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Autophagy activation promotes clearance of a-synuclein
inclusions in fibril-seeded human neural cells
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There is much interest in delineating the mechanisms by
which the a-synuclein protein accumulates in brains of individ-
uals with Parkinson’s disease (PD). Preclinical studies with
rodent and primate models have indicated that fibrillar forms of
a-synuclein can initiate the propagation of endogenous «a-sy-
nuclein pathology. However, the underlying mechanisms by
which a-synuclein fibrils seed pathology remain unclear. To
investigate this further, we have used exogenous fibrillar a-sy-
nuclein to seed endogenous a-synuclein pathology in human
neuronal cell lines, including primary human neurons differ-
entiated from induced pluripotent stem cells. Fluorescence
microscopy and immunoblot analyses were used to monitor lev-
els of a-synuclein and key autophagy/lysosomal proteins over
time in the exogenous a-synuclein fibril-treated neurons. We
observed that temporal changes in the accumulation of cyto-
plasmic a-synuclein inclusions were associated with changes in
the key autophagy/lysosomal markers. Of note, chloroquine-
mediated blockade of autophagy increased accumulation of
a-synuclein inclusions, and rapamycin-induced activation of
autophagy, or use of 5'-AMP-activated protein kinase (AMPK)
agonists, promoted the clearance of fibril-mediated a-synuclein
pathology. These results suggest a key role for autophagy in
clearing fibrillar a-synuclein pathologies in human neuronal
cells. We propose that our findings may help inform the devel-
opment of human neural cell models for screening of potential
therapeutic compounds for PD or for providing insight into the
mechanisms of a-synuclein propagation. Our results further
add to existing evidence that AMPK activation may be a thera-
peutic option for managing PD.
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A hallmark feature of Parkinson’s disease (PD)* is the neuro-
nal deposition of a-synuclein into proteinaceous inclusions,
termed Lewy bodies. After careful assessment of post-mortem
PD brains, it is now recognized that a-synuclein Lewy pathol-
ogy occurs in a characteristic pattern, restricted at first to the
brainstem and olfactory bulb and then appearing in limbic and
finally neocortical regions over time (1). The progression of
a-synuclein pathology is thought to underlie neuronal dysfunc-
tion and is associated with the progression of clinical PD symp-
tomology (2). Evidence suggests that the characteristic progres-
sion of a-synuclein pathology occurs in a prion-like manner in
which misfolded pathological a-synuclein can be taken up by a
neuron and trigger the conversion of normal endogenous a-sy-
nuclein to the misfolded pathological form (3, 4). Initial evi-
dence for this prion-like propagation of a-synuclein came from
assessment of PD patients who had received neurosurgical
grafts of fetal dopamine neurons into the basal ganglia, which
revealed that a-synuclein had propagated from the patient neu-
rons to the grafted donor neurons (5, 6). Subsequently, patho-
logical fibrillar forms of a-synuclein have been used to demon-
strate propagation in cell and animal models of PD (7, 8).

Understandably, there is now much interest from a thera-
peutic perspective in delineating the mechanisms regulating
both the uptake and release of a-synuclein by neurons. The
uptake of exogenous a-synuclein fibrils into neurons appears to
largely occur via endocytosis (9—12), potentially mediated by
cell surface receptors, with LAG3 (13) and cellular prion pro-
tein (PrP<) (14) implicated among candidates to date. Although
details remain to be defined, the extracellular release of a-sy-
nuclein appears linked to a cell’s intrinsic ability to clear
the pathological protein via degradation pathways. Macroau-
tophagy, chaperone-mediated autophagy, and the ubiquitin—
proteasome system have all been implicated in the clearance of
a-synuclein (15-20), and dysfunction of these pathway may
promote the extracellular release of a-synuclein (18, 21-23).
The extent to which each degradation pathway contributes to
a-synuclein clearance and the interplay between these path-

4The abbreviations used are: PD, Parkinson’s disease; AMPK, 5'-AMP-
activated protein kinase; IPSC, induced pluripotent stem cell; ACC, acetyl-
CoA carboxylase; ULK1, Unc-51-like kinase 1; DPBS, Dulbecco’s phos-
phate-buffered saline; DMEM, Dulbecco’s modified Eagle’s medium; NSC,
neural stem cell; MAP, microtubule-associated protein; LC3, light chain 3;
LAMP?2, lysosome-associated membrane protein 2; TUJ1, B5-tubulin; DAPI,
4’ 6-diamidino-2-phenylindole; ANOVA, analysis of variance.
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ways remains to be fully elucidated; however, it is evident that
both the cell type and pathological form of a-synuclein are
important (24).

Post-mortem analysis of human brain tissue has uncovered
evidence of defective autophagy/lysosomal function in associa-
tion with a-synuclein pathology (25-27), and major PD risk
genes, such as GBAI and LRRK2, play a role in regulating
autophagy/lysosomal pathways (28). These findings add to evi-
dence that targeting the autophagy/lysosomal pathway is a
promising therapeutic strategy for the treatment of PD. Indeed,
a large body of evidence demonstrates that activation of
autophagy pathways reduces a-synuclein levels and affords
neuroprotection in various preclinical models (for recent com-
prehensive reviews, see Refs. 29 —32). Despite such evidence,
the best therapeutic strategies for activating autophagy as a
treatment for PD remain unclear. Again, this is complicated by
the effect of different pathological forms of a-synuclein on
autophagy pathways and translation of results across different
preclinical models. Atleast one strategy, however, involves acti-
vation of autophagy through inhibition of the mammalian tar-
get of rapamycin (mTOR) protein. This can be achieved directly
with mTOR inhibitors such as rapamycin or indirectly by tar-
geting mTOR-regulating kinases such as protein kinase B
(PKB/Akt) or 5'-AMP-activated protein kinase (AMPK) (33).

In the current study, we have investigated a-synuclein inclu-
sions and autophagy/lysosome markers in human neural cells,
including primary neurons differentiated from induced pluri-
potent stem cells. We found evidence for a temporal relation-
ship between neuronal cytoplasmic a-synuclein inclusions and
changes in autophagy/lysosome markers following treatment
of neurons with exogenous a-synuclein fibrils. This relation-
ship can be modulated in primary human neurons with both
inhibitors and activators of the autophagy/lysosome pathway,
including small-molecule activators of AMPK, providing a
model that can be further interrogated to understand potential
mechanisms underlying the propagation of pathological a-sy-
nuclein and to evaluate preventive therapeutic strategies.

Results

Temporal changes in a-synuclein inclusion accumulation
following treatment of SH-SY5Y cells with PFFs

To assess the relationship between autophagy and a-sy-
nuclein, we first prepared exogenous a-synuclein fibrils for
treatment. Preformed fibrils (PFFs) were prepared from recom-
binant monomeric protein, and after 7 days of shaking at 37 °C
there was an ~140-fold increase in the fluorescence of thiofla-
vin T (Fig. S14), indicating a strong formation of fibrils. Higher-
molecular-weight a-synuclein species could also be clearly seen
by immunoblotting (Fig. S1B), and EM analysis of the fibrils
showed a heterogeneous mixture ranging in size from ~20 to
250 nm (Fig. S1C). Having successfully generated exogenous
fibrils, we then proceeded to treat differentiated SH-SY5Y neu-
roblastoma cells with a-synuclein PFFs, or monomeric a-sy-
nuclein as a control, and measured a-synuclein inclusion accu-
mulation over a 14-day time course. Inclusions and/or puncta
of a-synuclein were clearly visible in PFF-treated cells but not
cells treated with the monomeric protein (Fig. 14). We used
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two concentrations of PFFs, 2 and 5 ug/ml, and for both, the
number of a-synuclein inclusions peaked at days 4 — 6 post-PFF
treatment before steadily declining over the rest of the time
course (Fig. 1B). As well as the number of inclusions, the size of
the a-synuclein inclusions also appeared to decline over the
time course (Fig. 1C). To quantify this, we conducted a particle
size analysis, defining small particles as 2—5 wm?, medium par-
ticles as 5~10 wm?, and large particles as >10 um?®. This anal-
ysis showed that 51% of a-synuclein inclusions were classified
as large on day 4, with this declining to 12% by day 14 (Fig. 1D).
A three-dimensional spatial analysis showed that the a-sy-
nuclein inclusions were largely perinuclear (Fig. S2).

Treatment of SH-SY5Y cells with PFFs does not induce cell
death within 14 days

We next determined whether changes in a-synuclein inclu-
sion accumulation were related to either cell death or cell pro-
liferation. We treated the differentiated SH-SY5Y cells with the
highest concentration of PFFs (5 ug/ml) and stained for the
neuronal marker B;-tubulin (TUJ1). Over 95% of cells strongly
expressed TUJ1 over the 14-day time course, demonstrating
that the cells were remaining as differentiated neurons (Fig.
2A). Crystal violet staining showed that the number of cells was
neither increasing nor decreasing throughout the time course,
irrespective of PFF treatment (Fig. 2B). There was also no dif-
ference in the extracellular release of lactate dehydrogenase
between untreated and PFE-treated cells over the 14-day time
course (Fig. 2C). Note that the medium was changed after col-
lection on days 4, 8, and 12 for these experiments, explaining
the peaks in Fig. 2C. Collectively, these data show that PFF
treatment was not inducing cell death within the 14-day time
course and that changes in a-synuclein inclusion levels were
not due to increasing or decreasing numbers of neuronal cells.

PFF-mediated inclusions contain endogenous a-synuclein

We also aimed to confirm that the inclusions observed fol-
lowing PFF treatment contained endogenous a-synuclein. To
achieve this, we used CRISPR-Cas9 —mediated genome editing
to generate a-synuclein—knockout SH-SY5Y cells. Following
clonal selection, immunoblotting for a-synuclein demon-
strated the successful generation of these cells (Fig. 2D). Impor-
tantly, the knockout cells showed vastly reduced a-synuclein
inclusion immunostaining at 6 days post-PFF treatment (Fig.
2F). We were also able to detect low levels of Ser-129 —phos-
phorylated a-synuclein in PFF-treated SH-SY5Y cells but notin
a-synuclein—knockout cells (Fig. 2F). Collectively these results
indicate that endogenous a-synuclein is incorporated into the
exogenous fibril-mediated inclusions.

Temporal changes in autophagy markers follow treatment of
SH-SY5Y cells with PFFs

Based on the initial temporal a-synuclein inclusion results,
we next chose to analyze autophagy markers at 4, 6, and 8 days
post-treatment of differentiated SH-SY5Y cells with 2 ug/ml
PFFs. Again, there was a peak in a-synuclein inclusions at day 6
post-PFF treatment, with a significant reduction from the peak
observed by day 8 (Fig. 3A4). These temporal changes in cyto-
plasmic a-synuclein inclusions were associated with increases
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Figure 1. Temporal changes in cytoplasmic a-synuclein inclusions following treatment of SH-SY5Y cells with PFFs. A, SH-SY5Y cells were treated with
PFFs or a-synuclein monomer as indicated and then fixed for immunofluorescence staining of total a-synuclein (green) at the indicated time points. The blue
is DAPI staining. Images were taken at 40X objective magnification. The scale bar is 25 um. B, average intensity of particles >2 um? per cell were compared
between PFF- and monomer-treated groups over time. Up to eight images, each containing 50-100 cells per image, were analyzed for each treatment
condition. Data are shown as mean = S.D. (error bars). C, representative images taken at 100X magnification show the morphology of a-synuclein inclusions
(green) in SH-SY5Y cells treated with 5 wg/ml PFFs. The scale bar is 10 um. D, the relative percentage of small (2-5 um?), medium (5-10 um?), and large (>10
um?) a-synuclein (a-syn) inclusions in SH-SY5Y cells treated with 5 ug/ml PFFs and fixed at each time point are shown in the pie charts, with the quantified
comparison between treatment groups shown in line graph as mean = S.D. (error bars). Four to eight images were analyzed for each time point.
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Figure 2. Cell toxicity and antibody specificity in SH-SY5Y cells treated with PFFs. A, differentiated SH-SY5Y cells were treated with 5 ug/ml PFFs, fixed at
the indicated time points, and immunostained for B;-tubulin staining (green). The blue stain is DAPI. Images were taken at 40X objective magnification. The
scale baris 25 um. B, the viability of SH-SY5Y cells after treatment with 5 g/ml PFFs over time was measured by crystal violet assay. Results are shown as mean
absorbance =S.D. (error bars). C, lactate dehydrogenase levels in SH-SY5Y cells after treatment with 5 wg/ml PFFs over time was measured using a colorimetric
cytotoxicity assay. Results are shown as the mean percentage of cytotoxicity to maximum lactate dehydrogenase release =S.D. (error bars). D, WT and
a-synuclein—knockout (KO) SH-SY5Y cells lysates were used to immunoblot for total and Ser-129 —phosphorylated a-synuclein (a-syn), with B-actin as a loading
control. WT and a-synuclein—knockout SH-SY5Y cells were treated with 5 ng/ml PFFs and after 6 days immunostained for total a-synuclein (green) (E) or
Ser-129 -phosphorylated a-synuclein (F). The blue stain is DAPI. The graph shows the mean intensity of total or phosphorylated a-synuclein per cell =S.D. (error
bars). Student’s t test was used to compare knockout cells with WT. For all images, the scale bar is 25 um. All experiments were performed at least twice with
all assays at least in triplicate.

in the autophagy markers p62 and light chain 3 (LC3) and the
lysosomal protein lysosome-associated membrane protein 2

somal proteins changed over the same time course in untreated
SH-SY5Y cells (Fig. 3, B—D). These results suggest that PFF

(LAMP2), which all peaked at day 6 and then significantly
declined by day 8 (Fig. 3, B—D). None of these autophagy/lyso-
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treatment causes a transient block in either the formation or
degradation of autolysosomes.
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Figure 4. Activation of autophagy promotes a-synuclein inclusion clearance in SH-SY5Y cells. Differentiated SH-SY5Y cells were treated with 2 ug/ml
PFFs in the presence or absence of 0.5 um rapamycin (Rap) for up to 8 days. Images were taken at 40X magnification for the analysis of total a-synuclein (a-syn)
immunofluorescence (green) (A) and at 60X magnification for the analysis of p62 immunofluorescence (red) (B). Scale bars are 25 wm (10 um in insets). The blue
stain is DAPI. Four to eight images containing 50-100 cells per image were analyzed for each time point. Graphs show the mean intensity per cell =S.D. (error

bars). Student’s t test was used to compare *rapamycin-treated groups at each time point. ***, p < 0.001; ****, p < 0.0001.

Activation of autophagy reduces a-synuclein inclusion
accumulation following treatment of SH-SY5Y cells with PFFs

We next aimed to determine whether activation of autophagy
could reduce the accumulation of a-synuclein inclusions follow-
ing PFF treatment. To achieve this, we treated cells with 2 ug/ml
PFFs in the presence or absence of 0.5 M rapamycin for up to 8
days. At all time points studied, rapamycin treatment significantly
reduced the accumulation of a-synuclein inclusions induced by
PFF treatment (Fig. 4A). This was associated with a significant
reduction in the levels of p62 with rapamycin treatment at all time
points studied (Fig. 4B). As rapamycin may affect protein synthe-
sis, we also performed a more acute 48-h rapamycin treatment,
adding the rapamycin to cells that had already been exposed to
PFFs for 6 days. Analysis of the resulting 8-day time point showed

that rapamycin could still significantly reduce the accumulation of
a-synuclein inclusions (Fig. S3).

Blockade of autophagy increases a-synuclein inclusion
accumulation in SH-SY5Y cells

To determine whether blocking the degradation of auto-
phagolysosomes could prevent the reduction in a-synuclein
inclusions, we next treated differentiated SH-SY5Y cells
with 2 wg/ml PFFs, and after 6 days the cells were treated for
an additional 48 h with or without 20 wMm chloroquine. At the
resulting 8-day time point, the number of a-synuclein inclu-
sions remained significantly higher in the chloroquine-
treated cells compared with those not treated with chloro-
quine (Fig. 5A). The increased number of «-synuclein

Figure 3. Temporal changes in autophagy markers following treatment of SH-SY5Y cells with PFFs. Differentiated SH-SY5Y cells were treated with or
without 2 pg/ml a-synuclein PFFs and fixed for immunofluorescence at the time points indicated. Cells were immunostained for total a-synuclein (a-syn)
(green) (A), SQSTM1/p62 (red) (B), LC3 (green) (C), or LAMP2 (yellow) (D). Scale bars are 25 um (10 wm in insets). The blue stain is DAPI. Four to eight images
containing 50-100 cells per image were analyzed for each time point. Graphs show the mean intensity of each marker per cell =S.D. (error bars). One-way
ANOVA was used to compare later time points with day 4. **, p < 0.01; **** p < 0.0001; n.s., not significant.
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Figure 5. Blockade of autophagy prevents a-synuclein inclusion clearance in SH-SY5Y cells. Differentiated SH-SY5Y cells were treated with 2 ug/ml
a-synuclein (a-syn) PFFs, and after 6 days cells were incubated in the presence or absence of 20 um chloroquine (CQ) for a further 48 h. Images were taken at
40X magnification for the analysis of total a-synuclein immunofluorescence (green) (A) and at 60X magnification for the analysis of p62 immunofluorescence
(red) (B), LC3 immunofluorescence (green) (C), or LAMP2 immunofluorescence (yellow) (D). Scale bars are 25 um (10 wm in insets). The blue stain is DAPI. Four to
eightimages containing 50-100 cells per image were analyzed for each condition. Graphs show the mean intensity per cell =S.D. (error bars). Student’s t test
was used to compare the =chloroquine groups. **, p < 0.01; **** p < 0.0001; n.s., not significant.

inclusions was again associated with an increase in both p62
(Fig. 5B) and LC3 (Fig. 5C) in the chloroquine-treated cells,
whereas LAMP2 remained similar under these conditions
(Fig. 5D). We were unable to culture the neuronal cells for
longer than 48 h with any effective dose of chloroquine due
to toxicity. Collectively, these results suggest that autophagy
is important for clearing a-synuclein inclusions following
the treatment of differentiated SH-SY5Y cells with exoge-
nous a-synuclein fibrils.

SASBMB

Temporal changes in a-synuclein inclusions and p62
accumulation following treatment of induced pluripotent
stem cell (IPSC)-derived neurons with PFFs

To determine whether a similar reliance on autophagy for
the clearance of fibril-mediated a-synuclein inclusions also
occurred in primary human neurons, we used IPSC-derived
human neural stem cells and differentiated them to neurons as
we have reported previously (34). After 7 days of differentiation,
the primary neurons were treated with 2 or 5 ug/ml of PFFs, as
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well as 5 ug/ml monomeric a-synuclein as a control, and cul-
tured for up to 12 days. The a-synuclein was only added once,
and a half medium change was performed every 48 h. Greater
than 90% of cells stained positive for the neuronal markers
microtubule-associated protein 2 (MAP2) and TUJ1, and this
did not change over the PFF treatment time course (Fig. S4A).
Treatment of the IPSC-derived neurons with PFFs, but not mono-
meric a-synuclein, resulted in an increase in cytoplasmic c-sy-
nuclein inclusions (Fig. 6A4) and increased levels of p62 (Fig. 6B).
Quantification again demonstrated that the cytoplasmic accumu-
lation of a-synuclein inclusions (Fig. 6C) and p62 (Fig. 6D) peaked
at day 6, before declining over the rest of the time course. Again,
the a-synuclein inclusions were predominantly perinuclear (Fig.
S4B). Treating the IPSC-derived neurons with 5 ug/ml PFFs did
not affect cell viability over the time course when measured by
either crystal violet staining (Fig. S4C) or lactate dehydrogenase
release (Fig. S4D). As for SH-SY5Y cells, Ser-129 —phosphorylated
a-synuclein inclusions could also be detected in the IPSC-derived
neurons following PFF treatment (Fig. S4E).

Small-molecule AMPK activators promote a-synuclein
inclusion clearance in SH-SY5Y cells

Activation of AMPK can promote autophagy, and AMPK has
been suggested as a potential therapeutic target for PD (35). We
therefore assessed whether small-molecule AMPK activators
could promote the clearance of the cytoplasmic a-synuclein
inclusions observed following PFF treatment. Dose-response
experiments using SH-SY5Y cells demonstrated that 5 and 30
uM GSK621 and A769662, respectively, could activate AMPK
using phosphorylation of the AMPK substrate acetyl-CoA car-
boxylase (ACC) at Ser-79 as a readout (Fig. 7, A and B). At
these concentrations, both compounds could also induce the
phosphorylation of the downstream AMPK substrate and
autophagy-activating kinase Unc-51-like kinase 1 (ULK1),
indicating that AMPK activation can initiate this autophagy-
regulating pathway in the SH-SY5Y cells (Fig. 7, C and D).
Importantly, both compounds could reduce levels of a-sy-
nuclein inclusions at 6 days post-PFF treatment (Fig. 7E), and
this was again associated with a significant reduction in p62
(Fig. 7F). Again, we also performed a more acute treatment,
adding the AMPK agonists to cells for 48 h after they had been
treated with PFFs for 6 days. Both AMPK agonists still significantly
reduced a-synuclein inclusions under these conditions (Fig. S5).
Moreover, the ability of AMPK agonists to reduce PFF-mediated
a-synuclein inclusions was prevented with the addition of chloro-
quine (Fig. S6), implicating autophagy/lysosomal clearance as the
main mechanism of action for these compounds. Finally, with the
concentrations employed, we could find no evidence that AMPK
agonists could induce phosphorylation of a-synuclein at Ser-129,
and AMPK agonist treatment alone did not induce a-synuclein
inclusions in SH-SY5Y cells (Fig. S7).

Small-molecule 5'-AMP-activated protein kinase (AMPK)
activators promote a-synuclein inclusion clearance in
IPSC-derived neurons

Finally, we assessed whether the AMPK activators could pro-
mote the clearance of a-synuclein inclusions in the IPSC-de-
rived neurons. Again, both compounds significantly reduced
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a-synuclein inclusion levels at 6 days post-PFF treatment (Fig.
8A4). In addition to reduced levels of a-synuclein inclusions,
treatment of the IPSC-derived neurons with AMPK activators
also resulted in a significant decrease in the levels of p62 (Fig.
8B), LC3 (Fig. 8C), and LAMP2 (Fig. 8D) compared with the
PFF alone—treated cells.

Discussion

In the current study, we investigated the temporal relation-
ship between the cytoplasmic accumulation of «-synuclein
inclusions and the lysosomal/autophagy pathway in human
neural cell lines following treatment with exogenous a-sy-
nuclein fibrils. We consistently found a robust accumulation of
a-synuclein inclusions at 4—6 days post-treatment, and this
was associated with an increase in the autophagy marker p62.
After this time, p62 returned toward baseline, and the number
of a-synuclein inclusions declined. Lysosomal inhibition
with chloroquine prevented the clearance of cytoplasmic a-sy-
nuclein inclusions, whereas activation of autophagy with both
rapamycin and activators of AMPK promoted the clearance of
a-synuclein inclusions. These results provide evidence of a
dynamic relationship between autophagy and the cytoplasmic
accumulation of a-synuclein in human neurons, with potential
implications for understanding the propagation of a-synuclein
pathology in PD.

One finding was that fibril-induced a-synuclein inclusions
were largely cleared from the human neural cells and did not
induce toxicity over the time course studied. This result is con-
sistent with a study that used mixed neuronal/glial cultures
from mice and showed that internalized fibrils could seed
endogenous a-synuclein inclusions, and these were effectively
cleared by autophagy pathways (36). However, a sustained
induction of a-synuclein pathology following exogenous fibril
treatment leading to neurotoxicity within 14 days has also been
reported for primary mouse neurons (11). Thus, despite a grow-
ing consensus regarding the importance of autophagy for clear-
ing pathological a-synuclein, the ability to clear «-synuclein
inclusions and prevent toxicity may differ across models. A
number of factors are thought to contribute to a-synuclein tox-
icity following fibril treatment. These include the levels of
endogenous a-synuclein (37), with overexpression of a-sy-
nuclein promoting fibril-mediated toxicity (38 —40), and the
preparation of the exogenous a-synuclein fibrils, with shorter,
<50-nm fibrils promoting toxicity (41, 42). The aim of our cur-
rent study was to assess fibril-mediated a-synuclein pathology
under endogenous levels of a-synuclein expression in human
neurons, including primary neurons derived from a healthy
individual. Under these conditions, our results suggest that
human neurons are capable of clearing a-synuclein inclusions
and are not susceptible to fibril-mediated toxicity. It would be
of interest however, to use this model to determine whether
a-synuclein inclusions clearance is perturbed in neurons
derived from PD patients, including in neurons derived from
patients with mutations in PD risk genes known to alter lyso-
somal/autophagy function such as GBAI and LRRK2.

In support of the important role for autophagy in the clear-
ance of a-synuclein inclusions are imaging studies showing that
that the majority of internalized a-synuclein fibrils are traf-
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ficked to the lysosome for clearance (36, 43). In regard to the
prion-like spreading hypothesis of a-synuclein, this still leaves
important questions such as how exactly do pathogenic fibrils
seed conversion of endogenous a-synuclein inclusions and how
does this lead to impairments in the autophagy/lysosome path-
way. Evidence suggests that a-synuclein fibrils are resistant to
lysosomal degradation, and they have been shown to persist in
the lysosomes of primary mouse neurons for up to 7 days (43).
a-Synuclein fibrils are also efficient at rupturing and escaping
from lysosomes, facilitating interaction with endogenous a-sy-
nuclein (44). The inefficient clearance of a-synuclein can also
lead to the accumulation of truncated neurotoxic species in
mice (45). In the current study, although the majority of the
a-synuclein inclusions were cleared within 7 days, we still
observed some inclusions after 2 weeks. Whether these repre-
sent a degradation-resistant a-synuclein conformation capable
of inducing Lewy pathology over a longer time course remains
to be determined. Further work is also required to determine
mechanisms behind the changes in autophagy following fibril
treatment. Our results may simply suggest a transient over-
whelming of the autophagy/lysosomal system by the internal-
ized fibrils. However, that we could further activate autophagy
to increase a-synuclein inclusion clearance suggests a mecha-
nism more complex than just overwhelming the intrinsic
capacity of the autophagy/lysosome system. In this regard,
a-synuclein has been directly implicated in the inhibition of
autophagy and in particular the inhibition of protein-traffick-
ing pathways important for autophagy (46-49). Employing
more dynamic measures of autophagy/lysosomal function in
our human cell models may provide further mechanistic insight
in this regard.

Finally, we also demonstrated that two different small-mol-
ecule activators of AMPK could promote the clearance of a-sy-
nuclein inclusions following fibril treatment, and this was asso-
ciated with improvements in autophagy. AMPK activation
stimulates macroautophagy via direct phosphorylation of
ULK]1, leading to the induction of autophagosome formation
(50). Previous studies in cells and rodents have shown that
AMPK activation can promote the autophagic clearance of
overexpressed a-synuclein and reduce neurotoxicity (51-53),
although chronic hyperactivation of AMPK may actually con-
tribute to a-synuclein pathology (54, 55). Our results using
fibril-treated primary human neurons suggest that small-mol-
ecule activation of AMPK at the concentrations employed is
beneficial in regard to a-synuclein pathology. It would thus be
of merit to further demonstrate using genetic or other means
that increased autophagy is the mechanism by which AMPK acti-
vation promotes a-synuclein inclusion clearance in our model. It
would also be of interest to determine whether AMPK activation
remains efficacious in neural cell lines from PD patients where
autophagy/lysosomal function may be perturbed.

Experimental procedures
Preparation of a-synuclein PFFs

Human recombinant a-synuclein monomeric protein at 13.2
mg/ml in 10 mMm Tris and 50 mm NaCl, pH 7.6, was purchased
from Proteos, and PFFs were prepared as outlined (42). Briefly,
a-synuclein monomer was centrifuged at 12,000 X g in a
benchtop centrifuge for 10 min. The supernatant was collected,
and the protein concentration was determined by NanoDrop.
Monomeric protein was then diluted to 5 mg/ml in sterile Dul-
becco’s phosphate-buffered saline (DPBS) (Ca**-, Mg>"-free;
Gibco) and continuously shaken at 1,000 rpm on an orbital
shaker (Thermomix) placed in a 37 °C incubator for 7 days.
After this time, the presence of amyloid fibrils was confirmed by
thioflavin T assay. For this assay, thioflavin T (Sigma) was
diluted to 25 um in DPBS; then mixed with 2.5 ul of fibrillar
a-synuclein, or monomeric a-synuclein as a control, in a black
96-well microplate (Greiner); and incubated at room tempera-
ture for 5 min. After incubation, the plate was read with excita-
tion and emission settings of 450 and 480 nm, respectively,
using a CLARIOstar plate reader (BMG Labtech). 25 ul aliquots
of fibrillar a-synuclein were then stored at —80 °C. PFFs were
stored for up to 1 year before being replaced. Three identically
prepared batches of PFFs were used to complete the study.
Immediately before treating the cells, the aggregated a-sy-
nuclein was diluted in sterile DPBS to 0.1 mg/ml and sonicated
for 30 s at 40% amplitude and 1-s on/off pulse durations (Q125,
Q Sonica) to generate PFFs. The PFFs were then further diluted
to a working concentration with prewarmed tissue culture
medium and immediately applied to cells.

EM analysis of PFFs

For transmission EM, 3 ul of 0.1 mg/ml sonicated or
unsonicated PFF samples were applied to glow-discharged
200-mesh, carbon-only, copper grids (Electron Microscopy
Sciences) and negatively stained with 2% uranyl acetate
(Polysciences), and images captured as we have described
previously (56).

SH-SY5Y cell culture and treatment

Human neuroblastoma SH-SY5Y cells were maintained in
Dulbecco’s modified Eagle’s medium/Ham’s F-12 supple-
mented with 10% low endotoxin fetal bovine serum, 2 mm
L-glutamine, and 1% penicillin-streptomycin (all from Gibco,
Thermo Fisher). For experiments, cells were plated onto cov-
erslips coated with Geltrex matrix (Thermo Fisher) in
12-well plates at a density of 5 X 10* cells/well and incubated
overnight. Cells were then differentiated in DMEM/Ham’s
F-12 supplemented with 1% fetal bovine serum, 1% penicil-
lin-streptomycin, and 10 uM retinoic acid (Sigma) for 4 days
before a once-off treatment with PFFs or monomeric a-sy-
nuclein at the indicated concentrations. Cells were then

Figure 6. Transient changes in a-synuclein inclusions and autophagy in IPSC-derived neurons treated with PFFs. Differentiated IPSC-derived neurons
were treated with 2 or 5 ug/ml PFFs or a-synuclein (a-syn) monomer. Cells were fixed at the indicated time points for immunofluorescence analysis of total
a-synuclein (green; 40X magnification) (A) and p62 (red; 60X magnification) (B). Scale bars are 25 pm (10 wm in insets). The blue stain is DAPI. Four to eight
images containing 50-100 cells per image were analyzed for each condition. The average intensity of a-synuclein (C) or p62 (D) immunofluorescence was
determined for the PFF- and monomer-treated groups. Results are shown in the graphs as mean = S.D. (error bars).
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Figure 8. AMPK agonists promote a-synuclein inclusion clearance in IPSC-derived neurons. Differentiated IPSC-neurons were treated with 5 uwg/ml PFFs
and with or without 5 um GSK621 or 30 um A769662. After 6 days, cells were fixed and immunostained for total a-synuclein (a-syn) (green) (A), p62 (red) (B), LC3
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One-way ANOVA with Tukey’s post hoc test was used for comparison. *, p < 0.05; **, p < 0.01; **** p < 0.0001; n.s., not significant.

maintained for up to 12 days further, with media replaced
every 4 days. Rapamycin and chloroquine were purchased
from Sigma and used at the concentrations indicated in the
figures. AMPK activators (GSK621 and A769662) were pur-
chased from Cayman Chemicals and used at the concentra-
tions indicated in the figures.

Generation of a-synuclein- knockout SH-SY5Y cells

To make a-synuclein— knockout cells, 100 ng of predesigned
GFP-tagged CRISPR-Cas9 plasmids with guide RNA sequences
targeting human a-synuclein (Horizon) were amplified in
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DH5a E. coli and purified using PureLink plasmid DNA purifi-
cation kits (Thermo Fisher). Restriction enzyme digests using
EcoRV (New England Biolabs) were performed on purified
plasmid DNA to confirm correct isolation. A genomic cleavage
detection kit (GeneArt, Thermo Fisher) was used according to
the manufacturer’s instructions to identify the plasmid most
efficient at targeting and cleaving the gene of interest. 2 ug of
the identified optimal CRISPR-Cas9 plasmid were then trans-
fected into SH-SY5Y cells using Lipofectamine 3000 (Thermo
Fisher). FACS (BD Influx) was used to plate successfully trans-
fected GFP-positive cells into 96-well plates for clonal expan-
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sion. Expanded clones were screened for knockout by immuno-
blotting for a-synuclein.

Induced-pluripotent stem cell-derived neural cell culture and
treatment

Experiments employing human induced pluripotent stem
cells were approved by the University of Sydney Human
Research Ethics Committee (number 2017/094). IPSCs were
reprogrammed from primary human fibroblasts of a neurolog-
ically normal subject using the Epi5 reprogramming kit (Life
Technologies), and then neural stem cells (NSCs) were subse-
quently derived from the IPSCs using the PSC neural induc-
tion kit (Life Technologies). The initial characterization of
these cells has been described previously (34). NSCs were
cultured in neural expansion medium composed of 50%
advanced DMEM and 50% neurobasal medium supple-
mented with neural induction supplement at 1:50 dilution
and 1X penicillin-streptomycin (all from Gibco, Thermo
Fisher). The medium was changed every 2 days, and NSCs
were passaged in the presence of 10 ul/ml RevitaCell supple-
ment (Thermo Fisher). For experiments, NSCs were plated
on coverslips coated with poly-L-ornithine (20 pg/ml;
Sigma) and laminin (10 ug/ml; Thermo Fisher) in 12-well
plates at a density of 2.5 X 10* cells/well. NSCs were then
differentiated to neurons using neurobasal medium supple-
mented with 2% B-27 serum-free supplement, 2 mm L-gluta-
mine, and 1% penicillin-streptomycin (all from Gibco,
Thermo Fisher) as we have described previously (34). Half of
the differentiation medium was replaced every 2nd day. The
indicated concentration of PFFs or monomeric «-synuclein
was added once on day 7 of differentiation, and neurons were
maintained for up to 12 days further.

Fluorescence microscopy

Cells on coverslips were washed in 1X PBS and fixed in 4%
paraformaldehyde at room temperature for 20 min. After fix-
ing, coverslips were washed with 1X PBS again and then per-
meabilized with 0.5% saponin (Sigma) for 15 min. Cells were
then blocked in 3% bovine serum albumin (BSA) at room tem-
perature for 1 h followed by incubation in primary antibodies at
4 °C overnight. Primary antibodies used were mouse monoclo-
nal a-synuclein (BD Biosciences, 610787; 1:200), mouse mono-
clonal phospho-a-synuclein (Ser-129, 81A) (BioLegend,
825701; 1:100), rabbit polyclonal MAP2 (Abcam, 32454; 1:300),
rabbit polyclonal TUJ1 (Abcam, 18207; 1:300), rabbit monoclo-
nal microtubule-associated proteins 1A/1B LC3A (Abcam,
52768; 1:200), rabbit monoclonal SQSTM1/p62 (Cell Signal-
ing Technology, 7695s; 1:400), and mouse monoclonal
LAMP2 (Abcam, 25631; 1:200). Secondary antibodies were
donkey anti-mouse Alexa Fluor 488/594 and donkey anti-
rabbit Alexa Fluor 488/594 (Life Technologies; 1:400). All of
the antibodies were diluted in 3% BSA and 0.5% saponin.
Following primary antibody incubation, cells were washed
3 X 5 min in 1X PBS and incubated with Alexa Fluor sec-
ondary antibodies at room temperature in the dark for 1 h.
After this, cells were washed 3 X 5 min in 1X PBS again with
DAPI (Sigma) added to the last wash at a dilution of 1:10,000
and incubated for 7 min. Coverslips were mounted face
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down with fluorescent mounting medium (Dako) and dried
in the dark for 1 h before visualizing. Images were captured
with either a Zeiss LSM710 multiphoton microscope or a
Nikon C2 confocal microscope.

Image analysis

Confocal images obtained at 40X objective magnification
were used for the analysis of particle intensity of a-synuclein
using Image] (Fiji, version 1.0), whereas images obtained at 60X
objective magnification were used to analyze intensity of
autophagy/lysosomal markers (p62, LAMP2, and LC3). The
settings were constant for all the images (the scale was set as
4.76 pixels/um at 40X magnification and 5 pixels/um at 60X
magnification; particles above 2 wm? were analyzed). The
Threshold tool was used to highlight all stained areas in
the field, and the intensity of each particle was measured by the
Analyze Particles tool. The Cell Counter plugin allowed cell
number to be counted for each image based on DAPI staining.
Cells touching the edges of the image and their related particles
were excluded from the final analysis. Four to eight images con-
taining 50—100 cells per image were analyzed for each treat-
ment condition. For the analysis of a-synuclein particle size, we
defined small particles as 2-5 um?, medium particles as 5-10
wm?, and large particles as >10 um?. For spatial analysis of
a-synuclein inclusions, 3D images were captured using a Nikon
C2 confocal microscope and processed by Huygens Software
version 17.10.0.

Crystal violet staining and lactate dehydrogenase release

To assess cell viability and proliferation using crystal violet
staining and lactate dehydrogenase release, cells were seeded
directly into 12-well plates at a density of 3.5 X 10* cells/well
and incubated overnight. The next day, the cells were placed
into differentiation media with 5 ug/ml PFF added 4 days after
the start of differentiation. The cells were cultured for 12 days
longer with the media replaced every 4 days. At the completion
of each time point, the cell culture medium was collected and
stored at —80 °C, and the cells were washed in 1 X PBS and fixed
in 4% paraformaldehyde at room temperature for 15 min. At
the completion of the entire time course, fixed cells were
washed with water and stained with 0.1% crystal violet dye
(Sigma) for 20 min. After staining, cells were washed three
times with water and air-dried before being shaken with 10%
acetic acid at room temperature for 20 min. The extracted sam-
ples were then diluted 1:4 in water, and the absorbance at 590
nm was read using a CLARIOstar plate reader. Wells contain-
ing no cells were used to determine the background, which was
subtracted from the absorbance readings. Lactate dehydroge-
nase was measured in the stored tissue culture media using the
CytoTox96 assay kit (Promega) according to the manufactu-
rer’s instructions with the absorbance at 490 nm measured
using the CLARIOstar plate reader.

Immunoblot analysis

Cells were lysed in buffer containing 50 mm Tris-HCl, pH 7.5,
1 mMEGTA, 1 mMmEDTA, 1 mMm sodium orthovanadate, 50 mm
sodium fluoride, 5 mm sodium pyrophosphate, 0.27 Msucrose, 1
mM benzamidine, 1 mm phenylmethylsulfonyl fluoride, and 1%
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(v/v) Triton X-100. Lysates were clarified by centrifugation at
13,000 X g at 4°C for 20 min, and the supernatant protein
concentration was determined by bicinchoninic assay (Thermo
Fisher). Up to 30 ug of protein lysates were mixed with sample
buffer (2% SDS, 20% glycerol, 2.5% bromphenol blue, 12.5 mm
Tris-HCI, pH 6.8, and 5% B-mercaptoethanol) and heated at
70 °C for 10 min before separating by SDS-PAGE. Proteins were
then transferred to nitrocellulose membranes followed by
blocking in 5% (w/v) skim milk dissolve in 1X TBST (0.87%
NaCl, 0.01 m Tris, pH 7.4, and 0.05% Tween 20) for 1 h. The
membranes were then cut into strips based on molecular
weight markers and incubated in primary antibodies at
4 °C overnight. Horseradish peroxidase— conjugated secondary
antibodies were used at room temperature for 2 h. Primary
antibodies used for immunoblotting were rabbit monoclonal
total ACC (Cell Signaling Technology; 1:1,000), rabbit mono-
clonal phospho-Ser-79 ACC (Cell Signaling Technology;
1:1,000), rabbit monoclonal total ULK1 (Cell Signaling
Technology; 1:1,000), rabbit monoclonal phospho-Ser-555
ULK1 (Cell Signaling Technology; 1:1,000), rabbit monoclo-
nal p70 S6 kinase (Cell Signaling Technology; 1:1,000), rab-
bit polyclonal phospho-Thr-389 p70 S6 kinase (Cell Signal-
ing Technology; 1:1,000), rabbit monoclonal SQSTM1/p62
(Cell Signaling Technology; 1:1,000), rabbit polyclonal
LC3B/MAPI1LC3B (Novus; 1:1,000 dilution), rabbit mono-
clonal phospho-Ser-129 «-synuclein (Abcam; 1:1,000),
mouse monoclonal a-synuclein (BD Biosciences; 1:2,000),
and B-actin (Abcam; 1:10,000 dilution) as a loading control.
Bands were visualized in a Bio-Rad ChemiDoc MP system fol-
lowing enhanced chemiluminescence.

Statistical analysis

Statistical analysis was performed using Prism (GraphPad
Software), which was also used to generate graphs. Student’s ¢
test was used for comparisons between two groups, and one-
way ANOVA with Tukey’s post hoc test was used for compar-
isons between multiple groups. Statistical significance was set
as p < 0.05, and data are presented as mean *= S.D. in the
figures.
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