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ARTICLE INFO ABSTRACT
Keywords: Parkinson’s disease (PD) is a progressive neurodegenerative disorder primarily driven by the
SHANK2-AS3 degeneration of dopaminergic neurons, manifesting as hallmark symptoms such as muscle ri-

Cell apoptosis

gidity, tremors, and motor dysfunction, all of which severely compromise patients’ quality of life.
Parkinson’s disease

Increasing evidence highlights the critical role of long non-coding RNAs (IncRNAs) in PD path-
ogenesis. However, the specific involvement of SHANK2-AS3 in PD remains unclear. By rean-
alyzing the dysregulated IncRNAs from the GSE22491 dataset, we identified a significant
upregulation of SHANK2-AS3 in PD patients compared to healthy controls. This finding was
further validated in a new cohort of PD patients, where SHANK2-AS3 expression was notably
elevated in peripheral blood samples. Additionally, we observed a marked increase in SHANK2-
AS3 expression in MPTP-treated SH-SY5Y cells, a commonly used in vitro PD model. Functional
assays demonstrated that SHANK2-AS3 knockdown attenuated MPTP-induced apoptosis, reduced
reactive oxygen species (ROS) accumulation, and improved mitochondrial function. In contrast,
SHANK2-AS3 overexpression exacerbated neuronal apoptosis. RNA sequencing and Western blot
analyses revealed that the NF-xB signaling pathway is involved in SHANK2-AS3-mediated
neuronal apoptosis. In summary, our findings suggest that SHANK2-AS3 plays a critical role in
PD pathogenesis and represents a potential therapeutic target for mitigating neuronal damage in
PD.

1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by the progressive loss of dopaminergic neurons in the
substantia nigra of the brain [1]. With the aging population contributing to its rising prevalence, it has been reported that the global
crude prevalence of PD increased by approximately 74 % between 1990 and 2016 [2]. Clinically, PD manifests with hallmark motor
symptoms, including tremors, rigidity, bradykinesia, and postural instability [3]. In addition to motor impairments, PD also presents
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non-motor symptoms, such as cognitive decline, sleep disturbances, hyposmia, and autonomic dysfunction, all of which significantly
reduce patients’ quality of life [4]. The exact etiology of PD remains elusive, though it is thought to result from a complex interplay of
genetic, environmental, and lifestyle factors [5]. Current treatments for PD are primarily symptomatic, with L-DOPA being the
cornerstone of therapy, often combined with other agents like MAO-B inhibitors and COMT inhibitors [6]. However, no curative
treatment exists. As the disease progresses, patients frequently develop symptoms that are resistant to treatment and experience
adverse effects from long-term medication use. This highlights the pressing need to further elucidate PD pathophysiology and develop
more effective therapies.

Accumulating evidence indicates that cell death play a significant role in the pathology of PD [7]. Apoptosis, or programmed cell
death, is central to PD’s pathogenesis. In PD, dopaminergic neurons in the substantia nigra undergo apoptosis, resulting in the
characteristic motor symptoms of the disease. Several biological processes and signaling pathways are involved in neuronal apoptosis
in PD. Notably, mitochondrial dysfunction drives energy deficits, oxidative stress, and neuronal death, contributing to disease pro-
gression [8]. Additionally, NF-xB signaling is crucial in mediating oxidative stress, its activation promotes the expression of
pro-inflammatory cytokines and exacerbates neuronal apoptosis, further advancing neurodegeneration and disease progression [9].
Apoptotic pathways mediated by mitochondrial dysfunction, cytochrome c release, and caspase activation lead to cell death.
Furthermore, dysregulation of anti-apoptotic proteins, such as Bcl-2 family members, and pro-apoptotic factors like Bax, contributes to
neuronal apoptosis in PD [10]. Understanding these mechanisms of neuronal apoptosis is essential for developing therapeutic stra-
tegies aimed at preventing or slowing neurodegeneration.

Long non-coding RNAs (IncRNAs) are RNA molecules longer than 200 nucleotides that do not encode proteins. In recent years,
research has shown that IncRNAs are abundantly expressed in brain tissue and play critical roles in neurodegenerative diseases [11,
12]. In Parkinson’s disease (PD), IncRNAs are key regulators of gene expression, cell signaling, neuronal function, and survival. For
instance, IncRNA HOTAIR modulates the expression of the SNCA (a-synuclein) gene by regulating miR-126-5p, thereby influencing the
development and progression of PD [13]. Additionally, IncRNA NEAT1 has been implicated in the regulation of a-synuclein in PD [14,
15]. However, whether other IncRNA participate in the pathogenesis of PD is still poorly understood.

In this study, we identified SHANK2-AS3 as a dysregulated IncRNA in Parkinson’s disease (PD) through an analysis of the
GSE22491 dataset [16]. Clinical samples further validated the upregulation of SHANK2-AS3 in PD patients. Using an in vitro PD model,
SH-SY5Y cells treated with 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), we observed a significant increase in SHANK2-AS3
expression. Knockdown of SHANK2-AS3 alleviated MPTP-induced apoptosis in SH-SY5Y cells, whereas its overexpression exacerbated
neuronal damage. Mechanistically, RNA sequencing and Western blot analysis revealed the potential involvement of the NF-xB
signaling pathway in SHANK2-AS3-mediated neuronal injury. These findings suggest that SHANK2-AS3 could serve as a promising
therapeutic target for the treatment of PD.

2. Material and methods
2.1. Sample collection

The peripheral blood samples were collected from Shanghai Tongren Hospital, including samples from Parkinson’s disease (PD)
patients and healthy older individuals. For PD samples, inclusion criteria involved the presence of bradykinesia (slow movement)
along with at least one of the following: resting tremor, rigidity, or postural instability. Exclusion criteria comprised patients with
secondary parkinsonism due to known causes such as drug-induced parkinsonism, vascular parkinsonism, or other neurodegenerative
disorders. All patients met the clinical diagnostic criteria for Parkinson’s Disease set by the Movement Disorder Society (MDS) [17].
Control samples were collected from healthy elderly individuals with no underlying diseases or history of medication usage. A total of
31 samples were collected, consisting of 11 healthy controls and 20 PD patients. Clinical information for both PD and control samples is
detailed in Table 1. Written informed consent was obtained from all participants, and the sample collection protocol was approved by
the ethical committee of Shanghai Tongren Hospital (2018-030-01).

2.2. Bioinformatics data

LncRNA expression profiles of Parkinson’s disease (PD) patients were retrieved from Gene Expression Omnibus (GEO) at https://
www.ncbi.nlm.nih.gov/geo/. Specifically, the GEO Datasets GSE22491 were downloaded and utilized directly for subsequent analysis.

Table 1
Baseline characteristics of PD patients and control subjects.
Characteristics PD Control
Number 20 11
Age (mean + SD, range) 71.4 + 8.52 (52-83) 73.81 + 6.49 (65-87)
Sex
Male, n (%) 9 (45 %) 6 (54.5 %)
Female, n (%) 11 (55 %) 5 (45.4 %)
Hoehn-Yahr 2.15 £ 0.74 (1-3) -
Treated 20 (100 %) -
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2.3. Cell culture and treatment

SH-SY5Y were cultured in Ham’s F-12 K (Kaighn’s) medium (Gibco) with 15 % fetal bovine serum (Gibco), 1 % penicillin and 1 %
streptomycin (Gibco), maintained at 37 °C with 5 % CO2 in cell incubator. MPTP were purchased from MedChamExpress company
(MCE, HY-15608). MPTP at different concentration (2 mM, 4 mM, and 8 mM) was added to the medium and incubated for 24 h.

SH-SY5Y cells were cultured in Ham’s F-12 K (Kaighn’s) medium (Gibco) supplemented with 15 % fetal bovine serum (Gibco), 1 %
streptomycin, and 1 % penicillin (Gibco). The cells were maintained at 37 °C with 5 % CO2 in the cell incubator. MPTP (MPTP hy-
drochloride) was purchased from MedChamExpress company (MCE, HY-15608). Different concentrations of MPTP (2 mM, 4 mM, and
8 mM) were added to the cell culture medium and incubated for 24 h. The NF-kB signaling inhibitor PDTC (Pyrrolidinedithiocarbamic
acid; Beyotime Biotechnology, S1808, Shanghai, China) was used to treat SH-SY5Y cells at a concentration of 50 pM.

2.4. Overexpression or knockdown of SHANK-AS3 in SH-SY5Y

For overexpression of SHANK-AS3 in SH-SY5Y, the lentivirus containing the full length of SHANK-AS3 were used. The vector of
pLV4ltr-Puro-CMV was used for package the SHANK-AS3 overexpression lentivirus. For knockdown of SHANK-AS3 in SH-SY5Y, the
lentiviruses containing interfering sequences targeting SHANK-AS3 were utilized for knocking down SHANK-AS3 expression. The
target sequences of SHANK-AS3 used were as follows: sil: GTGAGAGAATGTTTCTGATAA, si2: GAAGAAACCGAGTGAGGATGA, si3:
GCCCATCATTTGGAAAGGGAA. The vector of pLV3ltr-ZsGreen-Puro-U6 was used for package the SHANK-AS3 knockdown lentivirus.
The procedures for SHANK2-AS3 knockdown or overexpression were conducted as follows: when SH-SY5Y cells reached 40%-60 %
confluence, lentivirus with SHANK2-AS3 knockdown or overexpression, along with 10 pg/mL Polybrene, were added to the fresh
culture medium. The cells were then incubated for 24 h for lentivirus transfection. Subsequently, the medium was replaced, and the
cells were cultured for an additional 48 h for further experimentation.

2.5. RT-gPCR

The peripheral blood samples were collected using BD PAXgene Blood RNA Tubes (BD, #762165). Total RNA was extracted from
the peripheral blood samples using the PAXgene Blood RNA Kit (QIAGEN, #762174) following the manufacturer’s instructions. cDNA
was synthesized using the HiScript II 1st Strand cDNA Synthesis Kit (Vazyme, China) according to the kit’s protocol. For quantitative
PCR (qPCR), the primer sequences used for SHANK2-AS3 were ACCTGAGCTGATGGCACAAC (Forward) and CCCCACA-
GAATCCGTGTCTT (Reverse). The primer sequences for 18s RNA were GCGCCGCTAGAGGTGAAATTC (Forward) and
TTGGCAAATGCTTTCGCTC (Reverse).

2.6. CCKS8 assay

Cell Counting Kit-8 (CCK8, Beyotime, China) were used to detect the cell viability. Briefly, the reaction solution was added to the
culture medium at a dilution of 1/10. Subsequently, the cells were incubated for 1-2 h at the cell incubator. The absorbance was then
measured at 450 nm.

2.7. Calcein-PI staining

Cell activity and cytotoxicity were assessed using the Calcein/PI Cell Viability/Cytotoxicity Assay Kit (Beyotime, China) following
the manufacturer’s protocol. After washing the cells once with PBS, the Calcein/PI working solution (1 x ) was added. The cells were
then incubated for 30 min at the cell incubator. Live and dead cells were distinguished using an Inverted fluorescence microscope
(Nikon, TS2-S-SM, Japan), with red indicating dead cells and green indicating live cells.

2.8. Western blot

The Western blot was performed as we previously reported [18]. Briefly, SH-SY5Y cells were lysed using RIPA (Radio Immuno-
precipitation Assay) lysis buffer (P0013B, Beyotime, China) supplemented with 1 mM PMSF (Phenylmethanesulfony! fluoride) (ST506,
Beyotime, China). Protein separation was performed on 8%-20 % acrylamide/bisacrylamide gels, followed by transfer to PVDF
membranes (Millipore, Billerica, USA). Unspecific protein binding was blocked using 5 % blocking reagent (1 x TBST containing 5 %
defatted milk powder) for 1 h at room temperature. Primary antibodies were incubated with the membranes overnight at 4 °C in
blocking reagent. After washing with 1 x TBST three times, membranes were incubated with HRP (horseradish peroxidase)-conjugated
secondary antibodies in blocking reagent for 1 h at room temperature. Protein expression was detected using Tanon 6200 (Tanon,
Shanghai, China). The primary antibody of Bcl-2 (#26593-1-AP, Proteintech), Bax (#50599-2-Ig, Proteintech), Caspase-3 (#9662, Cell
Signaling Technology), Cleaved Caspase-3 (Aspl75) (#9661, Cell Signaling Technology), NF-kB p65 (#8242S, Cell Signaling Tech-
nology), Phospho-NF-kB p65 (#3033S, Cell Signaling Technology), p-IKBa (#AF2002, Affinity), IKBa (#,AF5002, Affinity), p-Actin
(#66009-1-Ig, Proteintech) were used for Western blot. And the secondary antibody of HRP-conjugated Affinipure Goat Anti-Mouse
IgG (H + L) (#SA00001-1, Proteintech)/Anti-Rabbit IgG (H + L) (#SA00001-2, Proteintech) were used for Western blot.
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2.9. Reactive oxygen species (ROS) and mitochondrial membrane potential (MMP) detection

The ROS assay and MMP assay were detected in living SH-SY5Y. The ROS assay kit (Applygene Technologies Inc., China) and the
Mitro Tracker (Invitrogen, M7512, USA) were used for ROS and MMP detection, respectively. In brief, the cultured cell medium was
aspirated, and 10 pM DHE and 200 nM MitroTracker Red probes were used to detect ROS and MMP levels in SH-SY5Y cells,
respectively. The fluorescence intensity of ROS and MMP was immediately captured using a confocal microscope (Leica, SP8, Ger-
many). ImageJ software was utilized to quantify the fluorescence intensity of ROS and MMP.

2.10. Immunofluorescence (IF)

The immunostaining was conducted as we previously reported [19]. SH-SY5Y cells were fixed with 4 % paraformaldehyde (PFA)
for 20 min at 4 °C. Next, the cells were incubated with primary antibody against Phospho-NF-kB p65 (#3033S, Cell Signaling
Technology) and then treated with secondary antibodies (Proteintech, SA00013-2). Confocal microscopy (Leica, SP8, Germany) was
used to capture the images.

2.11. RNA-seq analysis

Total RNA was isolated using the RNA-easy Isolation Reagent (R701-01, Vazyme, Nanjing) following the manufacturer’s

A B

Volcano Plot: p-value<0.05 & |log: FC|>0

Down S : Up Salmonella infection 1 [ ]
p<0.05:3910 p<0.05:3997 .
10g2FC <0: 7651 1082FC > 0: 8153 Endocytosis 1 [}
Sig.:3910 ° Sig.:3997 Regulation of actin | P

. cytoskeleton

« Significant Up Rapl signaling pathway | °

- Significant Down| Transcriptional misregulation : o

. = in cancer
o . e Non-significant Cell cycle ]

Cellular senescence °

Protein pyoce5§inF in
endoplasmic reticulum
Tight junction: [ ]

Apoptosis- ) w
Autophagy-animal: ° p.adjust
FoxO signaling pathway. ° o

logiop-value

,4
g
8

Spliceosome- [ ]

Platelet activation: °
mRNA surveillance pathway- ]
Small cell lung cancer- ]
p53 signaling pathway- ]
TGF-bata signaling pathway+ [
Lysine degradation | °

SHANK2-AS3

Apotosis-multiple species; o

4 001 002 0.08 004

5
logz FoldChange GeneRatio

C D E

Kok -
8.5 180 | | 100
4= @ (o}
° 2 S 150 80
S o 8.0 99 2
2% c & 120 N %04
g3 £ 5 s
8¢ 7.5 » o 90 o =
3=z o< 8 404
o< 2Z 604 3
25 s @
57 707 5 3. 209 7 Area=0.7818
[v4 ° ,/' 95% Cl=0.6216-0.9421
Y/
6.5 —p—7— 0- 0'* T T T T 1
Control PD Control PD 0 20 40 60 80 100

100% - Specificity%

Fig. 1. Reanalysis of Differentially Expressed IncRNAs in PD Patients and Healthy Controls. (A) Volcano plot illustrating differentially
expressed genes in PD patients compared to healthy controls. (B) KEGG enrichment analysis of dysregulated of IncRNAs in PD patients relative to
controls. (C) Relative expression levels of SHANK2-AS3 in peripheral blood of PD patients versus elderly healthy controls. (D) Validated the
expression of SHANK2-AS3 in the PD patients compared with healthy controls. (E) ROC curves demonstrating the diagnostic utility of SHANK2-AS3
levels in distinguishing PD patients from elderly individuals. Data represented as mean + SD; **p < 0.01.
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guidelines. The RNA’s purity and quantity were assessed using the NanoDrop 2000 spectrophotometer (Thermo Scientific, USA).
Libraries were prepared using the TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, San Diego, CA, USA) as per the manufacturer’s
instructions. Subsequent RNA-seq analysis was conducted by OE Biotech Co., Ltd. (Shanghai, China).

2.12. RNA sequencing and differentially expressed genes analysis

Ilumina NovaSeq 6000 platform was used to sequenced. DESeq2 was employed for differential expression analysis, with signifi-
cance set at p < 0.05 and |log2FC| > 1 for identifying significantly differentially expressed genes (DEGs). Hierarchical cluster analysis
using R (version 3.2.0) was conducted to visualize gene expression patterns across different groups and samples. A radar map dis-
playing the expression of the top 30 genes, whether up-regulated or down-regulated DEGs, was generated using the R package ggradar.
Enrichment analysis of DEGs was performed for GO, KEGG pathways, Reactome, and WikiPathways based on the hypergeometric
distribution using R (version 3.2.0). Significant enrichment terms were identified and visualized using R (version 3.2.0) to create
column diagrams, chord diagrams, and bubble diagrams illustrating the enriched terms.

2.13. Statistical analysis

Statistical analyses were performed by GraphPad Prism (Version 9.0.0). p < 0.05 was statistically significant. Error bar indicate SD.
3. Results
3.1. SHANK2-AS3 dysregulated in PD patients

To identify functional IncRNAs involved in the pathophysiological mechanisms of PD, we reanalyzed differentially expressed
IncRNAs in the GEO database using GSE22491. Our analysis revealed 7907 differentially expressed mRNAs (p < 0.05, |logoFC| > 0) in
the PBMCs of PD patients compared to controls (Fig. 1A). KEGG analysis suggested that the dysregulated IncRNA involved in the
multiple cell progress, which including the cell apoptosis, cell autophagy and so on (Fig. 1B). Notably, SHANK2-AS3 was found to be
upregulated in PD patients based on RNA-Seq analysis (Fig. 1C). To validate this finding, we extracted total RNA from the peripheral
blood of an independent cohort of 20 PD patients and 11 age-matched healthy controls. qQPCR results confirmed that SHANK2-AS3
expression was significantly higher in PD patients than in controls (Fig. 1D). Furthermore, the area under the curve (AUC) for
SHANK2-AS3 in distinguishing PD patients from healthy controls was 0.78 (95 % CI, 0.6216-0.9421, p < 0.05, Fig. 1E), indicating that
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Fig. 2. SHANK2-AS3 Expression in MPTP-Induced SH-SY5Y Cells. (A) Western blot analysis of the expression levels of Bcl-2 and Bax in SH-SY5Y
cells treated with 1 mM, 2 mM, and 4 mM MPTP for 24 h, compared to untreated controls. (B) Cell viability of SH-SY5Y cells following MPTP
treatment, assessed using the CCK-8 assay, relative to control cells. (C) Relative expression of SHANK2-AS3 in SH-SY5Y cells treated with 1 mM, 2
mM, or 4 mM MPTP. Data represented as mean + SD; **p < 0.01; ns, no significance.
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SHANK2-AS3 may play a significant role in PD pathogenesis.

3.2. SHANK2-AS3 upregulated in MPTP-treated SH-SY5Y

To investigate the role of SHANK2-AS3 in the pathogenesis of Parkinson’s disease (PD), we employed an in vitro model of neuronal
injury using SH-SY5Y cells treated with MPTP. SH-SY5Y cells were exposed to increasing concentrations of MPTP (2 mM, 4 mM, and 8
mM) for 24 h. MPTP treatment resulted in a significant downregulation of Bcl-2 expression and upregulation of Bax expression,
indicating the induction of apoptosis (Fig. 2A). Moreover, CCK-8 assays showed a marked decrease in SH-SY5Y cell viability, with
viability reduced to 0.64 + 0.046 and 0.31 + 0.006 following treatment with 4 mM and 8 mM MPTP, respectively (Fig. 2B).
Importantly, SHANK2-AS3 expression was significantly upregulated in SH-SY5Y cells treated with 4 mM and 8 mM MPTP compared to
control cells (Fig. 2C). These results confirm that the MPTP-induced SH-SY5Y cell model was successfully established at 4 mM and 8
mM MPTP concentrations, and the observed upregulation of SHANK2-AS3 suggests its potential role as a key regulator in PD
pathogenesis.

3.3. SHANK2-AS3 knockdown mitigates MPTP-induced apoptosis in neuronal cells

To further elucidate the role of SHANK2-AS3 in MPTP-induced neuronal apoptosis, we knocked down SHANK2-AS3 expression
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using lentiviral-mediated delivery of SHANK2-AS3-specific short hairpin RNA (shRNA). MPTP treatment significantly upregulated
SHANK2-AS3 expression in SH-SY5Y cells, whereas SHANK2-AS3-shRNA2 effectively reduced this upregulation (Fig. 3A). Therefore,
SHANK2-AS3-shRNA2 was utilized to deplete SHANK2-AS3 expression in subsequent experiments. Microscopic analysis revealed that
SHANK2-AS3 knockdown markedly improved the morphology of MPTP-treated SH-SYSY cells (Fig. 3B). Additionally, SHANK2-AS3
knockdown significantly mitigated MPTP-induced cell death (Fig. 3C-D), reduced reactive oxygen species (ROS) accumulation, and
restored mitochondrial function, which was impaired by MPTP treatment (Fig. 3E-G). Western blot analysis further demonstrated that
SHANK2-AS3 deletion decreased the expression of apoptotic markers such as cleaved Caspase-3 and Bax, while the expression of the
anti-apoptotic protein Bcl-2 was significantly elevated in SHANK2-AS3 knockdown cells compared to MPTP-treated cells (Fig. 3H).
These findings indicate that SHANK2-AS3 depletion attenuates MPTP-induced apoptosis in neuronal cells, suggesting a protective role
against PD-related neurotoxicity.

3.4. SHANK2-AS3 overexpression induces apoptosis in neuronal cells

To investigate the potential role of SHANK2-AS3 in neuronal damage, we overexpressed SHANK2-AS3 in SH-SY5Y cells using
lentiviral transduction. gqPCR analysis confirmed a significant upregulation of SHANK2-AS3 in the SHANK2-AS3-overexpressing SH-
SY5Y cells (Fig. 4A). Similar to the effects of MPTP treatment, SHANK2-AS3 overexpression resulted in elevated levels of pro-apoptotic
markers Cleaved-caspase3 and Bax, while the anti-apoptotic protein Bcl-2 was significantly downregulated (Fig. 4B). Moreover,
SHANK2-AS3 overexpression led to a marked increase in reactive oxygen species (ROS) accumulation and a reduction in mitochondrial
function in SH-SY5Y cells (Fig. 4C-E). These results suggest that SHANK2-AS3 overexpression promotes apoptosis in SH-SY5Y cells,
further supporting its role in neuronal damage and implicating SHANK2-AS3 as a potential contributor to Parkinson’s disease
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expression lentivirus infection group. (B) Western blot analysis showing the expression levels of Cleaved-Caspase3, Caspase3, Bax, and Bcl-2 in the
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pathogenesis.
3.5. RNA-seq profiling reveals enriched pathways associated with SHANK2-AS3 overexpression in neuronal cells

To further explore the mechanisms underlying the pro-apoptotic effects of SHANK2-AS3, RNA sequencing (RNA-seq) was per-
formed on SH-SY5Y cells overexpressing SHANK2-AS3 and control cells. The analysis identified 156 differentially expressed mRNAs (p

< 0.05, |log2FC| > 2), consisting of 100 upregulated and 56 downregulated transcripts (Fig. 5A and B). Gene Ontology (GO) analysis
revealed that SHANK2-AS3 overexpression impacts a wide range of biological, cellular, and molecular processes (Fig. 5C).
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Fig. 5. RNA-Seq profiling of SHANK2-AS3 overexpression in SH-SY5Y. (A) Hierarchical clustering of differentially expressed RNA in SHANK2-
AS3 overexpression group compared with control group. (B) Volcano plot illustrating differentially expressed genes in SHANK2-AS3 overexpression
group compared with control group. (C) GO analysis of biological process, cellular components, and molecular function in differently expressed
genes in SHANK2-AS3 overexpression group compared with control group. (D) The top30 enriched KEGG pathway in SHANK2-AS3 overexpressed
SH-SY5Y. (E) Immunostaining of pNF-kB in SHANK2-AS3 overexpression group compared with control group. (F) Western blot analysis of the
protein level of pNF-kB, NF-kB, p-IKB, IKB, Cleaved-caspase3, Caspase3 in control, SHANK2-AS3 overexpression, MPTP-induced, and SHANK2-AS3
knockdown in MPTP-induced SH-SY5Y. (G) Western blot analysis of the protein level of Cleaved-caspase3 and Caspase3 in control, SHANK2-AS3
overexpression, and SHANK2-AS3 treatment with PDTC in SH-SY5Y cells. Data represented as mean + SD; **p < 0.01.
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Additionally, KEGG pathway analysis indicated that the NF-kB signaling pathway could potentially mediate the regulatory effects of
SHANK2-AS3 (Fig. 5D). Immunostaining confirmed a substantial increase in pNF-kB expression in SHANK2-AS3-overexpressing SH-
SYS5Y cells compared to controls (Fig. 5E). Furthermore, Western blot analysis showed that both pNF-kB and p-IKB were significantly
activated in SHANK2-AS3-overexpressing cells, as well as in MPTP-treated SH-SY5Y cells. In contrast, SHANK2-AS3 knockdown in
MPTP-treated SH-SY5Y cells led to a downregulation of pNF-kB and p-IKB (Fig. 5F). To further investigate whether NF-kB signaling is
involved in SHANK2-AS3-mediated apoptosis, the NF-kB inhibitor PDTC was applied to SH-SY5Y cells overexpressing SHANK2-AS3.
The results demonstrated that PDTC effectively reversed the elevated levels of cleaved caspase-3 protein induced by SHANK2-AS3
overexpression in SH-SY5Y cells (Fig. 5G). The above results demonstrate that NF-kB participate in the SHANK2-AS3 induced cell
apoptosis in neuronal cell.

3.6. CeRNA network of SHANK2-AS3

Growing evidence indicates that IncRNAs can function as competitive endogenous RNAs (ceRNAs) by directly interacting with
microRNAs. To further investigate the role of SHANK2-AS3 in this context, a SHANK2-AS3-miRNA-mRNA ceRNA network was con-
structed using the miRcode database. As illustrated in Fig. 6, SHANK2-AS3 is predicted to bind directly to hsa-miR-146b-5p and hsa-
miR-4735-3p. Moreover, hsa-miR-146b-5p is predicted to target multiple genes, including AGO1, ARL8a, ATP13A3, AVL9, BCL7B, and
BRWD1, while hsa-miR-4735-3p is predicted to target GIGYF1, RAB5C, VMA21, BDH1, and CREBL2. This network suggests a complex
regulatory mechanism through which SHANK2-AS3 may influence gene expression in Parkinson’s disease.

4. Discussion

Parkinson’s disease is the second most common neurodegenerative disorder globally. Despite its prevalence, the precise etiology of
PD remains unclear, and effective therapeutic options are still lacking. Recent studies suggest that dysregulated long non-coding RNAs
(IncRNAs) may play a critical role in the pathogenesis of PD. In this study, we identified SHANK2-AS3 as a differentially expressed
IncRNA in PD patients, indicating its potential involvement in the disease mechanisms. Elevated levels of SHANK2-AS3 in peripheral
blood of PD patients, compared to controls, suggest a potential association with the disease. The confirmation of SHANK2-AS3
upregulation in an independent patient cohort further supports its potential as a PD biomarker. Functional analysis revealed a sig-
nificant increase in SHANK2-AS3 expression in MPTP-induced SH-SY5Y cells. Importantly, SHANK2-AS3 knockdown mitigated MPTP-
induced neuronal apoptosis, while its overexpression exacerbated apoptosis in SH-SY5Y cells. These findings suggest that SHANK2-
AS3 could be a promising therapeutic target for reducing neuronal damage in PD.

SHANK2-AS3 is an antisense RNA that co-localizes with SHANK2, which is crucial for proper synaptic development and function
[20]. SHANK2 is expressed in the cortex, thalamus, dentate gyrus, and hippocampus [21]. Mutations in SHANK2 have been associated
with autism spectrum disorder (ASD) [22,23]. It has been reported that SHANK2-AS3 participates in ASD by inhibiting SHANK2
expression through direct binding [24]. However, the involvement of SHANK2-AS3 in PD remains unexplored. In our study, we
observed an upregulation of SHANK2-AS3 in the peripheral blood of PD patients through bioinformatics analysis using the GEO
dataset. This finding was further validated by confirming that SHANK2-AS3 expression was significantly elevated in PD patients.
Notably, the area under the curve (AUC) for SHANK2-AS3 was 0.78, suggesting its potential as a biomarker for PD.

R@C
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Fig. 6. CeRNA network of SHANK2-AS3. The potential interaction of SHANK2-AS3 with miRNA and mRNA.
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Cell apoptosis is a crucial factor in the pathogenesis of PD. Various factors, such as oxidative stress, endoplasmic reticulum (ER)
stress, DNA damage, and cytosolic Ca2+ overload, can trigger intrinsic apoptosis in PD [7]. Mitochondrial outer membrane per-
meabilization (MOMP) is a key event in intrinsic apoptosis, regulated by the balance between pro-apoptotic and anti-apoptotic
members of the Bcl-2 family [25]. Specifically, the proteins BAX and BAK are critical for the formation of MOMP and play an
essential role in apoptosis. Previous studies have shown that in MPTP-induced SH-SY5Y cells, Bcl-2 expression is decreased while Bax
expression is increased [26,27]. Our study also observed that MPTP-induced neuronal apoptosis is associated with the regulation of
Bcl-2 and Bax expression. Furthermore, SHANK2-AS3 was significantly upregulated in MPTP-treated SH-SY5Y cells. Knockdown of
SHANK2-AS3 substantially reduced MPTP-induced cell death, decreased ROS generation, and improved mitochondrial function in
SH-SY5Y cells. Conversely, overexpression of SHANK2-AS3 led to increased cell apoptosis, enhanced ROS accumulation, and
diminished mitochondrial activity. Recent studies have shown that ferroptosis plays a significant role in PD, particularly in the
degenerative changes of dopaminergic neurons, where abnormal iron metabolism is closely linked to oxidative stress [28]. The
mechanism of ferroptosis is considered a key factor contributing to neuronal damage, but whether SHANK2-AS3 plays a regulatory role
in this process remains unclear. Our study utilized a PD cell model involving SH-SY5Y cells treated with MPTP to investigate this issue.
Future research should focus on validating the role of SHANK2-AS3 in neuronal death within animal models and explore its potential as
a therapeutic target for Parkinson’s disease.

RNA-seq analysis revealed significant enrichment of the NF-kB signaling pathway in SHANK2-AS3-overexpressing SH-SY5Y cells.
The NF-kB pathway is known to play a dual role in apoptosis, acting as both a pro-survival and pro-apoptotic regulator depending on
the cellular context [29]. In PD, dysregulation of NF-«B signaling has been implicated in neurodegeneration and disease progression.
Specifically, activation of NF-xB has been shown to promote neuronal apoptosis in PD patients [30]. Our study found a marked
upregulation of pNF-kB and p-IKKB in SHANK2-AS3-overexpressing and MPTP-induced SH-SY5Y cells, whereas these levels were
reduced in the SHANK2-AS3 knockdown group. Furthermore, in SHANK2-AS3-overexpressing SH-SY5Y cells, treatment with an NF-xB
inhibitor effectively diminished the expression of Cleaved-caspase3 induced by SHANK2-AS3 overexpression. However, additional
research is needed to elucidate the precise mechanism by which SHANK2-AS3 regulates NF-xB signaling.

The ceRNA network analysis identified potential interactions between SHANK2-AS3, microRNAs (miRNAs), and target mRNAs. We
found that the hsa-miR-146b-5p and hsa-miR-4735-3p might be the direct target of the SHANK2-AS3 and participated in the cell
apoptosis of PD. This ceRNA crosstalk may contribute to the dysregulation of key genes involved in PD pathology. Further exploration
of the SHANK2-AS3-miRNA-mRNA network could provide insights into the molecular mechanisms underlying PD development and
progression.

Overall, the study reveals the potential role of SHANK2-AS3 in the pathogenesis of PD, highlighting its potential as a diagnostic
biomarker and therapeutic target. We found that SHANK2-AS3 is significantly upregulated in peripheral blood of PD patients and
shows a similar increase in the MPTP-induced SH-SY5Y cell model. This suggests that SHANK2-AS3 may be associated with the
pathological processes of PD. Functional analysis indicates that overexpression of SHANK2-AS3 exacerbates neuronal apoptosis, while
its knockdown effectively alleviates MPTP-induced cell death and oxidative stress, suggesting that SHANK2-AS3 may impact PD-
related neuronal damage by regulating apoptotic pathways. Additionally, we found that SHANK2-AS3 plays a role in apoptosis
through the modulation of the NF-kB signaling pathway and may interact with specific miRNAs and target mRNAs via the ceRNA
network. These findings provide new insights into the mechanisms underlying the role of SHANK2-AS3 in PD and lay a solid foun-
dation for future research, particularly in developing targeted therapeutic strategies against SHANK2-AS3.
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