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Abstract
Background. Parkinson’s disease (PD) is characterized as a neurodegenerative disease; however, the mecha-
nisms regarding its pathogenesis have not been fully explored.

Objectives. To explore the role of circular RNA homeodomain interacting protein kinase 3 (circHIPK3) 
in the progression of PD.

Materials and methods. The circHIPK3 and microRNA-124 (miR-124) expression in human serum and 
cerebral fluid was detected using real-time quantitative reverse transcription polymerase chain reaction 
(qRT-PCR) in 92 PD patients and 95 controls. The circHIPK3 was overexpressed and/or silenced in cells to ex-
plore its molecular mechanisms and effects on neuroinflammation. The production of intracellular reactive 
oxygen species (ROS) was assessed using 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) staining. 
Interleukin 6 (IL-6), IL-1β and tumor necrosis factor alpha (TNF-α) production in BV2 cells after the indi-
cated treatment was measured using enzyme-linked immunosorbent assay (ELISA). The protein expression 
of microglia markers (cluster of differentiation molecule 11b (CD11b) and ionized calcium-binding adapter 
molecule 1 (Iba-1)), pyroptosis-related factors, NLR family pyrin domain containing 3 (NLRP3), apoptosis-
associated speck-like protein containing C-terminal caspase recruitment domain (ASC), and caspase-1, signal 
transducer and activator of transcription 3 (STAT3), and phosphorylated STAT3 (p-STAT3) were examined using 
western blot analysis. Furthermore, the interaction between circHIPK3, miR-124 and STAT3 was predicted 
with bioinformatics and examined using fluorescence in situ hybridization (FISH), luciferase reporter assays, 
RNA pull-down, and RNA immunoprecipitation (RIP).

Results. The expression of circHIPK3 in human serum and cerebral fluids was significantly higher than 
in controls, whereas miR-124 expression was drastically reduced. In addition, lipopolysaccharide (LPS)-
treated BV2 cells exhibited higher expression of circHIPK3 and lower miR-124 expression. The SH-SY5Y 
cells exhibited a significantly impaired viability and elevated apoptotic rate, along with an upregulation 
of circHIPK3 and a downregulation of miR-124 expression after being treated with supernatants collected 
from LPS-treated BV2 cells. The upregulation of circHIPK3 increased IL-6, IL-1β and TNF-α secretion in BV2 
cells. The protein expressions of microglia markers (CD11b and Iba-1), as well as pyroptosis-related factors, 
NLRP3, caspase-1, and ASC, were also increased following the expression of circHIPK3. All these effects were 
reversed by the addition of miR-124.

Conclusions. The circHIPK3 enhances neuroinflammation by sponging miR-124 and regulating the miR-
124-mediated STAT3/NALP3 pathway in PD.
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Background

Parkinson’s disease (PD) is characterized as a progres-
sive and chronic neurodegenerative disease that affects 
middle-aged and elderly people.1 Based on reports, the in-
cidence of PD is 1% in people over 65 years of age and 5% 
in those older than 85.1 The loss of dopaminergic neu-
rons in the substantia nigra pars compacta (SNpc) leads 
to the development of the clinical features of PD.2 These 
include motor symptoms, such as bradykinesia, akinesia, 
resting tremor, postural instability, and rigidity. In addi-
tion, non-motor features include fatigue, pain, olfactory 
dysfunction, autonomic dysfunction, sleep disorders, psy-
chiatric symptoms, and cognitive impairment.3 Although 
many studies have been performed, the pathogenesis of PD 
is not completely understood, and no drugs are available 
to alleviate the progression of the disease.

In recent years, neuroinflammation has been identified 
as a major factor associated with the pathogenesis of PD.4 
Compared to healthy controls, the samples of cerebrospi-
nal fluid (CSF) and substantia nigra (SN) collected from 
PD patients exhibited relatively high levels of cytokines 
and complement.5 Inflammasomes, specifically the NLR 
family pyrin domain containing 3 (NLRP3) inflamma-
some generated by caspase-1, apoptosis-associated speck-
like protein containing C-terminal caspase recruitment 
domain (ASC) adaptor protein and NLRP3 are signifi-
cantly involved in the pathogenesis and progression of PD.6 
As one of the innate immune cells which reside in the cen-
tral nervous system (CNS), microglia are involved in both 
normal and pathologic conditions of the CNS. Addition-
ally, the protective and toxic effects of neuroinflammation 
caused by the activation of microglia in the brain have been 
observed.7,8 Studies have also identified that the NLRP3 in-
flammasome functions in microglia but not in astrocytes.9 
Therefore, the inhibition of microglia inflammation by tar-
geting NLRP3 may be a potential treatment option in PD.

As a non-coding RNA, circular RNAs (circRNAs) are 
generated by back-splicing from precursor messenger RNA 
(mRNA) and expressed in specific tissues in mammals.10,11 
Accumulating evidence indicates that circRNAs exert spe-
cific biological functions and participate in various patho-
physiologic and physiologic processes in neoplastic cells.12 
It has also been proven that because of the existence of bind-
ing sites with microRNA (miRNA), circRNAs exert a regula-
tory role in diseases by controlling the expression of miRNA 
associated with diseases through a direct interaction.12

Growing evidence has implicated circRNAs to signifi-
cantly participate in the pathogenesis of Alzheimer’s dis-
ease,13 stroke,14 PD,15 etc. Recently, circRNAs were considered 
potential targets for PD treatment because of their changing 
expression during the development of PD.16 For example, 
an elevated expression of circSLC8A1 was observed in PD 
patients and cells after oxidative stress.17 In another study, 
the significant upregulation and close connection of circ-
zip-2 with the pathogenesis of PD was found.18 Moreover, 

Ghosal et al. indicated that ciRS-7 was significantly involved 
in the nucleoprotein enrichment pattern of miR-7 in PD.19

The circRNA homeodomain interacting protein kinase 3 
(circHIPK3, circRNA ID: hsa_circ_0000284) has been impli-
cated to facilitate inflammation in various disease states.20 
Through a direct interaction with miR-561 and miR-192, 
circHIPK3 powerfully enhances the activation of the toll-like 
receptor 4 (TLR4) pathway and macrophage NLRP3 inflam-
masomes in gouty arthritis.21 At the same time, a significant 
increase in the expression of circHIPK3 in lipopolysaccha-
ride (LPS)-treated H9c2 cells and LPS-induced myocarditis 
in animals was observed in vitro and in vivo, and the LPS-
induced myocarditis was improved by silencing circHIPK3.22 
An increased expression of circHIPK3 was positively corre-
lated with the degree of neuropathic pain in type II diabetic 
patients.23 In diabetic rats, the downregulation of circHIPK3 
effectively attenuated neuropathic pain, suggesting the in-
volvement of circHIPK3 in neuroinflammation.23 However, 
whether circHIPK3 promotes neuroinflammation following 
microglia activation in PD remains unknown.

The miR-124 has been the focus of studies on the pro-
gression of PD. The microRNA-124 (miR-124) expression 
was identified in human brain tissues, and the involvement 
of  miR-124 in  neurotransmission, synapse morphology 
and neurogenesis has been found.24 Previous studies have 
also shown that miR-124 regulates oxidative damage, mito-
chondrial dysfunction, neuroinflammation, autophagy, and 
cell survival in PD.25 Decreased concentrations of miR-124 
in plasma may be considered a diagnostic marker for PD.26 
These findings suggested that miR-124 performs a neuropro-
tective role in PD and has a therapeutic value.27

The signal transducer and activator of transcription 3 
(STAT3) is associated with controlling inflammation and 
immunity, including those in microglia.28 The activation 
of STAT3 enhances the expression of inflammation-asso-
ciated genes and can induce a reduction in dopaminergic 
neurons, subsequently leading to PD symptoms in mice.29,30 
In addition, through direct interaction with the promotor 
of NLRP3, STAT3 can enhance the expression of NLRP3 and 
promote neuronal pyroptosis, leading to neuronal damage.31

Objectives

This study aims to  explore the  potential molecular 
mechanisms regulating circHIPK3, miR-124 and NLRP3 
in inflammation observed in PD patients.

Materials and methods

Patients

The expression of circHIPK3 and miR-124 in blood sam-
ples obtained from 92 PD patients was determined. Patients 
with other neurodegenerative diseases such as Alzheimer’s 
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disease, Huntington’s disease and amyotrophic lateral scle-
rosis were excluded from the study. Additionally, patients 
with unstable comorbidities, a history of receiving deep brain 
stimulation and younger than 18 years were also excluded. 
A lumbar puncture, blood sample collection, standardized 
detailed neurologic examination, and other ancillary in-
vestigations, such as magnetic resonance imaging (MRI), 
as well as structured interviews, were performed for all pa-
tients before the beginning of the study. The protocols for 
this study were reviewed and approved before the initiation 
of the study by the Linyi People’s Hospital ethics committee 
(No. of approval 20210045). Patients (n = 95, age > 40) without 
any neurological and inflammatory disorders were enrolled 
as a control group. Patients from the control group under-
went a lumbar puncture to exclude any potential or suspected 
neurological disorders. Written informed consent was signed 
by the patients enrolled in this study. This study complied 
with the Declaration of Helsinki.

Sample preparation and real-time 
quantitative reverse transcription 
polymerase chain reaction

Lumbar puncture was performed using the standard 
technique. Collected CSF without blood contamina-
tion was immediately frozen at −80°C and kept for fur-
ther usage. The numbers of leukocytes and erythrocytes 
in the collected CSF samples were no more than 5 cells/μL 
and 200 cells/μL, respectively. After overnight fasting and 
incubation for 2−3 h at room temperature (RT), the venous 
blood was centrifuged at 1900 g for 20 min. Then, the se-
rum was stored for further analysis at −80°C. The total 
RNA in the serum samples was extracted using the Ta-
KaRa RNA Extraction Kit (TaKaRa, Tokyo, Japan).

The purity and concentrations of RNA were evaluated us-
ing the Nanodrop-1000 (Thermo Fisher Scientific, Waltham, 
USA). A PrimeScript™ RT reagent Kit (TaKaRa) was em-
ployed to perform a reverse transcription of the extracted 
mRNA to complementary DNA (cDNA). The SYBR® Pre-
mix Ex Taq™ II (TaKaRa) was used to perform the real-time 
quantitative reverse transcription polymerase chain reaction 
(qRT-PCR). The primers were designed using Primer Pre-
mier v. 6.0 software (PREMIER Biosoft, San Francisco, USA) 
and the sequences of these primers were listed as follows: 
circHIPK3 forward: 5’-TATGTTGGTGGATCCTGTTC-
GGCA-3’, reverse: 5’-TGGTGGGTAGACCAAGACTT-
GTGA-3’; glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) forward: 5’-ACCACAGTCCATGCCATCAC-3’, 
reverse: 5’-TCCACCACCCTGTTGCTGTA-3’; miR-124 
forward: 5’-TCTTTAAGGCACGCGGTG-3’, reverse: 
5’-TATGGTTTTGACGACTGTGTGAT-3’; and U6 for-
ward: 5’-CTCGCTTCGGCAGCACA-3’, reverse: 5’-AAC-
GCTTCACGAATTTGCGT-3’. The circHIPK3 and miR-
124 expressions were calculated using the 2−ΔΔCt method. 
The GAPDH and U6 expressions were used to normalize 
the circHIPK3 and miR-124 expressions, respectively.

Cells and cell culture

The SH-SY5Y and BV2 cells were cultured in Roswell Park 
Memorial Institute (RPMI) 1640 medium (Gibco, Waltham, 
USA) containing glucose (5 mM), fetal bovine serum (FBS, 
10%; Gibco) and streptomycin/penicillin (1%; Gibco). The me-
dium was replaced every 2 days and the cells that reached 80% 
confluence were collected for further experiments.

Conditioned medium-induced 
neurotoxicity

After 48 h of incubation with LPS (1 μg/mL), the superna-
tants of the BV2 were collected. To remove the cellular debris, 
5-min centrifugation at 2500 rpm was conducted. The col-
lected supernatants were then stored at −80°C and used 
as the conditioned medium (CM) in further experiments. For 
CM-induced neurotoxicity, the SH-SY5Y cells were incubated 
with CM for another 24 h after a 24-hour culture in a normal 
medium. The neuronal viability was then assessed.

Measurement of cell viability

The cells were cultured overnight before the measure-
ment. After a 4-hour incubation with 500 μg/mL of MTT 
solution at 37°C in the dark, the medium was replaced with 
dimethyl sulfoxide (DMSO). After a 10-minute shaking, 
the absorbance was read using a microplate reader (BioTek, 
Winooski, USA) at 450 nm.

Determination of cell apoptosis

Annexin V staining was conducted to evaluate the apop-
tosis rate of SH-SY5Y cells. Briefly, after washing and 
centrifugation, the cells were suspended in a 1× Annexin 
V binding buffer PI (5 μL; BioVision, Waltham, USA) and 
Annexin V (5 μL) was added and stained at RT for 15 min. 
The apoptosis rate was detected using flow cytometry.

Cell transfection

A miR-124 mimic was obtained from Guangzhou Riobo-
Bio Co., Ltd. (Guangzhou, China). A siRNA (5’-CUACAG-
GUAUGGCCUCACA-3’) specifically targeted to circHIPK3 
was transfected into the BV2 cells to silence the expression 
of circHIPK3. The cell transfection was conducted using 
Lipofectamine™ 3000 (Thermo Fisher Scientific).

Detection of reactive oxygen species

Reactive oxygen species (ROS) in the cells were evaluated 
by 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) 
staining. Briefly, after a 30-minute culture with 10 μM 
of DCFH-DA at 37°C, the level of ROS in the BV2 cells 
with different treatments was measured at excitation/
emission = 485/535 nm.



Y. Zhang et al. CircHIPK3 in Parkinson’s disease318

Western blot analysis

After a 20-minute centrifugation at 12,000 g, the pro-
tein concentrations of the supernatant were determined. 
The samples (30 μg per sample) were loaded into a 10–12% 
sodium dodecyl–sulfate polyacrylamide gel electropho-
resis (SDS–PAGE). Next, after transferring onto a polyvi-
nylidene difluoride (PVDF) membrane, the protein bands 
were blocked in 5% fat-free milk for 1 h at RT. Then, after 
overnight incubation with the indicated primary antibod-
ies at 4°C, washing 3 times with phosphate-buffered saline 
with Tween® detergent (PBST), and a 1-hour incubation 
with horseradish peroxidase (HRP)-conjugated secondary 
antibodies at RT, the protein bands and signals were detected 
using an enhanced chemiluminescence detection system 
(Pierce, Rockford, USA). The antibodies used were as fol-
lows: GAPDH (1:1000; Abcam, Cambridge, UK), phosphory-
lated STAT3 (p-STAT3, 1:1000; Abcam), STAT3 (1:1000; 
Abcam), ASC (1:1000; Cell Signaling Technology, Danvers, 
USA), caspase-1 (1:800; Cell Signaling Technology), NLRP3 
(1:1000; Cell Signaling Technology), ionized calcium-bind-
ing adapter molecule 1 (Iba-1, 1:800; Abcam), and cluster 
of differentiation molecule 11b (CD11b, 1:1000; Abcam). All 
protein expressions were normalized to GAPDH.

Enzyme-linked immunosorbent assay

The enzyme-linked immunosorbent assay (ELISA) kits 
for tumor necrosis factor alpha (TNF-α), interleukin-1β 
(IL-1β) and IL-6 (R&D Systems, Minneapolis, USA) were 
purchased to examine their production from BV2 cells 
in the supernatant.

Luciferase assay

The  cDNA of  circHIPK3 containing predicted bind-
ing or mutation sites was obtained using PCR amplifica-
tion. The purified PCR fragment was then inserted into 
a pGL3 vector (Promega, Madison, USA) at XhoI/KpnI sites 
in order to generate the target luciferase reporter plasmid. 
We named these vectors circHIPK3-WT and circHIPK3-
MUT, respectively. Similarly, the magnification of miR-
124 3’-UTR of the wild-type STAT3 was performed using 
PCR, and then it was loaded on a pGL3 vector immedi-
ately downstream to the firefly luciferase reporter gene. 
The complex was called pGL3-WT-STAT3-3’UTR. Next, 
we mutated the miR-124 binding site of STAT3 3’-UTR us-
ing the Site-Directed Mutagenesis Kit (Abcam, Cambridge, 
UK) and inserted it into another PGL3 at the same location. 
The mutant is known as PGL3-MUT-STAT3-3’UTR. Forty-
eight well plates were used to inoculate BV2 cells. When 
the convergence reached 50%, 500 ng of luciferin reporter 
vector was co-transfected with 30 nM of miR-124 mimic 
or negative control (NC)-mimic using Lipofectamine™ 
2000 (Thermo Fisher Scientific). After 48 h of culture, 
the relative luciferase activities were determined.

Fluorescence in situ hybridization

The circHIPK3 was labeled with Cy5, the DNA Oligo 
Probe (GenePharma, Suzhou, China) was labeled with 
5-carboxyfluorescein (FAM), and the nucleus was back-
stained with 4,6-diamidino-2-phenylindole dihydrochlo-
ride (DAPI; GenePharma), which was used for fluorescence 
in  situ hybridization (FISH) detection. After staining, 
the results were observed and the images were captured 
under a Leica SP5 confocal microscope (Leica, Wetzlar, 
Germany).

RNA immunoprecipitation (RIP) 

After overnight incubation with anti-immunoglobulin 
G (IgG) (Merck Millipore, Burlington, USA) or anti-STAT3 
(Ago2) antibodies, the RNA-protein complex was precipitated 
with protein A agarose beads, followed by RNA extraction and 
qRT-PCR detection. The negative control was normal IgG.

RNA pull-down assay

We lysed human BV2 cells transfected with miR-124 mim-
ics and incubated them with a circHIPK3 biotin-conjugated 
probe that was bound to magnetic beads for 2 h to pull down 
the miR-124. Then, the pulled-down RNA was purified. 
The miR-124 biotin-conjugated probe was treated as before.

Northern blot

The RNA samples were separated using a polyacryl-
amide gel and transferred to Amersham™ Hybond™-N+ 
nylon membrane (Amersham Biosciences, Amersham, 
UK). After fixation with purple coupling, PerfectHyb™ 
(Sigma-Aldrich, St. Louis, USA) was pre-hybridized and 
incubated with P32 probes generated using the StarFire® 
Nucleic Acid Labeling System (Integrated DNA Tech-
nologies, Coralville, USA). The U6 or β-actin were used 
as the control.

Statistical analyses

All the obtained data were processed and analyzed us-
ing GraphPad Prism v. 7.0 (GraphPad Software, San Diego, 
USA). Shapiro–Wilk test was used to test the normal dis-
tribution, whereas F-test was applied to check the homo-
geneity variance among the groups (Supplementary File). 
The χ2 test was used to investigate the distribution of sexes. 
Mann–Whitney U test was conducted for the comparisons 
between the 2 groups in terms of gene expression collected 
in clinical samples. When 3 or more groups were compared, 
Kruskal–Wallis test was used, followed by Dunn’s test for 
post hoc analysis. For cell experiments, given that the sam-
ple size was very small and that checking the normal dis-
tribution has little power, nonparametric tests were used 
(Mann–Whitney U test or Kruskal–Wallis test followed 
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by Dunn’s test). The values were expressed as median (inter-
quartile range (IQR)) or data point plots (central tendency 
measure and interval). Spearman’s analysis was used to test 
the correlation between the expression of 2 genes. A value 
of p < 0.05 was considered statistically significant.

Results

CircHIPK3 expression was elevated  
in PD patients, LPS-induced BV2 cells 
and conditioned SH-SY5Y medium

The demographic data of PD patients and controls are 
listed in Table 1. There were no significant differences with 
regard to age, sex distribution and body mass index (BMI) 
between PD patients and controls (Table 1).

The expression of circHIPK3 and miR-124 in human 
blood and CSF was detected with qRT-PCR. The qRT-
PCR analysis showed that the expression of circHIPK3 
in blood and CSF samples was significantly increased in PD 
patients compared to controls (blood: Mann–Whitney 
U test, U = 0, p < 0.001; CSF: Mann–Whitney U test, U = 0, 
p < 0.001; Fig. 1A,C). On the other hand, the expression 
of miR-124 in the blood and CSF samples was markedly 
decreased in PD patients compared to controls (blood: 
Mann–Whitney U test, U = 0, p < 0.001; CSF: Mann–Whit-
ney U test, U = 0, p < 0.001; Fig. 1B,D; Table 2 – No. 1–4). 
Both circHIPK3 expression in blood and CSF samples were 
negatively correlated with miR-124 expression (blood: 
Spearman’s correlation, r = −0.402, p < 0.001; CSF: Spear-
man’s correlation, r = −0.447, p < 0.001; Fig. 1E,F; Table 2 
– No. 5,6).

On the other hand, the expression of circHIPK3 was 
significantly higher in cells after LPS treatment compared 
to cells without the addition of LPS (Mann–Whitney U test, 
U = 0, p = 0.002), where miR-124 expression was drasti-
cally decreased (Mann–Whitney U test, U = 0, p = 0.004; 
Fig. 2A,B). In addition, a significantly reduced cell viability 
(Mann–Whitney U test, U = 0, p = 0.002) and increased cell 
apoptosis (Mann–Whitney U test, U = 0, p = 0.007) were 
observed in SH-SY5Y cells after CM treatment in com-
parison to non-treated control cells (Fig. 2C–F). In addi-
tion, circHIPK3 was upregulated (Fig. 2C; Mann–Whitney 
U test, U = 0, p = 0.002) and miR-124 expression was de-
creased (Mann–Whitney U test, U = 1, p = 0.007; Fig. 2D; 
Table 2 – No. 7–12).

CircHIPK3 enhanced ROS production

To clarify the regulatory roles of circHIPK3 on oxida-
tive stress in cells, ROS content was evaluated. In compari-
son to control cells, the cells treated with LPS exhibited 
significantly higher levels of ROS (Kruskal–Wallis test, 
H(4) = 27.87, p < 0.001; Dunn’s post hoc test, p < 0.001; 
Fig. 3A,B,F). The overexpression of circHIPK3 in transfec-
tion cells promoted significantly higher ROS levels (Dunn’s 
post hoc test, p <  0.001), while adding miR-124 mimic 
stopped the LPS-stimulated production of ROS (Fig. 3C,E,F). 
In contrast, the silencing of circHIPK3 drastically decreased 
the LPS-stimulated production of ROS (Dunn’s post hoc 
test, p = 0.008; Fig. 3D,F). These findings indicate that  in-
creases ROS levels in BV2 cells (Table 2 – No. 13).

CircHIPK3 promoted microglial activation 
and pyroptosis through the activation 
of STAT3 signaling

The association of circHIPK3 with inflammation and 
the activation of microglia was explored through the over-
expression or  knocking down of  circHIPK3 in  BV2 
cells following LPS stimulation for 12 h. In comparison 
to the control cells, LPS-stimulated cells exhibited signifi-
cantly increased CD11b, Iba-1, pyroptosis-related factors, 
NLRP3, caspase-1, and ASC expression (CD11b: Kruskal–
Wallis test, H(4) = 25.16, p < 0.001; Iba-1: Kruskal–Wal-
lis test, H(4) = 24.13, p < 0.001; NLRP3: Kruskal–Wallis 
test, H(4) = 22.58, p < 0.001; caspase-1: Kruskal–Wallis 
test, H(4) = 24.13, p < 0.001; ASC: Kruskal–Wallis test, 
H(4) = 28.47, p < 0.001). The results of Dunn’s post hoc test 
were p = 0.024, p = 0.036, p = 0.017, p = 0.02, and p = 0.027, 
respectively. The upregulation of circHIPK3 further in-
creased CD11b and Iba-1 expression as well as NLRP3, 
caspase-1 and ASC (Dunn’s post  hoc test: p  =  0.018, 
p = 0.009, p = 0.019, p = 0.034, p = 0.016, respectively). 
The addition of miR-124 mimic reversed these effects. 
On the other hand, the LPS-induced expression of CD11b, 
Iba-1 and pyroptosis-related factors was dramatically re-
duced by the downregulation of circHIPK3 in LPS-treated 
cells (Dunn’s post hoc test: p = 0.034, p = 0.024, p = 0.036, 
p = 0.018, p = 0.038, respectively; Fig. 4A–C). Last, we found 
that LPS stimulation significantly upregulated the expres-
sion of total STAT3 and p-STAT3 in comparison to control 
cells (STAT3: Kruskal–Wallis test, H(4) = 20.15, p < 0.001; 
p-STAT3: Kruskal–Wallis test, H(4) = 22.46, p < 0.001; 

Table 1. Basic comparison between Parkinson’s disease (PD) patients and controls

Demographic items PD (n = 92) Controls (n = 95) U/χ2 p-value

Age 66.2 (60.1–71.5) 65.0 (60.0–69.2) U = 3659 0.066

Sex (female/male) 38/54 40/55 0.012 (df = 1) 0.911

BMI [kg/cm2] 21.7 (19.6–23.4) 22.5 (19.9–25.5) U = 3894 0.103

Disease duration since first symptoms [months] 22.0 (15.9–29.5) – – –

df – degrees of freedom; BMI – body mass index. Age, BMI and disease duration were expressed as median (interquartile range (IQR)).
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Dunn’s post hoc test: p = 0.005 and p = 0.008, respectively; 
Table 2 – No. 14–18). The overexpression of circHIPK3 fur-
ther enhanced LPS-stimulated total STAT3 and p-STAT3 
expression (Dunn’s post hoc test: p = 0.036, p = 0.021, re-
spectively), while adding miR-124 mimic could reverse 
these effects. Silencing of circHIPK3 decreased the expres-
sion of total STAT3 and p-STAT3 expression compared 
to the LPS group (Dunn’s post hoc test: p = 0.027, p = 0.015, 
respectively; Fig. 4A,D; Table 2 – No. 19,20). Based on our 
results, we concluded that circHIPK3 exerted its promotive 
effect on the activation and pyroptosis of LPS-treated BV2 
cells through the regulation of STAT3 signaling.

CircHIPK3 promoted inflammatory 
cytokine levels in BV2 cells

As shown in Fig. 4, in comparison to the control cells, 
the  cells after LPS treatment exhibited a  significantly 

enhanced expression of IL-6, IL-1β and TNF-α (IL-6: Krus-
kal–Wallis test, H(4) = 23.15, p < 0.001; IL-1β: Kruskal–Wal-
lis test, H(4) = 29.18, p < 0.001; TNF-α: Kruskal–Wallis test, 
H(4) = 30.23, p < 0.001; Dunn’s post hoc test: p = 0.005, 
p = 0.008, p = 0.004, respectively). Additionally, the secre-
tion of IL-6, IL-1β and TNF-α stimulated by LPS was sig-
nificantly enhanced and impaired by the overexpression 
of circHIPK3 and miR-124 mimic transfection, respectively 
(Dunn’s post hoc test: p < 0.001, p = 0.006, p < 0.001, respec-
tively). On the other hand, silencing circHIPK3 significantly 
decreased the production of IL-6, IL-1β and TNF-α stimu-
lated by LPS (Dunn’s post hoc test: p = 0.023, p = 0.016, 
p = 0.041, respectively; Fig. 5A–C; Table 2 – No. 21–23).

STAT3 was the target gene of miR-124

To predict the potential targets and binding sites of miR-
124, TargetScan (http://www.targetscan.org) was used. 

Fig. 1. A. Relative cerebrospinal 
fluid (CSF) circular RNA 
homeodomain interacting protein 
kinase 3 (circHIPK3) expression 
between Parkinson’s disease 
(PD) patients and control group; 
B. Relative microRNA-124 (miR-124) 
expression between PD and 
control group; C. Relative serum 
circHIPK3 expression between 
PD and control group. Results 
were statistically analyzed using 
Mann–Whitney U test. Data were 
expressed as median, Q3 (75% 
percentile), Q1 (25% percentile), 
interquartile range (Q3–Q1), 
and minimum and maximum 
values; D. Relative serum miR-124 
expression between PD and 
control group; E. Correlation 
of miR-124 and circHIPK3 
expression in CSF; F. Correlation 
of miR-124 and circHIPK3 
expression in serum. Results 
were statistically analyzed using 
Spearman’s correlation

http://www.targetscan.org
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As shown in Fig. 6A, the potential binding sites between 
miR-124 and the 3’-UTR regions of STAT3 were found. 
The sequences of MUT-STAT-3’-UTR are shown in Fig. 6A. 
Luciferase demonstrated that in comparison to the control 
cells (Kruskal–Wallis test, H(3) = 19.55, p < 0.001), miR-
124 mimic transfection significantly reduced the activ-
ity of luciferase (Dunn’s post hoc test: p = 0.033). Also, 

the transfection of anta-miR-124 dramatically enhanced 
the luciferase activity in cells transfected with WT-STAT-
3’-UTR (Dunn’s post hoc test: p = 0.027). However, no 
changes were observed among the group of cells trans-
fected with MUT-STAT-3’-UTR, suggesting the direct 
interaction of miR-124 with the 3’UTR region of STAT3 
(Fig. 6B). Western blot and qRT-PCR assays showed that 

Table 2. Statistical results

Comparison items Statistical method Statistical value p-value

1. CircHIPK3 CSF (PD vs controls) (Fig. 1A) Mann–Whitney U test U = 0 <0.001

2. MiR-124 CSF (PD vs controls) (Fig. 1B) Mann–Whitney U test U = 0 <0.001

3. CircHIPK3 serum (PD vs controls) (Fig. 1C) Mann–Whitney U test U = 0 <0.001

4. MiR-124 serum (PD vs controls) (Fig. 1D) Mann–Whitney U test U = 0 <0.001

5. Correlation of circHIPK3 expression and miR-124 expressions in CSF 
(Fig. 1E)

Spearman’s correlation r = −0.447 <0.001

6. Correlation of circHIPK3 expression and miR-124 expressions 
in serum (Fig. 1F)

Spearman’s correlation r = −0.402 <0.001

7. CircHIPK3 expression between BV2 and LPS-induced BV2 (Fig. 2A) Mann–Whitney U test U = 0 0.002

8. MiR-124 expression between BV2 and LPS-induced BV2 (Fig. 2B) Mann–Whitney U test U = 0 0.004

9. CircHIPK3 expression between SH-SY5Y and SH-SY5Y+LPS BV2 
(Fig. 2C)

Mann–Whitney U test U = 0 0.002

10. MiR-124 expression between SH-SY5Y and SH-SY5Y+LPS BV2 
(Fig. 2D)

Mann–Whitney U test U = 1 0.007

11. MTT between SH-SY5Y and SH-SY5Y+LPS BV2 (Fig. 2E) Mann–Whitney U test U = 0 0.003

12. Apoptosis rate between SH-SY5Y and SH-SY5Y+LPS BV2 (Fig. 2H) Mann–Whitney U test U = 0 0.001

13. ROS production (Fig. 3F) Kruskal–Wallis test Kruskal–Wallis H statistic = 27.87 <0.001

14. CD11b protein expression (Fig. 4B) Kruskal–Wallis test Kruskal–Wallis H statistic = 25.16 <0.001

15. Iba-1 protein expression (Fig. 4B) Kruskal–Wallis test Kruskal–Wallis H statistic = 24.13 <0.001

16. NLPRP3 protein expression (Fig. 4C) Kruskal–Wallis test Kruskal–Wallis H statistic = 22.58 <0.001

17. Caspase-1 protein expression (Fig. 4C) Kruskal–Wallis test Kruskal–Wallis H statistic = 29.16 <0.001

18. ASC protein expression (Fig. 4C) Kruskal–Wallis test Kruskal–Wallis H statistic = 28.47 <0.001

19. STAT3 protein expression (Fig. 4D) Kruskal–Wallis test Kruskal–Wallis H statistic = 20.15 <0.001

20. p-STAT3 protein expression (Fig. 4D) Kruskal–Wallis test Kruskal–Wallis H statistic = 22.46 <0.001

21. TNF-α ELISA (Fig. 5A) Kruskal–Wallis test Kruskal–Wallis H statistic = 23.15 <0.001

22. IL-1β ELISA (Fig. 5B) Kruskal–Wallis test Kruskal–Wallis H statistic = 29.18 <0.001

23. IL-6 ELISA (Fig. 5C) Kruskal–Wallis test Kruskal–Wallis H statistic = 30.23 <0.001

24. STAT3 WT relative luciferase activity (Fig. 6B) Kruskal–Wallis test Kruskal–Wallis H statistic = 19.55 <0.001

25. STAT3 MUT relative luciferase activity (Fig. 6B) Kruskal–Wallis test Kruskal–Wallis H statistic = 0.43 0.933

26. STAT3 mRNA expression (Fig. 6D) Kruskal–Wallis test Kruskal–Wallis H statistic = 19.59 <0.001

27. CircHIPK3 WT relative luciferase activity (Fig. 7B) Kruskal–Wallis test Kruskal–Wallis H statistic = 19.51 <0.001

28. CircHIPK3 MUT relative luciferase activity (Fig. 7B) Kruskal–Wallis test Kruskal–Wallis H statistic = 0.41 0.935

29. MiR-124 relative expression (Fig. 7D) Kruskal–Wallis test Kruskal–Wallis H statistic = 22.68 <0.001

30. MiR-124 RIP (Fig. 8B) Kruskal–Wallis test Kruskal–Wallis H statistic = 11.67 <0.001

31. CircHIPK3 RIP (Fig. 8B) Kruskal–Wallis test Kruskal–Wallis H statistic = 11.63 <0.001

32. MiR-124 RNA pull-down (Fig. 8C) Mann–Whitney U test U = 0 0.002

33. CircHIPK3 RNA pull-down (Fig. 8D) Mann–Whitney U test U = 0 0.002

CSF – cerebrospinal fluid; PD – Parkinson’s disease; circHIPK3 – circRNA homeodomain interacting protein kinase 3; miR-124 – microRNA-124; 
LPS – lipopolysaccharide; ROS – reactive oxygen species; CD11b – cluster of differentiation molecule 11b; Iba-1 – ionized calcium-binding adapter 
molecule 1; NLRP3 – NLR family pyrin domain containing 3; ASC – apoptosis-associated speck-like protein containing C-terminal caspase recruitment 
domain; STAT3 – signal transducer and activator of transcription 3; p-STAT3 – phosphorylated STAT3; TNF-α – tumor necrosis factor alpha; ELISA – enzyme-
linked immunosorbent assay; IL – interleukin; MTT – 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide; RIP – RNA-binding protein 
immunoprecipitation; MUT – mutant-type; WT – wild-type.
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the  overexpression of  miR-124 inhibited the  expres-
sion of STAT3 protein and mRNA (Kruskal–Wallis test, 
H(4) = 19.59, p < 0.001; Dunn’s post hoc test: p = 0.030), 
while miR-124-silenced cells exhibited an elevated STAT3 
expression at mRNA and protein levels (Kruskal–Wallis 
test, H(4) = 19.59, p < 0.001;Dunn’s post hoc test: p = 0.024) 
(Fig. 6C,D).

CircHIPK3 sponged miR-124  
in LPS-induced BV2 cells

To elucidate whether circHIPK3 could act as a miR-124 
sponge in LPS-induced BV2 cells, a prediction for the po-
tential target miRNA of circHIPK3 was conducted using cir-
cBase (Fig. 7A). The relative activity of luciferase in the WT-
circHIPK3 reporter-contained BV2 cells was significantly 
increased and reduced, respectively (Kruskal–Wallis test, 
H(3) = 19.51, p < 0.001) after miR-124 mimic (Dunn’s post hoc 
test: p = 0.017) and anta-miR-124 transfections (Dunn’s 
post hoc test: p = 0.030, Fig. 7B), suggesting an interaction 
between circHIPK3 and miR-124. To explore the connec-
tion between circHIPK3 and the expression of miR-124, 
we overexpressed and silenced the expression of circHIPK3 
in BV2 cells. Suppressed and elevated miR-124 expression 
in cells with circHIPK3 overexpression and silencing were ob-
served in our northern blot results. Moreover, the expressions 
of circHIPK3 in circHIPK3-overexpressed (Kruskal–Wallis 

test, H(3) = 19.51, p < 0.001, Dunn’s post hoc test: p = 0.025) 
and circHIPK3-silenced cells (Dunn’s post hoc test: p = 0.033) 
were verified using qRT-PCR (Fig. 7D, Table 2 – No. 27–29).

To further verify the sponge between circHIPK3 and 
miR-124, a FISH experiment was conducted. As shown 
in Fig. 8A, the co-localization of circHIPK3 and miR-124 
was discovered in  BV2 cells. Moreover, in  comparison 
to  the  IgG-treated control group, the  argonaute RISC 
catalytic component 2 (Ago2) antibody-treated group 
exhibited dramatically elevated circHIPK3 and miR-124 
expression (Fig. 8B, miR-124 RIP: Kruskal–Wallis test, 
H(2) = 11.67, p < 0.001; circHIPK3: Kruskal–Wallis test, 
H(2) = 11.63, p < 0.001; miR-124: Dunn’s post hoc test, 
p = 0.008; circHIPK3: Dunn’s post hoc test: p = 0.006, re-
spectively). The RNA pull-down results showed that miR-
124 and circHIPK3 could pull down each other (miR-124: 
Mann–Whitney U test, U = 0, p = 0.002; circHIPK3: Mann–
Whitney U test, U = 0, p = 0.002, Fig. 8C,D), suggesting 
a direct sponge between miR-124 and circHIPK3 (Table 2 
– No. 30–33).

Discussion

Recently, researchers looking for a consensus opinion 
in regard to the pathogenesis of PD have been devoting more 
attention to the role of the inflammatory component.34 

Fig. 2. A. Comparison of relative circular RNA homeodomain interacting protein kinase 3 (circHIPK3) expression between BV2 cells and lipopolysaccharide 
(LPS)-induced BV2 cells; B. Comparison of relative microRNA-124 (miR-124) expression between BV2 cells and LPS-induced BV2 cells; C. Comparison 
of relative circHIPK3 expression between SH-SY5Y cells with different treatments; D. Comparison of relative miR-124 expression between SH-SY5Y cells 
with different treatments; E. Comparison of SH-SY5Y cell viability between SH-SY5Y cells with different treatments; F. Representative figure of the apoptosis 
rate of SH-SY5Y cells; G. Representative figure of the apoptosis rate of SH-SY5Y cells adding conditioned LP2-BV2 medium; H. Comparison of the apoptosis 
rates between SH-SY5Y cells with different treatment. Results were statistically analyzed using Mann–Whitney U test. Data were expressed as data point 
plots, from the minimum to the maximum value (n = 6) for each group. The interval represents the median value. The ends of the interval represent 
the interquartile range (IQR)
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Studies have demonstrated that PD is not only a neurode-
generative problem related to the progressive loss of dopa-
mine but also a neuroinflammatory disease.35 As a kind 
of programmed cell death, pyroptosis was associated with 
inflammatory responses dependent on  caspase-1 and 

activated by NLRP3.36 It has been identified that the acti-
vation of pyroptosis was positively correlated with inflam-
matory cytokine production, which plays an important role 
in the pathogenesis of PD.37 However, the process of pyrop-
tosis regulation in PD remains poorly understood.

Fig. 3. Reactive oxygen species 
(ROS) production following 
circular RNA homeodomain 
interacting protein kinase 
3 (circHIPK3) transfection. 
A. Production of ROS 
in the control group; B. Production 
of ROS in the lipopolysaccharide 
(LPS) group; C. Production 
of ROS in the LPS+OE-circHIPK3 
group; D. Production of ROS 
in the LPS+si-circHIPK3 group; 
E. Production of ROS in the LPS+ 
OE-circHIPK3+microRNA-124 (miR-
124) mimic group; F. Quantitative 
analysis of ROS production 
in each group (*** p < 0.001 
compared to the control group; 
### p < 0.001 and ## p < 0.01 
compared to the LPS group). 
Results were statistically analyzed 
using Kruskal–Wallis test followed 
by Dunn’s post hoc test. Data 
were expressed as data point 
plots, from the minimum 
to the maximum value (n = 6) 
for each group. The interval 
represents the median value. 
The ends of the interval represent 
the interquartile range (IQR)

MFI – mean fluorescence 
intensity; OE – overexpression; 
si – silencing.
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In the present study, we found that a novel circular RNA, 
circHIPK3, was elevated in PD patients, LPS-induced BV2 
cells and conditioned SH-SY5Y medium. Furthermore, 
our study suggested that circHIPK3 is related to the acti-
vation and inflammation of LPS-induced BV2 microglia. 
Additionally, our study demonstrated that circHIPK3 could 
directly interact with miR-124 and subsequently regulate 
the expression of STAT3, which is affected by miR-124, 
and activate the generation of a NLRP3 inflammasome. 
An accurately controlled expression of miR-124 was tightly 
connected with the neurogenesis, physiology and normal 
development of the CNS. Additionally, miR-124 partici-
pated in keeping α-synuclein within a physiologic level. 
The association of dopaminergic neurodegeneration with 
significantly reduced expression of miR-124 in the brain 

was observed in PD patients and PD-induced animals using 
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP).38 
Furthermore, researchers discovered that miR-124 was 
significantly involved in the neuroinflammation involved 
in  the pathogenesis of PD.39 Therefore, the connection 
between circHIPK3 and miR-124 in PD patients was ex-
plored. We observed a significantly decreased expression 
of miR-124 in PD patients, BV2 cells after LPS stimula-
tion, and SH-SY5Y cells treated with CM collected from 
LPA-treated BV2 cells. Through bioinformatic analysis, 
the potential binding sites between miR-124 and circHIPK3 
were discovered and verified using a dual-luciferase assay. 
At the same time, a negative correlation between the expres-
sion of circHIPK3 and miR-124 was observed, and the over-
expression of miR-124 significantly reversed the expression 

Fig. 4. Circular RNA homeodomain interacting protein kinase 3 (circHIPK3) promoted microglial activation and pyroptosis through the activation of signal 
transducer and activator of transcription 3 (STAT3) signaling. A. Representative blots showing the production of cluster of differentiation molecule 11b 
(CD11b) and ionized calcium-binding adapter molecule 1 (Iba-1), pyroptosis-related factors, family pyrin domain containing 3 (NLRP3), caspase-1, apoptosis-
associated speck-like protein containing C-terminal caspase recruitment domain (ASC), STAT3, and phosphorylated STAT3 (p-STAT3) in the cells after 
the indicated treatment; B. Expression of microglia markers CD11b and Iba-1 after the circHIPK3 transfection; C. Expression of pyroptosis-related factors, 
NLRP3, caspase-1, and ASC after the circHIPK3 transfection; D. Expression of STAT3 and p-STAT3 after the circHIPK3 transfection (* p < 0.05 compared 
to control; # p < 0.05 and ## p < 0.01 compared to the lipopolysaccharide (LPS) group). Results were statistically analyzed using Kruskal–Wallis test followed 
by Dunn’s post hoc test. Data were expressed as data point plots from the minimum to the maximum value (n = 6) for each group. The interval represents 
the median value. The ends of the interval represent the interquartile range (IQR)

GAPDH – glyceraldehyde-3-phosphate dehydrogenase; OE – overexpression; si – silencing.
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of circHIPK3-induced CD11b and Iba-1. On the other hand, 
the activation of STAT3 was observed in microglia after 
brain ischemia,40 as well as in spinal cord microglia after 
nerve injury.41 The activation of STAT3 was significantly 

involved in the inflammatory responses and inflammation 
induced by thrombin in microglia in vitro.42 The blockage 
of STAT3 pathway activation was associated with the sup-
pression of neuroinflammation mediated by microglia.42 

Fig. 6. MicroRNA-124 (miR-124) 
directly targeted signal transducer 
and activator of transcription 3 
(STAT3). A. Binding sites of miR-124 
with the 3’-UTR of STAT3 and 
the sequences of MUT-STAT3-3’-UTR; 
B. Relative luciferase activities of cells 
co-transfected with WT-STAT3-3’UTR 
or MUT-STAT3-3’-UTR  
with miR-124 mimic or miR-NC 
or anta-miR-124 or anta-NC 
(* p < 0.05 compared to miR-NC); 
C. Representative western blot 
results showing the expression 
of STAT3 in cells with different 
treatments; D. Representative bar 
graph showing the mRNA levels 
of STAT3 after different transfections 
(* p < 0.05 compared to controls). 
Results were statistically analyzed 
using Kruskal–Wallis test followed 
by Dunn’s post hoc test. Data were 
expressed as data point plots from 
the minimum to the maximum value 
(n = 6) for each group. The interval 
represents the median value. 
The ends of the interval represent 
the interquartile range (IQR)

GAPDH – glyceraldehyde-3-phosphate  
dehydrogenase; WT – wild-type; 
MUT – mutant-type; NC – negative 
control.

Fig. 5. Effect of circular RNA homeodomain interacting protein kinase 3 (circHIPK3) on the expression of inflammatory factors. A–C. Representative bar 
graphs showing the expression of tumor necrosis factor alpha (TNF-α) (A), inteleukin (IL)-1β (B) and IL-6 (C) in cells after different treatments (** p < 0.01 
compared to the control group; # p < 0.05, ## p < 0.01 and ### p < 0.001 compared to the lipopolysaccharide (LPS) group). Results were statistically analyzed 
using Kruskal–Wallis test followed by Dunn’s post hoc test. Data were expressed as data point plots from the minimum to the maximum value (n = 6) for 
each group. The interval represents the median value. The ends of the interval represent the interquartile range (IQR)

OE – overexpression; si – silencing.
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We found that the overexpression of circHIPK3 increased 
the total STAT3 as well as p-STAT3 expression. In con-
clusion, our observations suggest that circHIPK3 exerts 
a promotive effect on the activation of microglia through 
impairing miR-124/STAT3/NLRP3 expression.

Reactive oxygen species are deeply involved in the devel-
opment, expression and transduction of signals in cells.43 
However, an excessive production or accumulation of ROS 
in cells results in damage to cell membranes, DNA and pro-
tein molecules.44 The cell death caused by excessive ROS 
production is activated by the mitochondrial apoptosis 
pathway.45 Due to lower antioxidative enzymes and higher 
oxidative metabolism, neurons are more sensitive to ROS-
induced cell death.46,47 In recent years, oxidative stress and 
excessive ROS production were observed in the pathogen-
esis of PD and found to be significantly associated with 
the degeneration of dopaminergic neurons.48 In vitro and 
in vivo studies have revealed that inflammatory responses 
and oxidative stress significantly participated in the ac-
tivation of glial cells, as well as the subsequent damage 
to  dopaminergic neurons.49 Herein, we  observed that 
the overexpression of circHIPK3 enhanced ROS produc-
tion in LPS-stimulated BV2 cells, and adding miR-124 al-
leviated this effect. The circHIPK3 has been demonstrated 
to increase ROS production in other studies. For example, 

the overexpression of circHIPK3 significantly promoted 
hypoxia/reoxygenation-induced cardiomyocyte cell injury 
by increasing intracellular ROS production.50 In addition, 
silencing circHIPK3 partially impaired inflammation and 
oxidative injuries caused by LPS.51

Limitations

There were several limitations of  the  present study 
that should be taken into account. First, we only detected 
the expression of circHIPK3 in PD patients. The investi-
gation of other circRNAs may reveal much more infor-
mation about non-coding RNAs in PD progression. Sec-
ond, we only performed in vitro cell studies; thus, further 
in vivo animal studies are needed to verify this finding.

Conclusions

We demonstrated that the circHIPK3 expression was 
increased in  PD patients as  well as  LPS-induced BV2 
cells. The circHIPK3 could promote the inflammatory 
response by sponging miR-124 and affecting the activation 
of STAT-3- and NLRP3-mediated inflammatory signaling 
pathways. In addition, circHIPK3 silencing decreased ROS 

Fig. 7. The interaction between 
circular RNA homeodomain 
interacting protein kinase 3 
(circHIPK3) and microRNA-124 
(miR-124). A. Predicted binding 
site of circHIPK3 and miR-124; 
B. Representative bar graph 
showing the relative activities 
of luciferase in cells after 
the indicated transfection 
(* p < 0.05 compared to miR-
negative control (miR-NC)); 
C. Representative northern 
blot results showing miR-124 
expression in cells with 
the indicated treatment; 
D. Representative bar graph 
showing the mRNA levels 
of circHIPK3 in the cells after 
the indicated treatment (* p < 0.05 
compared to plasmid cloning 
(pcDNA)). Results were statistically 
analyzed using Kruskal–Wallis 
test followed by Dunn’s post hoc 
test. Data were expressed as data 
point plots from the minimum 
to the maximum value (n = 6) 
for each group. The interval 
represents the median value. 
The ends of the interval represent 
the interquartile range (IQR)

si – silencing.
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Fig. 8. A. Representative images showing the localization of circular RNA homeodomain interacting protein kinase 3 (circHIPK3) and microRNA-124 (miR-
124) in BV2 cells (green: circHIPK3, red: miR-124, blue: 4’,6-diamidino-2-phenylindole (DAPI), scale bar: 20 μm); B. Representative summarized results showing 
the relative expression of miR-124 and circHIPK3 in cells after different treatments (** p < 0.01 compared to anti-immunoglobulin G (anti-IgG)). Results 
were statistically analyzed using Kruskal–Wallis test followed by Dunn’s post hoc test. Data were expressed as data point plots; C,D. Representative bar 
graphs showing the relative levels of miR-124 (C) and circHIPK3 (D) in pellets pulled down with circHIPK3 (C) and miR-124 (D), and their controls (** p < 0.01 
compared to controls). Results were statistically analyzed using |Mann–Whitney U test. Data were expressed as data point plots from the minimum 
to the maximum value (n = 6) for each group. The interval represents the median value. The ends of the interval represent the interquartile range (IQR)
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production. This study provides evidence that circHIPK3 
functions as a miR-124 sponge to STAT3, and could be 
a potential target in the treatment of PD.
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