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Abstract

A major pathological feature of Parkinson’s disease (PD) is the aberrant accumulation of
misfolded assemblies of alpha-synuclein (a-Syn). Protein clearance appears as a regulator of the
“a-Syn burden” underlying PD pathogenesis. The picture emerging is that a combination of
pathways with complementary roles, including the Proteasome System and the Autophagy-
Lysosome Pathway, contributes to the intracellular degradation of a-Syn. The current study
addresses the mechanisms governing the degradation of a-Syn species seeded by exogenous
fibrils in neuronally differentiated SH-SY5Y neuroblastoma cells with inducible expression of a-
Syn. Using human a-Syn recombinant fibrils (pre-formed fibrils, PFFs), seeding and aggregation of
endogenous Proteinase K (PK)-resistant a-Syn species occurs within a time frame of 6 days, and is
still prominent after 12 days of PFF addition. Clearance of a-Syn assemblies in this inducible
model was enhanced after switching off a-Syn expression with doxycycline. Lysosomal inhibition
led to accumulation of SDS-soluble a-Syn aggregates 6 days after PFF-addition or when switching
off a-Syn expression. Additionally, the autophagic enhancer, rapamycin, induced the clearance of
a-Syn aggregates 13 days post-PFF addition, indicating that autophagy is the major pathway for
aggregated a-Syn clearance. SDS-soluble phosphorylated a-Syn at $129 was only apparent at 7
days of incubation with a higher amount of PFFs. Proteasomal inhibition resulted in further
accumulation of SDS-soluble phosphorylated a-Syn at $129, with limited PK resistance. Our data
suggest that in this inducible model autophagy is mainly responsible for the degradation of
fibrillar a-Syn, whereas the Proteasome System is responsible, at least in part, for the selective

clearance of phosphorylated a-Syn oligomers.
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1. Introduction

Genetic, neuropathological and biochemical data all point to a major role of the presynaptic
protein alpha-synuclein (a-Syn) in the pathogenesis of Parkinson’s Disease (PD) and related
synucleinopathies, such as Dementia with Lewy Bodies (DLB) and Multiple System Atrophy (MSA)
(Goedert et al., 2017). a-Syn, characterized by its structural plasticity, can adopt several
conformational and oligomeric states; monomer with no defined structure, helical monomers
and tetramers, B-sheet rich oligomer, protofibril and stable amyloid fibril (Melki, 2015, Uversky,
2003, Alam et al., 2019). Oligomerizatlon and aggregation of a-Syn yields toxicity and neuronal
dysfunction. a-Syn can self-propagate and spread among interconnected regions of the central
nervous system (CNS) contributing to disease progression. In recent studies, the use of
recombinant a-Syn pre-formed fibrils (PFFs) accelerates a-Syn toxicity and cell-to-cell
transmission in both cell and animal models, pinpointing the prion-like properties of the protein
(Luk et al., 2009, Volpicelli-Daley et al., 2011, Mougenot et al., 2012, Luk et al., 2012, Sacino et
al., 2013, Masuda-Suzukake et al., 2013, Sacino et al., 2014c, Sacino et al., 2014b, Sacino et al.,
2014a, Betemps et al.,, 2014, Bousset et al., 2013, Peelaerts et al., 2015). Moreover, post-
translational modifications (PTMs), and in particular phosphorylation at serine 129 (pS129), are
thought to be important for the transition between these pathological states, although the
valence of the effect of phosphorylation is still controversial (Oueslati, 2016). There is however
agreement that excess levels of a-Syn are pathogenic, presumably due to the dependence of
aggregation on a-Syn concentration, which in turn affect neuronal homeostasis.

The mechanisms governing a-Syn degradation remain a subject of debate (Webb et al., 2003).
The degradation of a-Syn, and its multiple oligomeric states, is thought to depend on two major
intracellular protein degradation pathways; the Ubiquitin Proteasome System (UPS), and the
autophagy-lysosome pathway (ALP) (macroautophagy, microautophagy and chaperone mediated
autophagy-CMA) (Vekrellis et al., 2011, Stefanis et al., 2019). Impairment of either may result in
accumulation of a-Syn leading to the development of PD and related synucleinopathies.
Recently, it has been shown that pS129 a-Syn may act as a signal for its degradation, but the
pathway involved (proteasome or macroautophagy) remains unclear (Waxman and Giasson,

2008, Chau et al., 2009, Machiya et al., 2010, Shahpasandzadeh et al., 2014, Arawaka et al.,

This article is protected by copyright. All rights reserved



2017). Although filamentous a-Syn can interact directly with the 20S proteasome and decrease
its proteolytic activity (Lindersson et al., 2004), studies indicate that only a small fraction of
soluble cell-derived oligomeric intermediates of a-Syn, and not monomeric, is degraded by the
proteasome (Emmanouilidou et al., 2010). On the other hand, monomeric WT, but not mutant a-
Syn is mainly degraded by the selective process of CMA; all forms can be cleared by
macroautophagy (Webb et al., 2003, Cuervo et al., 2004, Vogiatzi et al., 2008, Alvarez-Erviti et al.,
2010). Additionally, overexpression of Polo-like kinase 2 (PLK2), the main kinase responsible for
a-Syn phosphorylation in the brain, enhances a-Syn turnover via the autophagic degradation
pathway (Oueslati et al., 2013, Dahmene et al., 2017). A similar observation has been reported in
a yeast model of PD where the S129A mutation compromised the clearance of a-Syn via the
autophagic degradation pathway (Tenreiro et al., 2014). Other cell culture studies have
demonstrated that S129-phosphorylated a-Syn appears to be degraded by the UPS (Machiya et
al.,, 2010, Arawaka et al., 2017), thus, contributing conflicting data concerning the pathways
involved in a-Syn clearance. These apparent discrepancies arise as a consequence of different
experimental systems, or of different pools of a-Syn analyzed (monomeric, oligomeric, fibrils), or
even of different PTMs.

Of particular importance, given their transmission potential, are a-Syn species seeded by a-Syn
fibrils. The manner of degradation of such seeded material has also been controversial. An
earlier study suggested that this material, once formed, could not be cleared by intracellular
protein degradation systems (Tanik et al., 2013), while more recent work provided support for
the idea that the Autophagy Lysosome Pathway could degrade such material, once formed
within cells (Gao et al., 2019). We have addressed this issue by using an inducible system that we
have created for expression of untagged human a-Syn, which offers the advantage of being able
to follow the clearance of a-Syn species following the shut-down of endogenous a-Syn
expression with doxycycline (Vogiatzi et al., 2008, Vekrellis et al., 2009). Exposure of such cells to
PFFs has enabled us to perform studies regarding the formation and clearance of seeded a-Syn

species, and to dissect the pathways involved using pharmacological tools.

2. Materials and methods
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2.1. Cell culture and treatment

SH-SY5Y cells were cultured in RPMI 1640 (R8758; Sigma-Aldrich), 10% fetal bovine serum
(10,270; Gibco, Invitrogen, Carlsbad, CA, USA), and 1% penicillin-streptomycin (15140122;
Thermo Fischer Scientific, Waltham, MA, USA). SH-SY5Y 2-22 clone, expressing the Tet-Off vector
(tTA, tetracycline transactivator), was maintained in 200ug/mL G418 (11811023; Thermo Fischer
Scientific, Waltham, MA, USA). WT ASYN SH-SY5Y cells inducibly over-expressing WT human a-
Syn under the tet-off system were maintained in 200pg/mL G418 (11811023; Thermo Fischer
Scientific, Waltham, MA, USA) and 50ug/mL Hygromycin B (10843555001; Sigma-Aldrich). a-Syn
expression was switched off with doxycycline (DOX) (1pug/ml). Stock cultures were maintained in
the presence of DOX. a-Syn expression was robustly induced after 7 days of DOX removal. Cells
(20.3x103/cm?) were plated on 10-cm culture dishes with 7ml of RPMI 1640. 10uM all-trans
retinoic acid (R2625; Sigma, St Louis, MO, USA) was used to differentiate the cells. PFFs (Bousset
et al., 2013) were added on the 4th day of differentiation at indicated concentrations. Cells were
washed with PBS 1d, 2d and 3d post-PFF for the experiment at Fig. 1B, 2d post-PFF for Suppl. Fig.
S1E, 4d post-PFF for Fig. 3B, 3d post-PFF for Suppl. Fig. S1G and 5d post-PFF for the remainder.
PFFs (5ug/ul) were stored at -80°C and incubated for 3 min at 37°C, before use. Epoxomicin
(E3652; Sigma, 20nM) and Bafilomycin Al (S1413; Selleck Chemicals, 100nM) were added for a
24h-incubation, and Rapamycin (BML-A275; Enzo Life Sciences, 1uM) for 48h. The maximum cell
line passage used was 25. The cell lines are not authenticated or listed by the International Cell
Line Authentication Committee (ICLAC) and no RRID has been obtained. Institutional ethics

approval was not required for this study (not preregistered).

2.2. Transmission Electron Microscopy (TEM)

Electron microscopy images were produced by adding 5 ul of PFFs on 200 mesh formvar-carbon
film-bearing grids (Electron Microscopy Sciences, Hatfield, PA, USA), negatively stained with 2%
w/w uranyl acetate (Sigma-Aldrich, USA) and examined in a Philips CM-10 TEM electron

microscope.

2.3. Biochemical fractionation
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Cells were harvested using Trypsin-EDTA (0.05%) (25200072; Thermo Fischer Scientific, Waltham,
MA, USA), to digest extracellular cell-associated a-Syn fibrils, and lysed in STET buffer (150mM
NaCl, 50mM Tris PH 7.6, 1% Triton X-100, 2mM EDTA; stored at 4°C), supplemented with
protease inhibitors (11836153001; Sigma) and PhosSTOP Phosphatase Inhibitor (4906845001;
Roche), followed by 30 min incubation at 4°C. The lysates were centrifuged at 13.000xg for 30
min at 4°C. The supernatant (Tx-soluble fraction) was collected and the protein concentration
was estimated with the Bradford protein assay. The pellet (SDS-soluble fraction) was washed 2x
with ice-cold PBS and resuspended in 2% SDS buffer (150mM NaCl, 50mM Tris pH 7.6, 2% SDS,
2mM EDTA; supplemented with Protease inhibitors (Sigma) and PhosSTOP Phosphatase
Inhibitors (Roche)), probe sonicated and incubated for 15 min at room temperature (RT). SDS-
containing sample buffer was added in the sequential fractions. The Tx-soluble fraction was
incubated at 95°C and the SDS-soluble fraction at 42°C. 20ug of protein lysate (for the SDS-
soluble protein loading we used the equivalent concentration measured in the Tx-soluble
fraction) were resolved in 13% SDS-PAGE gel and transferred to nitrocellulose membranes,
before blocking with 5% skim milk/TBST for 1h. Membranes were incubated in primary
antibodies, overnight at 4°C and in HRP-conjugated secondary antibodies (Invitrogen) for 2h at
room temperature. Primary antibodies used were rabbit monoclonal C20 (sc-6886; Santa Cruz
Biotechnology, 1:1000); mouse monoclonal Syn-1 (610786; BD Biosciences, RRID:AB_398107;
1:1000); rabbit monoclonal pS129 a-Syn (ab51253; Abcam, RRID:AB_869973; 1:1000); mouse
monoclonal tubulin gamma (T5326, Sigma-Aldrich, RRID:AB_532292; 1:5000); mouse monoclonal
B-actin (12262; Cell Signaling Technology, RRID:AB_2566811; 1:5000); rabbit monoclonal c-jun
(9165, Cell Signaling Technology, RRID:AB_2130165; 1:1000); rabbit polyclonal LC3 (PD014, MBL
International, RRID:AB_843283; 1:2000); rabbit polyclonal p62 (PMO045, MBL International,
RRID:AB_1279301; 1:1000). The densitometry of immunoreactive bands was analyzed with

Imagel software.

2.4. Limited proteolysis
Cells were lysed in STET buffer, incubated for 30 min at 4°C and sedimented at 13.000xg for 30
min at 4°C. The supernatant (Tx-soluble fraction) was collected and the pellet was resuspended

in ice-cold PBS and probe sonicated. Aliquots of each lysate (supernatant and PBS-dissolved
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pellet- 20 ul) were incubated with or without Proteinase K (P4032; Sigma-Aldrich, USA) for 10
min at 37°C at indicated concentrations, followed by SDS-containing sample buffer addition.
Inactivation of Proteinase K and denaturation was performed at 95°C for the Tx-soluble fraction
and at 65°C for the SDS-soluble fraction. Equal amounts of non-treated and PK-treated protein

lysates, originating from the same protein sample, were analysed by SDS-PAGE.

2.5. Immunocytochemistry

SH-SY5Y differentiated cells (9.7x103/cm?), plated on poly-d-lysine-coated glass coverslips and
cultured with 0.5 ml of RPMI 1640, were treated with PFFs at indicated concentrations. The cells
were washed with Trypsin-EDTA (0.0025%), prior to fixation with 3.7% formaldehyde. Blocking
and permeabilization was performed with 5% normal goat serum (NGS)/0.2% triton-X100/PBS for
1h at room temperature. Cells were incubated with primary antibodies over night at 4°C and with
secondary antibodies for 1h at room temperature. Primary antibodies used were mouse
monoclonal Syn-1 (610786, BD Biosciences, RRID:AB_398107; 1:1000); rabbit monoclonal MJFR-
14-6-4-2 (ab209538, Abcam, RRID:AB_2714215; 1/1000); mouse monoclonal 211 (sc-12767,
Santa Cruz Biotechnology, RRID:AB_628318; 1/1000); mouse monoclonal D10 (sc-515879, Santa
Cruz Biotechnology; 1/1000); mouse monoclonal SYN303 (824301, BioLegend, RRID:AB_2564879,
1/1000); rabbit monoclonal pS129 a-Syn (EP1536Y) (ab51253; Abcam, RRID:AB_869973; 1:1000),
mouse monoclonal Tujl (MRB-435P-100, Covance, RRID:AB_663339; 1/1000). Fluorescent
images were obtained at 40x and 63x objective magnification with a Leica SP5-Il upright confocal
microscope under constant settings of laser power, pinhole size, gain, and offset between the
different conditions. ImageJ software was used for the analysis of particle intensity of a-Syn. The
settings were constant for all the images. The fluorescence intensity of endogenous a-Synuclein
was measured in projected confocal images using the z-projection/sum slices tool. The cell count
was based on TO-PRO staining using the threshold tool to highlight all stained areas in the field
and the analyze particles tool to count total number of the particles. GraphPad Prism 8 was used

for the statistical analysis as described in section 2.7.

2.6. Cell survival assay
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Cells (20.3x103/cm?) were plated on 24-well plates, differentiated with RA for 4 days and PFFs
were added at indicated concentrations. Cells were lysed in detergent-containing solution and
viable cells were quantified by counting the number of intact nuclei in a haemacytometer, as
described before (Vekrellis et al., 2009). Experiments were performed in triplicate with all assays
at least in quadruplicate and are reported as mean + SD. The average of the technical replicates
in each condition per assay was presented. GraphPad Prism 8 was used for the statistical analysis

as described in section 2.7.

2.7. Statistical analysis

GraphPad Prism 8 was used for the statistical analysis. Student’s t-test or Mann-Whitney test was
used when comparing two groups, one-way ANOVA with Bonferonni’s correction for multiple
groups and two-way ANOVA with Bonferonni’s correction for multiple groups with two
independent variables. Statistical significance was set as * p<0.05, **p<0.01, ***p<0.001,
**%*p<0.0001 and data were presented as mean = SD from 3, 4 or 5 independent experiments.
Data were assessed for normality (Shapiro—Wilk test) in Figures 1E, 2E, 3D,G, 4E,G, 6D,H, SilI,

S4D. No blinding was performed and no test for outliers was conducted.

3. Results

3.1. Seeding and aggregation of endogenous a-Syn in SH-SY5Y differentiated cells upon PFF-
addition

SH-SY5Y cells, with inducible expression of human a-Syn (under the control of Tet-off response
element), were used to investigate the potency of exogenously applied recombinant a-syn PFFs
(Suppl. Fig. S1A) to seed endogenous a-Syn into fibrillar aggregated species. Cells, constitutively
overexpressing a-Syn (-DOX) or with suppressed expression of a-Syn (+DOX), were differentiated
for 4 days and PPFs (70 ng/ml) were added for one, two and three days (Fig. 1A). Western
immunoblotting, using an antibody against total a-Syn (C20), of lysates from non-treated and
PFF-treated cells, sequentially extracted with 1% Triton X-100, followed by 2% SDS,

demonstrated that Tx-soluble a-Syn was nicely expressed in the -DOX and suppressed in the
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+DOX condition, while SDS-soluble a-Syn species were detected in both - and +DOX PFF-treated
cells, but barely at all, at this exposure, in the absence of applied PFFs (Fig. 1B). Occasionally, and
not consistently, faint HMW (high molecular weight) bands were detected in the lanes of Tx-
soluble extracts of cells treated with PFFs (Suppl. Fig. S1B). Focusing on +DOX cells, in which a-
Syn expression is downregulated with doxycycline, it is demonstrated that PFFs can be uptaken
within 24 hours, a procedure that reaches a plateau after 48 hours of incubation. There was no
difference in the amount of monomeric, truncated or oligomeric a-Syn between the + and the -
DOX condition in the SDS-soluble material in these early time points, indicating that this material
represented the introduced PFFs, rather than endogenous seeded a-Syn (Fig. 1B, D).

To overcome this time limitation, differentiated cells (- and +DOX) were incubated with different
amounts of PFFs (0, 70, 100, 140 and 210 ng/ml) for six days. Upon fractionated immunoblotting,
using the same antibody against total a-Syn (C20), it was demonstrated that six days after PFF-
addition there was a clear increase in the amount of SDS-soluble monomeric, truncated and
oligomeric a-Syn species in the -DOX compared to the +DOX cells, indicating that this
represented seeding of endogenous a-Syn present within the -DOX cells into aggregated
assemblies. In +DOX cells, there was limited detection of aggregated SDS-soluble a-Syn that
probably corresponded to the internalized PFFs remaining in the cells, or to low level seeding of
the low amounts of endogenous a-Syn present under these conditions (Fig. 1C, E; Suppl. Fig.
S1C,D). In the Tx-soluble fraction, no alteration was detected in a-Syn levels, with or without
PFFs. Using 30 ng/ml of PFFs or less, in equivalent number of cells, no seeding was observed 6
days post-PFF addition (data not shown). PFF-dose titration indicated the minimal amount of
PFFs (70-140 ng/ml) with regards to maintaining a non-saturated cell system, permitting the
comparison between - and +DOX cells, hence distinguishing endogenous seeded a-Syn from
added recombinant PFFs. When incubating the cells with recombinant monomeric a-Syn (M) for
6 days no seeding was detected and when incubating with both monomeric and fibrillar a-Syn
(M+PFF) no additive effect was observed compared to PFF-treated cells (Suppl. Fig. S1E).
Comparing seeding of endogenous a-Syn, 2 and 6 days post-PFF addition (Suppl. Fig. S1F), or 3
and 6 days (Suppl. Fig. S1G), it is demonstrated that SDS-soluble a-Syn species accumulated

overtime in -DOX cells, however when a-Syn expression is suppressed (+DOX), internalized PFFs
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were cleared from the cells (Suppl. Fig. S1F,G), suggesting that endogenous a-Syn is
indispensable for maintaining formation of a-Syn highly aggregated species.

A structural study recently addressed the role of doxycycline in a-Syn seeding and aggregation.
The authors showed that doxycycline (100-400uM) reshapes a-Syn into non-toxic oligomers,
inhibiting its further fibrillation (Gonzalez-Lizarraga et al., 2017). Even though lower
concentrations of doxycycline (2.2uM) were used in our experiments to shut-down a-Syn
expression, we further dissected its effect on PFF stability. 2-22 SHSY-5Y cells that stably express
the Tet-Off vector with a baseline level of physiological a-Syn expression (Vekrellis et al., 2009)
were grown without or with DOX (2.2uM), in the absence or presence of PFFs (100ng/ml). It was
demonstrated that six days after PFF-addition, no differences between the conditions were
detected, suggesting that PFF stability remains largely unaffected independently of doxycycline
(Suppl. Fig. S1H,1).

Proteinase K (PK) resistance is widely used to assess a-Syn aggregation propensity, indicative of
the pathological properties of the protein (Mori et al., 2002, Neumann et al., 2004, Tanji et al.,
2010, Pieri et al., 2016). To investigate PK-resistance of the SDS-soluble species, -DOX cells were
incubated with PFFs for six days, lysed and fractionated. PK-treatment demonstrated that the
SDS-soluble fraction is comprised to a large extent of aggregated PK-resistant a-Syn species; in
the Tx-soluble fraction, a-Syn was degraded upon PK digestion (Fig. 1F).

Immunocytochemistry and confocal microscopy analyses were conducted in PFF-treated SH-SY5Y
differentiated cells. Different amounts of PFFs (40, 100, 200 and 400 ng/ml) were added in - and
+DOX cells and incubated for six days. Staining with antibodies against total a-Syn (211) and
aggregated a-Syn (MJFR-14) showed that a-Syn localized around the nucleus forming inclusions
in -DOX cells (Suppl. Fig. S2A, B). In +DOX cells, residual a-Syn inclusions were detected, likely
corresponding to the added PFFs or low-level seeding. 200ng/ml of PFFs were used to further
identify these inclusions with additional antibodies against total a-Syn (Synl and D10) and
compare them with stainings against aggregated a-Syn (MJFR-14). In -DOX cells, endogenous a-
Syn was localized to puncta as visualized by all three antibodies (Fig. 2A,E, Suppl. Fig. S2C). In
non-treated -DOX cells, stained with antibodies against total a-Syn (Syn1, D10), a-Syn is evenly
distributed across the cytoplasm and processes, with a light punctate pattern of staining,

whereas no signal was detected when stained with MJFR-14; in non-treated +DOX cells, no signal
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was observed (Fig.2A). Higher power magnification demonstrated perinuclear a-Syn inclusions
depicting a clear difference between - and +DOX PFF-treated cells (Fig. 2B, Suppl. Fig. S2B).
Double labelling immunofluorescent analysis of - and +DOX PFF-treated cells using D10, in
conjunction with MJFR-14, confirmed the presence of endogenous a-Syn in the cytoplasmic
inclusions (Fig. 2C). Co-staining with oxidized/nitrated a-Syn (SYN303) and MJFR-14 indicated the
cytoplasmic distribution of a-Syn pathological aggregates; no staining with SYN303 was detected
at baseline in the -DOX cells without PFFs or in +DOX cells with PFFs, indicating that the staining
in the -DOX cells with PFFs represented endogenous seeded a-Syn with altered biochemical
properties (Fig. 2D,E, Suppl. Fig. S2D). Both biochemical and immunofluorescence data indicate
that, in this inducible cell system, endogenous a-Syn is seeded six days after PFF-addition,

forming pathological PK-resistant aggregates, localized around the nucleus.

3.2. Aggregation and clearance of endogenous a-Syn post-PFF treatment

To further elucidate the PFF-triggered endogenous a-Syn aggregation propensity and
accumulation, we quantified endogenous a-Syn species over time (Fig. 3A). In -DOX cells, 4, 6 and
12 days after PFF-addition, SDS-soluble a-Syn assemblies increased over time, reaching a plateau
6-12 days post-PFF addition. In +DOX cells, a-Syn aggregates corresponding to PFFs were cleared
12 days after PFF-addition (Fig. 3B,C). This inducible tet-off cell system allows the manipulation
of a-Syn expression by adding doxycycline. Hence, exploiting this feature of our cell model, -DOX
cells overexpressing a-Syn were treated with PFFs for 6 days and incubated with doxycycline for
the following 6 days, in order to suppress a-Syn expression (6d-/6d+) (Fig. 3A). 6 days post-
suppression, Tx- and SDS-soluble a-Syn levels were decreased, reaching a-Syn levels of +DOX
cells (Fig. 3B,D), suggesting that newly-synthesized a-Syn is indispensable for the formation of a-
Syn aggregates and, when shutdown, both soluble and insoluble species are cleared from the
cell. Additionally, immunocytochemistry and confocal microscopy analyses further demonstrated
the seeding and aggregation of a-Syn, 6 and 12 days post-PFF, as well as the clearance of a-Syn
aggregates in the 6d-/6d+ condition (Fig. 3E,F,G).

2, 4 and 6 days post-suppression (6d-/2d+, 6d-/4d+ and 6d-/6d+), a-Syn assemblies are gradually
cleared from the cells. Likewise, PK-resistant species are gradually degraded (Fig. 3H,1,J). Lysing

the cells with STET buffer resulted in partial PK-digestion due to the presence of Triton X-100,
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hence the incomplete digestion of y-tubulin in the Tx-soluble fraction upon PK treatment.
However, the presence of Triton X-100 did not seem to interfere with a-Syn PK-digestion. In the
SDS-soluble fraction, the pellet was dissolved in PBS (detergent-free), followed by PK digestion
and quenched with SDS-containing sample buffer. Non-treated and PK-treated samples originate
from the same protein lysate, thus PK-treated bands were normalized to the y-tubulin levels of
the non-treated in the SDS-soluble fraction. Additionally, equal protein levels were further
confirmed with ponceau staining (data not shown). Comparing the clearance rate of a-Syn
aggregates post-suppression, in non-treated and PK-treated SDS fractions, it is demonstrated
that SDS-soluble PK-resistant a-Syn is cleared at the same rate as the non-PK-treated (Fig. 3J).
Altogether, these data introduce a novel cell system where fine-tuning a-Syn expression could
prove a powerful tool for elucidating the pathways involved in aggregated a-Syn clearance,
addressing exclusively degradation instead of the equilibrium between aggregation and

degradation rates.

3.3. Lysosomal inhibition leads to accumulation of PFF-induced a-Syn aggregates

To further discern the pathways involved in the clearance of PFF-triggered endogenous a-Syn
aggregates, we used pharmacological inhibitors that target either the lysosome (bafilomycin) or
the proteasome (epoxomicin). To determine whether the lysosome is involved in the degradation
of endogenous a-Syn aggregates, PFF-treated cells (-DOX, +DOX and 6d-/6d+) were incubated on
day 5 and 11 with or without 100nM bafilomycin for 24 hours (Fig. 4A). At day 6 and 12, the
accumulation of a-Syn assemblies was assessed after fractionation by western immunoblotting.
Increased levels of HMW species of SDS-soluble a-Syn were associated with lysosomal inhibition
at day 6 (Fig. 4B,E). Shutting down the expression of a-Syn by adding doxycycline (DOX) on day 6
post-PFF addition resulted in the clearance of a-Syn assemblies over a period of 6 days (6d-/6d+)
and this clearance was partially reversed upon bafilomycin treatment, suggesting that the
lysosome is involved in the clearance of the seeded material (Fig. 4B,D). Analysis of p62 and LC3
levels, established markers of autophagosome/lysosome activities (Tanida et al., 2008), in non-
treated and PFF-treated cells, demonstrated that bafilomycin had the desired effects of
increasing p62 and LC3-Il (Fig. 4B), while it also served to show that there was no discernible

impairment of lysosomal function at early or late time points when treating the cells with this
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particular amount of PFFs (Suppl. Fig. S3A,B, Fig. 4B). Further data suggested that upon
proteasomal inhibition with 20nM epoxomicin (Epox), no accumulation of SDS-soluble a-Syn was
observed (Suppl. Fig. S3C). 12 days post-PFF, lysosomal inhibition with bafilomycin in -DOX and
6d-/6d+ cells led to accumulation of SDS-soluble PK-resistant a-Syn aggregates (Fig. 4F,G). Our
data indicate that highly aggregated a-Syn species seeded by exogenous PFFs are targeted to the
lysosome for degradation.

Immunocytochemistry and confocal microscopy analyses were conducted in PFF-treated cells to
investigate the pathways implicated in aggregated a-Syn degradation. At day 5 and 11, cells (-
DOX, +DOX and 6d-/6d+) were treated with bafilomycin or epoxomicin for 24 hours, followed by
staining with the MJFR-14 antibody (Fig. 4H,l). In agreement with the biochemical analysis,
fluorescence microscopy data demonstrated increased presence of aggregated a-Syn in the 6d-
/6d+ condition only in the presence of bafilomycin, indicating that the lysosome is responsible
for the selective clearance of a-Syn inclusions when a-Syn expression is down-regulated.

To investigate whether the PFF- or the bafilolomycin/epoxomicin- treatment affected the
survival of differentiated SHSY-5Y cells, we performed a cell survival assay under the same
conditions as described in this section (Fig. 4A). - and +DOX differentiated cells were incubated
without or with PFFs (100 ng/ml) and pharmacological inhibitors were added at day 5 and day 11
post-PFF addition for 24h (Fig. 4J,K). Cell counts demonstrated that low dose PFF-addition in -
DOX and +DOX cells resulted in limited cell toxicity at day 6 however bafilomycin or epoxomicin
treatment caused no effect on cell survival at any time point or condition. As demonstrated
before (Vekrellis et al., 2009), a significant difference on cell survival is detected between - and +
DOX cells. Additionally, when a-Syn expression is suppressed in -Dox cells (6d-/6d+), cell viability
is enhanced compared to day12/-DOX cells. These experiments help to rule out the possibility
that differences in the presence of aggregates under the various experimental conditions could

be secondary to changes in cell viability.

3.4. Autophagy is responsible, at least in part, for the clearance of fibrillar a-Syn
The autophagy—lysosomal pathway (ALP), involved in the degradation of long-lived proteins, is
categorized into three groups: macroautophagy, chaperone-mediated autophagy and

microautophagy. Rapamycin, which activates macro- and micro-autophagy through inhibition of
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the mTOR pathway, is widely used in vitro and in vivo to enhance clearance of autophagic
substrates (Bove et al., 2011). For this purpose, rapamycin was used in order to investigate the
degradation pathway of aggregated a-Syn. PFF-treated cells (-DOX, +DOX and 6d-/7d+) were
incubated with rapamycin at day 5 and 11 for 48 hours (Fig. 5A). Fractions analysis by
immunoblotting revealed that, 13 days post-PFF addition, SDS-soluble a-Syn is cleared in both
d13 and 6d-/7d+ cells (Fig. 5B,C,D), indicating that autophagy (micro- or macro-) is responsible
for the degradation of highly aggregated a-Syn species. At day 7, a trend for a decrease of a-Syn
levels was observed upon rapamycin treatment, but did not reach statistical significance due to
the variability across experiments. Tx-soluble a-Syn levels were not affected upon autophagic

activation.

3.5. The Proteasome System is responsible for the selective clearance of PFF-induced
phosphorylated a-Syn aggregates

Accumulating data suggest that a-Syn phosphorylation at S129 (pS129 a-Syn) is critical for a-Syn
pathogenicity, suggesting a major role of pS129 a-Syn in the progression of Parkinson’s disease
(Gribaudo et al.,, 2019, Oueslati, 2016). Previous studies have already investigated the
degradation pathway of soluble pS129 a-Syn, with contradictory results (Waxman and Giasson,
2008, Chau et al., 2009, Machiya et al., 2010, Shahpasandzadeh et al., 2014, Arawaka et al.,
2017). To examine this issue in our cell system, differentiated cells were treated with epoxomicin
and bafilomycin, and immunoblotting analysis with an antibody specific for pS129 a-Syn was
undertaken (Fig. 6A,B). In epoxomicin-treated cells, pS129 a-Syn was increased 3.5-fold, whereas
bafilomycin had no effect. Bafilomycin and epoxomicin co-treatment had no additive effect on
pPS129 a-Syn levels. These results indicate that the proteasome, and not the lysosome, is
responsible for the degradation of pS129 a-Syn in this cellular system. To address the role of
phosphorylation at $129 in a-Syn aggregation propensity, cells were treated with 100ng/ml PFFs
and fractionated immunoblotting with anti-pS129 was performed. No signal was detected in the
SDS-soluble fraction after 6 days of PFF-incubation (data not shown). Incubating the cells with 70
and 210 ng/ml of PFFs for 12 days, a-Syn aggregated species accumulated upon increased
amount of PFFs, however pS129 a-Syn was barely detected (Suppl. Fig. S4A). Using high-dose
PFFs (400ng/ml), fractionated immunoblotting revealed that SDS-soluble pS129 a-Syn was only
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apparent relatively late, at 7 days post-PFF treatment (Fig. 6C), indicating that increased levels of
a-Syn aggregates are required for the formation of pS129 a-Syn oligomeric species. High-dose
PFF-addition resulted in seeding and aggregation of total a-Syn in -DOX cells, however the
system was overwhelmed and no difference was detected between - and +DOX cells (Suppl. Fig.
S4B). Pharmacological inhibition of the proteasome led to further accumulation of pS129 a-Syn
(Tx- and SDS- soluble) (Fig. 6C, Suppl. Fig. S4C), indicating that the Proteasome System was, at
least in part, involved in the selective clearance of these fibrillar phosphorylated forms of the
protein. Phosphorylated a-Syn at S129, both monomeric and oligomeric, was observed using
fluorescence confocal microscopy, only upon proteasomal inhibition with epoxomicin (Fig. 6D,
Suppl. Fig. S4D) and only when using even higher concentration of PFFs (1pug/ml). Using S129A
PFFs, we confirmed that the pS129 a-Syn aggregates observed correspond to endogenous SDS-
soluble a-Syn (Suppl. Fig. S4E).

To investigate pS129 a-Syn aggregation and degradation over time, we examined SDS-soluble
pS129 a-Syn 7 and 9 days post-PFF addition. The short half-life of pS129 a-Syn permitted the
reduction of a-Syn shutdown period to two days (7d-/2d+). After 7 and 9 days of high-dose PFF
treatment, differentiated cells (- or +DOX and 7d-/2d+), untreated or treated with epoxomicin for
24 hours (Fig. 6E), were subjected to fractionated western immunoblotting (TX-100 and SDS
fraction) with anti-pS129. Proteasomal inhibition led to accumulation of pS129 a-Syn (both Tx-
and SDS- soluble) in d7 and 7d-/2d+ cells (Fig. 6F,G,H, Suppl. Fig. S4F). After 9 days of PFF-
treatment, SDS-soluble pS129 a-Syn was highly decreased, and a consequent increase in the Tx-
soluble fraction was observed. Upon bafilomycin treatment, no accumulation was observed
(Suppl. Fig. S4G). 7 days post-PFF, PK- treatment of the cell lysates demonstrated that a small
fraction of SDS-soluble pS129 a-Syn species is PK-resistant (Fig. 6l1). Additionally, proteasomal
inhibition did not lead to accumulation of pS129 a-Syn aggregates when treated with PK,
suggesting that the species previously observed to accumulate upon proteasomal inhibition
correspond to oligomeric forms that are relatively more soluble, with decreased PK-resistance.
To further investigate the PFF-induced cell toxicity, a cell survival assay was performed. Cell
counts demonstrated that high-dose PFF addition (400ng/ml) resulted in extended death of -DOX

cells 9 days post-PFF addition; the effect appeared milder in the day 7 and 7d-/2d+ conditions
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(Fig. 6J,K). Bafilomycin or epoxomicin treatment had no effect on cell survival at any time point

or condition.

4. Discussion

Numerous studies have recently addressed the neuroprotective role of protein homeostasis in a-
synucleinopathies (Manecka et al.,, 2017). It is especially important to understand the
mechanisms underlying a-Syn aggregation and clearance, critical in the pathogenesis of
Parkinson’s Disease and related synucleinopathies. Extensive studies have implicated both the
lysosome and the proteasome in intracellular clearance of monomeric and oligomeric a-Syn
species (reviewed in (Stefanis et al., 2019)). To obtain mechanistic insight into the degradation
systems dictating the levels and conformers of a-Syn, we investigated the turnover of PFF-
induced a-Syn assemblies in differentiated SH-SY5Y neuroblastoma cells, with inducible
expression of human a-Syn. In line with a recent study (Gao et al., 2019), our data showed that
PFFs induce the seeding of endogenous PK-resistant a-Syn species within a time frame of 6 days
(Fig. 1,2). Studies on endocytosis and trafficking of recombinant a-Syn fibrils demonstrated that
PFFs remain in the endolysosomal pathway following proteolysis through the lysosome (Sacino et
al.,, 2017, Karpowicz et al., 2017) and a minority of the internalized material can escape the
endocytic pathway to seed the recruitment of endogenous a-Syn into pathological assemblies
(Karpowicz et al.,, 2017), in particular upon endocytic vesicle fusion with the lysosomal
compartment (Flavin et al., 2017). Moreover, amyloid assemblies, including a-Syn PFFs, exhibit
the ability to induce vesicle rupture, a process probably leading to the formation of
proteinaceous inclusions such as Lewy bodies, due to the inability of cells to degrade ruptured
vesicles and their content (Flavin et al., 2017). Our data indicate that at early time points, seeding
of endogenous a-Syn was not observed, suggesting that for a period of time PFFs probably
remain in the endolysosomal compartment before becoming available for endogenous a-Syn

seeding.
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Aggregated a-Syn was still prominent 12 days post PFFs and shutting down the expression of a-
Syn by adding doxycycline (DOX) on the 6th day after PFF-addition resulted in the clearance of a-
Syn assemblies over a period of 6 days (6d-/6d+) (Fig. 3). This inducible cell model could prove a
valuable tool for further elucidating the mechanisms underlying a-Syn assembly degradation.
Lysosomal inhibition with bafilomycin resulted in the accumulation of a-Syn aggregates both in
d6 and 6d-/6d+ cells. 12 days post-PFF, bafilomycin treatment had no effect on the levels of a-
Syn aggregates, probably because the rate of seeding and aggregation is higher than the
degradation rate resulting in increased aggregated o-Syn load. It has been demonstrated that
monomeric a-Syn appears to be stable over long periods of time (t;,>50h) (Okochi et al., 2000),
so increased levels of a-Syn aggregates may require longer time to be cleared. Treatment with
PK led to the digestion of the more soluble species and to a more evident bafilomycin effect,
revealing the accumulation of SDS-soluble PK-resistant a-Syn species (Fig.4). In the 6d-/6d+
condition, a-Syn aggregates are cleared gradually within a time frame of 6 days, resulting in a
clear bafilomycin effect.

Activation of autophagy with rapamycin (macro- or micro-) induced the clearance of a-Syn
assemblies 13 days post-PFF (Fig. 5), further implicating the Autophagy-Lysosome pathway (ALP)
in this process. At day 7, high variability across experiments was observed. To overcome these
methodology limitations related to pharmacological reagents (rapamycin and bafilomycin) and
the long half-life of the protein, molecular manipulation of the system (i.e. lentiviral RNAI-
induced downregulation of autophagy components) and a time-course analysis will be further
required. Evidence supports the role of a-Syn aggregates in the inhibition of autophagy (Winslow
et al., 2010, Volpicelli-Daley et al., 2014, Mazzulli et al., 2016). However, in our cell model, when
using low amounts of fibrils (100ng/ml), both cell viability and lysosomal function do not seem to
be significantly impaired, as levels of LC3-Il and p62 remained unaltered (Fig. 4, Suppl. Fig. S3).
Our data, together with others (Sacino et al., 2017, Gao et al., 2019), indicate that the lysosome
is the most efficient pathway for degrading seeded a-Syn aggregates.

Although the role of phosphorylation of a-Syn at Ser129 in the pathophysiology and toxicity of
the protein is controversial, pS129 a-Syn still consists one of the best indicators of pathological a-
Syn inclusion formation (Fujiwara et al., 2002, Anderson et al., 2006, Waxman and Giasson, 2008,

Waxman and Giasson, 2010, Karampetsou et al., 2017). Using low amount of PFFs, we were
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unable to detect SDS-soluble phosphorylated species. However, incubation with excess amount
of fibrils induced the formation of insoluble pS129 a-Syn (Fig. 6, Suppl. Fig S4). Our data indicate
that recruitment and aggregation of endogenous a-Syn precedes the process of pathological
pS129 a-Syn formation. It remains unclear whether PFFs seed endogenous pS129 a-Syn or PFFs
seed endogenous non-phosphorylated a-Syn, which is then phosphorylated downstream of the
fibril formation.

Provided that modulation of pS129 a-Syn levels could affect a-Syn toxicity and disease
progression in synucleinopathies, the degradation mechanism(s) involved could possibly
represent a viable therapeutic target. Evidence suggests the involvement of the Proteasomal
System in the degradation of soluble and insoluble pS129 a-Syn, with the lysosome playing a
complementary role in the process (Machiya et al., 2010, Arawaka et al., 2017, Peng et al., 2018).
In the current study, proteasomal inhibition with epoxomicin induced further accumulation of
pS129 a-Syn (Tx- and SDS- soluble); however this increase of pS129 a-Syn aggregates
corresponds to oligomeric forms with limited PK-resistance. SDS-soluble HMW species were
detected in -DOX/day7 cells and accumulated upon epoxomicin treatment, however the
presence of such species was not consistent across experiments, probably due to cell fitness, to
short PFF-incubation or to PFF seeding capacity, or a combination. Hence, our analysis focused
on SDS-soluble monomeric species. The use of S129A PFFs confirmed that the detected SDS-
soluble pS129 species correspond to endogenous a-Syn. However, the limited detection of HMW
pS129 a-Syn species in +DOX/day7 cells, could not exclude that these species correspond to
phosphorylated PFFs. Shutting down expression of a-Syn with doxycycline, resulted in the
clearance of pS129 a-Syn aggregates, a phenomenon reversed upon epoxomicin inhibition. Our
cell model proved to have some limitations regarding the investigation of pS129 a-Syn
assemblies at later time points, since the use of excess fibrils resulted in increased toxicity 9 days
post-PFF treatment (Fig. 6). Lysosomal inhibition exhibited no effect on pS129 a-Syn levels (Tx-
and SDS- soluble), however this result does not exclude the implication of ALP in the degradation
of different conformers of the protein. Controversial studies suggest the implication of the
lysosome in the degradation of phosphorylated at S129 a-Syn, however this can be associated to
the differential conformational states of a-Syn, cellular stress or the crosstalk among distinct

post-translational modifications (Stefanis et al., 2019). Altogether, our data designate the
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essential role of the Proteasome System in the clearance of soluble and oligomeric pS129 a-Syn
species.

Tanik et al. (Tanik et al., 2013) established a model of seeding in primary neurons investigating a-
Syn aggregation and degradation when excess amount of fibrils is used. This study addressed
pS129 and total monomeric SDS-soluble a-Syn levels and reported that the aggregates formed
persisted even after suppression of a-Syn gene expression for 72h, and that a-Syn levels
remained unaffected when the lysosome is impaired. In our study, longer suppression of a-Syn
expression resulted in the clearance of the aggregates and the use of low amount of fibrils did
not affect lysosomal activity. In line with Tanik et al. (Tanik et al., 2013), pS129 and total
monomeric SDS-soluble a-Syn levels remained unaffected upon lysosomal impairment.
Additional studies support the association of pS129 a-Syn fibrils with both autophagic
components and the 20S Proteasome. Interestingly, pS129 a-Syn aggregates undergo incomplete
autophagolysosomal degradation, generating highly neurotoxic a-Syn species that induce
mitochondrial toxicity and mitophagy (Grassi et al., 2019). Accordingly, pS129 a-Syn aggregates
seem to be resistant to lysosomal degradation, suggesting, together with our data, the pivotal
role of the Proteasome System in the clearance process of these species. We do not view our
results in contradiction to the findings of Tanik et al. (Tanik et al., 2013), as in our study
Proteinase K resistant species of pS129 a-Syn did not change upon proteasomal inhibition, and
are thus likely to resist degradation by proteolytic systems when very insoluble, as presumably

occurred in their study.

Collectively, the current study demonstrates that autophagy (macro- or micro-) seems to serve as
the major pathway for clearance of highly aggregated a-Syn assemblies whereas the Proteasome
System is implicated in the degradation of phosphorylated at S129 a-Syn oligomers (Fig. 7). Our
findings that different degradation pathways induce the clearance of distinct a-Syn aggregated
species represent new and important insights into the biology of a-Syn aggregation and
turnover. This well established cell model can prove an essential tool to assess aggregation and
turnover of a-Syn assemblies as well as the role of different post-translational modifications (i.e.
phosphorylation, ubiquitylation, truncation, sumoylation) and their effect on oligomerization,

and to further screen for modifiers affecting a-Syn aggregation, clearance, secretion and cell-to-
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cell transmission. A deeper understanding of the mechanisms underlying aggregation propensity
and clearance may help design novel strategies for regulating the levels of toxic a-Syn

conformers and eventually develop a treatment for PD and related synucleinopathies.
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Figure Legends

Figure 1. Time-dependence of seeding and aggregation of endogenous a-Syn in SH-SY5Y
differentiated cells upon exposure to PFFs. A. SH-SY5Y cells, with inducible a-Syn overexpression
(tet-off system), were differentiated for 4 days with RA (10uM) in the presence (+) or absence (-)
of DOX. In -and +DOX cells, PFFs were added and a-Syn aggregation was assessed 1, 2, 3 and 6
days post-PFF addition. B. 1, 2 and 3 days after PFF-addition (70ng/ml), cells were harvested and
subjected to fractionation, followed by western immunoblotting (TX-100 and SDS fraction) with
an antibody against total a-Syn (C20). C. After 6 days of PFF-incubation, using different amounts
of PFFs (0, 70, 100, 140, 210 ng/ml), cells were harvested and subjected to fractionated western
immunoblotting with an antibody against total a-Syn (C20). y-tubulin was used as a loading
control. D, E. Quantification of SDS-soluble a-Syn levels (entire lane - monomeric and HMW
species) in - and + Dox cells after 1, 2, 3 (D) and 6 days (E) of PFF-incubation. Data are presented
as the mean + SD of 3 (D) and 4 (E) independent cell preparations; two-way ANOVA with
Bonferonni’s correction was used for (D) and Mann-Whitney test for (E). Statistical significance
was set as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. F. Cells were harvested 6 days post-
PFF, fractionated and subjected to Proteinase K (PK) treatment, followed by western

immunoblotting with an antibody against total a-Syn (Syn1).

Figure 2. Accumulation of endogenous a-Syn aggregates 6 days after PFF addition. A.
Differentiated SH-SY5Y cells, -Dox and +Dox, were incubated with PFFs (200 ng/ml) for 6 days,
were fixed and immunostained with Synl, D10, both detecting total a-Syn, and MIJFR-14,
detecting aggregated a-Syn species. Representative confocal images depict a-Syn aggregates in -
Dox cells. B. Higher magnification confocal images show a-Syn aggregates detected around the
nucleus in -Dox cells. C. Double labelling immunofluorescent analysis of differentiated SH-SY5Y
cells using total a-Syn antibody, D10, in conjunction with MJFR-14, detecting aggregated a-Syn.
D. Immunofluorescent images of differentiated SH-SY5Y cells double labelled with antibodies
detecting aggregated a-Syn (MJFR-14) and oxidized/nitrated a-Syn (SYN303). TO-PRO was used
as a cell nuclear marker. Expression of a-Syn was observed using fluorescence confocal
microscopy. Scale bar 30 um. E. Graphs show mean fluorescence intensity of total (Syn1, D10),

aggregated (MJFR-14) and oxidized/nitrated (SYN303) a-Syn per cell in - and + Dox cells after 6
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days of PFF-incubation. Data are presented as the mean * SD of minimum 3 independent cell
preparations, with at least 2 replicates per assay; Student’s t-test was used for Synl, MJFR-14
and SYN303, and Mann Whitney test for D10. Statistical significance was set as *p<0.05,
*%n<0.01, ***p<0.001, ****p<0.0001.

Figure 3. Seeding and degradation of endogenous a-Syn in SH-SY5Y differentiated cells upon
PFF-incubation is more prominent over time, and seeded a-Syn is cleared from the cells upon
shutdown of a-Syn expression. A. In differentiated - and +DOX cells, PFFs were added and the
cells were incubated for 6 and 12 days. Cells overexpressing a-Syn (-DOX) were incubated 6 days
with PFFs, and then with DOX for the following 6 days in order to suppress a-Syn expression (6d-
/6d+). B. After 4, 6 and 12 days of PFF-incubation (100ng/ml), cells were harvested and subjected
to fractionation and western immunoblotting (TX-100 and SDS fraction) with an antibody against
a-Syn (C20). C,D. Quantification of SDS-soluble a-Syn levels (entire lane - monomeric and HMW
species) in - and + Dox, and in 6d-/6d+ cells after 6 and 12 days of PFF-addition from 5
independent experiments. Two-way ANOVA with Bonferonni’s correction was used for (C) and
one-way ANOVA with Bonferonni’s correction for (D). E. Differentiated SH-SY5Y cells, -Dox, +Dox
and 6d-/6d+, after 6 and 12 days of PFF-addition, were fixed and immunostained with MJFR-14,
detecting aggregated a-Syn species. TO-PRO was used to stain the nucleus. Representative
confocal images depict a-Syn aggregates in -Dox cells. Scale bar 30 um. F,G. Graphs show mean
fluorescence intensity of aggregated (MJFR-14) a-Syn per cell in -Dox, +Dox and 6d-/6d+ cells
after 6 and 12 days of PFF-addition. Data are presented as the mean * SD of 3 independent cell
preparations, with at least 2 replicates per assay; Two-way ANOVA was used for (F) and one-way
ANOVA with Bonferonni’s correction for (G). H. Cells overexpressing a-Syn (-DOX) were
incubated 6 days with PFFs, and then with DOX for the following 2 (6d-/2d+), 4 (6d-/4d+) and 6
(6d-/6d+) days. +DOX cells, after 12 days of PFF-addition, were used as a control. Cells were
harvested, fractionated and subjected to Proteisase K (PK) treatment, followed by western
immunoblotting with an antibody against total a-Syn (Syn1). y-tubulin was used as a loading
control. 1, J. Quantification of SDS-soluble a-Syn levels (entire lane - monomeric and HMW
species) in d6, 6d-/2d+, 6d-/4d+, 6d-/6d+ cells relatively to d6 protein levels of PK non-treated

samples (l) and clearance rate of non-treated or treated with PK samples (J). Data are presented
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as the mean * SD of 3 independent cell preparations; two-way ANOVA with Bonferonni’s
correction was used. Statistical significance was set as *p<0.05, **p<0.01, ***p<0.001,

**%%0c0.0001.

Figure 4. Clearance of seeded a-Syn is Lysosomal-dependent. A. In - and +DOX cells, PFFs were
added and the cells were incubated for 6 and 12 days. Cells overexpressing a-Syn (-DOX) were
incubated 6 days with PFFs, and then with DOX for the following 6 days in order to suppress a-
Syn expression (6d-/6d+). Bafilomycin was added in the cultures 24h before harvesting the cells.
B. 6 and 12 days after PFF-addition (100ng/ml), non-treated and bafilomycin (Baf)- treated cells
(100nM) were harvested and subjected to fractionated western immunoblotting (Tx-100 and
SDS- soluble fraction) with an antibody against a-Syn (Syn1), p62 and LC3. y-tubulin was used as
a loading control. C,D. Quantification of SDS-soluble a-Syn levels (entire lane - monomeric and
HMW species) in non-treated and bafilomycin-treated d6, d12 and 6d-/6d+ cells. E.
Quantification of higher molecular weight (HMW) species of SDS-soluble a-Syn in non-treated
and bafilomycin-treated d6 -DOX cells. F. 12 days after PFF-addition (100ng/ml), non-treated and
bafilomycin-treated cells (100nM) were harvested, fractionated and subjected to PK treatment
(0.25 pg/ml), followed by western immunoblotting (TX-100 and SDS fraction) with an antibody
against a-Syn (Syn1), p62, LC3 and y-tubulin. G. Quantification of SDS-soluble a-Syn levels (entire
lane - monomeric and HMW species) in non-treated and bafilomycin-treated d12 and 6d-/6d+
cells, treated or non-treated with PK. For quantification (C, D, G) data are presented as the mean
+ SD of 3 independent cell preparations and for (E) from 5 independent cell preparations; two-
way ANOVA with Bonferonni’s correction was used for (C,D), Mann-Whitney for (E) and student’s
t-test for (G). H. 6 and 12 days after PFF-addition (200ng/ml), non-treated and bafilomycin- or
epoxomicin-treated -DOX, +DOX and 6d-/6d+ cells were fixed and stained with anti-a-Syn (MJFR-
14). TO-PRO was used to stain the nucleus. Expression of aggregated a-Syn (MJFR-14) was
observed using fluorescence confocal microscopy. Scale bar 30 um. I. Graph shows mean
fluorescence intensity of aggregated (MJFR-14) a-Syn per cell in -Dox and 6d-/6d+ cells after 6
and 12 days of PFF-addition. Data are presented as the mean + SD of at least 2 independent cell
preparations; Two-way ANOVA with Bonferonni’s correction was used. J, K. -, + DOX and 6d-/6d+

cells (with or without PFFs-100ng/ml), in the absence or presence of pharmacological reagents
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(bafilomycin, epoxomicin) were lysed at indicated time points (day 6, day 12) with a nuclear-
sparing buffer. Intact nuclei were counted in a haemacytometer. Data are presented as the mean
+ SD of 3 independent cell preparations, with at least 4 replicates per condition, per assay. Two-
way ANOVA with Bonferonni’s correction was used. Statistical significance was set as *p<0.05,

*¥p<0.01, ***p<0.001, ****p<0.0001.

Figure 5. Rapamycin-mediated induction of Macroautophagy leads to the clearance of fibrillar
a-Syn. A. In -DOX and +DOX differentiated cells, PFFs were added and aggregation was assessed
7 and 13 days post-PFF. 6 days post-PFF, -DOX cells were incubated with DOX for the following 7
days in order to suppress a-Syn expression (6d-/7d+). Rapamycin was added in the cultures 48h
before harvesting the cells. B. Non-treated and rapamycin-treated cells (1uM) were harvested
and subjected to fractionated western immunoblotting (TX-100 and SDS fraction) with an
antibody against a-Syn (Syn1), p62 and y-tubulin. C,D. Quantification of SDS-soluble a-Syn levels
(entire lane - monomeric and HMW species) in non-treated and rapamycin-treated d7, d13 and
6d-/7d+ cells. Data are presented as the mean + SD of 3 (+DOX) and 4 (-DOX) independent cell
preparations, and were tested for significance for the rapamycin treatment; two-way ANOVA
with Bonferonni’s correction was used. Statistical significance was set as *p<0.05, **p<0.01,

*%%<0.001.

Figure 6. Proteasomal inhibition leads to accumulation of both TX- and SDS- soluble
phosphorylated a-Syn. A. Differentiated SH-SY5Y cells overexpressing a-Syn (-DOX) were treated
with epoxomicin (Epox), bafilomycin (Baf) or with both inhibitors (Epox/Baf) for 24h, harvested
and lysed with 1% SDS RIPA Buffer. The lysates were subjected to western immunoblotting with
anti-a-Syn (C20), anti-pS129, anti-p62, and anti-y-tubulin antibodies. B. Quantification of
phosphorylated a-Syn levels in epoxomicin-, bafilomycin- and epoxomicin/bafilomycin- treated
cells. C. After 7 days of high-dose PFF (400ng/ml) incubation, - and +DOX cells, non-treated and
epoxomicin-treated, were subjected to fractionated western immunoblotting (TX-100 and SDS
fraction) with anti-pS129 and anti-y-tubulin antibodies and higher molecular weight bands were
detected (*: non-specific bands). D. After 7 days of PFF-incubation (1ug/ml) and epoxomicin

treatment (24h incubation before staining), differentiated SH-SY5Y cells were analyzed by
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immunocytochemistry with anti-a-Syn (pS129) and anti-Tujl antibodies. Expression of pS129 a-
Syn (red) and Tujl (green) was observed using fluorescence confocal microscopy. Scale bar
30 um. E. 7 and 9 days after high-dose PFF (400ng/ml) addition, differentiated SH-SY5Y cells (- or
+DOX and 7d-/2d+), untreated or treated with epoxomicin for 24 hours, were assessed for SDS-
soluble pS129 a-Syn. F. Cells were harvested and subjected to fractionated western
immunoblotting (Tx-100 and SDS soluble fraction) with anti-pS129, anti-cjun, and anti-y-tubulin
antibodies. G, H. Quantification of SDS-soluble phosphorylated a-Syn levels (monomeric species)
in d7 (G) and 7d-/2d+ (H) cells. For quantification (B, G and H), data are presented as the mean *
SD of 3 independent cell preparations; one-way ANOVA with Bonferonni’s correction was used
for (B) and student’s t-test for (G) and (H). I. 7 days after high-dose PFF (400ng/ml) addition, -
and +DOX cells, non-treated, epoxomicin- or bafilomycin- treated, were lysed, fractionated and
subjected to PK treatment, followed by western immunoblotting with anti-pS129, anti-p62, anti-
LC3 and anti-y-tubulin antibodies. Representative blot from 3 independent cell preparations. J,K.
-, + DOX and 7d-/2d+ cells (without or with high-dose PFFs-400ng/ml), in the absence or
presence of pharmacological reagents (bafilomycin, epoxomicin) were lysed at indicated time
points (day 7, day 9) with a nuclear-sparing buffer. Intact nuclei were counted in a
haemacytometer. Data are presented as the mean + SD of 3 independent cell preparations, with
at least 4 replicates per condition, per assay. Two-way ANOVA with Bonferonni’s correction was

used. Statistical significance was set as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Figure 7. Schematic illustration of the SH-SY5Y inducible neuronal model, fine-tuned for
investigating aggregated a-Syn turnover. SH-SY5Y differentiated cells with inducible expression
of a-Syn can serve as a model to investigate aggregation propensity and clearance of PFF-
triggered a-Syn assemblies. PFFs are internalized within 48h (1) and 6 days post-PFF, endogenous
a-Syn is seeded and detected mostly around the nucleus (2). Downregulation of a-Syn upon
doxycycline addition results in the clearance of a-Syn aggregates (3), however reversed when
lysosomal inhibitors are used. Together with the rapamycin effect, autophagy (macro- or micro-)
seems to serve as the major pathway for SDS-soluble a-Syn clearance (3B). Phosphorylated at
S129 a-Syn aggregates, with limited PK resistance, are detected only when high-dose of PFFs are

used. These assemblies accumulate further when the proteasome is inhibited, pointing out the

This article is protected by copyright. All rights reserved



role of the Ubiquitin Proteasome System in the degradation of phosphorylated a-Syn aggregates
(3A). a-Syn aggregates could be further secreted (4). This fine-tuned inducible neuronal model
can be used to further investigate components of the degradation pathways aggregated a-Syn

follows as well as the mechanisms involved in a-Syn secretion and cell-to-cell propagation.
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