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ABSTRACT

Parkinson’s disease (PD) is a common progressive
neurodegenerative disorder caused by the loss of
dopaminergic neurons in the substantia nigra. Although
mutations in α-synuclein have been identified in
autosomal dominant PD, the mechanism by which
dopaminergic neural cell death occurs remains
unknown. Proteins encoded by two other genes in
which mutations cause familial PD, parkin and UCH-L1,
are involved in regulation of the ubiquitin-proteasome
pathway, suggesting that dysregulation of the ubiquitin-
proteasome pathway is involved in the mechanism by
which these mutations cause PD. We established
inducible PC12 cell lines in which wild-type or mutant
α-synuclein can be de-repressed by removing doxy-
cycline. Differentiated PC12 cell lines expressing
mutant α-synuclein showed decreased activity of
proteasomes without direct toxicity. Cells expressing
mutant α-synuclein showed increased sensitivity to
apoptotic cell death when treated with sub-toxic concen-
trations of an exogenous proteasome inhibitor.
Apoptosis was accompanied by mitochondrial depolari-
zation and elevation of caspase-3 and -9, and was
blocked by cyclosporin A. These data suggest that
expression of mutant α-synuclein results in sensitivity
to impairment of proteasome activity, leading to mito-
chondrial abnormalities and neuronal cell death.

INTRODUCTION

Parkinson’s disease (PD) is a common progressive neuro-
degenerative disorder, characterized by tremor, muscle rigidity

and bradykinesia. Post-mortem examination shows loss of
dopaminergic neurons in the substantia nigra and the presence
of inclusions termed Lewy bodies (1–5). Mutations in α-synuclein
(A30P and A53T) cause autosomal dominant PD (6,7), which
shares many of the phenotypic findings seen in sporadic PD. In
both autosomal dominant and sporadic PD, there is deposition
of α-synuclein in Lewy bodies (8–10). In addition, it has been
recently reported that transgenic mice and flies expressing
human wild-type or mutant α-synuclein show neuronal
dysfunction, degeneration and abnormal cellular accumulation
of α-synuclein (11–14), indicating that α-synuclein may have
a role in the pathogenesis of both familial and sporadic PD.

Several lines of evidence suggest a role for the ubiquitin-
proteasome pathway in the pathogenesis of PD. Proteasome
subunits colocalize in Lewy bodies (15). The causal gene
product for autosomal recessive juvenile parkinsonism
(AR-JP), parkin, acts as an E3 ubiquitin-protein ligase (16–18).
Due to disruption of parkin’s ubiquitination function, accumu-
lation of target proteins normally degraded by the ubiquitin-
proteasome pathway may contribute to the development of
AR-JP. In addition, a missense mutation in the ubiquitin
C-terminal hydrolase L1 (UCH-L1) has been identified in
another family with PD (19). UCH-L1 is thought to produce
ubiquitin by cleaving polymeric ubiquitin or releasing
ubiquitin from small adducts such as glutathione and cellular
amines (20). These findings suggest that dysregulation of the
ubiquitin-proteasome pathway is involved in the pathogenesis
of PD.

It has been postulated that mitochondrial dysfunction may
also have a role in the pathogenesis of PD (21–25). 1-Methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) has been reported to
cause acute and irreversible parkinsonism in humans, and
1-methyl-4-phenylpyridinium (MPP+), a metabolite of MPTP,
inhibits mitochondrial complex I, one of the enzymes
involved in oxidative phosphorylation (26–28). In addition,
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cells overexpressing wild-type α-synuclein show mitochon-
drial dysfunction (29). However, it is not clear if there is a relation
between PD-associated mutations of α-synuclein, cellular
abnormalities involving proteasome dysfunction, mitochon-
drial changes and neuronal degeneration. To study how mutant
α-synuclein is involved in the pathogenesis of PD, we have
created inducible PC12 cell models in which expression of
either wild-type or A30P mutant α-synuclein can be induced.
We used PC12 cells for creating the cell models, because PC12
cells are known to synthesize and secrete dopamine, and can be
differentiated into a neuron-like phenotype by nerve growth
factor (30). We now report that expression of mutant α-synuclein
decreases proteasome activity and renders cells vulnerable to
mitochondria-dependent apoptosis.

RESULTS

Establishment of α-synuclein inducible cell lines

To study how α-synuclein is involved in the pathogenesis of
PD, we have established inducible α-synuclein PC12 cell lines
using the Tet-Off gene expression system. Regulation of the
system is achieved through the tetracycline-controlled trans-
activator (tTA). The cells showed expression of the transgene
in the absence of doxycycline (Dox) (induced condition), and
no expression in the presence of Dox (uninduced condition)
(Fig. 1A and B). We confirmed that there was no significant
difference in the expression level of α-synuclein in each cell
line using duplicate samples of cell cultures as measured by
densitometer (data not shown). Two mutations (A30P and
A53T) of α-synuclein cause autosomal dominant PD (6,7).
PC12 cells are derived from rat pheochromocytoma, and the
rat carries the T53 allele as its normal sequence. Because
human A53T mutant α-synuclein may be better tolerated in rat
cells, we chose to establish A30P mutant α-synuclein inducible
cell lines. In addition, data from α-synuclein transgenic flies
indicate that flies expressing A30P mutant α-synuclein show a
significantly greater phenotype than those expressing A53T
mutant α-synuclein (12).

Expression of mutant α-synuclein decreases proteasome
activity and increases sensitivity to cell death by
proteasome inhibition

We measured proteasome activities in wild-type and mutant
α-synuclein inducible cell lines in both induced and uninduced
conditions. We also used Tet-Off PC12 cells containing only
pTet-Off plasmid, and a Tet-Off inducible cell line expressing
full length huntingtin with a normal length polyglutamine tract
(FL-23Q) as controls. In cells expressing mutant α-synuclein,
chymotryptic-like, tryptic-like and postacidic activities of
proteasome were significantly decreased by 22.1, 17.7 and
24.6%, respectively (Fig. 2). Although wild-type cell lines also
showed decreased proteasome activities to some extent, there
was no significant difference compared with control cell lines.

To test the toxicity of mutant α-synuclein, we used lacta-
cystin, a proteasome inhibitor, since cells expressing mutant
α-synuclein show proteasomal hypoactivity. Lactacystin is the
most selective proteasome inhibitor and even at high concen-
trations and long incubation times, it does not strongly inhibit
other proteases (31). In the absence of lactacystin, cell lines did
not show significant differences in cell death in either induced
or uninduced conditions. In contrast, in the presence of lacta-
cystin, mutant cell lines show significantly more cell death
(1.4- and 2.4-fold increases in the presence of 5 and 10 µM
lactacystin, respectively) than wild-type cell lines in induced
conditions as measured by the trypan blue assay (Fig. 3).
Although wild-type cell lines showed increased toxicity in the
presence of lactacystin, the amount of cell death was signifi-
cantly less than in mutant cell lines. We also used Tet-Off
inducible cells expressing truncated huntingtin with an
expanded polyglutamine tract (N63-148Q) as an additional
control expressing a toxic protein. N63-148Q alone caused
increased cell toxicity in induced conditions compared with
uninduced conditions. However, the cells expressing mutant
huntingtin did not show increased toxicity in the presence of
lactacystin (Fig. 3).

Figure 1. Inducible α-synuclein cell lines. (A) Representative immunofluorescent analyses of wild-type and A30P mutant α-synuclein Tet-Off inducible cell lines.
The Tet-Off system is regulated through tTA, a fusion protein of the Tet repressor (TetR) and VP16 activation domain. Expression of the transgene is induced when
Dox is removed [induced (+) conditions]. We detected cytoplasmic distribution of α-synuclein. Dark spots indicate DAPI nuclear staining. Conversely, in the pres-
ence of Dox, tTA is prevented from binding to the tet-responsive element and expression of the transgene is inhibited [uninduced (–) conditions], showing DAPI
nuclear staining alone. (B) Confirmation of expression levels of α-synuclein by western blot analysis in induced (+) or uninduced (–) conditions. Left margin,
protein molecular mass. We used wild-type α-synuclein cell lines 20 and 26 and A30P mutant α-synuclein cell lines 3 and 44 in each experiment.
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Proteasome inhibition induces apoptotic cell death in cells
expressing mutant α-synuclein

The manner in which cell death occurred was examined by
nuclear morphology using 4′-6-diamidinophenylidole (DAPI)
nuclear staining. We found that cell death was primarily apoptotic
(Fig. 4A). Apoptotic cell death was substantially increased in
induced mutant cell lines in a lactacystin concentration
dependent manner (3.7- and 7.9-fold increases in the presence
of 5 and 10 µM lactacystin, respectively) when compared with
wild-type cell lines (Fig. 4B). Wild-type cell lines also showed
an increase in the number of apoptotic cells in the presence of
lactacystin, though the amount of apoptotic cells was signifi-
cantly smaller than in mutant cell lines. As a further control for
the effect of expression of a non-toxic protein, we examined a
FL-23Q cell line. Toxicity in either induced or uninduced
conditions were the same in pTet-Off and FL-23Q cell lines
(Fig. 4B).

Caspase-3 and -9 are activated in cells expressing mutant
α-synuclein in the presence of a protesome inhibitor

Apoptotic cell death is often associated with caspase-3 activa-
tion (32,33). After treatment with lactacystin, caspase-3

activity was much greater in induced mutant cell lines (2- and
2.4-fold increases in the presence of 5 and 10 µM lactacystin,
respectively) compared with untreated cells (Fig. 5A). We also
monitored caspases that are upstream of caspase-3. There were
no significant differences between wild-type and mutant cell
lines in caspase-8 activity (Fig. 5B). In contrast, caspase-9 was
activated to a greater extent in mutant cell lines (2.6- and
3.2-fold increases in the presence of 5 and 10 µM lactacystin,
respectively) compared with untreated cells (Fig. 5C).

Expression of mutant α-synuclein induces mitochondrial
depolarization in the presence of a proteasome inhibitor
and cyclosporin A (CsA) inhibits mitochondrial
depolarization and apoptotic cell death

We studied mitochondrial depolarization using the fluorescent
dye 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolyl-
carbocyanine iodide (JC-1). JC-1 produces one of two emis-
sions (red and green), depending on the mitochondrial
membrane potential. The red and green signals represent polarized
and depolarized mitochondria, respectively. We assessed the
effect of lactacystin in pTet-Off, FL-23Q, wild-type and
mutant α-synuclein cell lines. In the absence of lactacystin,
there were no differences in mitochondrial membrane

Figure 2. Decreased proteasome activity after induction of A30P mutant α-synuclein. Proteasome activities were measured 7 days after induction and differentiation, and
also for uninduced conditions. The activities in induced conditions were normalized to those in uninduced conditions. Error bars represent SD. *, P < 0.05; **, P < 0.01
when comparing mutant and pTet-Off cell lines. pTet-Off, PC12 cells containing only pTet-Off plasmid; WT α-syn, PC12 Tet-Off cell lines inducibly expressing
wild-type α-synuclein (lines 20 and 26); A30P α-syn, PC12 Tet-Off cell lines inducibly expressing A30P mutant α-synuclein (lines 3 and 44); FL-23Q, PC12 Tet-Off cell
line inducibly expressing full length normal polyglutamine (23Q) huntingtin.

Figure 3. Cell toxicity after induction of A30P mutant α-synuclein. Cell viability measurements were based on the trypan blue exclusion assay. A30P mutant
α-synuclein cell lines are more vulnerable to lactacystin-induced toxicity than pTet-Off, FL-23Q and wild-type α-synuclein cell lines in the induced conditions.
The N63-148Q cell line does not show increased toxicity in the presence of lactacystin. N63-148Q, PC12 Tet-Off cell line inducibly expressing N-terminal trun-
cated huntingtin with an expanded polyglutamine tract (148Q); +, induced condition; –, uninduced condition; open bars, without lactacystin; error bars represent
SD. *, P < 0.001 when comparing mutant and wild-type cell lines.
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potentials in all cells examined. In contrast, mutant cell lines
showed significant increases in mitochondrial depolarization
by 19.9 and 30.5% in the presence of 5 and 10 µM lactacystin,
respectively (Fig. 6A and B). Wild-type cell lines showed an
increase in mitochondrial depolarization in the presence of
lactacystin, but the depolarization was significantly smaller
than in mutant cell lines.

To assess the possibility of a causal role for mitochondrial
dysfunction in cell death induced by mutant α-synuclein, we
used CsA. CsA binds to a mitochondrial form of cyclophilin,
and inhibits the mitochondrial permeability transition (MPT)
(33,34). MPT induces mitochondrial depolarization, and is
itself augmented by depolarization. MPT participates in the
initiation of apoptosis (24,33,35,36). Treatment with CsA
reduced mitochondrial depolarization (25.6 and 15.9% in the
presence of 0.5 and 2.0 µM CsA, respectively) and apoptotic
cells (9.3 and 6.0% in the presence of 0.5 and 2.0 µM CsA,
respectively) in cells expressing mutant α-synuclein in the
presence of lactacystin (Fig. 6C and D).

DISCUSSION

This report shows that mutant α-synuclein decreases protea-
some activity, leading to increased sensitivity to mitochondria-
dependent apoptosis. To study how mutant α-synuclein is
involved in neuronal degeneration in PD, we have established
inducible α-synuclein PC12 cell lines. Inducible cell lines are
useful for cell toxicity models because expression of the toxic

protein can be suppressed during clonal selection. After
creating cell lines, expression of the transgene can be induced.
Furthermore, cell toxicity in induced conditions can be
compared with that in uninduced conditions. Here we
compared proteasome activity and cell toxicity in induced
conditions with those in uninduced conditions. After 7 days of
induction and differentiation in the absence of a proteasome
inhibitor, we found decreased proteasome activity in cells
expressing mutant α-synuclein. Although the mechanism by
which mutant α-synuclein decreases proteasome activity
remains to be identified, it is possible that mutant α-synuclein
directly affects the proteasome complex because it has been
reported recently that α-synuclein interacts with a subunit of
proteasome regulatory complexes (37).

Proteins encloded by other causal genes of familial PD,
parkin and UCH-L1, are a ubiquitin-protein ligase and a
deubiquitinating enzyme, respectively (16,19). In addition,
proteasome subunits co-localize in Lewy bodies, and gad
mice, which have an in-frame deletion of UCH-L1, show
altered function of the ubiquitin system and neurodegeneration
(15,38). Moreover, it has been reported recently that proteas-
omal function is impaired in the substantia nigra in sporadic
PD, suggesting that dysregulation of the ubiquitin-proteasome
pathway contributes to the pathogenesis of not only familial
cases but also sporadic cases of PD (39). In the present study,
our data suggest small but significant decreased proteasome
activity as a result of mutant α-synuclein expression. In addition,
we detected increased cell death in differentiated PC12 cells

Figure 4. Apoptotic cell death after induction of A30P mutant α-synuclein. (A) Nuclear fragmentation characteristic of apoptosis. Nuclear morphology is shown
by staining with DAPI in wild-type and mutant α-synuclein cell lines 7 days after induction and differentiation in the presence of 10 µM lactacystin. (B) Cells
expressing mutant α-synuclein show increased apoptotic cell death 7 days after induction and differentiation in the presence of lactacystin. The difference between
wild-type and mutant cells is statistically significant. Error bars represent SD.*, P < 0.001 when comparing mutant and wild-type cell lines.
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expressing mutant α-synuclein in the presence of a proteasome
inhibitor. These data suggest that aberration in the proteolytic
pathway plays a role in the pathogenesis of PD. In the absence
of a proteasome inhibitor, we did not detect significantly
increased cell death in cells expressing mutant α-synuclein. It
has been reported that inducible expression of another type of
mutant α-synuclein (A53T) did not increase cell toxicity
unless cells were subjected to exogenous stress (40). To detect
cell toxicity induced by mutant α-synuclein, it may be necessary
to add an additional stress such as oxidative stress, administra-
tion of dopamine or proteasome inhibition.

Proteasome inhibition results in accumulation of molecules
normally degraded by the ubiquitin-proteasome pathway such
as p53, ΝFκΒ and Bax (41–43). These molecules appear to
participate in apoptotic signaling. In cells expressing mutant
α-synuclein, these or related molecules might tend to accumulate
because of decreased proteasome activity compared with non-
mutant cells, causing apoptotic cell death.

It has been reported that caspase-3 is a direct upstream acti-
vator of deoxyribonucleases responsible for DNA fragmenta-
tion during apoptosis (44,45). Caspase-3 activation is involved
in both mitochondria-dependent and Fas-induced apoptosis.
Caspase-9 is an upstream activator of caspase-3, and activation
of caspase-9 is involved in mitochondrial-dependent apoptosis
(46,47). Although caspase-8 is also an upstream activator of
caspase-3, caspase-8 is involved in Fas-induced apoptosis (48–50).
According to our data, caspase-9 was activated by expression

of mutant α-synuclein, indicating mitochondria-dependent
apoptosis induced by mutant α-synuclein.

It has been reported previously that mitochondrial dysfunc-
tion may have a role in the pathogenesis of neurodegenerative
diseases such as PD (21–25), Alzheimer’s disease (AD) (51–53)
and Huntington’s disease (HD) (33,54). Mutations in
presenilin-1 increase the vulnerability of neural cells to mito-
chondrial toxins (52), and lymphoblasts from HD patients are
abnormally susceptible to the induction of mitochondrial depo-
larization and apoptosis induced by apoptogenic stimuli (33).
However, a relation between mutations of α-synuclein and
mitochondrial dysfunction had not been shown. Here we report
that cells expressing mutant α-synuclein showed a selective
increase in mitochondrial depolarization and apoptotic cell
death in the presence of a proteasome inhibitor. In addition,
mitochondrial depolarization and apoptotic cell death were
reduced by CsA, suggesting a causal role for mitochondrial
dysfunction in cell death induced by mutant α-synuclein.
Although treatment with CsA reduced the cell toxicity, the
post-treatment values were not reduced to control levels.
This finding suggests that other pathways beside CsA-sensi-
tive apoptosis are involved in cell death induced by mutant
α-synuclein. Wild-type cell lines showed decreased protea-
some activity and cell viability, and increased mitochondrial
dysfunction, consistent with previously published reports
using transgenic mice, flies and stable cell lines (11,12,29).
This result may be relevant to PD, since most patients with PD

Figure 5. Selective activation of caspases after induction of A30P mutant α-synuclein. (A) Caspase-3 activation is significantly higher in mutant cell lines than in
wild-type cell lines in induced conditions. (B) There is no significant difference in caspase-8 activation between wild-type and mutant cell lines. (C) Caspase-9
activation is significantly higher in mutant cell lines than in wild-type cell lines in induced conditions. Error bars represent SD. *, P < 0.01; **, P < 0.001 when
comparing mutant and wild-type cell lines.
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do not have mutations in α-synuclein, and have wild-type
α-synuclein incorporated into Lewy bodies. However, mutant
α-synuclein was significantly more toxic in our experiments
than wild-type.

Several lines of evidence suggest that apoptotic cell death
contributes to the pathogenesis of PD (55–61). Expression of
α-synuclein induces mitochondrial dysfunction (29). In
addition, it has been reported that mutant forms of α-synuclein
increase cell toxicity (62,63). Here we report that the mutant
form of α-synuclein can decrease proteasome activity, leading
to increased sensitivity to mitochondria-dependent apoptosis.
These data suggest that dysregulation of the ubiquitin-proteasome
pathway may be involved in cell death induced by mutant
α-synuclein.

MATERIALS AND METHODS

Cell culture and inducible cell lines

Cells were grown in DMEM containing 10% FBS and 5%
horse serum in a 5% CO2 atmosphere. To create Tet-Off PC12
cell lines inducibly expressing either wild-type or A30P
mutant α-synuclein, PC12 Tet-Off cells containing pTet-Off
were purchased from Clontech. Tet-responsive α-synuclein

expression constructs were made by cloning full-length cDNA
of wild-type or A30P mutant α-synuclein into pTRE (Clontech).
These α-synuclein constructs were cotransfected into PC12
Tet-Off cells with pTK-Hyg (Clontech) at a 10:1 molar ratio.
Single colonies were obtained by limiting dilution with 100 µg/ml
G418 and 200 µg/ml hygromycin B (Clontech) in the presence
of 200 ng/ml Dox for 2–3 weeks. Clones were analyzed for the
expression of α-synuclein by western blotting.

Immunocytochemistry and western blot

Tet-Off inducible cell lines were incubated with or without
200 ng/ml Dox for uninduced conditions or induced conditions,
respectively. After 7 days of induction and differentiation,
cells were fixed with 4% paraformaldehyde for 30 min and
permeabilized with 0.2% Triton X-100 for 15 min at room
temperature and processed as described (33). Cells were
labelled with anti-α-synuclein antibody (1:100; Transduction
Laboratories) and nuclei were stained with DAPI, and
analyzed by confocal microscopy (Zeiss, LSM 410). To
confirm the expression of α-synuclein by western blotting, an
anti-α-synuclein antibody (1:1000; Transduction Laboratories)
was used, and the blots were visualized by ECL western blotting
detection reagent (Amersham Pharmacia Biotech).

Figure 6. Mitochondria-dependent apoptosis. (A) Dual emission images for JC-1 fluorescence. Each panel shows typical examples of JC-1 images. Red, polarized
mitochondria; green, depolarized mitochondria. (B) Cells expressing mutant α-synuclein show greater mitochondrial depolarization than pTet-Off, FL-23Q, wild-
type cell lines. The percentage of mitochondrial depolarization was monitored by the green:red fluorescence ratio. Error bars represent SD. **, P < 0.01; ***, P < 0.001 when
comparing mutant and wild-type cell lines. (C) CsA inhibits mitochondrial depolarization induced by 10 µM lactacystin in cells expressing mutant α-synuclein.
Mitochondrial membrane potential was evaluated at 15 h after drug administration. (D) CsA inhibits apoptotic cell death induced by 10 µM lactacystin in cells
expressing mutant α-synuclein. Cell viability was evaluated at 15 h after drug administration. Error bars represent SDs. *, P < 0.05; **, P < 0.01; ***, P < 0.001
compared with cultures treated with lactacystin alone.
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Proteasome activity

Cells were grown in DMEM containing 1.0% FBS, 0.5% horse
serum and 50 ng/ml nerve growth factor in a 5% CO2
atmosphere. Proteasome activity was measured 7 days after
induction and differentiation. The fluorogenic substrates, Suc-
LLVY-AMC, Z-LLE-AMC and Boc-LRR-AMC, were used to
measure the chymotryptic-like, tryptic-like and postacidic
activities, respectively. The proteasome activities were moni-
tored by the fluorescence activity (λex: 380 nm; λem: 460 nm) (64).

Cell viability analysis

To assess cell viability, we used the trypan blue exclusion
assay and DAPI nuclear staining. All cells with the exception
of N63-148Q were incubated with or without 5 or 10 µM
lactacystin for 15 h after 7 days of induction and differenti-
ation. Because N63-148Q shows cell toxicity starting from
3 days after induction and differentiation, lactacystin was
added to the cell line at 3 days post-induction/differentiation.
We counted the percentage of blue-stained cells among total
cells (2400–3600 cells in total) in the trypan blue exclusion
assay. In addition, apoptotic nuclei were analyzed morpholog-
ically after staining with DAPI, and percentages of apoptotic
cells were obtained among total cells (1200–1800 cells in
total).

Caspase activity

Cells were incubated with or without 5 or 10 µM lactacystin for
15 h after 7 days of induction and differentiation. Caspase-3
activity was measured by a colorimetric kit (Clontech). The
peptide substrate conjugated with p-nitroanilide was used. The
extent of cleavage was monitored by the change in absorbance
at 405 nm and normalized to total protein. Activities of
caspase-8 and -9 were measured by similar methods using a
colorimetric kit (Biovision).

Mitochondrial membrane potential

Cells were incubated with or without 5 or 10 µM lactacystin
for 15 h after 7 days of induction and differentiation. In living
cells, JC-1 (Molecular Probes) was used to monitor mitochon-
drial membrane potentials. Cells were incubated with JC-1
(10 µg/ml) for 10 min at 37°C according to the manufacturer’s
instructions. JC-1 exhibits membrane-potential-dependent
accumulation in mitochondria and is indicated by a fluorescent
emission shift from green to red. Mitochondrial depolarization
is indicated by an increase in the green:red fluorescence intensity
ratio. We monitored the green:red ratio using confocal micro-
scopy and analyzed as described (33,65).

Statistics

Data were presented as mean + NSD. For each treatment, three to
six culture wells were used, and each experiment was repeated
four to five times. Data were compared by analysis of variance.
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