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Abstract
Parkinson’s disease (PD) is a multi-factorial neurodegenerative disease. Long noncoding RNAs (lncRNAs) have been revealed 
to be involved in the process of PD. Herein, this study aimed to investigate the potential function and mechanism of JHDM1D-
AS1 (JHDM1D antisense 1) in PD process. 1-Methyl-4-phenylpyridinium (MPP +)–induced SK-N-SH cells were used to 
conduct expression and function analyses. Levels of genes and proteins were examined using real-time reverse transcription 
PCR (RT-qPCR) and Western blot. Cell viability and apoptosis were determined using CCK-8 assay, flow cytometry, and 
Western blot, respectively. ELISA analysis was performed for the detection of interleukin (IL)-1β, IL-6, and tumor necrosis 
factor (TNF)-α. The contents of lactate dehydrogenase (LDH), superoxide dismutase (SOD), and malondialdehyde (MDA) 
were measured using commercial kits. The direct interactions between miR-134-5p and PIK3R3 (Phosphoinositide-3-Kinase 
Regulatory Subunit 3) or JHDM1D-AS1 were verified by dual-luciferase reporter and RNA immunoprecipitation (RIP) 
assays. JHDM1D-AS1 expression was decreased by MPP + in SK-N-SH cells in a dose- or time-dependent manner. Func-
tionally, JHDM1D-AS1 overexpression attenuated MPP + -evoked neuronal apoptosis, inflammation, and oxidative stress. 
Mechanistically, JHDM1D-AS1 competitively bound to miR-134-5p to upregulate the expression of its target PIK3R3. Rescue 
experiments suggested that miR-134-5p upregulation reversed the inhibitory effects of JHDM1D-AS1 on MPP + -induced 
neuronal injury. Moreover, inhibition of miR-134-5p protected neurons against MPP + -induced neuronal apoptosis, inflam-
mation, and oxidative stress, which were abolished by PIK3R3 silencing. JHDM1D-AS1 protected against MPP + -induced 
neuron injury via miR-134-5p/PIK3R3 axis, suggesting the potential involvement of this axis in PD process.
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Introduction

Parkinson’s disease (PD) is a multi-factorial neurodegenera-
tive disease attributing to the progressive loss of dopaminer-
gic neurons, which leads to tremor, rigidity, and bradykin-
esia, thus reducing the quality of life (Kalia and Lang 2015; 
Teive et al. 2016). PD can affect 1–2 per 1000 of the popu-
lation (Tysnes and Storstein 2017); currently, there are no 
biomarkers, laboratory tests, or imaging studies to confirm 
this disease; moreover, current treatment options are largely 
limited to control the symptoms (Marino et al. 2020). The 
pathology of PD involves in a wide range of regions of the 

nervous system, diverse protein aggregates, and neurotrans-
mitters; importantly, there is increasing evidence suggesting 
that various fundamental cellular processes, including cell 
apoptosis, inflammation, and oxidative stress, are responsi-
ble for PD progression (Abou-Sleiman et al. 2006; Michel 
et al. 2016; Zhou et al. 2008). Therefore, further investiga-
tions underlying the pathology of PD are required for the 
development of novel therapeutic strategies for PD patients.

Long noncoding RNAs (lncRNAs) are transcripts with 
a length of approximately 200 nucleotides that have no 
protein-coding potential (Wang et al. 2011). They have 
emerged as important regulators in a variety of physiologi-
cal and pathological processes (Heward and Lindsay 2014; 
Maass et al. 2014; Quinn and Chang 2016). Accumulating 
studies indicate that lncRNAs are aberrantly expressed in the 
blood or tissues of patients with different diseases, includ-
ing cancers, cardiovascular diseases, and neurodegenera-
tive diseases (Bhan et al. 2017; Haemmig et al. 2017; Wu 
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et al. 2013). In PD, some lncRNAs have also been revealed 
to involve in the process of this disease. For example, 
lncRNA MALAT1 induced neuroinflammation and ROS 
production by recruiting NRF2 in vitro and in PD mouse 
(Cai et al. 2020). LncRNA H19 was demonstrated to sup-
press neuronal apoptosis in PD (Zhang et al. 2020). There-
fore, targeting lncRNA in PD will be an attractive treatment 
strategy. JHDM1D-AS1 (JHDM1D antisense 1) is a nutrient 
starvation-responsive lncRNA. Recently, Liu et al. showed 
that JHDM1D-AS1 had a prominent neuroprotective effect 
in spinal cord after brachial plexus injury by alleviating neu-
ronal apoptosis and neuroinflammation (Liu et al. 2020). 
Moreover, JHDM1D-AS1 was found to be decreased in PD 
patients (Zhou et al. 2018). Here, we speculated that dysreg-
ulation of JHDM1D-AS1 expression might be also involved 
in the progression of PD.

1-Methyl-4-phenylpyridinium (MPP +) is the active in vivo 
metabolite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP), which can cause PD-like symptoms by inducing 
selective degeneration of nigrostriatal dopaminergic (DA) 
neurons (Risiglione et al. 2020). Due to the difficulty of the 
acquisition and maintainability of dopaminergic neurons, the 
neuroblastoma cell line has been widely used as a model for 
PD (Krishna et al. 2014). Hence, this study used MPP + -stim-
ulated SK-N-SH cells to mimic PD environment in vitro to 
investigate the potential functions and mechanisms underly-
ing JHDM1D-AS1 in PD, with the goal of suggesting a new 
therapeutic target for PD treatment.

Materials and Methods

Cell Culture and Treatment

Human SK-N-SH cells were commercially obtained from 
Cedarlane (Burlington, NC, USA), and maintained in Dul-
becco’s modified Eagle’s medium (DMEM; Gibco, Los 
Angeles, CA, USA) containing 10% fetal calf serum (Gibco) 
and 1% penicillin/streptomycin (Gibco) at 37 °C with 5% 
CO2. Cells from passages 3 to 7 were used for functional 
experiment.

To mimic the pathological feature of PD in vitro, SK-N-
SH cells were challenged with increasing doses (0, 1, 2, 3, 
or 4 mM) of MPP + (Sigma-Aldrich, St. Louis, MO, USA) 
for 24 h or exposed to 2 mM MPP + for different times (0 h, 
12 h, 24 h, 36 h, or 48 h). Treatment of 2 mM MPP + for 
24 h was finally chosen to trigger PD-like neuronal injury 
in subsequent functional analyses.

Real‑time Reverse Transcription PCR (RT‑qPCR)

Trizol reagent (Invitrogen, Carlsbad, CA, USA) was 
applied for the isolation of total RNAs. The generation of 

complementary DNA (cDNA) was conducted using the 
PrimeScript RT Reagent Kit (TaKaRa, Otsu, Japan) or Pri-
meScript miRNA cDNA Synthesis Kit (TaKaRa), and then 
qPCR was carried out using the SYBR Green (TaKaRa). 
The relative molecular expression, normalized to glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) or U6, was 
detected by the 2−△△Ct method. The same experiment was 
repeated three times, and the average was taken. The primer 
sequences were shown:

JHDM1D-AS1: F 5′-GAA​GCG​GAG​AAG​TTT​GCT​
GC-3′, R 5′-AGT​TTG​GAT​TCC​ACG​GCA​CA-3′;

miR-134-5p: F 5′-GCC​GAG​TGT​GAC​TGG​TTG​ACCA-
3′, R 5′-CAG​TGC​AGG​GTC​CGA​GGT​AT-3′;

PIK3R3: F 5′-CTG​GAG​GGA​GGT​GAT​GAT​GC-3′, R 
5′-GTT​GAG​GCA​TCT​CGG​ACC​AA-3′;

GAPDH: F 5′-CTG​GGC​TAC​ACT​GAG​CAC​C-3′, R 5′- 
AAG​TGG​TCG​TTG​AGG​GCA​ATG-3′;

U6: F 5′-CTC​GCT​TCG​GCA​GCACA-3′, R 5′-AAC​GCT​
TCA​CGA​ATT​TGC​GT-3′.

Cell Transfection

The pcDNA3.1-JHDM1D-AS1 overexpression vector 
(JHDM1D-AS1) with empty pcDNA3.1 vector (vector), 
PIK3R3 specific siRNA (si-PIK3R3, 5′-GGA​CUU​ GCU​
UUA​UGG​GAA​A dTdT-3′) with the nontarget siRNA (si-
NC, 5′-AAU​UCU​C CGA​ACG​UGU​CAC​GU-3′), miR-
134-5p mimic (5′- UGU​GAC​UGG​UUG​ACC​AGA​GGGG-
3′), miR-134-5p inhibitor (5′-ACA​CUG​ACC​AAC​UGG​UCU​
CCCC-3′), or corresponding control (miRNA NC or inhibi-
tor NC, 5′-AAU​CUU​GGC​CUA​ACU​ACU​GGCU-3′) were 
designed and synthesized by Genechem (Shanghai, China). 
Then, transient transfection in SK-N-SH cells with 40 nM 
of miRNA mimic, inhibitor, negative controls, or 100 nM of 
si-PIK3R3, si-NC, or 100 nM of JHDM1D-AS1 or vector 
was implemented employing Lipofectamine 2000 provided 
by Invitrogen. After confirmation of the transfection effi-
ciencies, cells were subjected to 2 mM MPP + for 24 h for 
subsequent analyses.

Cell Counting Kit‑8 (CCK‑8) Assay

SK-N-SH cells (5000/well) were placed at each well of 
96-well plates overnight; then, the optical density (OD) at 
450 nm was examined by a spectrophotometric microplate 
reader after the addition of 10 μL CCK-8 solution (Sigma-
Aldrich) in each well for 2 h. All experiments were repeated 
three times independently.

Flow Cytometry

Briefly, SK-N-SH cells were resuspended in binding buffer 
to a concentration of 1 × 106/mL, and then incubated with 5 
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μL FITC annexin V and 10 μL PI (BD Biosciences, Franklin 
Lakes, NJ, USA). Lastly, the apoptosis rate was measured 
after 15 min of incubation in the dark using a flow cytom-
eter. Three replicate wells were set in each group, and the 
experiment was repeated three times.

Western Blot

After isolation of total proteins using RIPA reagent (Beyo-
time, Beijing, China), protein extracts were separated by 
10% polyacrylamide gel and then shifted onto a PVDF 
membrane (Solarbio, Beijing, China). The membrane was 
incubated with primary antibodies at 4 °C overnight, and 
then probed with secondary antibody at room temperature 
for 2 h. The protein signal was detected using an ECL rea-
gent (Beyotime). The primary antibodies included PCNA 
(1:5000, ab29, Abcam, Cambridge, MA, USA), Bax (1:1000, 
ab32503, Abcam), PIK3R3 (Cat #11,889, Cell Signaling 
Technology, MA, USA), and GAPDH (1:5000, ab181602, 
Abcam). Experiments were performed three times.

Enzyme‑Linked Immunosorbent Assay (ELISA)

The levels of interleukin (IL)-1β, IL-6, and tumor necrosis 
factor-α (TNF-α) in the culture supernatants of SK-N-SH 
cells were evaluated by using the commercial the ELISA kits 
(Solarbio) following the instructions of manufacturer. The 
same experiment was repeated three times, and the average 
was taken.

Measurement of Lactate Dehydrogenase (LDH), 
Malondialdehyde (MDA), or Superoxide Dismutase 
(SOD)

The contents of LDH, MDA, and SOD were detected using 
LDH assay kit (Biovision, Wuhan, China), MDA content 
Assay Kit, or the SOD Assay Kit-WST (Dojindo, Tokyo, 
Japan) as per the accompanying guidance, respectively. The 
same experiment was repeated three times, and the average 
was taken.

Dual‑Luciferase Reporter Assay

The 3′UTR of JHDM1D-AS1 or PIK3R3 possessing miR-
134-5p binding sites were predicted by using Bioinformat-
ics analysis. Point mutations in binding sites of miR-134-5p 
were generated by Genema (Shanghai, China). The binding 
sites were amplified and inserted into the PGL3 Basic vec-
tor (Promega, Madison, WI, USA). Next, these constructed 
reporter plasmids and pRL-TK Renilla vector together miR-
134-5p mimic or mimic NC were co-transfected into SK-
N-SH cells by using Lipofectamine 2000 (Invitrogen), and 
the luciferase activity and Renilla activity were determined 

after 48 h of transfection. Each group was run in triplicate 
in 24-well plates.

RNA Immunoprecipitation (RIP) Assay

RIP assay was implemented according to the protocol of 
the EZMagna RIP Kit (Millipore). The lysates of SK-N-SH 
cells were incubated with magnetic beads conjugated with 
human Ago2 antibody or negative control IgG. Finally, the 
precipitated RNAs were purified, and subject to RT-qPCR 
analysis. Experiments were performed three times.

Statistical Analyses

All data were expressed as mean ± standard deviation. Anal-
ysis of variance was applied for multiple group comparisons. 
Statistical significance was assessed by Student’s t-test for 
independent two groups or Mann–Whitney U-test for non-
parametric independent two-group. P < 0.05 suggested sig-
nificant differences.

Results

JHDM1D‑AS1 Expression Is Decreased 
in MPP + ‑Induced SK‑N‑SH Cells

First, the expression profile of JHDM1D-AS1 in 
MPP + -stimulated SK-N-SH cells was investigated. As 
shown in Fig. 1A, the expression of JHDM1D-AS1 in SK-
N-SH cells was found to be decreased with the increasing 
doses of MPP + (0, 1, 2, 3, or 4 mM) for 24 h. Moreover, SK-
N-SH cells were exposed to 2 mM MPP + for different times 
(0, 12, 24, 36, or 48 h); it was discovered that JHDM1D-
AS1 expression was time-dependently downregulated in 
SK-N-SH cells (Fig. 1B). Therefore, we demonstrated that 
JHDM1D-AS1 expression was significantly affected by 
MPP + treatment in SK-N-SH cells, suggesting the poten-
tial involvement of JHDM1D-AS1 in the pathology of PD.

JHDM1D‑AS1 Overexpression Restrains 
MPP + ‑Induced Neuronal Apoptosis, Inflammation, 
and Oxidative Stress

Next, JHDM1D-AS1 was overexpressed in SK-N-SH cells, 
followed by the treatment of 2 mM MPP + for 24 h to inves-
tigate the functions of JHDM1D-AS1 in MPP + -induced 
neuronal injury. The results of RT-qPCR suggested that 
JHDM1D-AS1 expression in MPP + -challenged SK-N-
SH cells was significantly upregulated by the introduc-
tion of JHDM1D-AS1 overexpression vector (Fig. 2A). 
Functionally, upregulation of JHDM1D-AS1 reduced 
MPP + -induced inhibition of cell proliferation (Fig. 2B) and 
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Fig. 1   JHDM1D-AS1 
expression is decreased in 
MPP + -induced SK-N-SH 
cells. A RT-qPCR analysis of 
JHDM1D-AS1 expression level 
in SK-N-SH cells 24 h follow-
ing MPP + exposure (0, 1, 2, 3, 
or 4 mM). B RT-qPCR analysis 
of JHDM1D-AS1 expression 
level in SK-N-SH cells exposed 
to 2 mM MPP + for 0, 12, 24, 
36, or 48 h. *P < 0.05

Fig. 2   JHDM1D-AS1 overexpression restrains MPP + -induced 
neuronal apoptosis, inflammation, and oxidative stress. A–K SK-N-
SH cells were transfected with JHDM1D-AS1 or vector, followed 
by the treatment of 2  mM MPP + for 24  h. A RT-qPCR analysis of 
JHDM1D-AS1 expression level in SK-N-SH cells. B CCK-8 for cell 

viability. C Flow cytometer for cell apoptosis. D, E Western blot anal-
ysis of the protein levels of PCNA and Bax. F–H ELISA analysis for 
IL-1β, IL-6, and TNF-α levels. I–K Measurement of LDH, MDA, and 
SOD levels in cells using commercial kits. *P < 0.05
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enhancement of cell apoptosis (Fig. 2C) in SK-N-SH cells. 
Moreover, Western blot analysis showed that the protein 
level of PCNA was increased while Bax was decreased in 
MPP + -induced SK-N-SH cells after elevation of JHDM1D-
AS1 (Fig. 2D, E). Besides that, MPP + led to the elevation of 
inflammatory cytokines IL-1β, IL-6, and TNF-α in SK-N-
SH cells, which was reversed by JHDM1D-AS1 upregula-
tion (Fig. 2F–H). Meanwhile, JHDM1D-AS1 upregulation 
abolished MPP + -triggered increase of LDH and MDA pro-
duction, as well as decrease of SOD content in SK-N-SH 
cells (Fig. 2I–K). Altogether, JHDM1D-AS1 ameliorated 
MPP + -induced neuronal dysfunction.

MiR‑134‑5p Is a Target of JHDM1D‑AS1

The potential target miRNAs of JHDM1D-AS1 were 
then predicted by using starBase online tool; 19 miRNAs 

were found that might be the target of JHDM1D-AS1; 
among them, miR-134-5p, miR-129-5p, miR-421, miR-
9, and miR-101-3p were reported to be related to PD. 
When we overexpressed JHDM1D-AS1 in SK-N-SH cells, 
it was found that JHDM1D-AS1 overexpression signifi-
cantly reduced miR-134-5p expression (Fig. S2). There-
fore, miR-134-5p was selected for subsequent analysis. 
JHDM1D-AS1 contains a putative binding site on miR-
134-5p (Fig. 3A). After confirming the elevation effi-
ciency of miR-134-5p mimic (Fig. 3B), it was proved that 
miR-134-5p mimic overtly reduced the luciferase activity 
of the wild-type JHDM1D-AS1 vector in SK-N-SH cells, 
while SK-N-SH cells co-transfected with mutated one 
with miR-134-5p mimic did not exhibit a significant dif-
ference (Fig. 3C). Moreover, RIP assay showed JHDM1D-
AS1 and miR-134-5p were significantly pulled down by 
Ago2 antibody compared with the negative control IgG 

Fig. 3   MiR-134-5p is a target of JHDM1D-AS1. A The putative 
binding site between JHDM1D-AS1 and miR-134-5p. B RT-qPCR 
analysis of miR-134-5p expression in SK-N-SH cells transfected with 
miR-134-5p mimic or mimic NC. C Dual-luciferase reporter assay for 
the luciferase activity of wild and mutated JHDM1D-AS1 reporter 
after miR-134-5p overexpression in SK-N-SH cells. D Anti-Ago2 

RIP assay was used in SK-N-SH cells to determine JHDM1D-AS1 
and miR-134-5p RNA enrichment in immunoprecipitate complexes. 
E RT-qPCR analysis of miR-134-5p expression in SK-N-SH cells 
treated with 2  mM MPP + for 24  h. F RT-qPCR analysis of miR-
134-5p expression in SK-N-SH cells transfected with JHDM1D-AS1 
or vector. *P < 0.05
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(Fig. 3D), further verifying the binding between miR-
134-5p and JHDM1D-AS1. The expression of miR-
134-5p was increased by MPP + treatment (Fig.  3E), 
which was the opposite of that of JHDM1D-AS1 expres-
sion trend. Besides that, JHDM1D-AS1 overexpression 
reduced miR-134-5p expression level in SK-N-SH cells 
(Fig. 3F). Therefore, we confirmed that JHDM1D-AS1 
targeted miR-134-5p and suppressed its expression.

JHDM1D‑AS1 Restrains MPP + ‑Induced Neuronal 
Apoptosis, Inflammation, and Oxidative Stress 
Through miR‑134‑5p

Thereafter, whether miR-134-5p mediated the effects of 
JHDM1D-AS1 on MPP + -induced neuronal injury was 
explored. The results of RT-qPCR suggested that intro-
duction of miR-134-5p mimic rescued JHDM1D-AS1 

Fig. 4   JHDM1D-AS1 restrains MPP + -induced neuronal apoptosis, 
inflammation, and oxidative stress through miR-134-5p. A–K SK-
N-SH cells were transfected with vector, JHDM1D-AS1, JHDM1D-
AS1 + miRNA NC, or JHDM1D-AS1 + miR-134-5p mimic, followed 
by the treatment of 2  mM MPP + for 24  h. A RT-qPCR analysis of 

miR-134-5p expression level in SK-N-SH cells. B CCK-8 for cell via-
bility. C Flow cytometer for cell apoptosis. D, E Western blot analy-
sis of the protein levels of PCNA and Bax. F–H ELISA analysis for 
IL-1β, IL-6, and TNF-α levels. I–K Measurement of LDH, MDA, and 
SOD levels in cells using commercial kits. *P < 0.05
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overexpression–induced decrease in miR-134-5p expres-
sion in MPP + -challenged SK-N-SH cells (Fig.  4A). 
After that, function analysis showed that miR-134-5p 
upregulation reversed JHDM1D-AS1 restoration-evoked 
enhancement in proliferation and inhibition in apopto-
sis in MPP + -challenged SK-N-SH cells (Fig.  4B–E). 
MiR-134-5p upregulation caused the elevation of 
inflammatory cytokines IL-1β, IL-6, and TNF-α in 

JHDM1D-AS1-overexpressed SK-N-SH cells in the pres-
ence of MPP + (Fig. 4F–H). Moreover, the reduction of 
LDH and MDA production, as well as elevation of SOD 
content mediated by JHDM1D-AS1 upregulation, was also 
abolished by miR-134-5p mimic in MPP + -challenged SK-
N-SH cells (Fig. 4I–K). Taken together, JHDM1D-AS1/
miR-134-5p axis was responsible for MPP + -induced neu-
ronal injury.

Fig. 5   PIK3R3 is a target of miR-134-5p. A The putative binding site 
between PIK3R3 and miR-134-5p. B Dual-luciferase reporter assay 
for the luciferase activity of wild and mutated PIK3R3 reporter after 
miR-134-5p overexpression in SK-N-SH cells. C Anti-Ago2 RIP 
assay was used in SK-N-SH cells to determine PIK3R3 and miR-
134-5p RNA enrichment in immunoprecipitate complexes. D West-
ern blot analysis of PIK3R3 expression in SK-N-SH cells treated 

with 2  mM MPP + for 24  h. E The interference efficiency of miR-
134-5p inhibitor or inhibitor NC in SK-N-SH using RT-qPCR. F 
Western blot analysis of PIK3R3 expression in SK-N-SH cells trans-
fected with miR-134-5p inhibitor or inhibitor NC. G Western blot 
analysis of PIK3R3 expression in SK-N-SH cells transfected with 
vector, JHDM1D-AS1, JHDM1D-AS1 + miRNA NC, or JHDM1D-
AS1 + miR-134-5p mimic. *P < 0.05
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PIK3R3 Is a Target of miR‑134‑5p

Based on the prediction of starBase online tool and pre-
vious studies, PIK3R3, NUCKS1, VPS13D, TRIM11, and 
DDX3Y were predicted that might be the target of miR-
134-5p. Then, it was proved that miR-134-5p inhibitor led 
to a marked increase of PIK3R3 (Fig. S3); therefore, we 
selected PIK3R3 as the subsequent analysis target. The 
potential binding site of miR-134-5p on PIK3R3 is shown 
in Fig. 5A. The results of dual-luciferase reporter assay 
showed that miR-134-5p overexpression reduced the lucif-
erase activity of the wild-type PIK3R3 vector in SK-N-SH 

cells, while there were no notable changes in the luciferase 
activity of the mutated PIK3R3 vector after miR-134-5p 
overexpression (Fig. 5B). Further RIP assay indicated that 
miR-134-5p and PIK3R3 were preferentially pulled down 
by anti-Ago2 pellet relative to the IgG immunoprecipitates 
in SK-N-SH cells (Fig. 5C). PIK3R3 was observed to be 
decreased in MPP + -challenged SK-N-SH cells (Fig. 5D). 
Moreover, it was observed that miR-134-5p inhibitor sig-
nificantly reduced miR-134-5p expression in SK-N-SH cells 
(Fig. 5E); furthermore, Western blot analysis showed that 
miR-134-5p downregulation led to an increase of PIK3R3 
expression in SK-N-SH cells (Fig. 5F). All these results 

Fig. 6   Inhibition of miR-134-5p suppresses MPP + -induced neuronal 
apoptosis, inflammation, and oxidative stress PIK3R3. A Western 
blot analysis of PIK3R3 expression in SK-N-SH cells transfected with 
si-NC or si-PIK3R3. B–K SK-N-SH cells were co-transfection with 
miR-134-5p inhibitor and PIK3R3 siRNA, followed by MPP + treat-

ment for 24 h. B CCK-8 for cell viability. C Flow cytometer for cell 
apoptosis. D, E Western blot analysis of the protein levels of PCNA 
and Bax. F–H ELISA analysis for IL-1β, IL-6, and TNF-α levels. I–K 
Measurement of LDH, MDA, and SOD levels in cells using commer-
cial kits. *P < 0.05
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confirmed that PIK3R3 was a target of miR-134-5p, and 
was negatively regulated by miR-134-5p. Besides that, West-
ern blot analysis also exhibited that JHDM1D-AS1 elevated 
PIK3R3 expression in SK-N-SH cells, which was reversed 
by miR-134-5p mimic (Fig. 5G), suggesting that JHDM1D-
AS1/miR-134-5p axis could regulate PIK3R3 expression.

Inhibition of miR‑134‑5p Suppresses MPP + ‑Induced 
Neuronal Apoptosis, Inflammation, and Oxidative 
Stress via PIK3R3

To investigate whether miR-134-5p/PIK3R3 axis was 
involved in MPP + -induced neuronal injury, three siRNAs 
targeting PIK3R3 were designed and the knockdown effi-
ciencies have been validated by qRT-PCR with the decrease 
of PIK3R3 expression level in SK-N-SH cells (Fig. S1), 
and si-PIK3R3#1 (si-PIK3R3) was selected for subsequent 
analysis due to the highest decrease of PIK3R3 expression 
after si-PIK3R3#1 transfection. The interference efficiency 
of si-PIK3R3 (si-PIK3R3#1) was also confirmed by using 
Western blot (Fig. 6A). Then, SK-N-SH cells were co-trans-
fection with miR-134-5p inhibitor and PIK3R3 siRNA, fol-
lowed by MPP + treatment for 24 h. Further function analy-
ses indicated that inhibition of miR-134-5p promoted cell 
proliferation and suppressed apoptosis in MPP + -challenged 
SK-N-SH cells, which were reversed by PIK3R3 knockdown 
(Fig. 6B–E). Moreover, miR-134-5p inhibition reduced the 
release of IL-1β, IL-6, and TNF-α in MPP + -challenged SK-
N-SH cells, while PIK3R3 knockdown abolished these effects 
(Fig. 6F–H). Besides that, PIK3R3 knockdown attenuated 
miR-134-5p inhibition-evoked suppression of oxidative stress 
in SK-N-SH cells under MPP + treatment, evidenced by the 
elevation of LDH and MDA production, as well as decrease of 
SOD content (Fig. 6I–K). Collectively, miR-134-5p/PIK3R3 
axis was engaged in MPP + -induced neuronal injury.

Discussion

Recently, the fundamental role of lncRNAs in central nerv-
ous system is increasingly emerging, and the dysregulation of 
lncRNAs can result in neuronal death and is functionally and 
mechanistically associated with neurobiological processes 
related to learning, memory, and disorders (Dexter and Jen-
ner 2013; Riva et al. 2016; Salta and De Strooper 2012). 
JHDM1D-AS1 is a functional lncRNA; previous studies dis-
covered that JHDM1D-AS1 performed oncogenic role in 
several cancers, such as gastric (Wu et al. 2021), lung (Yao 
et al. 2019), and pancreatic (Kondo et al. 2017) cancers. 
However, the effects of JHDM1D-AS1 on the process of PD 

remain vague. In this study, JHDM1D-AS1 expression was 
demonstrated to be decreased in MPP + -induced SK-N-SH 
cells, which was consistent with previous findings (Zhou 
et al., 2018). Furthermore, we proved that overexpression of 
JHDM1D-AS1 reduced MPP + -mediated apoptosis, inflam-
mation, and oxidative stress in SK-N-SH cells, suggesting 
the neuroprotective effect of JHDM1D-AS1.

LncRNAs can act as miRNA sponges, which have 
been identified as competing endogenous RNAs (Chen 
et al. 2019; Chen and Wang 2019). In the present study, a 
binding between JHDM1D-AS1 and miR-134-5p was identi-
fied, and JHDM1D-AS1 targetedly suppressed miR-134-5p 
expression. A precious study showed that miR-134-5p con-
tributed to plasticity deficit in Aβ(1–42)-induced model of 
Alzheimer’s disease (Baby et al. 2020). In PD, Feng et al. 
suggested that miR-134-5p reversed the neuroprotective 
effects of circDLGAP4 in PD (Feng et al. 2020). In the cur-
rent work, we revealed an increased level of miR-134-5p in 
MPP + -stimulated SK-N-SH cells, functionally, knockdown 
of miR-134-5p repressed neuronal apoptosis, inflammation 
and oxidative stress that caused by MPP + treatment. Moreo-
ver, miR-134-5p upregulation attenuated the neuroprotective 
effects of JHDM1D-AS1.

PIK3R3, also named p55PIK, is one of the class IA regula-
tory subunits of PI3Ks; it has been reported to be abnormally 
overexpressed in several types of cancers, and acted as an 
oncogene to promote cancer progression by regulating various 
biological behaviors (Wang et al. 2013; Wang et al. 2012; Yu 
et al. 2015). However, PIK3R3 was observed to be decreased 
in neurotoxin paraquat-stimulated human dopaminergic 
SH-SY5Y cells, which led to apoptosis induction (Zhou 
et al. 2014). Moreover, Zhang et al. showed that lncRNA 
H19 elevated PIK3R3 expression via miR-585-3p to enhance 
MPP + -mediated neuronal apoptosis (Zhang et al. 2020). 
In the current work, we verified that miR-134-5p directly 
targeted PIK3R3; moreover, JHDM1D-AS1 could regulate 
PIK3R3 expression through sponging miR-134-5p. There-
fore, a JHDM1D-AS1/miR-134-5p/PIK3R3 axis was identi-
fied. Additionally, we also observed that PIK3R3 knockdown 
resulted in a reduction of the neuroprotective effect mediated 
by miR-134-5p in the presence MPP + .

In conclusion, this work firstly demonstrated that JHDM1D-
AS1 restrained MPP + -mediated neuronal apoptosis, inflamma-
tion, and oxidative stress via elevating PIK3R3 through miR-
134-5p (Fig. 7), indicating a novel insight into the pathogenesis 
of PD. However, our research has some limitations. The data 
presented are based on a limited number of cells in vitro; more 
evidence was needed to investigate the regulatory function of 
JHDM1D-AS1/miR-134-5p/PIK3R3 axis in vivo.
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