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Abstract: To examine the neuroprotective roles of lncRNA-MIAT in Parkinson’s disease (PD). RNA sequencing ex-
pression profiles were utilized to screen the dysregulated lncRNAs in patients with PD and to explore the underly-
ing molecular mechanisms by which the lncRNAs regulate the pathogenesis of PD. 6-hydroxydopamine-induced 
SH-SY5Y cell lines and a PD mouse model were used to prove how the overexpressing or knocking-down of MIAT 
produce a marked effect in both in vitro and in vivo experiments. Subsequently, the subcellular localization of MIAT 
was detected via RNA fluorescence in situ hybridization (FISH) assays. Quantitative PCR, as well as western blotting, 
were used to determine the expression levels of the associated genes and proteins. We utilized Cell Counting Kit-8 
(CCK8) assays to measure the viability of the cells, and the apoptotic rate was determined using Annexin V-FITC/
PI double staining. The expressions of tyrosine hydroxylase (TH) and Parkin were quantified in the substantia nigra 
using immunohistochemical staining. Also, TUNEL staining was performed to visualize the apoptotic cells in the 
substantia nigra. Compared with the normal rats, the downregulation of MIAT was observed in the cortex, hippo-
campus, substantia nigra, and striatum of the PD rats. Overexpression of MIAT exhibited a neuroprotective effect on 
the SH-SY5Y cells. Through RNA-sequencing of the PD mice treated with an overexpression of MIAT and through a 
differentially expressed genes analysis, it was hypothesized that MIAT could upregulate the expression of synapto-
tagmin-1 (SYT1) through sponging of miR-34-5p. Interactions between MIAT, miR-34-5p, and SYT1 were confirmed 
using RIP and dual-luciferase reporter assays. At the same time, the MIAT overexpression group exhibited elevated 
Parkin and TH protein levels, increased cell viability but a decreased apoptosis rate of the SH-SY5Y cells in contrast 
with the negative control (NC) group. In vivo, compared with the NC group, the overexpression of MIAT resulted in 
an increase in the positive rates of Parkin and TH, and the apoptosis was decreased in the PD mice. The behavioral 
test results showed that the motor coordination and autonomous activity of the mice were enhanced in the MIAT 
overexpression group compared with the NC group. LncRNA-MIAT regulates the growth of SHSY5Y cells by sponging 
miR-34-5p which targets SYT1 and exerts a neuroprotective effect in a mouse model of PD.
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SHSY5Y cells, Parkinson’s disease

Introduction

Parkinson’s disease (PD), with the most note-
worthy feature of progressive loss of neurons in 
the substantia nigra pars compacta, has been 
confirmed as the second most common neuro-
degenerative disorder. The pathogenesis of PD 
is closely associated with oxidative stress, dys-
functional mitochondria, the accumulation of 
α-synuclein aggregates, and the dysregulation 

of anti-oxidant mechanisms [1, 2]. Resting 
tremor, bradykinesia, high myodynamia, and 
postural instability are all principal manifesta-
tions of PD [3]. Although substantial improve-
ment has been made in understanding the 
pathophysiology of PD, there are still no effec-
tive measures for preventing the progression of 
the disease. Furthermore, the cellular and 
molecular mechanisms with regard to the 
development of PD remain unclear.

http://www.ajtr.org


The relationship between LncRNA-MIAT and Parkinson’s disease

9994	 Am J Transl Res 2021;13(9):9993-10013

In the current study, a microarray was carried 
out to screen for differentially expressed genes 
in patients with PD. Based on the results, syn-
aptotagmin-1 (SYT1) was further assessed. 
SYT1, a member of the synaptotagmin family  
of proteins, can function as a calcium ion sen-
sor located in synaptic vesicles and regulate 
neuron exocytosis [4]. It has been demonstrat-
ed that the loss of regulation of the vesicle 
cycle can serve an essential role in the degen-
eration of dopaminergic neurons and that SYT1 
participates in the pathogenesis of PD [5, 6].

MicroRNAs (miRNAs) are non-coding RNAs with 
endogenous competitive features, typically 
21-23 nucleotides in length [7]. A growing body 
of research has shown that miRNAs can exert 
essential roles in gene expressions at various 
stages and in genome rearrangement [8, 9]. 
Dysregulated miRNA expression has been con-
firmed to underlie several types of nervous sys-
tem diseases, showing their essential roles in 
the treatment of disorders of the nervous sys-
tem [10, 11]. Past research has confirmed that 
miR-34 expression is dysregulated in a variety 
of neurodegenerative diseases [12]. Further- 
more, miR-34a may offset the protective func-
tion of schisandrin in animal models of PD by 
regulating the Nrf2 signaling pathway [13].

Long non-coding RNAs (lncRNAs) are a group  
of RNAs with more than 200 nucleotides in 
length. LncRNAs do not participate in protein 
coding [14]. Many studies have revealed that 
lncRNA scan exert a great impact on diverse 
biological processes, such as nucleus-cyto-
plasm transport, genome imprinting, the regu-
lation of gene expression, as well as RNA splic-
ing and translational regulation [15]. Addi- 
tionally, lncRNAs can affect the expression of 
RNA targets by competitively binding to miRNAs 
through miRNA response elements according 
to the competitive endogenous RNA (ceRNA) 
hypothesis [16, 17]. LncRNA myocardial infarc-
tion-associated transcript (MIAT), also known 
as Gomafu, exhibits dysregulated expression in 
a variety of cardiovascular diseases [18-20]. 
Recently, it has been suggested that the cardio-
vascular system shares several similar mecha-
nisms with the nervous system in terms of func-
tion, so lncRNA-MIAT may increase the risk of 
diseases associated with the nervous system, 
such as schizophrenia and Alzheimer’s disease 
[21, 22]. Nevertheless, the role of lncRNA-MIAT 
in PD has not been studied before. Therefore, 

we aimed to determine the specific mechanism 
of lncRNA-MIAT in PD and the particular inter- 
actions of lncRNA-MIAT with miR-34-5p and 
SYT1. The results demonstrated that lncRNA 
MIAT acts as a ceRNA of miR-34-5p, resulting in 
the upregulation of SYT1, which reveals a pos-
sible mechanism underlying the effects of 
lncRNA-MIAT in the pathogenesis of PD.

Materials and methods

Ethics statements

The present research was examined and veri-
fied by the Animal Care and Use Committees of 
the First Affiliated Hospital, Harbin Medical 
University. All experimental operations were 
carried out in accordance with the International 
Convention on Laboratory Animal Ethics and 
the Guide for the Care and Use of Laboratory 
Animals.

Animal surgery

All animal experiments were conducted in acc- 
ordance with the Regulations for the Admin- 
istration of Affairs Concerning Experimental 
Animals. A total of 8 PD and 9 wild-type (WT) 
BALB/c mice (50 days old, half of them male 
and half of them female, weighing 22-30 g, and 
purchased from the Southern Model Biological 
Research Center) were housed at 18-22°C, a 
relative humidity of 50-60%, and a noise level 
below 60 dB. Before the surgery, the mice had 
ad libitum access to drinking and eating. The 
MIAT transcript sequence and the MIAT shRNA 
sequence were inserted using an adeno-asso-
ciated virus (AAV; Invitrogen; Thermo Fisher 
Scientific, Inc.). The mice were given 2% pento-
barbital sodium (16 mg/kg) for anesthesia. The 
solution containing the recombinant virus (10 
μL, 1 × 1012/mL) was precisely injected into the 
rostral pole of the right substantia nigra pars 
compacta at three different locations three 
times [13]. The injection was administrated 
once a day and three times in succession. After 
carrying out the ethological experiments, all the 
mice were euthanized with highly concentrated 
pentobarbital sodium and their entire brains 
were collected.

Total RNA extraction, sequencing, and differ-
entially expressed gene analysis

Total RNA from the mice’s whole brains (3 PD 
mice with MIAT-overexpression vs. 3 untreated 
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PD mice) was extracted according to the TRIzol® 
Reagent protocol (Thermo Fisher) and quanti-
fied using the NanoDrop2000 spectrophotom-
eter (Thermo Fisher Scientific). The total RNA 
integrity was assessed using RNA 6000 Nano 
Kits and Agilent Bioanalyzer 2100 (Agilent 
Biotechnologies, Santa Clara, CA, USA). 
Sequencing libraries were generated using a 
Colibri Stranded RNA Library Prep Kits for 
Illumina (NEB, MA, USA). Subsequently, the 
mRNAs purified from 2 µg of RNA per brain by 
oligo (dT) magnetic beads were randomly frag-
mented into pieces of approximately 200 base 
pairs in length using the fragmentation buffer. 
The fragmented mRNAs were then used for the 
first-strand cDNA synthesis using reverse tran-
scriptase and random hexamer primers. The 
second-strand cDNA was synthesized using 
DNA polymerase I and RNase H. The DNA frag-
ments were ligated to adaptors and barcodes 
for the polymerase chain reaction (PCR) tem-
plates. The libraries were sequenced using an 
IlluminaHiSeq 2500 platform (Illumina, CA, 
USA). FastQC was used to assess the sequenc-
ing quality. The sequences of pair-end Fastq 
files were aligned with the Musmusculus refer-
ence genome (mm10) using Bowtie (1.0.1). The 
BAM files were sorted, indexed, and qualified 
using SAMtools and HT-SEQ. The R/Biocon- 
ductor package edgeR was used to obtain and 
annotate differentially expressed genes in 
MIAT-overexpressed PD mice based on the 
threshold value (|log2FC|>2, FDR<0.05). The 
multiple testing corrections were performed 
using the Benjamini-Hochberg procedure to 
reduce the false discovery rate. The volcano 
map of differential gene expression was plot-
ted using ggplot2. The DAVID tool was used to 
carry out the GO enrichment analysis. The 
MicroRNA.org database (microrna.org/micror-
na/home.do), miRDB (mirdb.org/), and Target- 
Scan Human version 7.2 (targetscan.org/
vert_72/) were used to predict the genes tar-
geted by the miRNAs. Venn diagrams were plot-
ted using the online website Venny (bioinfor-
matics.psb.ugent.be/webtools/Venn/) to com- 
pare and analyze the data of different sets.

Cell culture and treatment

Neuroblastoma SH-SY5Y cells offered by Hunan 
Key Laboratory of Medical Genetics of Central 
South University (Changsha, Hunan, China) and 
293T cells (CL-0005, Procell, Co., Ltd.) were 

cultivated in Minimum Essential Medium (MEM) 
supplemented with 10% Fetal bovine serum 
(FBS) and 1% penicillin and streptomycin (100 
U/ml and 100 μg/ml respectively) at 37°C with 
5% CO2. The cell lines were identified by 21- 
short tandem repeat loci authentication per-
formed by Procell, Co., Ltd. The cell passaging 
was performed with a cell number to the medi-
um volume ratio of 1:4. Before the transfection, 
SH-SY5Y cells were serum freed and co-incu-
bated for 24 h with 40 μM of 6-hydroxydopa-
mine (6-OHDA) dissolved in normal saline. The 
MIAT overexpression plasmid, the MIAT short 
hairpin (sh) RNA plasmid, the SYT1 overexpres-
sion plasmid, and the SYT1 shRNA plasmids 
were all generated using Biovector. The miR-
34-5p mimic and miR-34-5p inhibitor were pur-
chased from Thermo Fisher Scientific, Inc. 
SH-SY5Y cells were seeded in 96 well plates 
and grown to 70-90% confluence. Subsequ- 
ently, 5 μL of Opti-MEM was mixed with 0.15 μL 
of Lipofectamine® 3000 (Cat. No. L3000015; 
Thermo Fisher Scientific, Inc.). Next, 10 μL of 
Opti-MEM, 0.4 μL of P3000™ Reagent, and 
0.15 μg of DNA were gently mixed. A total of 5 
µl from both solutions was mixed and incubat-
ed for 15 min. The aforementioned procedures 
were performed at room temperature. Ulti- 
mately, the DNA-liposome complex was added 
to the cells, and the cells were routinely cul-
tured. The cells were transfected for 48 h.

RNA-fluorescence in situ hybridization (FISH)

A Ribo™ fluorescence in situ hybridization kit 
(Cat. No. C10910; Guangzhou RiboBio Co., Ltd.) 
was utilized for the subcellular localization test. 
The cell slides were prepared and subsequently 
fixed with 4% paraformaldehyde. The hybrid 
buffer was incubated with the fluorescently 
labeled MIAT probes (Sigma-Aldrich; Merck 
KGaA). The scrambled probe was set as NC. 
The immobilized cells were incubated with a 
hybrid buffer/probe mixture and then counter-
stained with DAPI. Anti-fluorescence quenching 
was added, and nail polish was used to seal the 
cells. The cells were then observed under a 
laser confocal microscope (ImageXpress® 
Nano; Molecular Devices, Inc.).

Dual-luciferase reporter assay

The predicted binding sites of miR-34-5p on 
MIAT and SYT1 were further confirmed using 
dual-luciferase reporter assays. The DNA frag-



The relationship between LncRNA-MIAT and Parkinson’s disease

9996	 Am J Transl Res 2021;13(9):9993-10013

ments containing WT or mutant (MUT) binding 
sites with 50 bp flanking sequences were syn-
thesized and cloned into the pMIR-GLO lucifer-
ase vector (Cat. No. E1330; Promega 
Corporation). The recombinant plasmids were 
isolated and sequenced. The MiR-34-5p mimic 
and the mimic NC sequences were synthesized 
by Beijing Genomics institution (BGI) and co-
transfected with WT/MUT target gene frag-
ments into 293T cells using Lipofectamine® 
3000 according to the manufacturer’s instruc-
tions. After 4 h of transfection, the medium  
was changed, and the cells were cultured in an 
incubator at 37°C with 5% CO2 for 48 h. 
Subsequently, the medium was discarded, and 
PBS was used to wash the cells three times. 
The dual-luciferase kit (Cat. No. E2920; Pro- 
mega Corporation) and an automatic chemilu-
minescence analyzer (DXI800, Beckman Kurt) 
were used to detect the fluorescence. The rela-
tive value of firefly luciferase activity value/
renilla luciferase activity value was considered 
as luciferase activity.

RNA binding protein immunoprecipitation (RIP) 
assay

An RIP kit (Cat. No. 17-702; EMD Millipore) was 
used to detect the binding of MIAT and SYT1 to 
the Ago2 protein. After washing the 293T cells 
with pre-cooled PBS, the supernatant was dis-
carded. Afterward, the pellet was placed in an 
ice bath for 5 min with a proper RIPA lysis buf-
fer (Cat. No. P0013B; Biyuntian). The solution 
was then centrifuged at 4°C, and the content of 
the cell extract was co-precipitated with the 
antibody as a part of the input. Each co-precip-
itation reaction system consisted of 50 μL of 
magnetic beads and was re-suspended with 
100 μL of RIP washing buffer. A total of 5 μL of 
antibody was added to the treatment groups. 
After washing, the magnetic bead antibody 
complex was re-suspended in 900 μL of RIP 
washing buffer and incubated overnight in  
100 μL of cell extract at 4°C. The sample was 
placed in a magnetic pedestal to separate the 
magnetic bead-protein complex. Then protease 

Abcam) and anti-immunoglobulin G (IgG; Cat. 
No. ab109489; Abcam).

Reverse transcription-qPCR

TRIzol® reagent (Cat. No. 15596; Thermo Fisher 
Scientific, Inc.) was used to extract the total 
RNA from the substantia nigra. NanoDrop 2000 
(Thermo Fisher Scientific, Inc.) was used to 
determine the concentration and purity of the 
RNA. Reverse transcription was performed 
using an iScriptcDNA Synthesis kit (Cat. No. 
RR047A; Takara Bio, Inc.) according to the man-
ufacturer’s protocol. SYBR Green Master mix 
(Cat. No. HRR081B; Takara Bio, Inc.) was used 
for the qPCR. Each reaction consisted of 25 μL 
of SYBR® Premix ExTaqTMII (2 ×), 2 μL of PCR 
forward and reverse primers, 1 μL of ROX 
Reference Dye (50 ×), 4 μL of DNA template, 
and 16 μL of ddH2O. The ABI PRISM® 7300 sys-
tem (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) was used to accomplish the PCR 
reaction. The thermocycling parameters were: 
pre-denaturation at 95°C for 4 min; followed  
by 40 cycles of 94°C for 30 sec, annealing at 
58°C, and extension at 72°C for 1 min. GAPDH 
was selected as the reference gene. All the 
primers were purchased from BGI, and the 
2-ΔΔCq method was used for the calculation of 
the genes’ relative expression levels [23]. The 
sequences are presented in Table 1.

Western blotting

After washing with PBS twice, the SH-SY5Y 
cells (4*107) were pre-treated with 1 mL of cell 
lysis buffer (0.1% sodium dodecyl sulfate, 1% 
Triton X 100, 2 mM EDTA, 50 mM Tris, and 150 
mM NaCl) on ice. Five minutes later, at 4°C, the 
supernatant of the cell lysates was extracted by 
centrifuging at 12,000 g for 5 min. A bicincho-
ninic acid protein assay kit (Cat. No. 23225; 
Thermo Fisher Scientific, Inc.) was utilized to 
measure the concentration of protein. SDS-
PAGE was performed, and the resolved proteins 
were transferred to PVDF membranes. PBS 
containing 0.2% Tween-20 and 5% non-fat milk 
(PBS-T) was used to block the non-specific 

Table 1. PCR primers
Gene Forward primer (5’-3’) Reverse primer (5’-3’)
MIAT GCTCACACCTCCTATTCCT CTTCACCAACTCTCCCACT
SYT1 GAACTGCATAAAATCCCATTGCC CAGCAGGTCACGACTAGAAGG
GAPDH GATGCTGGTGCTGAGTATGCG GTGGTGCAGGATGCATTGCTCTGA

K was used to digest the sample 
and input. RNA was then extract-
ed and the amount of binding 
RNA was measured using quan-
titative (q) PCR. The antibodies 
used for the RIP assay were  
anti-Ago2 (Cat. No. ab186733; 
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binding at room temperature on a shaker for 1 
h. After the blocking solution was removed, the 
membranes were incubated with anti-Parkin 
antibodies (Cat. No. ab77924; Abcam, diluted 
to 5 μg/mL) or anti-tyrosine hydroxylase (TH) 
antibodies (Cat. No. ab112; Abcam; 1:200) at 
4°C overnight. GAPDH was used as the loading 
control. Subsequently, the PVDF membrane 
was washed with PBS-T and incubated with 
diluted goat anti-mouse IgG (Cat. No. ab97040; 
Abcam, 1:5,000) secondary antibodies at 4°C 
for 4-6 h. The signals were visualized using 
enhanced chemiluminescence for 1 min at 
room temperature. The ratio of the gray value 
of the protein band to the gray value of the 
internal reference band was considered the 
relative protein level.

Cell Counting Kit-8 (CCK-8) assays

CCK-8 (Cat. No. C0038; Beyotime Institute of 
Biotechnology) assays were used to measure 
the cell viability of the SH-SY5Y cells. Initially, 
the cells were seeded into 96-well plates at 
2*103 cells/well and cultured for 0, 24, 48, and 
72 h, respectively. Afterward, 10 μL of CCK-8 
solution was added into each well at 37°C for  
2 h incubation. A microplate reader (Varioskan 
LUX; Thermo Fisher Scientific, Inc.) was used to 
measure the optical density (OD) at 450 nm.

Annexin V-fluorescein isothiocyanate (FITC)/
propidium iodide (PI) dual label staining

An annexin-V-FITC apoptosis detection kit (Cat. 
No. C1062M, Beyotime Institute of Biotech- 
nology) was employed to determine the cells’ 
apoptosis rates. Briefly, 200 μL of Annexin 
V-FITC binding solution was added to the cells 
and the cells were incubated for 15 min. 
Subsequently, the cells were centrifuged at 
1,000 r/min for 5 min. Afterward, the precipi-
tate was collected and resuspended in 180 μL 
of Annexin V-FITC binding solution and 20 μL of 
iodine propidium (PI) staining solution (Cat. No. 
P8080-10 mg; Solvay), and then incubated on 
ice for 5 min in the dark. The apoptosis was 
measured in the treated cells within 30 min 
using a FACSCalibur flow cytometer (BD 
Biosciences).

Immunohistochemical (IHC) staining

The substantia nigra was embedded in paraffin 
and sectioned. The sections were placed in a 

60°C for 1 h, de-waxed with xylene I and II for 
10 min, and dehydrated using a gradient of 
alcohol solutions (100%, 90%, 80%, 70%, 60%, 
and 50%). The slices were washed with H2O2 
and ddH2O for 1 min, respectively. Next, the 
antigen retrieval was conducted via immersing 
sections in 0.01 M citrate buffer and microwav-
ing. The slices were then treated with 5% BSA 
for incubation at room temperature to block  
the non-specific binding. Subsequently, 20 min-
utes later, the slices were incubated with anti-
Parkin antibodies (Cat. No. ab77924, Abcam; 
1:1,000) or anti-TH antibodies (Cat. No. ab112; 
Abcam; 1:750) at 37°C for 1 h followed PBS 
rinsing. An anti-IgG antibody (Cat. No. ab97040; 
Abcam; 1:1,000) was used to enhance the 
immunoreactive signal. The slices were incu-
bated with an appropriate quantity of SABC  
at 37°C for 45 min and rinsed with PBS. 
Diaminobenzidine and hematoxylin were used 
to develop the antibody staining and stain the 
nuclei. After rehydration with a gradient of etha-
nol solutions, neutral gum was used to seal the 
tissues. ImageJ version 2.0 (National Institutes 
of Health) was used for determining the posi-
tive cell rate.

TUNEL assay

The substantia nigra was fixed with 10% formal-
dehyde for 24 h and the tissues were embed-
ded in paraffin, sliced, baked, dewaxed, and 
dehydrated as described above. At room tem-
perature, the slices were treated with 10 
mmol/L Tris-HCl containing 1 μg/mL proteinase 
K for degradation. Subsequently, the slices 
were washed with PBS to block the endogenous 
peroxidase activity. A TUNEL kit (Cat. No. 
11684817910, Roche Diagnostics) was used 
to measure the apoptosis in the tissues. The 
tissues were incubated with 50 μL of TUNEL 
solution and a Converter-POD for 60 min in the 
dark. Subsequently, the nuclei were stained 
using hematoxylin and the slices were sealed 
using neutral resin. The slices were visualized 
under an optical microscope (CKX53, Olympus 
Corporation). The apoptotic rate (%) in each 
visual field was calculated as the number of 
positive apoptotic cells/total number of cells) 
*100%.

Behavioral assays

The rotating rod system (BW-MED-RRS, 
Shanghai Ruanlong, China) was used for the 
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rotating rod test. A rotating rod was rotated at 
30 rpm. The times when the mice fell off the 
rod were recorded in each group on days 7, 14, 
21, and 28 after the injection.

Open field test: Referring to the method of 
Kawai et al. [24], a wooden open field chamber 
(100 cm L × 100 cm W × 40 cm H) was equi- 
pped with a bottom divided into 25 squares (20 
cm × 20 cm). The inner part was painted black, 
the grid on the sidewall was defined as the 
peripheral area, and the rest was defined as 
the central area. We placed the mice in the  
central field for ambulation for 5 min and 
recorded the number of times that the mice 
crossed the grid (horizontal exercise ability) 
and rearing (vertical exercise ability).

The pole test: First, the mice were positioned 
upward on the rough-surfaced ligneous pole 
(70 cm in length and 1 cm diameter) with a 2-5 
cm diameter foam shell stuck to the top and 
two layers of the plaster wrapped around. The 
mice were placed on the top of the ball and we 
recorded the time it took the mice to climb the 
top half of the pole, the time required for the 
mice to climb the downward half of the pole, 
and the full length of the pole. Points were 
awarded according to the following criteria: 3 
points for completing one of the above actions 
within 3 seconds; 2 points for completing it 

within 6 seconds; 1 point for exceeding 6 
seconds.

Statistical analysis

All the data analyses were carried out using 
SPSS version 21.0 (IBM, Corp.). The data were 
expressed as the mean ± standard deviation of 
three independent repeats. The comparisons 
between the two groups were performed using 
Student’s t-tests. The comparisons among mul-
tiple groups were analyzed using ANOVA fol-
lowed by a Least-Significant Difference post-
hoc test. P<0.05 was considered to indicate a 
significant difference.

Results

The MIAT expressions were downregulated in 
various regions of the brain

qPCR quantified the expression levels of MIAT 
in a variety of the brain regions of the PD mice 
and the 6-OHDA induced SH-SY5Y cells, and 
the results showed varying degrees of MIAT 
downregulation in the hippocampus, substan-
tia nigra, striatum, and the whole brain (all 
P<0.05), but there was not a statistically signifi-
cant inexpression of the cortex (P>0.05). 
Among the regions assessed, the decreases in 
the expression of MIAT were most prominent in 
the substantia nigra (Figure 1A). Additionally, 

Figure 1. Aberrant MIAT expressions in different brain regions in a PD mouse model and in SH-SY5Y cells. MIAT ex-
pressions in (A) different brain regions of a PD mouse model, and (B) in 6-OHDA induced SH-SY5Y cells. *P<0.05 vs. 
WT; @P<0.05 vs. normal saline. MIAT, myocardial infarction-associated transcript; PD, Parkinson’s disease, OHDA, 
hydroxydopamine.
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the in vitro expression of MIAT 48 h after induc-
tion was significantly decreased compared with 
the normal saline group (Figure 1B; P<0.05). 
Thus, it was hypothesized that the MIAT expres-
sion was associated with the pathogenesis of 
PD.

MIAT protected the neuronal function of the 
SH-SY5Y cells

To investigate the effect of MIAT on the SH-SY5Y 
cell growth and function by overexpressing or 
knocking down the expression of MIAT, MIAT 
shRNA and exon recombinant plasmids were 
successfully constructed (all P<0.05; Figure 

2A). Subsequently, the Parkin and TH protein 
levels were quantified by performing western 
blotting. TH is a neuron-specific biomarker and 
Parkin is a protein associated with the patho-
genesis of PD that plays a protective role in 
dopaminergic neurons. The cell viability was 
measured using CCK-8 assays, and the results 
indicated that MIAT overexpression significantly 
increased cell growth 48 h after induction and 
enhanced the protein expression levels of 
Parkin and TH in comparison with the negative 
control group. The knockdown of MIAT achieved 
the opposite effects (all P<0.05; Figure 2B-D). 
Thus, MIAT improves the growth and function of 
SH-SY5Y cells.

Figure 2. Neuroprotective effects of MIAT on SH-SY5Y cells. A. MIAT mRNA levels in SH-SY5Y cells with MIAT knocked 
down or overexpressed. B and C. Protein expression levels of Parkin and TH in SH-SY5Y cells with MIAT knocked 
down or overexpressed. D. Cell viability of treated SH-SY5Y cells. #P<0.05 vs. negative control. MIAT, myocardial 
infarction-associated transcript; TH, tyrosine hydroxylase.
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Determining the molecular mechanism under-
lying the MIAT activity in PD

To determine the detailed mechanism of MIAT 
in PD, we up-regulated the expression of MIAT 
in the PD mice. The whole brains from 3 MIAT-
overexpression PD mice and 3 untreated PD 
mice were used for the RNA-sequencing to find 
a MIAT target gene. Compared with the PD 
mice, the MIAT expression showed a marked 
increase, and 10 and 24 genes were found to 
be significantly up-regulated and down-regulat-
ed, respectively (Figure 3A and Table S1). The 
results from the GO enrichment analysis of the 
down-regulated genes suggested MIAT plays a 
potential regulatory role in dopaminergic neu-
ron differentiation (GO: 1904339, fold enrich-
ment = 508.84, FDR = 0.006, Table 2). But we 
failed to find a significant enrichment in any GO 
term for the up-regulated genes. For the fold 
change of genes in our analysis, even if it was 
not statistically significant, it might still have 
biological significance. Therefore, we focused 
on SYT1 (log2FC = 2.19, FDR = 0.052), a mem-
ber of the synaptotagmin family, which serves 
as the calcium ion sensor located in the synap-
tic vesicles and that regulates neuronal exocy-
tosis [25, 26]. SYT1 serves an important regu-
latory role in dopamine release, and the 
dysregulation of SYT1 activity may underlie PD 
[6]. The miRNAs that bind to SYT1 were predict-
ed. The common miRNAs in various prediction 
tools were included, and hsa-miR-429, hsa-
miR-449a, hsa-miR-34-5p, hsa-miR-133b, and 

hsa-miR-146b-5p were used as consensus 
miRNAs (Figure 3B). Early research had shown 
that miR-34 expression is dysregulated in mul-
tiple neurodegenerative diseases [12]. In addi-
tion, miR-34a may reverse the neuroprotective 
effects of schisandrin in the PD model by nega-
tively regulating the Nrf2 signaling pathway 
[13]. Thus, miR-34-5p may be a potential target 
in PD molecular therapy. LncRNAs may serve 
as ceRNA of coding genes to bind to miRNAs, 
resulting in an increased expression of the pro-
tein coded by the target gene. LncRNA-MIAT 
expression is dysregulated in various diseases, 
such as schizophrenia and myocardial infarc-
tion [21, 27-29]. However, the mechanism of 
lncRNA-MIAT in PD is not well understood. 
Combined with the study results of MIAT func-
tion in the SH-SY5Y cells (Figures 1 and 2), it 
was hypothesized that MIAT could upregulate 
SYT1 expression by adsorbing miR-34-5p, thus 
exerting neuroprotective effects in PD.

MIAT upregulated SYT1 expression by adsorb-
ing miR-34-5p expression

To explore the regulatory mechanism of MIAT in 
SH-SY5Y cells, the MIAT subcellular localization 
was determined using a FISH assay. The results 
obtained from the FISH assay demonstrated 
that MIAT was distributed in the nuclei and 
cytoplasms, suggesting that MIAT may regulate 
gene expression by serving as a molecular 
sponge (Figure 4A). Subsequently, a dual-lucif-
erase reporter assay was carried out to con- 

Figure 3. Differentially expressed genes in PD mice treated with MIAT over-expression. A. A volcano map of the dif-
ferentially expressed genes. The blue dots indicate down-regulated genes, and the red dots indicate up-regulated 
genes. The dashed line parallel to the Y-axis is log2FC = |2|, and the dashed line parallel to the X-axis is FDR = 
0.05 (MIAT over-expression PD mice vs PD mice). B. The common miRNAs targeting SYT1 were determined using a 
bioinformatics analysis. PD, Parkinson’s disease; SYT1, synaptotagmin-1; miRNA, microRNA.

file:http://www.ajtr.org/files/ajtr0129393suppltab1.xlsx
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Table 2. A GO enrichment analysis of the differentially expressed genes

Category Term Count % P Genes List 
Total

Pop 
Hits

Pop 
Total

Fold  
Enrichment Bonferroni Benjamini FDR

GOTERM_BP_DIRECT GO: 1904339~negative regulation of 
dopaminergic neuron differentiation

3 8.571429 1.05E-05 GSK3B, SHH, WNT3A 33 3 16792 508.8485 0.006693 0.006705 0.006621

GOTERM_BP_DIRECT GO: 0001938~positive regulation of 
endothelial cell proliferation

4 11.42857 3.02E-04 NRP1, NF1, THBS4, VEGFA 33 69 16792 29.49846 0.175234 0.096162 0.094952

GOTERM_BP_DIRECT GO: 0048844~artery morphogenesis 3 8.571429 7.22E-04 NRP1, NF1, VEGFA 33 21 16792 72.69264 0.368893 0.1436 0.141794

GOTERM_BP_DIRECT GO: 0001569~patterning of blood 
vessels

3 8.571429 0.001289 NRP1, SHH, VEGFA 33 28 16792 54.51948 0.560391 0.1436 0.141794

GOTERM_BP_DIRECT GO: 0010628~positive regulation of 
gene expression

5 14.28571 0.001477 WNT3A, ERBB2, ALOX12, 
ACTG2, VEGFA

33 262 16792 9.710849 0.609936 0.1436 0.141794

GOTERM_BP_DIRECT GO: 0043066~negative regulation of 
apoptotic process

6 17.14286 0.001572 GSK3B, SHH, PROK2, ALOX12, 
LIMS2, VEGFA

33 455 16792 6.71009 0.632961 0.1436 0.141794

GOTERM_BP_DIRECT GO: 0045765~regulation of angiogen-
esis

3 8.571429 0.001581 ERBB2, NF1, PROK2 33 31 16792 49.2434 0.634898 0.1436 0.141794

GOTERM_BP_DIRECT GO: 0045785~positive regulation of cell 
adhesion

3 8.571429 0.003026 ERBB2, ALOX12, VEGFA 33 43 16792 35.50106 0.854905 0.18629 0.183947

GOTERM_BP_DIRECT GO: 0010595~positive regulation of 
endothelial cell migration

3 8.571429 0.003456 NRP1, ALOX12, VEGFA 33 46 16792 33.18577 0.889767 0.18629 0.183947

GOTERM_BP_DIRECT GO: 0051781~positive regulation of cell 
division

3 8.571429 0.003605 SHH, THBS4, VEGFA 33 47 16792 32.47969 0.899802 0.18629 0.183947

GOTERM_BP_DIRECT GO: 0038190~VEGF-activated neuropi-
lin signaling pathway

2 5.714286 0.003808 NRP1, VEGFA 33 2 16792 508.8485 0.911982 0.18629 0.183947

GOTERM_BP_DIRECT GO: 1902336~positive regulation of 
retinal ganglion cell axon guidance

2 5.714286 0.003808 NRP1, VEGFA 33 2 16792 508.8485 0.911982 0.18629 0.183947

GOTERM_BP_DIRECT GO: 0090259~regulation of retinal 
ganglion cell axon guidance

2 5.714286 0.003808 NRP1, VEGFA 33 2 16792 508.8485 0.911982 0.18629 0.183947

GOTERM_BP_DIRECT GO: 0045964~positive regulation of 
dopamine metabolic process

2 5.714286 0.007602 GPR37, HPRT1 33 4 16792 254.4242 0.992255 0.322865 0.318804

GOTERM_BP_DIRECT GO: 0033138~positive regulation of 
peptidyl-serine phosphorylation

3 8.571429 0.007837 GSK3B, WNT3A, VEGFA 33 70 16792 21.80779 0.993343 0.322865 0.318804

GOTERM_BP_DIRECT GO: 0048010~vascular endothelial 
growth factor receptor signaling pathway

3 8.571429 0.008275 NCKAP1, NRP1, VEGFA 33 72 16792 21.20202 0.994975 0.322865 0.318804

GOTERM_BP_DIRECT GO: 0001525~angiogenesis 4 11.42857 0.00863 NRP1, PROK2, NRCAM, VEGFA 33 223 16792 9.127327 0.995999 0.322865 0.318804

GOTERM_BP_DIRECT GO: 0045944~positive regulation of 
transcription from RNA polymerase II 
promoter

7 20 0.009595 NPAS4, GSK3B, SHH, DMRT1, 
WNT3A, NEUROG1, VEGFA

33 981 16792 3.630927 0.997849 0.339039 0.334774

GOTERM_BP_DIRECT GO: 0050731~positive regulation of 
peptidyl-tyrosine phosphorylation

3 8.571429 0.010626 NRP1, THBS4, VEGFA 33 82 16792 18.61641 0.998892 0.344723 0.340387

GOTERM_BP_DIRECT GO: 0060070~canonical Wnt signaling 
pathway

3 8.571429 0.010875 GSK3B, SHH, WNT3A 33 83 16792 18.39211 0.999056 0.344723 0.340387

GOTERM_BP_DIRECT GO: 0008284~positive regulation of cell 
proliferation

5 14.28571 0.011382 SHH, WNT3A, PROK2, ALOX12, 
VEGFA

33 466 16792 5.459748 0.999319 0.344723 0.340387

GOTERM_BP_DIRECT GO: 0071679~commissural neuron 
axon guidance

2 5.714286 0.013266 NRP1, VEGFA 33 7 16792 145.3853 0.999798 0.35155 0.347128
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GOTERM_BP_DIRECT GO: 0048842~positive regulation of 
axon extension involved in axon guid-
ance

2 5.714286 0.013266 NRP1, VEGFA 33 7 16792 145.3853 0.999798 0.35155 0.347128

GOTERM_BP_DIRECT GO: 0060982~coronary artery morpho-
genesis

2 5.714286 0.013266 NRP1, VEGFA 33 7 16792 145.3853 0.999798 0.35155 0.347128

GOTERM_BP_DIRECT GO: 0035767~endothelial cell chemo-
taxis

2 5.714286 0.017025 NRP1, VEGFA 33 9 16792 113.0774 0.999982 0.416455 0.411217

GOTERM_BP_DIRECT GO: 0032886~regulation of microtu-
bule-based process

2 5.714286 0.017025 GSK3B, ERBB2 33 9 16792 113.0774 0.999982 0.416455 0.411217

GOTERM_BP_DIRECT GO: 0048643~positive regulation of 
skeletal muscle tissue development

2 5.714286 0.018899 SHH, WNT3A 33 10 16792 101.7697 0.999995 0.42928 0.42388

GOTERM_BP_DIRECT GO: 2000727~positive regulation of 
cardiac muscle cell differentiation

2 5.714286 0.018899 GSK3B, WNT3A 33 10 16792 101.7697 0.999995 0.42928 0.42388

GOTERM_BP_DIRECT GO: 0021904~dorsal/ventral neural 
tube patterning

2 5.714286 0.02077 SHH, WNT3A 33 11 16792 92.51791 0.999998 0.455505 0.449776

GOTERM_BP_DIRECT GO: 0007417~central nervous system 
development

3 8.571429 0.021844 NCKAP1, SHH, NRCAM 33 120 16792 12.72121 0.999999 0.463093 0.457268

GOTERM_CC_DIRECT GO: 0043235~receptor complex 3 8.571429 0.022097 NRP1, GPR37, ERBB2 34 127 18224 12.66142 0.872 0.89956 0.89956

GOTERM_BP_DIRECT GO: 0032228~regulation of synaptic 
transmission, GABAergic

2 5.714286 0.022637 NPAS4, NF1 33 12 16792 84.80808 1 0.464428 0.458586

GOTERM_CC_DIRECT GO: 0005576~extracellular region 8 22.85714 0.022961 SHH, WNT3A, APOF, PROK2, 
NRCAM, TRH, THBS4, VEGFA

34 1610 18224 2.663354 0.881996 0.89956 0.89956

GOTERM_BP_DIRECT GO: 0001934~positive regulation of 
protein phosphorylation

3 8.571429 0.024277 WNT3A, ERBB2, VEGFA 33 127 16792 12.02004 1 0.482514 0.476444

GOTERM_BP_DIRECT GO: 0035729~cellular response to 
hepatocyte growth factor stimulus

2 5.714286 0.026361 GSK3B, NRP1 33 14 16792 72.69264 1 0.508058 0.501667

GOTERM_BP_DIRECT GO: 0002042~cell migration involved in 
sprouting angiogenesis

2 5.714286 0.028218 NRP1, VEGFA 33 15 16792 67.84646 1 0.527851 0.521212

GOTERM_MF_DIRECT GO: 0048018~receptor agonist activity 2 5.714286 0.029916 WNT3A, VEGFA 33 16 16881 63.94318 0.980714 1 1

GOTERM_BP_DIRECT GO: 0048593~camera-type eye mor-
phogenesis

2 5.714286 0.030072 NF1, VEGFA 33 16 16792 63.60606 1 0.546451 0.539578

GOTERM_CC_DIRECT GO: 0005925~focal adhesion 4 11.42857 0.033247 CNN1, NCKAP1, NRP1, LIMS2 34 391 18224 5.483376 0.95543 0.89956 0.89956

GOTERM_BP_DIRECT GO: 0007413~axonal fasciculation 2 5.714286 0.033769 NRP1, NRCAM 33 18 16792 56.53872 1 0.596583 0.589079

GOTERM_BP_DIRECT GO: 0031290~retinal ganglion cell axon 
guidance

2 5.714286 0.035612 NRP1, NRCAM 33 19 16792 53.563 1 0.605927 0.598305

GOTERM_BP_DIRECT GO: 0007411~axon guidance 3 8.571429 0.036709 NRP1, SHH, WNT3A 33 159 16792 9.600915 1 0.605927 0.598305

GOTERM_MF_DIRECT GO: 0008201~heparin binding 3 8.571429 0.036775 NRP1, THBS4, VEGFA 33 160 16881 9.591477 0.992334 1 1

GOTERM_BP_DIRECT GO: 0002052~positive regulation of 
neuroblast proliferation

2 5.714286 0.037452 SHH, VEGFA 33 20 16792 50.88485 1 0.605927 0.598305

GOTERM_CC_DIRECT GO: 0098794~postsynapse 2 5.714286 0.039111 NPAS4, GSK3B 34 22 18224 48.72727 0.974536 0.89956 0.89956

GOTERM_BP_DIRECT GO: 1904886~beta-catenin destruction 
complex disassembly

2 5.714286 0.041122 GSK3B, WNT3A 33 22 16792 46.25895 1 0.605927 0.598305

GOTERM_BP_DIRECT GO: 0071542~dopaminergic neuron 
differentiation

2 5.714286 0.041122 SHH, VEGFA 33 22 16792 46.25895 1 0.605927 0.598305
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GOTERM_BP_DIRECT GO: 0031334~positive regulation of 
protein complex assembly

2 5.714286 0.041122 GSK3B, VEGFA 33 22 16792 46.25895 1 0.605927 0.598305

GOTERM_BP_DIRECT GO: 0001666~response to hypoxia 3 8.571429 0.042328 NF1, TRH, VEGFA 33 172 16792 8.875264 1 0.605927 0.598305

GOTERM_BP_DIRECT GO: 0048754~branching morphogen-
esis of an epithelial tube

2 5.714286 0.042951 SHH, VEGFA 33 23 16792 44.24769 1 0.605927 0.598305

GOTERM_BP_DIRECT GO: 0035924~cellular response to vas-
cular endothelial growth factor stimulus

2 5.714286 0.042951 NRP1, VEGFA 33 23 16792 44.24769 1 0.605927 0.598305

GOTERM_BP_DIRECT GO: 0002092~positive regulation of 
receptor internalization

2 5.714286 0.044778 WNT3A, VEGFA 33 24 16792 42.40404 1 0.605927 0.598305

GOTERM_BP_DIRECT GO: 0007422~peripheral nervous 
system development

2 5.714286 0.044778 ERBB2, NF1 33 24 16792 42.40404 1 0.605927 0.598305

GOTERM_BP_DIRECT GO: 0007507~heart development 3 8.571429 0.04732 SHH, ERBB2, NF1 33 183 16792 8.341778 1 0.607254 0.599616

GOTERM_BP_DIRECT GO: 0048843~negative regulation of 
axon extension involved in axon guid-
ance

2 5.714286 0.04842 NRP1, WNT3A 33 26 16792 39.14219 1 0.607254 0.599616

GOTERM_MF_DIRECT GO: 0019838~growth factor binding 2 5.714286 0.049978 NRP1, ERBB2 33 27 16881 37.89226 0.998725 1 1

GOTERM_BP_DIRECT GO: 0033077~T cell differentiation in 
thymus

2 5.714286 0.050236 SHH, RAG2 33 27 16792 37.69248 1 0.607254 0.599616

GOTERM_BP_DIRECT GO: 0014065~phosphatidylinositol 
3-kinase signaling

2 5.714286 0.050236 ERBB2, NF1 33 27 16792 37.69248 1 0.607254 0.599616

GOTERM_BP_DIRECT GO: 0001656~metanephros develop-
ment

2 5.714286 0.050236 SHH, NF1 33 27 16792 37.69248 1 0.607254 0.599616

GOTERM_BP_DIRECT GO: 0007420~brain development 3 8.571429 0.050605 SYT1, FOXG1, NF1 33 190 16792 8.03445 1 0.607254 0.599616

GOTERM_CC_DIRECT GO: 0005886~plasma membrane 13 37.14286 0.051555 GSK3B, NRP1, GPR37, SYT1, 
KCNE3, WNT3A, TRH, NMBR, 
SHH, OR10W1, ERBB2, 
NRCAM, LIMS2

34 4121 18224 1.690852 0.992324 0.917167 0.917167

GOTERM_MF_DIRECT GO: 0042802~identical protein binding 5 14.28571 0.051659 SYT1, ERBB2, HPRT1, ETNPPL, 
VEGFA

33 749 16881 3.414856 0.998988 1 1

GOTERM_MF_DIRECT GO: 0046982~protein heterodimeriza-
tion activity

4 11.42857 0.057132 NPAS4, DMRT1, ERBB2, VEGFA 33 465 16881 4.400391 0.999523 1 1

GOTERM_CC_DIRECT GO: 0016529~sarcoplasmic reticulum 2 5.714286 0.059815 MRVI1, THBS4 34 34 18224 31.52941 0.996567 0.917167 0.917167

GOTERM_BP_DIRECT GO: 0050918~positive chemotaxis 2 5.714286 0.064646 NRP1, VEGFA 33 35 16792 29.07706 1 0.761382 0.751805

GOTERM_BP_DIRECT GO: 0043280~positive regulation of 
cysteine-type endopeptidase activity 
involved in apoptotic process

2 5.714286 0.073544 WNT3A, ALOX12 33 40 16792 25.44242 1 0.850432 0.839735

GOTERM_CC_DIRECT GO: 0009986~cell surface 4 11.42857 0.073944 NRP1, SHH, WNT3A, VEGFA 34 542 18224 3.95572 0.999148 0.948781 0.948781

GOTERM_BP_DIRECT GO: 0010977~negative regulation of 
neuron projection development

2 5.714286 0.080603 GSK3B, WNT3A 33 44 16792 23.12948 1 0.915419 0.903904

GOTERM_BP_DIRECT GO: 0007267~cell-cell signaling 3 8.571429 0.084064 NRP1, SHH, TRH 33 254 16792 6.010021 1 0.937977 0.926179

GOTERM_CC_DIRECT GO: 0005578~proteinaceous extracel-
lular matrix

3 8.571429 0.084481 SHH, WNT3A, VEGFA 34 268 18224 6 0.999703 0.948781 0.948781

GOTERM_CC_DIRECT GO: 0005615~extracellular space 6 17.14286 0.092816 NRP1, SHH, WNT3A, THBS4, 
ACTG2, VEGFA

34 1347 18224 2.387528 0.999872 0.948781 0.948781

GOTERM_BP_DIRECT GO: 0042472~inner ear morphogenesis 2 5.714286 0.094566 WNT3A, NEUROG1 33 52 16792 19.5711 1 1 0.988976
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firm the associations between miR-34-5p, 
MIAT, and SYT1 predicted by MicroRNA.org, 
miRDB, and TargetScanHuman 7.2 (Figure 4B 
and 4C). In comparison with the negative  
control group, the miR-34-5p mimic bound to 
the MIAT wild-type fragment and the SYT1 wild-
type fragment, led to significant reductions in 
the luciferase activity (all P<0.05; Figure 4D).

The ago2 protein and the miRNAs participate  
in the formation of an RNA-induced silencing 
complex, thereby binding to the target RNAs 
and inducing the degradation of target RNAs. 
RIP was used to determine whether Ago2 
recruited MIAT or SYT1. The results showed 
that Ago2 antibodies pulled down the MIAT or 
the SYT1 mRNA (P<0.05; Figure 4E).

The effects of miR-34-5p on MIAT and SYT1 
mRNA expressions were determined by overex-
pression and knockdown of miR-34-5p. Com- 
pared to the negative control, the decreased 
levels of MIAT and SYT1 mRNA expressions 

were observed in the miR-34-5p mimic group 
(all P<0.05; Figure 4F). These results demon-
strated that MIAT can upregulate SYT1 expres-
sion by adsorbing miR-34-5p.

MIAT adsorbed miR-34-5p to promote Parkin 
and TH protein expressions in the SH-SY5Y 
cells

Consistent with the results in Figure 4, we 
found that the SYT1 protein level was up-regu-
lated by MIAT but inhibited by miR-34-5p (all 
P<0.05; Figure 5). To ascertain whether MIAT 
regulated the levels of Parkin and TH proteins 
by adsorbing miR-34-5p in vitro, MIAT was over-
expressed in the SH-SY5Y cells, and the miR-
34-5p expression was decreased. Western 
blotting showed that higher levels of the Parkin 
and TH proteins were observed in the MIAT 
overexpression group and the miR-34-5p inhib-
itor group in comparison with the negative con-
trol group (all P<0.05; Figure 5A and 5B). In  
the miR-34-5p mimic group, the protein expres-

Figure 4. MIAT upregulates the expression of SYT1 by sponging miR-34-5p. A. The subcellular localization of MIAT. 
Magnification, × 200; B and C. The predicted binding sites of miR-34-5p on MIAT and SYT1; D. The relative luciferase 
activity; E. The relative mRNA expression levels of MIAT and SYT1 enriched by Ago2; F. The relative mRNA expression 
levels of MIAT and SYT1 in SH-SY5Y cells transfected with miR-34-5p mimic. #P<0.05 vs. control; &P<0.05 vs. IgG. 
MIAT, myocardial infarction-associated transcript; SYT1, synaptotagmin-1; miR, microRNA; IgG, immunoglobulin G.
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sion levels of Parkin and TH were significantly 
decreased (all P<0.05; Figure 5A and 5B). MIAT 
partially reversed the effects of miR-34-5p on 
the protein levels of Parkin and TH (P<0.05; 
Figure 5A and 5B).

MIAT adsorbed miR-34-5p to increase cell 
viability and decrease the apoptosis of the SH-
SY5Y cells 

To determine whether MIAT regulated cell via-
bility by targeting miR-34-5p, the MIAT overex-
pression vector, the miR-34-5p inhibitors, and 
the miR-34-5p mimic were transfected into the 
SH-SY5Y cells. CCK-8 assays and annexin 
V-FITC/PI dual-label staining were performed, 
and the results demonstrated that compared 
with the negative control group, the cell viability 
was increased but the apoptosis was decre- 
ased in the MIAT overexpression group and the 
miR-34-5p inhibitor group. Conversely, the 
opposite results were discovered in the miR-
34-5p mimic group (all P<0.05; Figure 6A-C). 
MIAT overexpression partially reversed the 
effects of the miR-34-5p mimics on cell viability 
as well as the apoptosis (P<0.05; Figure 6A-C).

MIAT regulated the SYT1 expression to pro-
mote the expressions of Parkin and TH in the 
SH-SY5Y cells by absorbing miR-34-5p

We then explored the effects of the MIAT/SYT1/
miR-34-5p regulatory network on the protein 
expressions of Parkin and TH. MIAT overexpres-
sion, SYT1 overexpression, and a miR-34-5p 

mote the viability and inhibit the apoptosis of 
the SH-SY5Y cells by adsorbing miR-34-5p

To further investigate the regulatory mecha-
nisms of the MIAT/SYT1/miR-34-5p network on 
viability and apoptosis, the SH-SY5Y cells were 
transfected with a MIAT overexpression vector, 
a SYT1 overexpression vector, or a miR-34-5p 
mimic. from the CCK-8 assay and Annexin 
V-FITC/PI dual-label staining results illustrated 
that in comparison with the negative control 
group, the cell viability was increased and the 
apoptosis was decreased in the cells overex-
pressing MIAT or SYT1 (all P<0.05; Figure  
8A-C). Conversely, the transfection of the miR-
34-5p mimic resulted in a decreased cell viabil-
ity and increased apoptosis (all P<0.05; Figure 
8A-C). The SYT1 overexpression partly reversed 
the effects of the miR-34-5p mimic on the cell 
viability and apoptosis (P<0.05; Figure 8A-C).

MIAT increased the Parkin and TH expressions 
in the substantia nigra of the PD mice

Whether MIAT increased the Parkin and TH 
expressions in vivo as well as in vitro was deter-
mined. An AAV containing MIAT transcripts or 
MIAT shRNA was used to infect the substantia 
nigra of the PD mice. Afterward, immunohisto-
chemistry was performed to quantify the pro-
portions of the TH and Parkin-positive cells. In 
the normal substantia nigra, TH and Parkin 
were highly expressed, and the neuronal cells 
were morphologically normal and structurally 
intact in the dense zone, with a large number of 

Figure 5. MIAT adsorbs miR-34-5p and increases the Parkin and TH protein 
expression levels in SH-SY5Y cells. A and B. The relative protein expres-
sion levels of SYT1, Parkin and TH in the SH-SY5Y cells with miR-34-5p 
or MIAT knocked down or overexpressed. #P<0.05 vs. the negative control; 
ΔP<0.05 vs. MIAT overexpression + miR-34-5p simulation. MIAT, myocardial 
infarction-associated transcript; miR, microRNA; TH, tyrosine hydroxylase; 
SYT1, synaptotagmin-1.

mimic transfection were per-
formed in the SH-SY5Y cells. 
The Western blot results dem-
onstrated that in comparison 
with the negative control 
group, the Parkin and TH’s pro-
tein expressions were incre- 
ased by the overexpression of 
MIAT and SYT1, but the miR-
34-5p mimic resulted in a 
decrease in their expressions 
(all P<0.05; Figure 7A and  
7B). Notably, overexpressing 
SYT1 partially reversed the 
effects of miR-34-5p overex-
pression on the expressions of 
Parkin and TH (P<0.05; Figure 
7A and 7B).

MIAT mediated SYT1 to pro-
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Figure 6. MIAT adsorbs miR-34-5p, increases the SH-SY5Y cell viability, and reduces apoptosis. A. The SH-SY5Y cell viability. B. The early and late phase apoptosis. 
C. Quantification of the apoptosis. #P<0.05 vs. negative control; ΔP<0.05 vs. MIAT overexpression + miR-34-5p simulation. MIAT, myocardial infarction-associated 
transcript; miR, microRNA.
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regularly arranged cells (Figure 9A). Following 
the MIAT overexpression, the number of Parkin 
or TH positive neurons in the substantia nigra 
was upregulated, and the cell body outlines and 
synapses were visible. Cell body shrinkage was 
observed in the sh-MIAT group. The TH and 
Parkin proteins were co-localized both in the 
cytoplasms and the nuclei (Figure 9A and 9B). 
At the same time, the number of TH and Parkin-
positive neurons observed in the MIAT overex-
pression group was increased in comparison 
with the negative control group (all P<0.05; 
Figure 9C). Conversely, transfection with sh-
MIAT reduced the number of TH and Parkin-
positive neurons in the PD mice (all P<0.05; 
Figure 9C).

MIAT exerted a neuroprotective effect on the 
substantia nigra of PD mice

We further investigated the neuroprotective 
effects of MIAT. TUNEL staining was used to 
observe the neuron damage in the substantia 
nigra of the PD mice. In comparison with nor-
mal substantia nigra, the apoptotic neurons in 
the substantia nigra increased significantly and 
were damaged more severely in the NC group. 
In addition, the apoptosis of the neurons was 
strikingly reduced in the MIAT overexpression 
group, whereas MIAT shRNA significantly 
increased the apoptotic neurons compared 
with the NC group (all P<0.05; Figure 10A and 
10B).

Combined with the results of the in vitro ex- 
periments, the data suggest that MIAT has a 
neuroprotective effect in PD.

days. Also, the ambulation and rearing scores 
were significantly increased on the 21st and 
28th days, respectively. But after being trans-
fected with MIAT shRNA, it took a much shorter 
time for the PD mice to fall off the rod on the 
21st and 28th days. The rearing and ambula-
tion scores (7 d, 14 d, and 21 d) decreased on 
the same conditions, compared to the negative 
controls (all P<0.05; Figure 11). Thus, the over-
expression of MIAT can partially improve the 
motor performance of PD mice.

Discussion

With several biological mechanisms underlying 
the diseases of the nervous system being 
revealed in recent years, some specific genes 
have been shown to exert significant effects on 
the occurrence and development of PD. In the 
present study, the cellular model and the ani-
mal model were used to explore the pathologi-
cal functions of lncRNA-MIAT throughout PD’s 
progression. The results suggested that MIAT 
expression is significantly downregulated in the 
regions of the substantia nigra and corpus stri-
atum in animal model. Additionally, it was 
shown that lncRNA MIAT can function as a 
ceRNA to regulate SYT1 by sponging miR-34-
5p, which consequently participates in the pro-
gression of PD and exerts a neuroprotective 
effect.

A genome-wide association study indicated 
that lncRNA-MIAT is associated with the occur-
rence of myocardial infarction [27]. Accumu- 
lating evidence shows that lncRNA-MIAT poten-

Figure 7. MIAT regulates SYT1 to increase the protein expression levels of 
Parkin and TH in SH-SY5Y cells by adsorbing miR-34-5p. A and B. The rela-
tive protein expression levels of Parkin and TH in SH-SY5Y cells with miR-34-
5p or MIAT knocked down or overexpressed. #P<0.05 vs. negative control; 
▲P<0.05 vs. SYT1 overexpression + miR-34-5p mimic. MIAT, myocardial 
infarction-associated transcript; SYT1, synaptotagmin-1; miR, microRNA; 
TH, tyrosine hydroxylase.

MIAT partially rescued behav-
ioral phenotypes of PD mice

To investigate the effects of 
MIAT on the locomotor activity 
and the motor coordination 
ability in the PD group, rotation 
tests, open field tests, and the 
pole climbing tests were per-
formed. Compared to the nor-
mal group, the remaining 
groups of mice showed signifi-
cantly increased dyskinesia. In 
addition, compared to the neg-
ative control, PD mice treated 
with MIAT overexpression 
showed that the time it took for 
the mice to fall was prolonged 
on the 7th, 14th, and 21st 
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Figure 8. MIAT regulates SYT1 to increase the viability and reduce the apoptosis of SH-SY5Y cells by adsorbing miR-34-5p. A. SH-SY5Y cell viability. B. Early and late 
phase apoptosis. C. Quantification of the apoptosis. #P<0.05 vs. negative control. ▲P<0.05 vs. SYT1 overexpression + miR-34-5p mimic. MIAT, myocardial infarction-
associated transcript; SYT1, synaptotagmin-1; miR, microRNA.
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tially participated in multiple cellular processes 
and disease progressions, such as myocardial 
infarction, hypoxic-ischemic injury, age-related 
cataracts, and microvascular dysfunction [18, 
30, 31]. In recent years, the effects of lncRNA-
MIAT on several diseases associated with the 
nervous system have gained increasing atten-
tion. A previous study revealed that lncRNA-
MIAT is a high-risk gene for paranoid schizo-
phrenia and participates in the pathophysiology 
of schizophrenia [29]. Barry et al. determined 
that lncRNA-MIAT expression is remarkably 
decreased in the cortex and grey matter in 
patients with schizophrenia after death, imply-
ing that the dysregulation of MIAT contributes 
to neurological disorders [21]. In the current 
study, MIAT was found to be upregulated in the 
PD mice’s substantia nigra and corpus stria-
tum. Overexpressing MIAT promoted the 

expression levels of Parkin and TH in SH-SY5Y 
cells. Furthermore, the cell viability of SH-SY5Y 
cells was enhanced. All the results demonstrat-
ed the neuroprotective role of MIAT in PD.

From the perspective of the ceRNA hypothesis, 
the present study found that lncRNA-MIAT 
could act as a ceRNA in regulating the SYT1 
expression by absorbing miR-34-5p. Preceding 
research has shown that lncRNA-MIAT can 
affect lung cancer progression by epigenetical-
ly regulating miR-34a [32]. Another study 
reported that the expression level of miR-34 is 
elevated in patients with Alzheimer’s disease, 
and that it may serve as a novel target to treat 
certain cognitive disorders [33]. Hu et al. con-
firmed that miR-34c downregulation can ame-
liorate neurodegeneration and memory impair-
ments [34]. Furthermore, the dysregulation  

Figure 9. MIAT increases Parkin and TH expression in the substantia nigra of PD mice. A and B. The Parkin and 
TH-positive cells measured using immunohistochemistry staining in vivo. Magnification, × 200. C. Relative positive 
expression rate of Parkin and TH in each group. #P<0.05 vs. the negative control. ^P<0.05 vs. normal. MIAT, myocar-
dial infarction-associated transcript; PD, Parkinson’s disease; TH, tyrosine hydroxylase.
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Figure 10. MIAT has a neuroprotective effect on the substantia nigra of PD mice. A and B. Apoptosis was detected using TUNEL staining in vivo. Magnification, × 400. 
#P<0.05 vs. negative control. ^P<0.05 vs. normal. MIAT, myocardial infarction-associated transcript; PD, Parkinson’s disease.
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of miR-34 has been demonstrated in PD, 
Alzheimer’s disease, and Huntington’s disease, 
suggesting its significant role in several neuro-
degenerative disorders [12]. The present study 
is the first study to investigate the regulatory 
relationship between lncRNA-MIAT and miR-34-
5p in PD. Our results state clearly that MIAT can 
increase the concentration of Parkin and TH in 
SH-SY5Y cells by sponging miR-34-5p to pro-
mote the cell viability of SH-SY5Y cells 
significantly.

SYT1 modulates the release of the calcium-
dependent neurotransmitter as a pivotal inter-
cessor and is tightly associated with physiologi-

cal cognitive development [35]. The local 
accumulation of amyloid β peptide is hypothe-
sized to underlie neuronal degeneration, mem-
ory deficits, synapse loss, and dysfunction. 
SYT1 regulates synaptic amyloid β, so it may be 
a potential target in treating nervous system 
disorders [36]. In our study, MIAT and SYT1 
overexpressions boosted the Parkin and TH lev-
els and particularly affected the cell viability 
and apoptotic rate. The downregulation of 
Parkin and TH caused by increasing the miR-
34-5p expression was partially reversed by 
SYT1, suggesting that MIAT may regulate SYT1 
by absorbing miR-34-5p, which subsequently 
affects the pathogenic process of PD.

Figure 11. MIAT partly rescued the motor disability of PD mice. A-C. Autonomous activities and physical coordination 
were measured using rotating tests, open field tests and pole tests. #P<0.05 vs. the negative control. ^P<0.05 vs. 
normal. MIAT, myocardial infarction-associated transcript; PD, Parkinson’s disease.

Figure 12. The molecular regulation mechanism by which LncRNA-MIAT regulates the growth of SHSY5Y cells via the 
miR-34-5p-SYT1 axis, showing neuroprotective effects in a mouse model of Parkinson’s disease.
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In summary, the ceRNA regulatory network, 
lncRNA-MIAT/miR-34-5p/SYT1, may play an 
important part in the pathogenesis of PD. MIAT 
may pose as a ceRNA in modulating the SYT1 
expression by sponging miR-34-5p, which con-
sequently exerts neuroprotective effects in PD. 
The molecular regulation mechanism of the 
present research is shown in Figure 12.
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