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ARTICLE INFO ABSTRACT

Keywords: As a novel type of non-coding RNAs, covalently closed circular RNAs (circRNAs) are ubiquitously expressed in
cireSV2b eukaryotes. Emerging studies have indicated that dysregulation of circRNAs was related to neurological diseases.
miR-5107-5p However, the biogenesis, regulation, function, and mechanism of circRNAs in Parkinson’s disease (PD) remain
FA(I):illd largely unclear. In this study, thirty-three differentially expressed circRNAs (DECs) were detected by RNA-

sequencing between the MPTP-induced PD mice model and the wild-type mice. Quantitative real-time PCR
was used to determine the RNA level of DECs in the striatum (STR), substantia nigra pars compacta (SNpc), and
serum exosomes, and it was found that circSV2b was downregulated in PD mice. Then, functional experiments in
vivo were employed to explore the effect of circSV2b in PD. For the mechanism study, dual-luciferase reporter,
fluorescence in situ hybridization (FISH), RNA immunoprecipitation (RIP), RNA pull-down, gene editing, and
CUT & Tag were performed in vitro to confirm that circSV2b directly sponged miR-5107-5p and alleviated the
suppression of the expression of the target gene Foxk1, and then positively regulated Aktl transcription. In vivo,
the mechanistic analysis demonstrated that circSV2b overexpression resisted oxidative stress damage through the
ceRNA-Akt1 axis in PD models. Taken together, these findings suggested that the miR-5107-5p-Foxk1-Akt1 axis
might serve as a key target of circSV2b overexpression in PD treatment, and highlighted the significant change of
circSV2b in serum exosomes. Therefore, circSV2b might be a novel biomarker for the diagnosis and treatment of
PD.

Oxidative stress

tremor, tonicity, motor failure (or reduced motor function), and
impaired balance, may occur. Once an individual has symptoms, the loss
of dopaminergic neurons in the substantia nigra pars compacta (SNpc) is
close to 70% [2]. Therefore, accurate diagnosis is conducive to the
prevention and treatment of PD.

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegen-

erative disease after Alzheimer’s disease (AD). The incidence of PD is
mainly concentrated in middle-aged and elderly people over 65 years of
age, and the incidence rate increases with age [1]. The main patholog-
ical change in PD is the degeneration and death of substantia nigra
dopaminergic neurons. With the progressive death of neurons, the level
of dopamine (DA) in the body gradually decreases. When the DA level in
the striatum (STR) is reduced by 80%, clinical symptoms of PD, mainly

The gold standard for the diagnosis of PD is the degeneration of
midbrain SNpc neurons and the pathological examination of Lewy
bodies (LBs) after death [3]. However, human brain tissue collection and
pathological examination are not suitable for clinical diagnosis and
screening. Currently, the diagnosis of PD is mainly based on patient
symptoms and imaging studies. These assessment methods are
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Abbreviations

circRNAs circular RNAs

PD Parkinson’s disease

DECs differentially expressed circRNAs
STR striatum

SNpc substantia nigra pars compacta
FISH fluorescence in situ hybridization
RIP RNA immunoprecipitation

AD Alzheimer’s disease

DA dopamine

LBs Lewy bodies

a-SYN  a-Synuclein

CSF cerebrospinal fluid

IncRNAs long non-coding RNAs

miRNAs microRNAs

ceRNA  competing endogenous RNA

N2A Neuro-2a

MPTP  1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine
AAV adeno-associated virus

HPLC High Pressure Liquid Chromatography

DOPAC dihydroxyphenylacetic acid

HVA hypervanilic acid

WB Western blot

TH Tyrosine Hydroxylase
AGO2 Argonaute-2

MDA Malonaldehyde

SOD Superoxide dismutase

GSH-PX glutathione peroxidase
RISC RNA-induced silencing complex
GO Gene Ontology

subjective and lagging, leading to a high misdiagnosis rate. a-Synuclein
(«-SYN) is the main component of LBs, and studies have suggested that
changes in the oligomer/total a-SYN ratio in cerebrospinal fluid (CSF)
may be an early indicator of PD [4]. However, CSF acquisition is not
suitable for large-scale screening. Although a-SYN can also be detected
in peripheral blood, as red blood cells are the source of 99% of this
protein, its concentration in the blood is strongly influenced by red
blood cells [5]. Therefore, in clinical practice, the application of plasma
a-SYN as a marker for the diagnosis of PD is limited. Thus, it is extremely
important to identify molecular markers that can be used to diagnose PD
in peripheral blood. Further analysis of the molecular mechanism of the
involvement of novel markers in PD is urgently needed to provide a
theoretical basis for the prevention of PD and the development of tar-
geted drugs.

Circular RNAs (circRNAs) are highly conserved and are stable long
non-coding RNAs (IncRNAs) that form a covalently closed continuous
ring structure through reverse splicing [6]. They are abundantly
expressed in the nervous system and have become potential markers and
therapeutic targets for neurological diseases [7]. Exosomes are
cell-derived vesicles with a diameter of 30-100 nm [8]. Studies have
confirmed that exosomes are present in many body fluids, including
blood, urine, and saliva [9]. Using exosomes as transports, circRNA can
cross the blood-brain barrier to enter the bloodstream and stably exist in
the peripheral blood [10]. Therefore, circRNAs released from brain and
nerve tissue lesions can be detected in peripheral blood, potentially
serving as a novel biomarker to assist in the diagnosis of PD. More
interestingly, increasing evidence has shown that circRNAs can act as
molecular sponges of microRNAs (miRNAs) through the competing
endogenous RNA (ceRNA) mechanism and competitively bind to miR-
NAs to alleviate miRNA inhibition [11-13]. Therefore, further explo-
ration of the molecular mechanism of circRNA involvement in PD is
conducive to better understanding the pathogenesis of PD and devel-
oping therapeutic targets.

In this study, we performed rRNA-depleted RNA-seq on SNpc and
STR tissues and paired control tissues from a PD mouse model. Then, we
analyzed the data using CIRI2 [14], CIRCexplorer2 [15], and DEBKS
[16] software. Differentially expressed circRNAs (DECs) were screened
out. Total RNA was extracted from the in situ tissues and serum exo-
somes for Quantitative real-time PCR (qRT-PCR) verification of DECs.
Finally, mmu-SV2b-0002 (circSV2b) was selected as the target circRNA.
Through an analysis of the characteristics of circSV2b, it was determined
that circSV2b is involved in the pathogenesis of PD through the ceRNA
mechanism. A bioinformatics database was used to predict the miRNAs
targeted by circSV2b and its downstream mRNAs, i.e., miR-5107-5p and
Foxk1, respectively.

Foxkl belongs to the Fox family of transcription factors [17].

Recently, most studies on Foxk1 have focused on tumor-related diseases;
there are no reports on its involvement in PD [18,19]. However, studies
have found that IncRNAs can regulate the expression of Foxkl through
ceRNAs, thereby participating in disease progression [20,21]. We
screened, using CUT & Tag-seq, downstream target genes directly
regulated by Foxkl. Because oxidative stress plays an important role in
the pathogenesis of PD [22], we further screened the genes associated
with oxidative stress downstream of Foxkl and identified Aktl as an
intermediate regulatory molecule of Foxkl involved in PD.

To determine the feasibility of circSV2b as a biomarker and the
molecular mechanism of its involvement in PD, we tested the hypothesis
that circSV2b regulates Foxk1 expression through ceRNA and that Foxk1
acts as a transcription factor to regulate Aktl expression, thereby
participating in PD-related oxidation. Then, the targeting effect of
ceRNA was verified by dual-luciferase reporter assays, RNA immuno-
precipitation (RIP) assays, and RNA pull-down assays. The regulatory
relationship between various molecules was verified by gene editing. In
summary, we provide direct evidence that the downregulation of
circSV2b in PD reduces the expression of Foxk1l and then accelerates PD
progression by reducing Akt1 expression and amplifying oxidative stress
damage. In addition, significant changes in circSV2b can be detected in
serum exosomes. Therefore, circSV2b can be used as a new target for the
diagnosis and treatment of PD.

2. Material and methods
2.1. Mice and cell line

C57BL/6 mice were purchased from the Peking University Health
Science Center Department of Laboratory Animal Science. All experi-
ments in this study used 8-10-week-old male mice. The mice were
housed under a 12-h light-dark cycle in a thermostatically controlled
barrier facility with free access to food. Mice were deeply anesthetized
with isoflurane and then sacrificed. For all experiments, a minimal
number of animals were used, and the pain was minimized to the best
extent possible. This study was approved by the Local Ethics Committee
for Animal Research Studies at the Peking University Health Science
Center, No. LA2017100.

Neuro-2a (N2A) cells were purchased from Procell (Wuhan, China)
and were maintained and stored in accordance with the instructions
provided by the supplier. Briefly, N2A cells were maintained in DMEM
supplemented with 10% fetal bovine serum (10100139C, Gibco, Cali-
fornia, US) and 1% penicillin and streptomycin. The cells were cultured
in a humidified incubator containing 5% CO2 at 37 °C.



Q. Cheng et al.
2.2. Preparation of the PD mouse model

Mice were housed under standard conditions. After 1 week of
adaptation, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine =~ (MPTP)
(Sigma, Missouri, US) (20 mg/kg) was intraperitoneally injected for 5
consecutive days following a previously described method [23]. The
control group was administered the same amount of normal saline.

2.3. Behavioral experiments

The effects of MPTP and adeno-associated virus (AAV)-circSV2b-
mediated circSV2b overexpression on motor symptoms in mice were
evaluated using a pole-climbing experiment and gait analysis. Starting 6
days before MPTP injection, the same operator trained the mice for the
pole climbing and gait tasks at the same time each day for 5 consecutive
days. The basal behavioral values of the mice were recorded 1 day
before MPTP injection. The behavioral changes were detected at the
same time 1 day after the completion of the entire MPTP injection
course. The protocols for all tests were similar to those reported in
previous studies [24,25]. The instruments were cleaned with 75%
ethanol after each test.

(1) Pole climbing: The mice were acclimatized in the testing room for
at least 30 min. As is shown in Figs. S1A and a rod (length, 75 cm;
diameter, 1 cm) was wrapped with coarse gauze to facilitate
grasping by the animals and was placed in the cage. On the day of
the test, the mouse was placed head down on the top of the rod,
and the time needed for the mouse to descend to the bottom of the
cage was recorded. Timing began when the experimenter
released the mouse and stopped when its one hind limb reached
the bottom of the cage.

(2) Gait: The test device was made of a grey acrylic board (3 mm
thick) and consisted of a track (10 x 60 x 12 cm) covered with
anti-slip white paper and a dark target box (16 x 10 x 12 cm). On
the first day of training, the mice were habituated to the device
for 2 min. Then, the forepaws and hind paws were painted red
and blue respectively with nontoxic dyes, and the mice were
trained to run towards the target box. During the experiment, the
mice were allowed to run on the track in the same way. Step
length and hindfoot width were analyzed, and the footprints near
the starting point and the target due to the effect of acceleration
or deceleration were excluded. As is shown in Fig. S1B, step
length was measured as the average distance between each
forepaw and hind paw footprint. Step width was measured as the
average distance between the left and right footprints of each
forepaw and each hind paw. At least 4 values were measured for
each parameter in each experiment.

2.4. High pressure liquid chromatography (HPLC) detection

Mice in each group were sacrificed and their brains were rapidly
removed, the STR was dissected out and homogenized in 0.1 mM oxalic
acid. The homogenates were centrifuged at 15,000 xg for 40 min at 4 °C.
The supernatants were filtrated through a 0.22-pm-syringe filter. The
concentrations of DA, 3,4 dihydroxyphenylacetic acid (DOPAC), and
hypervanilic acid (HVA) were determined using HPLC analysis as
described above [26]. To quantify the sample peaks, each chemical was
compared to external standards (DA hydrochloride, DD0177; DOPAC,
DE0034; HVA, DG0021. Desite, Chengdu, China).

2.5. Western blot (WB)

SNpc and STR tissues and adherent cells were placed in prechilled
RIPA buffer containing protease and phosphatase inhibitors, followed by
sonication and centrifugation (10,000 g, 10 min, 4 °C) to remove re-
sidual tissue. The concentration of protein in the supernatant was
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determined by the BCA method. A sample buffer was added to every 5 pg
of protein, and the samples were boiled at 100 °C for 5 min, separated by
8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and transferred to an NC membrane. At room temperature,
the membranes were blocked with TBST solution containing 5% skim
milk powder for 120 min, and then, the primary antibody was added and
incubated at 4 °C overnight. The membrane was washed 3 times with
TBST for 15 min. Then, the enzyme-labeled secondary antibody was
incubated at room temperature for 120 min. After 3 washes (15 min
each) with TBST, the bands were visualized using an enhanced chem-
iluminescence solution. Image J software was used for the greyscale
analysis of the scanned WB images. The antibodies used in the experi-
ment are listed in Table 1.

2.6. Immunohistochemistry (IHC) and immunofluorescence (IF)

IHC and IF were performed on 5-pm-thick brain sections or cells.
Mice were perfused with phosphate buffered saline (PBS) and 4%
paraformaldehyde (PFA), and the brain was removed and fixed in 4%
PFA overnight. After dehydration in an alcohol gradient and clearance
with xylene, the brains were embedded in paraffin and sectioned.
Adherent cells were digested, centrifuged, and fixed with 4% PFA for
20-30 min and then embedded in paraffin and sectioned. After the
paraffin sections were deparaffinized with xylene, gradient alcohol hy-
dration was performed. The EDTA antigen retrieval solution was added,
and the sections were heated at a constant temperature of 95 °C for 15
min. The sections were then blocked with PBS containing 10% goat
serum and 0.2% Triton X-100 and then incubated with TH or Foxkl
antibody overnight at 4 °C. After washing with PBS for 3 times, the
sections were sequentially incubated with the appropriate biotinylated
secondary antibody and avidin-biotin complex for 30 min each; DAB
peroxidase substrate was used for development, and images were
captured under a light microscope. The results were analyzed using
Image J software. For TH and Foxk1 double labeling, in the first round,
the sample was incubated with the TH antibody and developed with
DAB, and the sections were then heated in boiling water for 8 min to
inactivate the peroxidase. Then, in the second round, the sample was
incubated with the Foxk1 antibody and developed with DAB containing
metallic nickel (abs9211, Absin, Shanghai, China). The first half of the
immunofluorescence staining procedure was consistent with that of the
immunohistochemistry procedure. After incubation with the primary
antibody, the sample was incubated with Alexa Fluor 488- or 594-con-
jugated secondary antibody at room temperature for 120 min. Anal-
ysis was performed using a fluorescence microscope. The antibodies
used in the experiment were listed in Table 1.

2.7. RNA extraction, library preparation for RNA-seq, and sequencing
data analysis

A FastPure Cell/Tissue Total RNA Isolation Kit (RC101, Vazyme,
Nanjing, China) or MiPure Cell/Tissue miRNA Kit (RC201, Vazyme,

Table 1
Antibodies used in this study.
Antibodies Source/Cat. No. Host Dilution
Tyrosine Hydroxylase Millipore (AB152) Rabbit  1:2000 (WB)
(TH) 1:500 (IHC, IF)
Aktl Proteintech (80457-1- Rabbit  1:1000 (WB)
RR)
Foxk1 Abcam (ab85999) Rabbit 1:1000 (WB)
1:300 (IHC)
1:50
(CUT&Tag)
Argonaute-2(AGO2) Abcam (186733) Rabbit  1:200 (IF)
5 pg/tube (RIP)
GAPDH Bioss (bsm-0978 M) Mouse  1:1000 (WB)
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Nanjing, China) was used to extract total RNA or miRNA of SNpc, STR,
and serum exosome following the manufacturer’s instructions. Total
RNA in the nuclear and cytoplasmic fractions of the SNpc was extracted
using the PARIS™ Kit (AM1921, Invitrogen, California, US). Before
extracting total RNA from serum exosomes, 5 fmol/pL cel-miR-39
(59000, Norgen, Thorold, Canada) was added to each sample.

An rRNA-depleted RNA library was constructed and sequenced by
Annoroad Gene Technology (Beijing, China). rRNA was removed using
the Ribo-Zero rRNA Removal Kit (MRZG12324, Illumina, California,
US). A total of 3 pg of RNA was used as the input material for each
sample. The library was generated after sequencing using an Illumina
HiSeq X platform, and paired-end reads of 150 bp were obtained. The
data were analyzed using CIRI2, CIRCexplorer2, and DEBKS software.

mRNA-seq and data processing were completed by Personalbio
(Shanghai China). The mRNA was enriched with oligo (dT)-containing
magnetic beads, and the cDNA library was obtained by PCR enrichment.
After library quality control, sequencing was performed using the Illu-
mina platform.

2.8. qRT-PCR analysis

Total RNA (500 ng) was reverse transcribed into complementary
DNA (cDNA) using the HiScript®III RT Strand SuperMix for qPCR
(+gDNA wiper) (R323, Vazyme, Nanjing, China). For each circRNA and
mRNA, 2 upstream and downstream primers were designed. qRT-PCR
was performed using the ChamQTM Universal SYBR® qPCR Master
Mix (Q711, Vazyme, Nanjing, China) on an ABI7500 system following
the manufacturer’s procedure, with f-actin as the internal reference
gene. The miRNA detection was performed with All-in-One™ miRNA
gqRT-PCR Detection System 2.0 (QP116, GeneCopoeia, Maryland, US).
The primers for the 3 miRNAs were purchased from GeneCopoeia
(Maryland, US), and the internal reference was U6. The other primers
used in the experiment were listed in Table 2. The primers of 33
circRNAs were listed in Table S2 (The 33 circRNAs were numbered in
Table S1).

2.9. Extraction of serum exosomes

Blood was collected from the angular vein and stored at room tem-
perature for 60-120 min. After coagulation, the blood was centrifuged at
1500xg at 4 °C for 10 min. The upper layer of the yellow transparent
liquid was serum. The serum was centrifuged at 2000xg for 30 min at
room temperature to remove residual cells and debris and placed on ice
until use. The serum and VEX® Exosome Isolation Reagent (R602,
Vazyme, Nanjing, China) were thoroughly mixed at a ratio of 5:1
following the manufacturer’s instructions and then allowed to stand at
4 °C for 30 min. After centrifugation at 10,000xg for 5 min at room
temperature, the supernatant was discarded; the pellet (exosomes) was
retained.

2.10. Fluorescence in situ hybridization (FISH)

The location of circSV2b, miR-5107-5p, and mRNA Foxk1 in brain
tissue or N2A cells was observed via FISH. A CY3-labeled circSV2b
probe, FAM-labeled miR-5107-5p, and DIG-labeled Foxkl were
designed and synthesized by BIOSOURCE (Beijing, China). The probes

Table 2
Primers used in this study.

Primer Forward Primer 5'-3' Reverse Primer 5'-3'
circSV2b TTACTACGGCCTGACGGTGT GGCTTCATCATGTTTGCCCA
linear SV2b AGAGCTCAACCGGAACTTGG GGCCCCATCACACAGTACAA
B-Actin TGTTACCAACTGGGACGACA GGGGTGTTGAAGGTCTCAAA
Foxk1l GACCTAAGCATGGGCCTGTC AACCGGAAGGTGCATTGTTG
Aktl GCCGCCTGATCAAGTTCTCC TTCAGATGATCCATGCGGGG
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were used for overnight hybridization following the manufacturer’s
instructions. Images were collected using a Zeiss LSM710 confocal laser
scanning microscope. The probes used in the experiment are listed in
Table 3.

2.11. Agarose gel electrophoresis

Ten micrograms of RNA were incubated with RNase R (P0301,
Geneseed, Guangzhou, China) at 37 °C for 30 min. Then, the treated
RNA was reverse transcribed using different primer pairs, amplified by
PCR, and electrophoresed.

The cDNA and gDNA PCR products were electrophoresed in 2%
agarose gel and TAE buffer at 100 V for 30 min. The bands were
observed by UV irradiation.

2.12. circSV2b-overexpressing mice construction

Dopaminergic cell-specific circSV2b-overexpressing mice were
created by injecting adeno-associated virus (AAV) TH-mmu-circ-
0001583-ZsGreen (Hanbio, Shanghai, China) into the SNpc.

Stereotaxic injection. Vector solution was bilaterally injected within
the SNpc region using a 0.2 mm-gauge stainless steel injector connected
to a 5 pl Hamilton syringe. In all experimental groups, the AAV was
injected in a volume of 1 pl/side at a rate of 0.2 pl/min. The stereotaxic
coordinates used (flat skull position) were: AP = —3.2 mm; ML = + 1.2
mm, DV = —4.6 mm relative to the bregma, according to the atlas of
Paxinos and Franklin (2001). Only animals with correct injection
placements, verified by analysing immunofluorescence staining of
consecutive coronal brain sections, were included in the statistical
analysis transgene expression of circSV2b.

2.13. Design and transfection of overexpression and interference
expression plasmids and oligonucleotides

The plasmids were constructed by Hanbio (Shanghai China).

To construct a stable circSV2b overexpression vector, we synthesized
full-length circSV2b cDNA and cloned it into the pCDNA3.1-circRNA-
EF1-ZsGreen overexpression vector, which contains a front and back
circular frame to promote RNA circularization. An empty vector without
the circSV2b sequence was used as a negative control.

The siRNA and shRNA sequences of the circSV2b gene and the se-
quences of the control vector are shown in Table S3. The selected

Table 3
Probes used in this study.

Number  Name Sequence Marker

1 Foxkl GGGATTGTGGCAAATGCTATGGTGGGCTTCTCT DIG
(ttt CATCATCAT ACATCATCAT)30+- (FISH)
Second tt ATGATGATGT ATGATGATGT
probe
2 miR- TGTCCCTGCCTCCTCTGCCCA(ttt CATCATCAT FAM
5107-5p ACATCATCAT)30+- (FISH)
Second tt ATGATGATGT ATGATGATGT
probe
3 circSV2b TGCTGAAGCCCCAGCTTATCGTTCACAAG(ttt CY3
CATCATCAT ACATCATCAT)30-+- (FISH)
Second tt ATGATGATGT ATGATGATGT
probe
4 circSV2b  TGCTGAAGCCCCAGCTTATCGTTCACAAG 5
biotin
(RNA
pull
down)
5 Foxk1 GGGATTGTGGCAAATGCTATGGTGGGCTTCTCT 5
biotin
(RNA
pull

down)
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interference vector was pCDNA3.1-U6-CMV-ZsGreen.

MiR-5107-5p mimics or miR-5107-5p inhibitors were directly used
to regulate the expression of miR-5107-5p, which were provided by
Geneseed (Guangzhou, China), and the sequence is listed in Table S3.

We synthesized the full-length foxk1 sequence and cloned it into the
vector pCDNA3.1-CMV-MCS-3flag-EF1-ZsGreen-T2A-Puro. An empty
vector without the foxkI sequence was used as a negative control.

The siRNA and shRNA sequences of the foxk1 gene and the sequences
of the control vector are shown in Table S3. The selected interference
vector was pCDNA3.1-U6-NC-CMV-ZsGreen-T2A-PURO.

2.14. Stable transfection was performed in N2A cells by advance
transfection reagent (AD600150, Zeta life, California, USA)

2.14.1. RIP

RIP was performed in accordance with the instruction of the RIP kit
(P0101, Geneseed, Guangzhou, China). After transfection with a miR-
5107-5p mimic or negative control, N2A cells were lysed in a com-
plete RIP lysis buffer. Then, the cell extracts were incubated with
magnetic beads conjugated with anti-AGO2 or anti-IgG antibodies at
4 °C for 6 h. The magnetic beads were washed and incubated with
proteinase K to remove protein. Finally, the isolated RNA was extracted
using Trizol Reagent, after which qRT-PCR was performed.

2.15. RNA pull-down assay

Biotinylated circSV2b and Foxkl (RuiBiotech, Beijing, China) pull-
down assays were performed as described earlier [27]. In brief, 1 x
107 N2A cells were harvested, lysed, and sonicated. The probe was
incubated with streptavidin magnetic beads (Geneseed, Guangzhou,
China) at 25 °C for 2 h to generate probe-coated beads. The cell lysates
were incubated with the probe-coated beads mixture at 4 °C overnight.
After washing with the wash buffer, the RNA-protein complexes bound
to the beads were eluted and purified with Trizol Reagent for WB
analysis to detect AGO2 enrichment. The sequences of probes were lis-
ted in Table 3.

2.16. Dual luciferase reporter assay

The circSV2b and Foxkl 3'UTR sequences and their corresponding
mutants were designed and synthesized by Geneseed (Guangzhou,
China) and then inserted into the dual luciferase reporter vector psi-
CHECK?2; the products were named circSV2b-wt, circSV2b-mut, Foxk1-
wt, and Foxkl-mut. All plasmids were cotransfected with miR-5107-
5p mimics or inhibitors into N2A cells. Then, the relative luciferase
activity was detected using the Double-Luciferase Reporter Assay Kit
(TransGen, Beijing, China) following the manufacturer’s protocol.

2.17. CUT & Tag-seq

Concanavalin A-attached magnetic beads were used to bind the cells,
and the cell membrane was permeabilized with digitonin. Mediated by
the Foxk1l antibody, the corresponding secondary antibody, and protein
A/G, the transposon fused with protein A/G accurately targeted and
cleaved the DNA sequence near the Foxkl protein. Adaptor sequences
are added to both ends of the cleaved fragments during transposon
cleavage. After PCR amplification, the sequence can be directly used for
high-throughput sequencing. In accordance with the instruction
manual, the following procedures were performed in order: cell collec-
tion, primary antibody binding, secondary antibody binding, hyperac-
tive pA/G-transposon binding, fragmentation, DNA extraction, library
amplification, PCR product purification, library quality control, and
sequencing. Sequencing and data analysis were performed by Frasergen
(Wuhan, China).
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2.18. Detection of oxidative stress-related molecules

Malonaldehyde (MDA) was detected by an Enzyme-linked immu-
nosorbent assay (ELISA). Superoxide dismutase (SOD) and glutathione
peroxidase (GSH-PX) were detected using biochemical reagent Kkits
(BC0175, BC1195, Solarbio, Beijing, China).

MDA: Following the instruction of the Mouse MDA ELISA Kit
(EM1723-1, FineTest, Wuhan, China), the sample or standard competed
with a fixed number of targets on a solid-phase carrier to obtain the
target biotinylation site for antibody detection. Excess conjugated and
unbound samples or standards were washed off of the plate, and
enzyme-labeled streptavidin was added to each microplate well, fol-
lowed by incubation. Then, a TMB matrix solution was added to each
well. The enzyme-substrate reaction was terminated by adding sulfuric
acid solution, and the color change was measured by spectrophotometry
at a wavelength of 450 nm. Then, the concentration of the target
molecule in the sample was determined by comparing the OD value of
the sample with the standard curve.

SOD: O3 can reduce nitroblue tetrazolium to produce blue formazan
(absorption at 560 nm); SOD can remove O3, thereby inhibiting the
formation of formazan, and thus, the darker is the blue color of the re-
action solution, the lower is the SOD activity, and vice versa. In accor-
dance with the manufacturer’s instructions, the liquids in the measuring
tube, control tube, and blank tube were mixed well. After incubation in a
37 °C water bath for 30 min, the absorbance of each sample was
measured at 560 nm.

GSH-PX: GSH-PX catalyzes HoO> to produce GSH. GSH reacts with 5,
5’-dithiobis-(2-nitrobenzoic) acid (DTNB) to produce 2-nitro-5-mercap-
tobenzoic acid and GSSG. 2-nitro-5-mercaptobenzoic acid is a yellow
product with a maximum light absorption at a wavelength of 412 nm.
Following the manufacturer’s instructions, a gradient tube, sample tube,
and blank tube (standard curve) were set up. The liquid in each tube was
mixed well and then allowed to stand for 2 min. The absorbance at 412
nm was measured.

2.19. Statistical analysis

Data are expressed as the mean =+ s.e.m. with at least three biologi-
cally independent experiments. Representative morphological images
were taken from at least three biologically independent experiments
with similar results. The unpaired two-tailed Student t-test was used for
comparison between two groups, and one-way ANOVAs followed by
Bonferroni’s post hoc test was used for multi-component comparisons.
All data were analyzed using the appropriate statistical analysis
methods, as specified in the figure legends, with the SPSS software
(version 19.0). Significance was accepted at * P < 0.05, **P < 0.01.

3. Results
3.1. MPTP successfully induces the development of PD in mice

With reference to previous reports [23], we intraperitoneally injec-
ted the MPTP solution for 5 consecutive days to create a PD mouse
model. After the model was constructed (Fig. S2), behavioral tests were
performed, and samples were collected. As seen in Fig. 1A-C, MPTP
reduced DA and its metabolites (DOPAC and HVA) levels in the STR (P
< 0.01). Both pole-climbing experiments and gait analysis revealed that
MPTP treatment impaired motor balance in mice (P < 0.01, Fig. 1D-F).
MPTP treatment reduced TH expression in the SNpc and STR and
damaged dopaminergic neurons (P < 0.01, Fig. 1G-J). These results
indicate that MPTP attenuates dopamine synthesis, destroys nigros-
triatal function, and induces the motor symptoms of PD.
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Fig. 1. Validation of MPTP-induced mouse PD model. A, B and C represent the content of DA, DOPAC, and HVA in STR, respectively. The content of DA and its
metabolites in MPTP group decreased (P < 0.01). The result is the amount of DA, DOPAC, and HVA per mg of tissue. Data are mean + s.e.m.; n = 6. D, E and F
represent time to descend pole, stride length, and hindbase width of gait analysis, respectively. MPTP group had longer time, smaller stride length and larger
hindbase width (P < 0.01). Data are mean =+ s.e.m.; n = 6. G and H represent protein levels of TH and GAPDH in SNpc and STR. The expression of TH protein in
MPTP group was decreased (P < 0.01). Data are mean + s.e.m.; n = 6. I and J were representative photomicrographs and unbiased stereological counts of TH
immunohistochemical staining in STR and SNpc. Both TH © -fiber content (in STR) and TH-cell number (in SNpc) of MPTP group were decreased (P < 0.01). The
black arrows indicate the location of TH" fibers or TH' neurons. Scale bar, 500 pm for STR, 100 pm for SNpc. Data are mean + s.e.m.; n = 6. The one-way ANOVAs
were used for statistical analysis followed by Bonferroni’s post hoc test. **P < 0.01.

3.2. Screening and identification of circSV2b as a diagnostic and
therapeutic target for PD

The rRNA-depleted RNA-seq data of SNpc and STR tissues were
analyzed using CIRI2, CIRCexplorer2, and DEBKS software. Because
there was very little SNpc tissue, we performed risk sequencing; no DECs
were found in SNpc tissue. In contrast, 8 upregulated and 25 down-
regulated circRNAs were found in STR tissue (Fig. S3). The expression of
33 DEGCs in the 2 groups is shown in Fig. 2A, and for the ease of
description, the 33 circRNAs were numbered (Table S1). The presence of
these 33 circRNAs in STR tissue was verified by qRT-PCR. The results
indicated that among the 25 downregulated circRNAs (RNA-seq), 14
were downregulated, 8 were upregulated, 2 were unchanged, and 1 was
undetected; among the 8 upregulated circRNAs (RNA-seq), 5 were
upregulated, 2 were downregulated, and 1 was undetected (Fig. 2B).

Nineteen circRNAs whose RNA-seq data (in STR) were consistent with
the qRT-PCR results (in STR) were assessed (QRT-PCR) in SNpc and
serum exosomes (Fig. 2C). CircRNA #3, i.e., circSV2b, whose RNA-seq
(in STR) and gRT-PCR validation (in STR, SNpc, and serum) results
were consistent, was selected as the target of this study (Fig. 2C). FISH
further confirmed that circSV2b expression in the SNpc and STR was
downregulated after MPTP treatment (Fig. 2D).

CircSV2b is derived from the SV2b gene on mouse chr7 (qD1) and is
formed from exons 5-9 by head-to-tail splicing after transcription
(Fig. 2E). However, head-to-tail splicing may not only result from
reverse splicing but may also result from genome rearrangement [27].
To rule out this possibility, convergent primers for SV2b mRNA and
special divergent primers to amplify circSV2b were designed. cDNA and
gDNA were extracted from SNpc tissue and analyzed by PCR and agarose
gel electrophoresis. A 320-bp circSV2b product was detected in the
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c¢DNA, and a 950-bp product was detected in the extracted gDNA
(Fig. 2F). Stability is one of the most important characteristics of
circRNAs [28]. We used RNase R to verify the stability of circSV2b. First,
PCR and agarose gel electrophoresis were performed using specially
designed divergent primers and convergent primers. It was found that
circSV2b was resistant to RNase R digestion and that linear SV2b and
B-actin were not (Fig. 2G). circSV2b cDNA PCR products were subjected
to Sanger sequencing (Fig. 2H). The sequences and splicing sites of the
PCR products were consistent with their predicted sequences.

3.3. Overexpression of circSV2b improves MPTP-induced PD symptoms in
mice

To evaluate the protective effect of circSV2b overexpression on PD,
we divided the mice into 4 groups (Fig. S4A), followed by AAV injection,
behavioral experiments, and MPTP injection. The efficiency of AAV
transfection into the mouse SNpc was verified before the formal exper-
iment (Fig. S4B). qRT-PCR using SNpc tissue showed that the injection
of AAV resulted in circSV2b overexpression and that circSV2b expres-
sion remained high after MPTP treatment (vs. AAV-ZsGreen + MPTP, P
< 0.01, Fig. 3A). Both pole-climbing experiments and gait analysis
revealed that circSV2b overexpression alleviated impaired motor bal-
ance (Fig. 3B). circSV2b overexpression partially restored the DA levels
and TH protein levels reduced by MPTP in the SNpc and STR (P < 0.05,
Fig. 3C-E). The decrease in the number of TH' neurons in the SNpc and
the density of STR TH'fibers was also reversed by circSV2b over-
expression (P < 0.05, Fig. 3F and G). These results indicate that circSV2b
overexpression restores dopamine synthesis, maintains nigrostriatal
function, and improves the motor function of MPTP-induced PD mice.

3.4. CircSV2b functions through the ceRNA mechanism

CircRNAs play a variety of functions, e.g., molecular sponges of
miRNAs, templates for translation, participants in the regulation of
translation, and participants in RNAP II extension and variable splicing
[29]. The molecular sponge of miRNA is the main way for circRNA,
localized to the cytoplasm, to function [30,31]. To explore the subcel-
lular localization of circSV2b, we performed FISH staining using N2A
cells and demonstrated that circSV2b was located in the cytoplasm of
N2A cells (Fig. 4A). We then tested it at the tissue level. SNpc tissue was
subjected to nucleocytoplasmic separation, followed by qRT-PCR. The
results indicated that circSV2b was mainly located in the cytoplasm of
SNpc, and MPTP treatment resulted in a significant reduction in cyto-
plasmic circSV2b (P < 0.01, Fig. 4B). To act as a molecular sponge,
circRNA must form an RNA-induced silencing complex (RISC) with
miRNA and AGO2 protein [32]. To prove the binding effect of circSV2b
and AGO2, we performed a fluorescent co-labeling experiment. The
results showed that circSV2b and AGO2 colocalized (Fig. 4C). The
finding provided a spatial basis for the binding of these 2 molecules. The
overlapping results of 3 circRNA-miRNA prediction tools (miRanda,
TargetScan, and RNAhybrid) were analyzed, and 13 miRNAs were
identified (Fig. 4D). The miRTarBase tool was used to predict miRNA
target genes; only 3 candidate miRNAs had downstream target genes
(Fig. 4E). We compared the levels of candidate miRNAs in SNpc tissue
after MPTP treatment. The results showed that compared with that in
other candidate miRNAs, the increase in miR-5107-5p was more sig-
nificant in the MPTP group (P < 0.01, Fig. 4F). An anti-AGO2 antibody
and a circSV2b probe were further used to perform RIP and RNA
pull-down assays, respectively. The anti-AGO2 antibody pulled down
circSV2b (P < 0.01, Fig. 4G). Moreover, the effect was more obvious in
the presence of miR-5107-5p (P < 0.01, Fig. 4G). And the circSV2b
probe pulled down AGO2 protein (Fig. 4H). The above results indicate
that circSV2b functions as a molecular sponge of miRNAs.

Because previous studies have confirmed that Foxk1 is regulated by
IncRNA through the ceRNA mechanism [20,21,33], Foxkl was selected
as a downstream molecule among the predicted target genes of
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miR-5017-5p. We conducted experiments to verify the expression of
Foxk1 in the SNpc. The results indicated that Foxk1 was expressed in the
SNpc and colocalized with TH (Fig. S5). Considering that circRNAs,
miRNAs, and AGO2 form the RISC, we fluorescently labeled N2A cells to
observe the subcellular colocalization of the three molecules. In our
study, most circSV2b, miR-5107-5p, and AGO2 colocalized in the
cytoplasm (Fig. 4I). We also performed fluorescent labeling experiments
to assess the binding of miR-5107-5p and Foxkl and found that the 2
molecules colocalized in the cytoplasm (Fig. 4J). Because the binding of
miRNAs to mRNAs also depends on AGO2 [34], we further performed an
RNA pull-down assay using a Foxkl probe and found that Foxkl and
AGO2 bind (Fig. 4K).

To confirm the bioinformatics prediction analysis, dual-luciferase
reporter assay was applied in N2A cells. The full-length of circSV2b-wt
(or Foxkl 3'UTR) and mutant version without miR-5107-5p binding
sites were subcloned into psiCHECK2 plasmids (Fig. 4L). CircSV2b-wt,
circSV2b-mut, and empty vectors were cotransfected with miR-5107-
5p mimics, miR-5107-5p inhibitor, or NC into N2A cells to determine
the interaction between miR-5107-5p and circSV2b. The results showed
that the activity of luciferase transfected with circSV2b-wt significantly
decreased in the miR-5107-5p mimics group and increased in the miR-
5107-5p inhibitor group (P < 0.01, Fig. 4M). However, these effects
were not observed with the empty vector and circSV2b-mut (Fig. 4M).
Foxk1-wt, Foxkl-mut, and empty vectors were cotransfected with miR-
5107-5p mimics, miR-5107-5p inhibitor, or NC into N2A cells to
determine the interaction between miR-5107-5p and mRNA Foxk1. The
results showed that the activity of luciferase transfected with FoxkI-wt
significantly decreased in the miR-5107-5p mimics group and increased
in the miR-5107-5p inhibitor group (P < 0.01, Fig. 4N). However, these
effects were not observed with the empty vector and FoxkI-mut. The
above results indicated that circSV2b interacts with miR-5107-5p, and
miR-5107-5p interacts with mRNA Foxk1.

3.5. Foxkl is a transcription factor for Aktl

Because of the important role of oxidative stress in the pathogenesis
of PD [22,35], we used CUT & Tag-seq to screen target genes related to
oxidative stress downstream of Foxkl. This experiment was
double-replicated, and quality assessments and quality control of the
data for the 2 samples were assessed (Figs. S6A-E). There were 8013
overlapping peaks (Fig. S6F). We performed gene annotation for the
genes associated with the peaks (genes with the transcription initiation
site (TTS) closest to the peak) and performed Gene Ontology (GO)
annotation and enrichment analysis of peak-associated genes (Fig. 5A
and B). Regarding GO, both samples were enriched in “oxidative stress
response”. In this GO item, the peak detection results for Aktl were
selected for visualization; the corresponding peaks in the 2 samples were
very close to the TTS of Akt1 (Fig. 5C). We compared the sequence of the
target peak with the Foxkl motif and found that they were consistent
(Fig. 5D).

3.6. CircSV2b regulates the expression of miR-5107-5p, miR-5107-5p
affects the expression of Foxk1, and Foxk1 affects the expression of Aktl

To further explore the regulatory role of ceRNA-Akt1, we performed
gene editing experiments using N2A cells. We designed a circSV2b
overexpression plasmid and sequenced positive clones to confirm that
the sequences in the clones were consistent with the circSV2b sequence
(Fig. S7A). The qRT-PCR results confirmed successful circSV2b over-
expression (P < 0.01, Fig. 6A). qRT-PCR revealed that after circSV2b
overexpression, miR-5107-5p and Foxk1 expression was downregulated
and upregulated, respectively (P < 0.01, Fig. 6A). WB analysis showed
that after circSV2b overexpression, both Foxkl and Aktl were upregu-
lated (P < 0.01, Fig. 6B and C). We designed 3 circSV2b interference
plasmids and sequenced shRNAs to confirm that their sequences were
consistent with expectations (Fig. S7B). The qRT-PCR results confirmed
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Fig. 3. Neuroprotective effects of up-regulation of circSV2b in MPTP-induced PD mouse model. A Level of circSV2b in SNpc. In AAV-circSV2b + MPTP group,
circSV2b expression remained high after MPTP treatment (vs. AAV-ZsGreen + MPTP, P < 0.01). Data are mean =+ s.e.m.; n = 6. B Time to descend pole, stride length,
and hindbase width of gait analysis. These results revealed that circSV2b overexpression alleviated impaired motor balance. Data are mean + s.e.m.; n = 6. C The
content of DA in STR. CircSV2b overexpression restored the DA levels reduced by MPTP (P < 0.05). The result is the amount of DA per mg of tissue. Data are mean +
s.e.m.; n = 6. D Representative immunoblots of TH and GAPDH levels in SNpc or STR. E Quantification of immunoblots of TH levels in SNpc or STR. CircSV2b
overexpression restored the TH levels reduced by MPTP (P < 0.01). Data are mean + s.e.m.; n = 6. F Unbiased stereological counts of TH " neurons in SNpc and the
quantity of TH * striatal fiber density in STR. Data are mean + s.e.m.; n = 6. G Representative TH staining of SNpc and STR. The black arrows indicate the location of
TH * fibers or TH * neurons. Scale bar, 100 pm for SNpe, 500 pm for STR. The one-way ANOVAs were used for statistical analysis followed by Bonferroni’s post hoc

test. *P < 0.05, **P < 0.01, P > 0.05.

that the interference effect of ShRNA1 was the most significant (P <
0.01, Fig. 6D). qRT-PCR also revealed that after circSV2b interference,
miR-5107-5p and Foxkl expression was upregulated and down-
regulated, respectively (P < 0.01, Fig. 6E). WB analysis showed that
after circSV2b interference, both Foxkl and Aktl were downregulated
(P < 0.01, Fig. 6F and G).

After miR-5107-5p mimics transfection, Foxkl and Aktl mRNA and
protein expression were downregulated (P < 0.01, Fig. 7A-C). The
transfection of the miR-5107-5p inhibitor upregulated Foxkl and Aktl
mRNA and protein expression (P < 0.01, Fig. 7D-F).

We designed a Foxkl overexpression plasmid, sequenced positive
clones, and confirmed that the sequences in clones were consistent with
the Foxk1 sequence (Fig. S7C). The WB results indicated that Foxk1 was
successfully overexpressed and that Akt1 expression was upregulated (P
< 0.01, Fig. 7G and H). We designed 3 Foxk1 interference plasmids and
sequenced shRNAs to confirm that their sequences were consistent with
expectations (Fig. S7D). The WB results indicated that shRNA3 had the
best interference effects (P < 0.01, Fig. 71 and J); therefore, it was
selected for subsequent experiments; additionally, after Foxkl expres-
sion interference, the expression of both Foxkl and Aktl was down-
regulated (P < 0.01, Fig. 7K and L).

3.7. circSV2b overexpression resists oxidative stress damage in PD
through the ceRNA-Akt1 pathway

To explore the mechanism by which circSV2b overexpression leads
to resistance to PD, we used MPTP to create a PD mouse model 21 days
after AAV injection. The changes in expression of various molecules in
the ceRNA-Akt]l pathway and oxidative stress molecules were assessed.
The results indicated that circSV2b overexpression reversed the increase
of miR-5107-5p caused by MPTP and alleviated the reduction in Foxk1
and Akt mRNA and protein expression (P < 0.05, Fig. 8A and B).
CircSV2b overexpression reduced the increase in the oxidation product
MDA caused by MPTP (P < 0.01, Fig. 8C) and also enhance the activity
of antioxidant enzymes (SOD and GSH-PX) (P < 0.05, Fig. 8D).

As the diagram illustrates in Fig. 9, our findings suggest that
circSV2b overexpression protects against the neurodegeneration of
dopaminergic neurons and oxidative stress injury in SNpc under the
conditions of MPTP. The neuroprotective effects of circSV2b over-
expression in PD may be mainly mediated by miR-5107-5p-Foxk1-cAkt1l
axis. Moreover, circSV2b can be transported to peripheral blood through
exosomes, and its level changes can be detected in serum exosomes of
the PD model. Collectively, we demonstrate that circSV2b can be used as
a biomarker for the diagnosis of PD. In addition, the favorably neuro-
protective effects of circSV2b overexpression render it a promising
target in the treatment of PD.

4. Discussion

In this study, in an MPTP-induced PD mouse model, circSV2b
expression in SNpc, STR, and serum exosomes was significantly reduced.
Additionally, circSV2b overexpression protected against dopaminergic
neuron loss maintained nigrostriatal function and alleviated oxidative
stress damage. Therefore, circSV2b can be used as a novel target for PD
diagnosis and treatment.

The discovery and study of PD-associated circRNAs provides a

10

theoretical basis for the study of the mechanism of PD occurrence and
development, and provides novel ideas for the diagnosis and treatment
of PD [36-39]. Using exosomes, circRNAs can cross the blood-brain
barrier to enter the bloodstream and stably exist in the peripheral blood
[10,40]. Therefore, circRNAs released from brain and nerve tissue le-
sions can be detected in peripheral blood. Because blood and cell
specimens are easier to obtain than pathological samples from brain
tissue, circRNA detection in peripheral blood is of great significance
because it can be utilized as a noninvasive approach to assist in disease
diagnosis and treatment. If DECs can be identified in body fluids, new
approaches for the diagnosis, pathogenesis exploration, and treatment
of PD are feasible. Using SNpc and STR sequencing big data, this study
assessed circRNA expression in peripheral blood exosomes to screen
circRNAs that can be used for diagnosis. Additionally, an in-depth
exploration of the molecular mechanism of circRNA involvement in
PD was carried out to better understand the pathogenesis of PD and
provide a basis for the development of novel therapeutic targets.

CircRNAs are highly expressed in the mammalian brain, and most
studies on circRNAs related to neurodegenerative diseases have focused
on AD [41-43]. Some studies have found that the level of only a small
number of circRNAs in the PD brain changes [38]; however, due to
sequencing technology and analysis method limitations, the identifica-
tion of DECs is limited. Paired-end sequencing of rRNA-depleted RNA,
which was used in this study, and the development of related algorithms
provide the ability to identify new DECs. In this study, we used
paired-end sequencing to process brain tissue samples. Compared with
single-end sequencing, paired-end sequencing greatly reduced the error
of the sequence reply and improved the quality of the read sequence. For
the identification of DECs, we used both the traditional CIRI2 and
CIRCexplorer2 software and the previously self-developed DEBKS soft-
ware to analyze the sequencing data. Twenty-five downregulated and 8
upregulated DECs were found in the STR tissue of MPTP-induced PD
mice, but no DECs were found in the SNpc. The sequencing results for
the STR were verified by qRT-PCR in STR, SNpc, and serum exosomes.
We, finally, focused on circSV2b, which was downregulated at all sites.

The SNpc is particularly important in PD because it associates with
the characteristic symptoms of PD caused by the loss of dopaminergic
neurons [44,45]. Interestingly, we did not find DECs when analyzed the
SNpc sequencing data. We speculate that there was not enough SNpc
tissue to meet the sequencing requirements; therefore, risk sequencing
was performed. Most of the nerve fibres in the STR come from dopa-
minergic neuron projections of the SNpc (Fig. S8); therefore, some
pathological changes in the STR are the continuation of the SNpc. The
sequencing results of the STR were sequentially validated in STR, SNpc,
and serum exosomes, and molecules with consistent and obvious
expression changes were screened as diagnostic and therapeutic targets.
Using exosomes as transporters, circRNAs can cross the blood-brain
barrier and reach and stably exist in the peripheral bloodstream, serving
as potential novel diagnostic molecules. Compared with the hysteresis of
imaging diagnoses and the invasiveness of CSF examinations, peripheral
blood tests can be used for screening and are less invasive.

AGO2 is an indispensable molecule in the formation of RISCs [46,
47]. Analysis of circSV2b showed that it is localized in the cytoplasm
and binds AGO2. We speculated that circSV2b plays its role through the
ceRNA mechanism. Using bioinformatics analysis and preliminary
validation, we confirmed the hypothetical connection between circSV2b
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Fig. 4. CeRNA prediction and targeting validation of circSV2b. A FISH assay showed that circSV2b was predominantly localized in the cytoplasm. Scale bars 20 pm.
B Levels of circSV2b in the nuclear and cytoplasmic fractions of SNpc detected by qRT-PCR. CircSV2b was mainly expressed in the cytoplasm, and the level of
circSV2b in the cytoplasm decreased significantly after MPTP treatment. Data are mean + s.e.m.; n = 6. C CircSV2b FISH and AGO2 IF assay showed the co-location
of circSV2b and AGO2 in the cytoplasm. Scale bars 20 pm. D Schematic illustration exhibiting overlapping of the target miRNAs of circSV2b predicted by TargetScan,
RNAhybrid, and miRanda. E Target genes of 13 candidate miRNAs predicted by miRTarBase. F Relative expression of candidate miRNAs in SNpc. After MPTP
treatment, the change of miR-5107-5p was most obvious. Data are mean =+ s.e.m.; n = 6. G Anti-AGO2 RIP assay was executed in N2A cells after transfection with
miR-5107-5p mimic and NC, followed by qRT-PCR to detect circSV2b. Data are mean + s.e.m.; n = 7. H CircSV2b pull-down assay was executed in N2A cells,
followed by WB to detect the enrichment of AGO2. I CircSV2b and miR-5107-5p FISH and AGO2 IF assay showed the co-location of circSV2b miR5107-5p and AGO2
in the cytoplasm. Scale bars 20 pm. J Foxkland miR-5107-5p FISH assay showed the co-location of Foxkl and miR5107-5p in the cytoplasm. Scale bars 20 pm. K
mRNA Foxk1 pull-down assay was executed in N2A cells, followed by WB to detect the enrichment of AGO2. L Schematic illustration of circSV2b-wt, circSV2b-mut,
Foxk1-wt and Foxkl-mut luciferase reporter vectors. M The relative luciferase activities were detected in N2A cells after co-transfection with empty vector, circSV2b-
wt or circSV2b-mut and mimics, inhibitor or NC, respectively. The activity of luciferase transfected with circSV2b-wt significantly decreased in the miR-5107-5p
mimics group and increased in the miR-5107-5p inhibitor group (P < 0.01). Data are mean + s.e.m.; n = 6. N The relative luciferase activities were detected in
N2A cells after co-transfection with empty vector, FoxkI-wt or Foxk1-mut and mimics, inhibitor or NC, respectively. The activity of luciferase transfected with Foxk1-
wt significantly decreased in the miR-5107-5p mimics group and increased in the miR-5107-5p inhibitor group (P < 0.01). Data are mean + s.e.m.; n = 6. The one-
way ANOVAs were used for statistical analysis followed by Bonferroni’s post hoc test. **P < 0.01.
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Fig. 5. Target genes of Foxk1 screened by CUT&Tag. A B GO analysis for the samples 1 and 2 respectively. The red boxes showed the oxidative stress response. C The
location of AktI-related peaks and Akt1 in the genome. D Sequence comparison of Foxk1 motif and Akt1 related peaks. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

and miR-5107-5p, but this speculation could not explain the actually 49,50]. Therefore, studies have mostly focused on auxanology and
targeted binding and regulatory effect between the two molecules. Many oncology; there is no report on Foxkl expression in normal SNpc. The
studies have found that IncRNAs regulate Foxk1 expression through the experimental results herein showed that Foxkl was expressed in normal
ceRNA mechanism [33,48]. Therefore, we focused on Foxkl in the SNpc and dopaminergic neurons. This finding was a prerequisite for
downstream predicted target transcripts of miR-5107-5p. Foxkl mainly testing the hypothesis of this study. Further experiments found evidence

plays a role in cell proliferation, differentiation, and regeneration [17, of targeted binding of circSV2b to miR-5107-5p and miR-5107-5p to
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Fig. 6. The level of miR-5107-5p is regulated by circSV2b. A After up-regulated circSV2b, relative expression of circSV2b, miR-5107-5p, and Foxk1 in N2A cells was
detected by qRT-PCR. The expression of circSV2b and mRNA Foxk1 in up-circSV2b group increased, but miR-5107-5p expression was decreased (P < 0.01). Data are
mean =+ s.e.m.; n = 6. B C Representative immunoblots and quantification of relative protein levels of Foxkl and Akt1 in up-circSV2b N2A cells. The expression of
Foxkl and Akt1 in up-circSV2b group increased (P < 0.01). Data are mean + s.e.m.; n = 6. D After transfection with circSV2b shRNAs or NC plasmids, the level of
circSV2b was detected by qRT-PCR. The interference effect of shRNA1 was the most significant (P < 0.01). E After down-regulated circSV2b, relative expression of
miR-5107-5p and Foxkl in N2A cells was detected by qRT-PCR. The expression of miR-5107-5p in shRNA1 group increased, but mRNA Foxk1l expression was
decreased (P < 0.01). Data are mean + s.e.m.; n = 6. F G Representative immunoblots and quantification of relative protein levels of Foxkl and Aktl in down-
circSV2b N2A cells. The expression of Foxkl and Aktl in shRNA1 group decreased (P < 0.01). Data are mean + s.e.m.; n = 6. The one-way ANOVAs were used

for statistical analysis followed by Bonferroni’s post hoc test. **P < 0.01.

mRNAFoxkl and clarified the binding target. It was confirmed that
circSV2b regulated activity of miR-5107-5p and affected its function. In
addition, the colocalization of circSV2b, miR-5107-5p, and AGO2 indi-
cated that circSV2b could act as a molecular sponge of miR-5107-5p and
competitively bind to it. We also found that miR-5107-5p regulated
Foxk1 expression and that Foxkl mRNA could bind to AGO2 (AGO2 is a
necessary medium for mRNA targeted binding to miRNA [34,51]).
These results indicated that miR-5107-5p could target and bind to Foxk1
mRNA to inhibit its transcription.

As an important transcription factor, Foxk1 plays a key role in the
growth and development, cell differentiation, apoptosis, and immunity
through transcriptional regulation and signal transduction pathways
[17,52]. However, bioinformatics expression analysis [53] showed that
FOXK1 was expressed in poorly differentiated tissues of the brain, eye,
heart, lung, and thymus. In adults, FOXK1 is mainly expressed in ma-
lignant tissues, especially in brain, colorectal, and lymph node tumors. It
has not been reported whether FOXK1 is expressed in the SNpc of
normal adults or mice. Our study found that FOXK1 is expressed in the
SNpc of normal mice, and it is highly expressed in TH" neurons. This
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provides the prerequisite for the study of Foxkl in non-tumor diseases
and also ensures the smooth conduct of subsequent experiments in this
study.

Oxidative stress plays an important role in the pathogenesis of PD.
The transcriptome sequencing results (Fig. S9) also showed that after
MPTP treatment, oxidative stress damage could occur, and related
pathways were also enriched in the GO analysis. However, no oxidative
stress-related genes have been reported among the downstream target
genes of Foxkl. Based on this, we performed CUT & Tag-seq to screen
relevant target genes. Among the GO-enriched molecules in the oxida-
tive stress response, we focused on Aktl. Aktl is a serine/threonine
kinase that plays an important role in intracellular signaling pathways.
As an important intermediate molecule in the PI3K/Akt signal trans-
duction pathway, Aktl participates in the metabolism of a variety of
intracellular substances, plays an important role in the regulation of
multiple cellular responses, and is closely related to oxidative stress,
apoptosis, and protein synthesis [54-57]. This study showed that Foxk1
can bind to the upstream TTS of Aktl to mediate its transcription. In
addition, after interference with Foxk1l expression, Aktl expression was
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Fig. 7. Foxkl regulated by miR-5107-5p can regulate Aktl expression. A Relative mRNA levels of Foxkl and Aktl were evaluated by qRT-PCR in cells transfected
with the miR-5107-5p mimics. B C Representative immunoblots and quantification of relative protein levels of Foxkl and Aktl in cells transfected with the miR-
5107-5p mimics. The expression of Foxkl and Aktl in mimic group increased (P < 0.01). D Relative mRNA levels of Foxkl and Aktl were evaluated by qRT-
PCR in cells transfected with the miR-5107-5p inhibitor. E F Representative immunoblots and quantification of relative protein levels of Foxkl and Aktl in cells
transfected with the miR-5107-5p inhibitor. The expression of Foxkl and Aktl in inhibitor group decreased (P < 0.01). G H Representative immunoblots and
quantification of relative protein levels of Foxkl and Aktl in up-Foxkl cells. The expression of Foxkl and Aktl in up-Foxkl group increased (P < 0.01). I J
Representative immunoblots and quantification of relative protein levels of Foxkl in cells transfected with Foxkl shRNAs plasmids. The expression of Foxkl in
shRNA3 group was most significantly decreased (P < 0.01). K L Representative immunoblots and quantification of relative protein levels of Foxkl and Akt1 in cells
transfected with Foxkl shRNA3 plasmids. The expression of Foxkl and Aktl in shRNA3 group decreased (P < 0.01). Data are mean + s.e.m.; n = 6. The one-way
ANOVAs were used for statistical analysis followed by Bonferroni’s post hoc test. **P < 0.01.

affected. In the analysis of total motifs and Aktl-peak motifs in the 2
samples (510-12), multiple Fox family molecules were found, but Foxk1
was not found. We further analyzed the motif of each molecule in the
Fox family and found that the Foxkl motif was relatively complex and
might be replaced by other molecules of the same family with similar
structures during motif scanning. Sequence analysis also showed that
the sequences of the peaks we screened were consistent with the Foxk1l
motif. Studies have shown that the nuclear translocation of Foxkl is
regulated by the Akt-mTOR pathway, i.e., Akt promotes the trans-
location of Foxk1 into the nucleus to function as a transcription factor
[58]. In this study, Foxk1 promoted the transcription of Aktl. Therefore,
without considering the interference of other factors, Aktl and Foxkl
formed a closed positive feedback loop.

To date, a variety of methods have been developed for the treatment
of PD, for example, drugs, surgery, and cell therapy. However, these
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methods are limited to alleviating clinical symptoms and improving the
quality of life of patients and cannot fundamentally treat PD [59,60].
Therefore, the development of novel therapeutic targets to prevent or
delay the development of PD remains an urgent task. In this study, the
results showed that circSV2b overexpression reduced oxidative stress
damage, protected against the loss of dopaminergic neurons, maintained
nigrostriatal function, and improved motor deficits through the
miR-5107-5p-Foxk1-Akt1 signaling pathway. And significant changes in
circSV2b could also be detected in serum exosomes. Therefore circSV2b
is a promising candidate for PD treatment and helps to provide a better
understanding of the pathogenesis of PD. It can also be used as a mo-
lecular marker for peripheral blood detection.
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Fig. 8. Up-expression of circSV2b alleviates MPTP-induced oxidative stress injury through ceRNA-Akt1. A Relative level of miR-5107-5p, mRNA Foxk1, and Akt in
SNpc. CircSV2b overexpression alleviated the miR-5107-5p levels elevated by MPTP (P < 0.05), and restored the mRNA Foxk1 and Akt1 levels reduced by MPTP (P
< 0.05). B Representative immunoblots and quantification of relative protein levels of Foxkl and Akt1 in SNpc. CircSV2b overexpression restored the protein Foxkl
and Akt1 levels reduced by MPTP (P < 0.05). C Levels of MDA in SNpc. CircSV2b overexpression alleviated the MDA levels elevated by MPTP (P < 0.01). D Levels of
SOD and GSH-Px in SNpc. CircSV2b overexpression restored the activity of SOD and GSH-PX reduced by MPTP (P < 0.05). Data are mean =+ s.e.m.; n = 6. The one-
way ANOVAs were used for statistical analysis followed by Bonferroni’s post hoc test. *P < 0.05, **P < 0.01.
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