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Abstract

Background: Angiogenesis plays an important role in the progress of glioma. RNA-binding proteins (RBPs) and
circular RNAs (circRNAs), dysregulated in various tumors, have been verified to mediate diverse biological behaviors
including angiogenesis.

Methods: Quantitative real-time PCR (gRT-PCR) and western blot were performed to detect the expression of
SRSF10, circ-ATXN1, miR-526b-3p, and MMP2/VEGFA. The potential function of SRSF10/circ-ATXN1/miR-526b-3p axis
in glioma-associated endothelial cells (GECs) angiogenesis was further studied.

Results: SRSF10 and circ-ATXNT were significantly upregulated in GECs compared with astrocyte-associated
endothelial cells (AECs). Knockdown of SRSF10 or circ-ATXN1 significantly inhibited cell viability, migration and tube
formation of GECs where knockdown of SRSF10 exerted its function by inhibiting the formation of circ-ATXN1.
Moreover, the combined knockdown of SRSF10 and circ-ATXN1 significantly enhanced the inhibitory effects on cell
viability, migration and tube formation of GECs, compared with knockdown of SRSF10 and circ-ATXN1, respectively.
MiR-526b-3p was downregulated in GECs. Circ-ATXN1 functionally targeted miR-526b-3p in an RNA-induced
silencing complex. Up-regulation of miR-526b-3p inhibited cell viability, migration and tube formation of GECs.
Furthermore, miR-526b-3p affected the angiogenesis of GECs via negatively regulating the expression of MMP2/
VEGFA.

Conclusion: SRSF10/circ-ATXN1/miR-526b-3p axis played a crucial role in regulating the angiogenesis of GECs. The
above findings provided new targets for anti-angiogenic therapy in glioma.
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Background

Glioma is one of the most common primary intracranial
tumors. Its resistance to chemoradiation leads to high re-
currence rates after surgery and poor prognosis [1]. As a
solid tumor, the poor survival of glioma is caused by its
abundant angiogenesis, strong invasiveness, and thera-
peutic resistance [2, 3]. Excessive angiogenesis has become
an indicator for glioma growth [4]. Angiogenesis is the
process where new vessels arise from existing vessels, par-
ticipating in a variety of physiological and pathological
process. Abnormality in vessel proliferation is necessary
for the growth, proliferation and migration of most solid
tumors [5]. Therefore, investigation into the mechanism
of glioma angiogenesis may provide new insights and re-
veal molecular targets for therapeutic research of glioma.

RNA binding proteins (RBPs) facilitate various physio-
logical and pathological regulation in cells, including RNA
splicing, modification, transport, localization, stability,
degradation, and translation [6]. RBPs combine with target
RNAs to form ribonucleoproteins (RNPs), exerting vari-
ous effects in post-transcriptional regulation of genes [7].
Studies have shown that the interaction between RBPs
and circRNAs affects the latter’s formation, transcription,
post-transcriptional regulation, translation and extracellu-
lar transport [8—11]. SRSF10 (serine and arginine rich spli-
cing factor 10), a member of SR protein family, acts as a
sequence-dependent splicing regulator. It has been shown
to play a role in muscle development, myoblast differenti-
ation, and glucose production [12]. SRSF10 is also a crit-
ical factor in the regulation of adipocyte differentiation via
controlling the production of Lipinla [13]. Overexpres-
sion of SRSF10 promotes the development of colon cancer
via regulating BCLAF1 splicing [14]. The function of
SRSF10 in glioma angiogenesis is still unclear.

Circular RNAs (circRNAs), a kind of non-coding RNAs,
are widely expressed in eukaryotes which have a cova-
lently closed loop and no poly-adenylated tail [15]. Recent
studies have revealed that circRNAs, binding with miR-
NAs as their sponges, regulate the splicing and translation
of target genes [16]. CircRNAs can also exert biological
functions by interacting with RBPs [17]. ATXNI1 (ataxin
1) is involved in the development of neurodegenerative
diseases [18, 19]. Circ-ATXN1 (circbase ID:hsa-circ-
0075686) is located on chr6: 16299342-16,328,701. Its
splicing product circ-ATXN1 is 9825bp in length and
consists of 2 exons. In the present study, we have verified
that circcATXN1 is overexpressed in glioma-associated
endothelial cells (GECs). Thus, we presume that circ-
ATXN1 participates in the regulation of glioma angiogen-
esis and the specific mechanism of circ-ATXN1 function
needs further exploration.

MiRNAs are non-coding RNAs with a length of 18-23
nt. MiRNAs bind to 3’'UTR region of target genes to
suppress translation or facilitate degradation of their
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mRNAs [20]. The regulatory effects of miRNA on cellu-
lar biological functions have become a research hotspot.
Melatonin-mediated miR-526-3p upregulation in bone
marrow-derived mesenchymal stem cells (BMSCs) pro-
motes phosphorylation of SMAD1 to facilitate chondro-
genic differentiation of BMSCs [21]. MiR-526-3p is
lowly expressed in colon cancer cells. Upregulation of
miR-526-3p modulates proliferation, invasion and gly-
colysis of colon cancer cells via inhibiting HIF-1a [22].
No research about circ-ATXN1 and miR-526-3p on gli-
oma angiogenesis has been conducted.

MMP2 (Matrix metalloproteinase-2), a member of
MMP family, is a zinc-dependent enzyme capable of
cleaving components of the extracellular matrix and
regulating signal transduction. MMP2 is critical in
angiogenesis of nervous system and is also involved in
growth, invasion and migration of tumors [23, 24].
VEGFA (Vascular endothelial growth factor-A) is a pri-
mary factor driving expansion of the tumor vascular bed
[25]. VEGFA is involved in the regulation of various
tumor angiogenesis (such as lung squamous cell carcin-
oma [26], ovarian cancer [27], etc.). MMP2 and VEGFA
are both recognized as the molecular biomarkers of
tumor angiogenesis.

Our study first verified the endogenous expression of
SRSF10, circ-ATXN1, and miR-526b-3p. In addition, we
explored their effects and interactions on angiogenesis in
GECs. We further investigated SRSF10/ circ-ATXN1/
miR-526b-3p axis on glioma angiogenesis, in order to
provide new theoretical and experimental basis in regu-
lating glioma angiogenesis. In this study, our findings
may provide a potential novel molecular therapy net-
work for glioma anti-angiogenesis therapy.

Materials and methods

Clinical specimens

All human normal brain tissues and glioma specimens
were obtained from the Department of Neurosurgery of
Shengjing Hospital, China Medical University. All partic-
ipants signed and provided informed consent. In the
present study, the research methods were approved by
the Institutional Review Board at Shengjing Hospital.
The glioma tissues were classified by two experienced
clinical pathologists into two groups, that is, LGGs (low
grade gliomas: WHO grade I-II) and HGGs (high grade
gliomas: WHO grade III-IV), according to the WHO
classification.

Cells lines and culture

The immortalized human cerebral microvascular endo-
thelial cell line hCMEC/D3 was provided by Dr. Cour-
aud (Institut Cochin, Paris, France). Cells applied in this
study were within 28-32 passages. Endothelial cells
(ECs) were cultured in endothelial basal medium (EBM-
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2; Lonza, Walkersville, MD, USA). Human glioma
U87MG and human embryonic kidney 293T
(HEK293T) cell lines were obtained from the Shanghai
Institutes and they were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) of high glucose with 10% fetal
bovine serum. Primary NHA were acquired from the
Sciencell Research Laboratories (Carlsbad, CA) and cul-
tured under the conditions instructed by the manufac-
turer. All cells were maintained in a humidified
incubator at 37°C with 5% CO,. Glioma conditioned
medium and astrocyte conditioned medium were col-
lected as previously described [28]. Astrocyte condi-
tioned medium was used as a negative control (NC).

Cell viability assay

Cell Counting kit-8 (CCK-8) assay (Beyotime Institute of
Biotechnology, Jiangsu, China) was performed to deter-
mine the viability of GECs. Cells were seeded in 96-well
plates in triplicate and incubated in glioma conditioned
medium for 24 h, respectively. Each well was incubated
with 10 pl CCK-8 for 2 h and the absorbance was mea-
sured at 450 nm using a spectrophotometer (Molecular
Devices, United States).

Cell migration assay

GECs migration in vitro was assessed using a Transwell
chamber (Costar, Corning, NY, USA) with a polycarbo-
nic membrane (6.5 mm in diameter and 8 pm pore size).
GECs were suspended into single cells in serum-free
medium at the density of 5 x 10> cells/ml. 100 pl suspen-
sion was added to the upper compartment and 600 pl of
glioma conditioned medium supplemented with 10%
FBS was added into the lower chamber. Cells were incu-
bated for 48 h at 37 °C. Non-migrating cells on the top
surface of membrane were removed with cotton swabs.
Cells that migrated to the lower surface of the mem-
brane were fixed with 3:1 methanol: glacial acetic acid,
stained with 10% Giemsa solution for 30 min at 37 °C,
and washed twice with phosphate buffer saline (PBS).
Then the pictures of stained cells were taken with an
inverted microscope. Then, stained cells in five ran-
domly fields were randomly chosen for statistics.

Fluorescence in situ hybridization (FISH)

To identified circ-ATXN1 and miR-526b-3p rearrangement
in GECs, circ-cATXN1 probe (green-labeled; Biosense,
Guangzhou, China) and miR-536b-3p probe (red-labeled;
Exiqon, Copenhagen, Denmark) were used. Briefly, Slides
were blocked with prehybridization buffer (3% BSA in 4x
saline-sodium citrate, SSC). Then, the slides were treated
with PCR-grade proteinase-k (Roche Diagnostics, Mann-
heim, Germany). The hybridization mix was prepared with
circ-:ATXN1 probe or miR-536b-3p probe in hybridization
solution. And the slides were washed with washing buffer.
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Then the sections were stained with anti-digoxin rhoda-
mine conjugate (1:100, Exon Biotech Inc, Guangzhou,
China) at 37°C for 1h. Subsequently, the sections were
stained with 4',6-diamidino-2-phenylindole (DAPI, Beyo-
time, China). All fluorescence images (100x) were captured
using a fluorescence microscope (Leica, Germany).

Microarrays assay

RNA binding protein, circ-RNA, and miRNA analysis,
Sample preparation and microarray hybridization were
performed by Kangchen Bio-tech (Shanghai P.R. China).

Reporter vector construction and luciferase reporter assay
HEK293T cells were seeded into a 96-well plate. The po-
tential binding sequence of miR-526-3p in circ-:ATXN1
gene and its mutant sequence was amplified by PCR,
synthesized and cloned into the pmirGLO dual-
luciferase vector (Promega, Madison, WI, USA). Wild-
type pmirGLO-circ-ATXN1 (or circ-:ATXN1 mutant)
reporter plasmid and miR-526-3p agomir (or agomir
NC) were co-transfected into HEK293T cells, when they
reached 50-70% confluence. The pmirGLO empty vec-
tor was transfected as “Control” group. Luciferase activ-
ity was measured at 48 h after transfection through the
Dual-Luciferase Reporter System (Promega). Wild-type
MMP2-3'UTR reporter plasmid (MMP2-wt) and
mutated-type MMP2-3"UTR reporter plasmid (MMP2-
mut) were constructed with pmirGLO-promoter vector.
Following transfection approach and measurement of lu-
ciferase activities were performed as described above.

RNA-binding protein immunoprecipitation (RIP) assay

RIP was performed using a Magna RNA-binding protein im-
munoprecipitation kit (Millipore, Billerica, MA, USA) follow-
ing the manufacturer’s instructions. Bio-pre-circ-ATXN1-Wtl1
(5" flanking, 5'-500 nt), Bio-pre-circc:ATXN1-Wt2 (3" flank-
ing, 3" +500 nt), and Bio-pre-circ:ATXN1-Wt3 (5'-500 nt +
3" +500nt) were constructed for possible SRSF10 binding
sites. In addition, Bio-pre-circc:ATXN1-Mutl (5" flanking, 5°'-
500 nt), Bio-pre-circ-:ATXN1-Mut2 (3" flanking, 3" + 500 nt),
and Bio-pre-circ-ATXN1-Mut3 (5'-500nt+ 3" + 500 nt) for
possible SRSF10 binding sites were constructed respectively.
IgG (Millipore) was used as a control. Three wild-type cir-
cATXNI or three mutant circATXN1 of SRSF10 binding site
plasmids were transfected into GECs respectively. The Cells
were lysed in complete RNA lysis buffer containing magnetic
beads conjugated with human anti-SRSF10 antibody. The
samples were incubated with Proteinase K and then immuno-
precipitated RNA was isolated. Purified RNA was obtained
and then applied in qPCR with reverse transcription analysis.

Plasmid construction and cell transfection
Silencing plasmid of circ-:ATXN1 was constructed in
pGPU6/Hygro vector (Genechem Co, Shanghai, China).
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And a non-targeting sequence was used as a NC. Silen-
cing plasmids of SRSF10 (NM_054016.3) with pGPU6/
GFP/Neo  (GenePharma, Shanghai, China) was
constructed. Overexpression plasmid of SRSF10 and
circ-:ATXN1 were constructed in pIRES/EGFP vector
(GenScript, Piscataway, NJ, USA). An empty vector was
used as a blank control. GECs were seeded in 24-well
plates and transfected using Opti-MEM I and LTX and
Plus reagents (Life Technologies) when they were at
about 80% confluence. Geneticin (G418; Sigma-Aldrich,
StLouis, MO, USA) and Hygromycin (Solarbio, China)
were selected. Furthermore, miR-526b-3p agomir (miR-
526-3p (+)), miR-526-3p antagomir (miR-526-3p (-)),
and their NC sequence (miR-526-3p (+) NC and miR-
526-3p (-)NC) were synthesized (GenePharma,
Shanghai, China) and transiently transfected into GECs
using Opti-MEM and Lipofectamine 3000 reagents (Life
Technologies Corporation, Carlsbad, CA, USA), respect-
ively. Cells were collected 48 h after transfection. Se-
quences of sh-circ-AXTN1, sh-SRSF10 and sh-NC were
shown in Table 1. The transfection efficiency of SRSF10,
circ-AXTN1, and miR-526b-3p were shown in Supple-
mentary Figure S2A-C.

Gelatin zymography

The gelatinolytic activity was identified by gelatin zymo-
graphic analysis, as previously described [29]. In brief,
the total of 10 ml protein from the GECs was subjected
to electrophoresis. Then, the gels were washed twice
using 2.5% Triton X-100 in 50 mM Tris-HCL for 30 min
and were incubated in calcium assay buffer overnight at
37°C. The gels were stained with Coomassie Brilliant
Blue in 50% methanol and 10% acetic acid and destained
in 10%acetic acid. Finally, the gels were scanned by
densitometry using CS Analyzer 3.0.

Table 1 Sequences of sShRNA template

Gene Sequence(5->3)
SRSF10 Sence GATCCgctgaagacgctttacataatTTCAAGAGA
attatgtaaagcgtcttcagc TTTTTTGCTAGCG
Antisence  AATTCGCTAGCAAAAAAgctgaagacgctttacataat
TCTCTTGAAattatgtaaagcgtcttcageG
NC Sence CACCGTTCTCCGAACGTGTCACGTCAAGA
GATTACGTGACACGTTCGGAGAATTTTTTG
Antisence  GATCCAAAAAATTCTCCGAACGTGTCACGT
AATCTCTTGACGTGACACGTTCGGAGAAC
Circ-ATXNT ~ Sence CACCAACAGTGCCAATTGCACATCCTCAAG
AGGGATGTGCAATTGGCACTGTTTTTTTTG
Antisence  GATCCAAAAAAAACAGTGCCAATTGCACTC

CCTCTTGAGGATGTGCAATTGGCACTGTT
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Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from the cultured cells with Tri-
zol reagent as described by the manufacturer (Life Tech-
nologies Corporation, Carlsbad, CA, USA). One Step
PrimeScript™ RT-PCR Kits (Takara, RRO64A, Japan) were
used for measurement of circ-:ATXN1. In addition,
RNase-R was used to confirm the existence of circ-
ATXNT1 and eliminate the influence of liner RNAs. The
expression of miR-526b-3p and U6 were detected via Taq-
Man MicroRNA Reverse Transcription kit and Tagman
Universal Master Mix II (Applied Biosystems). One Step
SYBR® PrimeScript” RT-PCR Kit (Takara Biomedical
Technology, Dalian, China) was used for the detections of
SRSF10 and GAPDH. Their expressions were normalized
to endogenous control GAPDH and fold change was de-
termined as 27**“' in gene expression. Primers and
probes used in this study are shown in Table 2.

Tube formation assay

Matrigel assay was performed to evaluate in vitro angio-
genesis activity via quantifying tube formation as previ-
ously described. In total, 96-well culture plates were
coated with 100 pL. Matrigel (BD Biosciences, Bedford,
MA, USA) per well and then allowed to polymerize for
30 min at 37 °C. Then, cells were resuspended in 100 pl
glioma conditioned medium at a density of 4 x 10°cells/
mL and added to Matrigel-coated wells. After main-
tained in 37 °C for 6 h, digital camera system (Olympus,
Tokyo, Japan) was used to acquire three or more images
at random from each culture, and Image ] software was
used to measure the number of tubes.

Western blot assay

Total proteins from the cells were lysed with ice-cold
RIPA buffer with protease inhibitors (Beyotime Institute
of Biotechnology). Equal amounts of each protein samples
(40 pg) was run on SDS/PAGE gels, transferred to PVDF
membranes. Membranes were incubated in 5% fat-free
milk in TBST and then incubated with primary antibodies
against SRSF10 (1:500, Proteintech, Chicago, IL, USA),
MMP2 (1:500, Proteintech, Chicago, IL, USA) and
GAPDH (1:1000, Proteintech, Chicago, IL, United States).

In vivo Matrigel plug assay

To measure the angiogenesis, Matrigel plug assay was
conformed as previously described [30]. We purchased
nude mice from the National Laboratory Animal Center
(Beijing, China). Four-week-old BALB/c athymic nude
mice were fed with autoclaved water and food during
the experiment. All the experiments with the nude mice
were performed strictly in according to the protocol ap-
proved by the Administrative Panel on Laboratory Ani-
mal Care of Shengjing Hospital. Briefly, GECs
resuspended in 400 uL of solution containing 80%
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Table 2 Primer and probes used for RT-qPCR
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Primer or Probe Gene Sequence(5->3') or Assay ID
Primer SRSF10 F:CCAGGGGGATCGAAAGACAC
RGTGGTCTTCCAGTCGGTCTAC
Circ-ATXN1 F:.GTGCTTGCAGGTTTTCTAGGTAG
R.GTGGGTACAATCCGCCAAC
P:FAM+AGCTCTGGATGTGCAATTGGCACTG+BHQ1
GAPDH F:GGACCTGACCTGCCGTCTAG
RTAGCCCAGGATGCCCTTGAG
P:FAM+CCTCCGACGCCTGCTTCACCACCT+Eclipse
Probe miR-526-3p 002383 (Applied biosystems)
U6 001973 (Applied biosystems)

Matrigel at a density of 3 x 10° cells per ml, and then it
were subcutaneously injected. After 4 days, plugs were
obtained. Weighed, photographed, and dispersed in
400 pL of PBS at 4 °C overnight incubation to collect the
hemoglobin. Drabkin’s solution (Sigma) was conducted
to measure hemoglobin content, according to manufac-
turer’s instructions.

Statistical analysis

Experimental data were presented as mean + standard
deviation (SD) from at least three independent experi-
ments. All statistical analyses were evaluated by SPSS
18.0 statistical software (IBM, New York, NY). Student’s
t-test (two tailed) was used for comparisons between
two groups. One-way analysis of variance (ANOVA) was
used for multi-group comparisons followed by Bonfer-
roni post-hoc analysis. The value of P < 0.05 was consid-
ered statistically significant.

Results

Knockdown of SRSF10 suppressed the proliferation,
migration and tube formation of GECs

RBPs are involved in the regulation of tumor cells’ biol-
ogy process. To determine the functional role of RBPs in
GECs, we first performed microarray to assess the ex-
pression patterns of RBPs in AECs and GECs. As shown
in Supplementary Figure S1A, SRSF10 and RNPC1 are
two of the most abundant RBPs in GECs. Subsequently,
qRT-PCR was used to detect that expression of both
SRSF10 and RNPC1 were elevated in GECs with the
former being more evident (Supplementary Figure S1B).
Further, we established GECs with downregulated
SRSF10 to demonstrate the potential roles of SRSF10 in
cell viability. Thus, SRSF10 was selected to perform the
subsequent analyses. Further, the expression of SRSF10
protein was detected through western blot in brain tis-
sues (normal brain tissues, NBTs), low-grad glioma tis-
sues (LGGTs, Word Health Organization, grad I-II),
high-grad glioma tissues HGGTs, Word Health

Organization, grad III-IV), as well as in astrocyte-
associated endothelial cells (AECs) and GECs. As shown
in Fig. 1a, the expression of SRSF10 protein was upregu-
lated in LGGTs group and HGGTs group compared
with NBTs. Meanwhile, SRSF10 was significantly in-
creased in GECs compared with AECs (Fig. 1b, P <
0.01). Then we demonstrated the impact of SRSF10
knockdown on the process of migration and tube forma-
tion in GECs. CCK-8 assay was used to detect cell prolif-
eration. Interestingly, downregulation of SRSF10 decreased
cell viability while SRSF10 overexpression on the basis of
SRSF10 knockdown reversed the effect of SRSF10 knockdown
on reducing cell viability (Fig. 1c). RNPC1 exerted no effects
on cell viability (Supplementary Figure S1C). Transwell assay
was conducted to assess migration. There was no significant
difference in migration between Control group and sh-NC
group. Migration of sh-SRSF10 group was significantly attenu-
ated compared with sh-NC group. And SRSF10 overexpres-
sion on the basis of SRSF10 knockdown reversed the effect of
SRSF10 knockdown on reducing migration (Fig. 1d, P < 0.01).
Matrigel plug assay was conducted to detect tube formation
with knockdown of SRSF10. Knockdown of SRSF10 inhibited
the tube formation, while SRSF10 overexpression on the basis
of SRSF10 knockdown reversed the effect of SRSF10 knock-
down on inhibiting tube formation (Fig. le, P < 0.01). Subse-
quently, we assessed the effect of SRSF10 knockdown on
MMP2 and VEGFA with western blot assay. The expression
of MMP2 and VEGFA in sh-SRSF10 group were both sig-
nificantly decreased compared with sh-NC group. SRSF10
overexpression on the basis of SRSF10 knockdown re-
versed the effect of SRSF10 knockdown on reducing
MMP2 and VEGFA protein expression (Fig. 1f-g, P <
0.01). Meanwhile, to identify the gelatinolytic activity of
MMP2, gelatin zymography was performed. The zymogra-
phy studies demonstrated that the activity of MMP2 were
markedly decreased in sh-SRSF10 group compared with
sh-NC group, and SRSF10 overexpression on the basis of
SRSF10 knockdown reversed the effect of SRSF10 knock-
down on reducing the activity of MMP2. (Fig. 1h, P <
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Fig. 1 Silencing of SRSF10 affected the proliferation, migration and tube formation of GECs. a The relative protein expression of SRSF10 in NBTs
and LGGTs, HGGTs were evaluated by Western-blot assay. GAPDH was used as an endogenous control. Data represent mean + SD (n =5, each
group; **P < 0.01). b The relative protein expression of SRSF10 in AECs and GECs were evaluated by Western-blot assay. GAPDH was used as an
endogenous control. Data represent mean + SD (n = 3, each group; **P < 0.01). ¢ The effect of SRSF10 on the viability of GECs was determined by
CCK-8 assay. Data represent mean + SD (n = 3, each group; **P < 0.01). d The effect of SRSF10 on the migration of GECs was assessed by Transwell
assay. Data represent mean + SD (n = 3, each group; **P < 0.01). Scale bar represents 30 um. e The effect of SRSF10 on the tube formation of GECs
was evaluated by Matrigel tube formation assay (Black arrow, tube structures and grey arrow, tube branches). Data represent mean +SD (n =3,
each group; **P < 0.01). Scale bar represents 30 um. f The effect of SRSF10 on the expression of MMP2. Data represent mean + SD (n = 3, each
group; **P < 0.01). g The effect of SRSF10 on the expression of VEGFA. Data represent mean + SD (n = 3, each group; **P < 0.01). h The activity of
MMP2 in the GECs after downregulation of SRSF10 was detected by gelatin zymography. Data represent mean + SD (n = 3, each group; *P < 0.05) )

0.05). The above results proved SRSF10 knockdown low-
ered MMP2 expression and activity to inhibit GEC-
induced angiogenesis in vitro.

Knockdown of circ-ATXN1 suppressed the proliferation,
migration and tube formation of GECs

Using circ-RNA microarray, we found circ-:ATXN1 was
significantly downregulated after knockdown of SRSF10

in GECs (Supplementary Figure S1D-E). Thus, we hy-
pothesized that circ-:ATXN1 was involved in SRSF10-
mediated regulation on glioma angiogenesis. Figure 2a
showed that the composition of circ-ATXN1 by present-
ing the genomic DNA sequence of ATXNI in contrast
to circ-cATXN1. The junction sites of circ-:ATXN1
CATCCAGAGC and GCCAATTGCA, which were fur-
ther validated by Sanger sequencing experiment.
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Fig. 2 Silencing of circ-ATXN1 affected the proliferation, migration and tube formation of GECs. a A schematic representation of how circ-ATXN1
arosed from the ATXN1 gene as determined by scanning ATXN1 genomic DNA and circBase. Sanger sequencing validated the sequence on the
junction sites of circRNA-ATXNT1. The black arrow indicated the head-to-tail splicing sites of circRNA-ATXN1. b The existence of circ-ATXNT in
GECs. ¢ The expression of circ-ATXN1 in GECs treated with RNase R. Data represent mean + SD (n = 3, each group; **P < 0.01, *P < 0.01). d The
expression of line-ATXN1 in GECs treated with RNase R. Data represent mean + SD (n = 3, each group; **P < 0.01, #p <0.01). e The relative
expression of circ-ATXNT in AECs and GECs was detected by gRT-PCR. GAPDH was used as an endogenous control. Data represent mean + SD
(n =3, each group; *P < 0.05) f The relative expression of line-ATXN1 was detected in AECs and GECs by gRT-PCR. GAPDH was used as an
endogenous control. Data represent mean + SD (n = 3, each group). g FISH was performed to investigate expression and location of circ-ATXN1
in AECs and GECs (green, circ-ATXN1; blue, DAPI nuclear staining). h Effect of circ-ATXN1 on the cell viability of GECs was detected by CCK-8
assay. Data represent mean + SD (n = 3, each group; **P < 0.01). i Effect of circ-ATXN1 on the migration of GECs was detected by Transwell assay.
Data represent mean + SD (n =3, each group; **P < 0.01). j Effect of circ-ATXN1 on tube formation of GECs was measured by Matrigel tube
formation assay (Black arrow, tube structures; Grey arrow, tube branches). Data represent mean + SD (n = 3, each group, **P < 0.01). Scale bar
represents 30 pm. k-l Effect of circ-ATXNT knockdown on expression of MMP2 and VEGFA was detected by Western blot analysis. Data represent
mean + SD (n =3, each group; **P < 0.01). m The activity of MMP2 in the GECs after downregulation of circ-ATXN1 was detected by gelatin

Subsequently, divergent primers detected the presence
of circ-ATXN1 in ¢cDNA while no circ-ATXN1 was de-
tected in the genomic DNA (gDNA) (Fig. 2b). Then,
qRT-PCR assay was used to verify that circ-ATXN1 was
significantly increased in GECs compared with AECs,
while there was no significant difference in linear-
ATXNI1 expression between GECs and AECs (Fig. 2e-f,
P <0.01). RNase R (an exoribonuclease that degrades
linear RNAs instead of circRNAs) was applied to distin-
guish circ-ATXN1 from linear-ATXN1. Circ-ATXN1
exhibited resistance to RNase R, whereas linear-ATXN1
was degraded after treatment with RNase R (Fig. 2c-d).
Thus, circ-ATXN1 instead of linear-ATXN1 may regu-
late the function of GECs. To investigate the functional
role of circ-:ATXN1, we further detected the location
and expression of circ-:ATXN1 by FISH in GECs and
AECs and verified that circ-:ATXN1 was located in the
cytoplasm and its expression was increased in GECs
(Fig. 2g). Subsequently, we established glioma cell lines
with circ-ATXN1 knockdown or overexpression, then cul-
tured ECs in glioma conditioned medium generated with
the above-mentioned cell line. Cell viability, migration and
tube formation were analyzed. As shown in Fig. 2h-j, the
cell viability, migration and tube formation in sh-circ-
ATXNI1 group were significantly repressed compared with
sh-NC group. Also, circ-ATXN1 overexpression on the
basis of circ-:ATXN1 knockdown reversed the effect of
circ-ATXN1 knockdown on inhibition of cell viability, mi-
gration, and tubes formation. Besides, the expression of
MMP2 and VEGFA as well as MMP2 activity were mark-
edly attenuated after circ-:ATXN1 knockdown. Overex-
pression of circ-ATXN1 reversed the reduced expression
of MMP2 and VEGFA, and the activity of MMP?2 (Fig. 2k-
m, P <0.01).

SRSF10 bound to circ-ATXNT1 in regulating cell viability,
migration and tube formation of GECs

In order to clarify the molecular mechanism of SRSF10
in regulating the angiogenesis of GECs, we conducted

RIP analysis to determine the interaction between
SRSF10 and circ-ATXNI1. Enrichment of Bio-pre-circ-
ATXNI1-Wt3 in SRSF10 co-immunoprecipitation group
was significantly elevated compared with IgG co-
immunoprecipitation group. Enrichment of Bio-pre-circ-
ATXNI1-Wt3 in SRSF10 co-immunoprecipitation group
was significantly decreased compared with Bio-pre-circ-
ATXN1-Mut3 (Fig. 3a, P <0.01). We subsequently
assessed circ-cATXN1 expression after knockdown of
SRSF10 using qRT-PCR. As shown in Fig. 3b, the expres-
sion of circ-:ATXNT1 in sh-SRSF10 group was significantly
decreased. Cell lines with co-transfection of SRSF10 and
cir-ATXN1 were established. Meanwhile, we detected that
the cell viability of GECs in sh-SRSF10 + sh-circ-ATXN1
group was significantly attenuated compared with sh-
SRSF10-NC + sh-circ-ATXN1-NC, sh-SRSF10 + sh-circ-
ATXN1-NC and sh-SRSF10-NC + sh-circ-:ATXN1-NC
groups, respectively (Fig. 3¢, P < 0.01). Migration and tube
formation analysis yielded similar results (Fig. 3d-e, P <
0.01). The above results demonstrated simultaneous
knockdown of circ-ATXN1 and SRSF10 intensified inhib-
ition of cell viability, migration and tube formation in-
duced by SRSF10 knockdown. Likewise, the expression of
MMP2 and VEGFA, as well as the activity of MMP2 were
significantly decreased in sh-SRSF10 + sh-circ-ATXN1
group (Fig. 3f-h, P <0.01). The above results suggested
simultaneous knockdown of SRSF10 and circ-ATXN1
inhibited the expression of MMP2 and VEGFA more sig-
nificantly. We verified that circ-:ATXN1, involved in the
regulation of GECs angiogenesis, was regulated by
SRSF10.

Up-regulation of miR-526b-3p suppressed angiogenesis
of GECs

Using microarray, we found miR-92a and miR-526b-3p
were two of upregulated genes in GECs treated with sh-
circ-ATXN1 (Supplementary Figure S1F). Meanwhile,
qRT-PCR was used to assess that miR-526b-3p expres-
sion was higher than miR-92a in GECs treated with sh-
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Fig. 3 Circ-ATXN1 was involved in SRSF10-mediated angiogenesis of GECs. a Relative enrichment of circ-ATXNT in anti-IgG and anti-SRSF10 were
detected by RNA immunoprecipitation assay. Data represent mean = SD (n = 3, each group; **P < 001, **P < 0.01). b Effect of SRSF10 knockdown
on expression of circ-ATXNT was detected by gRT-PCR. Data represent mean + SD (n = 3, each group; ** P < 0.01). ¢ Effects of circ-ATXN1 and
SRSF10 on the cell viability of GECs were detected by CCK-8 assay. Data represent mean + SD (n = 3, each group; **P < 001, ™ P< 001, % p<
0.01). d Effects of circcATXNT and SRSF10 on the migration of GECs were detected by Transwell assay. Data represent mean + SD (n = 3, each
group; **P < 001, P <001, P < 0.071). e Effects of circ-ATXNT and SRSF10 on tube formation of GECs were measured by Matrigel tube
formation assay. (Black arrow, tube structures; Grey arrow, tube branches). Data represent mean + SD (n = 3, each group; **P < 0.01, #p <001,
&p < 0.01). Scale bar represents 30 pm. f-g Effects of circ-ATXN1 and SRSF10 on expressions of MMP2 and VEGFA were detected by western blot.
Data represent mean + SD (n = 3, each group; **P < 0.01, #p <001, %P < 001). h Effects of circ-ATXN1 and SRSF10 on activity of MMP2 were
detected by gelatin zymography. Data represent mean £+ SD (n = 3, each group; *P < 0.05)

circ-ATXN1 (Supplementary Figure 1G). Subsequently,
we detected that miR-526b-3p was significantly de-
creased in GECs compared with AECs (Fig. 4a, P <0.01).
In addition, FISH was used to demonstrate that miR-

526b-3p was located in cytoplasm and downregulated in
GECs (Fig. 4b). In order to further clarify the effect of
miR-526b-3p on regulating biological behaviors of GECs,
we established glioma cell lines with overexpression and
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Fig. 4 MiR-526b-3p affected the proliferation, migration and tube formation of GECs via binding to MMP2. a Relative expression levels of miR-
526b-3p in AECs and GECs were determined by gRT-PCR. Data represent mean + SD (n = 3, each group; **P < 0.01). b FISH was performed to
investigate expression and location of miR-526b-3p in AECs and GECs (red, miR-526b-3p; blue, DAPI nuclear staining). ¢ The effect of miR-526b-3p
on the viability of GECs was determined by CCK-8 assay. Data represent mean = SD (n = 3, each group; **P < 0.01, P < 0.01). d The effect of miR-
526b-3p on the migration of GECs was assessed by Transwell assay. Data represent mean + SD (n = 3, each group; **P < 001, *P < 0.01). e The
effect of miR-526b-3p on the tube formation of GECs was evaluated by Matrigel tube formation assay (Black arrow, tube structures; Grey arrow,
tube branches). Data represent mean + SD (n = 3, each group; **P < 0.01, *P < 0.01). Scale bar represents 30 um. f-g The effect of miR-526b-3p on
the expression of MMP2 and VEGFA. Data represent mean = SD (n = 3, each group; **P < 0.01, P < 0.01). h Effects of miR-526b-3p on the activity
of MMP2. Data represent mean + SD (n = 3, each group; **P < 0.01, #p<001).i The putative miR-526b-3p binding site in MMP2 (MMP2-Wt) and
the designated mutant sequence (MMP2-Mut) were illustrated. j Luciferase reporter assay of HEK293T cells co-transfected with MMP2-Wt or
MMP2-Mut and miR-526b-3p or miR-526b-3p-NC. Data represent mean + SD (n = 3, each group; **P < 0.01). k The putative miR-526b-3p binding

site in VEGFA (VEGFA -Wt) and the designated mutant sequence (VEGFA-Mut) were illustrated. | Luciferase reporter assay of HEK293T cells co-
transfected with VEGFA -Wt or VEGFA -Mut and miR-526b-3p or miR-526b-3p-NC. Data represent mean + SD (n = 3, each group; **P < 0.01)

knockdown of miR-526b-3p. ECs were cultured in gli-
oma conditioned medium generated with the above-
mentioned cell lines. Cell viability, migration and tube
formation were analyzed. The proliferation of pre-miR-
526b-3p group was significantly inhibited compared with
pre-NC group and the proliferation of anti-miR-526b-3p
group was significantly elevated compared with anti-NC
group (Fig. 4c, P<0.01). Likewise, the migration and
tube formation of pre-miR-526b-3p group were signifi-
cantly inhibited compared with pre-NC group (P < 0.01).
Anti-miR-526b-3p group yielded the opposite results
compared with anti-NC group (Fig. 4d-e, P<0.01). The
above results indicated that miR-526b-3p suppressed
angiogenesis of GECs.

MiR-526b-3p regulated angiogenesis of GECs via
specifically binding to MMP2 and VEGFA respectively

It has been widely reported that miRNAs specifically
bound to 3UTR of mRNAs to inhibit their translation
or facilitate their degradation. Western blot assay was
conducted to detect MMP2 and VEGFA expression with
alteration of miR-526b-3p. In the present study, we mea-
sured that MMP2 and VEGFA expression of pre-miR-
526b-3p group was significantly inhibited compared with
pre-NC group and the expression of anti-miR-526b-3p
group was significantly elevated compared with anti-NC
group (Fig. 4f-g, P<0.01). Likewise, the activity of
MMP2 in pre-miR-526b-5p group was significantly re-
duced compared with pre-NC, while MMP2 activity was
increased in anti-miR-526b-3p group (Fig. 4h). We pre-
dicted 3’'UTR of MMP2 and VEGFA harbored binding
sites with miR-526b-3p respectively using Targetscan
(http://www.targetscan.org/vert_72/) (Fig. 4i and k).
Next, dual-luciferase reporter analysis demonstrated fire-
fly/renilla luciferase activity of MMP2-3'-UTR-Wt and
miR-526b-3p (+) co-transfection group was significantly
decreased compared with MMP2-3'-UTR-Wt + pre-NC
group. Similar results were observed in VEGFA (Fig. 4j
and 1). In summary, miR-526-3p affected angiogenesis of

GECs via regulating the expression of MMP2 and
VEGFA.

Circ-ATXN1 promoted angiogenesis of GECs via binding
to miR-526b-3p

The existence of targeted binding between circ-ATXN1
and miR-526-3p were predicted using Starbase (Fig. 5a),
thus we presumed that circ-ATXNI1 regulated angiogen-
esis of GECs via regulating miR-526-3p. Dual-luciferase
reporter analysis was conducted to verify the binding be-
tween circ-:ATXN1 and miR-526-3p. Luciferase activity
of circ-ATXN1-Wt and miR-526b-3p(+) co-transfection
group was significantly decreased compared with circ-
ATXNI-Wt + miR-526b-3p(+)NC  group, suggesting
circ-ATXN1 specifically bound to the predicted site of
miR-526-3p (Fig. 5b, P<0.01). RIP analysis was con-
ducted to determine whether circ-ATXN1 and miR-526-
3p were in the expected Ago2 immunoprecipitation
complex. Expression of circ-:ATXN1 and miR-526-3p in
Ago2 co-immunoprecipitation group were significantly
increased compared with IgG co-immunoprecipitation
group (P <0.01). Knockdown of miR-526-3p significantly
lowered the enrichment of circ-ATXN1 and miR-526-3p
in Ago2 co-immunoprecipitation groups (Fig. 5c-d, P <
0.01). These results suggested that circ-:ATXN1 and
miR-526-3p were in the expected Ago2 immunoprecipi-
tation complex. We established glioma cell lines stably
expressing circ-ATXN1 knockdown with up-regulation
and down-regulation of miR-526-3p. ECs were cultured
in glioma conditioned medium generated with the
above-mentioned cell lines. Knockdown of miR-526-3p
reversed the decreased proliferation, migration and tube
formation of GECs induced by knockdown of circ-
ATXN1 (Fig. 5e-g, P<0.01). The down-regulated ex-
pression of MMP2 and VEGFA induced by knockdown
of circ-:ATXN1 was reversed after knockdown of miR-
526b-3p (Fig. 5h-i, P<0.01). Meanwhile, the activity of
MMP2, which was decreased after knockdown of circ-
ATXN]1, was reversed by silencing miR-526b-3p (Fig. 5j).
The above results demonstrated that miR-526-3p was
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Fig. 5 Circ-ATXN1 facilitated angiogenesis of GECs via binding to miR-526b-3p. a The putative miR-526b-3p binding site in circ-ATXN1 (circ-
ATXN1-Wt) and the designated mutant sequence (circ-ATXN1-Mut) were illustrated. b Luciferase reporter assay of HEK293T cells co-transfected
with circ-ATXNT-Wt or circ-ATXNT-Mut and miR-526b-3p or miR-526b-3p-NC. Data represent mean + SD (n = 3, each group; **P < 0.01). ¢-d The
interaction between circ-ATXN1 and miR-526b-3p was determined by RIP assay. Circ-ATXN1 expression and miR-526b-3p enrichment were
measured using real-time gPCR. Data represent mean + SD (n = 3, each group; **P < 0.01, #p <001). e The co-effects of circ-ATXNT and miR-
526b-3p on the viability of GECs were evaluated by CCK-8 assay. f The co-effects of circ-ATXN1 and miR-526b-3p on the migration of GECs were
evaluated by Transwell assay. g The co-effects of circ-ATXN1 and miR-526b-3p on the tube formation of GECs were evaluated by Matrigel tube
formation assay (Black arrow, tube structures; Grey arrow, tube branches). Data are presented as the mean + SD (n = 3, each group; **P < 0.01 vs
sh-circ-ATXN1-NC + pre-miR-526b-3p group. Scale bar represents 30 um). h-i The co-effects of circ-ATXN1 and miR-526b-3p on the expression of
MMP2 and VEGFA. Data represent mean + SD (n = 3, each group; **P < 0.01). j The co-effects of circ-ATXN1 and miR-526b-3p on the activity of
MMP?2. Data represent mean + SD (n = 3, each group; **P < 0.01)
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involved in the regulation of GECs angiogenesis by
circ-:ATXN1. MiR-526-3p was also critical in the
regulation of MMP2 and VEGFA by circ-ATXN1. In
this study, we further investigated the effects of co-
transfection of knockdown of SRSF10 and knockdown
of miR-526b-3p. The results showed that, knockdown
of miR-526b-3p reversed the effects of SRSF10 knock-
down on the proliferation, migration and tube forma-
tion of GECs, as well as the expression of MMP2,
VEGFA, and the activity of MMP2 (Supplementary
Figure S1H-L).
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SRSF10 knockdown combined with circ-ATXN1
knockdown and miR-526b-3p overexpression suppressed
glioma angiogenesis in vivo

In our study, Matrigel plug assay was conducted to as-
sess whether SRSF10 and circ-ATXN1 were able to
regulate the angiogenesis of GECs in vivo. As shown in
Fig. 6a-b, the hemoglobin content in sh-SRSF10 group,
sh-circ-ATXN1 group, and pre-miR-526b-3p group, and
sh-SRSF10 + sh-circ-ATXN1 + pre-miR-526b-3p  group
were decreased compared with Control group (P < 0.05).
Meanwhile, the hemoglobin content in sh-SRSF10 + sh-
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circ-ATXN1 + pre-miR-526b-3p group was significantly
decreased compared with sh-SRSF10 group, sh-circ-
ATXNT1 group, and pre-miR-526b-3p group respectively.
Thus, the above results indicated that the combination
of SRSF10 knockdown, circ-:ATXN1 knockdown and
miR-526b-3p overexpression presented the strongest in-
hibitory effect on glioma angiogenesis in vivo.

Discussion

In the present study, we verified that SRSF10 and circ-
ATXN1 were both increased in GECs. Knockdown of
SRSF10 and circ-ATXN1 suppressed proliferation, mi-
gration and tube formation of GECs, respectively.
SRSF10 bound to the 5'-end and 3'-end of circ-ATXN1
pre-mRNA and promoted circ-ATXN1 biogenesis. In
addition, we demonstrated that miR-526b-3p was de-
creased and exerted anti-tumor functions in GECs. Fur-
thermore, we indicated that circ-ATXN1 bound to miR-
526b-3p and inhibited GECs angiogenesis by inhibiting
miR-526b-3p expression. In summary, we discovered the
molecular regulatory network in which SRSF10 facili-
tated circ-ATXN1 biogenesis and subsequently increased
its binding with miR-526b-3p to inhibit the negative
regulatory effect of miR-526b-3p on MMP2 and VEGFA
in regulating glioma angiogenesis.

RBPs mediate the maturation, transport, localization
and translation of RNAs, acting as a key regulator of
transcription and post-transcription. SRSF10 acts as an
oncogene in multiple cancers. As a splicing factor,
SRSF10 mediates IL1IRAP’s alternative splicing and pro-
motes oncogenesis in cervical cancer [31]. Moreover,
SRSF10 promotes the splicing of transcription factor
BCLAF1 to facilitate the tumorigenesis of colon cancer
[14]. As expected, our results indicated that the expres-
sion of SRSF10 was elevated in GECs. However, the po-
tential regulatory mechanism of SRSF10 is yet to be
revealed. Multiple RBPs have been reported to regulate
biological behaviors of vascular endothelial cells. RBP-
LRR, RBP-EKL, and RBP-SSF both have been indicated
to activate vascular endothelial growth factor (VEGF) to
promote proliferation, migration and tube formation of
human umbilical vein endothelial cells (HUVECs), sug-
gesting their potential role as wound healing agents [32].
Transcription factor RBP-] mediated Notch receptors re-
presses proliferation of endothelial cells to maintain vas-
cular homeostasis in adult mice. Knockdown of RBP-J
induces the spontaneous angiogenesis in multiple tissues
[33]. Our study further verified that knockdown of
SRSF10 suppressed the proliferation, migration and tube
formation of GECs.

CircRNAs are 3'-5" covalently closed RNA rings, with
stable expression and specificity in tissues and diseases,
thereby becoming potential biomarkers for the diagnosis
and treatment of various diseases. Abnormalities in
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circRNA expression play important roles in tumorigen-
esis and development. Recent research study demon-
strated that circ-DICER]1 regulated proliferation,
migration and tube formation of GECs through targeting
MOV10 [34]. Accordingly, we screened out the cir-
cRNAs which were regulated by SRSF10 in GECs, and fi-
nally focused on circ-:ATXNI1. Notably, circ-ATXN1
expression was intact after being treated with RNase R
to degrade ATXN1. Hence, we further determined that
circ-ATXN1, rather than linear ATXN1, exerted effects
on glioma angiogenesis. Moreover, we examined the ex-
pression and location of circ-:ATXN1, and the detailed
functions in GECs that exerted by circ-ATXN1. Our re-
sults indicated that knockdown of circ-ATXNI suppressed
the proliferation, migration and tube formation of GECs. In
addition, circ-ATXN1 overexpression on the basis of circ-
ATXN1 knockdown reversed the reduced proliferation, mi-
gration and tube formation. Various circRNAs have been re-
ported to regulate biological behaviors of tumor and vessel
endothelial cells. For example, circ_0001368 suppresses the
progression of gastric cancer via miR-6506-5p/FOXO3 axis
[35]. Circ_104916 is down-regulated in colorectal cancer.
Overexpression of circ_104916 inhibits migration and inva-
sion of colorectal cancer cells via repressing epithelial to
mesenchymal transition (EMT) [36]. Wang ] et al. discovered
six circRNAs related to apoptosis, which induced abdominal
aortic aneurysm via promoting endothelial cells growth from
circRNA-miRNA networks [37]. Circ_0005015 facilitates
retinal endothelial angiogenesis by regulating proliferation,
migration and tube formation of endothelial cells [38]. Circ_
0003575 is up-regulated in oxLDL induced HUVECs and
regulates the proliferation and angiogenesis of HUVECs [39].

It has been widely reported that multiple RBPs can
regulate the back-splicing and biogenesis of circRNAs
[8, 40]. 90% of human circRNAs are predicted to harbor
reverse complementary repeats in flanking introns,
mainly in the form of Alu elements [41]. Nevertheless,
RBPs can bind to the flanking introns of pre-mRNA
(containing Alu elements) to induce the covalent bind-
ing between its 5 end and 3’ end, facilitating the bio-
genesis of circRNAs. For example, ZKSCAN1, HIPK3
and EPHB4 promote circularization of pre-mRNAs to
form circRNAs by recognizing the Alu elements on both
flanking of pre-mRNAs [42]. Our study revealed that
SRSF10 promoted the biogenesis of circ-ATXN1 by
binding to Alu elements on both flanking of its pre-
mRNA. Besides, knockdown of SRSF10 attenuated
proliferation, migration and tube formation of GECs by
suppressing the biogenesis of circ-:ATXN1.

CircRNAs are widely involved in regulating tumori-
genesis and biological behaviors of endothelial cells by
binding to miRNAs. In the present study, we first veri-
fied the expression and location of miR-526b-3p in
GECs. Overexpression of miR-526b-3p disrupted
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angiogenesis of GECs, whereas knockdown of miR-
526b-3p produced the opposite effect. The results above
demonstrated the role of miR-526b-3p as a tumor sup-
pressor in GECs. Interestingly, circRNAs have been dis-
covered to function as the molecular sponge of miRNAs
via acting as their competing endogenous RNAs (ceR-
NAs). For instance, circ_0005015 elevates the expression
of MMP-2, XIAP, and STAT3 thereby promoting the
development of diabetes retinopathy via acting as a mo-
lecular sponge of miR-519d-3p [38]. Knockdown of cir-
cRNA_0059655, a sponge of miR-338-3p, inhibits the
proliferation, migration and invasion of salivary adenoid
cystic carcinoma cells [43]. Circ_001783 is overexpressed
in breast cancer cells as well as tissues and promotes
breast cancer progression via sponging miR-200c-3p
[44]. Circ_0010729 is up-regulated in hypoxia-induced
HUVEC and facilitates the proliferation of HUVEC,
whereas suppressing its apoptosis by targeting the miR-
186/HIF-1a axis [45]. In our study, we verified that circ-
ATXNI1 expression was negatively correlated with miR-
526b-3p. The two factors exhibited opposite functional
roles in regulating GECs angiogenesis. Meanwhile, we pre-
dicted the existence of binding sites between circ-ATXN1
and miR-526b-3p with the help of bioinformatics software.
Meanwhile, dual-luciferase reporter assay was used to
demonstrate the targeted binding between miR-526b-3p
and circcATXN1. Moreover, RIP assay revealed circ-
ATXN1 and miR-526b-3p interacted in an RNA-induced
silencing complex (RISC). Knockdown of circ-ATXN1
combined with overexpression of miR-526b-3p signifi-
cantly attenuated proliferation, migration and tube forma-
tion of GECs. Simultaneous knockdown of circ-ATXN1
and miR-526b-3p rescued the adverse effect on GECs
angiogenesis induced by knockdown of circ-ATXNI.
More importantly, knockdown of circ-:ATXN1 combined
with miR-526b-3p significantly reduced the hemoglobin
content on glioma angiogenesis in vivo. These results sug-
gested circ-:ATXN1 regulated glioma angiogenesis via
sponging miR-526b-3p.

Numerous researches have revealed that miRNAs
could regulate the transcription of downstream genes via
binding to 3’'UTR of transcriptional factors. For example,
miR-367-3p is down-regulated in glioma and binds to
3UTR of CEBPA to suppresse its expression, subse-
quently inhibiting the proliferation, migration and inva-
sion of glioma cells [46]. MMPs and VEGF have been
reported to play various roles in cancer, inflammation,
tissue remodeling and photoaging [47], regulating the
expression level of mRNA as well as activation of their
latent zymogen form. Additionally, alterations in MMPs
expression and activity occur in tumor biology processes
[48]. Recent study shows that miR-29b negatively regu-
lates MMP2 expression and activity to suppress gastric
cancer cell migration and tumor growth [49]. In
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addition, IncRNA PVT1 promotes angiogenesis via
STAT3/VEGFA axis in gastric cancer [50]. In this study,
we demonstrated that miR-526b-3p regulated the ex-
pression of MMP2 and VEGFA as well as the activity of
MMP2. Moreover, MMP2 expression is disrupted in is-
chemia/reperfusion injury models, thereby leading to
contractile dysfunction [51]. MMP2 promotes prolifera-
tion of hepatic stellate cells via ERK1/2 and PI3K signal-
ing pathways during hepatic injury [52]. In our study, we
verified that miR-526b-3p exhibited post-transcriptional
regulatory effects on MMP2 and VEGFA expression by
binding to its 3'UTR via dual-luciferase reporter assay,
and in the meantime, miR-526b-3p suppressed glioma
angiogenesis by specifically targenting and suppressing
MMP2 and VEGFA. The negative regulation of target
genes by miRNAs affects glioma angiogenesis. In
HUVECs, miR-106b-5p binds to 3'UTR of Angpt2 to in-
hibit it transcription. Knockdown of miR-106b-5p facili-
tates angiogenesis by promoting Angpt2 expression [53].

Conclusion

In conclusion, our study for the first time verified
SRSF10 and circ-ATXN1 were increased in GECs,
whereas miR-526b-3p was decreased in GECs. Knock-
down of SRSF10 and circ-ATXN1 suppressed prolifera-
tion, migration and tube formation of GECs,
respectively. MiR-526b-3p inhibited glioma angiogenesis
via repressing MMP2 and VEGFA. Knockdown of
SRSF10 promoted the negative regulatory effect of miR-
526b-3p on MMP2 and VEGFA by inhibiting the bio-
genesis of circcATXN1, subsequently attenuating its
function by targeting miR-526b-3p. As a result, knock-
down of SRSF10 suppressed proliferation, migration and
tube formation of GECs to inhibit glioma angiogenesis.
The mechanism was schematically illustrated in Fig. 6c.
This study elaborated the critical regulatory effects of
SRSF10/circ-ATXN1/miR-526b-3p pathway on glioma
angiogenesis. The above results established a new theory
and experimental basis for anti-angiogenesis treatment
for glioma.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/513046-020-01625-8.

Additional file 1: Supplementary Figure S1. The screening of SRSF10,
circ-ATXNT1, and miR-526b-3p, as well as the effects of co-transfection be-
tween SRSF10 and miR-526b-3p in GECs. (A)Microarray analysis was de-
tected in AECs and GECs. Red indicates high relative expression and
green indicates low relative expression. (B)Relative expression level of
SRSF10, and RNPC1 determined by gRT-PCR. Data represent mean + SD
(n = 3, each group; *P < 0.05, **P < 0.01). (C). The effect of cell viability
after knockdown RNPC1. Data represent mean+SD (n=3,each). (D) Micro-
array analysis was detected after downregulation of SRSF10 in GECs. Red
indicates high relative expression and green indicates low relative expres-
sion. (E)Relative expression level of circ-SYNJ2, and circ-ATXN1
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determined by gRT-PCR. Data represent mean + SD (n = 3, each group;
*P < 0.05, **P < 0.01). (F) Microarray analysis was detected after downreg-
ulation of circ-ATXNT in GECs. Red indicates high relative expression and
green indicates low relative expression. (G)Relative expression level of
miR-92a, and miR-526b-3p determined by qRT-PCR. Data represent mean
+ SD (n = 3, each group; *P < 0.05, **P < 0.01). (H) The effect of co-
transfection between SRSF10 and miR-526b-3p on the viability of GECs
was determined by CCK-8 assay. Data represent mean + SD (n = 3, each
group; **P < 0.01, #p < 001). (I) The effect of co-transfection between
SRSF10 and miR-526b-3p on the migration of GECs was assessed by
Transwell assay. Data represent mean + SD (n = 3, each group; **P <
001, "P < 0.01). Scale bar represents 30 um. (J) The effect of co-
transfection between SRSF10 and miR-526b-3p on the tube formation of
GECs was evaluated by Matrigel tube formation assay (Black arrow, tube
structures and grey arrow, tube branches). Data represent mean + SD (n
= 3, each group; *P < 001, "P < 0.01). Scale bar represents 30 um. (K)
The effect of co-transfection between SRSF10 and miR-526b-3p on the
expression of MMP2 and VEGFA. Data represent mean + SD (n = 3, each
group; **P < 001, ¥P < 0.01). (L) The activity of MMP2 in the GECs after
downregulation of SRSF10 was detected by gelatin zymography. Data
represent mean + SD (n = 3, each group; *P < 0.05, #p < 001).

Additional file 2: Supplementary Figure S2. Transfection efficiency of
SRSF10, circ-ATXN1, and miR-526b-3p, as well as the effects of cell viabil-
ity of RNPC1. A. Relative expression of SRSF10 in GECs by qRT-PCR. Data
represent mean+SD (n=3,each). **P<0.01 vs. sh-NC group. B. Relative ex-
pression of circ-ATXN1 in GECs by gRT-PCR. Data represent mean+SD (n=
3,each). **P<0.01 vs. sh-NC group. C. Relative expression of miR-526b-3p
in GECs by gRT-PCR. Data represent mean+SD (n=3,each). **P<0.01 vs.
pre-NC group, P<0.05 vs. anti-NC group. D. The effect of cell viability
after knockdown RNPC1. Data represent mean+SD (n=3,each).

Abbreviations

RBP: RNA binding protein; circRNA: Circular RNA; CCK-8: Cell counting kit-8;
3"-UTR: 3"-untranslated region; GEC: Glioma associated endothelial cells;
miRNA: MicroRNA; gRT-PCR: quantitative real-time PCR; RNA-IP: RNA-binding
protein immunoprecipition; TSS: Transcription start site; HEK293T: Human
embryonic kidney 293 T

Acknowledgments

This work is supported by grants from the Natural Science Foundation of
China (81872073, 81672511, 81872503), China Postdoctoral Science
Foundation (2019 M661172), Natural Science Foundation of Liaoning
Province (2020-BS-097), Liaoning Science and Technology Plan Project
(N0.2017225020), Project of Key Laboratory of Neuro-oncology in Liaoning
Province (112-2400017005), special developmental project guided by central
government of Liaoning Province (No. 2017011553-301) and outstanding sci-
entific fund of Shengjing hospital (No. 201802).

Authors’ contributions

Xiaobai Liu, Jian Zheng and Yunhui Liu contributed to the study conception
and design. Material preparation and data collection were performed by Lu
Zhu, Xuelei Ruan, Shuyuan Shen and Liangi Shao. Data analysis was
performed by Xiaobai Liu, Chunging Yang and Di Wang. The first draft of the
manuscript was written by Xiaobai Liu and Yixue Xue and all authors
commented on previous versions of the manuscript. All authors read and
approved the final manuscript.

Funding
No.

Availability of data and materials

The data that support the findings of this study are available on request
from the corresponding author. The data are not publicly available due to
privacy or ethical restrictions.

Ethics approval and consent to participate
The animal study was approved by the Administrative Panel on Laboratory
Animal Care of China Medical University.

(2020) 39:121

Page 16 of 17

Consent for publication
Not applicable.

Competing interests
We declare that all the authors have no conflict of interest in relation to the
work described.

Author details

'Department of Neurosurgery, Shengjing Hospital of China Medical
University, Shenyang 110004, China. “Liaoning Clinical Medical Research
Center in Nervous System Disease, Shenyang 110004, China. *Key Laboratory
of Neuro-Oncology in Liaoning Province, Shenyang 110004, China.
“Department of Neurobiology, School of life Sciences, China Medical
University, Shenyang 110122, China. *Key Laboratory of Cell Biology, Ministry
of Public Health of China, China Medical University, Shenyang 110122, China.
SKey Laboratory of Medical Cell Biology, Ministry of Education of China,
China Medical University, Shenyang 110122, China.

Received: 22 April 2020 Accepted: 18 June 2020
Published online: 29 June 2020

References

1. Peng Z, Liu C, Wu M. New insights into long noncoding RNAs and their
roles in glioma. Mol Cancer. 2018;17:61.

2. Furnari FB, Fenton T, Bachoo RM, Mukasa A, Stommel JM, Stegh A, et al.
Malignant astrocytic glioma: genetics, biology, and paths to treatment.
Genes Dev. 2007;21:2683-710.

3. Friedmann-Morvinski D, Narasimamurthy R, Xia Y, Myskiw C, Soda Y, Verma
IM. Targeting NF-kappaB in glioblastoma: a therapeutic approach. Sci Adv.
2016;2:21501292.

4. Leon SP, Folkerth RD, Black PM. Microvessel density is a prognostic indicator
for patients with astroglial brain tumors. Cancer. 1996,77:362-72.

5. Carmeliet P. Angiogenesis in life, disease and medicine. Nature. 2005;438:
932-6.

6. Wang ZL, Li B, Luo YX, Lin Q, Liu SR, Zhang XQ, et al. Comprehensive
genomic characterization of RNA-binding proteins across human cancers.
Cell Rep. 2018;22:286-98.

7. Dreyfuss G, Kim VN, Kataoka N. Messenger-RNA-binding proteins and the
messages they carry. Nat Rev Mol Cell Biol. 2002;3:195-205.

8. Conn SJ, Pillman KA, Toubia J, Conn VM, Salmanidis M, Phillips CA, et al. The
RNA binding protein quaking regulates formation of circRNAs. Cell. 2015;
160:1125-34.

9. Abdelmohsen K, Panda AC, Munk R, Grammatikakis |, Dudekula DB, De S,
et al. Identification of HuR target circular RNAs uncovers suppression of
PABPNT1 translation by CircPABPNT. RNA Biol. 2017;14:361-9.

10.  Yang ZG, Awan FM, Du WW, Zeng Y, Lyu J, Wu D, et al. The circular RNA
interacts with STAT3, increasing its nuclear translocation and wound repair
by modulating Dnmt3a and miR-17 function. Mol Ther. 2017;25:2062-74.

11. Janas T, Janas MM, Sapon K, Janas T. Mechanisms of RNA loading into
exosomes. FEBS Lett. 2015;589:1391-8.

12. Wei N, Cheng Y, Wang Z, Liu Y, Luo C, Liu L, et al. SRSF10 plays a role in
myoblast differentiation and glucose production via regulation of
alternative splicing. Cell Rep. 2015;13:1647-57.

13. LiH, Cheng Y, Wu W, Liu Y, Wei N, Feng X, et al. SRSF10 regulates
alternative splicing and is required for adipocyte differentiation. Mol Cell
Biol. 2014,34:2198-207.

14. Zhou X, Li X, Cheng Y, Wu W, Xie Z, Xi Q, et al. BCLAF1 and its splicing
regulator SRSF10 regulate the tumorigenic potential of colon cancer cells.
Nat Commun. 2014;5:4581.

15. Zang J, Lu D, Xu A. The interaction of circRNAs and RNA binding proteins:
an important part of circRNA maintenance and function. J Neurosci Res.
2018;98:87-97.

16. Memczak S, Jens M, Elefsinioti A, Torti F, Krueger J, Rybak A, et al. Circular
RNAs are a large class of animal RNAs with regulatory potency. Nature.
2013;495:333-8.

17. Yu H, Xu Q, Liu F, Ye X, Wang J, Meng X. Identification and validation of
long noncoding RNA biomarkers in human non-small-cell lung carcinomas.
J Thorac Oncol. 2015;10:645-54.

18. Lee Y, Samaco RC, Gatchel JR, Thaller C, Orr HT, Zoghbi HY. miR-19, miR-101
and miR-130 co-regulate ATXN1 levels to potentially modulate SCA1
pathogenesis. Nat Neurosci. 2008;11:1137-9.



Liu et al. Journal of Experimental & Clinical Cancer Research

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32,

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Asher M, Johnson A, Zecevic B, Pease D, Cvetanovic M. Ataxin-1
regulates proliferation of hippocampal neural precursors. Neuroscience.
2016;322:54-65.

Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell.
2004;116:281-97.

Wu Z, Qiu X, Gao B, Lian C, Peng Y, Liang A, et al. Melatonin-mediated miR-
526b-3p and miR-590-5p upregulation promotes chondrogenic
differentiation of human mesenchymal stem cells. J Pineal Res. 2018,65:
e12483.

Zhang R, Zhao J, Xu J, Wang J, Jia J. miR-526b-3p functions as a tumor
suppressor in colon cancer by regulating HIF-1alpha. Am J Trans| Res. 2016;
8:2783-9.

Li H, Zhang Y, Hai J, Wang J, Zhao B, Du L, et al. Knockdown of TRIM31
suppresses proliferation and invasion of gallbladder cancer cells by down-
regulating MMP2/9 through the PI3K/Akt signaling pathway. Biomed
Pharmacother. 2018;103:1272-8.

Choi J, Choi K, Benveniste EN, Rho SB, Hong YS, Lee JH, et al. Bcl-2
promotes invasion and lung metastasis by inducing matrix
metalloproteinase-2. Cancer Res. 2005;65:5554-60.

Andrews GL, Yun K, Rubenstein JL, Mastick GS. DIx transcription factors
regulate differentiation of dopaminergic neurons of the ventral thalamus.
Mol Cell Neurosci. 2003;23:107-20.

Chen J, Liu A, Wang Z, Wang B, Chai X, Lu W, et al. LINCO0173.v1 promotes
angiogenesis and progression of lung squamous cell carcinoma by

sponging miR-511-5p to regulate VEGFA expression. Mol Cancer. 2020;19:98.

Wu B, Zhang L, Yu Y, Lu T, Zhang Y, Zhu W, et al. miR-6086 Inhibits Ovarian
Cancer Angiogenesis by Downregulating the OC2/VEGFA/EGFL6 Axis. Cell
Death Dis. 2020;11:345.

Cai H, Xue Y, Li Z, Hu Y, Wang Z, Liu W, et al. Roundabout4 suppresses
glioma-induced endothelial cell proliferation, migration and tube formation
in vitro by inhibiting VEGR2-mediated PI3K/AKT and FAK signaling
pathways. Cell Physiol Biochem. 2015;35:1689-705.

Staun-Ram E, Goldman S, Gabarin D, Shalev E. Expression and importance
of matrix metalloproteinase 2 and 9 (MMP-2 and -9) in human trophoblast
invasion. Reprod Biol Endocrinol. 2004;2:59.

Malinda KM. In vivo matrigel migration and angiogenesis assay. Methods
Mol Biol. 2009;467:287-94.

Liu F, Dai M, Xu Q, Zhu X, Zhou Y, Jiang S, et al. SRSF10-mediated ILTRAP
alternative splicing regulates cervical cancer oncogenesis via mILTRAP-NF-
kappaB-CD47 axis. Oncogene. 2018;37:2394-409.

Taniguchi M, Saito K, Aida R, Ochiai A, Saitoh E, Tanaka T. Wound healing
activity and mechanism of action of antimicrobial and lipopolysaccharide-
neutralizing peptides from enzymatic hydrolysates of rice bran proteins. J
Biosci Bioeng. 2019;128:142-8.

Dou GR, Wang YC, Hu XB, Hou LH, Wang CM, Xu JF, et al. RBP-J, the
transcription factor downstream of notch receptors, is essential for the
maintenance of vascular homeostasis in adult mice. FASEB J. 2008,22:1606-17.
Lee BK, Jang YJ, Kim M, LeBlanc L, Rhee C, Lee J, et al. Super-enhancer-
guided mapping of regulatory networks controlling mouse trophoblast
stem cells. Nat Commun. 2019;10:4749.

Lu J, Zhang PY, Li P, Xie JW, Wang JB, Lin JX, et al. Circular RNA hsa_circ_
0001368 suppresses the progression of gastric cancer by regulating miR-
6506-5p/FOX03 axis. Biochem Biophys Res Commun. 2019;512:29-33.

Min L, Wang H, Zeng Y. CircRNA_104916 regulates migration, apoptosis and
epithelial-mesenchymal transition in colon cancer cells. Front Biosci. 2019,24:819-32.
Wang J, Sun H, Zhou Y, Huang K, Que J, Peng Y, et al. Circular RNA
microarray expression profile in 3,4-benzopyrene/angiotensin I--induced
abdominal aortic aneurysm in mice. J Cell Biochem. 2019;120:10484-94.
Zhang SJ, Chen X, Li CP, Li XM, Liu C, Liu BH, et al. Identification and
characterization of circular RNAs as a new class of putative biomarkers in
diabetes retinopathy. Invest Ophthalmol Vis Sci. 2017;58:6500-9.

Li CY, Ma L, Yu B. Circular RNA hsa_circ_0003575 regulates oxLDL induced
vascular endothelial cells proliferation and angiogenesis. Biomed
Pharmacother. 2017,95:1514-9.

Li X, Liu CX, Xue W, Zhang Y, Jiang S, Yin QF, et al. Coordinated circRNA biogenesis
and function with NFOO/NF110 in viral infection. Mol Cell. 201767:214-27 e7.
Ivanov A, Memczak S, Wyler E, Torti F, Porath HT, Orejuela MR, et al. Analysis
of intron sequences reveals hallmarks of circular RNA biogenesis in animals.
Cell Rep. 2015;10:170-7.

Liang D, Wilusz JE. Short intronic repeat sequences facilitate circular RNA
production. Genes Dev. 2014;28:2233-47.

(2020) 39:121

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

Page 17 of 17

Zhao F, Chen CW, Yang WW, Xu LH, Du ZH, Ge XY, et al. Hsa_circRNA_
0059655 plays a role in salivary adenoid cystic carcinoma by functioning as
a sponge of miR-338-3p. Cell Mol Biol. 2018,64:100-6.

Liu Z, Zhou Y, Liang G, Ling Y, Tan W, Tan L, et al. Circular RNA hsa_circ_
001783 regulates breast cancer progression via sponging miR-200c-3p. Cell
Death Dis. 2019;10:55.

Dang RY, Liu FL, Li Y. Circular RNA hsa_circ_0010729 regulates vascular
endothelial cell proliferation and apoptosis by targeting the miR-186/HIF-
Talpha axis. Biochem Biophys Res Commun. 2017;490:104-10.

Liu X, Zheng J, Xue Y, Yu H, Gong W, Wang P, et al. PIWIL3/OIP5-AS1/miR-
367-3p/CEBPA feedback loop regulates the biological behavior of glioma
cells. Theranostics. 2018;8:1084-105.

Pittayapruek P, Meephansan J, Prapapan O, Komine M, Ohtsuki M. Role of
matrix Metalloproteinases in Photoaging and Photocarcinogenesis. Int J Mol
Sci. 2016;17:868.

Cui N, Hu M, Khalil RA. Biochemical and biological attributes of matrix
Metalloproteinases. Prog Mol Biol Transl Sci. 2017;147:1-73.

Wang T, Hou J, Jian S, Luo Q, Wei J, Li Z, et al. miR-29b negatively regulates
MMP2 to impact gastric cancer development by suppress gastric cancer cell
migration and tumor growth. J Cancer. 2018;9:3776-86.

Claesson-Welsh L, Welsh M. VEGFA and tumour angiogenesis. J Intern Med.
2013;273:114-27.

Nagalingam RS, Safi HA, Al-Hattab DS, Bagchi RA, Landry NM, Dixon IMC,
et al. Regulation of cardiac fibroblast MMP2 gene expression by scleraxis. J
Mol Cell Cardiol. 2018;120:64-73.

Galli A, Svegliati-Baroni G, Ceni E, Milani S, Ridolfi F, Salzano R, et al.
Oxidative stress stimulates proliferation and invasiveness of hepatic stellate
cells via a MMP2-mediated mechanism. Hepatology. 2005;/41:1074-84.
Napolitano G, Esposito A, Choi H, Matarese M, Benedetti V, Di Malta C, et al.
mTOR-dependent phosphorylation controls TFEB nuclear export. Nat
Commun. 2018;9:3312.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Materials and methods
	Clinical specimens
	Cells lines and culture
	Cell viability assay
	Cell migration assay
	Fluorescence in situ hybridization (FISH)
	Microarrays assay
	Reporter vector construction and luciferase reporter assay
	RNA-binding protein immunoprecipitation (RIP) assay
	Plasmid construction and cell transfection
	Gelatin zymography
	Quantitative real-time PCR (qRT-PCR)
	Tube formation assay
	Western blot assay
	In vivo Matrigel plug assay
	Statistical analysis

	Results
	Knockdown of SRSF10 suppressed the proliferation, migration and tube formation of GECs
	Knockdown of circ-ATXN1 suppressed the proliferation, migration and tube formation of GECs
	SRSF10 bound to circ-ATXN1 in regulating cell viability, migration and tube formation of GECs
	Up-regulation of miR-526b-3p suppressed angiogenesis of GECs
	MiR-526b-3p regulated angiogenesis of GECs via specifically binding to MMP2 and VEGFA respectively
	Circ-ATXN1 promoted angiogenesis of GECs via binding to miR-526b-3p
	SRSF10 knockdown combined with circ-ATXN1 knockdown and miR-526b-3p overexpression suppressed glioma angiogenesis in�vivo

	Discussion
	Conclusion
	Supplementary information
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

