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Abstract

Background Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by the loss of dopa-
minergic neurons, leading to motor and non-motor symptoms. Despite advances in PD research, the molecu-

lar mechanisms underlying its pathogenesis remain incompletely understood. Recent studies have highlighted

the potential role of circular RNAs (circRNAs) in neurodegenerative diseases. This study aims to investigate the regula-
tory role of circPRDMS5 in PD, focusing on its interactions with miR-433-3p and HDACS6.

Methods Bioinformatics tools were used to identify circPRDM5 and its potential interaction with miR-433-3p. Periph-
eral blood samples were collected from 20 PD patients and healthy controls to measure circPRDM5, miR-433-3p,

and HDAC6 expression. For in vivo studies, an MPTP-induced PD mouse model was established, and circPRDM5
knockdown was achieved via tail vein injections of shRNA constructs. Behavioral tests, histological analysis, and immu-
nohistochemistry were used to evaluate motor function and neuronal integrity. In vitro, SH-SY5Y neuroblastoma

cells were treated with MPP* to induce PD-like characteristics, followed by transfection with circPRDM5 knockdown
constructs and miR-433-3p mimics or inhibitors. Cell viability, lactate dehydrogenase (LDH) release, apoptosis,

and autophagy were measured through CCK-8 assay, flow cytometry, western blotting, and immunofluorescence.

Results CircPRDMS5 expression was significantly elevated in PD patients and MPTP-induced PD mice, with knock-
down of circPRDM5 alleviating motor deficits and neuronal damage in vivo. In vitro, circPRDM5 knockdown in SH-
SY5Y cells reduced MPP*-induced cellular damage, apoptosis, and autophagy. Bioinformatics analysis identified
mMiR-433-3p as a target of circPRDM5, and its downregulation in PD patients and MPP*-treated cells was observed.
Dual-luciferase and RNA pull-down assays confirmed that circPRDM5 functions as a sponge for miR-433-3p, which
regulates HDAC6 expression. HDAC6 was found to be upregulated in PD and contributed to neuronal damage.
Furthermore, HDAC6 overexpression reversed the protective effects of circPRDM5 knockdown, highlighting the role
of the circPRDM5/miR-433-3p/HDAC6 axis in PD pathology.

Conclusions This study reveals that circPRDM5 promotes neuronal damage in PD by sponging miR-433-3p

and upregulating HDAC6, contributing to apoptosis and autophagy. Knockdown of circPRDMS5 reduces PD-like symp-
toms in both cellular and animal models, providing a potential therapeutic target for PD. Targeting the circPRDM5/
miR-433-3p/HDACS6 axis may offer new opportunities for disease-modifying treatments in PD.

Keywords Parkinson’s disease, CircPRDM5, MiR-433-3p, HDAC6, Autophagy, Apoptosis

*Correspondence:

Kai Wang

wangkaif960708@163.com

Full list of author information is available at the end of the article

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-025-06602-3&domain=pdf

Wang et al. Journal of Translational Medicine (2025) 23:570

Introduction

Parkinson’s disease (PD) is a progressive neurodegen-
erative disorder, primarily characterized by the loss of
dopaminergic neurons, which results in both motor and
non-motor symptoms, such as bradykinesia, rigidity, and
cognitive decline [1]. Despite significant advances in PD
research, the precise molecular mechanisms underly-
ing its pathogenesis remain incompletely understood
[2]. Current therapeutic interventions primarily focus on
symptom management, and no disease-modifying treat-
ments are currently available [3, 4]. This gap underscores
the critical need for further research aimed at identify-
ing novel molecular targets that could pave the way for
disease-modifying treatments.

Recent studies have highlighted the emerging role of
circular RNAs (circRNAs), a class of non-coding RNAs,
as key regulators in various biological processes, includ-
ing neurodegeneration [5]. Unlike linear RNAs, circR-
NAs form covalently closed loop structures, making
them highly resistant to exonuclease degradation and
thus more stable [6]. These structural properties, cou-
pled with their diverse biological functions-including
acting as microRNA (miRNA) sponges, interacting with
RNA-binding proteins, and potentially encoding pep-
tides have brought circRNAs into focus in neurodegen-
erative diseases [7—9]. One such circRNA, circPRDM5
(hsa_circRNA_103730) has been studied extensively in
the context of cancer, where it is implicated in regulat-
ing tumorigenesis through its interactions with various
molecular pathways. For example, circPRDM5 suppresses
gastric cancer cell proliferation, migration, invasion, and
glucose metabolism by downregulating GCNT4 expres-
sion through the miR-485-3p pathway [10]. Similarly,
the circ. PRDM5/miR-25-3p/ANKRD46 axis is linked to
the promotion of malignant behaviors in breast cancer
cells [11]. Besides cancer, circ-PRDMS5 is also reported
to promote human lens epithelial cell migration, inva-
sion, and epithelial-to-mesenchymal transition (EMT)
by sequestering miR-92b-3p and upregulating COL1 A2
expression [12]. CircPRDMS5 has also been identified as
a diagnostic biomarker for acute myocardial infarction
[13]. In the context of neurodegenerative disorders, a
recent study has reported elevated levels of circPRDM5
in PD patients [14], suggesting its possible role in PD
pathogenesis. Yet its functional role and the underlying
mechanism in neurodegenerative diseases such as PD
remain unexplored. Thus, it raises intriguing questions
about how circPRDMS5 contributes to neurodegeneration
and whether it interacts with other molecular pathways
implicated in PD.

The interaction between circRNAs and miRNAs rep-
resents a key regulatory axis in many diseases. miRNAs,
small non-coding RNAs, regulate gene expression at the

Page 2 of 20

post-transcriptional level by binding to the 3’untrans-
lated region (3’'UTR) of target mRNAs [15]. A grow-
ing body of evidence suggests that circRNAs can act as
miRNA sponges, thereby modulating miRNA availability
and influencing their downstream targets [16].

Among the various miRNAs, miR-433-3p, in particular,
has been associated with neurodegenerative disorders.
Research by Burgos et al. revealed that reduced miR-433
expression was present in cerebrospinal fluid in both Par-
kinson’s disease and Alzheimer’s disease patients [17].
Additionally, circulating miR-433 has been observed to
be downregulated in PD patients compared to healthy
individuals, making it a potential diagnostic biomarker
[18]. Another study by Zhang et al. highlighted miR-433
regulatory impact on neuron proliferation and migra-
tion under hypoxic conditions [19], emphasizing its cru-
cial role in regulating neural cell functions. Furthermore,
miR-433 is reported to serve as a candidate diagnostic
biomarker for AD patients [20]. However, the functional
role and potential interactions between miR-433-3p and
circPRDMS5 in the context of PD have not been explored
yet.

Histone deacetylase 6 (HDACS6), a member of the his-
tone deacetylase family, is another molecule of interest
in neurodegenerative diseases. HDAC6 has been shown
to regulate autophagy, a key cellular process for degrad-
ing and recycling misfolded proteins, which is vital for
maintaining neuronal health [21]. Autophagy dysfunc-
tion is a hallmark of many neurodegenerative diseases,
and HDAC6 has been shown to specifically modulate
autophagy in the context of neurodegeneration [22]. Its
involvement in neurodegeneration has been highlighted
in several studies, with HDACS6 activity being particularly
relevant in the context of PD [23, 24]. However, its pre-
cise role as a downstream target of circRNA and miRNA
interactions in PD has yet to be fully elucidated.

Given these findings, we hypothesized that circPRDM5
may exert neuroprotective effects by regulating the miR-
433-3p/HDACES axis in the context of PD. The objective
of this study was to investigate the mechanistic role of
circPRDMS5 in PD and to explore its potential interac-
tions with miR-433-3p and HDACS6. Unraveling these
molecular pathways could provide novel insights into the
pathogenesis of PD and offer potential therapeutic tar-
gets for disease-modifying interventions.

Materials and methods

Bioinformatics analysis

The formation of circPRDMS5, arising from the back-
splicing of PRDM5 exons 8-14, was predicted using
circPrimer (https://www.bio-inf.cn/), a widely used bio-
informatics tool for identifying circular RNA splicing
events. The binding sites for circPRDM5 and miR-433-3p
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were identified using the CircInteractome platform
(https://circinteractome.nia.nih.gov/). To explore the
regulatory network, miRDB (http://www.mirdb.org/) was
employed to analyze miR-433-3p interactions with its
target genes, with a specific focus on HDACS6.

Patient sample collection

Ethical approval was granted by the appropriate institu-
tional review boards (ethics approval number: 2020-624),
and written informed consent was collected from all par-
ticipants prior to the study. All procedures adhered to
ethical and regulatory guidelines, ensuring compliance
with the Declaration of Helsinki. Peripheral blood sam-
ples were obtained from patients with Parkinson’s disease
(PD) (n =20) and age-matched healthy controls (n =20)
to assess biomarker expression levels. There were 9 male
and 11 female healthy participants, with an average age of
67.2 £5.5. In the PD group, there were 10 males and 10
females with an average age of 67.6 +4.7. No statistically
significant differences in age or sex distribution were
observed between the two groups.

The severity of PD was assessed using the Hoehn-Yahr
staging system, originally proposed in 1967 by Margaret
Hoehn and Melvin Yahr, which categorizes disease pro-
gression into five stages (I-V) based on motor symptoms
and functional impairment, with later stages indicating
more severe disease [25]. In our cohort, the distribution
of PD stages was as follows: stage I (n =2), stage II (n
=4), stage III (n =7), stage IV (n =6), and stage V (n =1).
PD diagnosis was based on established clinical criteria,
requiring the presence of bradykinesia along with at least
one additional motor symptom: muscular rigidity (myo-
tonia), resting tremor (4—6 Hz), or postural instability,
with exclusions for primary visual, cerebellar, vestibular,
or proprioceptive dysfunction [26].

The inclusion criteria for PD diagnosis included unilat-
eral onset of symptoms, the presence of resting tremor,
a positive response to levodopa therapy, development of
severe anisocoria attributable to levodopa, gradual dis-
ease progression, sustained responsiveness to levodopa
for over five years, asymmetrical motor involvement
throughout the disease course, and a disease duration
of more than ten years. Exclusion criteria encompassed
a history of recurrent strokes leading to stepwise pro-
gression of parkinsonism, prior head trauma or brain
injury, antipsychotic or dopamine-depleting drug use,
confirmed history of encephalitis or non-drug-induced
akinetic crises, prolonged remission of PD symptoms,
lack of response to high-dose levodopa therapy (except in
cases of malabsorption), and strictly unilateral symptom
onset persisting for over three years. Further exclusions
included the emergence of additional neurological signs
such as supranuclear gaze palsy, cerebellar signs, early
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severe autonomic involvement, positive Babinski’s sign,
early-onset dementia, exposure to neurotoxins, neuroim-
aging evidence of intracranial tumors or hydrocephalus,
and a history of autoimmune disease [4, 27-31].

Venous blood was drawn via standard venipuncture
into serum separator tubes for serum collection and
EDTA-coated tubes for plasma. Samples were processed
within two hours of collection. Plasma and serum were
separated by centrifugation at 1500 X g for 10 min at 4 °C.
The resulting plasma and serum aliquots were stored at
—80 °C for subsequent analyses.

Establishment of MPTP-induced PD mouse model
Eight-week-old male C57BL/6 mice, weighing approxi-
mately 25-30 g, were purchased from GemPharmaTech
Co., Ltd. (Nanjing, China) and maintained under specific
pathogen-free conditions at the animal facility. All ani-
mal procedures were approved by the Institutional Ani-
mal Care and Use Committee of our institution (ethics
approval number: 2020-624). After one week of acclima-
tization, the mice were divided into two groups: MPTP
group (n =18) injected with MPTP (MPTP, CAS: 23007-
85-4, Santa Cruz Biotechnology, USA) at a dose of 30 mg/
kg intraperitoneally (i.p) once daily for 5 days, as used
previously [32] and control group (n =6) injected with an
equal volume of saline (0.9% NaCl).

To investigate the in vivo effects of circPRDM5 knock-
down, mice in the MPTP group were subdivided into
three experimental groups (n =6 per group): the MPTP
group, the sh-NC group (negative control), and the sh-
circPRDM5 group, with 6 mice in each group. Short
hairpin RNA (shRNA) constructs targeting circPRDM5
and control (sh-NC) were designed and synthesized by
Genscript (Shanghai, China) and cloned into viral vec-
tors for systemic delivery. The shRNA vectors were
administered via tail vein injection at a dose of 2 mg/kg
to ensure efficient knockdown of circPRDM5. Following
vector administration for 3 consecutive days, the animals
were monitored for the development of PD-like symp-
toms. After completion of behavioral testing, mice were
anesthetized using 10% chloral hydrate (3.5 mg/kg), and
intracardiac perfusion was performed through the left
ventricle using 0.9% saline. Whole brains were harvested,
and relevant brain regions, including the substantia nigra
(SN), were carefully dissected and preserved for subse-
quent analysis.

Behavioral tests

Pole test

The pole test was conducted using a wooden pole meas-
uring 60 cm in height and 1 cm in diameter, with a 2-cm
diameter wooden ball affixed at the top. To enhance
grip and prevent slippage during the test, the pole was
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wrapped with gauze. Mice were placed on the wooden
ball at the top of the pole, and the time it took for each
mouse to fully descend from the ball to the base of the
pole was recorded as the latency to descend.

Rotarod test

The rotarod test was conducted using an automated
apparatus with a 3-cm diameter rod to assess motor
coordination and balance. Prior to testing, mice were
acclimatized to the testing room and given a brief habitu-
ation session on a stationary rod. The test was performed
in a controlled environment to minimize external vari-
ables. Mice were placed on the rod, which accelerated
from 4 to 40 rpm over a 5-min period. The latency to
fall (in seconds) was recorded, with a maximum score
of 300 s if the mouse remained on the rod for the entire
duration. Each mouse underwent three trials, with a 1-h
inter-trial interval to minimize fatigue effects. The mean
of the three trials was used for statistical analysis.

Open-field test

The open-field test was conducted in a square arena with
dimensions of 40 x40 x40 cm, with the floor divided
into 16 equal squares. The test was performed in a quiet
room with consistent, moderate lighting, and mice were
allowed to acclimatize to the environment for 30 min
prior to testing. Mice were placed in the central square at
the start of the test, and the number of squares crossed by
each mouse over a 5-min period was recorded to assess
locomotor activity and exploratory behavior. Between
each test, the arena was thoroughly cleaned with 70%
ethanol to prevent olfactory cues from influencing sub-
sequent trials.

Hematoxylin and Eosin (HE) staining

The brain tissues were fixed in 4% paraformaldehyde
solution overnight, dehydrated, cleared, and embedded
in paraffin wax (PHC 6062, Poth Hille, USA). Tissue sec-
tions of 5 pm thickness were prepared using a microtome
(Leica Biosystems). These sections were mounted on
glass slides (KLINPR-001, VWR International, USA) for
hematoxylin and eosin (H&E) staining. The staining pro-
cedure involved deparaffinization in xylene, followed by
rehydration through a graded ethanol series (100%, 95%,
70%). The sections were then stained with hematoxylin
(047223.22, Thermo Fisher, USA) to visualize nuclei, and
counterstained with eosin (152885000, Thermo Fisher,
USA) to highlight cytoplasmic components. After eosin
staining, the slides were dehydrated in ascending concen-
trations of ethanol, cleared in xylene, and finally mounted
with a coverslip. The stained sections were exam-
ined using a light microscope (DMIS, Leica) to assess
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morphological changes, cellular organization, and poten-
tial pathological changes.

Terminal deoxynucleotidyl transferase dutp nick end
labeling (TUNEL) staining

Brain tissue samples were fixed in 4% paraformaldehyde
at 4 °C for 24 h. The tissues were then cryoprotected in
a sucrose solution, embedded in optimal cutting tem-
perature (OCT) compound, and sectioned into 10 pm
thick slices using a cryostat. Apoptosis was evaluated
using a TUNEL assay kit (C10625, Thermo Fisher Scien-
tific, USA) according to the manufacturer’s instructions.
Briefly, the sections were permeabilized with a detergent
solution, incubated with 50 pL of TUNEL reaction mix-
ture for one hour at 37 °C to label DNA strand breaks,
and subsequently counterstained with DAPI for 10 min
to visualize cell nuclei. TUNEL-positive cells, indicative
of apoptosis, were quantified under a fluorescence micro-
scope. The extent of neuronal apoptosis was evaluated
by counting TUNEL-positive cells in the five visual fields
from randomly chosen sections using Image] image anal-
ysis software and comparing them to control samples to
assess neurodegeneration.

Immunohistochemistry (IHC) detection of tyrosine
hydroxylase (TH) protein

Paraffin-embedded mouse brain tissue sections were
processed for immunohistochemistry, including depar-
affinization in xylene and rehydration through a graded
ethanol series. Antigen retrieval was performed by heat-
ing the sections in a citrate buffer (pH 6.0). After cooling,
the sections were blocked with 5% bovine serum albumin
(BSA) for 1 h at room temperature to prevent nonspecific
binding. The sections were then incubated overnight at
4 °C with a primary antibody against tyrosine hydroxy-
lase (TH) (AB1521, EMD Millipore, USA) at a dilution of
1:500. The next day, an HRP-conjugated secondary anti-
body (7074, Cell Signaling, USA) was applied for 1 h at
room temperature. Following the antibody incubation,
the sections were developed using 3,3’-diaminobenzi-
dine (DAB) as the chromogen, followed by hematoxy-
lin counterstaining. Imaging of the stained sections was
performed using a light microscope, and the optical
density of TH-positive cells was quantified using Image]
software.

Cell culture and construction of SH-SY5Y cell model of PD

Human neuroblastoma cells, SH-SY5Y, were pur-
chased from Sigma-Aldrich company (94,030,304,
Sigma-Aldrich, USA). The cells were cultured in Dul-
becco’s Modified Eagle Medium (DMEM)/F12 (SLM-
243-B, Sigma-Aldrich, USA) supplemented with 10%
fetal bovine serum (FBS) (CLARK, Virginia, U.S.) in an



Wang et al. Journal of Translational Medicine (2025) 23:570

incubator at 37 °C with 5% CO,. To establish a cellular
PD-like model in vitro, 1x 10° SH-SY5Y cells/mL were
seeded in a 96-well plate and then treated with different
concentrations of 1-methyl-4-phenylpyridinium (MPP*)
for different time durations. Based on our initial results,
we selected a dose of 1 mM of MPP* and a time duration
of 48 h for subsequent assays.

Cell transfection

To achieve the downregulation of circPRDMS5, short
hairpin RNA (shRNA) specific to circPRDM5 (sh-
circPRDM5) was synthesized by Genscript (Shanghai,
China). Additionally, miR-433-3p mimics were generated
to upregulate miR-433-3p expression, while inhibitors
targeting miR-433-3p (anti-miR-433-3p) were generated
to downregulate its activity. For HDAC6 overexpression
studies, HDAC6 was cloned into the pcDNA3.1 vector
(OE-HDACS6) which was designed and synthesized by
GenePharma (Shanghai, China). When the cells reached
70-80% confluency, transfections were performed along
with their respective negative controls using Lipo-
fectamine 3000 reagent (L3000008, Thermo Fisher Sci-
entific, Waltham, USA), according to the manufacturer’s
protocol.

Quantitative reverse transcription polymerase chain
reaction (QRT-PCR)

Total RNA was extracted from cells or tissues using the
RNeasy Mini Kit (74104, QIAGEN, USA) according
to the manufacturer’s protocol. Complementary DNA
(cDNA) was synthesized using SuperScript IV Reverse
Transcriptase (18090010, Thermo Fisher, USA). Quan-
titative PCR (qPCR) was performed using SYBR Green
PCR Master Mix (4312704, Thermo Fisher, USA) in a
QuantStudio 3 thermal cycler (Thermo Fisher, USA).
Fluorescence signals were continuously monitored dur-
ing thermal cycling to quantify gene amplification. Gene
expression levels were normalized to either GAPDH or
U6 expression as reference controls, and relative quan-
tification was calculated using the 2722t method. The
following primers were used for the qRT-PCR reac-
tions: circPRDM5: Forward Primer: TGGATGAGC
ACAAGAGGAC, Reverse Primer: GCTGAAGTTAGC
CATAATGCA; miR-433-3p: Forward Primer: GTGCAG
GGTCCGAGGT, Reverse Primer: GTGCAGGGTCCG
AGGT; HDACG6: Forward Primer: GGAGGTAAAGAA
GAAAGGCA, Reverse Primer: GTTCAGATCCAT
CCCTTGC; Ué6: Forward Primer: CTCGCTTCGGCA
GCACA, Reverse Primer: AACGCTTCACGAATTTGC
GT; GAPDH: Forward Primer: ACCAGGGAGGCTGCA
GTCC, Reverse Primer: TCAGTTCGGAGCCCACAC
GC.
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RNase R treatment

Total RNA was extracted from SH-SY5Y cells using
TRIzol reagent (Catalog #15596018, Invitrogen, USA),
following the manufacturer’s protocol. The extracted
RNA samples were subsequently treated with 3 U/ug of
RNase R (RNR07250, Epicentre, France) at 37 °C for 30
min. After treatment, the levels of circPRDM5 and lin-
ear PRDM5 RNA were quantified using qRT-PCR.

Actinomycin D (ActD) treatment

SH-SY5Y cells were treated with Actinomycin D (ActD)
(5 pg/mL, A9415, Sigma-Aldrich, USA), a transcription
inhibitor. Following ActD addition, cells were incubated
for various time points (0, 6, 12, 18, and 24 h) to inhibit
RNA synthesis over time. After each incubation period,
the levels of circPRDM5 and linear PRDM5 were quan-
tified using qRT-PCR.

Fluorescence in situ hybridization (FISH) assay

SH-SY5Y cells were fixed and permeabilized prior to
the FISH assay. Probes specific to circPRDM5 were
synthesized with a Cy3 fluorescent label. Hybridization
was performed using the circPRDM5-specific FISH
probe (FP-PRDM5-Cy3) at a concentration of 200 nM
in hybridization buffer (H7033, Sigma-Aldrich, USA),
followed by overnight incubation at 37 °C. After the
hybridization step, the cells were counterstained with
DAPI (D1306, Thermo Fisher, USA) at a concentration
of 300 nM in PBS to visualize the nuclei. Fluorescent
signals corresponding to circPRDM5 were visualized
using a fluorescence microscope, allowing for the local-
ization and quantification of circPRDM5 expression in
SH-SY5Y cells.

Cell viability assay using cell counting kit-8 (CCK-8)
SH-SY5Y cells (1 x 10* cells per well) were treated with
varying concentrations of MPP* (0, 0.5, 1, or 2 mM)
and incubated for different time points (0, 12, 24, or 48
h). After the treatment, the Cell Counting Kit-8 (CCK-
8) reagent (CKO04-01, Dojindo Molecular Technolo-
gies, USA) was added to each well, and the cells were
incubated for an additional 1 h at 37 °C in a humidi-
fied incubator. Following the incubation with CCK-8,
absorbance was measured at 450 nm using a microplate
reader to assess cell viability.

Detection of lactate dehydrogenase (LDH) release

Cellular cytotoxicity was assessed by measuring lactate
dehydrogenase (LDH) release using the CyQUANT"
LDH Cytotoxicity Assay Kit (Thermo Fisher Scientific,
USA). SH-SY5Y cells were seeded into 96-well plates at
a density of 10,000 cells per well and treated with MPP*
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at various concentrations. After the designated incuba-
tion periods, supernatants from the cell cultures were
collected, and LDH release was measured according to
the manufacturer’s protocol. The percentage of LDH
release, indicating cytotoxicity, was calculated based on
previously established methods [33].

Detection of apoptosis using flow cytometry

Flow cytometry was used to assess apoptosis rates in
SH-SY5Y cells using the Annexin V-FITC/PI Apoptosis
Detection Kit (BD Biosciences, USA) in accordance with
the provided protocol. In brief, SH-SY5Y cells were col-
lected after indicated treatments and washed twice with
cold PBS to eliminate any remaining media. Afterwards,
the cells were resuspended in 1X binding buffer at a den-
sity of 0.5 X 10° cells per mL. A total of 5 uL of Annexin
V-FITC and 5 pL of propidium iodide (PI) were added to
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100 pL of the cell solution, followed by incubation for 20
min at room temperature in the dark. Following staining,
cells were acquired on the BD Accuri’ C6 flow cytom-
eter (BD Biosciences, USA) and data was analyzed using
the FlowJo software to evaluate the rate of apoptosis.

Western blot analysis

SH-SY5Y cell lysates from various experimental groups
were prepared using RIPA lysis buffer (89900, Thermo
Fisher, USA), and protein concentrations were deter-
mined using the Pierce’” BCA Protein Assay Kit (23225,
Thermo Fisher, USA). Equal amounts of protein were
subjected to SDS-PAGE and transferred onto polyvi-
nylidene fluoride (PVDF) membranes (88518, Thermo
Fisher, USA). After protein transfer, the membranes were
blocked with 5% non-fat dry milk in TBST (Tris-buffered
saline with 0.1% Tween-20) and then incubated with

cDNA gDNA cDNA gDNA

da R de

circPRDMS

VP P4

GAPDH

circPRDM5 DAPI Merge

Fig. 1 Increased circPRDMS5 expression in PD Patients. A gRT-PCR analysis of circPRDMS5 expression in peripheral blood of healthy controls (n =20)
and PD Patients (n =20). B circPrimer analysis of circPRDM5 splicing. C circPRDM5 ampilification from cDNA or gDNA. D gRT-PCR analysis after RNase
R treatment in SH-SY5Y cells. E gRT-PCR analysis after ActD treatment in SH-SY5Y Cells. F FISH assay was performed to evaluate circPRDM5
subcellular localization in SH-SY5Y cells (scale bar =50 um). G gRT-PCR analysis of circPRDM5 expression in cytoplasm and nucleus of SH-SY5Y cells.
Data are shown as the mean +SD of three different experiments, and statistical analyses were performed using unpaired Student’s t-test. **p <0.01,

**¥*p <0.001
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the following primary antibodies overnight at 4 °C: Bax
(5023S, 1:1000, Cell Signaling Technology, USA), Bcl-2
(2876S, 1:1000, Cell Signaling Technology, USA), LC3
I/IT (12741S, 1:1000, Cell Signaling Technology, USA),
p62/SQSTM1 (51148, 1:1000, Cell Signaling Technology,
USA), HDACS6 (75588, 1:1000, Cell Signaling Technology,
USA), and B-actin (3700, 1:1000, Cell Signaling Tech-
nology, USA) as a loading control. Following primary
antibody incubation, the membranes were washed and
incubated with horseradish peroxidase (HRP)-conjugated
secondary antibody (SC-2005, 1:5000, Santa Cruz Bio-
technology, USA) for 1 h at room temperature. Protein
bands were detected using an enhanced chemilumines-
cence (ECL) substrate (32109, Thermo Fisher, USA), and
their intensities were quantified using Image] software.

Immunofluorescence (IF) staining

Immunofluorescence staining was performed to visu-
alize the subcellular localization of LC3 in treated
SH-SY5Y cells. Following fixation and permeabiliza-
tion, the cells were blocked with 5% bovine serum
albumin (BSA) in PBS for 1 h at room temperature
to reduce nonspecific binding. Cells were then incu-
bated overnight at 4 °C with an anti-LC3 primary anti-
body (14600-1-AP, Cell Signaling Technology, USA).
After washing with PBS, the cells were incubated with
a FITC-conjugated secondary antibody (SA00003-2,
Proteintech Group, USA) for 1 h at room temperature.
Nuclear staining was performed using DAPI (62248,
1 mg/mL, Thermo Fisher, USA) for 5 min. Finally,
coverslips were mounted onto slides with an antifade
mounting medium, and images were captured using a
Zeiss fluorescence microscope (Zeiss, Germany). The
fluorescence intensity of LC3 staining was quantified
using Image] software, allowing for the analysis of LC3
subcellular distribution in response to the treatments.

Dual-Luciferase reporter assay

The dual luciferase reporter assay was used to investigate
the interaction between circPRDM5 and miR-433-3p, as
well as miR-433-3p and HDACS6. Briefly, the 3’'untrans-
lated region (3'UTR) of circPRDM5 or HDACS, contain-
ing the predicted miR-433-3p binding sites, was cloned
downstream of the firefly luciferase gene in the pGL3
vector (E1751, Promega, USA). SH-SY5Y cells were then
co-transfected with the pGL3 constructs and miR-433-3p
mimics or negative control (NC) mimics using Lipo-
fectamine 2000 (11668019, Invitrogen, USA). After 48
h of incubation, the luciferase activities were measured
using the Dual-Luciferase Reporter Assay System (E1910,
Promega, USA). Firefly luciferase activity was normalized
to Renilla luciferase activity to account for transfection
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efficiency, and the relative luciferase activity was calcu-
lated to assess the interaction between the miRNA and
its target sequences.

RNA pull-down assay

Biotin-labeled circPRDM5 probes and biotin-labeled
control probes were synthesized (89818, Thermo Fisher,
USA) for the RNA pull-down assay. SH-SY5Y cells were
lysed using RIP lysis buffer (R0278, Sigma-Aldrich,
USA), and the cell lysates were incubated with the biotin-
labeled probes at 4 °C for 4 h to allow binding of target
RNA molecules. Streptavidin-conjugated magnetic beads
(88816, Thermo Fisher, USA) were then added to the
mixture and incubated for an additional 2 h at 4 °C. Fol-
lowing several washes to remove unbound materials, the
RNA complexes bound to the beads were eluted, and the
extracted RNA was analyzed by qRT-PCR to detect the
presence of miR-433-3p.

Statistical analysis

Statistical analyses were performed using SPSS soft-
ware version 22.0 (IBM, USA) and data are presented as
the mean #* Standard Deviation (SD) from at least three
independent experiments. For comparisons between the
two groups, an unpaired Student’s t-test was conducted,
ensuring that the assumptions of normality were met. For
multiple group comparisons, one-way analysis of vari-
ance (ANOVA) followed by the Bonferroni post hoc test
was used. A p-value of <0.05 was considered statistically
significant for all tests.

Results

Expression characteristics of circPRDM5 in PD patients

We first aimed to investigate the expression levels of
circPRDM5 (hsa_circRNA_103730) in Parkinson’s dis-
ease (PD) patients. Through qRT-PCR analysis, we
observed a significant increase in circPRDM5 levels in
the peripheral blood of PD patients compared to healthy
controls (p<0.001) (Fig. 1A). circPrimer analysis fur-
ther confirmed that circPRDM5 is generated via reverse
splicing of exons 8—14 of the PRDM5 gene (Fig. 1B). The
circular nature of circPRDM5 was validated by amplifi-
cation with divergent primers, demonstrating successful
amplification of circPRDMS5 in ¢cDNA, but not in gDNA,
confirming its circular nature (Fig. 1C). RNase R treat-
ment further validated this, as circPRDM5 remained
stable, while the linear form of PRDM5 was degraded
(p<0.001) (Fig. 1D). Next, we evaluated the stabil-
ity of circPRDM5 under transcriptional inhibition by
Actinomycin D (ActD). Remarkably, circPRDM5 levels
remained unchanged during the first 24 h of ActD treat-
ment, further confirming its stability (p<0.01) (Fig. 1E).
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Additionally, subcellular localization studies using FISH
demonstrated that circPRDM5 predominantly resides
in the cytoplasm (Fig. 1F, G). These results suggest that
circPRDM5 expression is high in PD patients, exhibits
stability and resistance to degradation, and is predomi-
nantly localized in the cytoplasm.

Elevated expression of circPRDM5 contributes

to PD-like pathological changes and motor dysfunction

in MPTP-induced PD mouse model

To further explore the relevance of circPRDMS5 in PD,
we established an MPTP-induced PD mouse model.
Behavioral tests including the pole test, rotarod test, and
open-field test were performed to evaluate the move-
ment disorders, motor coordination, and spontaneous
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locomotor activity of MPTP-induced PD mice. In com-
parison to control mice, MPTP-treated mice spent more
time climbing down the pole and had shorter latencies in
falling from the rotarod (p<0.0I) (Fig. 2A, B). Similarly,
in the open-field test, MPTP-treated mice crossed fewer
squares within 5 min compared to the control group
mice (p<0.01) (Fig. 2C). The results manifested that
MPTP induction ameliorated the motor impairments of
mice, suggesting the successful construction of the PD-
like mouse model. Consistent with motor dysfunction,
HE staining revealed significant neuronal shrinkage and
morphological irregularities, with increased infiltration
of inflammatory cells in brain tissues of the MPTP group
compared to the control group mice (Fig. 2D). In addi-
tion, an increased number of TUNEL-positive neurons
were found in the brain tissue of the MPTP-induced PD
model group (p < 0.001) (Fig. 2E). Subsequently, IHC anal-
ysis also revealed a marked reduction in tyrosine hydrox-
ylase (TH) protein levels, a marker of dopaminergic
neurons, in the affected brain regions of the MPTP group
compared to the control group mice (Fig. 2F). Notably,
qRT-PCR revealed significantly increased circPRDM5
levels in MPTP-treated mice (p<0.001) (Fig. 2G). These
findings collectively suggest that circPRDM5 is upregu-
lated in PD and may play a role in disease pathology.

Downregulation of circPRDM5 alleviates MPP*-induced
cellular damage, apoptosis, and autophagy

Given the increased expression of circPRDM5 in PD,
we next sought to explore whether downregulating
circPRDMS5 could alleviate cellular damage induced by
MPP?, a neurotoxin commonly used to model PD-like
characteristics in vitro. To this end, SH-SY5Y cells were
treated with different concentrations of MPP* for vari-
ous duration and cell viability was assessed using CCK-8
assays. The results revealed a dose- and time-dependent
decrease in cell viability upon MPP* treatment (p < 0.05)
(Fig. 3A, B). Correspondingly, qRT-PCR analysis con-
firmed that circPRDMS5 expression increased with longer
exposure to higher MPP* concentrations (p<0.001)
(Fig. 3C, D). Based on these results, we selected 1 mM

(See figure on next page.)
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MPP" for 48 h as the in vitro condition for subsequent
experiments.

To explore the functional impact of circPRDMS5,
we knocked down its expression using shRNA (sh-
circPRDM5). qRT-PCR confirmed successful knock-
down of circPRDM5 (p<0.001) (Fig. 3E). Interestingly,
circPRDM5  knockdown  significantly rescued the
MPP*-induced reduction in cell viability (p<0.01)
(Fig. 3F). Lactate dehydrogenase (LDH) release assays fur-
ther indicated that downregulating circPRDM5 reduced
LDH release induced by MPP?, indicating a reduction
in cellular damage (p<0.01) (Fig. 3G). Flow cytometry
revealed that enhanced apoptosis induced by MPP* was
significantly reduced in circPRDM5-knockdown cells
(p<0.01) (Fig. 3H, I). Western blot analysis of apopto-
sis-related proteins Bax and Bcl-2 further supported the
anti-apoptotic effect of circPRDM5 knockdown (Fig. 3J).
Additionally, we investigated autophagy-related proteins
using western blot and IF staining. The knockdown of
circPRDM5 decreased MPP*-induced autophagy, as evi-
denced by the altered expression of autophagy-related
proteins and reduced LC3 staining (Fig. 3K, L). Col-
lectively, these findings suggest that circPRDM5 down-
regulation attenuates MPP*-induced cellular damage,
apoptosis, and autophagy.

CircPRDM5 functions as a sponge against miR-433-3p

To investigate the molecular mechanism through which
circPRDM5 exerts its effects, we utilized bioinformat-
ics tool Circlnteractome (https://circinteractome.nia.nih.
gov/) to identify potential miRNA targets of circPRDM5.
MiR-433-3p, previously reported as a biomarker in PD
[18], was predicted to bind circPRDMS5 (Fig. 4A). To vali-
date this interaction, we transfected SH-SY5Y cells with
miR-433-3p mimics, and qRT-PCR confirmed the effi-
ciency of the transfection (p < 0.001) (Fig. 4B). Dual-lucif-
erase reporter assays demonstrated significantly higher
fluorescence intensity in cells transfected with wild-type
circPRDMS5  (circPRDM5 WT) compared to mutant
circPRDM5 (circPRDM5 Mut) and miR-NC, indicating
specific binding between circPRDM5 and miR-433-3p

Fig. 5 Neuroprotective effect of circPRDM5 knockdown is mediated by miR-433-3p. SH-SY5Y cells were first transfected with either short hairpin
RNA (shRNA) specific to circPRDM5 (sh-circPRDMS5) alone or together with miR-433-3p inhibitor (anti-miR-433-3p) or their corresponding negative
control vectors. After transfection, the cells were either left untreated or treated with 1 mM of MPP* for 48 h. A qRT-PCR assay was performed

to evaluate miR-433-3p expression in SH-SY5Y cells in indicated groups without any treatment. B CCK8 cell viability assay in SH-SY5Y cells

of the sh-NC group, sh-circPRDMS5 group, sh-circPRDM5 +anti-NC group and sh-circPRDM5 + anti-miR-433-3p group. C LDH levels in SH-SY5Y cells
of the indicated groups. D, E Flow cytometry analysis was performed to assess apoptosis rate in SH-SY5Y cells of the indicated groups. F Western
blot assay for apoptosis-related proteins in SH-SY5Y cells of the indicated groups. G Western blot assay for autophagy-related proteins in SH-SY5Y
cells of the indicated groups. H Immunofluorescence staining for LC3 protein in SH-SY5Y cells of the indicated groups (scale bar =50 um). Data are
shown as the mean +SD of three independent experiments. P values were calculated using either unpaired Student’s t-test or one-way ANOVA
followed by Bonferroni post hoc test. **p < 0.01, ***p <0.001, p <0.05, #p <0.01
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(p<0.01) (Fig. 4C). RNA pull-down assays further vali-
dated this interaction, showing significantly enhanced
binding of Bio-circPRDM5 to miR-433-3p compared to
the negative control (Bio-NC) (p<0.001) (Fig. 4D). We
then evaluated the expression level of miR-433-3p in
healthy and PD patients. Analysis of peripheral blood
from PD patients revealed a significant downregulation
of miR-433-3p compared to healthy controls (p<0.001)
(Fig. 4E). Furthermore, we also noticed that MPP* treat-
ment resulted in a dose- and time-dependent reduction
in miR-433-3p expression (p<0.01) (Fig. 4F, G). These
results suggest that circPRDM5 may act as a sponge for
miR-433-3p, potentially influencing miR-433-3p regula-
tory functions in PD pathology.

Neuroprotective effect of circPRDM5 knockdown

is mediated by miR-433-3p

To further investigate the relationship between
circPRDM5 and miR-433-3p, we assessed whether
miR-433-3p mediates the neuroprotective effects of
circPRDM5 knockdown. For this purpose, the anti-miR-
433-3p vector was transfected into SH-SY5Y cells to
inhibit miR-433-3p expression. qRT-PCR confirmed the
successful knockdown of miR-433-3p (anti-miR-433-3p)
(p<0.01) (Fig. 5A). CCK-8 assay showed that the pro-
tective effects of circPRDM5 knockdown on cell viabil-
ity were partially reversed by anti-miR-433-3p (p<0.05)
(Fig. 5B). Similarly, LDH assay demonstrated that the
reduction in LDH release, indicative of reduced cell dam-
age, observed with circPRDM5 knockdown was par-
tially abrogated by anti-miR-433-3p (p<0.0I) (Fig. 5C).
Flow cytometry revealed that the decrease in apoptosis
induced by circPRDM5 knockdown was mitigated by
anti-miR-433-3p (p<0.01) (Fig. 5D, E). Western blot
analysis also confirmed that apoptosis-related protein
levels were similarly affected by anti-miR-433-3p, coun-
teracting the effects of circPRDM5 knockdown (Fig. 5F).
Western blot analysis and immunofluorescence staining
of autophagy-related proteins revealed that miR-433-3p
inhibition reversed the reduced autophagy observed in
circPRDM5-knockdown cells (p<0.001) (Fig. 5G, H).

(See figure on next page.)
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These findings suggest that circPRDM5 exerts its neuro-
protective function through miR-433-3p.

miR-433-3p targets HDAC6

Given that miR-433-3p regulates neuroprotection, we
sought to identify its downstream targets. Bioinformat-
ics analysis revealed binding sites for miR-433-3p on the
3UTR of HDACS, a key regulator of neurodegenerative
diseases (Fig. 6A). Both qRT-PCR and western blot analy-
sis revealed a significant reduction in HDAC6 expression
in SH-SY5Y cells transfected with miR-433-3p mimics
compared to miR-NC, confirming miR-433-3p ability to
suppress HDAC6 expression (p<0.0I) (Fig. 6B). Dual-
luciferase reporter assays validated the direct interac-
tion between miR-433-3p and HDACS6, as evidenced
by decreased fluorescence intensity in HDAC6 WT
constructs in the presence of miR-433-3p compared
to miR-NC, further validating the direct interaction
(p<0.001) (Fig. 6C). RNA pull-down assays also demon-
strated significant enrichment of miR-433-3p in the Bio-
circPRDM5 group compared to the control (p<0.00I)
(Fig. 6D). Interestingly, examination of peripheral blood
samples revealed elevated HDAC6 levels in PD patients
compared to healthy controls (p<0.001) (Fig. 6E). Simi-
larly, MPP™* treatment led to a dose- and time-depend-
ent increase in HDACG6 expression, as evident by both
qRT-PCR and western blot analysis (p<0.0I) (Fig. 6F,
G). Importantly, circPRDM5 knockdown significantly
reduced HDAC6 expression in the MPP* model, which
was partially reversed by miR-433-3p inhibition (p <0.01)
(Fig. 6H). These results suggest that HDACS6 is a direct
target of miR-433-3p, and its expression is regulated by
the circPRDM5/miR-433-3p axis.

CircPRDM5 promotes MPP.*-induced neuronal damage

via HDAC6

To determine the role of HDAC6 in circPRDM5-medi-
ated neuronal damage, we overexpressed HDAC6 in SH-
SY5Y cells. Overexpression of HDAC6 was confirmed
via qRT-PCR (p<0.01) (Fig. 7A). CCK-8 assay revealed
that HDAC6 overexpression reversed the increased cell
viability observed in the sh-circPRDM5 group (p<0.05)

Fig. 6 HDACG is a direct target of miR-433-3p. A miRDB analysis of miR-433-3p binding sites in HDAC6. B gRT-PCR and western blot analysis

of HDAC6 expression in SH-SY5Y cells transfected with either miR-NC or miR-433-3p mimics. C Dual-luciferase reporter activity for WT/Mut groups
in SH-SY5Y cells transfected with either miR-NC or miR-433-3p mimics. D RNA pull-down assay was performed to assess the binding ability
between miR-433-3p and HDAC6. E gRT-PCR analysis of HDAC6 expression in the peripheral blood samples of PD patients (n =20) and healthy
control (n =20). F, G gRT-PCR and western blot analysis of HDAC6 expression in SH-SY5Y cells either treated with different concentrations of MPP*
(0,05, 1 or 2 mM) or with T mM of MPP* for different time duration (0, 12, 24 or 48 h). H gRT-PCR analysis of HDAC6 expression in SH-SY5Y cells
left untreated or treated with 1 mM of MPP* for 48 h of sh-NC group, sh-circPRDMS5 group, sh-circPRDM5 +anti-NC group, and sh-circPRDM5
+anti-miR-433-3p group. Data are shown as the mean +SD of three independent experiments. P values were calculated using either unpaired
Student’s t-test or one-way ANOVA followed by Bonferroni post hoc test. **p <0.01, **p <0.001, #p <0.01
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(Fig. 7B). LDH assay similarly demonstrated that HDAC6
overexpression restored the increased LDH release in the
sh-circPRDMS5 group (p<0.0I) (Fig. 7C). Furthermore,
flow cytometry analysis showed that HDAC6 overex-
pression reversed the reduction in apoptosis observed
in circPRDM5-knockdown cells (p<0.001) (Fig. 7D).
Western blot analysis further confirmed that HDAC6
overexpression reversed the alterations in apoptosis-
related proteins (Bax and Bcl-2) induced by circPRDM5
knockdown (Fig. 7E). Additionally, HDAC6 overexpres-
sion reversed the effects of circPRDM5 knockdown on
autophagy-related proteins LC3 I/II and p62 (p<0.01)
(Fig. 7F, G). These results suggest that circPRDMS5 pro-
motes neuronal damage in PD by upregulating HDAC6,
and its downregulation can mitigate these effects.

CircPRDM5 knockdown alleviates PD symptoms

in MPTP-induced mice

Lastly, we evaluated the therapeutic potential of
circPRDM5 knockdown in an MPTP-induced PD
mouse model. Data showed that the mice injected with
sh-circPRDM5 had a shorter time to climb off the pole,
a longer latency period to fall off the rotating pole, and
more squares to pass through within 5 min compared to
the mice injected with sh-NC (p<0.05) (Fig. 8A-C). As
expected, mice injected with sh-circPRDM5 exhibited
reduced levels of circPRDM5 in brain tissue compared
to the mice injected with sh-NC (p<0.001) (Fig. 8D). HE
staining of brain tissue revealed that circPRDM5 knock-
down improved neuronal organization and reduced cel-
lular disorganization compared to controls (Fig. 8E).
Similarly, TUNEL staining showed a reduction in apop-
totic cells in the MPTP + sh-circPRDM5 group (p < 0.05)
(Fig. 8F), and IHC analysis demonstrated increased
TH protein levels, suggesting a protective effect of
circPRDM5 knockdown on dopaminergic neurons
(Fig. 8G). Additionally, HDAC6 protein levels were sig-
nificantly reduced in the sh-circPRDM5 group (Fig. 8H).
These findings collectively suggest that circPRDM5
knockdown alleviates PD symptoms in mice by reducing
HDACS6 expression and improving neuronal survival.

(See figure on next page.)
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Discussion

PD is a devastating neurodegenerative condition char-
acterized by the gradual degeneration of dopaminergic
neurons within the substantia nigra region of the brain,
resulting in a spectrum of motor and non-motor symp-
toms. This research delves into the intricate involvement
of circPRDM5, miR-433-3p, and HDACS in the context
of PD, elucidating the underlying molecular mechanisms
and offering valuable insights into potential therapeutic
avenues.

Our findings contribute to the expanding evidence
that implicates circular RNAs (circRNAs) in PD patho-
genesis [34]. Specifically, our study demonstrates that
circPRDM5 levels are elevated in the blood of PD
patients and that circPRDM5 exerts a protective effect
against MPP*-induced neuronal damage and MPTP-
induced motor deficits. Tyrosine hydroxylase (TH), the
rate-limiting enzyme in dopamine synthesis, declines
to critical levels in PD, resulting in the onset of motor
symptoms [35]. We observed that circPRDM5 knock-
down exacerbates MPTP-induced TH reduction and
promotes neuronal apoptosis. This protective func-
tion parallels findings with other circRNAs, such as cir-
cEPS15, which mitigates neuronal injury through the
enhancement of PINK1-PRKN-mediated mitophagy [36].
Likewise, circPankl has been shown to regulate the miR-
7a-5p/a-synuclein axis, promoting neurodegeneration in
dopaminergic neurons [37]. Further investigations have
linked circSLC8 Al to oxidative stress, with its expres-
sion elevated in cells exposed to oxidative stress and
reduced upon treatment with the antioxidant simvasta-
tin [38]. Consistent with these findings, we demonstrated
that circPRDM5 knockdown alleviates MPP*-induced
neuronal damage. This was further supported by obser-
vations of reduced PD symptoms in a mouse model fol-
lowing circPRDM5 knockdown. This is consistent with
the study of circSV2b [39], which also exacerbates PD
pathology.

Autophagy, the cellular process of degrading and
recycling proteins and organelles, is closely linked
to PD pathogenesis [40]. Several studies have shown

Fig. 7 CircPRDM5 promotes MPP*-induced neuronal damage via HDAC6. SH-SY5Y cells were first transfected with either sh-circPRDM5 alone

or together with the HDAC6 overexpression vector (OE-HDAC6) or their corresponding negative control vectors. After transfection, the cells were
left untreated or treated with 1 mM MPP* for 48 h. A gRT-PCR analysis was performed to assess HDAC6 expression in indicated groups of SY5Y
cells without any treatment. B CCK8 cell viability assay in SH-SY5Y cells of the sh-NC group, sh-circPRDM5 group, sh-circPRDM5 + OE-NC group

and sh-circPRDMS5 + OE-HDAC6 group. € LDH levels in SH-SY5Y cells of the indicated groups. D Flow cytometry analysis was performed to assess
apoptosis rate in SH-SY5Y cells of the indicated groups. E Western blot assay for apoptosis-related proteins in SH-SY5Y cells of the indicated groups.
F Western blot assay for autophagy-related proteins in SH-SY5Y cells of the indicated groups. G Immunofluorescence staining for LC3 protein

in SH-SY5Y cells of the indicated groups (scale bar =50 um). Data are shown as the mean =+ SD of three independent experiments. P values were
calculated using either unpaired Student’s t-test or one-way ANOVA followed by Bonferroni post hoc test. **p <0.01, ***p <0.001, p <0.05, *p

<0.01, " <0.001
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an accumulation of autophagosomes in the brains of
PD patients and in MPTP-induced PD animal mod-
els [41-43]. Autophagy is characterized by increased
LC3B-II/LC3B-I ratio and decreased SQSTM1/p62 lev-
els. Neuronal autophagy is mainly a protective process
in the nervous system; however, excessive autophagy
is also associated with neuronal loss [44]. It has been
reported that autophagosomes significantly accumu-
late in the brain tissues of PD patients and in MPTP-
induced PD animal models [45, 46]. Previously, it has
been shown that the long non-coding RNA NEAT1 pro-
motes autophagy and apoptosis in MPTP-induced PD by
impairing miR-374c-5p [47]. Another study reported that
7,8-dihydroxyflavone ameliorates motor deficits by regu-
lating autophagy in MPTP-induced PD mice [48]. Simi-
larly, melatonin is reported to attenuate MPTP-induced
neurotoxicity by preventing CDK5-mediated autophagy
and SNCA/a-synuclein aggregation [49]. In line with
these reports, we also found in our study that circPRDM5
knockdown inhibits MPP*-induced autophagy and
apoptosis in SH-SY5Y cells. These results suggest that
circPRDM5 knockdown mitigates MPP*-induced apop-
tosis and autophagy, thereby reducing neuronal damage.

Moreover, our research identified a significant interac-
tion between circPRDM5 and miR-433-3p. MPP* expo-
sure led to decreased miR-433-3p levels, and circPRDM5
knockdown reduced cell viability and increased apoptosis
in SH-SY5Y cells treated with MPP*. Interestingly, these
effects were reversed by anti-miR-433-3p treatment,
demonstrating circPRDM5 neuroprotective role via mod-
ulation of miR-433-3p. These findings corroborate the
growing body of evidence highlighting the significance of
miRNAs and circRNAs in PD. For instance, in 2017, cir-
culating levels of miR-433 were found to be significantly
reduced in PD patients [18]. Furthermore, a study iden-
tified a connection between variations in the miRNA-
433 binding site of FGF20 and an increased risk of PD,
potentially through the overexpression of o-Synuclein
[50]. Additionally, previous studies have highlighted the
potential of circulating miRNAs as diagnostic biomarkers
for PD, reinforcing our findings [51, 52].

We further demonstrated that miR-433-3p tar-
gets HDACS6, leading to a decrease in its expression.

(See figure on next page.)
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Moreover, HDAC6 expression is elevated in peripheral
blood samples of PD patients, further highlighting its
relevance to the disease. Zhao et al. suggest that HDAC6
depletion results in moderate alterations of behaviors
and PD pathology in mice [53]. Another study demon-
strated that HDAC6 suppression attenuates inflamma-
tory response and protects dopaminergic neurons in
PD [23]. We further delved into the intricate interplay
between circPRDM5 and HDACS6 in the context of neu-
roprotection. The results showed that HDAC6 overex-
pression successfully reversed the adverse effects induced
by circPRDM5 knockdown, as evidenced by increased
cell viability, reduced apoptosis, and alterations in apop-
tosis- and autophagy-related proteins. Su et al. have sug-
gested that HDAC6 regulates the aggresome-autophagy
degradation pathway of o-synuclein in response to
MPP*-induced stress [54]. These results align with the
growing body of research highlighting the critical roles
of miRNAs and HDAC:s in PD. For example, miR-433-3p
has been shown to inhibit bone formation and key oste-
oblast-related mRNAs [55]. Furthermore, studies have
demonstrated that miR-433 can decrease endogenous
HDACS6 expression [56], and influence the expression
of an enhanced green fluorescent protein harboring the
wild-type 3’-UTR of HDACG6 [57]. Additionally, recent
reviews emphasize the unique role of HDAC6 among
HDAC family members in neurodegeneration [58], with
emerging evidence suggesting that HDAC6 inhibition
could enhance cellular structural integrity and provide
neuroprotection [59].

Despite our promising results, there are several limi-
tations to this study. While our findings suggest thera-
peutic potential in targeting circPRDM5, miR-433-3p,
and HDACS6 for PD, further research is needed to vali-
date these conclusions in clinical settings. The sample
size of this study is relatively small, which might limit
the generalization of the results. Also, we did not explore
the involved signaling pathways through which the
circPRDM5/miR-433-3p/HDAC6 axis mediates its func-
tion, which needs further investigation. Moreover, our
study predominantly used in vitro and animal models and
translating these results to human patients may present
challenges. Future studies should focus on preclinical and

Fig. 8 CircPRDMS5 knockdown alleviates PD symptoms in MPTP-induced mice. A-C Pole test, rotarod test and open field test were implemented

to evaluate the motor function of mice in the MPTP +sh-NC group (n =6) and MPTP + sh-circPRDM5 group (n =6). D gRT-PCR analysis of circPRDM5
expression in substantia nigra (SN) tissue samples from mice in MPTP +sh-NC group (n =6) and MPTP + sh-circPRDMS5 group (n =6). E HE staining
of SN samples from indicated groups of mice (n =6) (scale bar =20 um). F TUNEL staining of SN samples from indicated groups of mice (n =6)
(scale bar =50 pum). G Immunohistochemical detection of TH and HDAC6 expression in SN samples from mice in the indicated groups (n =6) (scale
bar =20 um). H Western blot detection of HDAC6 protein in SN samples from indicated groups of mice (n =6). Data are shown as the mean +SD
from 6 mice per group, and statistical analyses were performed using unpaired Student’s t-test. *p <0.05, **p <0.01, ***p <0.001
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clinical trials to assess the safety and efficacy of potential
interventions.

Conclusions

This study highlights the critical role of the circPRDM5/
miR-433-3p/HDACS6 axis in PD pathogenesis. We dem-
onstrated that circPRDM5 is upregulated in PD and pro-
motes neuronal damage by regulating miR-433-3p and
HDACS6, which control apoptosis and autophagy pro-
cesses. Importantly, the knockdown of circPRDMS5 allevi-
ates PD-like symptoms in vitro and in vivo, highlighting
its potential as a therapeutic target. These findings sug-
gest that targeting the circPRDM5/miR-433-3p/HDAC6
axis could offer new therapeutic avenues for PD.
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