cell lines. The GBM cell lines
U138, LN-229, and T98 were purchased from American
Type Culture Collection (Manassas, VA, USA).

U251 and LN-229 cells were maintained in Dulbecco’s
modified Eagle’s medium (Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA), whereas U138 and
T98 cells were cultured in Minimum Essential Media
(Gibco; Thermo Fisher Scientific, Inc.). The SHG-44 and
NHA cell lines were grown in RPMI-1640 medium
(Gibco; Thermo Fisher Scientific, Inc.) and astrocyte med-
ium (ScienCell Research Laboratories), respectively. All
basal media were supplemented with 10% fetal bovine
serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and
1% penicillin/streptomycin antibiotics (Gibco; Thermo
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Fisher Scientific, Inc.). Cells were cultivated at 37°C under
humidified conditions with 5% CO,.

Cell Transfection

To silence LINC01094, small interfering RNAs (siRNAs)
specific for LINC01094 (si-LINC01094#1, si-LINC01094#2,
and si-LINC01094#3) and negative control (NC) siRNA
(si-NC) were designed and chemically synthesized by
GeneChem (Shanghai, China). MiR-577 mimics and miR-
577 inhibitor (both from GenePharma; Shanghai, China)
were used to increase and reduce miR-577 expression, respec-
tively. NC miRNA mimics (miR-NC) and NC inhibitor (both
from GenePharma) were used as scramble controls. The
BDNF-overexpressed plasmid pcDNA3.1-BDNF and the
empty pcDNA3.1 plasmid vector were purchased from
RiboBio (Guangzhou, China). Oligonucleotides and plasmids
were transfected into cells using Lipofectamine 2000
(Invitrogen; Thermo Fisher Scientific, Inc.).

Quantitative Reverse Transcription
Polymerase Chain Reaction (RT-qPCR)

Total RNA was extracted using the TRIzol reagent
(Invitrogen; Thermo Fisher Scientific, Inc.). The PrimeScript
RT reagent kit (Takara Biotechnology Co., Ltd, Dalian, China)
was used to reverse transcribe total RNA into complementary
DNA (cDNA). LINC01094 and BDNF mRNA expressions
were analyzed via quantitative PCR with the SYBR Premix
Ex Taq kit (Takara Biotechnology Co., Ltd). Additionally,
cDNA was generated from miRNA using the miScript
Reverse Transcription kit (Qiagen GmbH, Hilden, Germany)
and subjected to quantitative PCR using the miScript SYBR
Green PCR kit (Qiagen GmbH) to quantify miR-577. U6
small nuclear RNA was used as the internal standard for
miR-577 quantification, and GAPDH was used as the internal
standard for LINC01094 and BDNF mRNA expressions.

Relative gene expression was calculated by the 27**“* method.

Subcellular Fractionation

Subcellular fractionation of GBM cells was performed
using NE-PER™ Nuclear and Cytoplasmic Extraction
Reagents (Thermo Fisher Scientific, Inc.). The relative
expression of LINC01094 in the nuclear and cytoplasmic
fractions was determined using RT-qPCR. GAPDH and
U6 were used as the internal cytoplasmic and nuclear

controls, respectively.

Cell Counting Kit-8 (CCK-8) Assay
Transfected cells were harvested after a 24-h culture
and resuspended into a single-cell suspension at a density of
2 x 10* cells/mL. A 0.1-mL aliquot of the cell suspension was
inoculated into each well of a 96-well plate. The cells were
treated with 10 pL. CCK-8 solution (Dojindo, Tokyo, Japan)
every 24 h until the endpoint of 72 h. After additional
2-h incubation at 37°C in 5% CO,, the optical absorbance at
a wavelength of 450 nm was detected using a microplate
reader (BioTek Instruments, Winooski, VT, USA).

Flow Cytometry Analysis

At post-transfection 48 h, cells were detached from the
culture plates using EDTA-free trypsin (Gibco; Thermo
Fisher Scientific, Inc.) and washed twice with phosphate-
buffered saline at 4°C. After centrifugation at 1000 rpm for
5 min at 4°C, the supernatant was discarded and the collected
cells were subjected to cell apoptosis analysis using the
annexin V—fluorescein isothiocyanate (FITC) Apoptosis
Detection Kit (BioLegend, San Diego, CA, USA). The trans-
fected cells were resuspended in 100 pL of 1% binding buffer
and double stained with 5 pL FITC-annexin V and 5 pL
propidium iodide. Apoptotic cells were quantified via flow
cytometry using FACScan (BD Biosciences, Franklin Lakes,
NJ, USA) after 15-min incubation in the dark.

Migration and Invasion Assays

The migratory abilities of GBM cells were determined
(8-um pore size; BD
Biosciences). GBM cells that had been transfected with
the aforementioned molecular products were digested with
Trypsin-EDTA (Gibco; Thermo Fisher Scientific, Inc.),
pelleted by centrifugation, and resuspended in FBS-free

using Transwell chambers

basal medium. The cell suspension was adjusted to
a density of 5 x 10° cells/mL. The upper chambers were
loaded with 200 pL of the cell suspension, and the lower
chambers were filled with 600 uL of culture medium con-
taining 20% FBS. After 24-h incubation at 37°C with 5%
CO,, migratory cells were fixed with 4% paraformaldehyde
and stained with 0.5% crystal violet. The stained cells were
extensively washed and counted under an inverted micro-
scope (Olympus Corporation, Tokyo, Japan). Invasion
assay was performed using the same procedure as migration
assay, except that the Transwell chambers were precoated
with Matrigel (BD Biosciences).
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Tumor Xenograft Model

LINCO01094 short hairpin RNA (shRNA; sh-LINC01094)
and negative control shRNA (sh-NC) were packaged using
a lentiviral packaging kit (GeneChem) and transfected into
U251 cells. Puromycin was used to select stably trans-
fected cells.

Male BALB/c nude mice aged 4-6 weeks (Shanghai
SLAC Laboratory Animal Co., Ltd; Shanghai, China)
were maintained under specific pathogen-free conditions
(25°C; 50% humidity; 10-h light/14-h dark cycle). All ani-
mal research was approved by the Institutional Animal Care
Committee of Weifang People’s Hospital (2018#1204), and
conducted in compliance with the Animal Protection Law
of the People’s Republic of China-2009 for experimental
animals. A total of 5 x 10° U251 cells with stable expression
of either sh-LINC01094 or sh-NC were inoculated subcu-
taneously into the flank of each mouse. The width and
length of each subcutaneous tumor was measured every
5 days using a caliper, and tumor volume was calculated
using the following formula: 0.5 x length x width?®. All mice
were euthanized after 30 days, and the subcutaneous tumors
were excised, photographed, and weighed. Total RNA and
protein samples were also extracted and subjected to
RT-gPCR and Western blotting, respectively.

Bioinformatics Prediction Analysis

The Gene Expression Profiling Interactive Analysis
(GEPIA) database (http://gepia.cancer-pku.cn/), which
includes data from The Cancer Genome Atlas (TCGA)
and Genotype-Tissue Expression (GTEx), was used to

evaluate the expression of LINC01094 in gliomas and its
relationship with overall survival. Starbase 3.0 (http://star
base.sysu.edu.cn/) was used to predict the miRNA(s) that
may be sponged by LINCO01094. Three bioinformatics
databases, Starbase 3.0, miRDB (http://mirdb.org/), and
TargetScan

(http://www.targetscan.org/vert 71/), were

used to identify the putative targets of miR-577.

RNA Immunoprecipitation (RIP) Assay

RIP assay was performed using the Magna RIP RNA-
binding protein immunoprecipitation kit (Merck Millipore,
Darmstadt, Germany). GBM cell suspensions were lysed
using complete RIP lysis buffer (KeyGen BioTECH;
Nanjing, China). Whole-cell extract was incubated over-
night at 4°C with an equal volume of magnetic beads
coupled with human anti-Argonaute 2 (Ago2; Millipore)
or anti-immunoglobulin G (IgG; Millipore) antibodies.

Then, magnetic beads were harvested and probed with
Proteinase K for protein digestion. Immunoprecipitated
RNA was subjected to RT-qPCR.

Luciferase Reporter Assay

A LINCO01094 fragment containing the predicted wild-type
(wt) miR-577 binding site and a mutant (mut) LINC01094
fragment was designed and chemically generated by
The
pmirGLO luciferase reporter plasmid (Promega Corporation,
Madison, WI, USA) to yield LINC01094-wt and LINC01094-
mut plasmids, respectively. The same experimental steps were
also used to generate BDNF-wt and BDND-mut reporter
plasmids.

GenePharma. fragments were inserted into the

Cells were cultured in 24-well plates and transfected
with either the wt or mut reporter plasmid and miR-577
mimic or miR-NC using Lipofectamine 2000. Transfected
cells were incubated at 37°C in a humidified atmosphere
with 5% CO, for 48 h. Luciferase activity was detected
using the Dual-Luciferase Reporter Assay System
(Promega Corporation). Luciferase activity was normal-

ized against Renilla luciferase activity.

Western Blotting

RIPA buffer (Pierce; Thermo Fisher Scientific, Inc.) was
used to isolate total proteins from transfected cells. The
concentrations of lysates were determined using a BCA
protein assay kit (Beyotime Biotechnology; Shanghai,
China). Equal amounts of protein were separated via
10% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and transferred onto polyvinylidene difluoride
membranes. After 2-h blocking in 5% defatted milk
powder at room temperature, the membranes were
reacted overnight at 4°C with primary antibodies against
BDNF (ab108319; Abcam, Cambridge, MA, USA) or
GAPDH (ab181603; Abcam). Subsequently, the mem-
branes were treated with horseradish peroxidase-labeled
secondary antibodies (ab205718; Abcam) for 1 h at room
temperature. Finally, signals from labeled proteins were
detected using the ECL Detection Kit (GE Healthcare
Life Sciences, Chalfont, UK).

Statistical Analysis

All data are expressed as mean =+ standard deviation.
Comparisons between two groups were performed using
Student’s ¢-test. One-way analysis of variance combined with
Tukey’s test was performed to analyze differences among
multiple groups. Correlations between the expressions of two
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genes in GBM tissues were examined using Pearson’s correla-
tion coefficient analysis. The Kaplan—-Meier method was per-
formed to generate survival curves, which were compared
using the Log rank test. P-values of <0.05 were considered
statistically significant.

Results
LINCO1094 Expression Is Elevated in
GBM Tissues and Cell Lines

Analysis of tissue microarray data from the GEPIA data-
base confirmed an evident increase in LINC01094 expres-
sion in glioma tissues (n = 163) compared with that in
normal brain tissues (n = 207; Figure 1A). To confirm this
finding, RT-qPCR was performed to detect LINC01094
expression in 51 GBM tissues and 14 normal brain tissues.
The results revealed that LINC01094 was significantly
upregulated in GBM tissues compared with in normal
brain tissues (Figure 1B). The same trend of LINC01094
expression was also identified in five GBM cell lines
(U251, SHG-44, U138, LN-229, and T98; Figure 1C).
Regarding the clinical relevance of LINC01094 in
GBM, overall survival analysis based on the GEPIA data-

base yielded a non-significant correlation between

LINCO01094 expression and the overall survival of patients
with GBM (Figure 1D). Our data yielded the same result
(Figure 1E; P = 0.7835). Using the median value of
LINCO01094 in GBM tissues as the cutoff score, all
patients were classified into the high- or low-LINC01094
group. Statistical analysis indicated that high LINC01094
expression was significantly correlated with the mean
tumor diameter (P = 0.025) and Karnofsky Performance
Scale (KPS) score (P = 0.012; Table 1). Overall, these
results suggest that LINC01094 expression is elevated in
GBM and is associated with tumor progression.

Downregulation of LINC01094 Inhibits

the Malignant Processes in GBM Cells

Because the U251 and T98 cell lines exhibited the stron-
gest LINC01094 expression among the five GBM cell
lines, these two cell lines were used in the subsequent
experiments. To explore the role of LINC01094 as
a regulator of malignant processes in GBM cells, siRNAs
targeting LINCO01094 were designed and evaluated to
determine the efficacy of silencing. RT-qPCR verified
that si-LINC01094#1 and si-LINC01094#2 achieved opti-
mal LINCO01094 knockdown efficacy (Figure 2A). To

S 4 I 5 8 5 8 *k
0 S 5 @ oS 67 % 83 61 o
o= . a8 = - 5 -
3 8 41 Dok 3 8 4 a4 > 8 4 ” ek
0Z 3 T % o Z 5 o Z
232wt | 239 = F 23 )]
5 ¥ 5= 55
14 0L —— 04 0 . i 0
T S Normal GBM 25338
£ 6 IS4~
3 73
D E
— 1.01 — LowLINCO10a: TP _ 1.01 .
2 08 B oo —High-LINC01094
2 06 g ~Low-LINC01094
= 2 06 P=0.7835
E 0.4 E 0.4-
2 02 g 0.2
O g0l T S ol T
0 20 40 60 80 0 20 40 60
Months Months

Figure | Elevated long intergenic non-protein coding RNA 1094 (LINCO01094) expression in glioblastoma (GBM) tissues and cell lines (A) The Gene Expression Profiling
Interactive Analysis database was used to analyze the expression of LINC01094 in glioma tissues (n = 163) and normal brain tissues (n = 207). (B) LINCO01094 expression
was evaluated in 5| GBM tissues and 14 normal brain tissues based on quantitative reverse transcription polymerase chain reaction (RT-qPCR). (C) LINC01094 expression in
five GBM cell lines (U251, SHG-44, U138, LN-229, and T98) versus normal human astrocytes was evaluated and compared using RT-qPCR. (D) The Gene Expression
Profiling Interactive Analysis database was used to analyze the association between LINC01094 expression and overall survival in patients with glioma. (E) Kaplan—Meier
analysis was performed to evaluate the correlation between LINC01094 expression and overall survival in patients with GBM (P = 0.7835). **P < 0.01.
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Table | Association Between Long Intergenic Non-Coding RNA
1094 (LINC01094) and Clinicopathological Parameters in Patients
with GBM

Clinicopathological LINCO01094 Expression | P
Parameters .
High Low
(n =26) (n =25)
Sex 0.781
Male 15 13
Female I 12
Age 0.404
<55 years 14 10
255 years 12 15
Mean tumor diameter 0.025
<5 cm 7 15
25 cm 19 10
Karnofsky Performance 0.012
Scale score
>80 9 18
<80 17 7
Extension of resection 0.267
Subtotal 16 I
Total 10 14

decrease the risk of off-target effects, si-LINCO01094#1
and si-LINC01094#2 were used in the subsequent func-
tional assays. The effect of LINC01094 downregulation on
the proliferation of GBM cells was determined using
CCK-8 assay. In U251 and T98 cells, LINC01094

knockdown resulted in obvious decreases in cell prolifera-
tion (Figure 2B). Additionally, LINC01094 depletion
strongly enhanced the apoptosis of U251 and T98 cells,
as suggested by flow cytometry analysis (Figure 2C).
Migration and invasion assays clearly illustrated that
LINCO01094 downregulation inhibited the migratory
(Figure 2D) and invasive (Figure 2E) abilities of U251
and T98 cells. Altogether, these observations suggest that
LINCO01094 plays a pro-oncogenic role during GBM gen-
esis and progression.

LINCO1094 Acts as an Efficient miR-577
Sponge in GBM Cells

After determining that LINC01094 was pro-oncogenic in
GBM cells, we next elucidated the mechanisms by which
LINC01094 exerted these effects. The mechanisms under-
lying the functions of IncRNAs are determined primarily by
the locations of these molecules.”* Hence, we determined
the location of LINC01094 expression in GBM cells using
In U251 and T98 cells,
LINCO01094 was mainly concentrated in the cytoplasm

subcellular fractionation.
rather than in the nucleus (Figure 3A), suggesting that this
IncRNA regulates gene expression as a molecular sponge or
ceRNA. We then performed bioinformatics prediction ana-
lysis to identify potential target miRNAs. Among the iden-
tified candidates, miR-577 (Figure 3B) was exceptional
because it was shown to play anti-oncogenic roles in
GBM cells***** and was selected for further verification.

U251

Migratory cells

A B : C
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S - g15 < SILINGO109452 g15 ~si-LINGO1094#2 =
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55 5 1.0 _/I/IH‘ 51.0 H 3|gl |Te g ©
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Figure 2 Long intergenic non-protein coding RNA 1094 (LINCO01094) depletion inhibits the proliferation, migration, and invasion and promotes the apoptosis of U25I and
T98 glioblastoma cell lines in vitro. (A) Quantitative reverse transcription polymerase chain reaction (RT-qPCR) was performed to assess the efficiency of transfection with
small interfering RNAs specific for LINC01094 (si-LINCO01094) or negative control (NC) siRNA (si-NC). (B) Cell Counting Kit-8 assay was performed to analyze the
proliferative abilities of U251 and T98 cells after LINCO1094 knockdown. (C) Flow cytometry was performed to evaluate the frequency of apoptosis in si-LINC01094-
transfected or si-NC-transfected U251 and T98 cells. (D, E) U251 and T98 cells were subjected to migration and invasion assays after transfection with si-LINC01094 or si-

NC. *P < 0.05 and **P < 0.01.
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Figure 3 Long intergenic non-protein coding RNA 1094 (LINCO1094) acts as a molecular sponge for microRNA (miR)-577 in glioblastoma (GBM) cells. (A)
Subcellular fractionation was performed to test the localization of LINC01094 expression in U251 and T98 cells. (B) Bioinformatics prediction analysis predicted the
site of binding between wild-type LINC01094 and miR-577. The mutant binding sequences are also shown. Hsa represents the meaning of human. (C) miR-577
expression in U251 and T98 cells transfected with si-LINC01094 or si-NC was detected by quantitative reverse transcription polymerase chain reaction (RT-qPCR).
(D) miR-577 expression was detected in 5| GBM tissues and 14 normal brain tissues using RT-qPCR. (E) Pearson’s correlation coefficient analysis was performed to
determine the association between LINC01094 and miR-577 expressions in 5| GBM tissues (r = —0.5247, P < 0.0001). (F) The efficiency of miR-577 mimic in U251
and T98 cells was quantified using RT-qPCR. (G) U251 and T98 cells were cotransfected with miR-577 mimic or negative control miRNA mimics (miR-NC) and
plasmids encoding wild-type (LINCO1094-wt) or mutant LINC01094 (LINCO1094-mut). After 48-h culture, luciferase activity in the cells was analyzed using the Dual-
Luciferase Reporter Assay System. (H) RNA immunoprecipitation assay was performed to verify the interaction between LINC01094 and miR-577 in U251 and T98
cells. ¥P < 0.01.

To verify this prediction, we performed RT-qPCR to BDNF Is a Direct Target of miR-577 and

determine the relationship between LINC01094 and Is Positively Regulated b)’ LINCO1094 in
miR-577 in GBM. Notably, miR-577 expression
GBM Cells

increased in U251 and T98 cells when LINCO01094 B R-577 dentified hibiti
was knocked down (Figure 3C). In addition, miR-577 écause ,ml ] was2312§n1 et as a c.ancer—ln forng
miRNA in GBM cells,”*> we next studied the mechan-

ion d d in GBM ti d with . . . .
cxpression decreased 1 issues compared wi isms by which miR-577 suppressed the malignant charac-

that i 1 in ti Fi D). I tantl ..
at in normal brain tissues (Figure 3D). Importantly, teristics of these cells. Three databases (Starbase 3.0,

Pearson’s correlation coefficient analysis demonstrated miRDB, and TargetScan) were searched to identify miR-
577 target genes. We selected BDNF (Figure 4A) based on
previous reports describing the tumor-promoting activities
of BDNF and the strong expression in GBM.*®?’
Luciferase reporter assay was performed to assess whether
miR-577 could bind directly to LINC01094. First, as miR-577 could bind directly to the 3'-UTR of BDNF. The
illustrated in Figure 3F, RT-qPCR validated that trans-  einiroduction of miR-577 clearly reduced the luciferase
fection with miR-577 mimic significantly increased activity of BDNF-wt, but not of BDNF-mut, in U251 and
miR-577 expression in U251 and T98 cells. This upre-  T9g cells (Figure 4B). Moreover, RT-qPCR and Western
gulation of miR-577 led to noticeable decreases in the  pjotting revealed that the expressions levels of BDNF
LINCO01094-wt-associated luciferase activity in U251 [1RNA (Figure 4C) and protein (Figure 4D) were dis-
and T98 cells, whereas the luciferase activity of tinctly downregulated in U251 and T98 cells treated with
LINC01094-mut ~ was  unaffected (Figure 3G). the miR-577 mimic. Next, RT-qPCR revealed that BDNF
Furthermore, both LINC01094 and miR-577 were pre- mRNA was overexpressed in GBM tissues compared with

ferentially enriched in a precipitation experiment using  that in normal brain tissues (Figure 4E). We then per-

an inverse correlation between the expression levels of
LINCO01094 and miR-577 in the 51 GBM tissues
(Figure 3E; r = —0.5247, P < 0.0001). Next, we per-
formed luciferase reporter assay to determine whether

Ago2 antibody-coupled magnetic beads (Figure 3H). In  formed Pearson’s correlation coefficient analysis to ana-
summary, these findings prove that LINC01094 func- lyze the correlation between miR-577 and BDNF mRNA
tions as a molecular sponge for miR-577 in GBM cells.  expressions in the 51 GBM tissues. Further, BDNF mRNA
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microRNA (miR)-577. (A) The wild-type miR-577 binding site in the 3'-untranslated region of BDNF, as predicted by bioinformatics prediction analysis. Hsa represents the
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respectively. **P < 0.01.

expression was found to correlate inversely with miR-577
expression in these tissues (Figure 4F; r = —0.5926,
P < 0.0001).

The ability of IncRNAs to regulate the expressions of
target mRNAs via the ceRNA pathway has been widely
accepted.”® A series of experiments was performed to deter-
mine whether LINC01094 affects BDNF expression in GBM
cells. RT-qPCR and Western blotting affirmed that the loss of
LINCO01094 considerably decreased the expressions levels of
BDNF mRNA (Figure 4G) and protein (Figure 4H) in U251
and T98 cells. The correlation between the BDNF and

LINC01094 expressions was also analyzed in the 51 GBM
tissues using Pearson’s correlation coefficient analysis. The
results indicated that LINC01094 expression was correlated
positively with BDNF mRNA expression in these tissues
(Figure 4I; r = 0.5803, P < 0.0001). Furthermore, rescue
experiments were performed to verify whether LINC01094
positively regulated BDNF expression by sponging miR-
577. First, the efficiency of miR-577 inhibitor was evaluated
using RT-qPCR. Transfection with miR-577 inhibitor mark-
edly suppressed miR-577 expression in U251 and T98 cells
(Figure 4J). Subsequently, miR-577 inhibitor or NC inhibitor
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was cotransfected with si-LINC01094 into U251 and T98
cells. BDNF mRNA and protein expressions in the trans-
fected cells was analyzed using RT-qPCR and Western blot-
ting, respectively. Notably, LINC01094 silencing led to the
downregulation of both BDNF mRNA (Figure 4K) and
protein (Figure 4L) expressions in U251 and T98 cells. By
contrast, the miR-577 inhibitor abrogated these regulatory
actions, suggesting that LINC01094 exerts its regulatory
effects on BDNF expression by sponging miR-577. These
assays suggest that LINC01094 modulates BDNF expression
in GBM cells by binding competitively to miR-577.

LINCO1094 Exerts Tumor-Promoting
Activities in GBM Cells by Upregulating
the Output of the miR-577/BDNF Axis

Rescue experiments were performed to determine whether
LINCO01094 regulates the malignant processes in GBM cells
via the miR-577/BDNF axis. U251 and T98 cells were
transfected with the miR-577 inhibitor or NC inhibitor in
the presence of si-LINC01094. Functional assays demon-
strated that the LINC01094 deficiency-induced suppression
of U251 and T98 cell proliferation (Figure 5A), promotion
of cell apoptosis (Figure 5B), and impairment of cell migra-
tion (Figure 5C) and invasion (Figure 5D) were markedly
abolished by cotransfection with the miR-577 inhibitor.

pcDNA3.1-BDNF was also used in rescue experi-
ments, and its transfection efficiency was evaluated by
Western blotting (Figure 5E). pcDNA3.1-BDNF  or
empty vector was cotransfected with si-LINC01094 into
U251 and T98 cells. CCK-8 assay and flow cytometry
analysis revealed that LINC010094 downregulation sup-
pressed cell proliferation (Figure 5F) while promoting cell
apoptosis (Figure 5G), whereas this pattern was nearly
rescued by cotransfection with pcDNA3.1-BDNF. The
results of migration and invasion assays also validated
this phenomenon (Figure 5H and I). In summary,
LINCO01094 exerts its pro-oncogenic roles on the malig-
nant processes in GBM cells by regulating the output of
the miR-577/BDNF axis.

Depletion of LINCO01094 Inhibits GBM

Tumor Growth in vivo

A xenograft tumor model was used to further address the
biological roles of LINC01094 in the growth of GBM
tumors in vivo. Nude mice were injected subcutaneously
with U251 cells that had been stably transfected with sh-
LINCO01094 or sh-NC. Xenograft tumors derived from sh-

LINCO01094-transfected U251 cells exhibited reductions in
size (Figure 6A), volume (Figure 6B), and weight (Figure
6C) compared with the tumors derived from sh-NC-
transfected cells. RT-qPCR and Western blotting of xeno-
graft tumors revealed that xenograft tumors derived from
sh-LINCO01094-treated cells tended to express lower
expression levels of LINC01094 (Figure 6D) and BDNF
protein (Figure 6E) as well as higher expression level of
miR-577 (Figure 6F) than those derived from sh-NC-
treated cells. These data suggest that LINC01094 depletion
led to GBM tumor growth suppression in vivo by enhan-
cing miR-577 and decreasing BDNF expression.

Discussion

Recent research has focused increasingly on IncRNAs,
which control many genetic pathways.>****’ Studies
from the last decade have increasingly highlighted the
important roles of IncRNAs in GBM.?*** Dysregulated
IncRNAs can modulate the malignant processes associated
with GBM initiation and progression.>® Therefore,
IncRNAs may be developed as effective diagnostic bio-
markers and therapeutic targets in GBM. Unfortunately,
many IncRNAs remain to be thoroughly investigated in
GBM. In this study, we mainly evaluated the expression
characteristic and clinical relevance of LINC01094 in
GBM. More importantly, we explored the biological
roles of LINC01094 in GBM cells and the associated
molecular mechanism.

LINCO01094 is expressed at high levels in clear cell
renal cell carcinoma.?” Functionally, LINC01094 depletion
restricted cell growth and metastasis in clear cell renal cell
carcinoma.”? Nevertheless, the expression profile and
detailed roles of LINC01094 in GBM remain unknown.
In this study, we used the GEPIA database (including
TCGA and GTEx that
LINCO01094 is strongly expressed in glioma, which is in

projects) to demonstrate
line with our results. In addition, LINC01094 was upregu-
lated in the five tested GBM cell lines compared with in
NHAs. To determine the clinical value, we also analyzed
the correlations between LINC01094 expression and clin-
icopathological parameters in patients with GBM. The
increased expression of LINC01094 was significantly cor-
related with the mean tumor diameter and KPS score in
patients with GBM. However, neither the data obtained
from the GEPIA database nor our results revealed an
association between LINCO01094 expression and overall
survival in patients with GBM. Biologically, LINC01094
loss led to the suppression of GBM cell proliferation,
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Figure 5 Inhibition of microRNA (miR)-577 or reintroduction of brain-derived neurotropic factor (BDNF) reverses the inhibited malignant characteristics of long
intergenic non-protein coding RNA 1094 (LINCO01094)-deficient glioblastoma (GBM) cells. (A) U251 and T98 GBM cells transfected with small interfering RNA specific
for LINCO1094 (si-LINC01094) in the presence of miR-577 inhibitor or negative control (NC) inhibitor were subjected to Cell Counting Kit (CCK)-8 assay to evaluate
cell proliferation. (B) Flow cytometry analysis was utilized to determine the apoptosis of U251 and T98 cells that were treated as above described. (C, D) Migration and
invasion assays were carried out to assess the migratory (C) and invasive (D) capacities of aforementioned cells. (E) BDNF protein expression levels in U25] and T98
cells transfected with plasmid encoding BDNF (pcDNA3.1-BDNF) or empty vector (pcDNA3.1) were detected by Western blotting. (F) U251 and T98 cells were
cotransfected with si-LINC01094 and pcDNA3.I1-BDNF or pcDNA3.1. The proliferation of transfected cells was detected by CCK-8 assay. (G) Flow cytometry analysis
was employed in determining the apoptosis of U251 and T98 cells that were cotransfected with si-LINC01094 and pcDNA3.1-BDNF or pcDNA3.1. (H, I) Migration and

invasion assays were used to analyze the migration (H) and invasion (I) of U25| and T98 cells after cotransfection with si-LINC01094 and pcDNA3.|-BDNF or
pcDNA3.I. *P < 0.05 and **P < 0.01.

migration, and invasion but the promotion of cell apopto- mRNA.2° LncRNAs possess miRNA response elements
sis in vitro. In addition, interference with LINC01094 and act as molecular sponges for specific miRNAs, thereby
expression impaired the growth of GBM cells in vivo. decreasing the binding of these miRNAs to their target

LncRNAs have been implicated widely in the regulation ~ mRNAs.** To elucidate the possible mechanisms by which
of cancer oncogenesis and progression through a range of  LINCO01094 contributes to GBM progression, we performed
mechanisms.** The ceRNA hypothesis is becoming increas-  subcellular fractionation and RT-qPCR to determine the loca-
ingly popular in IncRNA research and provides a network  lization of LINC01094 expression in GBM cells. As a result,
regulatory model that comprises IncRNA, miRNA, and  majority of LINC01094 concentrated in GBM cell cytoplasm
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Figure 6 Depletion of long intergenic non-protein coding RNA 1094 (LINC01094)

inhibits glioblastoma xenograft growth in vivo. (A) Tumor xenografts were excised

on day 30 after cell injection and photographed. (B) Tumor volumes were monitored every 5 days after cell injection, as shown in the corresponding growth curves. (C) The
weights of the xenograft tumors were measured 30 days after cell injection. (D—F) The expression levels of LINC01094, BDNF protein, and microRNA-577 in the xenograft

tumors. **P < 0.01.

rather than nucleus, reflecting its probability as a molecular
sponge for miRNAs.

Bioinformatics prediction analysis performed in this
study predicted complementary base pairing between
miR-577 and LINC01094. To prove this hypothesis, we
first clarified the correlation between the expressions of
LINC01094 and miR-577. LINC01094 knockdown led to
notable upregulation of miR-577 in GBM cells. Moreover,
miR-577 downregulation was correlated inversely with the
expression of LINC01094 in GBM tissues. Furthermore,
luciferase reporter and RIP assays were performed to vali-
date the link between LINC01094 and miR-577 in GBM
cells. Notably, miR-577 could bind directly to LINC01094
in these cells. We then performed RT-qPCR and Western
blotting to demonstrate decreases in the mRNA and protein
expression levels of BDNF, a target of miR-577, in GBM
cells after LINC01094 knockdown. Further rescue experi-
ments elucidated that LINC01094 silencing caused down-
regulation of BDNF expression was markedly recovered in
GBM cells after miR-577 inhibition. To summarize, our
results demonstrated, for the first time, that LINC01094
acts as a ceRNA in GBM cells by competitively binding
to miR-577, which rescues the inhibition of BDNF and
consequently increases its expression.

MiR-577 is expressed at low levels in GBM tissues and
cell lines.?® This miRNA acts as a tumor suppressor in GBM
cells, where it affects tumor cell viability, proliferation,

migration, and invasion.”>*> However, few studies have
explored the downstream targets of miR-577 in GBM cells.
The results of this study identified BDNF as a direct target of
miR-577 in GBM cells. BDNF is an important neurotrophin
in the brain®® and is highly expressed in tumor tissues.*®
Functional assays indicated that BDNF acts as an oncogene
in GBM by inducing the malignant characteristics of GBM.?’
Herein, our data demonstrate that LINC01094 knockdown
decreased BDNF expression in GBM cells by sponging miR-
577, whereas an increased output of the miR-577/BDNF axis
counteracted the LINC01094 deficiency-mediated inhibition
of malignant processes in GBM cells. Thus, our study ver-
ified the involvement of the LINC01094/miR-577/BDNF
pathway in GBM cells and its enhancing effects on the
aggressive behaviors of GBM cells in vitro and in vivo.

Conclusion

LINC01094 promoted the initiation and progression of GBM.
Mechanically, LINC01094 exerted its oncogenic actions in
GBM cells partially by acting as a ceRNA for miR-577 and
consequently enhancing BDNF expression. Our results pre-
sent an attractive, novel, and promising direction for the
future development of targeted therapies for GBM.
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