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Long noncoding RNA NEAT1 promotes glioma pathogenesis
by regulating miR-449b-5p/c-Met axis
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Abstract Growing evidence demonstrates that long noncod-
ing RNAs (lncRNAs) are involved in the progression of var-
ious cancers including glioma. Nuclear enriched abundant
transcript 1 (NEAT1), an essential lncRNA for the formation
of nuclear body paraspeckles, was not fully explored in glio-
ma. We aimed to determine the expression, roles, and func-
tional mechanisms of NEAT1 in the progression of glioma. By
real-time PCR, we suggested that NEAT1 was upregulated in
glioma tissues than noncancerous brain tissues. Knockdown
of NEAT1 reduced glioma cell proliferation, invasion, and
migration. RNA immunoprecipitation assay combined with
luciferase reporter assay confirmed miR-449b-5p-specific
binding to NEAT1. Furthermore, we verified that c-Met was
a directly target of miR-449b-5p. Rescue assays demonstrated
NEAT1 functions a molecular sponge for miR-449b-5p and
leads to the upregulation of c-Met. This regulation menchaism
promotes glioma pathogenesis and may provide a potential
target for the prognosis and treatment of glioma.
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Introduction

Glioma is themost commonmalignant tumor in central nervous
system [1, 2]. Despite recent advances in treatment of surgery,
radiotherapy, and chemotherapy, the prognosis of malignant
glioma is still extremely poor [3, 4]. Therefore, the new poten-
tial biomarker for early diagnosis and novel therapeutic target
needs to be explored. Although dozens of studies have indicat-
ed the complex gene interaction and molecular modulation net-
work in the development of glioma, the research on revealing
the oncogenes and tumor suppressors is still on the road [5, 6].

LncRNAs, which did not encode any proteins, are more than
200 nucleotides in length and have been shown to play key roles
in imprinting control, cell differentiation, immune responses,
human diseases, tumorigenesis, and other biological processes
[7–9]. Expression profile revealed that many of lncRNAs were
significantly altered in glioma tissue that implies that it may serve
as oncogene or tumor suppressor in glioma development [10].
Indeed, several studies reported that lncRNAs related to glioma
development and progression by regulating cell growth and me-
tastasis [11, 12]. However, there are little studies about the role of
nuclear enriched abundant transcript 1 (NEAT1) in glioma.

NEAT1 is one of the most highly regulated lncRNAs in the
recent pangenomic datasets [13]. Twenty years ago, Guru et al.
identified that it is transcribed from the familial tumor syn-
drome multiple endocrine neoplasia (MEN) type 1 locus on
chromosome 11 and lacks any introns [14]. The alternation of
NEAT1 expression has been reported in human malignancies,
including leukemia and ovarian carcinoma, and plays impor-
tant roles in tumorigenesis [15, 16]. To the present, lncRNAs
have been demonstrated to function as competing endogenous
RNAs (ceRNA) by competitively binding common
microRNAs (miRNAs) [17–19]. So, lncRNAs can function
as sponges for onco-miRNAs or tumor suppressor-miRNAs,
and then could regulate tumor cell growth and metastasis [20,
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21]. Therefore, we speculate that NEAT1 also has roles as
miRNAs sponges to modulate the functions of miRNAs.

In the current study, we found that NEAT1 is upregulated in
glioma tissues. And, we found that the upregulation of
NEAT1 promotes the proliferation, invasion, and migration
of glioma cells though regulate miR-449b-5p/c-Met axis.

Materials and methods

Clinical specimens

The 15 clinican tumor tissues were collected from surgical
resections of brain glioma in the Department of Neurology,
Shengjing Hospital, China Medical University, Liaoning
Province, China. The adjacent normal tissues, which are de-
fined as normal in the results, were obtained 2 cm away from
the glioma tissue. These tissues were divided into two groups:
grades I–II glioma group (n=10) and grades III–IV glioma
group (n=5) according to the 2007 WHO classification of
tumors in the central nervous system. All of the patients re-
ceived surgery, and without preoperative chemotherapy or
radiation therapy. The specimens were snap frozen in liquid
nitrogen and stored at −80 °C until used in this study.

Cell lines

The glioma cell lines (U87, U373, and U251) were purchased
from ATCC (Manassas, VA). All of the glioma cells were
maintained in DMEM medium and supplemented with 10 %
fetal bovine serum (FBS), 100 U/mL penicillin, and 100 μg/
mL streptomycin.

Cell transfection

All of the constructs used to overexpression or knockdown of
NEAT1 were purchased from RiboBio (RiboBio, China). The
glioma cells were transfected by Opti-MEM I and
Lipofectamine2000 reagents (Invitrogen, CA,USA) at approx-
imately 50–70 % confluence according to the manufacturer’s
instructions after 24 h of culture. Stable cell lines were created
by selection with Geneticin (G418; Invitrogen, CA, USA).

RNA extraction and qRT-PCR

Total RNAwas extracted from the cell lines by using TRIzol
reagent. Then, RNA was synthesized into cDNA using M-
MLV in a 10-μl volume. Real-time polymerase chain reaction
(real-time PCR) was conducted using an SYBR Green mix in
a 10-μl reaction volume on an ABI Prism 7900 Sequence
Detector System (ABI, Foster City, CA). The expression of
each miRNAwas normalized to GAPDH and calculated using
the 2−ΔΔCt method. Primer used in this study was shown as

follows, GAPDH: forward 5′-TGCACCACCAACTGC
TTAGC-3′, reverse 5′-GGCATGCACTGTGGTCATG
AG-3′, miR-449b-5p: forward 5′-GGGAGGCAGTGTATTG
TTA-3 ′, reverse 5′-CAGTGCGTGTCGTGGAGT-3 ′,
NEAT1: forward 5-GUCUGUGUGGAAGGAGGAATT-3′,
reverse 5′-UUCCUCCUUCCACACAGACTT-3′.

Cell proliferation assay

Twenty-hours after transfection, cells were seeded in 96-well
plates at 8000 cells per well. The 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-tetrazolium bromide (MTT) assay was used to
determine cell viability at the point of 0, 12, 24, and 48 h after
seeding. The absorbance at 570 nm was measured using a
Quant Universal Microplate Spectropho-tometer (BioTek,
Winooski, VT).

Apoptosis detection

Apoptosis was assessed using Annexin V-FITC/PI double
staining kit (Beyotime, Jiangsu, China). Cells were harvested
and stained with Annexin V-FITC and PI according to the
manufacturer’s instructions. Cell samples were analyzed on
flow cytometry (FACScan, BD Biosciences).

Cell migration and invasion assay, luciferase reporter
assay, and pull-down assay

Cell migration and invasion assay, luciferase reporter assay,
and pull-down assay were described previously [22, 23].

In vivo tumor xenograft studies

The protocol of constructing the stable cell lineswas described as
before [24]. Then, the stable si-NEAT1 overexpressionU87 cells
or control cells were inoculated with 4×106 cells per site bilat-
erally on the axillary fossae of female athymic nude mice aged
6–8 weeks. Tumor size was monitored by measuring the length
and width with calipers, and volumes were calculated with the
formula: (L×W2)×0.5, where L is the length andWis thewidth
of each tumor. Themice used in this experimentweremaintained
under specific pathogen-free conditions and handled in accor-
dance with NIH Animal Care and Use Committee regulations.

Real-time PCR-based miRNA expression profiling

Total miRNA was reverse-transcribed using Megaplex RT
Primers (Applied Biosystems). The produced cDNAs were
preamplified using Megaplex PreAmp Primers (Applied
Biosystems), and the preamplified products were applied to
a TaqMan Human MicroRNA Array Panel. Real-time PCR
was performed using a 7900HT Fast Real-Time System
(Applied Biosystems). The real-time PCR data obtained using
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the TaqMan MicroRNA Panel was analyzed with Applied
Biosystems software (SDS ver. 2.3 and RQ manager ver.
1.2). For quantification, the relative CT method (−ΔΔCT
method) was applied. U6 small nuclear B noncoding RNA
(RNU6B) was used as the endogenous control. Each sample
was run in triplicate to ensure quantitative accuracy.

Statistical analysis

All the data were presented as the mean±SD. The significance
of differences was carried out by two paired Student’s t test,

and GraphPad 5.0 software was used for statistical analysis.
P<0.05 was considered statistically significant.

Results

NEAT1 was upregulated in glioma tissues and cell lines

In order to identify the role of lncRNA NEAT1 in glioma, we
performed real-time PCR to measure the expression of
lncRNA NEAT1 in 15 glioma tissues, four normal brain

Fig. 2 Knockdown of NEAT1 inhibited cell proliferation, migration, and
invasion and promoted apoptosis of glioma cells. a NEAT1 expression
levels were evaluated using qRT-PCR in si-NEAT1-transfected U251 and
U87 cells. b MTT assay was performed to determine the proliferation of
U251 and U87 cell lines stably knockdown of NEAT1. c Transwell assay
was performed in U251 and U87 cells stably knockdown of NEAT1 to

investigate changes in cell migration and invasiveness. d The apoptotic
percentages of U251 and U87 cells stably knockdown of NEAT1 were
detected by flow cytometry. The LR region suggested the early apoptotic
cells. Data were presented as mean±SD from three independent
experiments. *P<0.05. Scale bar represents 20 μm

Fig. 1 The expression of NEAT1 is downregulated in glioma. a
Quantitative analysis of the expression levels of NEAT1 normalized
against those of GAPDH using qRT-PCR. There are four adjacent
normal tissues, 15 glioma tissues and glioma cell lines U373, U87, and

U251. b Quantitative analysis of the expression levels of NEAT1 in
adjacent normal tissues, low-grade glioma (I-II), and high-grade glioma
(III-IV). *P<0.05 compared with the normal group
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Table 1 starBase (v2.0) predicted the miRNAs that target NEAT1

name mirAccession geneName targetSites bioComplex clipReadNum cancerNum

hsa-miR-379-5p MIMAT0000733 NEAT1 1 1 1975 8

hsa-let-7a-5p MIMAT0000062 NEAT1 1 1 1975 6

hsa-let-7i-5p MIMAT0000415 NEAT1 2 1 4721 6

hsa-miR-320d MIMAT0006764 NEAT1 2 7 5 6

hsa-miR-433-3p MIMAT0001627 NEAT1 1 6 0 6

hsa-miR-370-3p MIMAT0000722 NEAT1 2 8 4137 6

hsa-miR-539-5p MIMAT0003163 NEAT1 1 2 92 6

hsa-miR-125a-3p MIMAT0004602 NEAT1 1 1 8 6

hsa-miR-28-5p MIMAT0000085 NEAT1 1 1 12 6

hsa-let-7f-5p MIMAT0000067 NEAT1 2 1 4721 6

hsa-miR-98-5p MIMAT0000096 NEAT1 2 1 4721 6

hsa-miR-503-5p MIMAT0002874 NEAT1 1 6 0 6

hsa-miR-214-3p MIMAT0000271 NEAT1 1 1 12 5

hsa-miR-129-5p MIMAT0000242 NEAT1 1 1 5 5

hsa-let-7e-5p MIMAT0000066 NEAT1 2 1 4721 5

hsa-miR-216a-5p MIMAT0000273 NEAT1 1 1 8 5

hsa-let-7c-5p MIMAT0000064 NEAT1 1 1 1975 5

hsa-let-7b-5p MIMAT0000063 NEAT1 1 1 1975 5

hsa-let-7 g-5p MIMAT0000414 NEAT1 2 1 4721 5

hsa-miR-335-5p MIMAT0000765 NEAT1 1 6 0 5

hsa-let-7d-5p MIMAT0000065 NEAT1 1 1 1975 5

hsa-miR-505-3p MIMAT0002876 NEAT1 1 4 0 5

hsa-miR-107 MIMAT0000104 NEAT1 1 6 0 4

hsa-miR-495-3p MIMAT0002817 NEAT1 1 7 1977 4

hsa-miR-324-5p MIMAT0000761 NEAT1 2 6 0 4

hsa-miR-124-3p MIMAT0000422 NEAT1 2 9 4522 4

hsa-miR-320b MIMAT0005792 NEAT1 2 7 5 3

hsa-miR-146b-5p MIMAT0002809 NEAT1 1 6 0 3

hsa-miR-329-3p MIMAT0001629 NEAT1 2 7 5 3

hsa-miR-543 MIMAT0004954 NEAT1 1 2 0 3

hsa-miR-154-5p MIMAT0000452 NEAT1 1 3 5 3

hsa-miR-365a-3p MIMAT0000710 NEAT1 1 8 6328 3

hsa-miR-193a-3p MIMAT0000459 NEAT1 1 7 2892 3

hsa-miR-10a-5p MIMAT0000253 NEAT1 1 4 36 3

hsa-miR-27a-3p MIMAT0000084 NEAT1 1 7 1722 3

hsa-miR-181d-5p MIMAT0002821 NEAT1 2 8 4562 3

hsa-miR-10b-5p MIMAT0000254 NEAT1 1 4 36 3

hsa-miR-499a-5p MIMAT0002870 NEAT1 1 9 30 3

hsa-miR-320a MIMAT0000510 NEAT1 2 7 5 3

hsa-miR-204-5p MIMAT0000265 NEAT1 2 7 4397 3

hsa-miR-27b-3p MIMAT0000419 NEAT1 1 7 1722 3

hsa-miR-504-5p MIMAT0002875 NEAT1 1 6 0 3

hsa-miR-9-5p MIMAT0000441 NEAT1 1 6 0 2

hsa-miR-181b-5p MIMAT0000257 NEAT1 2 8 4562 2

hsa-miR-194-5p MIMAT0000460 NEAT1 1 6 0 2

hsa-miR-708-5p MIMAT0004926 NEAT1 1 1 12 2

hsa-miR-34c-5p MIMAT0000686 NEAT1 1 1 1975 2

hsa-miR-342-3p MIMAT0000753 NEAT1 2 8 9220 2

hsa-miR-377-3p MIMAT0000730 NEAT1 3 8 8670 2

hsa-miR-193b-3p MIMAT0002819 NEAT1 1 7 2892 2
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tissues, and three glioma cell lines. Compared with normal
brain tissues, glioma tissues and cell lines showed higher ex-
pression levels of lncRNA NEAT1 (P<0.05, Fig. 1a).
Furthermore, NEAT1 were increased with the rising patholog-
ical grades of gliomas (P<0.05, Fig. 1b).

Knockdown of NEAT1 inhibited cell proliferation,
migration, and invasion and promoted apoptosis of glioma
cells

To assess the potential functional role of NEAT, NEAT1-
siRNA plasmids were constructed, and the efficiency was
measured in glioma cell lines (60 % decreases in U87 cells,
70 % decreases in U251 cells, Fig. 2a). As shown in Fig. 2b,
knockdown of NEAT1 resulted in a significantly decreased
proliferation of U87 and U251 glioma cells compared to the
respective si-NC group (P<0.05). Transwell assays were used
to detect the effects of si-NEAT1 on the invasiveness and

migratory ability of glioma cells. As shown in Fig. 2c, knock-
down of NEAT1 reduced the invasiveness by roughly 75 % in
U87 cells and by roughly 65 % in U251 cells. Corresponding
effects were also observed in a parallel migration assay, which
indicated a significant reduction of migration in U87 and
U251 cells compared with the respective si-NC group
(P<0.05). Moreover, Fig. 2d shows that knockdown of
NEAT1 significantly promoted the apoptosis in both U87
and U251 cells compared with the si-NC group (P<0.05).

Screen and verified miR-449b-5p could directly target
NEAT1

A growing body of literature has confirmed that lncRNAmay
function as a competing endogenous RNA (ceRNA) or a mo-
lecular sponge in modulating the concentration and biological
functions of miRNA. To determine the miRNAs that are in-
teraction with NEAT1, we used the bioinformatics,

Table 1 (continued)

name mirAccession geneName targetSites bioComplex clipReadNum cancerNum

hsa-miR-181c-5p MIMAT0000258 NEAT1 2 8 4562 2

hsa-miR-125a-5p MIMAT0000443 NEAT1 1 6 0 2

hsa-miR-103a-3p MIMAT0000101 NEAT1 1 6 0 2

hsa-miR-3619-5p MIMAT0017999 NEAT1 1 1 12 2

hsa-miR-146a-5p MIMAT0000449 NEAT1 1 6 0 2

hsa-miR-339-5p MIMAT0000764 NEAT1 3 6 0 2

hsa-miR-590-3p MIMAT0004801 NEAT1 1 7 5 2

hsa-miR-383-5p MIMAT0000738 NEAT1 1 1 5 2

hsa-miR-506-3p MIMAT0002878 NEAT1 2 9 4522 2

hsa-miR-34a-5p MIMAT0000255 NEAT1 1 1 1975 1

hsa-miR-101-3p MIMAT0000099 NEAT1 1 1 14 1

hsa-miR-181a-5p MIMAT0000256 NEAT1 2 8 4562 1

hsa-miR-202-3p MIMAT0002811 NEAT1 1 1 5 1

hsa-miR-211-5p MIMAT0000268 NEAT1 2 7 4397 1

hsa-miR-22-3p MIMAT0000077 NEAT1 1 1 5 1

hsa-miR-320c MIMAT0005793 NEAT1 2 7 5 1

hsa-miR-371a-5p MIMAT0004687 NEAT1 1 4 86 1

hsa-miR-3139 MIMAT0015007 NEAT1 1 1 12 1

hsa-miR-449a MIMAT0001541 NEAT1 1 1 1975 1

hsa-miR-362-3p MIMAT0004683 NEAT1 2 7 5 1

hsa-miR-761 MIMAT0010364 NEAT1 1 1 12 0

hsa-miR-425-5p MIMAT0003393 NEAT1 1 8 6328 0

hsa-miR-449b-5p MIMAT0003327 NEAT1 1 1 1975 0

hsa-miR-4500 MIMAT0019036 NEAT1 1 1 1975 −1
hsa-miR-3529-5p MIMAT0019828 NEAT1 1 1 1975 −1
hsa-miR-4725-5p MIMAT0019843 NEAT1 1 6 0 −1
hsa-miR-4319 MIMAT0016870 NEAT1 1 6 0 −1
hsa-miR-4429 MIMAT0018944 NEAT1 2 7 5 −1
hsa-miR-4262 MIMAT0016894 NEAT1 2 8 4562 −1
hsa-miR-4458 MIMAT0018980 NEAT1 1 1 1975 −1
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starBase2.0 for miRNAs prediction (shown in Table 1). We
also performed real-time PCR-based miRNA profiling to ex-
plore the differentially expressed miRNAs between U87/
NEAT1 and U87 negative control cells. Combining the bioin-
formatics and miRNA profiling analysis, we got miR-449b-
5p, miR-335-3p, miR-449a-5p, miR-329-3p, miR-342-3p,
and miR-107 as the candidate miRNAs (Fig. 3a). Among
these six miRNAs, miR-449b-5p (MIMAT0003327) shared
the most reduction in miRNA profiling assay; so, we selected
it for further study. The binding site of miR-449b-5p to
NEAT1 was shown (Fig. 3b). Figure 3c indicates that the
knockdown of NEAT1 significantly increased the expression
level of miR-449b-5p (P<0.05). Meanwhile, overexpression
of NEAT1 decreased miR-449b-5p expression in both glioma
cell lines (Fig. 3d). To further investigate whether NEAT1was
a functional target of miR-449b-5p, dual-luciferase reporter
assay was performed. The results showed that compared with

the scramble group, miR-449b-5p could reduce pmirGLO-
NEAT1-WT (wild-type) luciferase activity but could not af-
fect the mutated pmirGLO-NEAT1-Mut luciferase activity
(P<0.05, Fig. 3e). Furthermore, we used pulldown assay to
test whether NEAT1 could pull down miR-449b-5p, using a
biotin-labeled specific NEAT1 probe. MiR-449b-5p was pre-
cipitated as analyzed by qRT-PCR (Fig. 3f). These data dem-
onstrated that miR-449b-5p could directly bind to NEAT1 at
the miRNA recognition site.

Repression of miR-449b-5p could reverse
the si-NEAT1-induced glioma cell tumorigenesis
inhibition

To study whether NEAT1 functions through miR-449b-
5p, we synthesize miR-449b-5p knockdown mimics (an-
ti-miR-449b-5p), which can inhibit endogenous miR-449-

Fig. 3 NEAT1 is a direct target of miR-449b-5p. a Screen of the
candidate miRNAs that interacted with NEAT1 by real-time PCR-based
miRNA expression profiling and starBase (v2.0). Coanalysis of the
downregulated miRNAs in stable overexpression NEAT1 U87 cells
compared to the control U87 cells and the miRNA list that potentitally
target NEAT1 predicted by starBase (v2.0), shown in Table 1, we got six
candidate. b Sequence alignment of miR-449b-5p with the putative
binding sites within the wild-type regions of NEAT1. c, d Detection of

miR-449b-5p using qRT-PCR in the si-NEAT1 or NEAT1 overexpression
glioma cell lines compared with control group. e The luciferase report
assay demonstrated that overexpression of miR-449b-5p could reduce the
intensity of fluorescence in U87 and U251 cells transfected with the
NEAT1-WT vector, while had no effect on the NEAT1 mutant vector. f
Detection of miR-21 using qRT-PCR in the sample pulled down by
biotinylated NEAT1 probe. Three independent assays were performed,
and the data were represented as the mean±SD. *P<0.05
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b-5p, to perform a rescue experiment. Real-time PCR
analysis showed that overexpression of anti-miR-449b-
5p mimics can decrease miR-449b-5p level (Fig. 4a).
Furthermore, MTT, invasion, and migration assays were
employed in U87 and U251 cells cotransfected with si-
NEAT1 and anti-miR-449b-5p mimics or their control
oligomers and vectors. The results show that blocking
the expression of miR-449b-5p could rescue si-NEAT1-
induced glioma cell viability, invasion, and migration in-
hibition (Fig. 4b–e). Meanwhile, blockage of miR-449-5p
also decreases the apoptotic cell numbers which was in-
creased by si-NEAT1 (Fig. 4f, g). These results showed
that NEAT1 act its tumor oncogene roles though miR-
449-5p in glioma cells.

miR-449b-5p directly target oncogene c-Met

Having demonstrated that NEAT1 could negatively reg-
ulate miRNA-449b-5p expression, we then examined
the functional aspect. To access this goal, we screen
Targetscan to predict the potential targets of miR-
449b-5p. As a result, the top 100 potential targets were
identified. Among these genes, c-Met, a well-known
oncogene, is upregulated in a large number of malig-
nancies, which led us to believe that c-Met may be a
direct target of miR-449b-5p in glioma. Two putative
binding sites of the microRNA in the 3′-UTR of c-Met
are described in Fig. 5a, and the complementary seed
sequences were mutated which should not bind miR-

Fig. 4 Blockage of miR-449b-5p largely reversed si-NEAT1-induced
inhibitory effects on glioma cells. a Real-time PCR detects the
efficiency of the anti-miR-449b-5p in blockage of miR-449b-5p
expression in glioma cell lines. b, c Blockage of miR-449b-5p partly
reversed siNEAT1-induced inhibition of proliferation in U251 and U87
cells determined by MTT assay. OD570 nm was measured at 0, 24, and

48 h after transfection. d, e Blockage of miR-449b-5p largely reversed
siNEAT1-induced suppression of migration and invasion in U251 and
U87 cells detected by Transwell assay. f, g Blockage of miR-449b-5p
partly reversed siNEAT1-induced apoptosis in U251 and U87 cells
detected by flow cytometry. Representative date was shown. Data were
presented as mean±SD from three independent experiments. *P<0.05
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449b-5p. Then, we conducted luciferase reporter assays
to confirm that miR-449b-5p could target c-Met. As
shown in Fig. 5b, the luciferase activity generated by
the reporter vector with c-Met-3′-UTR WT1 decreased
by 63.5 % after cotransfection with miR-449b-5p when
compared with the control group. However, the activity
generated by the reporter vector with c-Met-3′-UTR
mut-1 was no longer changed than that of the control
group. Furthermore, the second binding sites in the 3′-
UTR of c-Met aslo affect the activity generated by the
reporter vectors when compared with the control
groups (Fig. 5c). These results indicated that miR-
449b-5p might suppress the expression of c-Met by
strongly and directly binding to the two putative sites
in its 3′-UTR. The following real-time PCR and
Western blot assays showed that the relative mRNA
and protein level of c-Met in U87 and U251 were
significantly decreased after transfection with miR-
449b-5p, while blockage of miR-449b-5p could in-
crease c-Met express ion level in gl ioma cel ls
(Fig. 5d–f).

NEAT1’s oncogenic activity is in part through negative
regulation of miRNA-449b-5p and then modulating c-Met
in glioma cells

Having confirmed that NEAT1 could regulate miR-449b-5p
expression and miR-449b-4p directly target c-Met, whether
NEAT1’s oncogenic activity was though miR-449b-5p/c-
Met axis remains unclear. Figure 6a, b, d, and e shows that
upregulated c-Met in U251 and U87 glioma cells by
transfecting with pcDNA3/c-Met largely reversed the inhibi-
tory effect of si-NEAT1 or miR-449b-5p on glioma cell pro-
liferation, migration, and invasion. Moreover, overexpression
of c-Met largely suppressed the cell apoptosis promoted by si-
NEAT1 or miR-449b-5p (Fig. 6c). These results strongly sug-
gested that NEAT1’s oncogenic activity is at least in part
through miRNA-449b-5p/c-Met axis in glioma cells.

Kncokdown of NEAT1 inhibits glioma cell growth in vivo

The stable si-NEAT1 knockdown U87 cell line as well as a
control cell line was established to confirm that NEAT1’s

Fig. 5 The validation of c-Met
was a direct target of
miR-449b-5p. a The alignment of
miR-449b-5p binding sites in the
c-Met-3’UTR (wild-type and
mutant) was shown. b The
luciferase report assay
demonstrated that overexpression
of miR-449b-5p could reduce the
luciferase intensity in U87 cells
transfected with the c-Met-WT
vector, while had no effect on the
c-Met mutant 1 vector or c-Met
mutant 2 vector. c, d The effect of
miR-449b-5p on c-Met mRNA
levels was analyzed by real-time
PCR in U87 and U251 cells. e, f
The effect of miR-449b-5p on
c-Met protein levels was analyzed
byWestern blot in U87 and U251
cells. All the experiments were
repeated three times, and all data
are representative of three
independent experiments
(*P<0.05)
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oncogenic activity is in part through the regulation of miRNA-
449b-5p axis in vivo. Cells of either line were injected into the
axillary fossa of SCID mice, and the tumor growth activity
was measured. As shown in Fig. 7a, the average volume of
tumors derived from the si-NEAT1 group was only 30 % of
that in the control group (n=7 animals per group, P<0.05).
Furthermore, we measured the expression level of miR-449b-
5p in two groups of tumors, the results revealed that the si-
NEAT1 group has a higher expression of miR-449b-5p
(Fig. 7b) and lower expression of c-Met (Fig. 7c) compared
with the control group. The relative representative IHC image
is shown in Fig. 7d. These results were consistent with the
effects of NEAT1 knockdown in vitro and strongly suggested
that NEAT1 regulate glioma cell proliferation, invasion, and
migration through miR-449b-5p/c-Met axis (Fig. 7e).

Discussion

Studies indicated that LncRNAs play an important role in
multiple process in cells, from guidance of the chromatin-

modifying complexes to acting as Bmolecular sponges^
for the regulation of microRNAs [9]. For instance, the
function of many lncRNAs have been revealed, such as
lncRNA GAS5 [25, 26]. Another example was long
noncoding RNA CCAT1, which has been indicated as
miR-218-5p sponges in promoting gallbladder cancer
development [27]. Recently, Hirose et al. investigated
the role of NEAT1 in transcriptional regulation through
the sequestering of SFPQ from the RNA-specific adeno-
sine deaminase B2 (ADARB2) gene in response to protea-
some inhibition [28]. And, NEAT1 also has been found to
be correlating with poor survival in patients with breast
cancer [29]. Chakravarty D et al. provide evidence that
NEAT1 drives oncogenic growth by altering the epigenetic
landscape of target gene promoters to favor transcription in
prostate cancer [30]. However, the detailed mechanism of
NEAT1 in glioma is not clear. In the present study, we
explored the role of NEAT1 in glioma cells and found that
it participated in the Bcompetitive endogenous RNAs
(ceRNA)^ regulatory network and act as endogenous
miRNA sponges to bind to miRNAs and regulate their

Fig. 6 Ectopic expression of
c-Met without 3′UTR restores the
effects of siNEAT1 or
miR-449b-5p on cell
proliferation, migration, and
invasion in glioma cells. a–e
pcMV6/c-Met counteracts the
inhibition of growth, migration,
and invasion of U87 and U251
cells caused by siNEAT1 or
miR-449b-5p compared with that
observed in control cells. The cell
growth capacity was detected
using MTT assays, and the cell
invasion and migration capacity
were determined using the
transwell assays. The cell
apoptosis was detected by flow
cytometry. Data were presented as
mean±SD from three
independent experiments.
*P<0.05
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function. Finally, we investigated that NEAT1 regulates
miR-499b-5p expression and suggested that NEAT1 could
promoter glioma tumorigenesis through miR-449b-5p/c-
Met axis.

Studies provide evidence that the alternation of
miRNA in carcinoma and noncarcinoma cells with
great molecular and clinical implications [31]. In addi-
tion, other studies explained that the miRNAs contrib-
uted to cell proliferation, apoptosis, metastasis, and de-
velopment in glioma. Galina Gabriely et al. found that
human glioma growth is controlled by microRNA-10b
[32]. Sung-Suk Suh et al. reveal the microRNAs/TP53
feedback circuitry in glioblastoma multiforme [33]. To
the present, so much research indicated which miRNA
drives glioma. In this study, we focus on search which
miRNA was drive by NEAT1 in glioma. At last, we
capture miR-449b-5p by bioinformatics analysis, pull-
down assay, and micro-array assays. To our knowledge,
there was little study about miR-449b-5p, especially its
function in cancers. However, its clustered miRNA
(hsa-mir-449b-chr5: 55170646–55170742 [−]; hsa-mir-

449a-chr5: 55170532–55170622 [−]), miR-449a, has
been reported in several types of cancers. Jeon et al.
found that miR-449a/b was downregulated in 21 pairs
of lung cancer tissues and induced growth arrest by
targeting HDAC-1 [34]. Ren et al. indicated that miR-
449a caused cell cycle arrest and cell senescence in
A549 and 95D cells [35]. In our study, we found that
miR-449b act as a target of NEAT1; then, we validated
that c-Met was a direct target of miR-449b-5p. These
results suggested that NEAT1 promotes glioma patho-
genesis, at least, partly through regulating miR-449b-
5p/c-Met axis.

To our knowledge, this may be the first study to
show the role and function of NEAT1 in glioma.
And, we may first discover the NEAT1/miR-449b-5p/
c-Met axis in glioma. Therefore, understanding the key
role of BlncRNA-miRNA^ module in glioma will lead
to the identification of new therapeutic targets for
treating glioma. At last, we will perform further inves-
tigation for this regulation mechanism in other
carcinomas.

Fig. 7 NEAT1’s oncogenic activity is in part through miRNA-449b-5p/
c-Met axis in vivo. a Tumor growth curves of subcutaneous implantation
models of U87 cell are shown. The tumor derived from stable
overexpression of siNEAT1-U87 cells was smaller than that of control
group (n=7 in each group). b Real-time PCR results demonstrated that
the expression of miR-449b-5p was higher in the siNEAT1-U87-induced
tumors compared to the control group. c Immunohistochemical staining

of c-Met demonstrated that the expression of c-Met was lower in the
siNEAT1-U87 induced tumors compared to the control group. d
Representative IHC image is shown. Scale bar represents 20 μm. e
Schematic representation of the proposed molecular mechanism of long
noncoding RNA NEAT1 promotes glioma pathogenesis by regulating
miR-449b-3p/c-Met axis
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