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Abstract: Circular RNA (circRNA) is a widely expressed non-coding RNA element characterized by a covalently closed 
continuous loop. Emerging evidence suggests important roles of circRNAs in the pathogenesis of human cancers. 
However, the functions and underlying mechanisms of circRNAs in glioma remain largely unclear. Previously, our 
studies uncovered a batch of abnormally expressed circRNAs in glioma tissue, among which circPARP4 was signifi-
cantly upregulated with the top fold change. Here, we focused on the functional investigation toward circPARP4 in 
glioblastoma progression and looked for insight into its underlying mechanisms. The results confirmed the elevated 
expression of circPARP4 in glioma and found its association with glioma pathological grade. Gain- and loss-of-
function strategies showed that circPARP4 could obviously promote glioma cell proliferation, migration, invasion, 
and epithelial-mesenchymal transition. Mechanistically, in vivo and in vitro studies demonstrated that circPARP4, as 
a miRNA sponge, directly interacted with miR-125a-5p, which then regulated FUT4 to exert the oncogenic effect on 
glioma behavior. Our findings illustrate functions of circPARP4 in modulating glioma progression through miR-125a-
5p/FUT4 pathway, which provides a novel and potential target for glioma therapy. 
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Introduction

Gliomas represent the most widespread pri- 
mary form of central nervous system tumors 
and account for approximately 80% of intra- 
cranial malignancies, more than half of which  
is the most malignant histologic subtype glio-
blastoma (GBM) [1-3]. Despite the aggressive 
treatments, including maximum surgical resec-
tion followed by radiotherapy and temozolo-
mide chemotherapy, patients with GBM have a 
median survival of only 14-16 months [4, 5]. 
However, additional therapies, such as per- 
sonalized therapies against molecular targets, 
have so far also been unsuccessful in clinical 
trials. Therefore, identifying critical treatment 
targets underlying tumor progression for glio-
ma is of paramount importance. 

Circular RNA (circRNA) is a widely expressed 
non-coding RNA that is generated by back-

splicing and characterized by a covalently clo- 
sed loop structure, which enables its stable 
existing [6, 7]. Previous studies have demon-
strated that circRNA can act as a competing 
endogenous RNA (ceRNA) that mainly sponges 
miRNA or binds proteins to regulate cellular  
biological processes [8]. Emerging evidence 
indicates the functional roles of circRNA in 
tumorigenesis and disease progression. For 
instance, circSLC8A1 suppressed bladder can-
cer progression through sponging miR-130b/
miR-494 via regulating PTEN [9], circTADA2A 
could readily sponge miR-203a-3p to upregu-
late the expression of CREB3 that facilitat- 
ed osteosarcoma progression and metastasis 
[10], and circAKT3 upregulated PIK3R1 to en- 
hance cisplatin resistance in gastric cancer via 
miR-198 suppression [11]. Moreover, emerging 
studies have also been focusing the functions 
of circRNAs and their contributing pathways in 
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glioma. Our previous work revealed a total of 
417 abnormally expressed circRNAs in GBM  
tissue samples and hsa_circ_0005198 (cir-
cPARP4) was upregulated with the top fold 
change [12]. Then, the role of circPARP4 in the 
development and progression of glioma still 
needs to be determined. 

In this study, we confirmed elevated express- 
ion of circPARP4 in glioma, which was positive- 
ly associated with tumor pathological grade. 
FISH analysis showed circPARP4 was express- 
ed in cytoplasm, and gain- and loss-function 
studies found circPARP4 affected the prolifera-
tion, migration, and invasion abilities of glioma 
cells in vitro and in vivo. Then, miRNA microar-
ray combined with RNA immunoprecipitation 
(RIP) assay were performed and discovered cir-
cPARP4 as a sponge to negatively control miR-
125a-5p. Moreover, it is revealed that FUT4 
mediated the oncogenic function of circPARP4/
miR-125a-5p axis by using a bioinformatics 
method. Our findings provide an insight into the 
complicated regulatory network of non-coding 
RNAs in glioma progression and a potential tar-
get for developing therapeutic strategies. 

Materials and methods

Clinic samples

The present study recruited patients who join- 
ed the organization between 2017 and 2019. 
In total, 36 high-grade gliomas (WHO grade III-

IV) and 40 low-grade gliomas (WHO grade I-II) 
were collected and pathologically confirmed. 
Meanwhile, 10 non-tumor tissue specimens 
were obtained from severe brain trauma pati- 
ents who required decompression treatment. 
The gliomas were graded according to the  
WHO pathological diagnostic standard [13]. No 
patients had received radiotherapy or chemo-
therapy prior to tumor resection. The clinico-
pathological features of the included patients 
are detailed in Table 1. Samples were divided 
and either frozen in liquid nitrogen and stored 
at -80°C or kept in RNAlater (Ambion, Austin, 
TX, USA) at -20°C. Ethical approval for the  
study was provided by the Independent Ethics 
Committee of Wuxi Clinical College of Anhui 
Medical University. Informed and written con-
sents were supplied by all patients or their  
advisors according to Ethics Committee guide- 
lines. 

Cell culture

Human malignant glioma cell lines U87, U138, 
U251 and SHG-44 were purchased from the 
Cell Bank at the Chinese Academy of Sciences 
(Shanghai, China), and HEB cells (human astro-
cyte) were stored in our laboratory. They were 
all cultured in DMEM containing penicillin G 
(100 U/mL), 8% FBS, as well as streptomycin 
(100 mg/mL), and maintained at 37°C in mo- 
nolayer culture with 5% carbon dioxide humidi-
fied air. Subsequently, cell viability was deter-
mined by trypan blue staining.

Cell transfection

Glioma cells were transfected with appropriate 
amount of vector by using Lipofectamine 2000 
(Invitrogen, MA, U.S.) and then cultured for 48 
hours according to the manufacturer’s proto- 
col. 

Vector construction

The full-length cDNA of circPARP4 (Supple- 
mentary Table 1) was synthesised by Gene- 
Chem (Shanghai, China) and then cloned into 
the circRNA vector (GV535, purchased from 
GeneChem). Three siRNAs against circPARP4, 
shown in Supplementary Table 1, were also 
synthesized by GeneChem (Shanghai, China). 
The expression efficiency was examined us- 
ing qPCR in glioma cells transfected with vec- 
tor or siRNA. As to potently knock down cir-

Table 1. Relationships between circPARP4 
expression in human glioma tissues and clinico-
pathological features
Clinicopathological 
features

No. of 
cases

circPARP4 (n, %)
p Value

High Low
Gender
    Male 35 18 17 >0.05
    Female 41 17 24
Age
    <45 31 17 14 >0.05
    ≥45 45 21 23
WHO Grade
    I 17 2 15 <0.05
    II 23 4 19
    III 21 15 6
    IV 15 11 4
WHO = World Health Organization.
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cPARP4, si-circ-1 was selected for further rese- 
arch. MiR-125a-5p mimc, inhibitor and control 
(miR-NC) were all created by Hanbio (Shanghai, 
China), which are presented in Supplementary 
Table 1. And the FUT4 overexpression vector 
and control vector were synthesized and pur-
chased from GeneChem (Shanghai, China).

Quantitative RT-PCR 

Total RNA was isolated from glioma cells us- 
ing TRIzol reagent (Invitrogen). Subsequently, 
cDNA was prepared with M-MLV kit (Promega, 
Madison, USA). Quantitative RT-PCR was per-
formed in triplicates using SYBR Green Master 
Mix (TaKaRa, Tokyo, Japan) on 7500 Fast Real-
Time PCR system (Applied Biosystems, Life 
Technology, Foster City, USA). β-actin and small 
nuclear RNA U6 was used as internal controls 
of mRNA and miRNA, respectively. The expres-
sion levels were calculated using the 2ΔΔCT 
method. The primers used as follows: cir-
cPARP4 forward primer, CTTGGAGAAAGTGGG- 
AATGG and reverse primer, TTCTTCTGCTGCTG- 
AGGTAAG; miR-125a-5p forward primer, ACA- 
CTCCAGCTGGGTCCCTGAGACCCTTTAAC and re- 
verse primer, GTGCAGGGTCCGAGGT; FUT4 for-
ward primer, TCCTACGGAGAGGCTCAG and re- 
verse primer, TCCTCGTAGTCCAACACG; β-actin 
forward primer, GGCGGCACCACCATGTACCCT 
and reverse primer, AGGGGCCGGACTCGTCATA- 
CT; U6 forward primer, CTCGCTTCGGCAGCACA 
and reverse primer, AACGCTTCACGAATTTGCGT.

Fluorescence in situ hybridization (FISH)

In situ hybridization was carried out using cy5 
labeled probes complementary to the circPA- 
RP4 sequence as previously described [14]. 
Cell nuclei were counterstained with 4,6-dia- 
midino-2-phenylindole (DAPI). All procedures 
were conducted according to the manufactur-
er’s protocol (Genepharma, Shanghai, China).

CircRNA target prediction

Prediction of the circPARP4-miRNA-target gene 
was performed using the STARBASE website 
(http://starbase.sysu.edu.cn/) [15].

Luciferase reporter assay

Transfection was accomplished by using Lipo- 
fectamine 2000 (Invitrogen). Glioma cells we- 
re co-transfected with plasmids harboring the 

3’-UTR of wildtype or mutant fragments from 
FUT4, or predicted binding sequence from cir-
cPARP4 and miRNA mimics. Firefly and Renilla 
luciferase activities were measured consecu-
tively 48 hours after transfection by using a 
dual-luciferase reporter assay system (Prome- 
ga, Fitchburg, WI, USA). Each assay was per-
formed independently in triplicate.

Library preparation for small RNA sequencing

A total amount of 3 μg total RNA from each 
sample was used as input material for the  
small RNA library. The NEBNext® Multiplex 
Small RNA Library Prep Set for Illumina® (NEB, 
USA) was utilized to process the sequencing 
libraries as per the instructions provided by  
the manufacturer. And index codes were add- 
ed for sample identification. In brief, 3’ end of 
the NEB SR Adaptor was precisely ligated to  
the 3’ end of siRNA, miRNA, as well as piRNA 
directly. Next, the SR RT Primer hybridized to 
the excess 3’ SR Adaptor were used to gener-
ate a double-stranded DNA from a single-
stranded (ss) DNA adaptor. This step prevent- 
ed adaptor-dimer formation and ligation of 
ssDNA to 5’ SR Adaptor in the next step of  
ligation. Then, 5’ ends adapter was ligated to  
5’ ends of miRNAs, siRNA and piRNA. To ge- 
nerate the first strand cDNA, the M-MuLV 
Reverse Transcriptase (RNase H) was employ- 
ed to perform reverse transcription. There- 
after, PCR amplification was performed using 
LongAmp Taq 2X Master Mix, SR Primer for  
illumina and index (X) primer. Next, the PCR 
products were purified by running them on a 
polyacrylamide gel (8%, 100 V) for 1 hour 20 
minutes. The DNA fragments that were 140~ 
160 bp long (the size of small ncRNA with the  
3’ and 5’ adaptors) were recovered and then 
dissolved in 8 μL elution buffer. Finally, library 
quality was assessed on the Agilent Bioanaly- 
zer 2100 system using DNA High Sensitivity 
Chips.

Clustering and sequencing 

Clustering of the index-coded samples was  
performed on a cBot Cluster Generation Sys- 
tem using TruSeq SR Cluster Kit v3-cBot-HS 
(Illumia) according to the manufacturer’s pro- 
tocol. Subsequently, the library preparations 
were sequenced on an Illumina Hiseq 2500/ 
2000 platform and 50 bp single-end reads 
were generated.
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Known miRNA alignment

Mapped small RNA tags were used to identify-
ing known miRNAs. miRBase20.0 served as a 
reference, and modified software mirdeep2 
and srna-tools-cli were used to obtain the po- 
tential miRNA and draw the secondary struc-
tures. Custom scripts were used to determine 
the miRNA counts as well as base bias on the 
first position of identified miRNA with certain 
length and on each position of all the uncov-
ered miRNAs respectively. 

Western blot 

Total proteins were isolated from lysed cells  
(50 μg) and separated by 10% SDS-PAGE,  
then transferred to nitrocellulose membranes. 
Blocking was done for 2 hours, subsequently, 
overnight incubation of the membranes with 
primary antibodies was performed, followed by 
horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies. Imaging of bands was car-
ried out by the ECL Plus Detection Reagent 
(Applygen, Beijing, China).

Cell proliferation assay

Cell counting kit-8 (CCK8) (Solarbio, Beijing, 
China) was employed to evaluate the prolif- 
erative ability of the cells following the instruc-
tions of the manufacturer. In brief, glioma cells 
(1 × 104) were seeded into 96-well plates and 
incubated overnight. Subsequently, cells were 
washed three times with PBS after removing 
the medium. DMEM (90 µl) and CCK8 (10 µl) 
were added to each well. Incubation of the mix-
ture was done at 37°C for 1 hour and 30 min-
utes. A microplate reader (EL × 800, BIO-TEK, 
Winooski, USA) was used to measure optical 
density at 450 nm.

Cell migration and invasion assays

The migration and invasion abilities of glioma 
cells were analyzed using transwell plates 
(Millipore, Billerica, MA, USA). Briefly, glioma 
cells were seeded in uncoated (migration as- 
says) or Matrigel-coated (invasion assays) pla- 
tes with a diameter of 8 μm (BD Bioscience, 
Bedford, MA, USA). The top chamber contained 
2 × 104 cells/well in serum-free medium, while 
FBS with 10% serum was loaded into the lower 
chamber. For invasion assays, Matrigel-coated 
chambers were used. The plates were incubat-

ed for 24 hours, after which the cells that 
remained on the top filter surface were remo- 
ved using a cotton swab, whereas those that 
migrated to the lower chamber were counted 
using an optical inverted microscope (Nikon, 
Tokyo, Japan).

RNA immunoprecipitation (RIP)

According to the manufacturer’s protocol, RNA 
immunoprecipitation was performed in glioma 
cells 48 hours after transfection with either  
the miR-125a-5p overexpression or miR-NC 
vectors using the Magna RIPTM RNA Binding 
Protein Immunoprecipitation Kit (Millipore). A 
total of 1 × 107 cells were lysed in RNA lysis  
buffer. The cell lysate was introduced to a mag-
netic beads solution conjugated to either hu- 
man anti-Argonaute 2 (AGO2) antibodies (Milli- 
pore) or control mouse IgG molecules (Milli- 
pore). The RIP immunoprecipitation buffer was 
incubated together, while the samples were 
incubated with proteinase K (Gibco, Grand Is- 
land, NY, USA). Following incubation, IP RNA 
was extracted from the samples and analyzed 
using RT-PCR to assess circPARP4 enrichment.

Immunohistochemistry

Immunohistochemical staining was performed 
using a method described previously [20]. Bri- 
efly, thawed samples were fixed in 4% formalin 
and embedded in paraffin for histopathologi- 
cal analysis. Samples were deparaffinized with 
xylol and then sliced into 4 µm sections. Se- 
ctions were rehydrated using a graded ethanol 
series. A heat-induced epitope protocol was 
used for antigen-retrieval (95°C for 40 min). 
Samples were incubated in methanol contain-
ing 0.3% hydrogen peroxide to block endoge-
nous peroxidase. Samples were blocked with 
protein serum (Vectastain Elite ABC kit; Vector 
Laboratories, Inc., Burlingame, CA, USA) and 
then incubated overnight at 4°C with poly- 
clonal rabbit anti-human FUT4 or Ki67 anti- 
body at 1:1,000 (MBL International Corpor- 
ation, Nagoya, Japan). After washing three 
times in TBST (150 mM NaCl, 10 mM Tris-HCl, 
pH 7.6), sections were incubated with a se- 
condary antibody for 20 min at room tempera-
ture. Peroxidase-conjugated biotin-streptavidin 
complex (Dako, Glostrup, Denmark) was then 
applied to the sections for 20 min. Sections 
were visualized with 3, 3’-diaminobenzidine 
and counterstained with hematoxylin. Nonim- 
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mune serum instead of a primary antibody was 
employed as the negative control.

Tumor xenograft model 

BALB/c nude mice (n = 5) were acquired from 
the Beijing Vital River Animal Company (Bei- 
jing, China). U87 and U251 cells transfected 
with circPARP4 siRNA or miR-125a-5p inhibitor 
were collected and inoculated subcutaneously 
into the right flank regions of the mice. A Ver- 
nier caliper was used to quantify the width of 
the tumors on a weekly basis. To determine  
the tumor volume, the following equation was 
used: tumor volume = (length × width2)/2. Mice 
were euthanized 5 weeks post-inoculation, and 
then xenograft tumors were excised. All experi-
ments involving mice were conducted in accor-
dance with the Institutional Guidelines for the 
Care and Use of Laboratory Animals of Wuxi 
Clinical College at the Anhui Medical University.

TUNEL assay

For quantificational analysis of apoptosis, U87 
and U251 cells in xenograft were examined in 
situ using a TUNEL assay via the Apoptosis 
Detection Kit (POD, Roche, Switzerland) ac- 
cording to the manufacturer’s instructions. 
Samples of 3 μm thickness were deparaffini- 
zed, rehydrated with xylene and ethanol, and 
permeabilized with 20 μg/ml proteinase K 
(Gibco). Covering the sample with 3% H2O2 in- 
activated endogenous peroxidase. The sec-
tions were rinsed with PBS, then immersed in 
TdT buffer for 60 minutes at 37°C, incubated 
with anti-digoxigenin peroxidase conjugate for 
30 minutes, followed by treatment of the per-
oxidase substrate. Finally, counterstaining the 
slices with 0.5% (wt/vol) methyl green was per- 
formed.

Statistical analysis

The SPSS 22.0 software (IBM, SPSS, Chicago, 
IL, USA) was conducted for statistical analy- 
ses. The differences of measurement data 
between groups were analyzed using one-way 
ANOVA. Chi-square test was applied to analyze 
the correlations between circPARP4 express- 
ion and clinicopathological characterization of 
GBM patients. Linear correlation analysis was 
used to evaluate mathematical relationship of 
two variables. P<0.05 was considered statisti-
cally significant in all tests.

Results

Expression of circPARP4 is upregulated in glio-
ma and associated with pathological grade

Our previous research using circRNA microar-
ray identified a total of 417 abnormally expre- 
ssed circRNAs in GBM tissues compared to 
matched adjacent normal brain samples [12]. 
CircPARP4 remains the top fold-change upre- 
gulated circRNA, which is located in chr13:25- 
072253-25077915 (Figure 1A) and derived 
from two PARP4 gene exons. To further vali- 
date the expression of circPARP4 in glioma, we 
collected 36 high-grade gliomas, 40 low-grade 
gliomas and 10 non-tumor tissue samples to 
detect its level by RT-PCR. Results revealed a 
significant elevation of circPARP4 in glioma as 
comparing to the control (Figure 1B). More- 
over, the level of circPARP4 expression posi- 
tively correlated with the pathological grade of 
glioma (Table 1), indicating a contributing role 
of circPARP4 in tumorigenesis and glioma pro-
gression. We then detected circPARP4 in four 
glioma cell lines and found its higher expres-
sion in SHG-44, U87, U251 and U138 com-
pared to that in HEB cells (Figure 1C). U87 and 
U251 were selected to study the functions  
and mechanisms of circPARP4 in further ex- 
periments.

circPARP4 is located in cytoplasm and pro-
motes glioma cell proliferation, migration, inva-
sion and EMT 

To investigate the functions of circPARP4 in gli-
oma cells, we constructed siRNA against cir-
cPARP4 (si-circ) and circPARP4-overexpressing 
vectors, and stable transfection was estab-
lished. qRT-PCR assays revealed that si-circ 
vector significantly downregulated circPARP4 
expression, while circPARP4 was increased in 
the presence of the circPARP4-overexpressing 
vector (Figure 2A). CCK8 assay found that cir-
cPARP4 could promote proliferation of U87 and 
U251 cells, which would be inhibited by the 
silencing of circPARP4 (Figure 2B). Cell apop-
totic and colony formation abilities were then 
examined. The results indicated a delay in cell 
colony formation but increased apoptosis after 
knocking down circPARP4 compared with the 
controls, while opposite results occurred when 
overexpressing circPARP4 (Figure 2C and 2D). 
Transwell assay was performed to analyze whe- 
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Figure 1. circPARP4 is upregulated in glioma and located in the cytoplasm. A. The loci of the PARP4 gene and cir-
cPARP4 element are shown. Green arrows indicate the back-splicing site. B. The circPARP4 levels were detected 
by RT-PCR in low- and high-grade glioma samples and control brain tissue. C. Expression of circPARP4 in glioma 
cell lines and HEB cells (n = 3) was analyzed by RT-PCR. D. FISH assay determined the subcellular localization 
of circPARP4 and miR-125a-5p. Scale bar, 10 μm. Data indicate the mean ± SD, n = 3. *P<0.05, **P<0.01, 
***P<0.001 vs. control.
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ther circPARP4 affect glioma cells phenotype 
by altering the cell migration and invasion. As 
shown in Figure 2E, the number of migrated  
or invasive U87 and U251 cells in circPARP4 
overexpression group was more than that in 
control group, while downregulating circPARP4 
decreased their migration and invasion capaci-
ty (Figure 2E). To explore the relationship bet- 
ween circPARP4 and epithelial-mesenchymal 

transition (EMT), the expression of EMT-relat- 
ed proteins (N-cadherin, E-cadherin and Snail) 
were further examined by western blot. Conse- 
quently, upregulated N-cadherin and Snail ex- 
pression, but downregulated E-cadherin were 
seen in circPARP4-overexpressing glioma cells, 
and silencing circPARP4 inhibited N-cadherin 
and Snail and increased E-cadherin expression 
(Figure 2F). These findings revealed that cir-
cPARP4 has the ability to promote cell prolif- 
eration, colony formation, migration, invasion 
and EMT in vitro.

circPARP4 functions as a miR-125a-5p sponge 
in glioma 

FISH analysis revealed that circPARP4 pre- 
dominately localized to the cytoplasm (Figure 
1D), which suggested that circPARP4 might 
function as a miRNA sponge to regulate gene 
expression. To study the downstream path- 
ways of circPARP4, small RNA sequencing was 
performed comparing si-circ to si-NC U251 
cells, as the most upregulated miRNAs were 
shown in Table 2. Among these miRNAs, miR-
125a-5p was selected as a candidate due to  
it has a binding site for circPARP4 (Figure 3D) 
through bioinformatics prediction (STARBASE, 
version 2.0). Moreover, co-localization of cir-
cPARP4 and miR-125a-5p in the cytoplasm  
further supported the interaction between the 

Figure 2. The phenotypes of glioma cell are regulated by circPARP4 in vitro. A. RT-PCR was used to examine the 
expression efficiency of circPARP4 in U87 and U251 cells with circPARP4 overexpression or knockdown. beta-actin 
was used as the control. B. The proliferation of glioma cells was assessed by CCK-8 at different time intervals. C. Col-
ony number was assessed by colony forming assays and quantified at 72 h. D. Flow cytometry detected the changes 
of apoptosis in glioma cells under different conditions. E. Glioma cell migration and invasion were assessed and 
quantified by transwell assays. F. The expression of EMT markers was determined by western blot. Data indicate the 
mean ± SD, n = 3. **P<0.01, ***P<0.001 vs. control.

Table 2. Upregulated miRNA in the si-circ 
U251 cells compared to si-NC U251 cells
miRNAs Fold-change p value
hsa-miR-516b-5p 23.67840504 0.00087853
hsa-miR-146b-5p 8.476683963 1.28E-89
hsa-miR-125a-5p 5.020739942 1.36E-124
hsa-miR-335-5p 4.835952252 0.00043182
hsa-miR-328-3p 4.667661693 0.00000101
hsa-miR-99a-5p 4.518362437 0
hsa-miR-132-5p 4.311829107 2.19E-14
hsa-miR-125b-5p 4.227779105 0
hsa-miR-26a-5p 4.156300602 0
hsa-miR-181a-5p 3.974297855 1.3E-196
hsa-let-7c-5p 3.731873283 2.55E-190
hsa-miR-3681-5p 3.710465004 2.37E-13
hsa-miR-3615 3.624042816 0.0000226
hsa-miR-145-5p 3.597263897 0.00013819
hsa-miR-342-3p 3.595518917 0.00000657
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Figure 3. circPARP4 can function as a miRNA sponge to negatively regulate miR-125a-5p in glioma cells. A. The expression of miR-125a-5p was determined by RT-
PCR in circPARP4 overexpressing or inhibiting glioma cells. B. The level of miR-125a-5p level was detected in low- and high-grade glioma samples and compared to 
that in control. C. The correlation between miR-125a-5p and circPARP4 expression in glioma tissue was determined by Spearman’s correlation analysis. D, E. Wild-
type (wt) or mutant (mut) circPARP4 vector was transfected into the glioma cell lines with or without synthetic miR-125a-5p mimics, and the corresponding relative 
luciferase activity was detected by luciferase assays. F. Anti-AGO2 RIP was performed in U87 and U251 cells transfected with miR-125a-5p mimics or miR-NC to 
detect circPARP4 expression. Data indicate the mean ± SD, n = 3. **P<0.01, ***P<0.001 vs. control.
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two molecules (Figure 1D). As determined by 
RT-PCR, the expression of miR-125a-5p was 
significant increased after knocking down cir-
cPARP4, but decreased in circPARP4-overex-
pressing U87 and U251 cells (Figure 3A). Then, 
an inverse correlation between circPARP4 and 
miR-125a-5p expression was also found in glio-
ma tissue (Figure 3C). Further analysis reveal- 
ed that miR-125a-5p expression was associat-
ed with the pathological grade as the highest 
level in non-tumor tissues and the lowest one  
in high-grade glioma samples (Figure 3B). To 
validate the miRNA binding to circPARP4, we 
constructed a wild-type or mutant circPARP4 
expression vector containing a luciferase gene. 
After co-transfection of the miR-125a-5p mim-
ics with the wild-type reporter vector, decreas- 
ed luciferase activity was observed, but not in 
the miR-125a-5p mimics and mutated vector 
co-transfection group (Figure 3E). Given that 
mRNA translation is suppressed by miRNAs in 
an AGO2-dependent manner, we performed an 
anti-AGO2 immunoprecipitation (RIP) assay, in 
which miR-125a-5p overexpression was used 
to pull down circRNAs by anti-AGO2 antibody  
or control IgG. RT-PCR revealed an enrichment 
of circPARP4 in glioma cells overexpressing 
miR-125a-5p compared to the mimic NC con-
trol (Figure 3F). These results suggest that cir-
cPARP4 functions as a sponge for miR-125a- 
5p. 

circPARP4 exerts oncogenic functions via 
downregulating miR-125a-5p in glioma cells

To further explore the functional role of miR-
125a-5p underlying circPARP4 in glioma cells, 
effects of miR-125a-5p on the abilities of cell 
proliferation, colony formation, apoptosis, mig- 
ration, invasion and EMT were also examined. 
The results indicated that miR-125a-5p down-
regulation didn’t change circPARP4 expression 
(Figure 4A), but significantly promoted glioma 
cell proliferation, colony formation, migration, 
invasion, N-cadherin and Snail expression, and 
inhibited apoptosis and E-cadherin (Figure 4B- 
F). While introducing miR-125a-5p inhibitors 
into U87 and U251 cells stably transfected by 
si-circ, these phenotypes of glioma cells con-
ferred by knockdown of circPARP4 could be 
reverted by the miR-125a-5p inhibitor. As 
shown in Figure 4B-F, cell proliferation, colony 
formation, migration, invasion and EMT abili-
ties were improved and apoptosis rate was 

decreased in dual-transfection of miR-125a- 
5p inhibitor and si-circ group comparing to 
these in si-circ alone group. These results in- 
dicate that miR-125a-5p functions as a sup-
pressor in glioma and circPARP4 promotes tu- 
mor progression partly via downregulating miR- 
125a-5p.

The activity of circPARP4/miR-125a-5p path-
way in glioma cells is mediated by FUT4

Bioinformatics analysis using several databas-
es showed several genes potentially regulated 
by miR-125a-5p, of which FUT4 has demon-
strated as a target of this miRNA and exerted 
oncogenic functions in a previous study [16]. 
Here, we further detected the role of FUT4 in 
glioma and found that the expression level of 
FUT4 was higher in glioma tissue than that in 
normal control and positively correlated with 
the pathological grade of glioma (Figure 5A, 
5B). Moreover, high expression of FUT4 was 
also associated with poor prognosis in GBM 
patients (Supplementary Figure 1), implying 
cancer-promoting activity of FUT4. At the cellu-
lar level, it was revealed that si-circ significant- 
ly decreased the expression of FUT4 while in- 
hibition of miR-125a-5p reversed the suppres-
sion of both FUT4 mRNA and protein (Figure  
5C and 5D). Moreover, overexpression of miR-
125a-5p significantly suppressed the expres-
sion of FUT4 (Figure 5G and 5H). As determin- 
ed by luciferase assay, FUT4 acted as a direct 
target of miR-125a-5p that co-transfection of 
miR-125a-5p mimics and reporter plasmids 
visibly reduced luciferase activity, while co-
transfection of miR-125a-5p mimics and FUT4 
mutated vectors displayed no significant ef- 
fect (Figure 5E, 5F). Furthermore, overexpres-
sion vector of FUT4 was transfected into glio- 
ma cells (Figure 5I, 5J), which significantly en- 
hanced the proliferation and colony formation 
abilities and suppressed apoptosis of tumor 
cells, and reversed the inhibitory effect of si-
circ (Figure 5L, 5M). These results reveal FUT4 
possibly mediate the function of circPARP4/
miR-125a-5p pathway in glioma progression. 

Targeting circPARP4 inhibits tumor formation 
in vivo

To confirm the oncogenic functions of cir-
cPARP4 in vivo, we established a xenograft 
mouse model in which si-circ U87 or U251  
cells were injected subcutaneously (n = 6 for 
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each group). The results showed that silencing 
circPARP4 significantly reduced tumor volume 
compared to the control, whereas inhibition of 
miR-12a-5p reversed the effect of si-circ and 
restored tumor size to the level comparable 
with the control (Figure 6A and 6B). Moreover, 
knocking down circPARP4 could increase miR-
125a-5p level and downregulate FUT4 expres-
sion in xenograft tumors (Figure 6C-E). Fur- 
thermore, TUNEL assays showed that samples 
from si-circ tumors had a higher rate of apop- 
tosis, while inhibition of miR-125a-5p reduced 
the number of apoptotic cells (Figure 6F). In 
addition, immunohistochemical staining found 
a lower level of Ki67 in the si-circ group com-
paring to the control (Figure 6G). These results 
imply that miR-125a-5p can function underly-
ing circPARP4 pathway in vivo and targeting  
circPARP4 has the potential to treat glioma.

Discussion

Although circRNAs have been found several 
decades ago, their novel functions have re- 
mained unclear until recently. Emerging evi-
dence indicated that circRNAs were expressed 
ubiquitously and involved in diverse biological 
processes [17]. Dysregulated circRNAs have 

been demonstrated in a variety of cancers and 
contribute to tumor development and progres-
sion [7]. In this study, we demonstrated that 
circPARP4 was overexpressed in glioma, func-
tioned with pro-tumor activity and acted as  
a sponge of miR-125a-5p, whose expression 
was downregulated. Moreover, inhibiting miR-
125a-5p could revert the phenotypes induced 
by knockdown of circPARP4. Further, FUT4 was 
found as a direct target of miR-125a-5p and 
potentially mediated the oncogenic function  
of circPARP4/miR-125a-5p pathway. Investiga- 
ting the expression, function and mechanism  
of the novel regulatory axis of circPARP4/miR-
125a-5p/FUT4 extends our knowledge of circ-
NRAs in glioma progression and provides more 
clinical implications.

CircPARP4 is located in chromosome 13 and 
translated from the spanning junction ORF 
formed by the covalent connection of exon 2 
and exon 6 of the PARP4 gene, which codes  
for the largest member of the poly (ADP-ribose) 
polymerases family [18]. PARP4 exhibits poly-
ADP ribosyltransferase activity at the post-
translational level and has been predicted to 
be involved in the DNA base excision repair 
[19]. Previous study showed that inhibition of 

Figure 4. Inhibition of miR-125a-5p reverses the silencing effect of circPARP4 in glioma cells. A. The expression 
of circPARP4 and miR-125a-5p was determined in U87 and U251 cells transfected with miR-125a-5p inhibitor or 
control. B. The proliferation ability of glioma cells in different conditions of miR-125a-5p and circPARP4 expression 
pattern was assessed by CCK-8. C. The colony number of glioma cells with different treatments was measured 
via colony formation assays and quantified at 72 h. D. The effects of miR-125a-5p inhibition and knocking down 
circPARP4 on glioma cell apoptosis were analyzed by flow cytometry and quantified at 72 h. E. Cell migration and 
invasion of U87 and U251 in different conditions were assessed by transwell assays. F. The expression of EMT mark-
ers affected by miR-125a-5p and circPARP4 was determined by western blot. Data indicate the mean ± SD, n = 3. 
**P<0.01, ***P<0.001 vs. control and ##P<0.01, ###P<0.001 vs. si-circ.
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Figure 5. The involvement of circPARP4/miR-125a-5p in glioma cells is mediated by FUT4 modulation. A. The level of FUT4 mRNA was measured in low- and high-
grade glioma samples and control tissues. B. Immunohistochemistry staining of FUT4 in glioma and brain tissues. C and D. The changes of FUT4 were analyzed by 
RT-PCR and western blot in glioma cells with different circPARP4 and miR-125a-5p expression patterns. E. The binding sites of miR-125a-5p were predicted in the 
3’UTR of FUT4. F. The relative luciferase activity was measured in U87 and U251 cells 48 h after transfection with the miR-125a-5p mimic/control or the 3’UTR of 
FUT4 wt/mut constructs. G and H. The expression of FUT4 in glioma cells treated with miR-125a-5p mimics or control was determined by RT-PCR and western blot. 
I. FUT4 expression in glioma cells treated with FUT4 overexpression vector (FUT4-OE) or control was measured by RT-PCR. J. The expression of FUT4 in glioma cells 
with different transfection patterns of circPARP4 and FUT4 was determined by western blot. K. The proliferation ability of glioma cells in different conditions of FUT4 
and circPARP4 expression pattern was assessed by CCK-8. L. The colony number of glioma cells with different treatments was measured via colony formation assays 
and quantified at 72 h. M. The effects of FUT4 overexpression and knocking down circPARP4 on glioma cell apoptosis were explored by flow cytometry and quantified 
at 72 h. Data indicate the mean ± SD, n = 3. *P<0.05, **P<0.01, ***P<0.001 vs. control and ##P<0.01, ###P<0.001 vs. si-circ.
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PARP enzyme activity led to increased genetic 
instability and recombination and reduced tu- 
mor formation of Hela cells in nude mice [20]. 
However, colon and lung cancer models with 
PARP4 (-/-) mice have no obvious changes in 
phenotype. Following exposure to the carcino-
gen dimethylhydrazine, there was an increa- 
se in colon cancer incidence, which was not 
observed in a lung cancer mice model with 
PARP4 (-/-) after urethane injection [21]. More- 
over, as analyzed in breast cancer datasets, 
patients with low expression of PARP4 showed 
shorter survival time, suggesting the possible 
role of PARP4 as a tumor suppressor [22]. 
Taken together, these results reveled that 
PARP4 might function dually in a tissue-de- 
pendent manner. Utilizing TCGA GBM dataset  
in Betastasis (www.betastasis.com), we could 
see that the expression of PARP4 was upregu-
lated in GBM and poor overall survival was 
seen in high-expression PARP4 group, indicat-
ing that PARP4 might play an oncogenic role  
in glioma. Given the elevated expression and 
function of circPARP4 and its host PARP4 in 
glioma, we hypothesized that the transcription 
of circPARP4 and PARP4 was possibly in a con-
certed way and they might serve as “double 
insurances” to promote tumor progression, as 
there could exist post-transcriptional regula- 
tion of PARP4 [23].

Our study also revealed the subcellular locali- 
zation of circPARP4 in cytoplasm, where cir-
cRNAs usually act as sponges of miRNAs to 
regulate their activity. We screened several  
predicted miRNAs by bioinformatics analysis, 
and finally confirmed that miR-125a-5p was 
able to bind with circPARP4 in an AGO2-de- 
pendent manner and its expressed was sup-
pressed. Aberrant expression of miR-125a-5p 
has been found in various cancers and associ-
ated with tumor progression. In non-small cell 
lung cancer, miR-125a-5p has been reported  
to be downregulated and decrease migration 
and invasion of lung cancer cell [24]. Moreover, 
decreased expression of miR-125a-5p also ap- 

peared in hepatocellular carcinoma and gas- 
tric cancer, and this miRNA worked as a sup-
pressor to induce hepatocellular carcinoma cell 
cycle arrest, inhibit gastric cell proliferation 
more potently in combination with trastuzum-
ab, and impedes colorectal cancer cell epithe- 
lial-mesenchymal transition, invasion and mig- 
ration [25-27]. However, higher expression le- 
vel of miR-125a-5p was observed in nasal pha-
ryngeal cancer, multiple myeloma and prostate 
cancer [28-30]. MiR-125a-5p promoted prolif-
eration, migration and invasion of nasal pha-
ryngeal cancer cells, and inhibition of miR-
125a-5p dampened cell growth and cell migra-
tion in multiple myeloma [28, 29]. In addition, 
overexpression of miR-125a-5p was associat- 
ed with imatinib resistance in gastrointestinal 
stromal tumors [31]. These studies reveal that 
miR-125a-5p biology can assume varied roles. 
As for glioma, it provides an enabling environ-
ment for tumor suppressor role of miR-125a-
5p. MiR-125a-5p has been reported to inhibit 
glioma cell proliferation and promote cell dif- 
ferentiation by targeting TAZ, suppression of 
miR-125a-5p can restore malignant pheno-
types after inhibiting the oncogene BCYRN1 in 
glioma [32, 33]. Furthermore, down-regulated 
miR-125a-3p has been seen in CD133+ stem-
like GBM cells compared with the CD133+ 
cells, and it is able to induce the differentiation 
of stem-like GBM cells, suggesting its involve-
ment in the regulation of glioma stem cells [32, 
34]. Consistently, our study confirmed miR-
125a-3p as a tumor suppressor underlying the 
regulation of oncogenic circPARP4. 

As determined by our experiments, FUT4 apply-
ing as a direct target of miR-125a-3p, at least  
in part, mediated the oncogenic functions of 
circPARP4. FUT4 showed upregulated expres-
sion and a tumor-promoting activity in this 
study, which is consistent with previous find-
ings that this oncogenic glycogene could pro-
mote tumor progression through multiple sig-
naling pathways. As reported, FUT4 mediated 
the multidrug resistance in hepatocellular car-

Figure 6. Silencing circPARP4 inhibits in vivo tumor formation of xenografts. A. Tumor sizes were measured in the 
different groups at scheduled time interval. B. Representative images showed xenograft tumors isolated from nude 
mice in the different groups. C. The expressions of circPARP4 and miR-125a-5p in xenograft tumors were deter-
mined by RT-PCR. D and E. The level of FUT4 expression in xenograft tumors was analyzed by RT-PCR and western 
blot. F. The TUNEL assay (400 ×) was performed to determine the apoptotic index in the four groups. Scale bar, 200 
μm. G. Immunohistochemical staining of Ki67 (400 ×) indicated the proliferation index of glioma in different xeno-
graft tumors. Scale bar, 200 μm. Data indicate the mean ± SD, n = 5. *P<0.05, **P<0.01, ***P<0.001 vs. control 
and ##P<0.01, ###P<0.001 vs. si-circ. 
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cinoma associated with the activation of the 
PI3K/Akt pathway and the expression of MRP1 
[35], induced activation of PI3K/Akt, and inac- 
tivation of GSK3b and nuclear translocation of 
NF-κB, resulting in the induction of epithelial-
mesenchymal transition in breast cancer [36], 
and FUT4 promoted the malignant behaviors  
of leukemia stem cells by regulating fucosylat-
ed CD44 via Wnt/β-catenin pathway in acute 
myeloid leukemia [37]. Interestingly, miR-125a-
3p also has been found involved in the PI3K/
Akt pathway that miR-125a-3p inhibited cell 
proliferation, migration, invasion and pathologi-
cal angiogenesis via suppression of the PI3K/
Akt pathway in colorectal cancer, liver cancer 
and ovarian carcinoma [38-40]. It is hypothe-
sized that circPARP4 may regulate the PI3K/ 
Akt signaling pathway via miR-125a-3p/FUT4  
to participate in glioma progression, which 
needs further investigations. Moreover, FUT4  
is also proposed to be a marker of stem-like 
cells derived from brain tumors that FUT4+ 
cells recapitulated the original disease in me- 
dulloblastoma and the FUT4+ cells isolated 
from GBM had an increased expression of  
stem cell genes and were capable of self-rene- 
wal and multilineage differentiation [41-43]. 
Given the potential function of miR-125a-3p in 
the induction of differentiation of stem-like 
GBM cells, the circPARP4/miR-125a-3p/FUT4 
axis possibly has a role in modulating the  
activity of stem-like GBM cells during tumor 
development and progression.

Conclusions

CircPARP4 plays an oncogenic function in glio-
ma progression via sponging miR-125a-3p and 
modulating FUT4, targeting the regulatory cir-
cPARP4/miR-125a-3p/FUT4 pathway offers a 
potential therapeutic strategy for glioma pati- 
ents. 
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Supplementary Table 1. The sequences of full length of circPARP4, siRNAs and miRNAs
Name Sequence (5’-3’)
circPARP4 GATGGTGATGGGAATCTTTGCAAATTGTATCTTCTGTTTGAAAGTGAAGTACTTACCTCAGCAG-

CAGAAGAAAAAGCTACAAACTGACATTAAGGAAAATGGCGGAAAGTTTTCCTTTTCGTTAAATCCT-
CAGTGCACACATATAATCTTAGATAATGCTGATGTTCTGAGTCAGTACCAACTGAATTCTATC-
CAAAAGAACCACGTTCATATTGCAAACCCAGATTTTATATGGAAATCTATCAGGGAAAAGAGA-
CTCTTGGATGTAAAGAATTATGATCCTTATAAGCCCCTGGACATCACACCACCTCCTGATCAGAAGGC-
GAGCAGTTCTGAAGTGAAAACAGAAGGTCTATGCCCGGACAGTGCCACAGAGGAGGAAGACACT-
GTGGAACTCACTGAGTTTGGTATGCAGAATGTTGAAATTCCTCATCTTCCTCAAGATTTTGAAGTT-
GCAAAATATAACACCTTGGAGAAAGTGGGAATGGAGGGAGGCCAGGAAGCTGTGGTGGTG-
GAGCTTCAGTGTTCGCGGGACTCCAGGGACTGTCCTTTCCTGATATCCTCACACTTCCTCCTGGAT-
GATGGCATGGAG

si-circ-1 GATGATGGCATGGAGGATGGT
si-circ-2 ATGGAGGATGGTGATGGGAAT
si-circ-3 TGGCATGGAGGATGGTGATGG
miR-125a-5p mimics UCCCUGAGACCCUUUAACCUGUGAACAGGUUAAAGGGUCUCAGGGAUU
miR-125a-5p inhibitor UCACAGGUUAAAGGGUCUCAGGGA
miR-NC CAGUACUUUUGUGUAGUACAA

Supplementary Figure 1. Kaplan-Meier curve shows the prognostic significant of FUT4 in GBM. Patients with low 
expression of FUT4 had a longer survival time that that in high FUT4 expressing cases (median overall survival 12 
months vs. 9 months, P = 0.013).


