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INTRODUCTION
Parkinson’s disease (PD) is known as a progressive neurological 

incurable disorder with no preventative nor effective long-term 
treatment strategies [1]. The phenotypes of PD are characterized 
by the progressive loss of dopaminergic neurons in the substantia 
nigra (SN); dopamine depletion in the striatum; and motoric in-
stabilities including bradykinesia, rigidity, and tremor [2]. In most 

cases, the etiology of PD is not completely understood. However, 
several genes have been related to some cases of PD [3]. The pre-
synaptic protein, a-synuclein (a-syn) gene, is a major component 
of intracytoplasmic inclusions termed Lewy bodies which are 
the pathological hallmarks of PD, and missense mutations in a-
syn gene such as A53T, A30P, and E46K were found to be linked 
to a familial mode of PD [4-6]. Overexpression of WT or mutant 
A53T human a-syn in mice resulted in neuronal degeneration 
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ABSTRACT Familial Parkinson’s disease (PD) has been linked to point mutations and 
duplication of the a-synuclein (a-syn) gene.  Mutant a-syn expression increases the 
vulnerability of neurons to exogenous insults. In this study, we developed a new PD 
model in the transgenic mice expressing mutant hemizygous (hemi) or homozygous 
(homo) A53T a-synuclein (a-syn Tg) and their wildtype (WT) littermates by treat-
ment with sub-toxic (10 mg/kg, i.p., daily for 5 days) or toxic (30 mg/kg, i.p., daily for 
5 days) dose of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). Tyrosine hy-
droxylase and Bcl-2 levels were reduced in the a-syn Tg but not WT mice by sub-toxic 
MPTP injection. In the adhesive removal test, time to remove paper was significantly 
increased only in the homo a-syn Tg mice. In the challenging beam test, the hemi 
and homo a-syn Tg mice spent significantly longer time to traverse as compared to 
that of WT group. In order to find out responsible proteins related with vulnerability 
of mutant a-syn expressed neurons, DJ-1 and ubiquitin enzyme expressions were 
examined. In the SN, DJ-1 and ubiquitin conjugating enzyme, UBE2N, levels were 
significantly decreased in the a-syn Tg mice. Moreover, A53T a-syn overexpression 
decreased DJ-1 expression in SH-SY5Y cells. These findings suggest that the vulner-
ability to oxidative injury such as MPTP of A53T a-syn mice can be explained by 
downregulation of DJ-1. 
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and motor deficits [7]. Although human a-syn accumulates 
within cell bodies of SN, locus cereleus (LC) and the olfactory 
bulb (OB), the mutant human a-syn (A53T) mice do not exhibit 
overt neuropathology. Moreover, the number of nigral neurons 
and the levels of striatal dopamine (DA) were unchanged relative 
to WT littermates up to 1 year of age [8]. Distinguished from the 
previous a-syn A53T mouse model, our lab has generated new 
PD mouse models; hemi and homo a-syn A53T mice exhibit-
ing medium and high dopaminergic neuron loss, using 5 days of 
daily sub-toxic (10 mg/kg) injection of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP). The levels of tyrosine hydroxylase 
(TH), synuclein, synaptophysin, DJ-1 and Bcl-2 expression levels 
in the nigrostriatal regions and behavioral tests in the hemi or 
homo transgenic mice expressing mutant A53T a-syn and their 
WT littermates were also assessed following MPTP treatment. 
With the help of MPTP-treated mutant A53T a-syn expressing 
Tg and WT mice, our study unravels the possible mechanism 
through which a-syn accumulation leads to Parkinson’s disease.

METHODS 

Transgenic mice

Protocols for animal use were reviewed and approved by the 
Institutional Animal Care and Use Committee at the Dongguk 
University Ilsan Hospital (No. 2013-1193) and were in accordance 
with National Institute of Health guidelines. Hemizygous (Prnp-
SNCA*A53T) 83Vle mice with a B6C3H background were ob-
tained from the Jackson Laboratory (Bar Harbor, Maine, USA) 
and were bred at the Dongguk University. From the offspring, 
wild-type, hemizygous and homozygous male mice were used for 
the experiments. Identification of the (Prnp-SNCA*A53T) 83Vle 
transgenic and non-transgenic mice was performed according 
to the results of the PCR with primers specific for the transgene 
sequence obtained from Bioneer (Daejeon, Korea), and further 
identification of zygosity was analyzed using hemizygous and 
homozygous DNA samples from F0 mice. Animals were main-
tained under constant temperature (22±1°C), relative humidity 
(55±1%), and 12 h light/12 h dark cycle (light on at 7:00 am). They 
were given tap water and commercial rodent chow (Samyang 
Feed, Daejeon, Korea) ad libitum. Wild-type mice (n=21), A53T 
hemizygous mice (n=21) and A53T homozygous mice (n=21) at 
4~5 months of age were assigned to three groups: control (saline 
treatment), sub-toxic dose of MPTP (10 mg/kg) and toxic dose 
MPTP (30 mg/kg) at 7 mice in each group. Saline or MPTP was 
daily treated through intraperitoneal (i.p.) injection for 5 days, 
and behavior tests were performed at 12 day. Animals were de-
capitated after behavior test.

DNA isolation and genotyping

DNA samples were extracted from the ears of test mice using 
a Phenol-Chloroform Isoamyl Alcohol (PCI) DNA extraction 
method [9]. For validation purposes, extracted DNA samples 
were genotyped according to the standard PCR protocols ob-
tained from the Jackson Laboratory. For further investigation of 
zygosity, Real Time PCR was performed using Taqman qPCR 
protocols obtained from the Jackson Laboratory.

Immunoblotting

The SN tissues were removed and homogenized in lysis buf-
fer containing 50 mM Tris-base (pH 7.5), 150 mM NaCl, 2 mM 
EDTA, 1% glycerol, 10 mM NaF, 10 mM Na-pyrophosphate, 1% 
NP-40, and protease inhibitors (0.1 mM phenylmethylsulfonyl-
fluoride, 5 µg/ml aprotinin, and 5 µg/ml leupeptin). Lentivirus 
infected SH-SY5Y cells were harvested in lysis buffer. The tissue 
or cell lysates (30 µg) were electrophoresed using sodium do-
decyl sulphate-polyacrylamide gels and transferred to nitrocel-
lulose membranes and then incubated with anti-TH (Santa cruz 
Scientific,USA, 1:1000, Rabbit), anti-DJ-1 (Merck Millipore, Caro-
lina, USA, 1:1000, Rabbit), anti-Bcl-2 (Cell signaling technology, 
Beverly, MA, USA, 1:1000, Rabbit), anti-Synaptophysin (Abcam, 
Cambridge, UK, 1:1000, Rabbit), anti-a-Synuclein (GeneTex, Ir-
vine, CA, USA, 1:1000, Rabbit), anti-UBE2N and anti-β-actin (Cell 
signaling technology, Beverly, MA, USA, 1:1000, Rabbit) for 16 h 
at 4°C. After washing with Tris-buffered saline-Tween 20 (TBS-
T) (0.05%), the blots were incubated with horseradish peroxidase-
conjugated anti-rabbit (1:5000) or anti-mouse (1:5000) IgG 
(Thermo Fisher Scientific, USA), and the bands were visualized 
using the ECL system (Thermo Fisher Scientific, USA). Band im-
ages were obtained by using a Molecular Imager ChemiDoc XRS+ 
(Bio-Rad, Hercules, CA, USA), and band intensity was analyzed 
using Image LabTM software version 2.0.1 (Bio-Rad, Hercules, CA, 
USA).

Immunostaining

The mice were perfused transcardially with phosphate-
buffered saline (PBS) followed by 4% paraformaldehyde in 0.2 
M phosphate buffer. The brains were removed, post-fixed, and 
cryoprotected. For immunohistochemistry, brains (40 µm thick) 
were stained with anti-TH antibody (Santa Cruz Scientific, USA) 
followed by Alexa Fluor 488 secondary antibody (Thermo Fisher 
Scientific). Biotechnology; sc-253), followed by Alexa Fluor 488 
(1:200; Thermo Fisher Scientific; A-21206). The sections were ob-
served under an Olympus FV-1000 laser confocal scanning.

Adhesive removal test

The adhesive removal test was established in a-syn A53T mice 

http://jaxmice.jax.org/protocolsdb/f?p=116:2:::NO:2:P2_MASTER_PROTOCOL_ID,P2_JRS_CODE:4419,004479
http://jaxmice.jax.org/protocolsdb/f?p=116:2:::NO:2:P2_MASTER_PROTOCOL_ID,P2_JRS_CODE:4419,004479
http://jaxmice.jax.org/protocolsdb/f?p=116:2:::NO:2:P2_MASTER_PROTOCOL_ID,P2_JRS_CODE:4419,004479
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to determine the effects of MPTP treatment on sensory-motor be-
havior. During a test, cage mates were placed in a clean cage while 
the test mouse was placed in its home cage. For testing, a small 
adhesive patch (circular 0.3 cm diameter) was applied to each 
snout using a pair of small forceps, and the time to contact and 
remove each adhesive tape was recorded. The latency to contact 
the patch with the paw was used to assess sensory impairment. If 
the mouse did not contact or remove the sticker within 60 s then 
the trial was ended and the sticker was removed manually by the 
experimenter. All mice received 3 trials.

Beam traversal test

Motor coordination and balance in 4~5 months of a-syn A53T 
and WT littermate mice was tested using a challenging beam 
traversal test. In brief, a plastic beam, 1 m length total, and com-
prising of four (25 cm length) sections that gradually decreased 
in diameter from 3.5 cm to 0.5 cm in 1 cm increments was used. 
Animals were trained to traverse the beam (from widest to nar-
rowest) directly into the animal’s home cage. Each mouse received 
two days of training (5 trials each) followed by testing on the third 
day. During the testing phase, a wire mesh grid (1 cm2) of cor-
responding beam width was placed over the beam. Animals were 
videotaped while traversing the beam, over 5 trials. Video records 
were analyzed at slow motion, by an investigator blinded to the 
genotype of the animals and the time taken to traverse the beam, 
and number of foot slips off the beam were determined over the 5 
trials and averaged.

Cell culture works

SH-SY5Y cells were obtained from the American Type Culture 
Collection (Rockville, MD, USA) and cultured in DMEM con-
taining 10% of FBS and 1% of antibiotics (Hyclone Laboratories 
Inc., Logan, UT, USA). To investigate the effect of a-syn A53T 
expression in cell viability, cells were infected with 1, 5, or 10 m.o.i 
of a-syn A53T lentivirus for 3 days and incubated with 1 mg/ml 
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) (Sigma) at 37oC in a CO2 incubator for 3 h. The formazan 
dye was eluted using DMSO. The plate was shaken and measured 
using a spectrophotometer (iMarkTM Microplate Absorbance 
Reader, Bio-Rad, Hercules, USA) at a wavelength of 570 nm.

Virus production 

Human cDNA of a-syn was obtained by PCR of cDNA of hu-
man brain and a-syn A53T was generated by site-directed muta-
tion system (Thermofisher Scientific, USA) and pCDH-a-syn 
A53T lentivector construct was generated by ligating a-syn A53T 
PCR product into a lentiviral backbone pCDH (System Biosci-
ence, Palo Alto, CA, USA). The construct was sequenced and 
ensure that no PCR-based mutations were generated. Lentivirus 

of a-syn A53T were produced and concentrated by manufactural 
manual (System Bioscience, Palo Alto, CA, USA). The virus titer 
was determined by infecting 293TN cells with serial dilutions of 
virus and counting the number of GFP or a-synuclein positive 
cells (as assessed by immunocytochemistry). A multiplicity of 
infection (m.o.i.) was calculated and 1, 5, or 10 m.o.i was used to 
infect SH-SY5Ycells. 

RNA interference

RNA oligonucleotides for the knockdown of human DJ-1 (Cat. 
4390824) (DJ-1 siRNA) and scrambled siRNA (Control siRNA) 
were purchased from Invitrogen Stealth siRNA by using BLOCK-
iTTM RNAi designer (Carlsbad, CA). Cells were plated onto 12-
well plates (5×105 cells/well) and allowed to adhere for 24 h before 
siRNA transfection using Effectene transfection reagent (Qiagen, 
CA), according to the manufacturer’s instructions. At 48 h after 
transfection of siRNA, cell viability was measured by MTT assay 
and the cells were harvested for western blotting. 

Statistical analysis

All statistical analyses were accompanied with SPSS (ver. 21, 
Somers, NY, USA). All the amount were expressed as means±SD. 
The data were analyzed by one-way ANOVA, and the difference 
among means were analyzed using the Dunnett’s test or Tukey–
Kramer’s multiple comparison test. Differences were considered 
significant at p<0.05.

RESULTS

Evaluation of synaptophysin and synuclein 
expression in the SN of WT and a-syn Tg mice

PD is linked to abnormal aggregation of a-syn [7,10-12] and 
a-syn is known to play a role in synaptic transmission [13]. As 
shown in Fig. 1, a-syn expression was increased in a-syn Tg mice 
compared to that of WT. The a-syn expression level was corre-
lated with hemi and homo a-syn Tg (Fig. 1B). 

Furthermore, a recent study demonstrated that increased ex-
pression of mutant A53T a-syn displays decreased synaptophy-
sin, a major synaptic vesicle protein related with synaptic connec-
tion [14]. Accordingly, the level of synaptophysin was decreased 
dependently to the level of a-syn (Fig. 1A, C). These results 
indicate that overexpression of a-syn may interrupt the synaptic 
transmission by down-regulating synaptophysin.

Evaluation of TH expression in the SN of  
MPTP-treated Tg mice

Overexpression of mutant a-syn has been reported to increase 
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the susceptibility of neuronal cells to oxidative injury [15,16]. 
Toxic agent such as MPTP or 6-OHDA is used as an oxidative 
injury. In order to develop the Parkinson’s disease animal model 
in a-syn Tg mice showing impaired motor function as well as 
dopamine cell loss in SN, sub-toxic dose (10 mg/kg) or toxic dose 
(30 mg/kg) of MPTP was treated in WT, hemi and homo a-syn 
Tg mice. As an indicator of SN DA level, tyrosine hydroxylase 
(TH) protein levels in the SN of WT or Tg mice were observed 
via Western blot. Following MPTP treatment, TH expression 
levels were significantly decreased in toxic dose but not in sub-
toxic dose in WT mice (p<0.05, Fig. 2A). However, when a-syn 
Tg mice were treated with MPTP, TH expression in both hemi 
and homo a-syn Tg mice exhibited a dose-dependent reduction 

and in homo a-syn Tg mice, 30 mg/kg MPTP injection showed 
the highest reduction level of TH in SN. Our findings suggest that 
TH levels are reduced in SN of a-syn Tg mice but not in WT mice 
by sub-toxic dose (10 mg/kg) of MPTP injection, and homo A53T 
a-syn Tg mice showed increased vulnerability towards MPTP 
injection compared to that of hemi a-syn Tg mice. To confirm 
the TH-positive cells in the SN of hemi A53T a-syn Tg mice, im-
munostaining of TH was used. As shown in Fig. 2B, the number 
of TH positive cells was decreased in a dose-dependent manner. 
Moreover, we examined the expression level of Bcl-2, an anti-
apoptotic protein in the SN. The levels of Bcl-2 were normalized 
to β-actin to compare the expression in hemi and homo a-syn Tg 
mice, and the graph showed that homo a-syn Tg mice exhibited 
significantly decreased Bcl-2 level than hemi a-syn Tg mice (Fig. 
3). These results suggest that sub-toxic (10 mg/kg) MPTP injec-
tion is enough to induce oxidative injury causing cell death.

Behavioral tests of MPTP-treated WT or Tg mice

To evaluate the relationship of dopamine cell death and behav-
ioral impairment, adhesive removal and challenging beam tests 
were used in MPTP-treated WT or Tg mice. In the adhesive re-
moval test (Fig. 4A), dose-dependent treatment of MPTP in WT, 
hemi and homo A53T a-syn mice showed a trend towards longer 
latency but it was not significantly different. However, homo a-
syn Tg mice showed significantly longer latency compared with 
30 mg/kg of MPTP. 

In the challenging beam test (Fig. 4B), control hemi and homo 
a-syn Tg groups showed a trend towards increased latency com-
pared to that of WT control group; but not significantly different. 
When treated with 10 mg/kg of MPTP, hemi and homo a-syn 
Tg mice exhibited significantly longer latency compared to that 
of WT control. Furthermore, 30 mg/kg of MPTP treatment in all 
WT, hemi and homo groups induced significantly longer latency.

Fig. 1. Evaluation of synaptophysin and synuclein expression in 
the SN of WT and a-syn Tg mice. (A) SN tissue lysates were immu-
noblotted with each antibody. (B, C) The intensity of each band was 
normalized to that of β-actin and presented in bar graphs. The values 
represent the means±SD (n=7). *p<0.05, **p<0.01.

Fig. 2. Evaluation of TH expression in 
the SN of MPTP-treated Tg mice. Mice 
were treated with MPTP for 5 days. (A) 
SN tissue lysates were immunoblotted 
with each antibody. The intensity of 
each band was normalized to that of β-
actin and presented in bar graphs. (B) 
Immunostaining of TH was evaluated in 
the SN of MPTP-treated Hemi Tg mice. 
The number of TH-positive cells in the 
SN is shown in bar graphs (right panel). 
(Bar, 200 µm) The values represent the 
means±SD (n=7). *p<0.05, **p<0.01.
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Evaluation of DJ-1 and UBE2N expression in the SN of 
WT or Tg mice

In order to find out responsible proteins related with vulner-
ability of mutant a-syn expressed neurons, DJ-1 and ubiquitin 
enzyme expression were examined. DJ-1, a ubiquitously expressed 
protein oxidative stress response protein [17-19], is known to re-
duce the accumulation and toxicity of a-syn [18-20]. The expres-
sion level of DJ-1 was significantly decreased in both homo and 
hemi a-syn Tg mice compared to that of WT (Fig. 5). Homo a-
syn Tg mice exhibited slightly more decreased expression of DJ-1 
than that of hemi a-syn Tg mice. These results demonstrate that 
the mutant A53T a-syn expression is associated with a decrease 
of DJ-1 level.

Next, we examined UBE2N (ubiquitin conjugating enzyme) 
expression level in the SN of mutant a-syn Tg mice. UBE2N ex-
pression was significantly decreased in hemi or homo a-syn Tg 
mice (Fig. 5). These suggest that overexpression of mutant a-syn 
may reduce the activity of these enzymes by down-regulation.

Evaluation of mutant A53T a-syn expression and DJ-1 
down-regulation in the SH-SY5Y cells

To investigate the relationship of mutant A53T a-syn expres-
sion and DJ-1 down-regulation, SH-SY5Y cells were treated with 
10 m.o.i. of mutant A53T a-syn lentivirus for 72 h. In the cells, a-
syn expression was increased by two fold (Fig. 6A, upper panel). 

Then, the cells were treated with 0, 25, 50 or 100 µM of 6-OHDA 
for 24 h and the cell viability was examined by MTT methods. 
A53T a-syn overexpression significantly induced cell death by 
20.03±9.9% (p<0.05) and when 100 µM of 6-OHDA was treated 
into the cells, cell viability was decreased by 49.74±8.3% (Fig. 6A). 
Next, we examined DJ-1 expression in the A53T a-syn expressed 
cells. As shown in Fig. 6B, as the expression of A53T a-syn in-
creased, the expression of DJ-1 decreased, suggesting that A53T 
a-syn may down-regulate DJ-1 expression responsible for the cell 
survival. To confirm the contribution of DJ-1 repression in the 
cell viability, siRNA of DJ-1 was used. DJ-1 knock down com-
pletely induced cell death without toxin insult in the SH-SY5Y 
cells (Fig. 6C). Thus, these data suggest that the vulnerability or 
toxicity to oxidative injury such as MPTP or 6-OHDA of A53T a-
syn overexpression can be explained by DJ-1 downregulation.

DISCUSSION
A53T a-syn Tg mice are known to express extensive mutated 

a-syn expression throughout the brain, including the SN, hip-
pocampus, and neocortex [21]. A53T a-syn mutation exhibits 
aggregation of a-syn and is more toxic to neurons than WT a-
syn [22]. a-Syn is especially localized in the presynaptic nerve 
terminals [23]. Scott et al. reported that the higher-expressing a-
syn displayed synaptic accumulation of a-syn accompanied by 

Fig. 3. Evaluation of Bcl-2 expression in the SN of control and 
MPTP-treated mice. Mice were treated with MPTP for 5 days. (A) SN tis-
sue lysates were immunoblotted with each antibody. (B) The intensity 
of each band was normalized to that of β-actin and presented in bar 
graphs. The values represent the means±SD (n=7). *p<0.05, **p<0.01.

Fig. 4. Behavioral tests of MPTP-treated Tg mice. Mice were treated 
with MPTP for 5 days. Adhesive removal test (A) and challenging beam 
traversal test (B) were performed at day 12. The values represent the 
means±SD (n=7). *p<0.05 vs WT, **p<0.01 vs WT, †p<0.05 vs Hemi, ※p< 
0.05 vs Home.
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decreased synaptophysin [14]. In the same context, we confirmed 
that the increased A53T a-syn expression reduced synaptophysin 
level in a dose-dependent manner. These indicate that increased 
a-syn accumulation shows neuronal toxicity to the nearby pro-
tein activity.

Some studies have also implicated that the expression of A53T 
and A30P mutant a-syn in neuronal cell lines enhanced the 
susceptibility of these cells to oxidative insults such as H2O2 or 
1-methyl-4-phenylpyridinium (MPP+), the active toxic metabo-
lite of MPTP [15,24-29]. In vivo experiment reported that daily 
MPTP-treatment (30 mg/kg, i.p.) for 5 days in both mutant A30P 
a-syn expressing Tg and WT mice groups induced significant 
striatal DA depletion [30]. In our study, we used identical schedule 
and regimen in mutant A53T a-syn expressing Tg and WT mice 
and produced a similar result; toxic dose (30 mg/kg) of MPTP 
treatment induced severe SN TH expression depletion in Tg mice. 

Thus, we attempted a sub-toxic dosage approach that was less 
damaging. Richfield et al. indicated that expression of human a-
syn resulted in increased sensitivity to mild MPTP-treatment in 
Tg mice when using a low dose (15 mg/kg) of MPTP [12]. Yu et 
al. also revealed that sub-lethal administration of MPTP (15 mg/

kg) for 5 days increased sensitivity of human a-syn expressing Tg 
mice that was demonstrated by a greater decrease in locomotor 
activity [31]. In this study, we injected 10 mg/kg of MPTP intra-
peritoneally for 5 days in a row in mutant A53T a-syn expressing 
Tg and WT mice, and our data showed that 10 mg/kg of MPTP 
treatment induced dopaminergic toxicity in hemi and homo a-
syn Tg mice but not in WT. In addition, homo a-syn Tg mice 
exhibited higher sensitivity to MPTP administration.

Moreover, our behavior tests provided a supportive evidence 
that mutant A53T a-syn increases sensitivity to MPTP. In the 
adhesive removal test, time to remove paper was significantly in-
creased in homo a-syn Tg mice, confirming that a-syn accumu-
lation enhances vulnerability to MPTP. In the challenging beam 
test, hemi and homo a-syn Tg mice spent significantly longer 
time to traverse when treated with 10 mg/kg of MPTP as com-
pared to that of WT. Cumulatively, our findings may suggest a 
new PD animal model: hemi and homo a-syn A53T mice exhib-
iting medium and high dopaminergic neuron loss accompanied 
by motor deficits from 5 days of sub-toxic (10 mg/kg) injection of 
MPTP.

Although the exact pathological mechanisms remain unclear, 

Fig. 5. Evaluation of DJ-1 and UBE2N expression in the SN of WT and a-syn Tg mice. (A) SN tissue lysates were immunoblotted with each an-
tibody. (B) The intensity of each band was normalized to that of β-actin and presented in bar graphs. The values represent the means±SD (n=7). 
*p<0.05 vs. WT.

Fig. 6. Reduced cell viability and DJ-1 down-regulation in the A53T synuclein overexpressed SH-SY5Y cells. (A) SH-SY5Y cells were infected 
with A53T synuclein lentivirus for 72 h and the cells were treated with various concentration of 6-OHDA for 24 h. The expression level of synuclein was 
examined by immunoblotting (upper panel). Then, cell viability was examined by MTT assay. (B) SH-SY5Y cells were infected with 1, 5, or 10 m.o.i. of 
A53T synuclein lentivirus for 72 h and the cell lysates were electrophoresed and immunoblotted with indicated antibody. The intensity of each band 
was normalized to that of β-actin and presented in bar graphs. (C) SH-SY5Y cells were transfected with control or DJ-1 siRNA for 48 h. Then, cell viabil-
ity was examined by MTT assay cells and DJ-1 expression was examined by immunoblotting. The values represent the means±SD (n=4). **p<0.01 vs. 
Control. ***p<0.001 vs. Control. 
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abnormal aggregation and deposition of a-syn have been pivot-
ally implicated in many studies [32]. Since DJ-1 interacts with 
a-syn, overexpression of DJ-1 reduces a-syn dimerization and 
a-syn-dependent cellular toxicity is reversed by DJ-1 [33]. In 
this study, we demonstrated that increased mutant A53T a-syn 
expression level negatively correlates with the expression of DJ-1 
in hemi and homo a-syn Tg mice and SH-SY5Y cells; as mutant 
A53T a-syn increases, the level of DJ-1 is significantly decreased. 
Together, these data indicate that overexpression of mutant A53T 
a-syn may cause the decrease in DJ-1 expression, which may be 
involved in the increased dopamine cell death of A53T a-syn Tg 
mice by sub-toxic dose of MPTP treatment. This insight under-
scores the need to find the possible mechanism through which a-
syn aggregation in the synapse decreases DJ-1 expression, subse-
quently undermining neuroprotective effect which then leads to 
neurodegenerative disease. 

Two elimination pathways are mainly involved to clear a-syn 
accumulation. One is ubiquitin proteasome system (UPS) and the 
other is autophagy lysosome pathway (ALP) [34]. Dysfunction in 
these two systems are associated with the pathogeneses of neu-
rodegenerative diseases [35,36]. Inhibition of UPS has been sug-
gested as one of the mechanisms leading to the accumulation of 
a-syn [37]. UPS involves three enzymes: ubiquitin activating (E1), 
ubiquitin conjugating (E2) and ubiquitin ligating (E3) [38,39]. In 
our study, the expression level of ubiquitin conjugating enzyme, 
UBE2N, significantly was decreased in mutant a-syn expressing 
Tg mice but not in SH-SY5Y cells (data not shown). Our findings 
suggest that the reduction of DJ-1 may be involved with the im-
paired activity of proteasome in a-syn Tg mice. 

CONCLUSION
Taken together, in the present study we demonstrated that 

according to the expression level of mutant a-syn in brain, vul-
nerability of neuronal cells to MPTP or 6-OHDA and behavior 
impairments were also increased. As a mechanism of that, we 
observed decreased expression levels of DJ-1, which is known to re-
duce a-syn aggregation and cellular toxicity, in SN of mutant a-syn 
expressing Tg mice. These suggest that mutant a-syn expressing Tg 
may be vulnerable to oxidative injury through reduced DJ-1. 

ACKNOWLEDGEMENTS
This work was supported by a grant of the Korean Health Tech-

nology R&D Project, Ministry of Health and Welfare, Republic 
of Korea (No. HI13C0540, HI16C0405). There is no conflict of 
interest.

CONFLICTS OF INTEREST
The authors declare no conflicts of interest.

REFERENCES
1. Habibi E, Masoudi-Nejad A, Abdolmaleky HM, Haggarty SJ. 

Emerging roles of epigenetic mechanisms in Parkinson’s disease. 
Funct Integr Genomics. 2011;11:523-537. 

2. Jenner P, Olanow CW. Understanding cell death in Parkinson’s dis-
ease. Ann Neurol. 1998;44(3 Suppl 1):S72-84.

3. de Silva HR, Khan NL, Wood NW. The genetics of Parkinson’s dis-
ease. Curr Opin Genet Dev. 2000;10:292-298.

4. Iwai A, Masliah E, Yoshimoto M, Ge N, Flanagan L, de Silva HA, 
Kittel A, Saitoh T. The precursor protein of non-A beta component 
of Alzheimer’s disease amyloid is a presynaptic protein of the central 
nervous system. Neuron. 1995;14:467-475.

5. Krüger R, Kuhn W, Müller T, Woitalla D, Graeber M, Kösel S, Pr-
zuntek H, Epplen JT, Schöls L, Riess O. Ala30Pro mutation in the 
gene encoding alpha-synuclein in Parkinson’s disease. Nat Genet. 
1998;18:106-108.

6. Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, Du-
tra A, Pike B, Root H, Rubenstein J, Boyer R, Stenroos ES, Chan-
drasekharappa S, Athanassiadou A, Papapetropoulos T, Johnson 
WG, Lazzarini AM, Duvoisin RC, Di Iorio G, Golbe LI, Nussbaum 
RL. Mutation in the alpha-synuclein gene identified in families with 
Parkinson’s disease. Science. 1997;276:2045-2047.

7. van der Putten H, Wiederhold KH, Probst A, Barbieri S, Mistl C, 
Danner S, Kauffmann S, Hofele K, Spooren WP, Ruegg MA, Lin S, 
Caroni P, Sommer B, Tolnay M, Bilbe G. Neuropathology in mice 
expressing human alpha-synuclein. J Neurosci. 2000;20:6021-6029.

8. Matsuoka Y, Vila M, Lincoln S, McCormack A, Picciano M, LaF-
rancois J, Yu X, Dickson D, Langston WJ, McGowan E, Farrer M, 
Hardy J, Duff K, Przedborski S, Di Monte DA. Lack of nigral pathol-
ogy in transgenic mice expressing human alpha-synuclein driven by 
the tyrosine hydroxylase promoter. Neurobiol Dis. 2001;8:535-539.

9. Sambrook J, Fritsch EF, Maniatis T. Molecular cloning: a labora-
tory manual. Vol. 1. 2nd ed. Cold Spring Harbor, New York: Harbor 
Laboratory Press; 1989. p. 11.

10. Feany MB, Bender WW. A Drosophila model of Parkinson’s dis-
ease. Nature. 2000;404:394-398.

11. Masliah E, Rockenstein E, Veinbergs I, Mallory M, Hashimoto M, 
Takeda A, Sagara Y, Sisk A, Mucke L. Dopaminergic loss and inclu-
sion body formation in alpha-synuclein mice: implications for neu-
rodegenerative disorders. Science. 2000;287:1265-1269.

12. Richfield EK, Thiruchelvam MJ, Cory-Slechta DA, Wuertzer C, 
Gainetdinov RR, Caron MG, Di Monte DA, Federoff HJ. Behavioral 
and neurochemical effects of wild-type and mutated human alpha-
synuclein in transgenic mice. Exp Neurol. 2002;175:35-48.

13. Bonini NM, Giasson BI. Snaring the function of alpha-synuclein. 
Cell. 2005;123:359-361.

14. Scott DA, Tabarean I, Tang Y, Cartier A, Masliah E, Roy S. A patho-
logic cascade leading to synaptic dysfunction in alpha-synuclein-
induced neurodegeneration. J Neurosci. 2010;30:8083-8095. 

15. Gómez-Santos C, Ferrer I, Reiriz J, Viñals F, Barrachina M, Ambro-
sio S. MPP+ increases alpha-synuclein expression and ERK/MAP-



632

https://doi.org/10.4196/kjpp.2017.21.6.625Korean J Physiol Pharmacol 2017;21(6):625-632

Lee S et al

kinase phosphorylation in human neuroblastoma SH-SY5Y cells. 
Brain Res. 2002;935:32-39.

16. Ko L, Mehta ND, Farrer M, Easson C, Hussey J, Yen S, Hardy J, Yen 
SH. Sensitization of neuronal cells to oxidative stress with mutated 
human alpha-synuclein. J Neurochem. 2000;75:2546-2554.

17. Canet-Avilés RM, Wilson MA, Miller DW, Ahmad R, McLendon 
C, Bandyopadhyay S, Baptista MJ, Ringe D, Petsko GA, Cookson 
MR. The Parkinson’s disease protein DJ-1 is neuroprotective due to 
cysteine-sulfinic acid-driven mitochondrial localization. Proc Natl 
Acad Sci U S A. 2004;101:9103-9108. 

18. Shendelman S, Jonason A, Martinat C, Leete T, Abeliovich A. DJ-1 
is a redox-dependent molecular chaperone that inhibits alpha-
synuclein aggregate formation. PLoS Biol. 2004;2:e362. 

19. Zhou W, Bercury K, Cummiskey J, Luong N, Lebin J, Freed CR. 
Phenylbutyrate up-regulates the DJ-1 protein and protects neurons 
in cell culture and in animal models of Parkinson disease. J Biol 
Chem. 2011;286:14941-14951. 

20. Sun SY, An CN, Pu XP. DJ-1 protein protects dopaminergic neurons 
against 6-OHDA/MG-132-induced neurotoxicity in rats. Brain Res 
Bull. 2012;88:609-616. 

21. Rockenstein E, Mallory M, Hashimoto M, Song D, Shults CW, Lang 
I, Masliah E. Differential neuropathological alterations in transgenic 
mice expressing alpha-synuclein from the platelet-derived growth 
factor and Thy-1 promoters. J Neurosci Res. 2002;68:568-578.

22. Lu J, Sun F, Ma H, Qing H, Deng Y. Comparison between a-synu-
clein wild-type and A53T mutation in a progressive Parkinson’s 
disease model. Biochem Biophys Res Commun. 2015;464:988-993. 

23. Burke RE, O’Malley K. Axon degeneration in Parkinson’s disease. 
Exp Neurol. 2013;246:72-83. 

24. Chau YP, Lin SY, Chen JH, Tai MH. Endostatin induces autophagic 
cell death in EAhy926 human endothelial cells. Histol Histopathol. 
2003;18:715-726. 

25. Kanda S, Bishop JF, Eglitis MA, Yang Y, Mouradian MM. Enhanced 
vulnerability to oxidative stress by alpha-synuclein mutations and 
C-terminal truncation. Neuroscience. 2000;97:279-284.

26. Lee FJ, Liu F, Pristupa ZB, Niznik HB. Direct binding and func-
tional coupling of alpha-synuclein to the dopamine transporters 
accelerate dopamine-induced apoptosis. FASEB J. 2001;15:916-926.

27. Nieto M, Gil-Bea FJ, Dalfó E, Cuadrado M, Cabodevilla F, Sánchez 
B, Catena S, Sesma T, Ribé E, Ferrer I, Ramírez MJ, Gómez-Isla T. 
Increased sensitivity to MPTP in human alpha-synuclein A30P 
transgenic mice. Neurobiol Aging. 2006;27:848-856. 

28. Przedborski S, Chen Q, Vila M, Giasson BI, Djaldatti R, Vukosavic 

S, Souza JM, Jackson-Lewis V, Lee VM, Ischiropoulos H. Oxidative 
post-translational modifications of alpha-synuclein in the 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of Par-
kinson’s disease. J Neurochem. 2001;76:637-640.

29. Song DD, Shults CW, Sisk A, Rockenstein E, Masliah E. Enhanced 
substantia nigra mitochondrial pathology in human alpha-synucle-
in transgenic mice after treatment with MPTP. Exp Neurol. 2004; 
186:158-172.

30. Rathke-Hartlieb S, Kahle PJ, Neumann M, Ozmen L, Haid S, Oko-
chi M, Haass C, Schulz JB. Sensitivity to MPTP is not increased in 
Parkinson’s disease-associated mutant alpha-synuclein transgenic 
mice. J Neurochem. 2001;77:1181-1184.

31. Yu WH, Matsuoka Y, Sziráki I, Hashim A, Lafrancois J, Sershen H, 
Duff KE. Increased dopaminergic neuron sensitivity to 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in transgenic mice 
expressing mutant A53T alpha-synuclein. Neurochem Res. 2008;33: 
902-911. 

32. Liu FT, Yang YJ, Wu JJ, Li S, Tang YL, Zhao J, Liu ZY, Xiao BG, Zuo 
J, Liu W, Wang J. Fasudil, a Rho kinase inhibitor, promotes the au-
tophagic degradation of A53T a-synuclein by activating the JNK 1/
Bcl-2/beclin 1 pathway. Brain Res. 2016;1632:9-18. 

33. Zondler L, Miller-Fleming L, Repici M, Gonçalves S, Tenreiro S, 
Rosado-Ramos R, Betzer C, Straatman KR, Jensen PH, Giorgini F, 
Outeiro TF. DJ-1 interactions with a-synuclein attenuate aggrega-
tion and cellular toxicity in models of Parkinson’s disease. Cell 
Death Dis. 2014;5:e1350. 

34. Nijholt DA, De Kimpe L, Elfrink HL, Hoozemans JJ, Scheper W. 
Removing protein aggregates: the role of proteolysis in neurodegen-
eration. Curr Med Chem. 2011;18:2459-2476.

35. Ciechanover A. Proteolysis: from the lysosome to ubiquitin and the 
proteasome. Nat Rev Mol Cell Biol. 2005;6:79-87. 

36. Rubinsztein DC. The roles of intracellular protein-degradation 
pathways in neurodegeneration. Nature. 2006;443:780-786.

37. Cook C, Stetler C, Petrucelli L. Disruption of protein quality control 
in Parkinson’s disease. Cold Spring Harb Perspect Med. 2012;2: 
a009423. 

38. Hershko A, Ciechanover A. The ubiquitin system for protein degra-
dation. Annu Rev Biochem. 1992;61:761-807.

39. Marques C, Pereira P, Taylor A, Liang JN, Reddy VN, Szweda LI, 
Shang F. Ubiquitin-dependent lysosomal degradation of the HNE-
modified proteins in lens epithelial cells. FASEB J. 2004;18:1424-
1426. 


