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circRNA-0002109 promotes glioma
malignant progression via modulating
the miR-129-5P/EMP2 axis
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Glioma is a common intracranial malignant tumor with high
mortality and high recurrence rate. In recent years, increasing
evidence has demonstrated that circular RNAs (circRNAs) are
potential biomarkers and therapeutic targets for many tumors.
However, the role of circRNAs in glioma remains unclear. In
this study, we found that circRNA-0002109 was highly ex-
pressed in glioma tissues and cell lines. Downregulation of
circRNA-0002109 expression inhibited the proliferation,
migration, and invasion of glioma cells and inhibited the ma-
lignant progression of tumors in vivo. Investigations into the
relevant mechanisms showed that circRNA-0002109 upregu-
lated the expression of EMP2 through endogenous competitive
binding of microRNA-129-5P (miR-129-5P), which partially
alleviated the inhibitory effect of miR-129-5P on epithelial
membrane protein-2 (EMP2) and ultimately promoted the ma-
lignant development of glioma. Our results indicate that
circRNA-0002109 plays an important role in the proliferation,
invasion, and migration of glioma cells by regulating the miR-
129-5P/EMP2 axis, which provides a new potential therapeutic
target for glioma.

INTRODUCTION
Glioma is the most common primary intracranial malignant tumor,1

with a high recurrence rate even after surgery, radiotherapy, chemo-
therapy, and other comprehensive treatments.2,3 According to the
2007 World Health Organization (WHO) criteria, glioblastoma mul-
tiforme (GBM) is a grade IV tumor and is the most malignant type of
glioma.4 However, even after current advanced treatment, patients
diagnosed withGBMhave amedian survival of less than 16months.5,6

Therefore, we urgently need to explore the potential molecular mech-
anisms of glioma development, especially GBM, and to develop more
effective treatment measures.

In recent years, circular RNAs (circRNAs) have attracted much atten-
tion and become a research hotspot in various disease fields, especially
in cancer research.7–9 circRNAs are closed-loop structures generated
by reverse splicing of precursor mRNAs, resulting in the lack of a
Molecular T
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50-end cap or a 30-terminal poly(A) tail; this decreases the degradation
rate of circRNAs.10,11 Therefore, circRNAs have a unique advantage
as a disease diagnostic marker and treatment target.12 Recently,
studies have shown that circRNAs can inhibit the activity of specific
downstream microRNAs (miRNAs) and consequently indirectly
regulate the expression of miRNA target genes, thus functioning as
competing endogenous RNAs (ceRNAs).13,14 In addition, circRNAs
can act as RNA-binding protein sponges and have the ability to
encode proteins.15–17 Existing evidence has also shown that the
imbalanced expression of circRNAs can greatly affect the occurrence
and development of tumors by regulating biological processes,
including the proliferation, migration, metastasis, and invasion of tu-
mor cells. For example, circBFAR promotes the progression of
pancreatic ductal carcinoma by regulating the microRNA-34b-5P
(miR-34b-5P)/Met/AKT axis.18 circFNDC3B encodes a newly identi-
fied protein, circfNDC3B-218AA, which inhibits the proliferation
and metastasis of colon cancer.19 However, little is known about
the regulatory mechanisms of circRNAs in glioma.

As a cell surface protein, epithelial membrane protein-2 (EMP2) is
one of the growth arrest-specific gene 3/peripheral myelin protein
22 (GAS3/PMP22) tetraspan proteins, and it is closely involved in
cell proliferation, migration, and adhesion.20 Studies have shown
that EMP2 expression is upregulated in various tumors and associ-
ated with poor prognosis.21,22 In recent years, EMP2 has become a
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Figure 1. circRNA-0002109 is upregulated in glioma tissues and cell lines

(A) Heatmap and (B) volcano map of differentially expressed circRNAs between glioma tissues and paired adjacent normal tissues (ANTs) in GSE109569 microarray. (C) The

expression levels of 15 circRNAswere determined by RT-qPCR in ANT and glioma tissues. (D) The circRNA-0002109 expression level in NHA cell lines and human glioma cell

lines (U87, LN229, U251, SHG44, A172). (E) The circRNA-0002109 was back-spliced by exon 4 and exon 5 of MCM10 and verified by Sanger sequencing. (F) Agarose gel

electrophoresis showed that only divergent primers amplified circRNA-0002109 in cDNA. GAPDH served as a negative control. (G and H) Validation of circRNA-0002109

(legend continued on next page)
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hotspot in cancer research, especially in glioma research because of its
potential as a biomarker.23,24 However, little is known about the reg-
ulatory mechanisms of EMP2 in gliomas.

In this study, we selected circRNA-0002109 by bioinformatic analysis
and identified that circRNA-0002109 acts as a sponge for miR-129-5P
to indirectly regulate the expression of EMP2 in gliomas. Then,
through in vitro and in vivo experiments, we demonstrated that
circRNA-0002109 played a role in the malignant progression of gli-
oma by regulating the miR-129-5P/EMP2 axis. Our study provides
evidence for a new and promising target for the treatment of glioma.

RESULTS
circRNA-0002109 is upregulated in glioma tissues and cell lines

Upon analyzing the circRNA microarray in GEO datasets (GEO:
GSE109569),25 we identified 4,423 circRNAs in three pairs of glioma
specimens (three glioma tissues and three matching tumor-adjacent
tissues). With a p value less than 0.05 and |log2fold-change| greater
than 0.58 as the threshold, 91 differentially expressed circRNAs,
including 51 upregulated and 40 downregulated circRNAs, were
identified (Table S1). We constructed a heatmap and volcano map
to show the differentially expressed circRNAs (Figures 1A and 1B).
Among the 51 upregulated circRNAs, 15 circRNAs had a p value
less than 0.01 and |log2fold-change| greater than 1.0 (Table S2).
The expression levels of these 15 circRNAs in glioma tissues were
further verified by RT-qPCR analysis. Compared with that in the
corresponding tumor-adjacent normal tissues (N = 3), the expression
level of hsa-circ-0002109 in glioma tissues was the most abundant
(Figure 1C). Therefore, we focused on hsa-circ-0002109, and we re-
named it circRNA-0002109 in this study. RT-qPCR analysis further
showed that the expression level of circRNA-0002109 in glioma cell
lines was higher than that in normal cell lines. Moreover, circRNA-
0002109 expression levels in U87 and LN229 cell lines were higher
than those in other glioma cell lines, so we selected U87 and
LN229 cell lines for subsequent experiments (Figure 1D). Analysis
of the circBase database (http://www.circbase.org/) revealed that
circRNA-0002109 was formed by head-to-tail splicing of exons 4
and 5 of Minichromosome Maintenance 10 Replication Initiation
Factor (MCM10), and its length was 246 nt. The head-to-tail splicing
of circRNA-0002109 was further verified by Sanger sequencing (Fig-
ure 1E). All the results indicate that circRNA-0002109 expression is
upregulated in glioma tissues and cells.

Next, we designed a convergent primer for linear-0002109 and a
divergent primer for circRNA-0002109 and performed electropho-
resis with cDNA and genomic DNA (gDNA) as the PCR templates.
The results showed that the divergent primers only amplified
circRNA-0002109 from cDNA, and no amplified products were
found in samples containing gDNA (Figure 1F). Glioma cells were
pretreated with RNase R to detect the stability of circRNA-0002109.
stability by RNase R treatment and RT-qPCR analysis. (I) Relative circRNA-0002109 exp

cytoplasmic separation and FISH shown subcellular localization of circRNA-000210

experiments. **p < 0.01; ***p < 0.001.
Electrophoresis results showed that circRNA-0002109 was resistant
to RNase R digestion, while the expression level of linear-0002109
decreased (Figures 1G and 1H).We then detected the expression level
of circRNA-0002109 in glioma tissues and matched tumor-adjacent
normal tissues (N = 30) and found that the abundance of circRNA-
0002109 in glioma tissues was significantly higher than that in
tumor-adjacent normal tissues (Figure 1I), indicating that the expres-
sion of circRNA-0002109 is correlated with glioma. Finally, we de-
tected the subcellular localization of circRNA-0002109 and conduct-
ed RT-qPCR analysis on the nuclear and cytoplasmic fractions of
glioma cells, which showed that circRNA-0002109 was mainly local-
ized to the cytoplasm (Figure 1J). Fluorescence in situ hybridization
(FISH) experiments further confirmed this conclusion (Figure 1K).
These data illustrated that circRNA-0002109 upregulation is com-
mon in glioma and may have a vital role in the progression of glioma.

High expression of circRNA-0002109 promotes the proliferation,

migration, and invasion of glioma cells

To evaluate the role of circRNA-0002109 in glioma, lentiviral vectors
were constructed to knock down or overexpress circRNA-0002109
and were transduced into U87 and LN229 cells. Then, the transduc-
tion efficiency was verified by RT-qPCR analysis, which showed that
sh-circRNA-0002109 #1 had the strongest knockdown efficiency,
while the level of linear-0002109 was not significantly changed.
Thus, in subsequent studies, we performed knockdown experiments
using sh-circRNA-0002109 #1 (Figures 2A and S1A). Next, we eval-
uated the effect of circRNA-0002109 on cell proliferation with the
CCK-8 and 5-ethynyl-20-deoxyuridine (EdU) staining assays, which
revealed that downregulation of circRNA-0002109 could impair the
proliferation ability, while overexpression of circRNA-0002109 could
accelerate proliferation (Figures 2B–2D). The transwell assay results
showed that circRNA-0002109 knockdown significantly inhibited
the migration and invasion of U87 and LN229 cells, while overexpres-
sion of circRNA-0002109 promoted their migration and invasion
(Figures 2E and 2F). Finally, we detected the effect of circRNA-
0002109 on the changes in the protein expression of epithelial-mesen-
chymal transition (EMT) marker genes by western blotting. The re-
sults showed that knockdown of circRNA-0002109 decreased the
protein levels of N-cadherin, Snail, Slug, and Vimentin, and increased
E-cadherin protein levels, while overexpression of circRNA-0002109
had the opposite results (Figure 2G). Taken together, these data indi-
cate that circRNA-0002109 has a carcinogenic effect in glioma cells,
and high levels of circRNA-0002109 expression can enhance the pro-
liferation, migration, and invasion of glioma cells.

CircRNA-0002109 functions as a sponge for miR-129-5P in

glioma cells

Studies have shown that circRNAs mainly function as a sponge in
the cytoplasm to regulate their downstream miRNAs. To further
explore such downstream miRNAs of circRNA-0002109, we
ression levels in paired ANTs (n = 30) and glioma tissues (n = 30). (J and K) Nuclear-

9. Scale bars, 50 mm. Data are presented as mean ± SD of three independent
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analyzed the miRNAs in the GSE103228 dataset (Table S3) and
screened 25 downregulated miRNAs with a threshold value of
p < 0.05 and |log2fold-change| greater than 0.58. The heatmap
and volcano map show the differential expression of these miRNAs
(Figures 3A and 3B). The miRanda database suggested that miR-
129-5P and circRNA-0002109 could bind to each other, with a
binding force of 166, and a total free energy of �27.69. In addition,
since previous studies have shown that miR-129-5P can play a role
in cancer inhibition,26–28 we chose miR-129-5P as the focus of our
study. RT-qPCR analysis was performed on tumor tissues and cor-
responding adjacent normal tissues, which showed that miR-129-
5P was expressed at lower levels in tumor tissues (Figure 3C).
RT-qPCR detection in glioma cells also confirmed this conclusion
(Figure 3D).

To clarify whether circRNA-0002109 functions as a sponge of
miR-129-5P in glioma cells, we conducted an Argonaute2-RNA
immunoprecipitation (AGO2-RIP) experiment and confirmed that
anti-AGO2 enriched more circRNA-0002109 and miR-129-5P
than did anti-immunoglobulin (Ig) G (Figure 7B). Next, we cloned
the wild-type circRNA-0002109 and a mutant with a disrupted
miR-129-5P binding site into a luciferase vector, and found that
the luciferase activity of cells expressing wild-type circRNA-
0002109 and transfected with miR-129-5P mimics was significantly
lower than that in cells expressing the mutant circRNA-0002109 af-
ter miR-129-5P mimic transfection (Figure 3E). Moreover, abundant
miR-129-5P was detected by RNA pull-down assay (Figure 3F).
Consistent with these results, FISH assays confirmed the colocaliza-
tion of circRNA-0002109 and miR-129-5P in the cytoplasm of gli-
oma cell lines (Figure S1B). In addition, we found that the expression
level of miR-129-5P increased after circRNA-0002109 was knocked
down in glioma cells (Figure 3G). These results suggested that
circRNA-0002109 inhibited the expression of miR-129-5P by
sponging miR-129-5P.

Elevated miR-129-5P expression inhibits the malignant

phenotype of glioma cells

To further investigate the potential role of miR-129-5P, we trans-
fected miR-129-5P mimics or inhibitors into U87 and LN229 cells
(Figure 4A). Then, we conducted CCK-8 assays and EdU staining,
which revealed that overexpression of miR-129-5P inhibits glioma
cell proliferation, whereas downregulation of miR-129-5P promotes
cell proliferation (Figures 4B and 4C). The transwell assay results
showed that the migration and invasion of glioma cells were signif-
icantly attenuated after miR-129-5P overexpression, while downre-
gulation of miR-129-5P enhanced these activities (Figure 4D). In
conclusion, miR-129-5P acts as a tumor suppressor gene in glioma
cells.
Figure 2. High expression of circRNA-0002109 promotes the proliferation, mig

(A) RT-qPCR analysis of circRNA-0002109 expression levels after treatment with three

assess proliferation ability of cells transduced with sh-circRNA-0002109 or LV-circRNA-

adhere to the plates. (E and F) The migration and invasion ability of U87 and LN229 cells

related proteins was detected by western blot analysis. Data are presented as mean ±
miR-129-5P reversed the tumor-promoting effects of circRNA-

0002109 in glioma cells

To further clarify whether circRNA-0002109 promotes glioma cell
proliferation, migration, and invasion by acting on miR-129-5P, we
co-transfected sh-circRNA-0002109 and miR-129-5P inhibitors
into U87 and LN229 cells, and rescue experiments showed that inhi-
bition of miR-129-5P expression could partially reverse the effect of
sh-circRNA-0002109 (Figure 5A). CCK-8 and EdU staining assays
suggested that inhibiting miR-129-5P expression could enhance pro-
liferation. Notably, inhibition of miR-129-5P reversed the decline in
proliferation caused by sh-circRNA-0002109 (Figures 5B and 5C).
Transwell assays also showed that the miR-129-5P inhibitor reversed
the decrease in migration and invasion caused by sh-circRNA-
0002109 (Figure 5D). Taken together, these results indicated that
circRNA-0002109 promotes the development of glioma cells by in-
hibiting the antitumor effect of miR-129-5P.

miR-129-5P directly targets the oncogene EMP2

To identify mRNAs with miRNA response elements (MREs) that
can bind to miR-129-5P, we predicted the possible downstream
target genes of miR-129-5P through the miRanda, miRDB, miRTar-
Base, and miRcode databases,29–32 and obtained 143 genes that were
common among all four databases (Figure 6A; Tables S4, S5, S6, S7,
and S8). Then, we intersected the 143 genes with the mRNAs upre-
gulated in glioma tissues based on the GSE104267 microarray anal-
ysis (Figures S2A and S2B; Table S9), and eight genes were finally
identified (Figure 6B). Next, we conducted RT-qPCR experiments
on these eight genes in normal human astrocyte (NHA), U87, and
LN229 cells, and found that only EMP2 was simultaneously
increased in U87 and LN229 cells; its expression was the most abun-
dant compared with the other seven genes investigated (Figures 6C
and S2C). RT-qPCR and immunohistochemistry (IHC) showed that
EMP2 was highly expressed in glioma tissues (Figures 6D and 6E).
Furthermore, we have analyzed the expression of EMP2 in different
grades of gliomas based on the Chinese Glioma Genome Atlas
(CGGA) databases and The Cancer Genome Atlas (TCGA) data-
bases and discovered that EMP2 expression level was higher in
high-grade gliomas than in low-grade glioma, especially in grade
IV. Besides, EMP2 expression level was higher in recurrent gliomas
than in primary gliomas. In addition, we also performed Kaplan-
Meier survival analysis of survival percentage based on TCGA and
CGGA data. The results demonstrated that glioma patients with
higher EMP2 expression obtained shorter median survival time
and poor prognosis compared with the patients with lower expres-
sion (Figures S3A–S3D). We have analyzed the expression of
EMP2 in these four subtypes by detecting the data from TCGA data-
base and we can see that the expression levels of EMP2 are different
in each subtype of glioblastoma; the EMP2 expression level is
ration, and invasion of glioma cells

sh-RNAs and LV-RNAs. (B–D) CCK-8 assay and EdU staining were performed to

0002109. Scale bars, 100 mm. The sampling day of EdU staining is 36 h after the cells

were confirmed by transwell assay. Scale bars, 100 mm. (G) Expression level of EMT-

SD of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 3. circRNA-0002109 functions as a sponge

for miR-129-5P in glioma cells

(A) Heatmap and (B) volcano map of differentially ex-

pressed miRNAs between glioma tissues and ANT in

GSE103228 microarray. (C) The expression level of miR-

129-5P in glioma tissues (n = 30) and (D) cell lines via RT-

qPCR analysis. (E) A dual-luciferase reporter assay to

determine the direct binding between circRNA-0002109

and miR-129-5P. (F) RNA pull-down assay was per-

formed to verify the enrichment of miR-129-5P by

circRNA-0002109 in glioma cells. (G) Expression levels of

circRNA-0002109 and miR-129-5P in U87 and LN229

cells transduced with sh-circRNA-0002109 were evalu-

ated by RT-qPCR. Data are presented as mean ± SD of

three independent experiments. **p < 0.01; ***p < 0.001.
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significantly highest in mesenchymal subtype compared with
another three subtypes, so EMP2 can be used as a marker of molec-
ular subtypes in GBM (Figure S3E). These results suggested that the
expression level of EMP2 was closely related to glioma progression.
Therefore, we focused on EMP2 as the downstream mRNA in our
study. To verify that miR-129-5P interacts directly with EMP2, we
constructed luciferase reporter plasmids with the wild-type 30 UTR
of EMP2 mRNA and mutant 30 UTR with a mutated miR-129-5P
binding site. The results showed that miR-129-5P mimics signifi-
cantly reduced the luciferase activity in cells with the wild-type 30

UTR, while the luciferase activity in cells with the mutant 30 UTR
did not significantly change, indicating that miR-129-5P inhibited
the expression of EMP2 by directly binding to the 30 UTR of
EMP2 mRNA (Figure 6F). In addition, in U87 and LN229 cells,
miR-129-5P mimics significantly decreased the mRNA and protein
expression of EMP2, while miR-129-5P inhibitor significantly
increased this expression (Figures 6G and 6H).

Next, we investigated the functions of EMP2 in glioma cells. Over-
expression of EMP2 promotes the proliferation, migration, and in-
6 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
vasion of glioma cells. Notably, we found that
overexpression of EMP2 significantly reversed
the inhibitory effects of miR-129-5P mimics
on glioma cell proliferation, migration, and
invasion (Figures 6I–6K). In conclusion, these
findings suggested that EMP2 is an oncogene
and a direct target of miR-129-5P in glioma
cells.

CircRNA-0002109 facilitates the malignant

phenotype of glioma cells by targeting

EMP2

To further investigate whether circRNA-
0002109 promotes the malignant progression
of glioma cells by regulating the downstream
target gene EMP2, sh-circRNA-0002109 and
EMP2 overexpressing lentiviral vector were
co-transduced into U87 and LN229 cells. RT-
qPCR analysis showed that sh-circRNA-0002109 could downregu-
late the expression of EMP2 (Figure 7A). In addition, we conducted
an AGO2-RIP experiment, which showed that anti-AGO2 simulta-
neously enriched more circRNA-0002109 and EMP2 than did
anti-IgG (Figure 7B). Next, CCK-8 and EdU staining analysis indi-
cated that overexpression of EMP2 inhibited the decrease in cell pro-
liferation decrease induced by sh-circRNA-0002109 (Figures 7C and
7D). Besides, transwell assays confirmed that overexpression of
EMP2 reversed the reduction in migration and invasion caused by
circRNA-0002109 knockdown (Figure 7E). In addition, we detected
protein changes in EMT marker genes via western blotting and
showed that downregulation of circRNA-0002109 inhibited the
expression of N-cadherin, Vimentin, Slug, and Snail while
enhancing the expression of E-cadherin. It is worth noting that over-
expression of EMP2 reverses these changes (Figure 7F). On the other
hand, western blotting also demonstrated that inhibition of miR-
129-5P expression reversed the downregulation of EMP2 caused
by circRNA-0002109 knockdown, whereas overexpression of miR-
129-5P reserved the upregulation of EMP2 caused by LV-
circRNA-0002109 (Figure 7G). Next, correlation analysis revealed
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Figure 4. Elevated miR-129-5P expression inhibits the malignant phenotype of glioma cells

(A) The expression levels of miR-129-5P was determined by RT-qPCR in glioma cells transfected with miR-129-5P mimics or miR-129-5P inhibitor. (B) CCK-8 assay and (C)

EdU staining were performed to detect the cell proliferation ability. Scale bars, 100 mm. The sampling day of EdU staining is 36 h after the cells adhere to the plates. (D) Effect of

miR-129-5P on the migration and invasion of glioma cells was assessed by transwell assay. Scale bars, 100 mm. Data are presented as mean ± SD of three independent

experiments. *p < 0.05; **p < 0.01; ***p < 0.001.
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that the expression of EMP2 was positively correlated with circRNA-
0002109, but negatively correlated with miR-129-5P (Figure 7H).
These results indicated that circRNA-0002109 promoted the malig-
nant progression of glioma cells by specifically upregulating of
EMP2 expression.
Silencing circRNA-0002109 inhibited xenograft tumor growth

in vivo

To investigate the regulatory effect of circRNA-0002109 on tumor
growth in vivo, U87 cells stably transduced with the lentiviral plasmid
sh-circRNA-0002109 or LV-EMP2 were subcutaneously injected into
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 7

http://www.moleculartherapy.org


A B

C

D

Figure 5. miR-129-5P reversed the tumor-promoting effects of circRNA-0002109 in glioma cells

(A) CircRNA-0002109 and miR-129-5P expression levels were detected by RT-qPCR in glioma cells transduced with sh-circRNA-0002109 or co-transfected with sh-

circRNA-0002109 and miR-129-5P inhibitor. Effects of sh-circRNA-0002109 and miR-129-5P inhibitor on the proliferation of U87 and LN229 cells were evaluated by (B)

CCK-8 assay and (C) EdU staining. Scale bars, 100 mm. The sampling day of EdU staining is 36 h after the cells adhere to the plates. (D) Transwell assay was performed to

evaluate glioma cells’ ability of migration and invasion. Scale bars, 100 mm. Data are presented as mean ± SD of three independent experiments. *p < 0.05; **p < 0.01; ***p <

0.001.
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nude mice to establish a xenograft tumor model. We observed that
knocking down circRNA-0002109 resulted in a significantly smaller
xenograft volume and lower weight than those in the control group
8 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
(sh-NC), and this effect was reversed by transducing cells with LV-
EMP2 (Figures 8A–8C). Then, we extracted RNA from the tumors
and performed RT-qPCR analysis, which showed that the expression
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of circRNA-0002109 and EMP2 was decreased, while that of miR-
129-5P was increased in the tumor tissues (Figure 8D). Furthermore,
the IHC staining results showed that, in sh-circRNA-0002109 tumor
tissues, EMP2 expression levels were decreased; the expression of
EMT markers such as N-cadherin, Vimentin, Slug, and Snail was
decreased; and E-cadherin expression levels increased (Figure 8E).
These results revealed that knockdown of circRNA-0002109 attenu-
ated the mesenchymal phenotype and confirmed that circRNA-
0002109 promotes the malignant progression of glioma in vivo.

DISCUSSION
Surgery, chemoradiotherapy, immunotherapy, and related combina-
tion therapies can improve the survival prognosis of patients with gli-
oma33–35; however, a high recurrence rate remains the major cause of
glioma-related death.36 Therefore, we urgently need to find new tar-
gets for the treatment of glioma. In recent years, the regulatory role of
circRNAs in various diseases has been confirmed,37 especially with re-
gard to the occurrence and development of malignant tumors.38,39

Currently, several circRNAs have been confirmed to play vital roles
in the progression of glioma, such as CircNT5E, CircSCAF11, and
CircU2AF1.40–42 In this study, we discovered a new circRNA, named
circRNA-0002109, via analysis of the GSE109569 chip, and verified
that it is highly expressed in glioma tissues and cells. Mechanistic
studies demonstrated that circRNA-0002109 bound to miR-129-5P
and attenuated the inhibitory effect of miR-129-5P on its target
gene EMP2, leading to EMP2 accumulation and the consequent in-
creases in the proliferation, migration, and invasion of glioma cells.

circRNA-0002109 is generated by reverse splicing exons 4 and 5 of
MCM10, a familiar oncogene, and was confirmed by Sanger
sequencing.We found that circRNA-0002109 expression was upregu-
lated in glioma tissues and a variety of glioma cell lines. Loss-of-func-
tion experiments showed that knockdown of circRNA-0002109 could
inhibit glioma cell proliferation, migration, and invasion. These find-
ings suggest that circRNA-0002109 acts as an oncogene to promote a
malignant phenotype of glioma.

A large number of studies have shown that circRNAs can competi-
tively bind miRNAs to inhibit their activity, bind RNA-binding pro-
teins to regulate downstream target genes, and translate proteins to
promote biological functions.43,44 In this study, we found that
circRNA-0002109 was mainly localized to the cytoplasm, suggesting
it exerts a sponging effect onmiRNAs.We selected miR-129-5P as the
target miRNA based on bioinformatics analysis of the GSE103228
Figure 6. miR-129-5P directly targets the oncogene EMP2

(A) Potential target genes of miR-129-5P predicted by miRanda, miRDB, miRTarBase,

GSE104267 chip was performed to screen for miR-129-5P target genes. The expression

30). (E) Immunohistochemistry (IHC) showed EMP2 expression level in glioma tissues. S

after co-transfecting with miR-129-5Pmimics and EMP2-WT or EMP2-MUT reporter pla

in U87 and LN229 cells after transfecting with miR-129-5Pmimics ormiR-129-5P inhibit

and miR-129-5P mimics co-transfected cells. Scale bars, 100 mm. The sampling day of

and invasion capacity were evaluated by transwell assay in cells transduced with LV-EMP

mean ± SD of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.
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chip. miR-129-5P has been reported to have inhibitory effects on
laryngeal cancer, neuroendocrine tumors, and prostate cancer.26–28

Moreover, we demonstrated that the expression of miR-129-5P in gli-
oma tissues was lower than that in matched tumor-adjacent tissues.
Further functional analysis showed that overexpression of miR-129-
5P inhibited glioma cell proliferation, migration, and invasion, while
the miR-129-5P inhibitor promoted these activities. The binding of
circRNA-0002109 to miR-129-5P was confirmed by dual-luciferase
reporter, RNA immunoprecipitation (RIP), and pull-down assays.
These results suggested that circRNA-0002109 sponged miR-129-
5P to exert a tumor-promoting role in glioma cells.

EMP2 is an oncogene that has been studied in many kinds of tu-
mors.21,22 In 2017, Madhuri Wadehra et al. showed that EMP2 can
promote the pathological progression of glioma and is a promising
therapeutic target.24 Besides, Kaplan-Meier survival analysis based
on TCGA and CGGA data demonstrated that glioma patients with
higher EMP2 expression obtained shorter median survival time and
poor prognosis compared with the patients with lower expression.
In our study, EMP2 expression was upregulated in glioma tissues,
and overexpression of EMP2 greatly promotes the proliferation,
migration, and invasion of glioma cells. Upon review of multiple data-
base, we found that EMP2 is a downstream target gene of miR-129-5P
and confirmed this association with the dual-luciferase reporter assay.
Further experiments indicated that the primary activity of circRNA-
0002109 is competitively binding miR-129-5P to indirectly regulate
EMP2 expression. Functional analysis showed that circRNA-
0002109 promoted the malignant phenotype of glioma cells by
upregulating EMP2. A large number of studies has shown that the
migration and invasion activities of tumor cells are closely related
to EMT.45,46 Our data revealed that the expression levels of
circRNA-0002109 or EMP2 affect the expression levels of EMT
markers (such as E-cadherin, N-cadherin, Vimentin, Slug, and Snail),
indicating that the circRNA-0002109/miR-129-5P/EMP2 axis pro-
motes the migration and invasion of glioma cells by regulating EMT.

Finally, in vivo experiments were conducted to further illustrate the
regulatory relationship of the circRNA-0002109/miR-129-5P/EMP2
axis on glioma progression. Our study enriched the understanding
of the molecular mechanism by which circRNAs affect glioma gene-
sis. In the future, we can focus on the upstream regulatory factors of
circRNA-0002109 and potentially develop a noninvasive method for
detecting circRNA-0002109, which is of great significance for the
clinical translation of glioma research.
and miRcode. (B) Integrated analysis of bioinformatics-predicted target genes and

level of EMP2 was evaluated by RT-qPCR in (C) cell lines and (D) glioma tissues (n =

cale bars, 50 mm. (F) Luciferase reporter assay was used to detect luciferase activity

smid. EMP2 expression level was detected by (G) RT-qPCR and (H) western blotting

or. (I) CCK-8 assay and (J) EdU staining analysis of the proliferation ability in LV-EMP2

EdU staining is 36 h after the cells adhere to the plates. (K) Changes in cell migration

2 or co-transfectedmiR-129-5Pmimics. Scale bars, 100 mm. Data are presented as
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MATERIALS AND METHODS
Glioma tissue samples

In all, 30 pairs of glioma tissues and matched tumor-adjacent tissues
were taken from patients who underwent surgical resection at the
First Affiliated Hospital of GannanMedical University. All specimens
were immediately frozen in liquid nitrogen after resection and then
stored at �80�C prior to use for RT-qPCR analysis. In this study,
informed consent was obtained from each patient, and the project
protocol was approved by the ethics committee of the First Affiliated
Hospital of Gannan Medical University.
Cell lines and cell culture

Human glioma cell lines (U87, LN229, U251, SHG44, A172) and a
normal astrocyte cell line (NHA) were purchased from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China), identi-
fied, and tested for mycoplasma contamination. Cells were routinely
cultured in Dulbecco’s modified Eagle’s medium (DMEM, Invitro-
gen) supplemented with 10% (v/v) fetal bovine serum (FBS, HyClone,
Logan, UT), penicillin (200 units/mL), and streptomycin (100 mg/mL)
and cultured at 37�C in a 5% CO2 humidified air incubator (Thermo
Scientific, Waltham, MA).
RNA isolation, RNase R digestion, and RT-qPCR

Total RNA from tissues or cells was extracted with TRIzol Reagent (In-
vitrogen, United States) based on the manufacturer’s protocol. RNA
from the nuclei and cytoplasm of cell lines was extracted using a Nu-
clear/Cytosol Fractionation Kit (BioVision, United States). For RNase
R digestion, 5 mg of total RNA was incubated for 10 min at 37�C in
the presence or absence of 4U/mg RNase R (Geneseed Biotech, Guangz-
hou,China).Toquantify circRNA,mRNAandmiRNA,RT-qPCRsam-
ples were prepared with GoTap qPCR Master Mix (Promega, United
States) and run on a 7500 Fast Real-time PCR System (Applied
Biosystem, Foster City, CA). GAPDH and U6 were used as the internal
reference genes, and the relative expression was calculated using the
2-
OOCt method. The PCR primers used are listed in Table S10.
Western blot analysis

Total protein was extracted from the cells using radio-immunopre-
cipitation assay lysis buffer. A bicinchoninic acid (BCA) protein assay
kit (Thermo, United States) was used to measure the protein concen-
tration. Equal amounts of protein were separated by SDS-PAGE
through gels and then transferred onto polyvinylidene fluoride
(PVDF) membranes (Bio-Rad, United States) in accordance with
the standard procedure. The membranes were blocked with 5%
Figure 7. circRNA-0002109 facilitates the malignant phenotype of glioma cells

(A) RT-qPCR analysis for EMP2 expression level after transducing sh-circRNA-000210

enrichment of circRNA-0002109, miR-129-5P, and EMP2. Cell proliferation was determ

sh-circRNA-0002109 or co-transfected with sh-circRNA-0002109 and EMP2 overexpr

36 h after the cells adhere to the plates. (E) Effects of sh-circRNA-0002109 and LV-EMP2

assay. Scale bars, 100 mm. (F) EMT-related proteins expression levels in U87 and LN229

levels of EMP2 in U87 and LN229 cells transfected with different treatments by western

glioma tissues (n = 30) was analyzed by RT-qPCR. Data are presented as mean ± SD
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skim milk at room temperature for 2 h before they were incubated
with primary antibody at 4�C overnight. Subsequently, the secondary
antibody was incubated at room temperature for 1 h the next day and
the protein bands were visualized by chemiluminescence and imaged.
Information on the antibodies used is listed in Table S11.

Cell transduction/transfection

Lentiviral vectors (control small hairpin RNA [sh-RNA] lentiviral vec-
tors, circRNA-0002109 sh-RNA lentiviral vectors, control lentiviral
activation vectors, circRNA-0002109 lentiviral activation vectors,
EMP2 lentiviral activation vectors) were purchased from GeneChem
(Shanghai, China) andwere transduced into cells according to theman-
ufacturer’s instructions. In brief, glioma cells were seeded in a six-well
plate and cultured overnight in complete medium to a confluency of
50%. The original medium was replaced with 1mL of OPTI-MEM (In-
vitrogen, United States) and polybrene (5 mg/mL, GeneChem,
Shanghai, China) containing the lentiviral particles (multiplicity of
infection [MOI] of 10) to transduce the cells. The transduced cells
were cultured in the presence of 2.0 mg/mL puromycin for 2 weeks to
select stable transduced cells. The virus titers of sh-circRNA-
0002109, LV-circRNA-0002109, and LV-EMP2 are 3.5E+8TU/mL,
7E+8TU/mL and 3.5E+8TU/mL, respectively. miR-129-5Pmimics/in-
hibitor and NC mimics/inhibitor were purchased from RiboBio
(Guangzhou, China) and transfected into cells according to the manu-
facturer’s instructions. The effective sequences of lentiviral vector and
the sequence ofmiRNAmimics/inhibitor shown inTables S12 andS13.

CCK-8 assay

The proliferation of U87 and LN229 cells was measured with a CCK-8
kit (Dojindo, Shanghai, China). Twenty-four hours after transfection,
the cells were seeded into 96-well plates at approximately 1,000 cells
per well and incubated for 0, 24, 48, 72, or 96 h. CCK-8 reagent was
added to DMEM to produce the working solution at a ratio of 1:10,
and then 100mL of this solution was added per well and incubated
at 37�C for 2 h. We calculated the absorbance of the solution at
450 nm on a microplate reader.

EdU assay

An EdU kit (Life Technologies Corporation, Carlsbad, CA) was used
to assess cell proliferation. Glioma cell lines were cultured in 96-well
plates, and EdU experiments performed after the cells adhered to the
plate bottom for 36 h. According to the manufacturer’s instructions,
cells were treated with 10 mMEdU reagent at 37�C for 2 h before they
were fixed with formaldehyde for 30 min. A Click-iT EdU kit was
used to detect EdU levels at room temperature. After Hoechst
by targeting EMP2

9 or co-transducing LV-EMP2. (B) Ago2-RIP assay was performed to analysis the

ined by (C) CCK-8 assay and (D) EdU staining in glioma cells after transducing with

essed lentivirus plasmids. Scale bars, 100 mm. The sampling day of EdU staining is

on themigration and invasion of U87 and LN229 cells were determined by transwell

cells with knockdown of circRNA-0002109 and overexpression of EMP2. (G) Protein

blotting. (H) The correlation of EMP2/miR-129-5P and EMP2/circRNA-0002109 in

of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 8. Silencing circRNA-0002109 inhibited

xenograft tumor growth in vivo

(A) Photographs of tumors that developed in the xeno-

graft-transplanted nude mice tumor models after cell in-

jection of U87-sh-circRNA-0002109 or co-transduced

with sh-circRNA-0002109 and LV-EMP2 at 5 weeks. (B)

Growth curve of sh-circRNA-0002109 or co-transduced

with sh-circRNA-0002109 and LV-EMP2 cell-derived

subcutaneous tumor xenografts. (C) Weight of tumor

xenografts originated from sh-circRNA-0002109 group

or co-transduced with sh-circRNA-0002109 and LV-

EMP2 cells group at 5 weeks. (D) Relative expression

levels of circRNA-0002109, miR-129-5P, and EMP2 in

sh-circRNA-0002109 or co-transduced with sh-circRNA-

0002109 and LV-EMP2 cell-derived tumor xenografts. (E)

Changes of EMP2, E-cadherin, N-cadherin, Snail, and

Vimentin expression level in xenograft tumors were de-

tected by IHC staining. Scale bars, 50 mm. (F) Schematic

diagram shows that circRNA-0002109 promotes glioma

malignant progression through regulating the miR-129-

5P/EMP2 axis.
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33342 staining, EdU-positive cells were observed under a fluorescence
microscope (Olympus, Tokyo, Japan). Image-Pro Plus 6.0 software
(Media Cybernetics, Rockville, MD) was used to calculate the propor-
tion of EdU-positive cells within the total cell population.

Migration and invasion assays

Themigration and invasion abilities of glioma cells were evaluatedwith
transwell chambers (Corning Life Sciences,MA). At 24 h after transfec-
tion, the cells were pretreated and resuspended in serum-free medium
before theywere seeded in the upper transwell chamber (approximately
5,000 cells per well), andmediumwith 10% FBS was added to the lower
chamber. After 24 h, the cells on the bottom surface of the upper cham-
berwere fixedwith 4%paraformaldehyde for 30min, stainedwith 0.1%
crystal violet solution for 10min, and then viewed under a fluorescence
microscope. Similar to the transwellmigration experiment, the invasion
experiment was performed with the upper membrane of the transwell
chambers coated with Matrigel (BD Biosciences, NJ).

FISH

An RNA FISH Kit (Roche Applied Science, Germany) was used to
detect the subcellular localization of circRNA-0002109 and the coloc-
alization of circRNA-0002109 with miR-129-5P in glioma cells. The
circRNA-0002109 and miR-129-5P FISH probes were synthesized
by GenePharma (Shanghai, China) and tested according to the man-
Molecular T
ufacturer’s instructions. The nuclei were stained
with DAPI and observed under a fluorescence
microscope (Olympus, Tokyo, Japan). Image-
Pro Plus 6.0 software (Media Cybernetics,
Rockville, MD) was used to analyze the images.

Luciferase reporter assay

The circRNA-0002109 and EMP2 sequences
and their corresponding mutants were synthe-
sized and inserted into the psi-CHECK2 vector (Promega, WI). These
luciferase reporter plasmids were co-transfected with miR-129-5P
mimics or NCmimics into HEK293T cells for 48 h and then the lucif-
erase activity was detected using the Dual-Luciferase Reporter Assay
System (Promega E1910) on a Cytation 3 Imaging reader (BioTek).
Finally, the relative luciferase activity was calculated.

RIP

We purchased an EZMagna RIP kit (Millipore, United States) and
used it according to the manufacturer’s instructions. Briefly, U87
and LN229 cells were lysed, and the collected lysates were incubated
withmagnetic beads bound to human Argonaute2 (AGO2) or normal
control IgG antibody. The magnetic beads were incubated with pro-
teinase K to eliminate any bound protein. Finally, immunoprecipi-
tated RNA was extracted, purified, and detected by RT-qPCR.

Pull-down assay

Biotin-circRNA-0002109 and biotin-NC probes were synthesized.
The pull-down experiment was carried out according to the relevant
experimental instructions. Briefly, U87 and LN229 cells were lysed
and subjected to ultrasonication. The circRNA-0002109 probe and
control probe were incubated with cell lysate overnight at 37�C. After
hybridization, precleaned magnetic beads were added to the lysate
and incubated at 37�C for 1 h to generate circRNA-probe-bead
herapy: Nucleic Acids Vol. 27 March 2022 13
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complexes. After the beads were washed with washing buffer, RNA
attached to magnetic beads was purified and analyzed by RT-qPCR.
The probe sequences are listed in Table S14.

IHC

Tumor specimens were fixed with 4% formaldehyde, dehydrated,
paraffin embedded, and sliced. The samples were incubated with pri-
mary antibody at 4�C overnight, washed three times, and then incu-
bated with biotinylated secondary antibody (1:500 dilution, Santa
Cruz Biotechnology, United States) at room temperature for 2 h the
next day. The location of the protein was determined by the avidin
biotinylated peroxidase complex.

Xenograft animal assay

To assess the tumorigenicity of circRNA-0002109, we purchased 4-
week-old male BALB/c nude mice from the Laboratory Animal Cen-
ter of Southern Medical University (Guangzhou, China) and housed
them under specific pathogen-free (SPF) conditions. U87 cells were
transduced with lentivirus, and the nude mice were randomly divided
into three groups. After transduction, U87-sh-NC, U87-sh-circRNA-
0002109, and U87-sh-circRNA-0002109 + U87-LV-EMP2 cells were
subcutaneously injected into the flanks of nude mice. The tumor vol-
ume was measured every 7 days after tumor formation. After 5 weeks,
the nude mice were killed, the tumors were isolated and weighed, and
the final volume was calculated with the following formula: volume =
0.5�(length)�(width)2. All procedures were conducted in accor-
dance with the National Institutes of Health Guide for the Care and
Use of Laboratory and were approved by the Animal Experimental
Committee of Southern Medical University.

Statistical analysis

SPSS 25.0 software (SPSS, Chicago, IL) and GraphPad Prism 8.0
(GraphPad Software, San Diego, CA) were used for statistical analysis
of the data. The differences between groups were analyzed by Stu-
dent’s t -test. Data are presented as the mean ± standard deviation
(SD), of three independent experiments. In each technical replicate,
we set three biological replicates of each group. A p value less than
0.05 was considered statistically significant.
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