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Long non-coding RNA SOX21-AS1 promotes cell proliferation and invasion
through upregulating PAK7 expression by sponging miR-144-3p in glioma cells

S. Y. GAI', Z. H. YUAN>*

'Department of Neurosurgery, The Fourth Affiliated Hospital Zhejiang University School of Medicine, Jinhua, Zhejiang, China; “Department of
Neurosurgery, The Second Affiliated Hospital of Xian Medical University, Xian, Shaanxi, 710038, China

*Correspondence: ZhihaiYuandfg@163.com

Received May 9, 2019 / Accepted August 11, 2019

In this study, the function of long non-coding RNA SOX21 antisense RNA 1 (SOX21-AS1) in the progress of glioma was
explored. RNA and protein levels were measured via quantitative reverse transcription-PCR (qRT-PCR) and western blot
analysis. In addition, we examined cell proliferation, apoptosis, migration and invasion. The interaction between SOX21-
AS1 (PAK7) and miR-144-3p was determined via RNA immunoprecipitation (RIP) assay and Luciferase reporter assay.
SOX21-AS1 was upregulated in glioma tissues and cells. SOX21-AS1 knockdown was carried out in glioma cells (U251 and
U87 cells). Moreover, in vitro, SOX21-AS1 knockdown repressed proliferation, migration, invasion and enhanced apoptosis
in glioma cells. In vivo, SOX21-AS1 knockdown suppressed tumor growth in mice. In addition, SOX21-AS1 could sponge
miR-144-3p, which was determined to bind to PAK7. miR-144-3p knockdown promoted proliferation, migration, invasion
and inhibited cell apoptosis. Importantly, the effects of SOX21-AS1 knockdown-induced proliferation, migration, invasion,
and apoptosis were alleviated in glioma cells co-transfected with SOX21-AS1 and miR-144-3p knockdown. Furthermore,
miR-144-3p knockdown also attenuated Wnt/p-catenin pathway-associated protein levels induced by SOX21-AS1 knock-
down. These results indicated that SOX21-AS1/miR-144-3p/PAK?7 axis played an oncogenic role in glioma cells by regulating

Wnt/B-catenin pathway, which suggests a rational therapeutic strategy for glioma.

Key words: glioma, SOX21-AS1, miR-144-3p, PAK7, migration, invasion

Glioma is the most common lethal neoplasm of the
brain, which accounts for 80% of brain tumors [1, 2]. There
is increasing incidence worldwide in glioma with 10,000
new diagnoses per year [3, 4]. Up to date, some therapeutic
methods, such as surgical resection, radiotherapy and
chemotherapy, have been applied in the treatment of patients
with glioma [5-8]. Although surgery, which was used to
combine with postoperative chemotherapy and radiotherapy,
can improve the patients with glioma to some extent, poor
prognosis and high recurrence are still existent [9-11].
Hence, in order to investigate the mechanism underlying
curative therapy for glioma, the effective early markers are
needed to be explored, which is useful for the diagnosis and
prognosis of glioma.

Long noncoding RNAs (IncRNAs), >200 nucleotides, are
a class of non-protein-coding RNAs and lack transcriptional
ability [12-14]. LncRNAs are involved in cellular devel-
opment and differentiation, growth, cell cycles, apoptosis
in multiple tumors [15-17]. More and more evidence has
shown that aberrant IncRNA expression played an important

role in human diseases, including tumors [18-21]. Interest-
ingly, IncRNA SOX21 antisense RNA 1 (SOX21-AS1), as a
new IncRNA, drew our attention. SOX21-AS1 is located
on chromosome 13q32.1 and can be transcribed into a
2986 nucleotide transcript [22]. It is reported that SOX21-
ASI could act as an oncogenic molecule in some cancers,
including colorectal cancer [23], lung adenocarcinoma [22],
oral cancer [24]. However, the mechanism of SOX21-AS1
participation in glioma is still unclear.

LncRNAs have been reported to interact with RNA [25].
This property, at the transcriptional and post-transcriptional
level, is beneficial for aiding in the regulatory role [26].
Interestingly, miR-144-3p, which could bind with Frizzled-7
(FZD?7), inhibited the progress of glioblastoma [27]. Besides,
p21-activated kinase 7 (PAK?7), also called PAKS5, is a new
member of the mammalian PAK family of serine/threonine
kinases [28-30]. PAK7 was identified from the mamma-
lian brain and facilitated the induction of filopodia [31].
Recently, accumulating evidence showed that PAK7 was
highly expressed in some cancers, such as colon cancer [32],
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ovarian cancer [33], gastric cancer [34], glioma [35, 36], and
enhanced cell proliferation, migration and suppressed cell
apoptosis. However, whether the miR-144-3p regulates the
PAKY? in glioma is unreported.

In the current study, we investigated the role of SOX21-
AS1 in glioma. In addition, we confirmed that SOX21-AS1/
miR-144-3p/PAK?7 axis showed an important role in glioma,
which provides a new target for glioma treatment.

Materials and methods

Tissue collection. Total 40 paired glioma cancer tissues
and normal tissues were collected via surgical resection
from 2018 to 2019 at The Second Affiliated Hospital of Xi’an
Medical University. Among them, there were 13 low-grade
gliomas (LGGs) and 30 high-grade gliomas (13 grade III and
14 grade IV tumors). Before surgery, none of the patients
received radiotherapy or chemotherapy. Written informed
consents were obtained from patients. The experiments were
conducted and approved by World Medical Association
Declaration of Helsinki and The Second Affiliated Hospital
of Xian Medical University. The samples were immediately
stored in liquid nitrogen until used.

Cell culture and transfection. The human glioma cell
lines (U251, U118, LN229, U87 and SHG44), normal human
astrocytes (NHA) and HEK293 cells were purchased from
ATCC, and they were grown in RPMI-1640 with 10% fetal
bovine serum (FBS) at 37°C with 5% CO,. The U251 and
U87 cells were transfected with SOX21-AS1 shRNA or
negative control sShRNA (shNC), respectively.

Quantitative reverse transcription-PCR (qRT-PCR).
Total RNA was extracted from glioma tissues and cells
with TRIzol reagent (Invitrogen, Grand Island, NY, USA).
Then, cDNA, via a PrimeScript RT reagent Kit (Khayal Bio,
Wuhan China), was synthesized using the isolated RNA,
and qRT-PCR was conducted. The SOX21-AS1, PAK7 and
miR-144-3p levels were determined through SYBR Green
(Meilunbio, Dalian, China). GAPDH and U6 were used as
controls. The relative expression of SOX21-AS1, PAK7 and
miR-144-3p was calculated via 2-2*“* method. The primers
are listed in Table 1.

Table 1. The primers used in this study.

Name Sequence (5°-3)

SOX21-AS1 F-GGCTCAGGTTTAGGCGAGTG
R-AGAGGCTCTCCTACTCGTGC

PAK7 F-CCAAAGCCTATGGTGGACCC
R-AGGCCGTTGATGGAGGTTTC

GAPDH F-AGCCACATCGCTCAGACAC
R-GCCCAATACGACCAAATCC

miR-144-3p F- GCCCCTACAGTATAGATGATGTA

R- GTGCAGGGTCCGAGGT
U6 F-CTGGTAGGGTGCTCGCTTCGGCAG
R-CAACTGGTGTCGTGGAGTCGGC

Cell viability detection. The cells (2x10° cells/well) were
seeded into 96-well plates. Cell viability was measured every
24 h. At24 h,48 h, 72 h and 96 h, cell counting kit-8 (CCK-8)
reagents (10 pl/well, Dojindo, Tokyo, Japan) were added into
wells. After incubation for 4 h at 37°C, the optical density
(OD) at 450 nm was read via a microreader.

Flow cytometry analysis. Cells were collected and resus-
pended in PBS. For cell apoptosis detection, the cells were
stained with FITC-labeled Annexin V as well as propidium
iodide (PI) (Beyotime, Shanghai, China) for 15 min. For
cell cycle detection, the cells were resuspended in PBS and
incubated with PI for 30 min. At last, the cell apoptosis and
cell cycle were analyzed using flow cytometry.

Cell migration assay. Cells (1x10° cells/well) were seeded
into 12-well plates. At 0 h, wounds were produced with 200 pl
pipette tip. After washing with PBS, the cells were continually
cultured for 24 h. The images were captured at 0 h and 24 h,
and wounded area was calculated.

Transwell invasion assay. Cells (2x10* cells/well) were
seeded into the upper chambers, which were pre-coated
with Matrigel. In addition, complete medium was added
into lower chamber. Following incubation for 24 h, the cells
were stained with 0.1% crystal violet (Beyotime, Shanghai,
China). The photograph was obtained and invasion cells
were counted under a microscope.

Luciferase reporter assay. The sequences of wild-type
(WT) SOX21-AS1 containing miR-144-3p binding site or
mutant (MUT) SOX21-AS1 losing miR-144-3p binding
site were amplified and inserted into pmirGLO vectors. In
addition, PAK7 3’-UTR sequences that contain miR-144-3p
binding site or lose miR-144-3p binding site were obtained
via PCR amplification and cloned into pmirGLO vectors.
HEK?293 cells were co-transfected with the appropriate lucif-
erase vectors and miR-144-3p mimic or negative control
mimic (NC mimic). After 48 h, the luciferase activity was
examined through Dual-Luciferase Reporter Gene Assay kit
(Promega, Beijing, China).

RNA immunoprecipitation (RIP) assay. SOX21-AS1 was
overexpressed in U251 and U87 cells. Afterwards, these cells
were subjected to RIP assays using with RNA Immunopre-
cipitation Kit (SCBIO, Guangzhou, China). In addition, an
Ago2 antibody (No. ab32381; Abcam, Shanghai, China) was
used. The expression of the SOX21-AS1 and miR-144-3p was
detected via qRT-PCR.

Western blot analysis. The proteins from cells were
extracted with RIPA. The proteins were determined via
BCA protein assay kit (Yubiotech, Shanghai, China), and
separated on SDS-PAGE. Then, the samples were trans-
ferred onto PVDF membranes (Thermo Fisher Scientific,
Shanghai, China). Afterwards, the membranes were blocked
with 5% non-fat milk for 1 h at 37 °C, incubated with primary
antibodies at 4°C overnight, and then incubated with
secondary antibody (1:1000, Abcam, Cambridge, UK) for
45 min at 37°C. Finally, the bands were visualized with ELC
(Beyotime, Shanghai, China). Following primary antibodies



IncRNA SOX21-AS1 PROMOTES CELL PROLIFERATION AND INVASION

335

were used: PAK7 (ab110069; 1:500), GSK3p (ab93926;
1:1000), p-GSK3p (ab75745; 1:1000) and B-catenin (ab6302;
1:1000) (all Abcam, Shanghai, China). Cyclin D1 (No0.2922;
1:2000), C-myc (No. 9402; 1:1000), Cleaved caspase 3
(No. 9661; 1:1000), Cleaved caspase 9 (No. 9505; 1:1000),
E-cadherin (No. 14472; 1:1000), N-cadherin (No. 4061;
1:1000) and GAPDH (No. 5174; 1:5000) (all Cell Signaling
Technology, Danvers, MA, USA).

Tumor growth in nude mice. Six-week-old male nude
mice were obtained from Vitalriver Co. (Beijing, China).
They were maintained at 12h light and dark cycles. All
experiments involving mice were conducted in accordance
with Guide for the Care and Use of Laboratory Animals
and approved by The Second Affiliated Hospital of Xian
Medical University. Five million U251 cells stably transfected
with SOX21-AS1 shRNA (Lv-shRNA) and control (Lv-ctrl)
mediating by lentivirus were subcutaneously injected into
nude mice. After that, tumor growth was monitored and
detected every week for 5 weeks. The tumor volume (mm?)
= length x width? x 0.5. Then, the mice were sacrificed by
sodium pentobarbital and tumor tissues were collected. The
tissues were photographed and weighed.

Statistical analysis was carried out via SPSS 17.0 software
and presented as mean * SD. Statistical analysis was carried
out using the Student’s test, one-way and two-way ANOVA.
Kaplan-Meier method was used to estimate recurrence-free
survival. Survival rates were calculated at 0-, 20-, 40-, and
60-month intervals. To determine the relationship between
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SOX21-AS1 and miR-144-3p, between SOX21-AS1 and
PAK7, a Cox regression model was performed. A p-value
<0.05 was considered significant. All experiments were
repeated 3 times.

Results

SOX21-AS1 was upregulated in glioma tissues and cells.
We conducted qRT-PCR to detect the SOX21-AS1 level.
The results showed that the upregulation of SOX21-AS1
was found in glioma tissues compared with normal tissues
(Figure 1A). In addition, among low-grade gliomas (I-1I), I1I
and IV gliomas, SOX21-AS1 level was highest in grade IV
gliomas while was lowest in low-grade gliomas (Figure 1B).
Glioma patients with high SOX21-AS1 expression showed
shorter survival than glioma patients with low SOX21-AS1
expression (Figure 1C). SOX21-AS1 expression was signifi-
cantly higher in human glioma cell lines than that in NHA
cells (Figure 1D). These results suggested that SOX21-AS1
was upregulated in glioma tissues and cells.

SOX21-AS1 knockdown inhibited glioma cell prolif-
eration and invasion. SOX21-AS1 knockdown was success-
fully carried out in both U251 and U87 cells, and qRT-PCR
showed low SOX21-AS1 expression in glioma cells with
SOX21-AS1 knockdown (Figure 2A). CCK-8 assay demon-
strated that SOX21-AS1 knockdown repressed cell prolif-
eration in U251 and U87 cells (Figure 2B). Apoptotic cells
(Annexin V-FITC)*/PI* and Annexin V-FITC)'/PI") were
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Figure 1. SOX21-AS1 was upregulated in glioma tissues and cells. A, B) SOX21-AS1 level was determined via QRT-PCR in tissues from glioma patients.
C) Survival was calculated in glioma patients with SOX21-AS1 expression. D) SOX21-AS1 level was measured through qRT-PCR in glioma cells. Data
were presented as mean + SD. Statistical analysis was carried out using the student’s test and one-way ANOVA by Tukey. *p<0.05, **p<0.01, ***p<0.001.
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Figure 2. SOX21-AS1 knockdown inhibited glioma cell proliferation and invasion. A) QRT-PCR was used to detect SOX21-AS1 level in U251 and U87
cells. B) CCK-8 assay examined cell proliferation. C and D) Flow cytometry was used to detect cell apoptosis and cell cycle. E and F) Scratch wound
healing assay and transwell assay measured the cell migration and invasion. Data were presented as mean + SD. Statistical analysis was carried out us-
ing the student’s test, one-way and two-way ANOVA by Tukey. **p<0.01, ***p<0.001.



IncRNA SOX21-AS1 PROMOTES CELL PROLIFERATION AND INVASION

337

elevated in U251 and U87 cells with SOX21-AS1 knockdown
by flow cytometry analysis (Figure 2C). Further cell cycle
analysis showed that SOX21-AS1 knockdown increased the
cells at G1-stage and decreased cells at S-stage (Figure 2D). In
addition, SOX21-AS1 knockdown suppressed cell migration
and invasion in both U251 and U87 cells (Figures 2E, 2F).
These data indicated that SOX21-AS1 knockdown inhibited
glioma cell proliferation and invasion.

SOX21-AS1 knockdown suppressed tumor growth
in mice in vivo. The effect of SOX21-AS1 knockdown on
tumor growth in mice was evaluated. The qRT-PCR detec-
tion revealed that SOX21-AS1 expression was decreased
in SOX21-AS1 knockdown tumor tissues (Figure 3A).
The inhibition of volume in tumor tissues was induced by
SOX21-AS1 knockdown (Figures 3B, 3C). Additionally,
SOX21-AS1 knockdown remarkably repressed of the tumor
weight (Figure 3D). These findings suggested that SOX21-
AS1 knockdown suppressed tumor growth in mice in vivo.

SOX21-AS1 was verified to be a target of miR-144-3p.
The bioinformatic analysis found that SOX21-AS1 was a
target of miR-144-3p (Figure 4A). Luciferase reporter assay
showed that miR-144-3p mimics had a suppressive role in
SOX21-AS1-WT group, whereas the luciferase activity was
not affected in miR-144-3p mimics + SOX21-AS1-MUT
group (Figure 4B). RIP assay revealed that the amount of
SOX21-AS1 and miR-144-3p immunoprecipitated with
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Ago2 was high compared with the respective input group and
IgG group, and IgG was significantly lower than SNRNP70
(Figure 4C), suggesting SOX21-AS1 indeed directly binds
to miR-144-3p. Then, qRT-PCR determined that SOX21-
ASI expression was dramatically elevated in both U251 and
U87 cells with SOX21-AS1 overexpression, and SOX21-
AS1 knockdown promoted miR-144-3p expression while
SOX21-AS1 overexpression inhibited miR-144-3p expres-
sion (Figure 4D). In addition, miR-144-3p expression was
lower in glioma tissues than normal tissues, and miR-144-3p
expression showed a lower level in grade III gliomas than
that in low-grade gliomas, in grade IV gliomas than grade III
gliomas (Figure 4E). miR-144-3p expression was negatively
correlated with SOX21-AS1 expression (Figure 4F). These
data suggested that SOX21-AS1 was verified to be a target of
miR-144-3p.

miR-144-3p targeted PAK7. Targetscan was used to
predict that miR-144-3p targeted PAK7 (Figure 5A). Further
luciferase reporter assay testified that there was a significant
difference between miR-144-3p mimics + PAK7-WT and
NC mimics + PAK7-WT. However, there was no effect on
PAK7-MUT group (Figure 5B). Moreover, qRT-PCR verified
that the increase of miR-144-3p level and decrease of PAK7
level were detected in miR-144-3p mimics U251 and U87
cells, whereas miR-144-3p and PAK7 showed opposite level
in miR-144-3p inhibitor U251 and U87 cells (Figure 5C).
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Figure 3. SOX21-AS1 knockdown suppressed tumor growth in mice in vivo. A) SOX21-AS1 level was determined in tissues from mice using qRT-PCR.
B and C) Tissues from mice were photographed and tumor volume was calculated. D) Tumor tissues from mice were weighed. Data were presented as
mean * SD. Statistical analysis was carried out using the student’s test and one-way ANOVA by Tukey. *p<0.05, **p<0.001.
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Figure 4. SOX21-AS1 was verified to be a target of miR-144-3. A) Bioinformatic analysis showed that SOX21-AS1 was a target of miR-144-3p. B and
C) Interaction between SOX21-AS1 and miR-144-3 was determined via luciferase reporter assay and RIP assay. D and E) miR-144-3 level was analyzed
via qQRT-PCR. F) The negative correlation between SOX21-AS1 and miR-144-3 was showed. Data were presented as mean + SD. Statistical analysis was
carried out using the student’s test and one-way ANOVA by Tukey. **p<0.01, ***p<0.001.

Consistent with qRT-PCR detection, western blot analysis
showed that miR-144-3p mimics decreased PAK7 level and
miR-144-3p inhibitor increased PAK?7 level in both U251 and
U87 cells (Figure 5D). There was higher PAK7 expression
in glioma tissues than normal tissues, in grade III gliomas

than in grade I-II gliomas, in grade IV gliomas than grade
III gliomas (Figure 5E). The negative correlation between
miR-144-3p and PAK7, and positive correlation between
SOX21-AS1 and PAK7 were shown (Figure 5F). These results
indicated that miR-144-3p targeted PAK?7.
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Figure 5. miR-144-3p targeted PAK7. A) Targetscan predicted that miR-144-3p targeted PAK?7. B) Interaction between miR-144-3p and PAK7 was de-
termined via luciferase reporter assay. C - E) PAK7 RNA and protein levels were detected through qRT-PCR and western blot analysis. F) The negative
correlation between miR-144-3p and PAK7 and positive correlation between SOX21-AS1 and PAK7 were showed. Data were presented as mean + SD.
Statistical analysis was carried out using the student’s test and one-way ANOVA by Tukey. *p<0.05, **p<0.01, **p<0.001.

SOX21-AS1, sponging miR-144-3p, affected prolif-
eration and invasion in glioma. To further explore how
SOX21-AS1 can affect proliferation and invasion in glioma
by sponging miR-144-3p, the knockdown of SOX21-AS1
and miR-144-3p was performed in both U251 and U87 cells.
CCK-8 assay showed that SOX21-AS1 knockdown inhib-
ited proliferation and miR-144-3p knockdown promoted
proliferation, whereas knockdown of both SOX21-AS1 and
miR-144-3p elevated the proliferation induced by SOX21-
AS1 knockdown (Figure S1A). Moreover, SOX21-AS1

knockdown increased cell apoptosis, miR-144-3p knock-
down decreased cell apoptosis, and knockdown of both
SOX21-AS1 and miR-144-3p alleviated SOX21-AS1 knock-
down-induced cell apoptosis (Figure S1B). Cell cycle detec-
tion revealed that the accumulation of cells at G1-stage and
the reduction of cells at S-stage were caused by SOX21-AS1
knockdown, and the opposite effect on cell cycle was induced
by miR-144-3p knockdown. Knockdown of both SOX21-
AS1 and miR-144-3p could alleviate SOX21-AS1 knock-
down-induced accumulation of cells at G1-stage and reduc-
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tion of cells at S-stage (Figure S1C). Migration and invasion
assay demonstrated that SOX21-AS1 knockdown showed a
suppressive role in migration and invasion, and miR-144-3p
knockdown enhanced migration and invasion. However, the
migration and invasion induced by SOX21-AS1 knockdown
were elevated in both U251 and U87 cells co-transfected
with SOX21-AS1 knockdown and miR-144-3p knockdown
(Figure S1D, S1E). These results suggested that SOX21-AS1,
sponging miR-144-3p, affected proliferation and invasion in
glioma.

SOX21-AS1, sponging miR-144-3p, affected prolifera-
tion and invasion by regulating Wnt/f-catenin pathway
in glioma. To explore whether Wnt/p-catenin pathway can
be involved in the regulation of proliferation and invasion in
glioma, western blot analysis was conducted. We found that
SOX21-AS1 knockdown decreased PAK7. The important
target genes for the Wnt canonical pathway, such as cyclin D1

U251 us7
PAK? |[m———]| [————]
CylinD1 (== am | [—=———]
C-myc [m= = — —] [== ——]

Cleaved caspase 3

Cleaved caspase 9

E-cadherin [== = — —| [————]
N-cadherin [== = m== ~eu| [— — ——]
GSK3[ |mm e e om | [————]
p-GSK3p |-“--[ |——-—|
B-catenin [== < == ] [= = =——]
GAPDH [weemasams| o=
inhNC + + - -~ + + -
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Figure 6. Western blot analysis examined the protein levels. Data were
presented as mean + SD. Statistical analysis was carried out using one-
way ANOVA by Tukey. *p<0.05, **p<0.01, ***p<0.001.

SOX21-AS1

miR-144-3p

v
\ /

proliferation and invasion
promotion

Figure 7. A schematic diagram that SOX21-AS1 promoted cell prolifera-
tion and invasion in glioma cells.

and c-myc [37, 38], were suppressed by SOX21-AS1 knock-
down. In addition, Wnt signaling affected the heterogeneous
expression of epithelial-mesenchymal transition (EMT)-
associated factors, including N-cadherin and E-cadherin
[39]. N-cadherin was high in epithelial cells while E-cadherin
was high in mesenchymal cells [39]. We demonstrated that
SOX21-AS1 knockdown decreased N-cadherin protein
level and increased E-cadherin protein level. B-catenin and
GSK3p, the key genes and proteins in Wnt/B-catenin pathway
[40], were measured. The results from western blot analysis
proved that SOX21-AS1 knockdown repressed [-catenin
and phosphorylated GSK3p. Besides, both apoptosis-related
proteins, cleaved caspase 3 and cleaved caspase 9 were elevated
by SOX21-AS1 knockdown. Conversely, miR-144-3p knock-
down showed the opposite effect on these protein levels.
Moreover, these protein levels from glioma cells co-trans-
fected with SOX21-AS1 and miR-144-3p knockdown were
alleviated (Figure 6). These data indicated that SOX21-AS1,
sponging miR-144-3p, affected proliferation and invasion by
regulating Wnt/B-catenin pathway in glioma.

Discussion

In this study, SOX21-AS1 level was upregulated in
glioma tissues and cells. Then, SOX21-AS1 knockdown
was conducted in glioma cells. Functional analysis revealed
that SOX21-AS1 knockdown repressed cell proliferation
and invasion in vitro. In addition, SOX21-AS1 knockdown
inhibited tumor growth in vivo. We explored the interac-
tion between SOX21-AS1 and miR-144-3p, and between
miR-144-3p and PAK7. Moreover, a schematic diagram
showed that SOX21-AS1/miR-144-3p/PAK7 showed an
important role in regulating cell proliferation and invasion
by Wnt/p-catenin pathway in glioma (Figure 7).

Emerging evidence has shown that SOX21-AS1 could
regulate the tumor progress. For example, SOX21-AS1 was
high in hepatocellular carcinoma tissues, and SOX21-ASI
silencing was demonstrated to inhibit cell proliferation and
metastasis [41]. High expression of SOX21-AS1 was reported
to positively relate to tumor size in lung adenocarcinoma,
and SOX21-AS1 knockdown was found to suppress prolif-
eration, cell cycle as well as to cause cell apoptosis [22]. Like
the previous studies, our study demonstrated that SOX21-
AS]1 levels were dramatically increased in glioma tissues and
cells. In addition, we also found that in vitro, SOX21-AS1
knockdown suppressed cell proliferation, reduced invasion
and migration, and led to cell cycle arrest including accumu-
lation of cells at G1-stage and reduction of cells at S-stage
in both U251 and U87 cells. Moreover, cell apoptosis was
elevated by SOX21-AS1 knockdown in these cells. In vivo,
SOX21-AS1 knockdown reduced tumor tissue volume and
weight. These results indicated that SOX21-AS1 knockdown
showed a suppressive role in the progress of glioma.

Previously, in glioblastoma, low miR-144-3p expres-
sion was found in a glioblastoma cell line, and miR-144-3p
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was determined to inhibit tumor metastasis [27]. Inter-
estingly, in our study, miR-144-3p was downregulated in
glioma tissues. miR-144-3p knockdown promoted prolif-
eration, migration, invasion, and inhibited cell apoptosis.
It is reported that IncRNA may act as miRNA sponge to
regulate gene expression [42]. Lu et al. demonstrated that
LINCO01503, via regulation of miR-4492/FOXKI, increased
cell proliferation and invasion in colorectal cancer [43]. We
et al. discovered that SOX21-AS1, targeting miR-145, was
useful for tumorigenesis through myosin VI in colorectal
cancer [23]. Accordingly, we verified that SOX21-ASl
could bind with miR-144-3p, and PAK7 was a target gene
of miR-144-3p. Notably, PAK7 knockdown was reported to
cause a reduction of cell migration and invasion in glioma
[36]. In our study, the effects of SOX21-AS1 knockdown-
induced proliferation, migration, invasion, and apoptosis
were alleviated in glioma cells co-transfected with SOX21-
AS1 and miR-144-3p knockdown. Furthermore, in SOX21-
AS1 knockdown glioma cells, miR-144-3p knockdown
attenuated SOX21-AS1 knockdown-induced decrease of
PAK7, Cylin D1, C-myc, N-cadherin, p-GSK3f3/GSK3p
and P-catenin protein levels, increase of cleaved caspase
3, cleaved caspase 9 and E-cadherin protein levels. Wang
et al. proved that LINC01503 knockdown inhibited cell
growth, invasion and activation of Wnt/p-catenin pathway,
decreasing B-catenin, cyclin D1 as well as c-myc levels [44].
These findings indicated that SOX21-AS1/miR-144-3p/
PAK7 axis played an oncogenic role in glioma cells by
regulating Wnt/B-catenin pathway.

In conclusion, we demonstrated that SOX21-AS1 was
upregulated in glioma tissues and cells. SOX21-AS1 knock-
down inhibited cell proliferation and invasion in vitro, and
suppressed tumor growth in vivo. Moreover, our findings
indicated that SOX21-AS1, sponging miR-144-3p, reduced
cell proliferation and invasion in glioma via regulating PAK7
and Wnt/B-catenin pathway. These results provide a new
target for glioma therapy. However, more miRNAs may be
sponged by SOX21-AS1. Further mechanisms of SOX21-
ASI affecting development in glioma need to be explored.
Additionally, the experiments about SOX21-AS1 applied into
the clinical practice will be evaluated. Therefore, additional
studies need to be performed in the future.

Supplementary information is available in the online version
of the paper.
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Figure S1. SOX21-AS1, sponging miR-144-3p, affected proliferation and invasion by regulating Wnt/f-catenin pathway in glioma. A) CCK-8 assay
detected cell proliferation. B and C) Cell apoptosis and cell cycle detection was conducted using flow cytometry was used for the analysis. D and E) Cell
migration and invasion was measured via scratch wound healing assay and transwell assay. Data were presented as mean + SD. Statistical analysis was
carried out using one-way and two-way ANOVA by Tukey. *p<0.05, **p<0.01, **p<0.001.



