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Aim: A growing body of evidence suggests that a-synuclein accumulation may play an important role in the pathogenesis of Parkinson's
disease. The aim of this study was to investigate the roles of the proteasome and autophagy pathways in the clearance of wild-type and

mutant a-synuclein in PC12 cells.

Methods: PC12 cells overexpressing either wild-type or A30OP mutant a-synuclein were treated with the proteasome inhibitor epoxomi-
cin, the macroautophagy inhibitor 3-MA and the macroautophagy activator rapamycin alone or in combination. The cell viability was
assessed using MTT assay. Immunofluorescence and Western blot analysis were used to detect the level of a-synuclein, LAMP-2A, E1
activase, and E2 ligase in the cells. Chymotrypsin-like proteasomal activity was measured using a commercial kit.

Results: When the proteasome and macroautophagy in the wild-type and mutant cells were inhibited with epoxomicin and 3-MA,
respectively, the cell viability was significantly decreased, and the a-synuclein level was increased. Both epoxomicin and 3-MA activated
the chaperone-mediated autophagy (CMA) by increasing the level of the CMA-limiting enzyme LAMP-2A. Furthermore, 3-MA or epoxo-
micin significantly decreased chymotrypsin-like proteasomal activity. 3-MA or epoxomicin did not change E1 activase expression in
either mutant or wild-type cells, but increased E2 ligase expression, especially when used together. Macroautophagy inducer rapamy-
cin increased the cell viability and reduced epoxomicin-induced a-synuclein accumulation. Interestingly, CMA was also activated by

rapamycin.

Conclusion: Our results demonstrate the existence of complex crosstalk between different forms of autophagy and between autophagy
and the proteasome pathway in the clearance of a-synuclein in PC12 cells.
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Introduction

Parkinson's disease (PD) is a common degenerative disorder
of the central nervous system and a condition associated with
protein aggregate formation in brain tissue”. Gene mutations
and structural changes of a-synuclein are etiological factors in
PD, and disordered metabolism of the a-synuclein protein is
also associated with PDP7),

The ubiquitin-proteasome system (UPS) plays an important
role in the degradation of abnormal intracellular proteins.
These degenerate, misfolded, and abnormal accumulations
are degraded by the UPS® ?. Functional impairment of the
UPS causes protein accumulation, which further inhibits UPS
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activity and results in a vicious cycle® ?, leading to neuronal
impairment or death. Wild-type and mutant a-synuclein are
both degraded by the UPS, and some components of ubiquitin
and the proteasome are also found in Lewy bodies!""?.

As a lysosome-based degradation pathway present in all
eukaryotic cells, autophagy also participates in a-synuclein
metabolism and PD pathology"” ™. Wild-type a-synuclein is
degraded mainly by chaperone-mediated autophagy (CMA).
The selectivity of CMA is conferred by recognition of a pen-
tapeptide amino acid motif in CMA substrates by a cytosolic
chaperone [heat shock cognate [hsc] protein 70 kDa]"™. The
mutant forms of a-synuclein bind strongly to the CMA recep-
tors on lysosomes but are not translocated into the lysosomal
lumen, and this failure to translocate impairs the degradation
of CMA protein substrates, including a-synuclein itself. Con-
sequently, despite having a high affinity for the CMA recep-
tor, pathogenic a-synuclein mutations are poorly degraded
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by CMAP#. The clearance of mutant a-synuclein is strongly
dependent on macroautophagy, which is generally referred
to as autophagy! ' ",
a-synuclein and proteasome/autophagy functions, their roles

Therefore, the relationship between

in the formation of Lewy bodies, and their roles in the degen-
eration of dopaminergic cells are all important.

We set out to ascertain the differences between the degrada-
tion of a-synuclein by (a) the proteasomal pathway and (b)
autophagy in different cell types. Furthermore, we assessed
the relationship between the proteasomal pathway and
autophagy.

Materials and methods

Cell culture

PC12 cells were transfected with the recombinant vectors
pEGFP-C3-SNCA using liposome to construct cell lines over-
expressing human wild-type and A30P a-synuclein. Trans-
fected PC12 cells were further screened with the G418 amino-
glycoside antibiotic selection agent (Mediatech, Olando, FL,
USA) and were obtained by a limiting dilution assay. Stably
transfected A30P and wild-type a-synuclein PC12 cell lines
were grown in RPMI-1640 (GIBCO, USA) containing 10% calf
serum and stored at 37°C in 5% CO, (details in Ref 15)!,

Treatment with autophagy/proteasome drugs

After adherence, cells were cultured in either control medium
(GIBCO, USA) or medium that contained 10 mmol/L 3-meth-
yladenine (3-MA, Sigma, USA) or 0.2 pg/mL rapamycin
(Sigma, St Louis, USA) or 100 nmol/L epoxomicin (Sigma,
USA). As described previously, 3-MA was dissolved in water,
and rapamycin and epoxomicin were solvated in DMSO.

MTT assay

Six wells were prepared for each group in parallel. Cells were
plated into 96-well plates (1x10* cells per well) in 100 pL com-
plete culture medium. After overnight culture, the medium
was replaced with either drug-free medium or drugs dissolved
in complete medium. The cells were cultured for the times
indicated, and then the MTT solution (20 pL) was added. Six
hours later, the supernatant was discarded and DMSO (150
pL/well) was added. Optical density was read using a multi-
well scanning spectrophotometer (ELISA reader).

Immunofluorescence

Cells were seeded on coverslips placed in 24-well dishes, then
incubated with autophagy/proteasome drugs for 24 h. Cells
were fixed with 4% paraformaldehyde (Sigma) for 15 min,
washed with PBS, and permeabilized with 0.1% Triton-X-
100 (Sigma) for 15 min. Next, the cells were incubated with
an anti-a-synuclein antibody (Sigma; diluted 1:250) for 2 h,
washed, and then incubated for 1 h with FITC-conjugated
anti-rabbit secondary antibodies (Beyotime Institute of Bio-
technology, Haimen, China; diluted 1:500). Finally, slides
were mounted in Citifluor (Citifluor Ltd, London, UK) with 3
pg/mL 4',6-diamidino-2-phenylindole (DAPI, Sigma, St Louis,
USA). Cells were visualized using a LEICA TCS ST2 confocal

microscope.

Western blot analysis

Cells were seeded at 1.5x10° cells/ mL, treated with different
drugs as described above, and cultured for 24 h. Cell pellets
were collected and lysed in 1xlysis buffer before electropho-
resis on SDS-PAGE and transfer to nitrocellulose membrane.
The blots were probed with anti-p-actin (Santa Cruz Bio-
technology, Santa Cruz, USA), anti-a-synuclein (Sigma), and
anti-Lamp-2a (Abcam, Cambridge, UK) antibodies, as well
as antibodies against the E1 and E2 enzymes; and signals
were detected using an enhanced chemiluminescence system
(Pierce, Rockford, IL, USA) or the TMB stabilized substrate for
HRP (Promega, Madison, WI, USA). Membrane-bound pro-
teins from three independent experiments were quantitatively
analyzed with an Image] software analyzer system.

Chymotrypsin-like proteasomal activity assays

Cells were cultured in 96-well plates, and drug treatment
was performed as above. At 24 h after drug treatment, cells
were measured with a chymotrypsin-like proteasomal activity
determination kit (Promega, Madison, WI, USA) with a mul-
tisection microplate reader according to the manufacturer’s
instructions.

Statistical analysis

Normally distributed data are shown as the mean+SD and
were analyzed by one-way ANOVA using SPSS (Statistical
Product and Service Solutions) 12.0 statistical software. Mul-
tiple comparisons among groups were performed using SNK
post hoc analysis.

Results

Effects of the proteasome pathway or autophagy on cell viability

We measured the viability of A30P and wild-type (WT) cells
at 3,12, 24, and 48 h in culture. Cell viability decreased 24 h
after treatment with the macroautophagy inhibitor 3-MA
and/or the proteasome inhibitor epoxomicin; 3-MA alone was
the most effective (Figure 1). Cell viability was significantly
greater in 24 h cultures treated with the macroautophagy
stimulator rapamycin than that in any other group (Figure 1).
Rapamycin also improved A30P cell viability, which decreased
in response to epoxomicin treatment.

Effects of inhibition of the proteasome or autophagy on
a-synuclein accumulation

Conlflicting results have emerged from previous studies of
the effects of proteasomal inhibition on a-synuclein metabo-
lism. When we incubated cells with the proteasome inhibitor
epoxomicin and/or the macroautophagy inhibitor 3-MA for
24 h, we found an increase in a-synuclein levels in both wild-
type and mutant cell lines. Western blot analysis showed that
cells incubated with a combination of the proteasome inhibitor
epoxomicin and the autophagy activator rapamycin had less
a-synuclein accumulation than cells exposed to epoxomicin
alone (Figure 2C). Furthermore, confocal microscopy images
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Figure 1. Analysis of cell proliferation after drug treatments. (A) Stably
transfected A30P a-synuclein PC12 cells were treated with epoxomicin
and/or 3-MA and rapamycin for 3, 12, 24, or 48 h before assessing cell
proliferation by MTT assay. (B) PC12 cells expressing wild-type a-synuclein
were also assessed after treatment. EPO, epoxomicin; RAP, rapamycin.
Mean+SD. °P<0.05 vs control. °P<0.05 vs RAP.

showed an accumulation of a-synuclein in cells treated either
with epoxomicin alone or with epoxomicin in combination
with 3-MA (Figure 2A, 2B).

Activation of CMA in cells with inhibition of the proteasome or
macroautophagy

Binding of substrate proteins to lysosome-associated mem-
brane protein type 2A (LAMP-2A) is a limiting step for
CMA. Levels of LAMP-2A at the lysosomal membrane are
tightly controlled and constitute a regulatory mechanism for
CMAM" V. So, we investigated LAMP-2A levels by immu-
noblotting and confirmed that the increase in LAMP-2A was
related to the inhibition of either the proteasome or mac-
roautophagy (Figure 3A). Interestingly, compared with the
control, cells grown in medium with rapamycin also had an
increased LAMP-2A /actin ratio (Figure 3A).

Macroautophagy inhibitor 3-MA decreased chymotrypsin-like
proteasomal activity

The macroautophagy inhibitor 3-MA decreased chymotrypsin-
like proteasomal activity compared with the control, and
rapamycin tended to increase chymotrypsin-like proteasomal
activity (Figure 3B). To further verify the effects of macroau-
tophagy inhibition or stimulation on the proteasome pathway,
we combined epoxomicin with 3-MA or rapamycin. Again,
proteasomal activity was significantly lower in 3-MA together
with epoxomicin than in epoxomicin alone (Figure 3C). Ubig-
uitin-like processes of the proteasome pathway also require
El-like and E2-like enzymes!"®. We analyzed E1 activase and
E2 ligase expression in the proteasome pathway by Western
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blot. E1 enzyme expression did not change in either mutant or
wild-type cells (Figure 4A). 3-MA and epoxomicin increased
E2 enzyme expression, especially when used together (Figure
4B). We hypothesized that the E2 enzyme is likely to be one of
the interaction points between autophagy and the proteasome
pathway. Thus, the macroautophagy inhibitor 3-MA inhibits
chymotrypsin-like proteasomal activity.

Discussion
PD is a common neurodegenerative disease affecting old pop-
ulation and has brought a heavy burden to family and society.
So far, there is no cure for PD, although some neuroprotective
treatment and replacement therapy can provide some relief
from its symptoms. It is possible that there’s key targets in
regulating autophagic degration of a-synuclein and the drugs
activating autophagy may become promising treatments for
PD.

Our studies have revealed that inhibiting the macroau-
tophagy and proteasome pathways decreased cell viability of
PC12 cells overexpressing either A30P mutant or wild-type
a-synuclein, while stimulating macroautophagy increased cell
viability. Previous studies indicated that cells with impaired
CMA but compensatory activation of macroautophagy can
accommodate nutritional stress without changing their
[19, 20]

viability" ™ ~". However, activation of macroautophagy in cells

with proteasome inhibition" 2!

may not be enough to main-
tain viability under normal conditions. Our results indicated
that macroautophagy inducer rapamycin could not relieve the
decrease in cell viability caused by the proteasome inhibitor
epoxomicin in PC12 cells overexpressing A30P mutant and
wild-type a-synuclein. As demonstrated by the highly effec-
tive impact of 3-MA alone, macroautophagy does play a role
in maintaining cell viability; however, it alone is insufficient
for viability.

Some groups have reported that proteasomal inhibition
causes an accumulation of a-synuclein, inclusion formation,
and increased cell death!> !
gested that a-synuclein is not a proteasome substrate™ . The

, whereas others have sug-

effects of proteasomal inhibition on a-synuclein metabolism
have been investigated in a number of studies. Our stud-
ies have suggested that inhibiting the proteasome pathway
and macroautophagy decreased the clearance of a-synuclein.
Now it has been widely accepted that wild-type a-synuclein
containing five peptide motif KFERQ was degradated by both
CMA and macroautophagy, while A30P mutant a-synuclein
was only degradated by macroautophagy because of lack the
specific five peptide motif. Although there was no statistical
significance, our data showed that macroautophagy inhibitors
did induce relatively higher levels of mutant a-synuclein than
the proteasome inhibitor. However, we found the opposite
result in PC12 cells overexpressing wild-type a-synuclein.
This finding provided evidence to the view that mutant
a-synuclein is mainly cleared by macroautophagy, whereas
wild-type a-synuclein is mainly degraded by the CMA
pathway! ",

It is interesting that the combination of 3-MA and epoxomi-
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Figure 2. (A) Cells were imaged by confocal microscopy. A30P and wild-type cells treated with the indicated drugs were permeabilized and
immunostained with anti-a-synuclein followed by FITC-labeled secondary antibodies for imaging. (B) The immunofluorescence mean energy of cells was
analyzed. At least 50 cells in each group were randomly selected using the same settings. The data were normally distributed and statistically analyzed
using one-way ANOVA. (C) Western blot analysis of total exogenous human a-synuclein in A30P and wild-type PC12 cell lines. Mean+SD. °P<0.05 vs

control. °P<0.05 vs RAP.

cin did not produce greater cell death and more a-synuclein
accumulation than either 3-MA or epoxomicin alone. Many
recent studies suggest that compensatory activation of mac-
roautophagy is induced by proteasomal inhibition"”*". Our
previous results” also support this idea. The compensatory
activation of macroautophagy caused by proteasomal inhibi-
tion may help in part to weaken the effects of the combina-
tion of 3-MA and epoxomicin in cell viability and a-synuclein
clearance.

In order to understand the crosstalk between the autophagy
and the proteasome pathway involved in the degradation
of a-synuclein, we detected the proteasome activity (chy-
motrypsin-like proteasomal activity) and the level of the CMA-
limiting enzyme LAMP-2A after intervening macroautophagy
and the proteasome pathway. We found that inhibiting the
proteasome pathway enhanced expression of LAMP-2A. This
finding may be explained by the fact that proteasomal inhibi-
tion induces oxidative stress and abnormal protein accumula-
tion, and CMA is activated as a compensation strategy during

1 In

mild oxidative stress and exposure to toxic compounds
addition, we found that macroautophagy inhibition reduced
proteasomal activity and increased LAMP-2A. This may be

because inhibiting macroautophagy results in a-synuclein

accumulation, which further inhibits UPS activity, and then
increases the level of LAMP-2A. This may be another reason
that macroautophagy inhibition leads to cell injury and abnor-
mal protein accumulation. It is noted that although LAMP-2A
increased after macroautophagy and/or proteasome inhibitor
treatment, A30P and wild-type a-synuclein still accumulated
in the cytoplasm. These results indicate that the compensa-
tory activation of CMA in PC12 cells overexpressing wild-type
a-synuclein could not rescue wild-type a-synuclein accumula-
tion caused by a macroautophagy and/or proteasome inhibi-
tor and that the compensatory activation of CMA in PC12 cells
overexpressing A30P a-synuclein has no effect on clearance of
A30P a-synuclein.

Previous studies revealed that the macroautophagy
inducer rapamycin promoted the clearance of all forms of
a-synuclein!'® > %!
death and a-synuclein accumulation caused by proteasome

. In our study, rapamycin decreased the cell

impairment. Interestingly, rapamycin also upregulated the
level of LAMP-2A, and LAMP-2A increased in line with the
increase of macroautophagy. The results suggest that rapamy-
cin also activates CMA accompanied with the induction of
macroautophagy. Macroautophagy and CMA probably
share the same regulatory pathway which could be regulated

677
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Figure 3. The crosstalk among different autophagy types and between autophagy and the proteasome pathway. (A) LAMP-2A was determined by
immunoblotting the same cells used in Figure 2. °P<0.05 vs control. (B) Chymotrypsin-like proteasomal activity following 3-MA, epoxomicin (EPO) or
rapamycin (RAP) treatment for the indicated times in A30P and wild-type cells (ratio of chymotrypsin-like proteasomal activity between cells incubated

in experimental vs control medium [A30P or wild-type]).
Mean+SD. "P<0.05 vs control. °P<0.05 vs EPO.

by rapamycin. This may be another mechanism by which
rapamycin decreases the accumulation of a-synuclein and so
has therapeutic potential for PD.

Furthermore, our results indicated that the expression of
E2 ligase changed with inhibition of the proteasome and
macrophagy and that E2 ligase may be one of the interaction
points between autophagy and the proteasome pathway.
However, further studies are required to assess whether there
is an intersection between autophagy and UPS and, if so, the
nature of the mechanisms involved.

In summary, our results demonstrate the existence of com-
plex crosstalk between different forms of autophagy and
between autophagy and the proteasome pathway in the
clearance of a-synuclein in PC12 cells. Further studies are
required to explore the exact mechanisms of their interactions.

Acta Pharmacologica Sinica

(C) Chymotrypsin-like proteasomal activity after EPO, EPO+3-MA, or EPO+RAP treatment.

Rapamycin is a potential therapeutic agent for the treatment
of PD. Its mechanisms are likely to include upregulating mac-
roautophagy and upregulating CMA.
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