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The CircHAS2/RPL23/MMP9 Axis
Facilitates Brain Tumor Metastasis
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Abstract

Background: Circular RNAs (circRNAs) regulate tumor development by interacting with microRNAs.
However, limited research has been conducted on the roles of circRNAs in gliomas. Therefore, we sought to
demonstrate the function and molecular mechanism of circHAS?2 in gliomas.

Methods: CircHAS2, hsa-miR-508-3p, RPL23, and MMP9 mRNA levels were assessed with qRT-PCR.
RPL23 and MMP9 protein levels were determined with western blotting and immunohistochemical staining.
Glioma cell migration and invasion were assessed with Transwell assays. The interaction between hsa-miR-
508-3p and circHAS2 or RPL23 was predicted with RNAhybrid and miRanda, and confirmed through lucif-
erase reporter assays. The effects of circHAS2 on glioma cells were demonstrated in a nude mouse orthotopic

xenograft glioma model.

Results: We computationally analyzed the differentially expressed circRNAs in glioma tissues by using the
GEO database. The screening indicated that circHAS2 was located primarily in the cytoplasm. Functionally,
silencing of circHAS2 inhibited glioma migration and invasion. Mechanically, hsa-miR-508-3p was iden-
tified as a downstream target of circHAS2. CircHAS2 was found to regulate RPL23 and influence MMP9
via hsa-miR-508-3p, thereby promoting glioma migration and invasion. Moreover, inhibition of circHAS2

impeded the progression of U87 glioma cells in vivo.

Conclusion: CircHAS?2 regulates RPL23 and subsequent MMP9 expression by sponging hsa-miR508-3p

in glioma cells.
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Introduction

Glioma, a difficult-to-cure primary malig-
nant brain tumor, has the highest incidence
among central nervous system tumors [1].
Despite advanced treatments, including
surgery, chemotherapy, and radiotherapy,
the prognosis for glioma remains dismal
[2], and targeted therapies are lacking.
Because of its complicated pathogene-
sis, diagnostic or therapeutic decisions
are highly difficult to make, and remain
debated [3]. Therefore, identifying the
pivotal target in glioma and elucidating its
role would contribute to enhancing patient
outcomes. Circular RNAs (circRNAs)—-
covalent, closed-loop forms of non-coding
RNA—are characterized by the absence of
a 37-end polyadenylated (poly[A]) tail or
5%-end cap structure; consequently, these
RNAs are less susceptible to degradation
by exonucleases and more stable than their
linear RNA counterparts [4]. The circR-
NAs discovered to date are derived pri-
marily from gene exons and are abundant
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in the cytoplasm in eukaryotic cells [5].
Interestingly, circRNAs contain many
miRNA-binding sites that enable them to
act as miRNA sponges, and consequently
inhibit the regulatory effects of miRNAs
and enhance target-gene expression [6]. For
example, Li et al. have verified that hsa_
circ_0081534 facilitates nasopharyngeal
carcinoma cell proliferation and metastasis
through regulating the miR-508-3p/FNX
axis [7]. Many studies have confirmed
that various circRNAs are involved in the
regulation of tumor formation and devel-
opment by interacting with miRNAs [4, 8,
9]. However, because studies regarding the
roles of circRNAs in glioma remain lim-
ited, continued exploration is warranted.
In this study, through database and qRT-
PCR analysis, we identified circHAS2, a
circRNA originating from human hyaluro-
nan synthase 2 (HAS2). Its ID in circBase
is hsa_circ_0005015. This circRNA is
highly expressed in glioma. In vitro,
silencing of circHAS2 inhibited glioma
migration and invasion. Through luciferase
reporter gene assays, we demonstrated
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that hsa-miR-508-3p binds circHAS2. Mechanistically,
circHAS2 was found to target and regulate RPL23 expres-
sion via sponging hsa-miR-508-3p; moreover, RPL23 may
upregulate the expression of MMP9. In vivo, depletion of
circHAS?2 inhibited U87 glioma cell proliferation, and the
expression of RPL23 and MMP9. This study provides the
first evidence that circHAS2 may promote glioma migration
and invasion, thus enriching the study of circRNA function in
glioma and providing a potential target for glioma treatment.

Results

circHAS2 is upregulated in brain
tumor tissue

The flowchart in Figure 1A provides an overview of the
analysis process. First, we analyzed brain tumor circRNA
sequencing data from the GEO database. We selected the
top 20 upregulated circRNAs for validation. Among them,
circHAS2 was demonstrated to be significantly increased.
We used databases to predict miRNAs that could potentially
bind circHAS2 and simultaneously analyzed brain tumor
miRNA sequencing data from TCGA database. Through
intersecting the results, we identified one downregulated
miRNA and four upregulated miRNAs. Given that the litera-
ture has reported a negative correlation between circRNA and
miRNA expression levels [10], we selected hsa-miR-508-3p,
which was downregulated in brain tumors, for further inves-
tigation. Next, through database predictions, we identified
nine upregulated mRNAs and 1,215 downregulated mRNAs
that might potentially bind has-miR-508-3p. Because the
literature has indicated that miRNA expression is inversely
associated with its target genes [11], we selected the nine
upregulated mRNAs for further research. Using these nine
gene names and “tumor” as keywords, we conducted a litera-
ture search of the Google Scholar and PubMed databases, and
determined that only four of these genes had been reported to
function in tumors. Therefore, we further investigated these
four genes. TCGA database results demonstrated significant
RPL23 upregulation in brain tumors and multiple other tum-
ors. Consequently, we selected RPL23 as a candidate gene
for subsequent validation. We first used the GEO database
(Figure 1B) to identify circRNAs differentially expressed in
glioma. The top 20 circRNAs were screened, and a heatmap
was generated (Figure 1C). Subsequently, qRT-PCR con-
firmed the higher abundance of circHAS2 in brain tumor
cell lines than controls, and identified circHAS?2 as a poten-
tial gene for further study. We observed upregulation of
circHAS?2 in brain tumor cell lines compared with normal
brain glial cells (Figure 1D). Sanger sequencing confirmed
the base sequence at circHAS2-binding sites (Figure 1E).
Because of their loop-like structure lacking a poly(A) tail,
circRNAs including circHAS?2 are resistant to RNase diges-
tion and are more stable than linear RNA molecules in vitro
[12] (Figure 1F). For all circRNAs transcribable by random
primers, we designed both random and oligo DT primers for
circHAS?2 synthesis. As expected, only the random primers

resulted in successful transcription of circHAS2, thus con-
firming its loop structure (Figure 1G). Finally, fluorescence
in situ hybridization (FISH) experiments revealed that cir-
cHAS?2 was located primarily in the cytoplasm in glioma
cells (Figure 1H, Supplementary Figure 1).

Silencing of circHAS2 inhibits
migration and invasion of U87
and U251 cells

The expression of circHAS2 was higher in brain tumor cells
than in normal human glial cells; therefore, we hypothesized
that this circRNA might act as an oncogene in brain tumors.
To test this hypothesis, we designed siRNAs for circHAS2.
Silencing of circHAS2 in the U87 cell line effectively
silenced circHAS2 without interfering with the expression
of the parental gene HAS2 (Supplementary Figure 2). The
influence of circHAS2 on the migratory and invasive capac-
ity of brain tumor cell lines was verified with Transwell
assays. Silencing of circHAS?2 significantly suppressed the
migration and invasion of the brain tumor cell lines U87
(Figure 2A and B) and U251 (Figure 2C and D).

circHAS2 exerts pro-tumor effects
via sponging hsa-miR-508-3p

The localization of circRNAs dictates the mechanisms
through which tumor biological processes are influenced
[13]. CircRNAs in the nucleus predominantly bind transcrip-
tion factors, whereas those in the cytoplasm associate with
both RNA-binding proteins and miRNAs [14, 15]. Potential
miRNAs that might bind circHAS2 were predicted with the
RNAhybrid and miRNA databases (Figure 3A). Concurrently,
the miRNAs differentially expressed between brain tumor
tissues and normal brain tissues in the GEO database were
analyzed, and a heatmap was generated (Figure 3B). The
intersection of these two datasets was established, on the
basis of the reported negative correlation between the expres-
sion of circRNAs and miRNAs [8, 16-20]. Subsequently,
downregulated miRNAs in brain tumor tissues were selected
and intersected with the potential miRNAs predicted to be
bound by circHAS?2 in the database, and one miRNA, hsa-
miR-508-3p, was identified (Figure 3C).

We next performed qRT-PCR to quantify the expression
of hsa-miR-508-3p, which was found to be lower in nor-
mal human microglia than brain tumor cells (Figure 3D).
Interestingly, silencing of circHAS2 appeared to promote
hsa-miR-508-3p expression (Figure 3E). To confirm the
effects of circHAS2 and hsa-miR-508-3p on the migration
and invasion of U87 brain tumor cells, we used a combi-
nation of hsa-circ 0005015 silencing and hsa-miR-508-3p
inhibition (Figure 3F). Silencing hsa_circ_0005015 and
promoting hsa-miR-508-3p expression partially reversed
the migration (Figure 3G) and invasion (Figure 3H) of
U87 cells. These findings indicated that hsa_circ_0005015
enhances the migration and invasion of brain tumors, poten-
tially via hsa-miR-508-3p.

Q. Fu et al.: DOI: 10.15212/bi0i-2023-0013
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circHAS2 is a differentially expressed circRNA in brain tumors, as identified through a database search. (A) Flowchart of the

study. (B) Heatmap of differentially expressed circRNAs in brain tumors and normal brain tissue. (C) Heatmap of the top 20 circRNAs differ-
entially expressed in brain tumors versus normal brain tissue. (D) Expression of circHAS2 in brain tumor cell lines. (E) The base sequences
at the junction of circHAS2, identified by Sanger sequencing. (F) Changes in the expression levels of B-actin, GAPDH, and circHAS2 after
RNase treatment, as detected by qRT-PCR. (G) Changes in expression levels detected by gRT-PCR after synthesis of $-actin, GAPDH, and
circHAS2 cDNA with random primers and oligo DT primers. (H) Distribution of circHAS2 expression in brain tumor cells, identified by FISH.

*p<0.05,** p<0.01, ** p<0.001.

Additionally, fluorescence co-localization assays
demonstrated that hsa_circ_0005015 and hsa-miR-508-3p
co-localized in the cytoplasm (Figure 3I). We then
co-transfected hsa-miR-508-3p mimics and inhibitors,
along with luciferase reporter genes, into HEK293T cells.
The transfection efficiency of the hsa-miR-508-3p mimic

was validated by qRT-PCR (Supplementary Figure 3).
Transfection of hsa-miR-508-3p mimics decreased the
fluorescence intensity, whereas transfection of hsa-miR-
508-3p inhibitors increased the fluorescence intensity,
thereby further confirming that circHAS2 sponges hsa-
miR-508-3p (Figure 3J).

Q. Fu et al.: DOI: 10.15212/bi0i-2023-0013
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Figure 2 CircHAS2 functions in brain tumor migration and invasion. (A) U87 migration with or without circHAS2 siRNA transfection, detected
with Transwell assays. (B) U87 invasion with or without circHAS2 siRNA transfection, detected with Transwell assays. (C) U251 migration
with or without circHAS2 siRNA transfection, detected with Transwell assays. (D) U251 invasion with or without circHAS2 siRNA transfection,

detected with Transwell assays. * p < 0.05, ** p < 0.01, *** p < 0.001.

Hsa-miR-508-3p upregulates RPL23
expression

Previous research has indicated that miRNAs bind the
3’UTRs of target mRNAs and subsequently inhibit
protein translation; moreover, miRNA expression is typ-
ically inversely correlated with its target-gene expression
[21-26]. We therefore used the RNAhybrid and miRanda
databases to predict mRNAs that might bind hsa-miR-
508-3p. Seven mRNAs (PPPP2R2B, TMEM212, COPSS,
RPL23, ABCC2, PRSS56, and SLC25A10) across the
aforementioned databases were identified to potentially
bind hsa-miR-508-3p (Figure 4A). As shown in Figure 2,
we confirmed that circHAS2 functions as an oncogene
in brain tumor cell lines. We next conducted a literature
search to investigate the roles of these seven genes in
tumors. Only four of these genes (SLC25A10, RPL23,
ABCC?2, and COPS5) had been documented (Figure 4B).
Among those genes, only RPL23 had significantly
higher expression in brain tumors than normal brain tis-
sues, according to TCGA database, thus indicating that
RPL23 was a potential a target gene for hsa-miR-508-3p
(Figure 4C).

Further analysis of TCGA database data revealed that
RPL23 expression was significantly elevated in 21 of 26
types of tumors, including brain tumors, compared with nor-
mal tissues (Figure 4D), thereby suggesting a potential role
of RPL23 in brain tumor development. Prior studies have
reported that RPL23 promotes HCC metastasis by regulat-
ing MMP9 expression in HCC [27]. To clarify the regula-
tory effects of circHAS?2 and hsa-miR-508-3p on RPL23 and
MMP9, we conducted qRT-PCR (Figure 4E) and western

blotting (Figure 4F). When circHAS2 was silenced along
with the inhibition of hsa-miR-508-3p expression, a partial
reversal of the decrease in RPL23 and MMP9 in U87 cells
was observed. These results suggested that circHAS2 may
regulate RPL23, thereby influencing MMP9 through hsa-
miR-508-3p, and promoting the migration and invasion of
brain tumors.

Silencing of circHAS2 inhibits
metastasis of U87 brain tumor cells
in vivo

To further investigate the biological role of circHAS2 in
brain tumor development, we transfected U87 cells with a
lentivirus containing a luciferase reporter to generate U87-
Luc cells. Subsequently, circHAS2 was silenced in U87-Luc
cells with siRNA, and the modified cells were implanted into
the brains of nude mice. Two weeks after implantation, an
in vivo imaging spectrum system was used to track tumor
foci formation in the mouse brains. Mice implanted with
circHAS2-silenced cells exhibited lower fluorescence inten-
sity in the tumor foci than the control mice. Representative
immunohistochemistry staining of RPL23 and MMP9 in
xenograft tumors from the circHAS2-silenced and control
groups is shown in Figure 5D. The results demonstrated sig-
nificant downregulation of the expression levels of RPL23
and MMP9 after circHAS?2 silencing, in agreement with the
findings from cellular experiments. In summary, our in vivo
experiments indicated that circHAS?2 inhibits the growth of
U87 cells.
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Figure 3 CircHAS2 may act as a sponge for hsa-miR-508-3p. (A) Network map of miRNAs predicted to be sponged by circHAS2, on the
basis of a database search. (B) Heatmap of differentially expressed miRNAs in brain tumors and normal brain tissues. (C) Venn diagram of
downregulated miRNAs expressed in brain tumors and database-predicted miRNAs that bind circHAS2. (D) Expression of hsa-miR-508-3p
in brain tumor cell lines. (E) Changes in the expression of hsa-miR-508-3p in U87 cells after silencing of circHAS2, as detected by gRT-
PCR. (F) Changes in the expression of hsa-miR-508-3p in U87 cells after hsa-miR-508-3p inhibitor treatment, as detected by qRT-PCR.
(G) Changes in the migratory capacity of U87 cells after transfection with circHAS2 siRNA and/or hsa-miR-508-3p inhibitor, on the basis of
Transwell assays. (H) Changes in the invasion capacity of U87 cells after transfection with circHAS2 siRNA and/or hsa-miR-508-3p inhibitor,
on the basis of Transwell assays. (l) Subcellular localization of circHAS2 and hsa-miR-508-3p in brain tumor cells, identified by FISH.
(J). Possible sponging of hsa-miR-508-3p by circHAS2 in HEK293T cells, verified by luciferase reporter gene assays. NC, negative control of
mimic and inhibitor, respectively. All data are represented as mean = SD; * p < 0.05, ** p < 0.01.

Discussion

In this study, we focused on the circRNA circHAS2, iden-
tified through bioinformatic analysis, because circRNAs

have received substantial attention in cancer research, and
the roles of circRNAs in cancer are critical [5]. Because
circRNAs may be used as biomarkers for determining
diagnosis and prognosis, tumorigenesis, proliferation,
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Figure 4 RPL23 may be a target gene of hsa-miR-508-3p. (A) Network of circHAS2, hsa-miR-508-3p, and its downstream target genes.
(B) Relative expression levels of the SCL25A10, RPL23, ABCC2, and COPS5 genes, according to TCGA database. (C) Relative expression
of the RPL23 gene in GBM, GBMLGG, and LGG, according to TCGA database. (D) Relative expression of the RPL23 gene in various tumor
tissues, according to TCGA database. (E) Changes in the relative expression of the RPL23 gene in U87 cells transfected with circHAS2
siRNA and/or hsa-miR-508-3p inhibitor, as detected by gRT-PCR. (F) Changes in the relative expression of the RPL23 gene after transfection
of U87 cells with circHAS2 siRNA and/or hsa-miR-508-3p inhibitor, as detected by western blotting. All data are represented as mean + SD;

*p<0.05,* p<0.01, ™ p<0.01, ** p<0.01.

metastasis, angiogenesis, chemotherapy resistance, and
radiotherapy resistance, we sought to explore the role
of circRNA in glioma [28-31]. We found that circHAS2
was highly expressed in GBM cells and acts as an onco-
gene. In U87 cells, circHAS2 was found to regulate the

expression of RPL23 and subsequently MMPO by sponging
hsa-miR-508-3p.

Previous studies have reported that circRNAs are involved
ingliomaprogression. Forexample,circ_001350 promotes the
malignant progression of glioma by adsorbing miRNA-1236

Q. Fu et al.: DOI: 10.15212/bi0i-2023-0013
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[32-40]. Furthermore, circ_0001801, circ_0067934, and
circRNA FBXW7 have been demonstrated to be functional
miRNA sponges in brain tumors [9, 34, 35]. Circ_0005015
(denoted circHAS?2 herein) has been reported to promote the
progression of diabetic retinopathy, and to act as an miR-
519d-3p sponge, thereby upregulating levels of MMP2,
XIAP, and STAT3 [36]. However, to our knowledge, the
function and mechanism of circHAS?2 in tumors, particularly
in GBM, had not been reported. Interestingly, the expression
of circHAS2 was found to be significantly up-regulated in
glioma, and in vitro and in vivo experiments showed that
circHAS?2 may promote the metastasis of GBM cells. Many
studies have indicated that circRNAs usually act as miRNA
sponges, in an important molecular mechanism of regulat-
ing tumor progression [5]. Therefore, we sought to explore

whether circHAS2 might also affect the biological function
of glioma cells through such a mechanism.

In our study, hsa-miR-508-3p was predicted to be a
promising target miRNA of circHAS2 via bioinformatics
tools. Subsequently, the binding relationship was demon-
strated with luciferase reporter gene assays [35-39]. For
example, hsa-miR-508-3p is an important factor for the
mesenchymal subtype and a key prognostic biomarker in
ovarian cancer [39]. In addition to regulating the target
gene by itself, the-miR-508-3p can also be sponged by
circRNA, thus affecting tumor occurrence and develop-
ment. Han et al. have reported that circHIPK3 modulates
CXCL12 by spongithehsa-miR-508-3p; this mechanism
may explain why circHIPK3 induces the proliferation and
metastasis of ccRCC [38].
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Interestingly, when we silenced the expression of cir-
cHAS2, the metastasis of GBM cells was inhibited, and
the expression of the hsa-miR-508-3p target gene RPL23
decreased. Human ribosomal protein L23 (RPL23), and
RNA Binding Protein 9 (RBP) are involved in the progres-
sion of various tumors, including HCC and lung cancer
[40]. Yang and co-workers have demonstrated that RPL23
induces HCC metastasis by stabilizing MMP9 mRNA and
upregulating MMP9 [27]. The matrix metalloproteinase
family (MMP) mediates the degradation of the extracellular
matrix, and MMP is associated with cancer cell metastasis
[41]. MMPY, a member of the MMP family, plays an impor-
tant role in BGM metastasis [42]. Importantly, RBP and
HuR upregulate MMP9 levels by regulating MMP9 mRNA
stability [27, 43].

In summary, we demonstrated that circHAS2 is an
oncogene in GBM. No studies to date have elucidated the
importance of circHAS2 as a key factor promoting glioma
metastasis. On the basis of our results, circHAS?2 regulates
glioma migration and invasion by sponging hsa-miR-508-3p,
and RPL23 and MMP9 are also involved in this regulatory
mechanism. Thus, our findings may lead to a new therapeutic
scheme.

Materials and methods

Data collection and application

Differential expression analysis of circRNAs and miRNAs
was performed on datasets GSE159260 and GSE91014
from the GEO database. For circRNA, the fastq data of
GSE159260 were downloaded. Quality control was con-
ducted with fastQC. For all fastq files, the clean reads were
aligned to the reference genome hg38 with bowtie2 (version
2.4.4). After alignment, find_circ (version 2) and samtools
(version 1.13) were used to extract reads and convert the
reads unmapped to the reference genome. All unmapped
reads were used to predict candidate circRNAs by using
find_circ (version 2). Bedtools (version 2.30) was used to
annotate the circRNAs to circBase and identify their related
host genes. DESeq?2 was used to perform differential expres-
sion analysis of circRNAs.

For miRNAs, the raw data from GSE91014 were down-
loaded. The R package Affy (version 1.64.0) was used to
preprocess and normalize the raw data. the R package limma
(version 3.42.2) was used to perform differential analysis of
miRNAs. miRNAs that reached the cut-off threshold value
of p value < 0.05 and an absolute value of the fold change
>1.5 were considered differentially expressed miRNAs.

Differentially expressed circRNAs and differentially
expressed miRNAs were detected from the GEO database.
CircRNA IDs and sequences were collected from circBase.
The miRNA sequences were collected from miRbase.
RNAhybrid (version 2.2) and miRanda (version 3.3a) were
used to predict the possible miRNAs binding the identified
circRNA, and the possible mRNA targets of the identified
miRNAs.

Cytoscape (version 3.9.1) was used to build the circR-
NA-miRNA-mRNA network. Research on nine potential
target genes of miRNAs in tumors were explored in Google
Scholar and PubMed, with keywords including SCCL25A10
cancer, COPS5 cancer, ABCC2 cancer, and RPL23 can-
cer. Subsequently, we identified genes studied extensively
in tumors during the past 5 years. SCCL25A10, COPSS,
ABCC2, and RPL23 were identified as possible candidates
for further exploration. TCGA database (https://portal.gdc.
cancer.gov/) was used to analyze the relative expression of
the four selected genes in brain tumor and normal brain tis-
sues, and the levels of RPL23 in other cancers were analyzed
on the basis of TCGA database (https://portal.gdc.cancer.
gov/).

Cell lines culture and transfection

The HEK293T, HMC3, U251, and US87 cell lines were
purchased from the American Type Culture Collection,
USA). All cell lines were cultured in a 37°C humidi-
fied 5% CO, incubator with the relevant media. U251
and U87 were transfected with siRNA (Genepharma,
Shanghai, China) with iMAX (Invitrogen, MA, USA).
The sequences of siRNA 1 and siRNA 2 of circHAS2 are
provided in Supplementary Table 1. The hsa-miR-508-3p
inhibitor, mimics, and negative control (NC), purchased
from (Ribobio, Guangzhou, China), were transfected into
U251 and U87 cells with a Ribo FECT CP transfection
Kit (Ribobio), according to the transfection procedures
described on the company’s official website (https://www.
ribobio.com/).

Luciferase reporter assays

A dual luciferase reporter system kit was purchased from
Beyotime (Shanghai, China). HEK293T cells were seeded
in 96-well plates and transfected with PRL-TK-pMIR-
circHAS2 or PRL-TK-pMIR-508 3°UTR, and hsa-miR-
508-3p mimics or miR-NC at 37°C for 48 h. The relative
firefly and Renilla luciferase activity was measured accord-
ing to the kit protocol.

RNA fluorescence in situ
hybridization

A circRNA FISH kit and miRNA FISH kit were purchased
from Ribobio (China), and all procedures were performed
according to the manufacturer’s instructions. Briefly, U251
and U87 cells were cultured to an appropriate density, fixed
with 4% paraformaldehyde in the plates, washed with PBS,
and incubated with pre-hybridization solution. The cells were
subsequently incubated with FISH probe at 37°C for 8 h. The
plates were washed with 4x SSC containing 0.1% Tween-
20 three times, then with 2x SSC, 1x SSC, and PBS. Cell
nuclei were stained with DAPI before fluorescence detec-
tion (IX83, OLYMPUS, Japan). The nucleotide sequence of
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circHAS?2 and the probe sequence of circHAS?2 are presented
in Supplementary Table 2.

Immunofluorescence

U251 and U87 cells were cultured to an appropriate
density, fixed with 4% paraformaldehyde in the plates,
washed with PBS, and incubated with primary antibodies
to G-actin (Cell Signaling Technology, Boston, USA) at
4°C for 8 h. The cells were incubated with FITC conju-
gated secondary antibody (Invitrogen, Carlsbad, USA)
at 37°C for 2 h, and subsequently incubated with DAPI.
The images were detected with an IX83 microscope
(OLYMPUS, Japan).

Western blotting

The collected proteins were resolved with 8% SDS-PAGE
(Bio-Rad, Berkely, USA), and the separated proteins
were transferred to a PVDF membrane (Merck Millipore,
Germany), which was incubated with primary antibodies
to human RPL23 (Thermo Fisher, Waltham, USA), MMP9
(Cell Signaling Technology), or GAPDH (Cell Signaling
Technology) at 4°C for 8 h. The membrane was washed
with 1x TBST containing 0.1% Tween-20 three times,
then incubated with secondary antibodies (Cell Signaling
Technology) at room temperature for 2 h, and examined
with a chemiluminescence detection machine (Thermo
Fisher Scientific).

Immunohistochemistry

Brain tissue was immersed in 4% paraformaldehyde, embed-
ded in paraffin, and serially sectioned. The brain slides were
incubated with primary antibodies to human RPL23 (Thermo
Fisher) and MMP9 (Cell Signaling Technology) at 4°C for
8 h. The brain slides were washed with 1x PBS three times,
then incubated with reagent from an HRP-labeled streptavi-
din kit (Dako, Denmark) at room temperature for 10 min.
Subsequently, DAB was used to detect immunocomplexes,
and the cell nuclei were stained with hematoxylin. Images
were acquired with an IX83 microscope (OLYMPUS,
Japan).

Transwell assays

A total of 1x10° cells were added to an upper Transwell
chamber (Corning, New York, USA) with 200 pl serum free
medium, and 500 pl medium with 10% FBS was added to the
lower Transwell chamber. Cells were cultured 24 h (migra-
tion) or 48 h (invasion). Cell invasive mobility was tested on
the upper chamber precoated with Matrigel (Thermo Fisher).
The upper chamber was washed with PBS, a cotton swab
was used to remove cells that had not migrated, and the cells
were fixed in 4% paraformaldehyde. All cells were stained
with crystal violet and counted.

RNase R assays and nuclear and
cytoplasmic RNA collection

Total RNA was treated with 4 U RNase R/ug RNA
(Geneseed, Guangzhou, China) or 0.2 pul RNase free water/
ug (Beyotime, China) at 37°C for 30 min. Subsequently, the
treated RNA was used to examine the levels of circHAS2,
B-actin, and GAPDH via qRT-PCR. The nuclear and cyto-
plasmic RNA fractions were extracted with a PARAIS kit
(Invitrogen, USA). To evaluate the relative expression lev-
els of circHAS?2 in the cytoplasm and nucleus, B-actin was
employed as the internal reference for cytoplasmic RNA,
while U6 served as the internal reference for nuclear RNA.
The circHAS?2, B-actin, GAPDH, and U6 primer sequences
are presented in Supplementary Table 3.

Real-time quantitative PCR

The qRT-PCR was performed with Bio-Rad CFX Connect sys-
tem (USA). Total RNA was collected with Trizol (Beyotime).
The RNA was translated into cDNA with an miRNA Reagent
kit (Riobio) or CircRNA Reagent kit (Takara, Dalian, China).
The relative level of miRNA was measured with Riobio
SYBR Green PCR kits (Riobio), and the expression of cir-
cRNA was examined with a SYBR Premix Ex Taqgllkit
(Takara). Each detection was conducted with three replicate
wells. All procedures were performed according to the manu-
facturer’s instructions. U6 served as the miRNA internal con-
trol, and B-actin served as the circRNA and mRNA internal
control. All data were analyzed with 2724CT,

Xenograft mouse models

The animal experiment was authorized by the Sun Yat-sen
University Laboratory Animal Care and Use Committee.
BALB/C nude mice 4 weeks old were purchased from Sun Yat-
Sen University Laboratory Animal Center and used to estab-
lish intracranial brain tumor models as previously reported.
The pLv-Luc lentivirus was transduced into the US7MG cell
line to generate a bioluminescent U§7MG luciferase puro-
mycin (U87MG-Luc) expressing cell line. U§7MG-Luc cells
were incubated with siRNA (Genepharma, China) against
circHAS?2 with iMAX (Invitrogen, USA). Two transfections
with siRNA were performed consecutively. A total of 1x10°
cells/uL in 5 uLL PBS were injected into the mouse brain via
the skull, and each mouse was imaged 2 weeks later with an
IVIS Spectrum series instrument (Perkin Elmer, USA) after
intraperitoneal injection of 90 uL of p-luciferin (15 mg/ml,
Yeasen, Shanghai, China) 9 minutes before photography.
Brains were collected and fixed in paraformaldehyde for sub-
sequent experiments after imaging.

Statistical analysis

Continuous variables are reported as means * standard
error, and categorical variables are reported as numbers. The
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Kruskal-Wallis test and Mann-Whitney u test were used to
evaluate significant differences between groups. All statis-
tical tests were performed in GraphPad Prism version 6.5
(GraphPad Software Inc, San Diego, USA). P < 0.05 was
considered statistically significant.
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Abbreviations

GBM Glioblastoma Multiforme

GBMLGG Glioblastoma and Lower Grade Glioma

LGG Lower Grade Glioma

CESC Cervical Squamous Cell Carcinoma and Endocervical
Adenocarcinoma

LUAD Lung Adenocarcinoma

COAD Colon Adenocarcinoma

OADREAD Ovarian Adenocarcinoma and Endometrioid

BRCA Breast Cancer Susceptibility Gene

ESCA Esophageal Carcinoma

STES Stomach and Esophageal Carcinoma

KIRP Kidney Renal Papillary Cell Carcinoma

KIPAN Kidney Pan-Cancer

STAD Stomach Adenocarcinoma

PRAD Prostate Adenocarcinoma

UCEC Uterine Corpus Endometrial Carcinoma

HNSC Head and Neck Squamous Cell Carcinoma

KIRC Kidney Renal Clear Cell Carcinoma

LUSC Lung Squamous Cell Carcinoma

LIHC Liver Hepatocellular Carcinoma

THCA Thyroid Carcinoma

READ Rectum Adenocarcinoma

PAAD Pancreatic Adenocarcinoma

PCPG Pheochromocytoma and Paraganglioma

BLCA Bladder Urothelial Carcinoma

KICH Kidney Chromophobe

CHOL Cholangiocarcinoma
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