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KEY WORDS Abstract Parkinson’s disease (PD) is a severe neurodegenerative disorder characterized by the progres-
sive loss of dopaminergic neurons. Emerging evidence suggests that deubiquitinating enzymes (DUBs),

Parkinson’s disease; . . . . . .. .
which regulate protein homeostasis through the cleavage of ubiquitin chains, play critical roles in PD

De::zlgz::sr;atmg pathogenesis. In this study, we discovered that a DUB, ovarian tumor deubiquitinase 6A (OTUDG6A),
OTUDGA: was significantly upregulated in both PD patients and PD mouse models. Notably, OTUD6A deficiency
ACTG1; effectively protected dopaminergic neurons from degeneration and improved motor deficits in both acute
p53; and chronic PD mouse models. Through comprehensive mass spectrometry analysis and co-
Motor deficits; immunoprecipitation assays, we identified that actin gamma 1 (ACTG1) serves as a key substrate of
Neurodegeneration; OTUDGA. Mechanistically, OTUDG6A specifically interacts with the 8—181 aa domain of ACTGI and
Apoptosis preferentially cleaves K48-linked polyubiquitin chains, thereby enhancing ACTGI1 protein stability in

neuronal cells. The stabilized ACTG1 subsequently binds to p53 and facilitates its nuclear translocation,
leading to the transcriptional activation of pro-apoptotic genes and promoting neuronal apoptosis.
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Collectively, our findings demonstrate that OTUD6A promotes dopaminergic neuron degeneration and
PD progression by deubiquitinating and stabilizing ACTG1, which in turn activates a p53-dependent
apoptotic pathway. These findings identify OTUDG6A as a potential therapeutic target for PD intervention.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Parkinson’s disease (PD) is a major neurodegenerative disorder
that predominantly affects the aging population'. The character-
istic clinical manifestations of PD include resting tremor,
muscular rigidity, bradykinesia, and postural instability, which
collectively lead to progressive motor impairment”. At the path-
ological level, PD is primarily characterized by the progressive
degeneration of dopaminergic neurons in the substantia nigra pars
compacta’. Current treatment strategies primarily rely on dopa-
mine replacement therapy, which aims to restore dopaminergic
transmission and alleviate motor symptoms4. Although this
approach offers symptomatic benefit, it is limited by significant
side effects, including gastrointestinal complaints, psychiatric
complications, and sleep disturbances™. Moreover, the short half-
life of dopaminergic agents and the progressive nature of the
disease often lead to diminished therapeutic efficacy over time®.
The loss of dopaminergic neurons remains a central pathological
hallmark of PD’. However, the underlying molecular mechanisms
are not fully elucidated. A deeper understanding of the pathways
mediating dopaminergic neuronal injury is essential for identi-
fying novel therapeutic targets and developing more effective
treatments for PD.

Ubiquitination is a dynamic and reversible post-translational
modification that plays a critical role in regulating protein stability,
localization, and function, with profound implications for neuro-
degenerative disease pathogenesis®'’. Deubiquitinating enzymes
(DUBs) serve as key counter-regulatory elements in this system,
reversing ubiquitination by selectively cleaving ubiquitin chains
from substrate proteins''. Growing evidence links dysregulated
DUB activity to the onset and progression of neurological
disorders'>"?. For example, USP14 inhibits neuronal ferroptosis by
deubiquitinating GPX4 following cerebral ischemia—reperfusion,
whereas CYLD promotes oxidative stress-induced neuronal death
through RIP1 deubiquitination'*'">. USP8 regulates a-synuclein
deubiquitination and homeostasis, thereby mitigating neurotox-
icity'®. USP30 reduces mitochondrial protein ubiquitination level,
suppressing excessive reactive oxygen species (ROS) production
and protecting neurons from oxidative damage in PD'’. These
findings collectively suggest the significance of DUBs in neuronal
survival and death pathways, highlighting their potential as thera-
peutic targets in neurodegenerative conditions.

Through analysis of public RNA-seq data from PD patient
brain tissues, we observed significant upregulation of ovarian
tumor deubiquitinase 6A (OTUD6A). OTUD6GA has been impli-
cated in key cellular processes, including DNA damage response
and apoptosis'®. For instance, it promotes prostate cancer
progression by deubiquitinating and stabilizing Brgl and AR
proteins'®, and facilitates DNA damage repair by regulating
TopBP1 turnover™’. Although these studies establish OTUD6A as
a regulator of cell survival in cancer, its role in PD pathogenesis
remains unknown.

In this study, we demonstrate that Otud6a deficiency attenuates
dopaminergic neuron loss and motor deficits in both 6-OHDA-
induced and A53T «-synuclein mouse models of PD. Mechanis-
tically, OTUDGA binds to and stabilizes ACTG1 (actin gamma 1)
through removal of K48-linked polyubiquitin chains, leading to
enhanced nuclear translocation of p53 and activation of pro-
apoptotic signaling in neurons. Our results identify OTUDG6A as
a critical contributor to PD pathogenesis and suggest its potential
as a therapeutic target.

2. Materials and method
2.1.  General reagents

Dulbecco’s modified Eagle’s medium (DMEM, D1152), dimethyl
sulfoxide (DMSO, D2650), MTT (M2128), penicillin/strepto-
mycin (RNBK9934), and bovine serum albumin (BSA, A1933)
from Sigma—Aldrich (St. Louis, MO, USA); ROS assay kit
(S00338S), JC-1 assay kit (C2006), and RIPA lysis buffer (P0013B)
from Beyotime Institute of Biotechnology (Shanghai, China);
Lipofectamine™ 8000 (L3000-015), BCA rapid protein quantifi-
cation kit (A53225), Opti-MEM (31985070), and 0.25% trypsin
(BC-CE-005) from Thermo Fisher Scientific (Sunnyvale, CA,
USA); 6-hydroxydopamine (6-OHDA, S30042) from Shanghai
Yuanye Bio-Technology Co., Ltd. (China); Annexin V-FITC/PI
Apoptosis Detection Kit (556570) from BD Biosciences (San
Diego, CA, USA); Western Blot Marker (C520010) from Sangon
Biotech (Shanghai, China); PVDF membrane (1620177) from
Bio-Rad (Shanghai, China); ECL Enhanced Chemiluminescent
Substrate (P10300) from NCM Biotech (Suzhou, China); and
Nuclear/Cytosol Fractionation Kit (P1200) from Applygen (Bei-
jing, China). Antibodies, siRNA sequences, and AAV vector
sources are provided in Supporting Information Tables S1, S2, and
S3, respectively.

2.2.  Brain stereotactic injection

Stereotaxic injections into the striatum were performed using
coordinates derived from the Paxinos and Franklin mouse brain
atlas (Paxinos & Franklin, 2001). The injection site was targeted at
the following coordinates relative to bregma: anterior—posterior
—1.0 mm from bregma, mediolateral +0.5 mm from midline, and
dorsoventral —2.5 mm from dura. Mice were anesthetized by
intraperitoneal injection of 1% pentobarbital sodium (40 mg/kg).
After full anesthesia was achieved, cranial hair was removed and
the animal was positioned in a stereotaxic frame. A midline scalp
incision was made to expose the skull, and bregma and lambda
were identified. The microsyringe needle was positioned at
bregma and the coordinates were zeroed. The needle was then
moved to the predetermined striatal coordinates, and the injection
site was marked on the skull. A burr hole was drilled at the marked
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location, and the viral vector or vehicle (for sham-operated con-
trols) was infused at a rate of 0.1 pL/min. The needle remained in
place for an additional 5 min post-injection to minimize backflow
before being slowly withdrawn. All procedures were conducted
under aseptic conditions, and body temperature was maintained at
37 °C using a feedback-controlled heating pad.

2.3.  Animal models and OTUDG6A knockout PD mice

The AS3T a-synuclein transgenic mice (B6-hSNCA-AS3T, Strain
No. T054329) were obtained from GemPharmatech (Nanjing,
China). Whole-body Otud6a knockout mice (Otud6a™"") on a
C57BL/6 background and wild-type CS57BL/6 controls were
generously provided by Wenzhou Medical University (Wenzhou,
China). All animals were housed under specific pathogen-free
conditions at the Hangzhou Medical College Animal Research
Center, with environmental parameters maintained as follows:
temperature: temperature 22 + 2 °C, humidity 50%—60%, and a 12-
h light/dark cycle. Standard rodent diet and water were provided ad
libitum. The experimental protocol was approved by the Hangzhou
Medical College Animal Ethics Committee (202502029, China).

2.3.1. 6-OHDA-induced acute PD model in Otud6a—/— mice
6-Hydroxydopamine (6-OHDA), a hydroxylated dopamine
analog, is a selective catecholaminergic neurotoxin widely used to
establish PD models. Unilateral striatal injection of 6-OHDA
(10 ng) induces selective degeneration of dopaminergic neurons,
leading to motor asymmetry that manifests as ipsilateral rotations.
In this study, male Otud6a™'~ and wild-type (WT) mice (8 weeks
old, 22—24 g) were randomly assigned to four groups (n = 10 per
group): WT + sham, WT + 6-OHDA, Otud6a™"~ + sham, and
Otud6a™'~ + 6-OHDA.

2.3.2.
mice
The AS3T «-synuclein transgenic mouse is a well-established
model that recapitulates key PD pathologies, including a-synu-
clein (a-Syn) and Lewy body formation. To investigate the role of
OTUD6A in PD progression, we performed neuron-specific
knockdown using an adeno-associated virus (AAV) system. The
following vectors were co-injected at a 1:1 ratio into the striatum
via stereotaxic surgery: AAV-shOTUDG6A (rAAV-U6-DIO-
shRNA(Orud6a)-3'CMV-mCherry-PA) and AAV-Cre (rAAV-
hSyn-CRE-WPRE-hGH polyA). Experimental groups included:
WT + AAV-NC (n = 10); A53T + AAV-NC (n = 10);
AS53T + AAV-shOtud6a (n = 10). All mice were male, 6 months
of age (28—30 g). Behavioral tests were conducted 4 weeks post-
injection to allow for sufficient transgene expression and pheno-
typic development.

AAV-mediated Otud6a knockdown in A53T transgenic

2.4.  Behavior tests

The open field test was used to assess spontaneous locomotor
activity in mice, as previously described with minor modifica-
tions>'. Briefly, each mouse was gently placed in the center of a
square arena (40 cm x 40 cm X 40 cm) and allowed to explore
freely for 5 min. Sessions were recorded using an automated video
tracking system (EthoVision XT, Noldus). Total distance traveled
and average speed were analyzed to evaluate general locomotor
activity. Between trials, the arena was thoroughly cleaned with
75% ethanol to eliminate olfactory cues. All tests were conducted
under consistent lighting and noise conditions.

The swimming test was conducted using a transparent cylin-
drical chamber (16 cm diameter x 28 cm height) filled with 5 L of
water maintained at 25 £ 1 °C. Each mouse was gently placed into
the water and allowed to swim freely for 5 min while being
recorded for behavioral analysis. Immobility time was defined as
the duration during which the mouse floated passively without
active limb movement. After each trial, the mouse was promptly
removed, dried gently, and placed under a heat lamp to avoid hy-
pothermia. The tank was thoroughly cleaned and refilled with fresh
water between trials to maintain consistent testing conditions.

2.5.  Cell transfection

PC12 cells or primary culture dopaminergic neurons were seeded
into 6-well plates at a density of 1 x 10° cells per well and
cultured for 24 h to reach 70%—80% confluence prior to trans-
fection. Transfection was performed using Lipofectamine™ 8000
according to the manufacturer’s protocol. Briefly, plasmid DNA or
siRNA was diluted in Opti-MEM medium and gently mixed with
an equal volume of Lipofectamine™ 8000 diluted in Opti-MEM.
The mixture was incubated at room temperature for 20 min to
allow complex formation, then added dropwise to the cells. After
6 h of incubation, the medium was replaced with fresh complete
medium. The following experimental groups were established: NC
siRNA: transfected with negative control siRNA; siOtudb6a:
transfected with Otud6a-targeting siRNA; NC-OE: transfected
with empty vector, OE-Otudb6a: transfected with Otud6a over-
expression plasmid; and siActg/+ OE-Otudb6a: transfected with
OE-Otud6a for 24 h, followed by ACTGI siRNA for an additional
24 h. Cells were harvested 24 h post-transfection for subsequent
analyses.

2.6.  Nuclear—cytosol extraction

Nuclear and cytosolic protein extracts were prepared using a
commercial fractionation kit according to the manufacturer’s in-
structions. Following treatment, PC12 cells were washed twice
with ice-cold PBS and harvested by scraping in Cytosol Extraction
Buffer-A (CEB-A; 100 pL per 1 x 10° cells). The cell suspension
was transferred to a pre-chilled 1.5 mL tube, vortexed vigorously
for 30 s, and incubated on ice for 15 min with intermittent vor-
texing every 5 min. Subsequently, 1/20 volume of CEB-B was
added, followed by brief vortexing and incubation on ice for
1 min. The lysate was centrifuged at 1000x g for 5 min at 4 °C.
The supernatant (cytosolic fraction) was collected and further
clarified by centrifugation at 12,000xg for 10 min at 4 °C. The
crude nuclear pellet was washed twice with a mixture of CEB-A
and CEB-B (100 uL + 5 pL), followed by centrifugation at
1000x g for 5 min. The washed pellet was resuspended in 100 pL
of pre-cooled Nuclear Extraction Buffer (NEB), vortexed vigor-
ously for 15 s, and incubated on ice for 30 min with vortexing
every 10 min. The nuclear extract was then centrifuged at
12,000x g for 5 min at 4 °C, and the resulting supernatant was
collected as the nuclear protein fraction. All extracts were ali-
quoted and stored at —80 °C until use.

2.7.  Isolation and culture of primary ventral mesencephalic
neurons

Primary ventral mesencephalic (VM) cultures were prepared from
PO C57BL/6 mouse (born within 24 h) following an established
protocol with minor modifications®>. Briefly, VM tissues were
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dissected, trypsinized for 5 min at 37 °C, and gently triturated to
obtain a single-cell suspension. The suspension was filtered
through a 70 pum cell strainer and centrifuged at 200x g for 5 min
at 4 °C. The pellet was resuspended in Neurobasal Medium sup-
plemented with 1% B27 and plated on poly-p-lysine-coated cul-
ture vessels. Cultures were maintained in a humidified incubator at
37 °C with 5% CO,.

2.8.  Bioinformatic analysis of GEO datasets

Publicly available transcriptomic datasets related to PD were
retrieved from the Gene Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov/geo/) using the search term “Par-
kinson’s disease”. Datasets containing both PD patient-derived
samples and healthy controls were selected for further analysis.
Raw data files (CEL format) were downloaded and processed
using the affy package in R/Bioconductor. Background correction
and quantile normalization were performed using the Robust
Multi-Array Average (RMA) algorithm to generate standardized
gene expression matrices. The normalized expression value of
OTUDGA was extracted from each dataset. Differential expression
analysis between PD and control samples was conducted using the
limma package, with significance thresholds set at [log, fold
change| > 0.5 and adjusted P-value <0.05.

2.9.  Identification of OTUDGA-interacting proteins by LC—MS/
MS

To identify potential substrates of OTUD6A, liquid
chromatography—tandem mass spectrometry (LC—MS/MS) was
employed. NIH3T3 cells were transiently transfected with either a
Flag-tagged OTUDGA plasmid or an empty Flag vector (control)
for 24 h. Cells were lysed in RIPA buffer supplemented with pro-
tease inhibitors, and protein concentration was determined using a
BCA assay. Flag-tagged proteins and associated complexes were
immunoprecipitated using anti-Flag magnetic beads under stringent
washing conditions (three washes with high-salt buffer). Immuno-
precipitated proteins were eluted, reduced with 10 mmol/L. DTT,
alkylated with 50 mmol/L iodoacetamide, and digested overnight
with sequencing-grade trypsin at 37 °C. The resulting peptides were
desalted using C18 StageTips and separated on a reversed-phase
C18 column with a 90 min gradient of 5%—35% acetonitrile in
0.1% formic acid. MS analysis was performed on an Orbitrap
Fusion Lumos mass spectrometer operated in data-dependent
acquisition mode, with full MS scans at 120,000 resolution and
MS/MS scans for the top 20 most intense ions. Raw data were
processed using MaxQuant (v2.0.3) and searched against the
UniProt Mus musculus database with a false discovery rate (FDR)
set to 1%. Proteins enriched in Flag-OTUD6A samples compared to
the Flag-control, with at least two unique peptides and a fold
change >2, were considered high-confidence OTUDG6A interactors.
All experiments were performed in three biological replicates to
ensure reproducibility of the results.

2.10.  Immunofluorescence staining and analysis

Brain tissues from each experimental group were perfusion-fixed
with 4% paraformaldehyde (PFA), post-fixed by immersion in the
same fixative for 24 h at 4 °C, and cryoprotected by sequential
incubation in 20% and 30% sucrose solutions until the tissues sank.
After embedding in optimal cutting temperature (OCT) compound,
coronal sections were cut at a thickness of 20 pm using a cryostat

(Leica CM1950). For immunofluorescence staining, sections were
washed in PBS, permeabilized with 0.3% Triton X-100 for 10 min,
and blocked with 10% bovine serum albumin (BSA) in PBS for 1 h
at room temperature. Sections were then incubated with primary
antibodies (diluted in blocking solution) overnight at 4 °C. After
three washes with PBS, species-matched Alexa Fluor-conjugated
secondary antibodies were applied for 2 h at room temperature in
the dark. Nuclei were stained with DAPI (1 pg/mL) for 5 min.
Finally, sections were mounted with antifade mounting medium and
imaged using a confocal microscope (Zeiss LSM 880). Fluores-
cence intensity and positive cell counts were quantified in defined
regions of interest using Image J software (NIH). Three sections per
animal and at least three randomly selected fields per section were
analyzed for each marker.

2.11.  Co-immunoprecipitation and Western blot analysis

After treatment, cells were washed twice with ice-cold PBS and
lysed in RIPA buffer containing protease and phosphatase in-
hibitors on ice for 30 min. Lysates were centrifuged at 12,000x g
for 15 min at 4 °C, and supernatants were collected for protein
quantification using a BCA assay. For co-immunoprecipitation
(Co-IP), equal amounts of protein (500—1000 pg) were incu-
bated with 2—5 pg of the indicated primary antibody overnight at
4 °C with gentle rotation. Protein A/G magnetic beads were pre-
blocked with 5% BSA and added to the lysate-antibody mixture
for 2 h at 4 °C. Beads were then washed four times with lysis
buffer, and bound proteins were eluted by boiling in 2 x Laemmli
sample buffer for 10 min. For Western blotting, proteins were
separated by SDS-PAGE and transferred to PVDF membranes.
After blocking with 5% non-fat milk for 1 h, membranes were
incubated with primary antibodies overnight at 4 °C, followed by
HRP-conjugated secondary antibodies for 1 h at room tempera-
ture. Signals were detected using an ECL substrate and imaged
with a ChemiDoc system. Where indicated, inputs (whole-cell
lysates) and Co-IP eluates were analyzed in parallel to confirm
specific interactions.

2.12.  Statistical analysis

All quantitative data are expressed as mean =+ standard deviation
(SD) (or SEM where appropriate), as indicated in the figure leg-
ends. Statistical analyses were performed using GraphPad Prism
software (version 8.0). Differences between two groups were
evaluated using an unpaired two-tailed Student’s 7-test. For com-
parisons among three or more groups, one-way analysis of vari-
ance (ANOVA) was applied, followed by Tukey’s post hoc test for
multiple comparisons. The threshold for statistical significance
was uniformly set to P < 0.05 for all analyses. In figures, statis-
tical significance was denoted using standard conventions:
P < 0.05, with non-significant differences (P > 0.05) labeled as
“ns” to avoid ambiguity. All experimental data were derived from
biological replicates (n > 3) and technical duplicates to ensure
reproducibility.

3. Results

3.1.  Otudba expression is upregulated in PD models

Bioinformatic analysis of publicly available transcriptomic data
revealed a significant increase in OTUDG6A expression in PD
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patients compared to healthy controls (Fig. 1A and B). To
experimentally validate this finding, we established an acute PD
model by unilateral striatal injection of 6-hydroxydopamine (6-
OHDA) in mice (Fig. 1C). Consistent with the human data, both
gPCR and Western blot analyses showed a marked upregulation of
OTUD6A mRNA and protein levels in the substantia nigra of 6-
OHDA-treated mice relative to sham controls (Fig. ID—F). This
increase was further confirmed in A53T «-synuclein transgenic
mice, a chronic PD model (Fig. 1G and H). Immunofluorescence
staining combined with neural cell markers indicated that
OTUDGA was predominantly expressed in tyrosine hydroxylase-
positive (TH") dopaminergic neurons, with minimal expression
in Ibal* microglia or GFAP" astrocytes (Fig. 1I). TH, a patho-
logical hallmark of PD, is one of the key enzymes of dopamine
synthesis in the human body>®. Consistent with this cellular
specificity, IF analysis revealed a pronounced increase in
OTUDGA expression within TH" neurons in the substantia nigra
of both 6-OHDA-lesioned and AS53T transgenic mice (Supporting
Information Fig. S1). In vitro studies in PC12 cells further sup-
ported these observations, demonstrating that 6-OHDA treatment
induced OTUDOA upregulation in a dose- and time-dependent
manner (Fig. 1J—M). Together, these results indicate that
OTUDGA expression is elevated across multiple PD models and is
primarily localized to vulnerable dopaminergic neurons, suggest-
ing a potential role in PD pathogenesis.

3.2.  Otudb6a deficiency attenuates 6-OHDA induced PCI2 cell
apoptosis

To examine the functional role of OTUD6A in 6-OHDA induced
neurotoxicity, PC12 cells were transfected with OTUDG6A specific
siRNA (siOtud6a) followed by 24 h exposure to 6-OHDA. Flow
cytometry analysis indicated that silencing OTUD6A markedly
suppressed 6-OHDA-induced apoptosis (Fig. 2A and B). MTT
assays showed that 6-OHDA significantly reduced cell viability,
and this reduction was improved by Otud6a knockdown (Fig. 2C).
Western blot results further demonstrated that OTUD6A depletion
increased the level of the anti-apoptotic protein Bcl2, decreased
the pro-apoptotic protein Bax, and inhibited caspase-3 activation
(Fig. 2D and E). In contrast, overexpression of Orud6a exacer-
bated 6-OHDA triggered neuronal injury in PCI12 cells
(Fig. 2F—1J). These data collectively indicate that OTUDG6A pro-
motes apoptotic signaling and contributes to 6-OHDA induced
neurotoxicity in neuronal cells.

3.3.  Neuronal knockdown of Otud6ba ameliorates motor deficits
and dopaminergic degeneration in A53T mice

To evaluate the pathological contribution of OTUD6A in PD, we
performed stereotaxic injection of AAV-shOtudb6a into the stria-
tum of AS53T a-synuclein transgenic mice to achieve neuron-
specific knockdown of OTUDGA, the efficiency of which was
confirmed by Western blot (Supporting Information Fig. S2). Four
weeks post-injection, a series of behavioral tests were conducted,
including the swimming test, open field test, and pole test
(Fig. 3A). In the swimming test (Fig. 3B), AS3T mice showed
significant motor impairment, characterized by decreased total
movement distance (Fig. 3C) and reduced swimming speed
(Fig. 3D) compared to wild-type controls. These deficits were
markedly rescued by Ofud6a knockdown. The open field test
(Fig. 3E) further revealed that Otud6a-deficient mice exhibited
increased total distance traveled (Fig. 3F) and average speed

(Fig. 3G), along with greater central zone exploration time
(Fig. 3H) and distance (Fig. 31), indicating enhanced locomotor
activity and reduced anxiety-like behavior. Moreover, in the pole
test, Otud6a knockdown significantly improved motor coordina-
tion, as evidenced by shortened descent time (Fig. 3J and K).
Collectively, these behavioral data demonstrate that neuronal
Otud6a knockdown alleviates motor dysfunction in AS53T trans-
genic mice.

We next assessed whether OTUDG6A inactivation protected
dopaminergic neurons in the substantia nigra. Immunofluores-
cence staining showed a significant reduction in TH-positive
neurons and P-Syn-positive neurons in A53T mice compared to
wild-type controls, which was effectively restored by Otudba
knockdown (Fig. 3L—0). Western Blot further confirmed the re-
sults (Fig. 3P—R). The TUNEL apoptosis assay further confirmed
that Otud6a knockdown significantly reduced neuronal apoptosis
in the substantia nigra of A53T mice (Supporting Information
Fig. S3). At the molecular level, Otud6a knockdown increased
the expression of the anti-apoptotic protein Bcl2, while decreasing
levels of the pro-apoptotic protein Bax and cleaved caspase-3
(Fig. 3S—U). These results indicate that Otud6a deficiency ex-
erts neuroprotective effects by preserving dopaminergic neuronal
survival and inhibiting apoptotic signaling in a genetic PD model.

3.4. Otudb6a deficiency protects against motor impairment and
dopaminergic degeneration in a 6-OHDA induced PD model

To further assess the role of OTUDG6A in an acute PD model, we
performed unilateral striatal injection of 6-OHDA (10 ng/mouse)
in age- and sex-matched wild-type and Otud6a knockout
(Otud6a™'") mice (Fig. 4A and Supporting Information Fig. S4).
Swimming test analyses showed that 6-OHDA administration
significantly impaired motor function (Fig. 4B), as reflected by
decreased swimming speed (Fig. 4C) and total swimming distance
(Fig. 4D). These deficits were markedly alleviated in Otud6a ™'~
mice. In the open field test (Fig. 4E), Otud6a knockout animals
displayed improved exploratory behavior, with increased central
zone duration (Fig. 4F) and movement distance (Fig. 4G)
compared to 6-OHDA treated WT mice. Immunofluorescence
staining of substantia nigra sections revealed that Ofud6a defi-
ciency significantly increased the TH-positive neurons and atten-
uated P-syn positive neurons induced by 6-OHDA (Fig. 4H—K),
and concurrently reduced neuronal apoptosis (Fig. 4L and M). At
the molecular level, Ofud6a knockout counteracted 6-OHDA
triggered activation of apoptotic pathways, decreasing pro-
apoptotic Bax and cleaved caspase-3 levels while increasing
anti-apoptotic Bcl2 expression in brain tissues (Fig. 4N—Q).
Together, these results demonstrate that Otud6a deficiency exerts a
protective effect in the 6-OHDA induced PD model by preserving
motor function, maintaining dopaminergic neuron survival, and
suppressing apoptosis-related signaling.

3.5. OTUDGA interacts with and stabilizes ACTGI via K48-
linked deubiquitination

To elucidate the molecular mechanism by which OTUD6A con-
tributes to PD pathology, we performed LC—MS/MS and Co-IP
assays to identify OTUDG6A-interacting proteins. Both mass spec-
trometry (Fig. 5SA and B) and subsequent Co-IP validation (Fig. 5C
and D) identified y-actin (ACTGI1) as a direct binding partner of
OTUDG6A. identified y-actin (ACTG1) as a specific OTUD6A
binding partner. ACTG1 is a cytoskeletal protein previously
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OTUDGA expression is upregulated in PD models. (A) Volcano plot depicting differentially expressed DUBs in postmortem brain

tissues from PD patients and healthy controls (GSE160299 dataset). Red dots represent significantly upregulated DUBs (P < 0.05). (B) OTUD6A
mRNA expression in PD patients compared to controls in the GSE160299 dataset. (C, D) qRT-PCR analysis of Otud6a mRNA levels in the
substantia nigra of C57BL/6 mice after unilateral intrastriatal 6-OHDA injection versus wild-type (WT) controls. (E, F) Representative Western
blot and quantitative analysis of OTUDGA protein expression in the 6-OHDA-induced PD mice model. (G, H) Expression of OTUD6A in WT and
A53T a-synuclein transgenic mice. (I) Immunofluorescence analysis of OTUD6A (Green) expression in dopaminergic neurons (TH™; Red),
astrocytes (GFAP™; Red), and microglia (Ibal™; Red) (Green). (J) OTUDG6A protein expression in PC12 cells treated with increasing concen-
trations of 6-OHDA. (K) Quantification of OTUD6A levels from (J). (L) OTUD6A expression in PC12 cells exposed to 6-OHDA for different
durations. (M) Quantification of OTUDGA levels from (L). (Mean + SEM; n = 3 independent experiments).

linked to apoptotic signaling and 6-OHDA induced dopaminergic
degeneration”*”°. These findings suggest that OTUD6A may exert
its effects in PD pathogenesis through regulating ACTG1. To map
the interaction domain, we generated a series of ACTGI truncation

mutants (Fig. SE) and found that deletion of the N-terminal region
(amino acids 8—181, Mutl) abolished binding to OTUDOA
(Fig. 5F), indicating this region is essential for the interaction.
We next examined the functional relationship between OTUD6A
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Figure 2  Otud6a knockdown attenuates 6-OHDA induced PC12 cells apoptosis. (A) Representative flow cytometry plots of apoptosis assessed

by Annexin V-FITC/PI double staining under indicated treatments. (B) Quantification of apoptotic rates from A. (C) Cell viability measured by
MTT assay in PC12 cells transfected with OTUDG6A siRNA (siOtud6a) for 24 h and treated with 6-OHDA (100 umol/L, 24 h) (Mean £+ SEM;
n = 5 duplicates/group). (D) Western blot analysis of OTUDG6A, Bcl2, Bax, and cleaved caspase-3 expression in siOTUDG6A-transfected cells. (E)
Quantification of protein levels from (D). (F) Apoptosis analysis by flow cytometry in OTUDG6A-overexpressing cells. (G) Quantification of
apoptotic rates from (F). (H) MTT assay showing cell viability in PC12 cells overexpressing Otud6a (24 h transfection) followed by 6-OHDA
treatment (24 h) (Mean + SEM; n = 6 duplicates/group). (I) Western blot detection of apoptosis-related proteins in Otud6a-overexpressing
cells. (J) Quantification of protein levels from (I). (Mean + SEM; n = 3 independent experiments).

and ACTG]. In nigral neurons of PD model mice, OTUD6A and
ACTG] protein levels showed a strong positive correlation (Sup-
porting Information Fig. S5A and S5B), which was further
confirmed in Otud6a overexpressing PC12 cells (Fig. S5C and
S5D). Cycloheximide chase assays revealed that Otud6a over-
expression extended ACTGI half-life (Fig. 5G), while Otud6a
knockout accelerated its degradation (Fig. 5SH). The proteasome
inhibitor MG132, but not the autophagy inhibitor chloroquine (CQ),
restored ACTGI1 levels in Otud6a deficient cells (Fig. 51 and J),
indicating that OTUDGA stabilizes ACTG1 primarily by inhibiting
proteasomal degradation.

To determine the ubiquitination mechanism involved, we per-
formed ubiquitination assays in PC12 cells expressing Flag-
OTUDG6A, His-ACTG1, and HA-ubiquitin. Otud6a overexpression
markedly reduced ACTG1 ubiquitination (Fig. 5K), whereas
Otud6a knockdown increased polyubiquitination (Fig. SL). Further
analysis showed that OTUDGA preferentially cleaved K48-linked
ubiquitin chains from ACTG1 (Fig. 5M), and this activity was
abolished when a K48R ubiquitin mutant was used (Fig. 5N). These
results demonstrate that OTUD6A binds to and stabilizes ACTG1
by selectively removing K48-linked polyubiquitin chains, thereby
antagonizing its proteasomal degradation.
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3.6. Otudb6a deficiency attenuates 6-OHDA-induced apoptosis
via the ACTG1—p53 signaling pathway

To determine whether ACTG1 is required for OTUD6A mediated
neuronal apoptosis, we performed genetic rescue experiments in

PC12 cells by co-transfecting an Otud6a overexpression plasmid
with ACTG1 siRNA (Fig. 6A and B). The MTT assay revealed that
Otudba overexpression significantly reduced cell viability, an ef-
fect that was attenuated by concurrent Actg/ knockdown
(Fig. 6C). Western blot analysis further showed that Otud6a
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overexpression decreased Bcl2 expression and increased levels of
Bax and cleaved caspase-3 (Fig. 6D and E). These pro-apoptotic
effects were abolished when Actgl was silenced. Consistent
with these results, flow cytometry analysis of apoptosis rates
(Fig. 6F and G) and TUNEL staining (Fig. 6H and I) confirmed
that Actgl knockdown blocked OTUDG6A induced apoptosis.
Furthermore, Otud6a knockdown reduced the mRNA level of Bax,
whereas Otud6a overexpression further elevated the 6-OHDA-
induced Bax mRNA expression (Supporting Information Fig. S6).
Together, these findings establish ACTG1 as an essential down-
stream mediator of OTUDG6A dependent apoptotic signaling in
neuronal cells.

To identify downstream effectors of the OTUD6A—ACTGI1
axis, we performed Co-IP coupled with LC—MS/MS in
PC12 cells expressing Flag-ACTG1, which identified p53 as a key
interacting protein (Fig. 7A and B). This finding is particularly
significant given that p53 is a tumor suppressor’’ and mediates 6-
OHDA-induced neuronal apoptosis®>*’. Given the established role
of p53 in 6-OHDA induced neuronal apoptosis, we validated this
interaction by Co-immunoprecipitation (Fig. 7C) and molecular
docking analysis (Fig. 7D and Supporting Information Table S4).
Functionally, Otud6a knockdown attenuated 6-OHDA induced
pS53 upregulation, while Otud6a overexpression enhanced p53
expression (Fig. 7E and F). Immunofluorescence and subcellular
fractionation assays further showed that 6-OHDA promoted nu-
clear accumulation of p53, an effect suppressed by Orudba
knockdown (Fig. 7G and H). Moreover, Actgl silencing abolished
OTUDGA mediated p53 nuclear translocation (Fig. 7I), confirming
that p53 acts downstream of ACTGI. Together, these data
demonstrate that OTUD6A promotes dopaminergic neuron
apoptosis through a linear signaling pathway involving ACTG1
stabilization and subsequent p53 activation and nuclear
translocation.

3.7.  Otudb6a deficiency attenuates 6-OHDA-induced primary
dopaminergic neuron apoptosis via the ACTG1—p53 signaling
pathway

To further validate the regulatory role of the OTUD6A—ACTG1
axis in dopamine neuron apoptosis in PD, we isolated and cultured
primary midbrain dopamine neurons from mice (Fig. 8A).
Neuronal morphology was confirmed by microscopy, as shown in
Fig. 8B. Immunocytochemistry (ICC) using an antibody against
tyrosine hydroxylase (TH), a marker for dopamine neurons,
indicated that more than 90% of the cultured cells were TH-
positive following Otud6a knockdown (Fig. 8B and C). MTT as-
says demonstrated that knockdown of Otud6a significantly
attenuated the 6-OHDA induced reduction in cell viability
(Fig. 8D). Western blot analysis further indicated that Otud6a

knockdown upregulated the anti-apoptotic protein Bcl2, down-
regulated the pro-apoptotic protein Bax, and suppressed caspase-3
activation (Fig. 8E and F). To investigate whether the
ACTG1—p53 pathway contributes to OTUD6A-mediated effects,
we performed ICC staining. Consistent with the findings in
PC12 cells, Otud6a overexpression markedly increased the
expression levels of p53 and Bax, whereas Actg!/ knockdown
resulted in reduced expression of downstream proteins p53 and
Bax induced by Otud6a overexpression (Fig. 8G—I). Taken
together, these findings indicate that Ofud6a deficiency protects
against 6-OHDA-induced dopamine neuron damage via the
ACTG1—p53 signaling axis.

4. Discussion

In this study, we demonstrated that OTUDGA is significantly
upregulated in multiple PD models. Functional studies revealed
that neuronal Otud6a knockdown or whole-body Ofud6a knockout
alleviated motor deficits and protected dopaminergic neurons
damage. Mechanistically, OTUD6A promoted neuronal apoptosis
by selectively removing K48-linked ubiquitin chains from
ACTG]I, thereby enhancing its stability. The accumulated ACTG1
facilitated p53 nuclear translocation, triggering a pro-apoptotic
cascade that contributes to neurodegeneration in PD. Our find-
ings reveal a previously unrecognized OTUD6A—ACTG1—p53
signaling axis and suggest OTUDG6A as a potential therapeutic
target for neuroprotective strategies in PD.

The ubiquitin—proteasome system, particularly deubiquitinat-
ing enzymes (DUBs), has emerged as a critical regulator of PD
pathogenesis’’. Several DUBs have been implicated in specific
PD-related pathways. For example, USP30 negatively regulates
PINK1/Parkin-mediated mitophagy, contributing to impaired
mitochondrial quality control in SH-SY5Y cells®', while OTUD3
promotes iron accumulation in the substantia nigra by stabilizing
iron regulatory protein 2 (IRP2)*%. In the present study, we iden-
tify OTUDGA as a novel PD-associated DUB that ameliorates
motor deficits and neuronal apoptosis in experimental models.
OTUDGA has previously been shown to regulate apoptotic path-
ways in cancer and inflammatory diseases'®. For example,
OTUDGA promotes breast cancer growth by boosting TopBP1
stability and making tumor cells resistant to DNA-damaging
therapies’>. OTUD6A promotes myocardial inflammation and
hypertrophy via deubiquitinating STING in cardiomyocytes™.
Our findings extend the functional relevance of OTUDGA to
neurodegenerative disease and highlight its role in PD through the
stabilization of ACTG1 and subsequent activation of p53-
mediated apoptosis.

DUBs exert pleiotropic effects through substrate-specific
deubiquitination®*°. Here, we demonstrate that OTUDG6A

Figure 3

Knockdown of Otud6a ameliorates motor deficits and dopaminergic degeneration in A53T «-synuclein transgenic mice. (A)

Experimental timeline and treatment scheme (n = 10 mice/group). (B) Representative swimming trajectories of mice from each group. (C) Total
distance traveled in the swimming test. (D) Mean swimming speed during the swimming test. (E) Representative movement traces in the open
field test. (F) Total travel distance in the open field test. (G) Average movement speed in the open field test. (H) Distance traveled in the center
zone of the open field. (I) Time spent by mice in the central area of the open field experiment. (J) Time spent by mice climbing to the bottom in the
pole test. (K) Time spent by mice turning around in the pole test. (L) Immunofluorescence staining of TH (green) in the substantia nigra of mice

from each group. (M) Immunofluorescence staining of PS'*

a-Syn (green) in the substantia nigra of mice from each group. (N) Quantification of

TH fluorescence intensity. (O) Quantification of PS'?°-synuclein fluorescence intensity in each experimental group. (P) Western blot detection of

a-Syn and pS!®

a-Syn protein levels. (Q) Quantification of a-Syn levels from (P). (R) Quantification of PSlzga—Syn from (P). (S) Western blot

analysis of Bcl2, Bax, and cleaved caspase3. (T) Quantification of Bcl2/Bax from (S). (U) Quantification of cleaved-caspase 3 from (S).

(Mean + SEM; n = 3 independent experiments).
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Figure 4  Otud6a deficiency protects against motor impairment and dopaminergic degeneration in a 6-OHDA-induced PD mouse model. (A)
Schematic of the 6-OHDA-induced PD model and experimental timeline (» = 10 mice/group). (B) Representative swimming trajectories of mice
from each group. (C) Average movement speeds of mice in each group during the swimming test. (D) Total distance traveled by mice in each
group during the swimming test. (E) Representative mouse trajectories in open field tests. (F) Average movement speed of mice in the open field
test. (G) Total distance traveled by mice in the open field test. (H) Immunofluorescence staining of TH (green) in the substantia nigra. (I)
Quantification of TH fluorescence intensity. (J) Immunofluorescence staining of PSlzga—Syn (green) in the substantia nigra of mice. (K) Quan-
tification of PSlzga—Syn fluorescence intensity. (L) TUNEL staining (green) of apoptotic cells in the substantia nigra. (M) Quantification of
TUNEL positive cells. (N) Western Blot analysis of Bcl2, Bax, and cleaved-caspase3 expression. (O) Quantification of Bcl2 from (M). (P)
Quantification of Bax from (L). (Q) Quantification of cleaved-caspase 3 from (M). (Mean £ SEM; n = 3 independent experiments).
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directly interacts with and stabilizes ACTG1, a cytoskeletal pro-
tein with established roles in apoptosis regulation. Although pri-
marily known for maintaining structural integrity and cellular
motility, ACTG1 has been increasingly implicated in pathological

processes”’. In hepatocellular carcinoma, ACTG1 promotes tumor
progression by modulating cell cycle activity and suppressing
mitochondrial apoptosis, whereas its loss impairs proliferation in
glioblastoma®®*’. In PD models, ACTG1 has been reported to

ACTG1 specific peptide
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Figure 6 ACTGI regulates the effect of OTUD6A on neuron apoptosis. (A) Western blot verification of Otud6a overexpression and Actgl
knockdown efficiency in co-transfected PC12 cells. (B) Densitometric quantification of protein levels from panel (A) normalized to GAPDH. (C)
Cell viability were measured by MTT assay (n = 5 duplicates/group). (D) Apoptotic protein profiling showing Bcl-2, Bax, and cleaved caspase-3
expression under indicated conditions. (E) Quantitative analysis of apoptosis-related proteins from panel (D) presented as Bcl-2/Bax ratio and
cleaved caspase-3/GAPDH. (F, G) Flow cytometric analysis of apoptosis rates using Annexin V-FITC/PI staining: (F) representative plots and
(G) quantification. (H, I) TUNEL assay demonstrating apoptotic nuclei: (H) representative images and (I) quantification of TUNEL-positive cells.
(Mean + SEM; n = 3 independent experiments).

Figure 5 OTUDGA interact with ACTG1 and regulates its stability through K48-linked deubiquitination. (A) Workflow schematic of LC—MS/
MS analysis for identifying OTUDG6A-interacting proteins. (B) Representative mass spectrum showing the identified ACTGI peptide sequence.
(C) Co-immunoprecipitation (Co-IP) analysis confirming OTUD6A—ACTGI interaction in PC12 cell lysates. (D) Co-IP analysis of
OTUDG6A—ACTG] interactions in the mouse substantia nigra. (E) Schematic diagram of the structure of ACTGI and design of four different
truncated fragment plasmids, all labeled with Flag. (F) Flag-OTUD6A and His-ACTGIFL, His-ACTG1Mutl, His-ACTG1Mut2, and His-
ACTGI1Mut3 plasmids were transferred to NIH3T3 cells. The binding regions of OTUD6A and ACTG1 were detected using Co-IP analysis.
(G) Western blot to test the effects of Otud6a overexpression on ACTGI stability. (H) Western blot to test the effects of Otud6a knockdown on
ACTGL stability. (I, J) Evaluation of degradation pathways using (I) autophagy inhibitor chloroquine (CQ, 20 pmol/L) or (J) proteasome inhibitor
MG132 (10 pmol/L) in OTUD6A-modulated cells. (K) Ubiquitination assay showing reduced ACTGI polyubiquitination upon Otud6a over-
expression in NIH3T3 cells co-transfected with His-ACTG1, HA-ubiquitin (HA-UB), and Flag-OTUDG6A. (L) Enhanced ACTG1 ubiquitination in
substantia nigra tissue from OTUDG6A knockout mice (immunoprecipitated with anti-ACTG1). (M) Ubiquitin linkage specificity assay demon-
strating OTUDGA preferentially cleaves K48-linked chains (cells co-transfected with His-ACTGl1, Flag-OTUD6A, and either HA-K48-UB or
HA-K63-UB). (N) Validation of K48-specific regulation using ubiquitin mutant (K48R) in Co-IP assays. (Mean + SEM; n = 3 independent
experiments).
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Figure 7

The OTUD6A—ACTG]! axis regulates pS3-mediated apoptosis. (A)Workflow for mass spectrometry-based identification of ACTG1

interacting proteins. (B) LC—MS/MS analysis of potential ACTG1-binding partners in PC12 cell lysates. (C) Co-immunoprecipitation validation
of ACTG1—p53 interaction in vivo. (D) Molecular docking simulation of ACTG1—p53 binding interface (presented as lowest energy confor-
mation). (E) Western blot analysis of p53 expression after OTUDO6A knockdown in PC12 cells. (F) Western blot analysis of p53 expression after
OTUDGA overexpression. (G) Immunofluorescence staining of p53 (red) and DAPI (blue) showing subcellular localization following OTUD6A
knockdown. (H) Nuclear fractionation assay quantifying p53 levels in nuclear extracts after OTUDO6A knockdown. (I) Nuclear p53 accumulation
under combined OTUDG6A overexpression and ACTG1 knockdown. (Mean + SEM; n = 3 independent experiments).

contribute to 6-OHDA induced neuronal death, suggesting that its
dysregulation may be a key mechanism in dopaminergic injury™'

A central finding of our study is the identification of p53 as a
downstream effector of the OTUD6A—ACTG] axis. p53 is a well-
established regulator of cellular stress responses, and its activation
has been observed in multiple PD models, including 6-OHDA
treated neurons and postmortem patient brains®’. Under neuro-
degenerative conditions, p53 promotes mitochondrial dysfunction,

oxidative stress, and apoptosis processes central to PD progres-
sion*”™**, These studies identify p53 as an essential modulator of
dopaminergic neuronal integrity, influencing both survival and
functional maintenance. We show that ACTG1 physically asso-
ciates with p53 and facilitates its nuclear translocation, thereby
amplifying the transcription of pro-apoptotic genes. This mecha-
nism is consistent with prior evidence that ACTGI can interact
with p53 and influence neuronal survival’>*>. Here, we
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Figure 8 Otudb6a deficiency attenuates 6-OHDA induced apoptosis in primary dopaminergic neurons via the ACTG1—p53 pathway. (A)

Schematic of the primary ventral mesencephalic dopaminergic neuron culture protocol. (B) Phase-contrast image and immunofluorescence
staining of TH (green) and OTUDGA (red) in primary dopaminergic neurons from each group. (C) Quantification of OTUDG6A fluorescence
intensity across groups. (D) Cell viability measured by MTT assay in primary dopaminergic neurons transfected with OTUD6A-targeting siRNA
(siOtudb6a) for 24 h and treated with 6-OHDA (100 pmol/L, 24 h). (E) Western blot analysis of Bcl2, Bax, and cleaved caspase-3 expression. (F)
Quantification of protein levels from E. (G) Immunofluorescence staining of p53 and Bax in primary dopaminergic neurons under Otud6a
overexpression and/or Actgl knockdown. (H) Quantification of p53 fluorescence intensity from (G). (I) Quantification of Bax fluorescence in-

tensity from (G). (Mean & SEM; n = 3 independent experiments).
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demonstrate that (1) p53 functions as downstream of OTUDG6A in
this signaling pathway, and (2) ACTG1 physically associates with
p53 to facilitate its nuclear translocation, thereby initiating the
transcriptional program of neuronal apoptosis. Specifically, we
investigated the effects of Otud6a knockdown and overexpression
on p53 activation and neuronal apoptosis in primary mouse
dopaminergic neurons. Together, these results delineate a linear
signaling pathway in which OTUDG6A stabilizes ACTG1, leading
to p53 nuclear accumulation and transcriptional activation, ulti-
mately driving dopaminergic degeneration in PD.

Current understanding of ubiquitination and deubiquitination
mechanisms affecting ACTG1 and related actin isoforms primarily
involves indirect regulatory pathways. These are often mediated
through intermediate signaling molecules such as Rho GTPases, Src
kinases, cofilin, and cortactin*®. Several DUBs have been implicated
in the modulation of actin dynamics: CYLD regulates Rac activation
through RhoGTPase modulation, and USP22 influences actin poly-
merization via transcriptional control*®*’. USP17 modulates Rho
GTPase activity during cell migration*®. Additionally, pharmaco-
logical inhibition of USP5, UCHLI1, USP9X, USP14, and UCH37
has been shown to disrupt actin polymerization in leukemic cells
through cofilin suppression, suggesting DUBs’ involvement in actin-
related pathologies®®. Notably, direct regulatory mechanisms
governing ACTG] stability through ubiquitination or deubiquitina-
tion remain largely unexplored. To date, TRIM3 is the only E3
ubiquitin ligase known to promote ACTGI1 degradation via the
ubiquitin—proteasome pathway*’. However, key mechanistic aspects.
Such as the specific lysine residues targeted for ubiquitination and the
topology of ubiquitin linkages involved have not been elucidated.
Additionally, we cannot rule out potential contributions from other
OTUDGA substrates in neural cell biology. In this study, we identify
OTUDGA as the first DUB capable of directly stabilizing ACTG1
through deubiquitination, specifically by cleaving K48-linked poly-
ubiquitin chains to prevent proteasomal degradation. This finding
establishes a novel regulatory axis in actin dynamics and highlights
OTUDG6A’s unique role in counteracting ACTG1 degradation.
Despite this advance, the exact lysine residues (among ~20
conserved lysine residues in ACTG1 protein) for OTUD6A-mediated
deubiquitination remain a key question unresolved and need further
exploration. Future studies should focus on the identification of
these ubiquitination/deubiquitination sites to fully delineate the
OTUDO6A—ACTGTI regulatory axis in neuronal cells.

In summary, our findings reveal a previously unrecognized
mechanism through which OTUDG6A promotes neuronal apoptosis
via deubiquitination of ACTGI1 and subsequent activation of the
ACTG1—p53 signaling pathway. This study identifies the
OTUD6A—ACTG1—p53 axis as a promising therapeutic target
for PD. Pharmacological inhibition of OTUD6A or modulation of
this pathway may offer a novel neuroprotective strategy to miti-
gate dopaminergic neuron degeneration and slow disease pro-
gression in PD.
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