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cells by promoting E-cadherin
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It has been widely reported that glioma stem-like cells (GSCs) serve a crucial role in the malignant progression of glioma. In
particular, recent studies have reported that long non-coding RNAs (lncRNAs) are closely associated with glioma development.
However, the underlying molecular regulatory mechanistic role of GSCs remains poorly understood. The present study established
two highly malignant glioma stem-like cell lines from clinical surgical specimens. In these, it was found that the lncRNA growth
arrest-specific 5 (GAS5) expression was downregulated in GSCs and high-grade glioma tissues, compared with normal human
astrocyte cells (NHAs) and normal brain tissues, respectively, which also showed a positive correlation with patient survival.
Functional assays revealed that knocking down GAS5 expression promoted the proliferation, invasion, migration, stemness, and
tumorigenicity of GSGs, while suppressing their apoptosis. Mechanistically, GAS5 directly sponged miR-23a, which in turn
functioned as an oncogene by inhibiting E-cadherin, through the assays of reverse transcription-quantitative PCR (RT-qPCR) and
luciferase reports. In addition, rescue experiments demonstrated that GAS5 could promote the expression and function of
E-cadherin in a miR-23a-dependent manner. Collectively, these data suggest that GAS5 functions as a suppressor in GSCs by
targeting the miR-23a/E-cadherin axis, which may be a promising therapeutic target against glioma.
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INTRODUCTION
Gliomas are the most common primary intracranial tumors in the
central nervous system, among which glioblastoma multiforme
(GBM) is the most prevalent. GBM is highly malignant and
aggressive [1]. The overall survival and prognosis of GBM are poor,
although the therapeutic regimens available are being optimized
continuously at a steady pace [2]. Previous reports attributed the
poor prognosis from GBM to the presence of GSCs, which exhibit
substantial cellular heterogeneity [3]. They have also been
documented to be responsible for driving the characteristics of
tumor progression, including initiation, metastasis, and treatment
resistance [3]. However, the molecular mechanisms underlying
GSCs function remain to be fully elucidated, which is in demand
for improving the efficacy of glioma treatments [3, 4].
lncRNAs have been revealed to play critical roles in various

pathophysiological processes, such as cell proliferation and
apoptosis, by activating or silencing the expression of corresponding
genes on both transcription and/or post-transcription levels [5].
Accumulating evidence supported the notion that lncRNAs were
abnormally expressed in various malignancies, such as gliomas and
hepatocellular carcinoma, where they mediated the unfavorable
phenotypes [6]. GAS5, located on chromosome 1q25, was frequently
reported as a potential tumor suppressor in various malignancies,
such as breast cancer [7], hepatocellular carcinoma [8], and ovarian
cancer [9]. It had also been found that GAS5 could inhibit the
proliferation and metastasis of glioma cells, suggesting that it can be
a promising therapeutic target for glioma [10]. However, little is

known about the function and associated molecular mechanism of
GAS5 in GSCs, which requires further investigation.
E-cadherin (CDH1) encodes the E-cadherin cell-cell adhesion

protein and has been widely recognized to be a tumor suppressor
involved in epithelial-to-mesenchymal transition (EMT), such as
breast cancer, by inhibiting metastasis [11, 12]. EMT enables
polarized epithelial cells to transform into mesenchymal cells, which
develop enhanced invasive and migratory characteristics [13]. The
loss of CDH1 expression is a crucial activation event during EMT,
which has been shown to contribute to glioma progression [14].
Therefore, in the present study, the expression profile of GAS5

in glioma was analyzed using The Cancer Genome Atlas (TCGA)
and the Chinese Glioma Genome Atlas (CGGA) databases. It was
found that GAS5 expression was negatively associated with the
malignancy of glioma. Based on the integrated analysis of both
function assays and further molecular mechanistic assays, it was
revealed that GAS5 mediated CDH1 increase by sponging miR-
23a, which inhibited the malignant phenotype of GSCs.

MATERIALS AND METHODS
Tumor specimens and cell culture
Clinical cancer (10 cases) and adjacent normal brain tissue (10 cases)
specimens derived from patients with glioma were collected from the
Department of Neurosurgery, Affiliated Hangzhou First People’s Hospital,
Zhejiang University School of Medicine (Hangzhou, China), after obtaining
informed consent. The protocols were approved by the Ethics Committee
of the Zhejiang University School of Medicine.
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The excised glioma tissues were minced with sterile ophthalmic scissors.
Papain Dissociation System (Worthington) was added to the tissue
digestion at 37 °C for 20min. Filtered the suspension through a 70 μm
sterile sieve and added 5ml of red blood cell lysis buffer (Beyotime
Institute of Biotechnology) lysis for 5 min, centrifuged at 1100 rpm for
5min, and discarded the supernatant. The cell suspension was cultured in
DMEM/F12 medium designed for neural stem cell growth [15], which was
included with 1× B27 Supplement (Gibco), 20 ng/ml epidermal growth
factor (EGF; Gibco) and 20 ng/ml basic fibroblast growth factor (bFGF;
Gibco). Primary cultured human GSC1 and GSC2 cells derived from the
surgical specimen of patients with glioma were cultured in the neural stem
cell medium. Glioma cell lines (T98G, LN229, and A172) and normal human
astrocyte cells (NHAs) were cultured in DMEM (Hyclone; Cytiva) containing
10% fetal bovine serum (FBS; Biological Industries). All cells were cultured
in the incubator at 37 °C with 5% CO2.

Immunofluorescence staining
GSCs were fixed with 4% paraformaldehyde for 20min, permeabilized with
0.25% Triton X-100 (Beyotime Institute of Biotechnology) and incubated
with a blocking solution for 60min at room temperature to inhibit non-
specific bindings. These fixation cells were then incubated first with
primary antibodies against SOX2 (#3579S) and OCT4 (#2750) (1:200, Cell
Signaling Technology, Inc.) at room temperature for 60min. After washing
with PBS three times, the secondary antibody (#A0516; #A0562; Beyotime
Institute of Biotechnology) was applied prior to incubation for 30min at
room temperature in the dark. Finally, the cells were stained with DAPI at
room temperature and observed under a fluorescence microscope (Carl
Zeiss AG) at ×200 magnification.

Flow cytometry
Single-cell suspensions of GSCs were suspended in 100 μl PBS and
incubated with primary antibodies against SOX2 (# 3579S) and OCT4
(# 2750) (1:200, Cell Signaling Technology, Inc.) for 60 min at room
temperature, after digestion and 800 rpm centrifugation. The cells were
then washed with PBS and incubated with the secondary antibody
(Beyotime Institute of Biotechnology) for 60min at room temperature.
After 800 rpm centrifugation and washing with PBS 3 times, the cells were
re-suspended in 200 μl PBS and finally analyzed with flow cytometry (BD,
Beckman) using the Cytexpert 2.0 software.

Vector construction and cell transfection
The overexpression vector of GAS5 (LV-GAS5), two short hairpin RNAs
(shRNA) targeting CDH1 (shCDH1) and GAS5 (shGAS5-1 and shGAS5-2) and
the corresponding negative control, the microRNA (miR)-23a mimics,
inhibitors and corresponding negative controls, were all constructed by
Shanghai GenePharma Co., Ltd. The vectors and corresponding controls
were transfected into GSCs according to the manufacturer’s protocol. GSCs
were seeded in 24-well plates at a confluence of ~70–80% before
transfection. Transfection was performed using Lipofectamine 3000
(Thermo Fisher Scientific, Inc.) according to the manufacturer’s instructions.
The medium was replaced with a fresh growth medium 48 h after
transfection. The sequences used for transfection were given in Table S1.

Reverse transcription-quantitative PCR (RT-qPCR)
Total RNA was extracted from cells with TRIzol® (Invitrogen; Thermo Fisher
Scientific, Inc.) and reverse transcribed into cDNA using a reverse
transcription kit (k1622, Thermo Fisher Scientific, Inc.). qPCR was subse-
quently performed to measure the expression levels of GAS5, CDH1, and
miR-23a. The expression of GAPDH and U6 served as the reference genes.
The expression level was analyzed using the 2−ΔΔCq method [16]. The
primer sequences were given in Table S2.

5-Ethynyl-20-deoxyuridine (EdU) assay
Single-cell suspensions of GSCs (5 × 104 cells per well) were seeded into
24-well plates pre-coated with Matrigel (30min, room temperature, 50 µl;
1:100 dilution; BD Biosciences) for adherence in an incubator containing
5% CO2 at 37 °C. In total, 50 µM EdU (C10310; Guangzhou RiboBio Co., Ltd.)
was added into each well for incubation for 2 h at 37 °C. The cells were
then fixed in 4% polyformaldehyde for 20min and stained using the
Apollo dye solution for 25min at room temperature. Cell nuclei were
stained with DAPI for 20min. The proportion of EdU-positive cells was
finally analyzed under a fluorescence microscope at ×200 magnification.

Transwell assay
Transwell assays were performed to evaluate the invasion and migration of
GSCs. Upper chambers were coated with Matrigel (37 °C; 50 µl; 1:8 dilution;
BD Biosciences) in an incubator overnight for invasion assays. Otherwise,
the upper chambers were pre-coated with Matrigel (50 µl; 1:100 dilution)
for migration assays, in which the Matrigel was aspirated after 20min. The
subsequent protocol was performed as previously described [15].

GSC sphere formation assay
Single-cell suspensions of GSCs were seeded into 24-well plates at a density
of 100 cells per well. The sphere numbers of GSCs (>50 µm) in each well
were then counted under a microscope. The sphere formation efficiency of
GSCs was calculated by the number of spheres formed/100 × 100%.

Cell apoptosis assay
The cell apoptosis rate of the GSCs was detected using the Annexin V-APC/
7-AAD kit (AP105, Multisciences). Single-cell suspensions of GSCs were
washed with PBS and re-suspended in the binding buffer. In total, 5 µl
annexin V-APC and 5 µl 7-AAD were added to the suspensions of GSCs in
the dark at room temperature and incubated for 15min. The cell apoptosis
rate was analyzed by flow cytometry within 60min after staining and
finally analyzed using the Cytexpert 2.0 software.

Tumorigenicity assay
Briefly, 4–6 week old athymic Balb/c nude mice (total of 25 female mice,
20–25 g) were allocated to groups with randomization and bred in the
animal center under specific pathogen-free (SPF) conditions. Single cell
suspensions of 1 × 106 GSCs with GAS5 overexpressed or knocked down
(along with the corresponding negative controls) were injected subcuta-
neously into the right flank of each mouse. A total of 3 weeks later, the
tumor volume was calculated using the formula length × width2 × 0.5.
The animal experiments were approved by the Ethics Committee of the
Zhejiang University School of Medicine.

Luciferase reporter assay
The wildtype (WT) and mutant (MUT) sequences of the 3′-untranslated
region (UTR) of GAS5 or CDH1 with miR-23a binding sites were inserted
into the pMIR-REPORT vectors (GenePharma Co., Ltd.). These pMIR-REPORT
vectors, together with miR-23a mimics or the corresponding negative
control, were then transfected into the GSCs for 48 h. The Dual-luciferase
reporter assay system (Promega Corporation) was used to evaluate
the luciferase activity of GSCs.

Western blotting
Total protein from GSCs was extracted using the RIPA buffer (Beyotime
Institute of Biotechnology). Protein concentration was determined by the
BCA Protein Assay Kit (Beyotime Institute of Biotechnology), after which
20 μg total protein per lane were separated by 10% SDS-PAGE transferred
onto PVDF membranes. These membranes were then incubated with
primary antibodies against CDH1 (# 3195S; 1:1000; Cell Signaling Technol-
ogies, Inc.) and GAPDH (Cell Signaling Technologies, Inc.) overnight at 4 °C.
The membranes were then incubated with secondary antibodies (A0208;
1:2000; Beyotime Institute of Biotechnology) for 60min at room temperature.
The enhanced chemiluminescence (ECL) method was used for visualization.

Statistical analysis
All experiments in vitro were repeated 3 times and 5 mice per group in vivo.
All data in the present study are presented as the mean ± SD and analyzed
using the GraphPad Prism software (Version 8.0.2, GraphPad Software, Inc.).
One-way/two-way analysis of variance (one/two-way ANOVA) was used to
determine the differences among ≥ three groups. Student’s t-test was used
to evaluate the differences between two groups. The variance was similar
among the groups that were being statistically compared. P < 0.05 was
considered to indicate a statistically significant difference.

RESULTS
Expression of GAS5 is negatively associated with the
malignancy of glioma
The expression of GAS5 was first analyzed in different glioma
subtypes in The Cancer Genome Atlas (TCGA) and Chinese Glioma
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Genome Atlas (CGGA) databases. It was found that GAS5
expression was negatively associated with the degree of glioma
malignancy and overall survival. Gliomas were divided into
different subtypes based on the status of isocitrate dehydrogen-
ase (IDH) mutation and 1p/19q codeletion. It was well known that
the malignant degree of IDH mutation subtype and 1p/19q
codeleted subtype was lower than IDH wildtype and 1p/19q non-
codeleted subtype, respectively. The expression of GAS5 in the
IDH wildtype subtype was significantly lower than that in the IDH

mutant subtype according to the CGGA_693 and TCGA_GBMLGG
datasets (Fig. 1A, B). In addition, the expression of GAS5 in the 1p/
19q non-codeleted subtype was significantly lower than that in
the 1p/19q co-deleted subtype (Fig. 1C, D). Further analysis found
that the expression of GAS5 in the IDH wildtype subtype was
significantly lower than that in the IDH mutant combined with 1p/
19q co-deleted subtype and IDH mutant combined with 1p/19q
non-codeleted subtype (Fig. 1E, F). Overall survival analysis
revealed that the survival rate of glioma patients with lower

Fig. 1 Expression of GAS5 is negatively associated with the malignancy of glioma. The differential expression of GAS5 between the IDH
mutant and IDH wildtype subtypes in (A) CGGA_693 and (B) TCGA_GBMLGG datasets. ****P < 0.0001, Student’s t-test. The differential
expression of GAS5 between the 1p/19q codeleted and 1p/19q non-codeleted subtypes in (C) CGGA_693 and (D) TCGA_GBMLGG datasets.
****P < 0.0001, Student’s t-test. The differential expression of GAS5 among the IDH mutant and 1p/19q codeleted, IDH mutant and 1p/19q
non-codeleted, and IDH wildtype subtypes in (E) CGGA_693 and (F) TCGA_GBMLGG datasets, respectively. ****P < 0.0001, one-way ANOVA.
The overall survival rate of patients with glioma in (G) low GAS5 expression group and (H) high GAS5 expression group.
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GAS5 expression was significantly decreased (Fig. 1G, H). To
demonstrate that GAS5 is an independent prognostic factor, we
performed univariate and multivariate Cox regression analysis,
incorporating grade, age, IDH mutation status, 1p/19q codeletion
status and MGMT promoter status into variables, and graphed
them as forest plots. It was shown that GAS5 was an independent
protective factor for prognosis (Fig. S1).

Primary culture of GSCs derived from clinical surgical
specimens
Two human GSCs (GSC1 and GSC2), derived from two patients
diagnosed with glioblastoma, were cultured to investigate the

function of GAS5 in GSCs. GSC1 and GSC2 exhibited typical
sphere-like cell clusters. They could also adherently proliferate on
laminin-coated plates (Fig. 2A). To further verify that the cells were
GSCs, the expression of GSCs makers was measured in GSC1 and
GSC2. Immunofluorescence assays indicated that the expression
of the GSCs makers SOX2 and OCT4 was positive in GSC1 and
GSC2 (Fig. 2B). In addition, flow cytometry analysis showed
that the positivity rates of SOX2, OCT4, CD133, Nestin and
CD44 in GSC1 and GSC2 (Fig. 2C and S2). The control was negative
isotype control, which was used for identifying the contribution of
non-specific background to staining to reduce the risk of false-
positive results.

Fig. 2 Primary culture of GSCs derived from clinical specimens. A Primary culture of human GSCs derived from two patients diagnosed with
glioblastoma. Sphere-like cell clusters and adherent growth patterns of GSCs were cultured. B Immunofluorescence assays detected the
expression of GSCs makers in the two GSC cell lines. C Positivity rates of the GSC markers were analyzed by flow cytometry in the two GSC cell
lines. The control was negative isotype control.
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GAS5 overexpression inhibits the proliferation, invasion,
migration, and stemness of GSCs while promoting apoptosis
in vitro
GAS5 expression was detected in GSC1 and GSC2, glioma cell lines
T98G, LN229 and A172 and glioma tissues, all of which found
decreased GAS5 expression in GSCs, glioma cells and tissues,
compared with NHAs and normal brain tissues (Fig. 3A, B). To
evaluate the possible function of GAS5 in GSCs, GSC1 and GSC2
were transfected with the GAS5 overexpression vector and the

corresponding negative control. RT-qPCR verified that GAS5
expression in the groups of transfection with GAS5 overexpression
vector was significantly higher than that in the group of
transfection with negative control (Fig. 3C). Subsequent EdU assay
data indicate that GAS5 overexpression decreased the prolifera-
tive ability of GSC1 and GSC2 (Fig. 3D, E). Transwell assays then
revealed that overexpression of GAS5 resulted in significant
decreases in the invasion and migration capabilities of GSC1 and
GSC2 (Fig. 3F–I). In addition, sphere formation assays similarly

Fig. 3 GAS5 overexpression inhibits the proliferation, invasion, migration, and stemness of GSCs while promoting apoptosis in vitro.
GAS5 overexpression inhibits the proliferation, invasion, migration and stemness of GSCs while promoting apoptosis in vitro. RT-qPCR analyzed
GAS5 expression in (A) glioma tissues, B glioma cell lines and GSCs. C GAS5 expression was analyzed with RT-qPCR in GSCs transfected with GAS5
or NC. **P < 0.01 and ***P < 0.001, Student’s t-test. Cell proliferation was (D) observed and (E) quantified after GAS5 overexpression in GSCs using
EdU assays. **P < 0.01, Student’s t-test. F–I The capacity of invasion and migration was assessed after GAS5 overexpression in GSCs by Transwell
assays. **P < 0.01 and ***P < 0.001, Student’s t-test. Cell stemness in GSCs was (J) observed and (K) quantified after GAS5 overexpression using
sphere formation assays. Cell apoptosis was (L) observed and (M) quantified using flow cytometry assays after GAS5 overexpression in GSCs.
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demonstrated that overexpression of GAS5 markedly reduced the
sphere formation efficiency of GSC1 and GSC2 (Fig. 3J, K). Flow
cytometry then revealed that GAS5 overexpression in GSC1 and
GSC2 led to marked increases in the cell apoptosis rate (Fig. 3L, M).

Silencing GAS5 promotes proliferation, invasion, migration,
and stemness while inhibiting apoptosis in GSCs in vitro
GAS5 knockdown was performed in GSC1 and GSC2 by transfection
with shRNAs targeting GAS5 (including shGAS5-1 and shGAS5-2) and
the corresponding negative control. RT-qPCR verified that GAS5

expression in the transfection groups with shRNAs was significantly
lower than that in the transfection group with negative control (Fig.
4A). EdU assays revealed that GAS5 knockdown enhanced the
proliferative capacity of GSC1 and GSC2 (Fig. 4B–D). Transwell assays
indicated that knocking down GAS5 expression promoted the
invasion and migration of GSC1 and GSC2 (Fig. 4E–H). Sphere
formation assay data then showed that GAS5 knockdown signifi-
cantly increased the sphere formation efficiency of GSC1 and GSC2
(Fig. 4I, J). Flow cytometry results suggested that GAS5 knockdown in
GSC1 and GSC2 decreased the cell apoptosis rate (Fig. 4K, L).

Fig. 4 Silencing GAS5 promotes proliferation, invasion, migration, and stemness while inhibiting apoptosis in GSCs in vitro. A RT-qPCR
analysis of GAS5 expression in GSCs after transfection with the shNC, shGAS5-1 or shGAS5-2. *P < 0.05 and **P < 0.01, one-way ANOVA.
B–D Proliferation ability was evaluated after GAS5 downregulation in GSCs using EdU assays. *P < 0.05 and **P < 0.01, one-way ANOVA.
E–H Cell invasion and migration capacity were measured after GAS5 knockdown in GSCs using Transwell assays. **P < 0.01 and ***P < 0.001,
one-way ANOVA. Cell stemness was (I) evaluated and (J) quantified after GAS5 knockdown in GSCs using sphere formation assays. Cell
apoptosis was (K) evaluated and (L) quantified using flow cytometry assays after GAS5 knockdown in GSCs.
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GAS5 overexpression inhibits the growth of GSCs in vivo
Tumorigenicity assays were performed to evaluate the effects of
GAS5 on GSCs growth in vivo. Subcutaneous injection of GSC1
transfected with shGAS5 or the corresponding negative control was
performed. The results showed that GAS5 knockdown in GSCs led
to increases in tumor volume and weight, compared with those in
the control group (Fig. 5A–C). In addition, GSC2 transfected with
the GAS5 overexpression vector or the corresponding negative
control were subcutaneously implanted. These results showed that
overexpression of GAS5 in GSCs led to lower tumor volumes and
weights, compared with those in the control group (Fig. 5D–F).
Besides, HE staining and immunohistochemical analysis of xeno-
graft tumors were performed. It showed that GAS5 knockdown led
to Ki67 increase and Bcl-2 reduction, compared with those in the
control group; overexpression of GAS5 led to Ki67 reduction and
Bcl-2 increase, compared with those in the control group (Fig. S3).

GAS5 functions as a sponge for miR-23a in GSCs
Bioinformatics analysis was conducted to identify the possible
miRNA targets of GAS5 to explore the mechanism of GAS5 in
regulating the biological function of GSCs. Potential bonding sites
between GAS5 and miR-23a were predicted using the StarBase
online database (Fig. 6A). Further verification with RT-qPCR found
higher expression of miR-23a in GSCs, glioma cell lines and glioma
tissues compared with those in the NHAs and normal brain tissues
(Fig. 6B, C). In addition, miR-23a expression was negatively
regulated by GAS5 in GSCs (Fig. 6D, E). WT and MUT vectors of
GAS5 were constructed for luciferase activity assays to assess the
direct binding between miR-23a and GAS5 (Fig. 6A). It showed
that overexpression of miR-23a significantly reduced the luciferase
activity of GSCs transfected with GAS5-WT, whereas the efficacy
was lost in terms of GAS5-MUT (Fig. 6F, G), which suggested that
GAS5 could direct bind with miR-23a.

miR-23a knockdown inhibits the proliferation, invasion, and
migration of GSCs while promoting apoptosis by targeting
CDH1
According to bioinformatics analysis, CDH1 was one of the putative
downstream targets of miR-23a (Fig. 7A). CDH1-WT and CDH1-MUT
vectors were constructed for luciferase activity assays to validate
the direct binding between miR-23a and CDH1 (Fig. 7A). To further

explore the relationship between miR-23a and CDH1, both the
miR-23a inhibitor and CDH1 shRNA were transfected into GSC1
and GSC2. RT-qPCR and western blotting data revealed that miR-
23a knockdown could increase CDH1 expression, which could be
partially reversed by CDH1 shRNA co-transfection (Fig. 7B, C).
Luciferase reporter assays then suggested that overexpression of
miR-23a significantly decreased the luciferase activity of GSCs
transfected with CDH1-WT compared with CDH1-MUT (Fig. 7D, E).
Furthermore, EdU assays found that knocking down miR-23a
expression suppressed the proliferation of GSCs, which was
reversed by knocking down CDH1 expression (Fig. 7F–H).
Subsequently, Transwell assays revealed that the weakened
invasive and migratory capabilities of GSCs induced by miR-23a
knockdown were partially reversed by knocking down CDH1
expression (Fig. 7I–L). Flow cytometry assays found that knocking
down miR-23a expression in GSCs led to increases in cell
apoptosis, which was reversed by knocking down CDH1 expres-
sion (Fig. 7M, N).

Knocking down GAS5 promotes the proliferation, invasion,
and migration of GSCs while inhibiting apoptosis by targeting
miR-23a
GSC1 and GSC2 were transfected with shGAS5 or shGAS5 together
with miR-23a inhibitors to elucidate the mechanism of GAS5
downregulation promoted the malignancy of GSCs. RT-qPCR and
western blot analysis found that shGAS5 transfection can decrease
CDH1 expression, which was partly reversed by transfection with
miR-23a inhibitors (Fig. 8A, B). EdU assays subsequently revealed
that shGAS5 transfection increased the proliferative capacity of
GSCs, which could be reversed by transfection with miR-23a
inhibitors (Fig. 8C–E). Consistent with results from EdU assays, the
increased capabilities of cell invasion and migration of GSCs induced
by shGAS5 transfection was also partly reversed by transfection with
miR-23a inhibitors (Fig. 8F–I). Flow cytometry analysis revealed that
shGAS5 transfection inhibited the apoptosis of GSCs, which was also
reversed by miR-23a inhibitor transfection (Fig. 8J, K).

DISCUSSION
GBM is one of the most aggressive and common forms of primary
malignancies in the central nervous system [17]. GSCs, a minor

Fig. 5 GAS5 overexpression inhibits the growth of GSCs in vivo. A Tumorigenicity assays were performed in nude mice following
subcutaneous inoculation of GSC1 cells transfected with shNC, shGAS5-1 or shGAS5-2. Tumor (B) volume and (C) weight were measured in the
shNC, shGAS5-1 and shGAS5-2 groups. ****P < 0.0001, two-way ANOVA; *P < 0.05 and **P < 0.01, one-way ANOVA. D Tumorigenicity assays
were performed in nude mice after subcutaneous inoculation of GSC2 cells transfected with NC or GAS5. Tumor (E) volume and (F) weight
were measured in the NC and GAS5 groups. ****P < 0.0001, two-way ANOVA; *P < 0.05, Student’s t-test.
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sub-population within the tumor, can actively contribute to the
dismal prognosis caused by tumor recurrence and chemo- and
radio-therapy resistance [17]. It has been reported due to their
ability to self-renew and proliferate in an unfavorable tumor
microenvironment [18]. GSCs not only exhibit potent tumor-
initiating and tumor-propagating characteristics but can also
promote malignant invasion [19]. Therefore, therapies targeting
GSCs have been proposed for improving GBM treatment and
overcoming therapeutic resistance [20]. In the present study, two
GSCs derived from the clinical specimens of glioma patients were
constructed and identified using neural stem cell markers.
Subsequently, they were used to screen for potential therapeutic
targets since they appear more representative of human
physiological conditions.

An increasing number of studies have suggested that lncRNAs
serve an essential role in the occurrence and progression of
gliomas [21, 22]. Therefore, investigating the molecular regulation
mechanism of lncRNAs may reveal a promising therapeutic target
in gliomas. GAS5, located on chromosome 1q25, has been
reported to serve a tumor suppressor role [23, 24]. Lower
expression levels of GAS5 were previously found to be associated
with poorer survival and cisplatin resistance in patients with
cervical cancer through regulation of programmed cell death 4
(PDCD4) via competing endogenous RNA of miR-21 [25]. In
addition, GAS5 was reported to enhance the radio-sensitivity of
esophageal squamous cell carcinoma cells by upregulating RECK
expression [26]. It was also demonstrated that GAS5 could be a
molecular switch for regulating proliferation in CD133+ cells by

Fig. 6 GAS5 functions as a sponge for miR-23a in GSCs. A The putative binding site between miR-23a and GAS5. Wildtype and mutant
vectors of GAS5 were constructed for luciferase activity assays. B, CmiR-23a expression was measured using RT-qPCR in glioma tissues, glioma
cell lines and GSCs. *P < 0.05, Student’s t-test; *P < 0.05, **P < 0.01 and ***P < 0.001, one-way ANOVA. D, E RT-qPCR assays were performed to
verify the negative regulation between miR-23a and GAS5 in GSCs. *P < 0.05 and **P < 0.01, one-way ANOVA; Student’s t-test. F, G Luciferase
reporter assays were performed to verify the direct binding between miR-23a and GAS5. *P < 0.05 and **P < 0.01, Student’s t-test.
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inhibiting glucocorticoid receptor-mediated cell cycle control in
pancreatic cancer [27]. Furthermore, lung cancer cell-derived
exosomal GAS5 was previously proposed as a biomarker for
identifying early-stage non-small cell lung cancer [28]. It was also
reported that GAS5 could effectively inhibit glioma cells’
proliferative and invasive capacities by targeting glutathione
S-transferase mu 3 (GSTM3) [29]. However, the function and
relative mechanisms of GAS5 in GSCs remain unclear. The present

study found that GAS5 overexpression efficiently inhibited the
proliferation, invasion, migration, and tumorgenicity of GSCs but
promoted their apoptosis, which was mediated through the miR-
23a/CDH1 axis.
miRNAs have previously emerged as potential targets in tumor

progression [30]. miR-23a was previously found to be associated
with regulating various cellular processes, including cell prolifera-
tion, apoptosis, and metastasis, in several types of tumors, such as

Fig. 7 miR-23a knockdown inhibits the proliferation, invasion, and migration of GSCs while promoting apoptosis by targeting CDH1.
A The predicted binding sites of miR-23a on the CDH1 3’untranslated region. The vectors of CDH-WT and CDH1-MUT were constructed for
luciferase activity assays. BWestern blot and (C) RT-qPCR analyzed the CDH1 expression in GSCs transfected with the miR-23a inhibitor or miR-
23a inhibitor together with CDH1 shRNA. *P < 0.05 and **P < 0.01, one-way ANOVA. D, E Luciferase reporter assays were performed to verify
the direct binding between miR-23a and CDH1-WT in GSCs. *P < 0.05, Student’s t-test. F–H Cell proliferation was measured in GSCs transfected
with the miR-23a inhibitor or miR-23a inhibitor together with CDH1 shRNA using EdU assays. *P < 0.05 and **P < 0.01, one-way ANOVA.
I–L Invasion and migration abilities in GSCs were evaluated after transfection with the miR-23a inhibitor or miR-23a inhibitor together with
CDH1 shRNA using Transwell assays. *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA. M, N Cell apoptosis rate was determined in GSCs
transfected with the miR-23a inhibitor or miR-23a inhibitor together with CDH1 shRNA using flow cytometry.
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oral squamous cell carcinoma [31] and non-small cell lung cancer
[32]. It was reported that miR-23a expression was increased, which
could promote proliferation and suppress apoptosis by targeting
PDCD4 in gastric cancer [33]. In addition, overexpression of
miR-23a was found to promote the progression of esophageal
squamous cell carcinoma by targeting TNF receptor-associated
factor 5 [34]. By contrast, miR-23a expression was downregulated
and functioned as a tumor suppressor in breast cancer [35]. It was
also previously demonstrated that miR-23a could promote the
progression of glioma by suppressing PTEN [36]. However, the role
of miR-23a in GSCs has not been reported previously. According to
the present study, miR-23a knockdown could inhibit the
proliferation, invasion and migration of GSCs while promoting
their apoptosis by targeting CDH1.
CDH1 is a crucial component in EMT that has been widely

reported to be a pivotal protein for maintaining the integrity of
cell-cell junctions in the epithelial layer [37]. Downregulation of

CDH1 could decrease intercellular adhesion to promote tumor
invasion and metastasis [38]. It was previously reported that bone
morphogenic protein 4 suppressed cell invasion by GBM by
upregulating CDH1 expression [39]. Univariate Cox regression
analysis in another study revealed that lower expression levels of
CDH1 were associated with shorter progression-free survival from
ependymoma [40]. Results of the present study suggested that
GAS5 promoted the expression of CDH1 by sponging miR-23a.
Actually, the binding site of miR-23a to GAS5 and CDH1 was the
same sequence. Because miR-23a directly bound with GAS5 and
CDH1, miR-23a overexpression could bind with more GAS5 and
CDH1, resulting in their downregulation. Conversely, miR-23a
knocking-down bound with fewer GAS5 and CDH1, resulting in
their overexpression.
In summary, the present study not only uncovered the

critical effects of GAS5 as a tumor suppressor in GSCs but also
explored the molecular regulation mechanisms through which

Fig. 8 Knocking down GAS5 promotes the proliferation, invasion, and migration of GSCs while inhibiting apoptosis by targeting miR-
23a. A, B RT-qPCR and western blot analyses of CDH1 expression in GSCs transfected with shGAS5 or shGAS5 together with miR-23a
inhibitors. *P < 0.05, **P < 0.01 and ***P < 0.001, one-way ANOVA. C–E EdU assays were performed to measure the proliferative capabilities of
GSCs transfected with shGAS5 or shGAS5 together with miR-23a inhibitors. *P < 0.05, **P < 0.01 and ***P < 0.001, one-way ANOVA. F–I Cell
invasion and migration were measured in GSCs transfected with shGAS5 or shGAS5 together with miR-23a inhibitors using Transwell assays.
**P < 0.01, ***P < 0.001 and one-way ANOVA. J, K Flow cytometry assessed the apoptosis rate in GSCs transfected with shGAS5 or shGAS5
together with miR-23a inhibitors.
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miR-23a contributed to the progression of GSCs. In addition,
CDH1 was identified as a direct target, which may provide a
novel target for developing potential treatment strategies
targeting GSCs in glioma.
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