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Abstract: Objective: To explore the association between Parkinson’s disease (PD) and the expression of ubiquitin-
related proteins, and to elucidate its potential significance. Methods: Differential expression analyses were per-
formed using the GSE20141, GSE7621, and GSE20164 datasets to identify and intersect differentially expressed
genes (DEGs). Functional enrichment analyses were conducted to further explore the biological significance of
these DEGs. C57BL/6J mice were randomly divided into either a PD model group or a control group. Behavioral
performance on the balance beam test and the expression levels of PSMC1, a-syn, UCH-1, and Parkin in the sub-
stantia nigra were compared between groups. Results: Gene overlap analysis across the three datasets identified
25 core DEGs, among which PSMC1 was the only ubiquitin-proteasome system (UPS)-related gene. Compared with
the controls, the number of paw slips from balance beam in the model group significantly increased after 3, 6, and
10 modeling sessions (P<0.05). The mRNA expression levels of PSMC1, UCH-1, and Parkin in the substantia nigra
of the model group mice significantly decreased (P<0.05), whereas the mRNA expression of a-syn significantly
increased (P<0.05). Conclusions: Integrating bioinformatics with experimental verification, this study confirms that
dysregulation of key UPS genes-particularly PSMC1-is closely related to the pathological process of PD.
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Introduction

Parkinson’s disease (PD), the second most
prevalent neurodegenerative disorder, is char-
acterized by progressive degeneration of dopa-
minergic neurons in the substantia nigra and
the presence of Lewy bodies composed of agg-
regated a-synuclein [1, 2]. Accumulating evi-
dence indicates that dysfunction of the ubiqui-
tin-proteasome system (UPS) plays a critical
role in PD pathogenesis, with aberrant expres-
sion of ubiquitin-related proteins emerging as a
key molecular hallmark [3, 4]. As a central
mechanism of cellular protein quality control,
the UPS mediates the degradation of misfold-
ed or damaged proteins through covalent ubig-
uitination and subsequent proteolysis by the
26S proteasome. Impairment of this pathway
results in toxic protein accumulation, posing a
direct threat to neuronal survival [5-7].

Numerous studies have demonstrated abnor-
mal accumulation of ubiquitinated proteins in
the brain of PD patients, and the colocalization
of ubiquitin and a-synuclein within Lewy bodies
suggests that defective UPS-mediated clear-
ance may drive neurodegeneration [8-10]. Fur-
ther genetic studies have found that PD-related
genes, such as Parkin and UCH-L1 are involved
in the regulation of ubiquitination, and their
mutations can lead to the loss of E3 ubiquitin
ligase activity or abnormal deubiquitination,
thereby compromising UPS-mediated protein
clearance [11-13]. Notably, altered expression
of ubiquitin ligase hHrd1l in PD animal models
implies its potential neuroprotective role in reg-
ulating misfolded protein ubiquitination [14,
15]. In addition, proteasome inhibition induced
by environmental toxins has been shown to
accelerate a-synuclein aggregation and dopa-
minergic neuron apoptosis, recapitulating the
typical pathology of PD [16, 17].
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Although previous studies have provided initial
insights into the role of UPS in PD, the dynamic
expression patterns of ubiquitin-related pro-
teins across different disease stages and the
mechanisms by which their interaction net-
works maintain neuronal homeostasis remain
poorly understood. For instance, the effects of
specific ubiquitin chain modifications on sub-
strate protein fate, compensatory activity of
specific E3 ubiquitin ligases under cellular
stress, and crosstalk between the UPS and
other protein degradation pathways-such as
autophagy-require further clarification. In this
study, we systematically analyzed the associa-
tion between PD and ubiquitin-related proteins
using bioinformatics approaches, followed by
experimental validation in an animal model.

Materials and methods
UPS gene set

A total of 854 genes related to the UPS were
identified based on Gene Ontology (GO) Bio-
logical process (BP) annotation. The misgdbr
package was used to extract genes contain-
ing the keyword “Ubiqutin” from the C5 (GO
gene set) category of the Molecular Signatures
Database (MSigDB). These genes are primarily
involved in ubiquitination, protein degradation
and related regulatory processes.

Dataset information

Transcriptomic datasets were obtained from
the Gene Expression Omnibus (GEO) databa-
se (http://www.ncbi.nim.nih.gov/geo/). Three
brain tissue datasets (GSE20141, GSE7621,
and GSE20164) were included in this study.
GSE20141 comprised 18 samples (10 PD sam-
ples and 8 control samples), GSE7621 com-
prised 25 samples (16 PD and 9 control), and
GSE20164 comprised 11 samples (6 PD and 5
control).

Analytical methods

Differential expression analysis was performed
using the limma package, which applies linear
modeling and bayesian statistics to effectively
process gene expression microarray data.
Differentially expressed genes (DEGs) were
identified according the criteria P<0.05 and
|log2FC|>1. For each dataset, both genome-
wide DEGs and DEGs associated with UPS were
identified.
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For probe-to-gene conversion, the maxmean
method was used, in which the probe with the
highest signal intensity was selected to repre-
sent the gene when multiple probes mapped to
the same gene. In addition, principal compo-
nent analysis (PCA) was performed to evaluate
global expression pattern variations among
samples, and Venn diagrams were generated
to assess the overlap of DEGs across different
datasets.

To further elucidate the biological significance
of the identified DEGs, functional enrichment
analyses, including Gene Ontology (GO) biologi-
cal process enrichment and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrich-
ment analyses, were performed.

Co-expression analysis of core genes and
screening of targeted intervention agents

Co-expression analysis of core genes was con-
ducted using the genemania database (https://
genemania.org/search/homo-sapiens/). Addi-
tionally, potential targeted intervention genes
were screened using the Enrichr platform
(https://maayanlab.cloud/Enrichr/).

Experimental animals and grouping

Twelve-week-old SPF male C57BL/6J mice wei-
ghing 25-30 g were obtained from the model
animal research institute of Nanjing university.
All mice were housed under controlled environ-
mental conditions with ad libitum access to
food and water. The room temperature was
maintained at about 22°C, relative humidity at
about 50%, and a 12 h light/dark cycle was
applied.

The mice were randomly divided into a model
group and a control group, with 20 mice in each
group. Mice in the model group were intraperi-
toneally injected of probenecid solution (100
mg/kg; Shanghai Aladdin Bio-Chem Technology
Co., Ltd., China), followed by MPTP (25 mg/kg;
Sigma, CAS: 23007-85-4) 30 min later. This
regimen was administered once every 3.5 days
for 10 consecutive injections. Control mice
were intraperitoneally injected of an equal vol-
ume of normal saline following the same sched-
ule and procedure.

Mouse balance beam test

A modified balance beam was used for behav-
ioral test. The beam, made of acrylic material,
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Table 1. Primer sequences

Primers  Sequence

PSMC1 Upstream primer: 5’-CACACTCAGTGCCGGTTAAAA-3’
Downstream primer: 5’-GTAGACACGATGGCATGATTGT-3’

Alpha syn Upstream primer: 5’-AAGAGGGTGTTCTCTATGTAGGC-3’
Downstream primer: 5’-GCTCCTCCAACATTTGTCACTT-3’

UCH-1 Upstream primer: 5’-ATGAGGCAACATGATGTGCAG-3’
Downstream primer: 5’-TGGTACAGACGATAGATGAGGTC-3’

Parkin Upstream primer: 5’-AAATGCCCAGACAAGATGCC-3’
Downstream primer: 5’-GGCCTCTCACGACTGAGTT-3’

GAPDH Upstream primer: 5’-CTGGGCTACACTGAGCACC-3’

Downstream primer: 5’-AAGTGGTCGTTGAGGGCAATG-3’

until analysis. All procedures were
approved by the Affiliated Hospital
of Hebei University.

Total RNA was extracted using
TRIzol reagent (Invitrogen, USA),
and RNA concentration and purity
were determined spectrophotomet-
rically. Complementary DNA (cDNA)
was synthesized from total RNA
using a reverse transcription kit
(Shanghai Biyuntian Biotechnology
Co., LTD.). RT-gPCR was carried out

was 100 cm in length and 1.5 cm in thickness,
with the width sequentially reduced from 3.5
cm to 2 cm, and then to 1 cm from the starting
to the terminal end. A metal mesh (0.6 cm x 0.6
cm) was fitted over the beam surface to prevent
slipping and to facilitate video recording of paw
slips during traversal.

At the beginning of each experiment, mice were
placed at the starting end of the beam facing
their home cage, which was positioned at the
opposite end to serve as a visual and olfactory
incentive. Video recordings were used to cap-
ture instances of paw slips while crossing the
beam. Prior to modeling, all mice were pre-
trained to traverse the beam five times per day
for three consecutive days to ensure task famil-
iarity and consistent performance.

During the formal experiment, balance beam
tests were performed in both groups at base-
line (0) and after 3, 6, and 10 modeling ses-
sions. Each mouse was tested 5 times per ses-
sion, with a minimal interval of 2 minutes
between trials. Finally, the number of paw drops
during traversal was counted, and the mean
value was used to evaluate the motor balance
and coordination of each mouse.

RT-qPCR detection

At four time points (0, 3, 6 and 10 modeling
sessions), five mice were randomly selected
from each group. The mice were anesthetized
in an induction chamber with 4%-5% isoflurane
and euthanized by cervical dislocation. The
brain tissues were removed, and the midbrain
was dissected to isolate the substantia nigra
with fine forceps. The tissues were immediately
frozen in liquid nitrogen and stored at -80°C
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under the following cycling condi-
tions: 95°C for 6 min; 45 cycles of
95°C for 10 s, 60°C for 30 s, 72°C for 10 s;
followed by a final step at 95°C for 15 s. Primer
sequences are shown in Table 1. Relative gene
expression levels were calculated using the
244t method. All primers were synthesized by
Shanghai Sangon biotechnology Co., Ltd.
(China).

Statistical analysis

All statistical analyses were performed using
SPSS 27.0. Measurement data were expressed
as mean = standard deviation (X * s). Diff-
erences between the two groups were analyzed
using the t-tests. Repeated-measures analysis
of variance (ANOVA) followed by LSD test was
used for comparisons across different time
points. Categorical variables were expressed
as percentages and compared using the x2
test. A P value <0.05 was considered statisti-

cally significant.
Results
Differentially expressed genes

Differential expression analyses (Figure 1)
identified 2,082 DEGs in the GSE20141 datas-
et, including 1,235 upregulated genes and 847
downregulated genes. In the GSE7621 dataset,
2,824 DEGs were identified, including 1,486
upregulated genes and 1,338 downregulated
genes. The GSE20164 dataset revealed 1,005
DEGs, including 439 upregulated genes and
566 downregulated genes.

Changes in USP-related gene expression

Among the DEGs from each dataset, those
associated with the USP were further analyzed.
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Figure 1. Volcano plot of differential gene expression in each dataset. A: Volcano plot of DEGs in GSE20141; B: Volcano map of DEGs in GSE7621; C: Volcano map
of DEGs in GSE20164. DEG: differentially expressed gene.
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The GSE20141 dataset contained 103 UPS-
related DEGs, the GSE7621 dataset contained
121, and the GSE20164 dataset contained 47
(Figure 2).

Principal component and gene overlap analy-
ses

Principal component analysis (PCA) revealed
partial separation between the control group
and PD group in the first principal compon-
ent (Dim) in all three datasets (GSE20141,
GSE7621 and GSE20164). Venn diagram anal-
ysis of overlapping DEGs identified 25 core
genes shared among the three datasets, with
PSMC1 being the only UPS-related gene (Figure
3).

Functional enrichment analysis

GO enrichment analysis showed that path-
ways closely related to PD were mainly involv-
ed in mitochondrial oxidative respiration, syn-
aptic vesicle transport/neuronal signaling, RNA
processing, and hormone-related processes.
KEEG pathway analysis indicated enrichment
in mitochondrial protein degradation networks,
synaptic vesicle recycling, and lysosomal/
autophagy-associated degradation pathways
(Figure 4).

Co-expression analysis based on core genes

As shown in Figure 5, the core gene PSMC1
was co-expressed with 20 other genes. The
interactions among these genes were primarily
involved in biological processes such as mito-
chondrion localization, microtubule-mediated
mitochondrion transport, organelle trafficking
along microtubules, and vesicular transport.

GO and KEGG analysis of core genes

GO and KEGG enrichment analyses of the core
genes demonstrated that the Type | diabetes
mellitus and basal transcription factor path-
ways were among the top enriched pathways
(Figure 6A). GO analysis further indicated that
these core genes were mainly involved in bio-
logical processes such as organelle mem-
branes, response to hypoxia, and adaptation to
decreased oxygen levels (Figure 6B).

Screening of targeted therapeutic agents

Using the Enrichr platform, five potential tar-
geted therapeutic agents were identified. These
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compounds may modulate PD progression by
interfering with the above-mentioned molecu-
lar pathways (Table 2).

Behavioral results of the balance beam

At baseline (O modeling sessions), there was no
significant difference in the number of paw
slips between the two groups (P>0.05). With an
increasing number of modeling sessions, paw
slip frequency in the model group also gradually
increased. Compared with the control group,
the number of paw slips after 3, 6 and 10 mod-
eling sessions was significantly increased in
the model group (P<0.05) (Figure 7).

Comparison of gene expression between
groups

With the increase of modeling sessions, the
relative mRNA expression levels of PSMC1,
UCH-1, and Parkin in the substantia nigra of
model mice were significantly decreased
(P<0.05), whereas the relative expression level
of a-syn mRNA was significantly increased
(P<0.05) (Figure 8).

Discussion

As the second most prevalent neurodegenera-
tive disorder worldwide, PD has drawn signifi-
cant attention regarding the contribution of
UPS dysfunction to its pathogenesis. Recent
studies have demonstrated that mutations in
genes encoding key UPS components-such as
Parkin and UCH-L1-can lead to the accumula-
tion of misfolded proteins and trigger dopami-
nergic neuron apoptosis [18-21]. Emerging evi-
dence suggests that gut bacteriophages may
influence UPS activity through the microbiota-
gut-brain axis, revealing novel interactions
between environmental and genetic factors
in PD development [22, 23]. In this study, bioin-
formatics analysis combined with experimen-
tal validation confirmed the close association
between UPS dysregulation and PD progre-
ssion.

Animal experiments demonstrated that the
mRNA expression of PSMC1, UCH-L1, and Par-
kin was significantly down-regulated, whereas
o-syn expression was significantly up-regulat-
ed in MPTP-induced PD model mice, consis-
tent with the transcriptomic profiles of human
PD brain tissues [24, 25]. As a regulatory sub-
unit of the 26S proteasome, reduced PSMC1
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Figure 2. Volcano plot of USP-related differentially expressed genes in three datasets. A: Volcano plot of USP-related DEGs in GSE20141 dataset; B: Volcano plot

of USP-related DEGs in GSE7621 dataset; C. Volcano plot of USP-related DEGs in GSE20164 dataset. Note: DEG: differentially expressed gene; UPS: ubiquitin-
proteasome system.
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Figure 3. Principal component analysis plot and gene overlap analysis plot. A: PCA Plot of GSE20141 dataset; B: PCA Plot of GSE7621 dataset; C: PCA Plot of
GSE20164 dataset; D: Overlap of UPS-related DEGs across the three datasets; E: Overlap of all DEGs across the three datasets. Note: PCA: principal component
analysis; DEG: differentially expressed gene; UPS: ubiquitin-proteasome system.
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Figure 4. Functional enrichment analysis. A: GO biological process enrichment analysis for the GSE20141 dataset; B: GO biological process enrichment analysis for
the GSE7621 dataset; C: GO biological process enrichment analysis for the GSE20164 dataset; D: KEGG pathway enrichment analysis for the GSE20141 dataset;
E: KEGG pathway enrichment analysis for the GSE20164 dataset. Note: GO: Gene Ontology; KEGG: Kyoto encyclopedia of genes and genomes.
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Table 2. Top-ranked targeted interventions

Term P-value Adjusted P-value Combined Score
Elesclomol 0.0025 0.0128 119530
QUINOLINE 0.0032 0.0128 114525

5, 6-BENZOFLAVONE 0.009 0.0184 93135
Copper (Il) chloride 0.0092 0.0184 92909
(17S)-17-hydroxy-13,17-dimethyl-1,2,6,7,8,14,15,16- 0.0183 0.0294 78495

octahydrocyclopenta[a]phenanthren-3-one

expression may compromise proteasomal deg-
radation of misfolded or damaged proteins.
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Meanwhile, downregulation of UCH-L1 (a deu-
biquitinating enzyme) and Parkin (an E3 ubiqui-
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tin ligase) further exacerbates the accumula-
tion of ubiquitinated proteins [26, 27]. Not-
ably, overexpression of a-syn promotes oligo-
merization, which not only directly inhibits
proteasome catalytic activity but also perpetu-
ates UPS dysfunction through a self-reinforcing
feedback loop [28, 29]. Correspondingly, be-
havioral assessments revealed progressive
deterioration of balance performance in PD
model mice with increasing numbers of model-
ing sessions, indicating a temporal correlation
between motor deficits and altered UPS-related
gene expression. Collectively, these findings
support a pathogenic cascade involving UPS
impairment, o-syn aggregation, and subse-
quent dopaminergic neuronal loss.

The study revealed the dynamic changes of
key components of the UPS in a PD model. By
integrating transcriptome analysis of three
independent datasets (GSE20141, GSE7621
and GSE20164), PSMC1 was identified as the
only UPS core gene consistently downregulat-
ed across all datasets. PSMC1 encodes the
ATPase subunit of the 26S proteasome, and its
reduced expression may lead to proteasome
assembly defects. Recent cryo-electron micros-
copy studies have shown that conformational
change in PSMC1 directly affects substrate
unfolding efficiency; a 30% reduction in PSMC1
expression decreases the chymotrypsin-like
activity of the B5 subunit by approximately 42%
[30, 31]. This explains the molecular basis of
abnormal protein aggregation observed in the
brains of PD model mice.

In behavioral tests, the motor coordination of
the model group deteriorated with an increase
in the modeling frequency, confirming the tem-
poral correlation between motor dysfunction
and UPS-related gene dysregulation, findings
consistent with previous reports [32]. These
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findings support the “UPS func-
tional collapse-a-syn aggrega-
tion-neuronal damage” cas-
cade hypothesis [33].

This study, through the combi-
nation of bioinformatics and
animal experiments, revealed
the potential importance of
PSMC1 in PD pathogenesis.
However, as only three publicly
available human brain tran-
scriptome datasets were analyzed, the sample
size and source diversity were relatively limited.
Therefore, the findings may not fully represent
the overall genetic variability and disease het-
erogeneity present in the broader PD popula-
tion. At the same time, although PSMC1 down-
regulation was confirmed in PD mice, its
upstream regulators and downstream effectors
remain to be elucidated. Further research is
warranted to clarify the specific regulatory
mechanism of PSMC1 in PD.

Conclusion

Dysregulation of UPS key genes, especially
PSMC1, is closely associated with PD progres-
sion. PSMC1 may serve as a pivotal molecule
linking genetic factors (e.g., Parkin mutations)
with environmental toxins, such as MPTP expo-
sure. Future research should focus on: (1)
developing small-molecule modulators target-
ing PSMC1; (2) investigating deubiquitinizing
enzymes (DUBs) capable of degrading a-syn
aggregates; and (3) integrating serum pro-
teomics to identify early diagnostic markers.
Collectively, these findings provide novel insig-
hts into PD pathogenesis and lay a theoretical
foundation for precision treatment strategies
targeting UPS regulation.
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