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Parkinson’s disease model by targeting Bax and Sirt2
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Abstract: Parkinson’s disease (PD) is the second most common age-related neurodegenerative disease. MicroR-
NA-7 (miR-7) displays neuroprotective properties against PD. However, the biological roles of miR-7 and its underly-
ing molecular mechanisms in PD remain unclear. We demonstrated herein that 1-methyl-4-phenylpyridinium ion
(MPP*) confers toxic effects on dopaminergic neuron in a dose-dependent manner in a cellular PD model, although
this phenomenon is attenuated by miR-7 treatment. Introduction of miR-7 inhibits MPP*-induced neuronal apopto-
sis as reflected by the reduced terminal transferase-mediated dUTP nick end labeling-positive rate, mitochondrial
permeability potential, caspase 3 activity, and nucleosomal enrichment factor. Bax and sirtuin 2 (Sirt2) are the
direct targets of miR-7. Moreover, the effects of miR-7 were counteracted by Bax and Sirt2 overexpression, respec-
tively. The altered molecular expressions downstream of Bax and Sirt2 are also involved in miR-7 regulation of the
MPP*-triggered neuronal apoptosis. These findings have implications on the potential application of miR-7 in PD

treatment.
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Introduction

Parkinson’s disease (PD) is the second most
common neurodegenerative disease after Al-
zheimer’s disease and is primarily character-
ized by the loss of dopaminergic (DA) neurons
[1]. To date, several lines of evidence from PD
research have revealed that the pathophysio-
logic mechanisms underlying neurodegenera-
tion are related to mitochondrial dysfunction
and oxidative stress, which could cause apop-
tosis of DA neurons [2, 3]. Thus, strategies
aimed at reducing loss of DA neurons caused
by apoptosis might provide an effective cure for
PD patients.

MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropy-
ridine) is the most commonly used DA neuro-
toxin that disrupts the nigrostriatal DA pathway
and causes permanent Parkinsonism, which
are similar to those observed in PD patients [4].
MTTP also induces selective loss of DA neurons
in substantia nigra of mice [5, 6]. Methyl-4-
phenylpyridinium (MPP*), the active metabolite
of MPTP, is concentrated within the mitochon-

dria of DA neurons where it potently inhibits the
complex | of the electron transport system [7].
Consequently, MPP* results in loss of mitochon-
drial membrane potential, information of reac-
tive oxygen species (ROS), inactivation of cas-
pase 9 and caspase 3 [8], and ultimately pro-
grammed cell death.

MicroRNAs (miRNAs) are a class of highly con-
served small RNAs that regulate diverse cellular
processes by base pairing with the 3’-untrans-
lated regions (UTRs) of their target mRNAs [9].
Growing amount of evidence has suggested
that miRNA dysfunction contributes to neuro-
degenerative disorders, including PD [10-12].
Junn E et al. [13] reported that miR-7 reduces
neurotoxicity and apoptosis caused by o-synu-
clein (a-syn), a key protein in PD pathogenesis.
MiR-7 inhibits MPP*-induced neuron death by
targeting RelA [14]. In addition, miR-7 protects
neurons from MPP*-triggered death by upregu-
lating the mTOR pathway [15]. However, the bio-
logical function and the underlying molecular
mechanism of the miR-7-elicited PD suppres-
sion remain unexplored.
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This study investigated the potential function of
miR-7 in MPP*-treated neurons. Dual-luciferase
reporter assays showed that Bax and sirtuin 2
(Sirt2) are directly targeted by miR-7. MiR-7 res-
toration significantly inhibits MPP*-induced
neuronal apoptosis, and this effect is abrogat-
ed by overexpression of Sirt2 or Bax. Analyses
of the molecular mechanisms involved in these
processes reveal that miR-7 reduces the MPP*-
elicited apoptotic effects on neurons by inhibit-
ing the expression of several pro-apoptotic mol-
ecules. These findings revealed that miR-7 ex-
erts a neuroprotective effect against the MPP*-
induced apoptosis by targeting Bax and Sirt2.

Materials and methods
Cell culture

The human DA neuroblastoma cell line SH-SY5Y
was purchased from the American Type Culture
Collection. The SH-SY5Y cell line was character-
ized by the provider using a gene profiling analy-
sis and was used no later than 6 months after
receipt. The cell line was maintained in Dul-
becco’s modified Eagle’s medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum (Invitrogen). The cultures
were incubated at 37°C in 5% CO2 and 95% air,
and the cells from passages 2-4 were used in
our experiments.

Cell transfection

The miR-7 and miR-negative control (NC) mim-
ics were synthesized by Qiagen (Hilden, Ger-
many). The wild-type (WT) 3’-UTR of Bax, Sirt2,
and two variants containing mutations in the
putative miR-7 binding sites were synthesized
by Qiagen and were inserted downstream of
the firefly luciferase gene in the pGL3 vector
(Promega, Madison, WI, USA). The plasmids
pcDNA3.1-Bax and pcDNA3.1-Sirt2 (open read-
ing frame) were purchased from Addgene
(Cambridge, MA, USA). All constructs were con-
firmed by DNA sequencing. Transfection was
performed using Lipofectamine 2000 reagent
(Invitrogen) according to the manufacturer’s
instructions. The cells were transfected using
100 nM miR-7 or miR-NC mimics in 6-well
plates. For plasmid transfections, 3 ug of DNA
was used.

Cell viability assay
Twenty-four hours after transfecting RNA oligo-

nucleotides to the SH-SY5Y cells with or with-
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out MPP* treatment, cell viability was measur-
ed using Cell Counting Kit-8 (CCK-8; Dojin-
do Laboratories, Kumamoto, Japan). In accor-
dance with the manufacturer’s instructions for
CCK-8, the harvested cells were seeded into
96-well plates at a density of 1 x 102 cells/well
with a final volume of 100 pL. The cells were
cultured for 1, 2, 3, or 4 days after transfection.
CCK-8 solution (10 pL) was added into each
well, and the absorbance at 450 nm was mea-
sured after incubation for 2 h at 37°C to calcu-
late the number of viable cells.

Lactate dehydrogenase release assay

Cytotoxicity was quantitatively evaluated by
measuring the lactate dehydrogenase (LDH)
release. Twenty-four hours after transfecting
RNA oligonucleotides to the SH-SY5Y cells with
or without MPP* treatment, gentle centrifuga-
tion was performed and the supernatant was
subsequently collected. The level of LDH in the
culture media was assessed using commerci-
ally available kits (Jiancheng Bioengineering
Research Institute, Nanjing, Jiansu, China) ac-
cording to the manufacturer’s instructions.

Measurement of intracellular ROS

The formation of intracellular ROS was evaluat-
ed using the fluorescent probe 2’,7’-dichloro-
fluorescein diacetate (DCFH-DA), which readily
permeates cells and is hydrolyzed into fluores-
cent dichlorofluorescein upon interacting with
ROS. Briefly, at 4 h after transfecting RNA oligo-
nucleotides to the SH-SY5Y cells with or with-
out MPP* treatment, the cells were incubated
with 10 mM DCF-DA at 37°C for 30 min in the
dark. Cellular fluorescence was measured at
485 nm excitation and 535 nm emission using
a fluorescence microplate reader (Saire2; Te-
can, Switzerland). The images were prepared
using Adobe Photoshop (ver. 8.0).

Dual-luciferase reporter assay

The cells were co-transfected with reporter
constructs, an internal control vector (pGL4.73),
and a synthetic miR-7 or miR-NC mimic. Forty-
eight hours after transfection, the luciferase
activity was determined using the Dual-Lucife-
rase Reporter Assay System (Promega) and a
luminometer (Glomax 20/20; Promega) and
was normalized to the activity of Renilla lucifer-
ase driven by a constitutively expressed pro-
moter in the phRL vector. The basal promoter

Am J Transl Res 2016;8(2):993-1004



MiR-7 inhibits neuron apoptosis in PD

activity was measured as the fold-change rela-
tive to that observed for the basic pGL3 vector
alone.

RNA extraction and quantitative real-time PCR

Twenty-four hours after transfecting RNA oligo-
nucleotides to the SH-SY5Y cells with or with-
out MPP* treatment, the total RNA was extra-
cted from 1 x 10° cells using TRIzol reagent
(Invitrogen) according to the manufacturer’s
protocol. The harvested RNA was diluted to a
concentration of 1 pug/uL, packaged, and then
preserved at -80°C. cDNA was generated us-
ing Reverse Transcription Kit (Promega, Madi-
son, WI, USA). Quantitative real-time polyme-
rase chain reaction (qPCR) was performed
using a standard IQTM SYBR Green Supermix
Kit (Bio-Rad, Berkeley, USA), and the PCR spe-
cific amplification was assessed by Master-
cycler®ep Realplex (Eppendorf, Hamburg, Ger-
many). B-actin was used as endogenous con-
trol. The relative levels of Bax and Sirt2 were
calculated using the comparative 224 method.
The primers used for PCR amplification are list-
ed as follows: for Bax, forward 5-CTGTGTCT-
ACCGAGGGTGC T-3, reverse 5-CGCTCCAACG-
GACTTTAACA-3’; for B-actin, 5-TCCTAGCACCAT
GAAGATCAAGATC-3’, reverse 5-CTGCTTGCTG-
ATCCACATCTG-3".

Western blot analysis

Forty-eight hours after the SH-SY5Y cells with
or without MPP* treatment were transfected
with RNA oligonucleotides or with or without
plasmids, proteins were extracted using lysis
buffer, separated by sodium dodecyl-sulfate
polyacrylamidegel electrophoresis, transferr-
ed onto nitrocellulose membranes (Millipore,
Bedford, MA, USA), and then subjected to im-
munoblot analyses. Blotting was performed
using primary antibodies targeting Sirt2, Bim
(all obtained from Abnova, Taiwan, China), cyto-
chrome ¢ (Cyt c¢), Bcl-2 (all obtained from Cell
Signaling Technology, Danvers, MA, USA), Bax,
cleaved (Cl)-caspase 3, and B-actin (all obtained
from Sigma). The signals were detected using a
horseradish peroxidase-conjugated secondary
antibody (Sigma), and the bands were visual-
ized using an enhanced chemiluminescence kit
(Santa Cruz, Dallas, TX, USA). The protein bands
were quantified using Quantity One software
(Bio-Rad, USA).

995

Apoptosis detection by flow cytometry

Apoptosis was determined using Annexin V-
fluorescein isothiocyanate (FITC) and propridi-
um iodide (PI) staining. Forty-eight hours after
transfecting RNA oligonucleotides to the SH-
SY5Y cells with or without MPP* treatment, the
cells were harvested, centrifuged, and resus-
pended in binding buffer. Approximately 10 uL
of ready-to-use Annexin V-FITC (BD Bioscience,
MA, USA) was added into the mixture, incubat-
ed at 37°C for 15 min, and then counterstained
with 5 uL Pl in the dark for 30 min. Annexin
V-FITC and PI fluorescence were assessed
using BD FACSCalibur flow cytometer (BD Bi-
oscience), and the results were analyzed using
the CellQuest software (BD Bioscience).

Nucleosomal enrichment factor assay

Forty-eight hours after the SH-SY5Y cells with
or without MPP* treatment were transfected
with RNA oligonucleotides or with or without
plasmids, cell apoptosis was quantified using a
nucleosomal fragmentation kit (Cell Death
Detection ELISAPLUS; Roche Applied Science,
Indianapolis, IN, USA) according to the ma-
nufacturer’s protocol. The absorbance values
were normalized to those of control cells to
derive the nucleosomal enrichment factor.

Quantitative caspase 3 activity assay

Caspase 3 activity assay was conducted using
the Caspase 3/CPP32 Colorimetric Assay Kit
(Biovision, Palo Alto, CA) following the standard
protocols. Forty-eight hours after the SH-SY5Y
cells with or without MPP* treatment were tr-
ansfected with RNA oligonucleotides or with or
without plasmids, the cells were harvested,
washed with cold PBS, and then incubated with
50 uL of chilled lysis buffer on ice for 10 min.
After centrifugation at 10,000 x g, protein (150
pg) was added into 2 x 50 uL of reaction buffer
containing 5 uL of N-acetyl-Asp-Glu-Val-Asp-
pNA substrate (200 uM final concentration).
After incubation for 1-2 h at room temperature,
N-acetyl-Asp-Glu-Val-Asp-pNA cleavage was
monitored using a microplate reader (Bio-Tek
Instruments Inc., Winooski, VT, USA). The absor-
bance (405 nm) of each well was detected to
monitor the enzyme-catalyzed pNA release.

Mitochondrial permeability potential

Loss of mitochondrial potential can be detect-
ed by 5,5,6,6-tetrachloro-1,1’,3,3"-tetraethyl

Am J Transl Res 2016;8(2):993-1004



MiR-7 inhibits neuron apoptosis in PD

A 1204 Bl miR-NC B s00-
Bl miR-7

- * H
2 904 * §
= )
£ I_\ |—‘ = 300-
3 o r
s g 200-
3 8

30
o & 100

4

0- 0-

MPP*(mM) 0 1 2 4 MPP*(mM) 0

LDH release (UIL)

0
MPP*mM)  © 4

4

Figure 1. MiR-7 protects the neurons against MPP*-induced toxicity. The SH-SY5Y cells with or without MPP* treat-
ment were transfected with 200 nM miR-7 or miR-NC mimic. A. CCK-8 assay of the cells for the indicated number of
days. B. ROS production in variously treated SH-SY5Y cells. C. LDH release in variously treated SH-SY5Y cells. Data
are represented as the mean + SD of three replicates. *P< 0.05, #P< 0.05, and **P< 0.01.

benzimidazolylcarbocyanine iodide staining,
commonly known as JC-1. Forty-eight hours
after the SH-SY5Y cells with or without MPP*
treatment were transfected with RNA oligonu-
cleotides or with or without plasmids, the cells
were stained with the cationic dye JC-1 (Mito-
PT, Immunohistochemistry Technologies, Bloo-
mington, MN), which exhibits potential-dep-
endent accumulation in mitochondria. At low
membrane potentials, JC-1 continues to exist
as a monomer and produces green fluores-
cence (emission at 527 nm). At high membrane
potentials or concentrations, JC-1 forms J ag-
gregates (emission at 590 nm) and produces
red fluorescence.

Terminal transferase-mediated dUTP nick end
labeling assay

A terminal transferase-mediated dUTP nick
end labeling (TUNEL) assay was performed to
detect DNA strand breaks in situ according to
the manufacturer’s protocol (Roche, Mannheim,
BW, Germany). Forty-eight hours after trans-
fecting RNA oligonucleotides to the SH-SY5Y
cells with or without MPP* treatment, the cells
seeded on glass slides were fixed with 80%
glycerol at room temperature, rinsed with PBS
(pH 7.4), and then permeabilized with 2% Triton
X-100. The FITC-labeled terminal deoxynucleo-
tidyl transferase (TdT) nucleotide mix (Promega,
Madison, WI, USA) was added into each slide
and incubated at 37°C for 60 min. The slides
were rinsed twice in PBS and then counter-
stained with 10 mg/mL DAPI (Sigma). The FITC-
labeled TdT was omitted in the nucleotide mix
of the negative control. The TUNEL-positive ce-
lIs were imaged and mounted by fluorescence
microscopy (Carl Zeiss, Weimar, Germany) and
were ultimately expressed as a percentage of
the total cells (DAPI staining).
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Statistical analysis

Statistical analyses were performed using
SPSS version 16.0 software (SPSS Inc., Chica-
go, IL, USA). Student’s t-tests were used to ana-
lyze the results expressed as the mean + stan-
dard derivation (SD), and Fisher’'s exact test
was used for comparisons of qualitative vari-
ables. P < 0.05 was considered significant.

Results

MIiR-7 provides protection against MPP*-in-
duced neurotoxicity

MiR-7 represses MPTP-induced neurotoxicity in
a PD mouse model [12]. We investigated wheth-
er miR-7 reduces the neurotoxicity caused by
MPP* insult in DA neurons. Figure 1A shows
that MPP* treatment significantly reduces neu-
ronal viability in a dose-dependent manner,
which is inhibited by miR-7. Oxidative stress
and cytotoxicity play key roles in PD pathogen-
esis [16]. MPP* treatment expectedly increa-
ses ROS levels (Figure 1B) and LDH release
(Figure 1C) in SH-SY5Y cells, and this increase
is reduced by miR-7. These findings demon-
strated that miR-7 reduces MPP*-induced ne-
urotoxicity.

MiR-7 reduces MPP*-enhanced neuronal
apoptosis

We further investigated whether miR-7 regu-
lates neuron survival by orchestrating apopto-
sis. Flow cytometry assay showed that MPP*
treatment promotes apoptosis of the SH-SY5Y
cells, which is attenuated by miR-7 administra-
tion (Figure 2A and 2B). To further confirm
these observations, we performed TUNEL as-
say and found that the percentage of the
TUNEL-positive neurons in the MPP* group is

Am J Transl Res 2016;8(2):993-1004



MiR-7 inhibits neuron apoptosis in PD

miR-NC miR-7 miR-NC miR-7

o
Annexin-V-FITC
B C Z 257mm miR-NC D 600~
~ %1 mm miR-NC S |mm mRr7 > ool B8 MRT
£ 254 @@ miR-7 *% 3 33
£ 20- $ 15 EE"‘W
&2 154 % e S 300+
g e g%
g 109 s g 3 2001
2 5 = & 100-
< =
0- = 0 0-
MPP*(miV) 0 MPP*(mM) MPP*(mM) 0 4
Figure 2. MiR-7 inhibits the apoptosis of MPP*-chal-
EE__ F lenged neurons. The SH-SY5Y cells with or without
€9 5. MPP* treatment were transfected with 200 nM miR-
sgs miR-NC - !
§§ = miR-7 %% 401 mm miR-NC 7 or miR-NC mimic. (A) FACS assay was performed
2 2 44 5 @ miR-7 to detect the apoptotic cells. (B) The apoptotic rate
§8 3% 301 was calculated from the FACS data. (C-F) TUNEL (C),
§€ 31 5 € caspase 3 activity (D), MMP (E), and nucleosomal
£8, 8 g 20+ enrichment fragmentation (F) assays of the cells
0 g-g transfected with miR-7 or miR-NC show the effects
-§‘2 14 Z S 10+ on apoptosis of the SH-SYSY cells with or without
9 :. @ MPP* treatment. Representative images are shown.
g9 o 0 Data are represented as the mean + SD of three rep-
S ~MPP'(mM) 0 MPP*(mM) licates. *P< 0.05, #P< 0.05, and **P< 0.01.

997 Am J Transl Res 2016;8(2):993-1004



MiR-7 inhibits neuron apoptosis in PD

04
MPP*(mM)

0.0-

A B g cccmmuuuumTcuchm 3 sit23uTRWr)  C iz — i
N .l
=) [ . =
§ . UGUUGUUUUAGUGAUC?GMGG 5 miR-7 2 oo
E = 5' CCCAGAACUUUUAACUGAAGGAG 3' SIt23UTR(MUT) £ N
S0
5 CAAAGAACGUUAAAcucuucI:CAG 3 Bax 3'UTR (WT) 2 *
2 0.34
3 UGUUGUUUUAGUGAUCAGAAGGY 5 MiR-7 :
0.0+
TargetScan 5' CAAAGAACGUUAAACUGAAGGAG 3' Bax 3'UTR (MUT) Bax  WT Mut
D 2157 mm miR-NC Ex "]mm mrnc F Gg * #
3 B miR-7 @ B miR-7 ud T} o B 1.0-
g 2 8 x 127 Z 5 2 o 87
P 25 x x x « S 0.3
w >0 b - x
2 0.4 g% E 8 E E E
£ <. + - - § .64
% on : ,é 6 . MPP + o+ g
e $2 sax NN 04
£ 03 £5 4 - S 02
2 5 pactn NNDENEN -°
® 0g- ® o £ 0.0-
Sirt2 WT MPP*(mi) O 4 ° miR- NC mIR-T miR- NC mlR?
Z mpp*
H * # @A m ;NC | J - *
g e 0| ¢ . 2 . 3 ol
2 e ¢ ¢ g £ |
§§ 151 E E E E =
se MPP* = = o+ o+ § 0.6
25" stz N -
% g * _ S 04
5o ] poctn [ D,
k! 2
¢ 3
e

0 miR-NC  miR-7 miR-NC miR-7

mMPP* = - + +

Figure 3. Bax and Sirt2 are the direct targets of miR-7. (A) The potential targets of miR-7 were predicted by integrating the results of three algorithms (TargetScan,
PicTar, and miRanda). (B) The predicted binding sites of miR-7 in the 3’-UTR of Bax (upper) and Sirt2 (bottom). (C, D) The results of luciferase reporter assays per-
formed at 24 h after co-transfection of SH-SY5Y cells with a pGL3 construct containing the WT or MUT Bax 3’-UTR region (C) or the WT or MUT Sirt2 3’-UTR region and
miR-7 mimics (D). Data were normalized to those from cells co-transfected with pGL3 and miR-NC. (E, F) gPCR (E) and Western blot (F) analyses of Bax expression
in mock-treated or MPP*-treated SH-SY5Y cells transfected with miR-7 or miR-NC mimics. (G) Relative protein band densities of Bax. (H, ) gPCR (H) and Western
blot (1) analyses of Sirt2 expression in mock-treated or MPP*-treated SH-SY5Y cells transfected with miR-7 or miR-NC mimics. (J) Relative protein band densities of
Sirt2. (E-J) The Bax and Sirt2 mRNA levels were normalized to that of GAPDH, and the Bax and Sirt2 protein levels were normalized to that of B-actin. Representative
Western blots are shown. Data are represented as the mean + SD of three replicates. *P< 0.05, #P< 0.05, and **P< 0.01.
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Sirt2 (B) and Bim (C). (D) Caspase 3 activity assay for detection of neuronal apoptosis. Representative Western blots
are shown. Data are represented as the mean * SD of three replicates. *P< 0.05.

higher than that in the MPP* + miR-7 group
(Figure 2C). In addition, miR-7 inhibits the
MPP*-induced SH-SY5Y cell apoptosis by reduc-
ing caspase 3 activity (Figure 2D), MMP (Figure
2E), and nucleosomal enrichment fragmenta-
tion (Figure 2F). Overall, miR-7 reduces signifi-
cantly the MPP*-induced neuronal apoptosis.

Bax and Sirt2 are direct targets of miR-7

We subsequently searched for the candidate
target genes of miR-7 using the publicly avail-
able databases, namely, TargetScan, miRanda,
and PicTar (Figure 3A). The complementary
miR-7 sequences were identified in the 3-UTR
of the Bax and Sirt2 mRNA (Figure 3B). Th-
erefore, these genes were selected for further
analysis. Dual reporter assays revealed that
the introduction of miR-7 in the SH-SY5Y cells
suppresses the activity of the luciferase report-
er fused to the WT 3’-UTR of Bax or Sirt2 but
does not suppress that of a reporter fused to a
mutant (MUT) version of the 3’-UTR (Figure 3C

999

and 3D). We then detected the mRNA and pro-
tein levels of Bax and Sirt2 in the SH-SY5Y cells
with or without MPP* treatment that were tr-
ansfected with or without miR-7; the findings
showed that miR-7 significantly reduces the
mRNA and protein expression levels of Bax and
Sirt2 (Figure 3E-J) in MPP*-challenged SH-SY5Y
cells. These results suggested that Bax and
Sirt2 are the direct targets of miR-7 in a cellular
PD model.

MiR-7 attenuates MPP*-induced neuronal
apoptosis by repressing Sirt2 expression

To confirm that Sirt2 is a functional target of
miR-7, we transfected the MPP*-treated SH-
SYBY cells with miR-NC, miR-7 mimic, or a plas-
mid expressing Sirt2. The protein expressions
of Sirt2 and its downstream molecule Bim in
different groups were detected by Western blot
analysis (Figure 4A-C). The data revealed that
miR-7 inhibits Sirt2 and Bim expression (Figu-
re 4A-C). Sirt2 activates Bim, resulting in the

Am J Transl Res 2016;8(2):993-1004
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increase of caspase 3 activity in PD. Figure 4D
shows that Sirt2 overexpression rescues the
miR-7-mediated inhibition of MPP*-enhanced
caspase 3 activity in SH-SY5Y cells. These
results prove that Sirt2 is a downstream func-
tional target of miR-7 in MPP*-induced neuronal
apoptosis.

MiR-7 hampers MPP*-induced neuronal apop-
tosis by downregulating Bax

We investigated whether Bax is another func-
tional target of miR-7. The SH-SY5Y cells were
transfected with miR-NC, miR-7 mimic, or with a
plasmid expressing Bax following MPP* treat-
ment. Overexpression of Bax counteracted the
miR-7-elicited inhibition of the MPP*-induced
SH-SY5Y cell apoptosis; this finding was evi-
denced by the enhanced nucleosomal enrich-
ment fragmentation and caspase 3 activity and
by the loss of MMP (Figure 5A-C). To explore
the molecular mechanisms by which miR-7
exerts its protective effect against neuronal
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apoptosis caused by MPP* insult, we examined
the levels of Bcl-2, Bax, Cl-caspase 3, and Cyt
c. Figure 5D shows that the miR-7 restoration
in neurons reduces the MPP*-induced expres-
sion of the anti-apoptotic molecule Bcl-2 and
enhances the MPP*-induced expression of pro-
apoptotic molecules, such as Cl-caspase 3,
Bax, and Cyt c; these effects are reversed by
Bax overexpression. These results suggested
that Bax is a downstream functional target of
miR-7 in MPP*-induced neuronal apoptosis.

Discussion

MiRNAs are involved in various neurodegenera-
tive disorders, including PD [17]. Although pre-
vious studies have reported that miR-7 repress-
es the development and progression of PD by
targeting a-syn and RelA [13, 14], the underly-
ing mechanisms by which miR-7 inhibits PD
remain unclear. This study elucidates a novel
neuroprotective mechanism of miR-7. The key
findings are as follows (Figure 6): First, we
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Figure 6. Proposed mechanism of the miR-7-me-
diated protection against MPP*-induced neuronal
apoptosis. The cellular model of PD shows the MPP*-
induced enhancement of Bax and Sirt2 expression
in neurons. In the same conditions, upregulation of
Bax further increases the expression of other pro-
apoptotic molecules, and enhancement of Sirt2 also
results in Bim elevation. MiR-7 provides protection
against MPP*-induced neuronal apoptosis by tar-
geting Bax and Sirt2, thereby suppressing the ex-
pression of their downstream pro-apoptotic factors.
These anti-apoptotic benefits of miR-7 contribute to
the maintenance of neuronal viability in a cellular PD
model.

found that miR-7 inhibits the MPP*-induced
loss of viability and enhancement of ROS levels
and LDH release in neurons. Second, miR-7
reduces the MPP*-induced neuronal apoptosis
as evidenced by the decrease in the percent-
age of TUNEL-positive cells, caspase 3 activity,
MMP, and nucleosomal enrichment factor.
Third, we demonstrated that Bax and Sirt2 are
directly targeted by miR-7. Fourth, the inhibitory
effects of miR-7 on the MPP*-induced neuronal
apoptosis are abrogated by overexpression of
Sirt2 and Bax. Overall, these findings revealed
that miR-7 exerts a neuroprotective effect
against MPP*-elicited apoptosis by targeting
Bax and Sirt2.
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Sirt2 is a strong NAD-dependent protein de-
acetylase and is highly expressed in the brain.
Sirt2 is also an abundant neuronal protein and
accumulates in the central nervous system of
aged mice [18]. Moreover, Sirt2 co-localizes
with microtubules and functions as a-tubulin
deacetylase, leading to PD aggravation. Outerio
et al. [19] demonstrated that Sirt2 inhibitors
reduce DA neuron death both in vitro and in a
Drosophila model of PD. Sirt2 expression also
increases in cells subjected to oxidative stress;
in addition, Sirt2 enhancement promotes DA
neuronal apoptosis when cells are under MPP*-
induced severe stress by activating the pro-
apoptotic factor Bim, subsequently increasing
caspase 3 activity [20]. Therefore, Sirt2 inhibi-
tion possibly offers protection against PD. We
found herein that miR-7 inhibits ROS produc-
tion in MPP*-treated DA neuron, which possibly
contributes to the reduced Sirt2 expression;
however, this speculation requires clarification.
We subsequently confirmed whether Sirt2 is a
functional target of miR-7 in MPP*-stimulat-
ed neurons. MiR-7 reduces the levels of Sirt2
MRNA and protein and subsequently inhibits
the activation of the pro-apoptotic molecules
Bim and caspase 3, resulting in reduction of
neuronal apoptosis in a cellular PD model; th-
is finding is highly consistent with a previous
result [21]. Caspase 3 is an active cell-death
protease involved in the execution phase of
apoptosis, where cells undergo morphologi-
cal changes, such as DNA fragmentation and
apoptotic body formation [22]. This study found
that miR-7 reduces the percentage of TUNEL-
positive cells, as well as the nucleosomal en-
richment factor of the MPP*-challenged DA neu-
rons, paralleling the reduction in caspase 3
activity.

The molecular pathogenesis of PD is speculat-
ed to be associated with mitochondrial dys-
function and activation of apoptotic cascade
[2]. MPP*-induced neuronal death is mediated
by the loss of mitochondrial membrane poten-
tial [23, 24]. Activation of apoptotic cascade
may play a role in MPP*-induced cell death by
altering mitochondrial membrane permeability
and by controlling the release of Cyt ¢ from the
mitochondria [25, 26]. Caspase 3 activation by
the released Cyt ¢ is involved in MPP*-induced
apoptosis [27-29]. Once activated, caspase 3
will induce nuclear DNA condensation and
fragmentation and ultimately apoptosis [22].
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Studies have shown that Bax is strongly upreg-
ulated in nigrostriatal DA neurons after expo-
sure to MPTP [30-32]. In a chronic MPTP mouse
model, the protein levels of Bax are increased
and mitochondrial translocation of Bax is
observed [30, 33]. Bax’- mice are resistant to
MPTP-induced neurodegeneration in the sub-
stantia nigra [21]; in addition, inhibiting the
increase in Bax levels or its mitochondrial
translocation can reduce DA cell loss in MPTP-
challenged mice [34]. Bax knockdown also
reduces caspase 3 activity in PD. Bcl-2 overex-
pression protects DA neurons against MPTP-
induced neurodegeneration [35, 36]. The ratio
of pro-apoptotic Bax to anti-apoptotic Bcl-2
increases in response to MPP* treatment of DA
neurons [37]. The present study demonstrated
that miR-7 inhibits MPP*-induced neuronal
apoptosis by targeting Bax. MiR-7 also reduces
the expression of the pro-apoptotic Bax, Cyt c,
and Cl-caspase 3 and increases the expression
anti-apoptotic Bcl-2 in the MPP*-treated DA
neurons. Moreover, miR-7 attenuates MPP*-
enhanced neuronal apoptosis, as reflected in
the reduction of MMP, caspase 3 activity, and
nucleosomal enrichment factor. The anti-apop-
totic effects of miR-7 are abrogated by overex-
pression of Bax, suggesting that Bax is a key
player in the MPP*-induced neuronal apoptosis
as it regulates the expression of other apopto-
sis-related factors. Perier et al. [34] showed
that Bim, a downstream effector of Sirt2, medi-
ates the translocation of Bax into the mitochon-
dria, thereby releasing Cyt c, resulting in neuro-
nal apoptosis in MPTP-treated mice. We va-
lidated herein that Bax and Sirt2 are functional
targets of miR-7 in MPP*-treated DA neurons;
however, we cannot exclude the possibility that
downregulation of Bax by miR-7 is dependent
on Sirt2 reduction.

In summary, the results presented herein col-
lectively showed that miR-7 provides protection
against MPP*-induced DA neuronal apoptosis
by repressing Bax and Sirt2 expression, conse-
quently reducing the expression of a series of
pro-apoptotic molecules. These findings sug-
gested that augmenting miR-7 levels is an ef-
fective disease-modifying strategy in PD.
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