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Abstract. Developing novel strategies against glioma remains 
a significant challenge. Long non-coding RNA nuclear 
paraspeckle assembly transcript 1 (NEAT1) significantly 
contributes to the progression of many human cancers, while 
glioma stem cells (GSCs) are believed to be responsible for 
tumor progression. However, whether NEAT1 alters the 
stem-like properties of GSC cells remains unknown. Using 
microbeads, CD133+ cells were isolated and were found to 
possess glioma stem cell properties. Using siRNA, NEAT1 
was knocked down in the sorted CD133+ U87 glioma cells. 
We found higher NEAT1 RNA expression in CD133+ human 
glioma primary culture stem cells and CD133+ U87 cells 
via RT-PCR. Moreover, NEAT1 knockdown in the CD133+ 
U87 cells resulted in decreased colony formation, increased 
G1 cell cycle arrest and apoptosis. In addition, these effects 
were accompanied by miR-107 activation and inactivation of 
CDK6 protein. These results strongly suggest that NEAT1 
knockdown suppresses stem-like properties in glioma cells 
by modulating the miR‑107CDK6 pathway. Targeting NEAT1 
may provide a novel therapeutic opportunity for developing a 
relapse-free treatment of glioma patients.

Introduction

Glioma is the most common primary malignant tumor in 
the central nervous system, and is associated with poor 
prognosis and rapid mortality (1). It accounts for 30-40% of 
all intracranial tumors (2). Although the standard treatment for 
glioma is based on the combination of surgery, chemotherapy 
and radiation therapy, the relapse rate is still very high (3). 

Based on certain pathological characteristics, gliomas are 
classified into 4 grades (WHO grade I, II, III and IV). Grade I 
or II tumors are low grade astrocytomas, grade III tumors are 
anaplastic astrocytomas, and grade IV tumors are glioblastoma 
multiforme (4). To date, the median survival time of patients 
with grade IV glioblastoma multiforme is only 14.7 months (5). 
A dilemma in this area is further compounded by the fact that 
patients with glioblastoma (WHO grade IV) account for 50% 
of the new cases of malignant CNS tumors (5). Recurrence 
and invasion of the primary tumor are thought to be key 
contributors to the incurable nature of glioma (2). Glioma stem 
cells (GSCs) are a subgroup of glioma cells having the ability 
to self-renew and to differentiate into mature tumor cells (6,7). 
Accumulating evidence suggests that GSCs play an important 
role in tumorigenesis, treatment resistance and tumor 
recurrence (1,7). Thus, therapy targeting GSCs is of critical 
importance in the development of relapse-free treatment for 
glioma patients.

Recently, long non-coding RNAs (lncRNAs), which 
represent non-protein coding transcripts longer than 
200 nucleotides, have been implicated in several cellular func-
tions, including cell proliferation, apoptosis, transformation, 
metastasis and differentiation (8,9). Accumulated evidence 
has proposed that RNA interference holds great promise 
for tumor therapy. Among these lncRNAs, nuclear enriched 
abundant transcript 1 (NEAT1) has been advocated as an 
important mediator of many tumor cells. NEAT1 expression 
levels have been found to be related with the pathologic grade 
in many types of cancer, including esophageal squamous 
cell carcinoma (10), colorectal (11) and prostate cancer, and 
gliomas (12,13). Furthermore, NEAT1 knockdown was also 
found to induce apoptosis in B-cell lymphoma and LSCC 
cells  (14,15). In the glioma research field, knockdown of 
NEAT1 was reported to reduce glioma cell proliferation 
in vitro (16). Since studies focusing on the NEAT1 function 
in glioma are limited, whether NEAT1 is capable of targeting 
GSCs remains unclear. A better understanding of the precise 
function of NEAT1 on GSCs is important to improve current 
therapies and to design new treatment modalities.

In our previous study, we found that NEAT1 knockdown 
plays a crucial regulatory role in proliferation, apoptosis and 
metastasis of esophageal squamous cell carcinoma (10). We 
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hypothesized that NEAT1 plays a regulatory role in GSCs. In 
the present study, we provide experimental evidence to support 
this hypothesis and demonstrate a functional role of NEAT1 in 
GSCs. We demonstrated that NEAT1 knockdown induced G1 
cell cycle arrest, and apoptosis while reducing proliferation in 
GSCs. The present study proposes that the targeting of NEAT1 
may represent a novel and important therapeutic strategy for 
the treatment of glioma.

Materials and methods

Patients and surgical specimens. Tissue samples from patients 
with gliomas were used in the present study. Diagnostic 
criteria for gliomas were preoperative magnetic resonance 
imaging (MRI) and postoperative histopathological find-
ings. All patients received surgery between May 2015 and 
December 2015 at the Department of Neurosurgery, The 
First Affiliated Hospital of Henan University of Science and 
Technology (Luoyang, China). There were 29 patients with 
gliomas (18 men, 11 women; age range 45-69 years, mean age 
51.50±16.00 years). For each sample, the tissue was dissected. 
One half was sent to the laboratory for primary culture, 
protein or RNA extraction, and the other half was fixed and 
embedded in paraffin for histology and immunohistochemisty 
studies. The study protocol was approved by the local Ethics 
Committee of the Henan University of Science and Technology 
and informed consent was obtained from all patients in the 
present study.

Cell lines and culture protocols. The U87 human glioblastoma 
cell line was purchased from the American Type Culture 
Collection (ATCC; Manassas, VA, USA). Glioma primary 
cultured cells were prepared in our laboratory as follows. 
Resected brain glioma tissues were immediately send to 
the laboratory by placing them in 0.9% NaCl. Samples were 
digested by incubation in 0.1% type I collagenase (Sigma-
Aldrich, St. Louis, MO, USA) in phosphate‑buffered saline 
(PBS) at 37˚C for 2 h, and then filtered using a 40-µm steel 
mesh. The cell suspensions were cultured in the following 
medium. For regular cell maintenance, the cells were cultured 
in Dulbecco's modified Eagle's medium (DMEM) containing 
10% fetal bovine serum (FBS; Gibco, Life Technologies, 
Carlsbad, CA, USA) and 100 U/100 µg/ml penicillin-strepto-
mycin in a humidified incubator at 37˚C with 5% CO2.

To induce stem cell proliferation and negatively select 
against differentiated cells, the stem cells isolated from U87 
and primary cultured cells were cultured in DMEM-F12 
supplemented with 20 ng/µl hEGF, 20 ng/µl bFGF (both from 
Gibco), 1X B27 and 100 U/100 µg/ml penicillin-streptomycin 
in a humidified incubator at 37˚C with 5% CO2.

Isolation and identification of glioma stem cells. The cell 
suspensions were collected and washed with PBS and 
incubated with magnetic microbeads conjugated with the 
anti‑CD133 antibody (Miltenyi Biotec, Cambridge, MA, 
USA). The bead‑bound (CD133+) and unbound cells (CD133-) 
were separated using the QuadroMACS™ Separation Unit 
(Miltenyi Biotec). The purity of the isolated CD133+ cells was 
confirmed by flow cytometric analyses. The isolated CD133+ 
cells were then cultured in stem cell media.

Neurospheres. Briefly, 1x103 CD133+ cells were seeded into 
6-well ultra-low attachment culture plates (Corning Inc., 
Corning, NY, USA) with DMEM-F12 supplemented with 
20 ng/µl hEGF, 20 ng/µl bFGF (both from Gibco), 1X B27 and 
100 U/100 µg/ml penicillin-streptomycin. Culture medium 
was replaced every 4 days. Glioma spheres derived from one 
mother cell in the subsphere forming assay were mechani-
cally digested into single cells that were seeded into standard 
medium for differentiation (DMEM with 10% of FBS). Then, 
the cells were analyzed at different time points.

Virus transduction. The siNEAT1 and the control lentiviruses 
(GFP-lentivirus) were constructed by GeneCopoeia-FulenGen 
(Shanghai, China). The sequences of siNEAT1 were as follows: 
5'-GUGAGAAGUUGCUUAGAAACUUUCC-3'. CD133+ 
GSC cells were transduced as follows. The lentiviruses were 
diluted in complete medium incubated with the cells for 12 h 
at 37˚C. Next, the cells were incubated with freshly prepared 
Polybrene-DMEM for 24 h. Cells were selected in medium 
containing 5 µg/ml puromycin (Sigma-Aldrich) for 48 h.

Soft agar colony formation assays. The proliferation of 
the CD133+ GFP control and CD133+ siNEAT1 cells was 
measured using the soft agar colony formation assays. Briefly, 
~1x105 cells were mixed with medium containing 0.4% agar 
and were spread on top of a bottom agar layer (0.8% agar in 
growth medium). Cells were grown for 2 weeks, and colonies 
were counted and photographed. The diameter of the colonies 
was measured using ImageJ software.

Cell cycle analysis by flow cytometry. Cells were collected 
and fixed with cold ethanol at 4˚C for 1 h before being stored 
at -20˚C. Fixed cells were washed and resuspended in 1 ml 
PBS containing 50 µg/ml RNase A and 50 µg/ml ethidium 
bromide. After incubating for 20 min at 37˚C, the cells were 
analyzed for DNA content by flow cytometry (FACSCalibur; 
Becton-Dickinson Immunocytometry Systems, San Jose, CA, 
USA). For each sample, 20,000 events were acquired, and cell 
cycle distribution was determined using cell cycle analysis 
software (ModFit LT for Mac version 3.0).

Apoptosis assay by flow cytometry. The cells were washed 
twice with cold 10 mM PBS and resuspended in 1X binding 
buffer (BD Biosciences, San Jose, CA, USA) at a density of 
1x106 cells/ml. Cells were stained with Annexin V/APC and 
propidium iodide (PI), using the Annexin V apoptosis detec-
tion kit (BD Biosciences).

Quantitative real-time PCR. Total RNA containing miRNA 
was extracted from cells using a Qiagen miRNeasy Mini kit 
(Qiagen, Mississauga, ON, USA) following the manufacturer's 
instructions. cDNA was reverse transcribed using All-in-One 
miRNA RT-qPCR kit (GeneCopoeia, Rockville, MD, USA). 
Real-time PCR was performed with gene-specific primers 
using a Bio-Rad CFX96 Real-Time PCR System (Bio-Rad, 
Hercules, CA, USA). Primer sequences used in the present 
study were the following: NEAT1 forward, 5'-CTTCCTCCCT 
TTAACTTATCCATTCAC-3' and reverse, 5'-CTCTTCCTCC 
ACCATTACCAACAATAC-3'; miR-107 forward, 5'-ATGATG 
AGCAGCATTGTACAGG-3' and reverse, 5'-GCAGGGTCC 
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GAGGTATTC-3'. GAPDH was used as an NEAT1 internal 
control and U6 small nuclear RNA was used as an miR-107 
internal control. Samples were run in triplicate.

Western blot analysis. Western blotting was performed as 
previously described (17,18). Protein extracts were electropho-
resed on a 12% SDS-PAGE and transferred to nitrocellulose 
membrane. The following antibodies were used: rabbit anti-
CDK6 (1:1,000; Abcam, Cambridge, MA, USA) and mouse 
anti-actin (1:3,000; Cell Signaling Technology, Danvers, MA, 
USA). Signals were visualized using enhanced chemilumines-
cence (ECL) reagents (GE Healthcare, Barrington, IL, USA) 
and captured with a FluorChem imager from Bio-Rad.

Statistical analysis. Statistical analysis was conducted 
using the SPSS 16.0 software. The results are presented as 
mean ± SD and analyzed with the Student's t-test. P<0.05 was 
denoted as statistically significant.

Results

Isolation and identification of GSCs. In the present study, we 
first isolated GSCs from human glioma tissues. As CD133 
is the most accredited marker for GSCs (19-22), CD133 was 
employed to identify GSCs in the present study. The resected 
brain glioma tissues were primary cultured by collagenase Ⅰ 
digestion method. We first analyzed the ratio of CD133+ cells 
in the primary cultured human glioma (Fig. 1A-C) and U87 
cells (Fig. 1D). As shown in Fig. 1A-C, the ratio of CD133+ 
cells in the primary cultured human WHO grade Ⅳ glioma 
cells was very low and varied greatly in the 3 different patient 
tissues. In order to increase cell homogeneity, the U87 human 
glioma cells and the primary cultured human glioma cells were 
used to isolate GSCs (Fig. 2A and B). We primary cultured 
human glioma and U87 cells in serum-free media containing 
epidermal growth factor and basic fibroblast growth factor to 
preferentially induce stem cell proliferation and negatively 

Figure 1. The percentage of CD133 or nestin-positive cells in the primary human glioma tissue culture and U87 human glioma cells. The representative flow 
cytometric dot-plots of CD133+ cells in the primary culture cells of human glioma WHO grade Ⅳ tissues from patient (A) 1, (B) 2, (C) 3 and (D) in the U87 
human glioma cell line. The representative cytometric dot-plots of nestin and CD133 expression on CD133+ stem like cells isolated from primary culture cells 
of (E) human glioma tissues and (F) the U87 human glioma cell line.
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select against differentiated cells (Fig. 2C and D). As shown 
in our previous studies  (17,23), the immunomagnetic bead 
sorting technique was used to isolate cancer stem cells from 
human glioma primary cultured cells and U87 glioma cell line 
in the present study.

After isolation, the purity of the isolated CD133+ cells was 
confirmed (Fig. 1E and F) and the glioma stem cell proper-
ties were identified. Most of the isolated cells also displayed 
nestin expression (Fig. 1E and F). The neurospheres emerged 
after one week of culture (Fig. 2E and F). Furthermore, the 
neurospheres had high frequencies of secondary neurosphere 
formation. Moreover, when spheroid cells were cultured under 
differentiation conditions for 3 days, the neurosphere cells 
were adherent to the culture plate and grew in monolayer. On 
the basis of this evidence and morphological aspect, most of 
the CD133+ isolated cells displayed glioma stem cell proper-
ties: self-renewal and self-differentiation abilities.

CD133+ human glioma primary culture stem cells display 
higher NEAT1 expression levels. NEAT1 has been reported 

to be correlated with higher WHO  grade human glioma 
tissues  (12). Therefore, in the present study, we examined 
the NEAT1 expression levels in 29 human glioma tissues 
(5 WHO II, 11 WHO III, 13 WHO IV grade) using PCR. The 
WHO III and IV glioma tissues displayed higher NEAT1 levels 
than the WHO II grade tissues (Fig. 3A). However, contrary to 
what we expected, there was no significant difference between 
the WHO III and IV glioma tissues, which was inconsistent 
with previous studies  (12,16,24). Next, we determined the 
NEAT1 expression levels in CD133+ human GSCs and human 
glioma primary culture cells. We found that the CD133+ 
human GSCs displayed significantly higher NEAT1 levels 
than the human glioma primary culture cells. Being similar 
to the human tissues, the CD133+ U87 cells displayed higher 
NEAT1 levels than the regular U87 cells (Fig. 3B).

NEAT1 knockdown reduces proliferation while induces cell 
cycle arrest and apoptosis of CD133+ U87 cells. In order to 
define the role of NEAT1 in the CD133+ GSCs, we transfected 
the CD133+ human GSCs with siNEAT1 and scramble siRNA. 

Figure 2. Representative microscopic analysis of cultured cells. (A) CD133+ U87 cell line and (B) CD133+ primary cultured human glioma cells. Formation 
of neurospheres in (C) U87 cells and (D) primary cultured glioma cells after 3 days in serum-free media containing EGF and bFGF medium. Images of 
neurospheres generated in CD133+ cells in (E) U87 cells and (F) primary cultured glioma cells on day 7. Scale bar, 100 µm.
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However, we found that the CD133+ human GSCs from 
different tissues displayed variable transfection efficiency. Due 
to this reason, the CD133+ U87 cells were transfected and the 
efficiency was confirmed. Then, we conducted the soft agar 
colony formation assays. We found that the proliferation of 
NEAT1-knockdown CD133+ U87 cells was significantly lower 
than the relative control group (Fig. 4). To further investigate 
the influence of NEAT1 on the GSCs, flow cytometry was 
also used to examine the cell cycle distribution and cell apop-
tosis. We found an increased apoptosis rate and an increased 
G1 phase accumulation in the NEAT1-knockdown CD133+ 

U87 cells compared with normal CD133+ U87 and control 
CD133+ U87/GFP cells (Fig. 5A and B).

NEAT1 regulates CDK6 expression by modulating miR-107. 
Recent study have shown that NEAT1 may regulate miR-107, 
which in turn directly modulates CDK6 expression by binding 
to the miR-107 seed complementary site located in 3'UTR of 
CDK6 (15). CDK6 is known to be an important regulator of cell 
cycle progression, modulating cell cycle G1 phase progression 
and G1/S transition (25). In order to further explore the mecha-
nistic base of NEAT1 in GSCs, we verified the miR-107 RNA 

Figure 4. NEAT1 knockdown reduces the proliferation of CD133+ U87 cells. Representative images of soft-agar colony formation assays of (A) CD133+ U87, 
(B) CD133+ U87/GFP and (C) CD133+ U87/siNEAT1 cells. (D) The bar graph shows that NEAT1-knockdown CD133+ U87 cells formed less colonies compared 
to the control CD133+ U87 and CD133+ U87/GFP cells. Scale bar, 100 µm; *P<0.05.

Figure 3. NEAT1 expression levels in glioma. (A) Expression of NEAT1 in glioma tissues from WHO stage Ⅱ-Ⅳ. (B) Expression of NEAT1 in CD133+ human 
primary cultured glioma cells (CD133+ PCGC), PCGC, CD133+ U87 and regular U87 cells; *P<0.05.
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and CDK6 protein levels in NEAT1-knockdown CD133+ U87 
cells. We found increased miR-107 RNA levels and decreased 
CDK6 protein levels in the NEAT1-knockdown CD133+ U87 
cells compared with these levels in the normal CD133+ U87 
and control CD133+ U87/GFP cells (Fig. 6A and B). These 
results suggest that the NEAT1/miR-107/CDK6 axis may also 
exist in U87 GSCs.

Discussion

Glioma is a highly fatal disease and a major contributor to 
death in patients with central nervous system tumors (2,3,5,26). 
Glioma is asymptomatic in the early stage and is generally 
detected with extensive invasion into adjacent normal brain 
tissue (26). Accumulating evidence shows that glioma stem 
cells (GSCs) are responsible for tumor initiation, relapse 
and therapeutic resistance (27-30). Thus, novel therapeutic 

approaches targeting GSCs are urgently needed. Recently, 
several studies have demonstrated the regulation of specific 
lncRNAs in cancer biology including proliferation, apoptosis, 
tumor metabolism and invasiveness  (9,31-34). Among 
these lncRNAs, NEAT1 has earned the reputation as a 
transcriptional regulator for numerous genes. Neat1 plays 
an important role in maintaining the integrity of subnuclear 
paraspeckles (35). NEAT1 regulates HIF-2α in breast cancer 
cells under hypoxia  (36). NEAT1 regulates expression of 
prostate cancer genes by altering the epigenetic landscape 
at target gene promoters to favor transcription (13). NEAT1 
induces tumor cell migration and invasion in ESCC  (10). 
Moreover, the miR-449/NEAT1 axis exists in lung cancer 
cells regulating the cell growth and apoptosis of lung cancer 
cell lines (37). In gliomas, NEAT1 has been reported to be 
correlated to larger tumor size, higher WHO grade and 
recurrence (12,16,24). NEAT1 upregulates c-MET promoting 

Figure 6. NEAT1 regulates CDK6 expression through modulation of miR-107. (A) miR-107 expression was analyzed in the CD133+ U87 cells infected with 
siNEAT1, control vector and negative control by real-time-PCR. (B) CDK6 protein expression was analyzed in the CD133+ U87 cells infected with the 
siNEAT1, control vector and negative control by western blotting; *P<0.05.

Figure 5. NEAT1 knockdown induces cell cycle arrest and apoptosis in CD133+ U87 cells. (A) Flow cytometric cell cycle analysis showed increased 
G1 phase accumulation in the NEAT1-knockdown CD133+ U87 cells. (B) Flow cytometric apoptosis analysis showed an increased apoptosis rate in the 
NEAT1‑knockdown CD133+ U87 cells compared with the normal CD133+ U87 and CD133+ U87/GFP cells.
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cell growth in gliomas (24). However, its possible role in GSCs 
has never been explored. Previous studies in our laboratory 
have shown that NEAT1 knockdown can also induce the 
apoptosis of ESCC cells (10). These findings prompted us to 
evaluate the possible role of NEAT1 in GSCs using the same 
siRNAs of NEAT1/scramble siRNA system.

In the present study, we first evaluated the NEAT1 
levels in 29 human glioma tissues (5 WHO II, 11 WHO III, 
13  WHO  IV grade). We found higher NEAT1 levels in 
WHO grade III and IV glioma tissues, which is consistent 
with previous studies (12,16). However, there was no differ-
ence in NEAT1 levels between WHO grade III and IV glioma 
tissues. This observation may be due to the deviation during 
the process of obtaining samples from specimens, since the 
NEAT1 levels in glioma may be not homogeneous. Moreover, 
the number of samples was too small to show the real state. 
More samples are needed to determine this issue. In addition, 
many researchers obtained RNA from wax-embedded tissue 
specimen. RNA may be contaminated and damaged during 
the different steps of the processing of tissue sections. Freshly 
resected glioma tissue is recommended for further research.

To examine the NEAT1 role in GSCs, we first tried to isolate 
GSCs from human glioma samples. There are many markers 
used to identify and isolate stem cells in glioma, including 
CD133, Nestin, CD15, Sox2 and Msi-1  (6,7). At present, 
CD133 remains the most generally accepted marker for GSC 
isolation (19-22,38,39). Although no single marker has been 
shown to be sufficient to confer stem cell‑like properties, most 
CD133+ cells in GBM exhibit stem cell properties (20,22,38). 
In a previous study in our laboratory, we isolated cancer stem 
cells from prostate cancer cells and GSCs using microbead 
selection (17,23). In the present study, we used microbeads to 
isolate CD133 and nestin GSCs. However, due to our limited 
isolation technologies, we only successfully isolated CD133+ 
cells from human glioma primary culture cells. As nestin is 
another well accepted marker for GSCs (20), we also exam-
ined nestin expression in the CD133+ cells isolated from our 
human glioma primary culture cells. We found that most of 
the CD133+ cells were also nestin-positive cells. In addition, 
the CD133+ cells from human glioma primary culture cells 
still exhibited stem cell properties including glioma sphere 
formation, glioma sphere proliferation/generation and cell 
differentiation. After isolation, we found that CD133+ GSCs 
had higher NEAT1 levels than the human glioma primary 
culture cells. This observation suggests the NEAT1 may play a 
role in maintaining glioma stem cell properties.

Based on these observation, we further investigated the 
NEAT1 influence on the GSCs. We first tried to use GSCs 
from primary culture of glioma tissue. However, we found 
that after NEAT1 knockdown was carried out in GSCs from 
the primary culture cells, most of the GSCs were unable to 
generate glioma sphere and many cells grew into differentiated 
cells. These indicates that NEAT1 is needed for maintained 
stemness. Another explanation for these phenomena may 
be our immature GSC transfection technology. However, as 
aforementioned, we also found that the transfection efficiency 
in GSCs from different patients varied greatly. Due to the 
great heterogeneity, we isolated GSCs from U87 glioma cells 
to obtain homogeneity. After isolation and confirmation, we 
transfected U87 GSCs with siNEAT1 or scramble siRNA 

in serum-free medium. We found that NEAT1 knockdown 
reduced cell proliferation. NEAT1 knockdown also reduced 
the speed of glioma sphere formation, and some of the 
NEAT1-knockdown cells grew into differentiated cells. This 
observation is in accordance with that of the CD133+ human 
glioma primary culture cells, indicating the possible role of 
NEAT1 in maintaining stemness in GSCs.

A previous study showed that NEAT1 can modulate 
CDK6 through miR-107, which in turn regulates the cell 
cycle in human laryngeal squamous cell cancer  (15). We 
found decreased CDK6 protein levels and increased miR-107 
RNA levels in the NEAT1-knockdown cells. These results 
suggest the existence of the NEAT1/miR-107/CDK6 axis in 
GSCs. Since CDK6 is a regulator of the cell cycle, we further 
examined the cell cycle in NEAT1-knockdown cells. We found 
G1 phase arrest in most of the NEAT1-knockdown GSCs. This 
may explain the reason why NEAT1 knockdown reduced the 
proliferation of GSCs and promoted GSC to grow into differ-
entiated cells.

To date, most patients with glioma receive combined 
therapy with little efficacy (2). Since GSCs are responsible for 
tumor maintenance,  recurrence and resistance to conventional 
treatments, therapy targeting NEAT1 may hold great promise 
for glioma treatment (5,26). In the present study, we found that 
GSCs had higher NEAT1 levels than the relative differenti-
ated cells. We demonstrated for the first time that NEAT1 may 
play a role in maintaining stemness in GSCs. Consistent with 
previous study, NEAT1-knockdown cells displayed increased 
miR-107 RNA levels and decreased CDK6 protein levels. 
These verified the NEAT1/miR‑107/CDK6 axis in GSCs, indi-
cating that NEAT1 may modulate CDK6 by miR-107, which in 
turn regulates the cell cycle in GSCs. Previous studies showed 
that NEAT1 altered the epigenetic landscape of target gene 
promoters (11,15,36,37). However, in addition to the miR-107/
CDK6 axis, there must be many other target genes regulated 
by NEAT1, which need further study.

There are many inherent limitations in the present study. 
We only isolated GSCs via CD133 selection. Previous data 
advocate several cell markers for GSCs. Although in accor-
dance with previous studies (19,20,22), CD133+ human glioma 
primary culture and CD133+ U87 cancer stem cells exhibit 
GSC properties, further cell marker selection may improve 
the purity and stemness of the isolated GSCs. NEAT1 has 
been reported to alter many gene promoters, which regulate 
cancer biology (36). However, in addition to the miR-107/
CDK6 axis, many other target genes are needed to be explored 
by further research. In addition, the present study is lacking 
direct evidence in vivo, which is ongoing in our laboratory. 
Nevertheless, the present study demonstrated for the first 
time that GSCs have higher NEAT1 levels than the relative 
differentiated cells and NEAT1 may play a role in maintaining 
stemness in GSCs. The NEAT1/miR-107/CDK6 axis may be 
involved in mediating the cell cycle of GSCs. The signaling 
pathway involved in the regulation of cancer biology by 
NEAT1 in GSCs warrants further exploration.
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