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Abstract

Parkinson’s disease (PD) is a neurological disorder characterized by the progressive accumulation
of neuronal a-synuclein (aSyn) inclusions called Lewy bodies. It is believed that Lewy bodies
spread throughout the nervous system due to the cell-to-cell propagation of aSyn via cycles of
secretion and uptake. Here, we investigated the internalization and intracellular accumulation of
exogenous aSyn, two key steps of Lewy body pathogenesis, amplification and spreading. We
found that stable a.Syn fibrils substantially accumulate in different cell lines upon internalization,
whereas a.Syn monomers, oligomers, and dissociable fibrils do not. Our data indicate that the
uptake-mediated accumulation of a.Syn in a human-derived neuroblastoma cell line triggered

an adaptive response that involved proteins linked to ubiquitin ligases of the S-phase kinase-
associated protein 1 (SKP1), cullin-1 (Cull), and F-box domain—containing protein (SCF) family.
We found that SKP1, Cull, and the F-box/LRR repeat protein 5 (FBXL5) colocalized and
physically interacted with internalized a.Syn in cultured cells. Moreover, the SCF containing the
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F-box protein FBXL5 (SCFFBXLS) catalyzed aSyn ubiquitination in reconstitution experiments
in vitro using recombinant proteins and in cultured cells. In the human brain, SKP1 and Cull
were recruited into Lewy bodies from brainstem and neocortex of patients with PD and related
neurological disorders. In both transgenic and nontransgenic mice, intracerebral administration of
exogenous aSyn fibrils triggered a Lewy body-like pathology, which was amplified by SKP1 or
FBXLS loss of function. Our data thus indicate that SCFFXBL5 regulates a.Syn in vivo and that
SCF ligases may constitute targets for the treatment of PD and other a-synucleinopathies.

INTRODUCTION

Progressive accumulation of a-synuclein (aSyn) aggregates into neuronal inclusions termed
Lewy bodies (LBs) and Lewy neurites (LNs) characterizes Parkinson’s disease (PD) and
related disorders, collectively called a.-synucleinopathies (1). The role of aSyn in PD
pathology is supported by the facts that LBS/LNSs are present in the brains of virtually

all sporadic and familial forms of the disease (2), that autosomal dominant mutations and
multiplications in the gene encoding human aSyn (SNVCA) lead to early PD onset (3-5), and
that SNCA polymorphisms are associated with higher risk of PD (6, 7).

aSyn is a relatively small (14 kDa) protein found as soluble monomers or small oligomers
that play important roles in vesicle trafficking and neurotransmitter release (8-12). aSyn
physiological roles in vesicular homeostasis include interfering with the endosomal sorting
complex required for transport (ESCRT) (13) and promoting the assembly of the soluble
N-ethylmaleimide—sensitive factor attachment protein receptor (SNARE) complex (8, 10-
12), among others. Under pathological conditions, aSyn undergoes marked conformational
changes, leading to its aggregation into insoluble pB-sheet—enriched amyloid fibrils, which
are highly neurotoxic (14), and are thought to play important roles in the pathogenesis of
LBs/LNs (15, 16).

aSyn accumulation into LBs/LNs is invariably observed in PD and other a-
synucleinopathies (5, 17), suggesting that higher quantities of this protein are linked

to disease development. aSyn accumulation can result from its increased biosynthesis

or diminished degradation. Increased aSyn biosynthesis has been reported in familial

PD with multiplication of SNCA, a process recapitulated in multiple experimental

animal models based on ectopic aSyn expression [reviewed in (18, 19)]. Inhibition of

a Syn degradation, which occurs via the ubiquitin-proteasomal, autophagy-lysosomal, and
endosomal-lysosomal pathways (20-28), can also lead to a aSyn accumulation with the
concomitant PD-like phenotype, as shown in cell cultures and in rodents (29). In addition,

a third mechanism for the intracellular accumulation of aSyn in synucleinopathies has been
recently proposed; using in vitro and in vivo models, it has been shown that extracellular
aSyn proteopathic seeds are taken up by brain cells, accumulate intracellularly, and template
the aggregation of the endogenous counterpart of recipient neuronal and glial cells (30, 31).
For example, it has been proposed that in multiple system atrophy, extracellular aSyn is
internalized and accumulates within glial cells that do not normally express this protein

(32, 33). Uptake-mediated accumulation of aSyn in glia triggers neuroinflammation and the
formation of intracytoplasmic inclusions that resemble neuronal LBs/LNs (34, 35).
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The cell-to-cell propagation of aSyn in PD is also supported by early neuroanatomical
studies, showing that a.Syn inclusions appear first in the lower brainstem or olfactory bulb
and ascend to susceptible areas of the midbrain, setting the foundations for the hypothesis
that LB pathology self-propagates and spreads through the central nervous system in

a temporally and topologically sequential manner (36). Spreading of LBs results from

the cell-to-cell transmission of pathological forms of aSyn, which is first released from
cells harboring LBs and then internalized by anatomically and functionally interconnected
neurons (37). Internalized a.Syn promotes the structural corruption of its endogenous
counterpart in healthy neurons, a process that amplifies the aggregation cascade that

leads to LB formation (38). Because of the intercellular transmission of aSyn, embryonic
mesencephalic neurons grafted into PD patient’s brains acquire LBs (39, 40).

The efficient clearance of aSyn reduces its accumulation and associated cytotoxicity (25,

27, 41), suggesting that promoting a.Syn degradation is crucial to counteract disease
pathology (42). What determines aSyn degradation susceptibility and how cells respond

to aSyn accumulation and deposition are, however, still open questions. Here, we carried out
a systematic study on the uptake of different aSyn species and found that aSyn fibrils, but
not monomers or oligomers, accumulated intracellularly upon internalization. Internalization
of insoluble a.Syn fibrils triggered an orchestrated cellular response involving pathways

that had previously been associated to aSyn such as those related to vesicle trafficking,

as well as modules whose link with aSyn remains unexplored such as SKP1 (S-phase
kinase-associated protein 1)-Cull (cullin-1)-based ubiquitin ligases. We found that the

SCF (SKP1/Cull/F-box protein) ligase containing FBXL5 (F-box/leucine-rich repeat protein
5) (SCFFBXLS) ybiquitinated internalized a.Syn fibrils and promoted their degradation in

a proteasome- and lysosome-dependent manner. Thereby, SCFFBXLS protected cells from
a.Syn cell-to-cell propagation. SKP1 and Cull colocalized with aSyn inclusions in cell
cultures and in LBs from patients with PD and dementia with LBs (DLB). Depletion of
SKP1 or FBXL5 in the mouse brain induced the formation of a.Syn inclusions, suggesting
that SCFFBXLS plays protective roles in the initiation and spreading of LB-like pathology in
mice.

Insoluble aSyn fibrils are internalized and accumulate within neuronal cells

On the basis of the high structural diversity of the aSyn species found in vitro and in

vivo, we hypothesized that the structure of different species of aSyn could be a critical
factor in determining internalization and accumulation properties. To test this hypothesis, we
produced a set of structurally different aSyn variants by incubating monomeric a.Syn (M-
a.Syn) for different periods (Fig. 1A and fig. S1A) (15). We obtained small oligomers (<100
kDa) after 6 hours of incubation (sO-a.Syn), oligomers greater than 100 kDa after 3 days
(O-aSyn), and two types of high—-molecular weight (HMW) fibrils (>200 kDa) of different
stabilities after 10 and 20 days of incubation. In contrast to fibrils obtained at 10 days

of incubation, which were disassembled by detergents such as Triton X-100 and sarkosyl
and therefore referred as F-aSyn, fibrils obtained after a 20-day incubation were detergent-
resistant, and we called them iF-a.Syn (fig. S1C). Because of their increased resistance to
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detergents, iF-aSyn was retained in the upper part of denaturing SDS—polyacrylamide gel
electrophoresis (PAGE) even after boiling and expressed epitopes of fibrils as shown by
Western blot (WB) analysis using the conformational antibody OC that recognizes amyloid
fibrils (Fig. 1A) (43).

Subsequently, human neuroblastoma SH-SY5Y cells were treated with the obtained aSyn
species for 16 hours, then extensively washed to remove noninternalized aSyn (fig. S1E),
and finally harvested to quantify the amount of internalized aSyn by selected reaction
monitoring (SRM) mass spectrometry (MS) (Fig. 1B and fig. S1D). Similar low amounts
of aSyn were found in cells treated with vehicle or M-aSyn, sO-aSyn, and O-a.Syn

(Fig. 1B), indicating that these aSyn species do not accumulate in vitro in this cell line.
Compared to vehicle-treated cells, aSyn quantities were 2- and 10-fold higher (P < 0.05)

in cells exposed to F-aSyn and iF-aSyn, respectively (Fig. 1B). Moreover, both F-a.Syn
and iF-aSyn led to a significant (£ < 0.05) reduction in cell viability at both 24 and 72
hours after treatment, whereas O-aSyn was cytotoxic only at later time points (Fig. 1C

and fig. S1B) compared to vehicle-treated cells. Intracellular accumulation of exogenous
a.Syn was also observed in GFP-expressing SH-SY5Y cells incubated with fluorescently
labeled iF-aSyn but not M-a.Syn (Fig. 1D). Uptake-mediated intracellular accumulation was
significantly (P< 0.001) reduced when iF-aSyn was physically dissociated into monomers,
suggesting that iF-aSyn stability was critical for accumulation in neuroblastoma cells (fig.
S1, F and G). Thus, exogenous insoluble and detergent-resistant aSyn fibrils efficiently
accumulated within neuronal SH-SY5Y cells.

Cell responses to extracellular aSyn revealed by proteome-wide analyses

We next investigated the cellular responses triggered by exogenous a.Syn and evaluated
global proteome changes that occur in neuronal SH-SY5Y cells exposed to M-aSyn,
0O-aSyn, F-aSyn, and iF-a.Syn. A shotgun proteomics approach coupled to label-free
quantification was used to quantify the proteomes of SH-SY5Y cells in two independent
experiments (table S1 to S3). Based on shotgun proteomics data, iF-aSyn-treated cells
displayed 10-fold a.Syn increase compared to controls (fig. S1H), supporting SRM data and
the unbiased approach used for proteome quantification. Significant differences (£ < 0.05)
were observed in cells treated with each aSyn species relative to vehicle-treated controls
(Fig. 1E and fig. S11). iF-aSyn led to the most pronounced cellular response with more

than 130 DEPs identified. Most DEPs were specific to one aSyn variant (Fig. 1F and fig.
S1J). Protein-protein interaction analyses using the STRING database revealed functional
associations among DEPs with the majority among those of iF-aSyn (Fig. 1G and fig. S1K).
Similar interactions were found in the two independent experiments (Fig. 1G and fig. S1K)
where pathways such as vesicle trafficking, ribosome metabolism, and SCF ubiquitin ligases
were consistently identified. Proteins belonging to vesicle trafficking systems included those
of the ESCRT, SNARE, and the endosome sorting cellular machineries, and the fact that

all these pathways have been previously linked to aSyn (8, 28) supported the validity

of our approach. Additional interactions that were identified in the two experiments and
whose link with aSyn has not been studied in detail included ribosome metabolism and
SCF ubiquitin ligases. Modules that were identified in only one experiment, on the other
hand, included protein aggregation, histone modification, peptide hormone and transcription,
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and mRNA processing. Gene ontology and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses revealed significant enrichments (P < 0.05) among iF-aSyn-
related DEPs (fig. S1, L and M, and tables S4 and S5). These included ubiquitin-mediated
proteolysis and several pathways related to neurodegenerative diseases in which protein
aggregation plays central roles.

An SCF ubiquitin ligase promotes degradation and ubiquitination of internalized aSyn

SCF belongs to the family of cullin-RING ligases (CRLs), the largest class of E3 ubiquitin
ligases in mammals (44). CRLs are multisubunit complexes where cullins constitute the
scaffold that brings together the E2 conjugase with the E3 subunits involved in substrate
recognition. To date, eight cullin proteins (Cul) were identified in humans: Cull, Cul2,
Cul3, Cul4A/Cul4B, Culs, Cul7, and Cul9. In the case of SCF, Cull is the CRL scaffold
and SKP1 and a variable F-box domain—containing protein constitute the heterodimeric
substrate-recognition module (45, 46). Because SCF ubiquitin ligases control a multitude of
processes at the cellular and organismal levels, their dysregulation has been associated to
many human pathologies (47). Because very little is known on how SCF ubiquitin ligases
might contribute to PD, and because SKPI was recently proposed a risk gene for PD (48)
and its absence leads to a PD-like phenotype in mice (49), we aimed at evaluating a possible
effect of SCF ubiquitin ligases on internalized aSyn. First, SKP1 and Cull were silenced
in neuronal SH-SY5Y cells, glial BV-2, and kidney-derived Cos7 cells by short interfering
RNAs (siRNAs). BV-2 and Cos7 do not express detectable endogenous aSyn (Fig. 2A

and fig. S2A) (33), allowing us to quantify the exogenously acquired protein. We found
that SKP1- and Cull-depleted cells displayed higher quantities of internalized aSyn, which
accumulated as HMW species in all cell types assayed [Fig. 2A (lanes 5 and 6 versus lane
4 and lanes 11 and 12 versus lane 10) and fig. S2, A and B (lanes and bars 5 and 6 versus
lane and bar 4)]. Glial cells are the main scavengers of aSyn aggregates in the brain (41),
and internalized aSyn did not accumulate in control BV-2 glial cells (Fig. 2A, lane 4).

In agreement with MS data, higher quantities of Cull were observed in cells treated with
iF-aSyn compared to vehicle-treated cells (Fig. 2A and fig. S2, A and C).

To confirm that aSyn accumulates upon Cull loss of function, we used a dominant-negative
Cull mutant (DN-Cull) that, when expressed in mammalian cells, efficiently inhibits the
endogenous protein. Dominant-negative mutants of different cullins such as Cul2, Cul3, and
Cul4A were expressed similarly to evaluate whether other CRLs could also affect aSyn.
Compared to vehicle-treated cells, aSyn accumulated in cells treated with iF-aSyn and
expressing any of the dominant-negative cullins assayed (Fig. 2B). An accumulation of
around 10-fold was observed in iF-aSyn-treated cells transfected with an empty vector and
with expression vectors for DN-Cul2, DN-Cul3, or DN-Cul4, indicating that these cullins
did not affect aSyn. In cells expressing DN-Cull, on the contrary, a.Syn accumulation
reached 50-fold (Fig. 2B), therefore indicating that the effect on a.Syn is specific for Cull-
based ligases. Increased aSyn levels by SCF inhibition were confirmed by a pretreatment
of Cos7 cells with MLN4924, an inhibitor of CRLs, including Cull (50), before addition

of iF-a.Syn (fig. S2D). SCF loss of function by either DN-Cull expression (fig. S2E)

or siRNA-mediated silencing (fig. S2F) failed to promote intracellular accumulation of
exogenously applied M-aSyn or recombinant amyloid-B42 fibrils, suggesting that SCF
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specifically targets aSyn fibrils. HeLa cells treated with 50 or 250 nM iF-a.Syn for different
time points showed the kinetics of aSyn turnover and also revealed that the amount of aSyn
increased in a time- and dose-dependent manner and, after reaching a maximum (4 and 12
hours for 50 and 250 nM, respectively), decreased over time (fig. S2G).

The decrease in aSyn accumulation suggested the presence of cellular degradation
mechanisms able to degrade aSyn fibrils. To test this hypothesis, we uncoupled aSyn
uptake from its degradation using stably transfected HeLa cells with doxycycline-inducible
expression of DN-Cull. These cells were pretreated with iF-aSyn for 12 hours and then
incubated for 16 hours in medium devoid of aSyn but containing doxycycline, which
induced a robust expression of DN-Cull (fig. S2H). As shown by WB, very low quantities
of aSyn were detected in control cells, indicating that internalized aSyn was efficiently
degraded when a recovery phase followed aSyn administration (Fig. 2C and fig. S2I, lane
2). In contrast, accumulation of aSyn was observed in cells with delayed expression of DN-
Cull (Fig. 2C and fig. S2I, lane 8 versus lane 2), confirming that Cull was involved in aSyn
degradation. Exogenous aSyn was previously shown to be degraded by the proteasome and
lysosome (25, 51), and treatment with the proteasome inhibitor MG132 or the lysosome
inhibitor Baf-A led to a substantial increase of aSyn amount (Fig. 2C and fig. S2I, lanes

4 and 6 versus lane 2). The effects of DN-Cull alone and its combination with Baf-A

or MG132 were similar in magnitude, suggesting that Cull promoted both proteasomal

and lysosomal degradation of aSyn. Neither iF-aSyn (Fig. 2C, lane 2 versus lane 1) nor
DN-Cull (Fig. 2C, lane 7 versus lane 1) affected overall proteasome or lysosome activity,
and therefore, no effect was observed on the amount of ubiquitinated proteins or LC3B as
observed by WB (Fig. 2C and fig. S2I). The expression of DN-Cull stabilized p27, a known
SCF substrate (Fig. 2C and fig. S2I) (52). In control experiments, neither Cull silencing nor
the iF-a.Syn treatment affected uptake or degradation of fluorescently labeled dextran (fig.
S2J) or epidermal growth factor receptor (fig. S2K), indicating that neither Cull depletion
nor the treatment with iF-aSyn causes massive disturbances in endocytic or degradative
pathways.

Internalized aSyn localized within intracytoplasmic foci that were present in about 60% of
the cells (Fig. 2D and fig. S2L). These foci also contained Cull and SKP1 and were more
abundant in Cull- and SKP1-depleted cells than in control cells. To confirm the association
between a.Syn and SCF in cells, we carried out immunoprecipitation assays in cells treated
with iF-aSyn and expressing SKP1 fused to a short V5 tag. Using anti-V5 antibodies, we
found SKP1 and HMW species of aSyn in these immunoprecipitates, which confirmed that
SKP1 and internalized aSyn physically interact in cells (fig. S2M). Given the role of SCF
in protein ubiquitination, we next tested whether this enzymatic complex could promote
ubiquitin attachment to internalized aSyn. We treated SH-SY5Y cells with polyhistidine-
tagged iF-aSyn (His-iF-aSyn) because it can be purified under denaturing conditions,
making identification of the ubiquitinated forms by WB amenable. His-iF-a.Syn, which
was retained in stacking gels and showed kinetics of aggregation similar to iF-a.Syn (fig.
S2, N and O), was used in internalization experiments and then purified under denaturing
conditions from whole-cell extracts of cells pretreated with Baf-A or MG132. Ubiquitin
immunoreactive bands were detected in His-iF-a.Syn precipitates, indicating that this protein
was ubiquitinated (Fig. 2E). The amount of ubiquitinated aSyn increased upon treatment
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of cells with either Baf-A or MG132, confirming that ubiquitinated aSyn is degraded by
the lysosome and proteasome. Ubiquitination of His-iF-aSyn was reduced in DN-Cull cells
(Fig. 2F) and, likewise, in cells depleted of Cull (Fig. 2G), indicating that SCF is critical for
aSyn ubiquitination. To identify the lysine residues on aSyn targeted by SCF, we analyzed
purified His-iF-aSyn by shotgun and targeted MS. With the exception of K6, aSyn was
ubiquitinated at all N-terminal lysines (K10 to K45), such as K45, K58, and K60 (Fig. 2G
and fig. S2Q). The purified aSyn also contained peptide signatures of K48-K63 branched
ubiquitin chains (fig. S2R), confirming that ubiquitinated a.Syn is targeted to proteolytic
pathways. Thus, our results suggest that SCF promotes ubiquitination and degradation of
internalized aSyn fibrils.

An SCF inhibits the prion-like properties of extracellular aSyn

Like prions, aSyn fibrils can template the aggregation of homotypic molecules through a
nucleation-dependent mechanism known as seeding (30). Thus, we studied whether SCF
could inhibit iF-aSyn seeding on cellular GFP-tagged aSyn. We found that the treatment
with iF-aSyn led to a relocalization of GFP-a.Syn into cytoplasmic foci (Fig. 3A), a
phenomenon attributed to aggregate formation (38, 51). Supporting aggregation of cellular
aSyn, GFP-aSyn foci were immunostained with the OC antibody (fig. S3A). Foci increased
in number in cells expressing DN-Cull, which colocalized with cellular GFP-a.Syn in
cytosolic inclusions. No relocalization of GFP alone was observed in iF-aSyn—treated DN-
Cull-expressing cells (Fig. 3A). Seeded aggregation of GFP-a.Syn was confirmed by WB
in neuronal SH-SY5Y cells, where Cull or SKP1 depletion led to higher amounts of HMW
GFP-a.Syn with a concomitant reduction of both monomeric GFP-a.Syn and endogenous
aSyn (Fig. 3B and fig. S3B, lanes 11 and 12 versus lane 10). Similar results were obtained
in non-neuronal HeLa cells expressing DN-Cull because they displayed higher amount of
GFP-a.Syn aggregates compared to controls (fig. S3C). We next examined whether SCF
inhibited cell-to-cell propagation of aSyn species and generated a cellular model to evaluate
aSyn transcellular spreading. We first generated SH-SY5Y cell clones that stably expressed
oligomers and aggregates of GFP-a.Syn (fig. S3, D to G), which are released to the culture
media and are taken up by acceptor cells (fig. S3F). Control, Cull-deficient, or DN-Cull-
expressing cells were used as aSyn acceptors and treated with these culture media for 16
hours. We observed higher quantities of aSyn in acceptor cells lacking Cull or expressing
DN-Cull (Fig. 3C), suggesting that Cull is involved in GFP-a.Syn degradation. In addition,
these results also indicated that SCF specificity is not restricted to recombinant iF-aSyn.

FBXL5 physically links aSyn with SKP1/Cull

SCF E3 ubiquitin ligases are composed of a constitutive Cul1/SKP1 scaffold heterodimer
and a variable F-box domain—containing protein (F-box) with substrate-recognition function
(46, 53). To identify the F-box protein that recognizes internalized aSyn, we silenced 31
F-box proteins that physically interact with SKP1 in eukaryotic cells (http://thebiogrid.org/).
Increased amount (threefold) of internalized a.Syn was observed upon knockdown of
FBXL5 in HeLa cells (P< 0.05; Fig. 3D). This was confirmed by WB in Cos7 cells (fig.
S3H). Like SKP1 and Cull, FBXL5 colocalized with internalized a.Syn within foci (fig.
S3I). Moreover, FBXL5 and SKP1 coimmunoprecipitated with aSyn in iF-aSyn—treated
cells (Fig. 3, E and F, and fig. S3J). Confirming that FBXL5 physically interacts with
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internalized aSyn, the SCF/aSyn physical interaction was lost when a FBXL5 mutant
unable to interact with SKP1 (FBXL5-Abox) was expressed (Fig. 3E and fig. S3J) (54).
Further, we expressed and purified SKP1-V5 and Flag-FBXLS5 from transiently transfected
cells. These proteins were then incubated with recombinant Cull, ubiquitin, and all the
E1/E2 enzymes required for in vitro ubiquitination reactions. Thus, this approach allowed us
to study whether the reconstituted SKP1-Cul1-FBXL5 complex (SCFFBXL5) could catalyze
ubiquitin attachment to a.Syn in vitro. As indicated by WB, we observed the formation of
HMW species of aSyn only when all these proteins were included in the reaction mix (fig.
S3K), indicating that the in vitro reconstituted SCFFBXLS catalyzed a.Syn ubiquitination.
Next, we asked whether internalized a.Syn was stabilized upon FBXL5 degradation, which
naturally occurs upon iron depletion (55). We treated Cos7 cells with either the iron source
ferric ammonium citrate (FAC) or the iron chelator deferoxamine (DFO) and found reduced
amounts of aSyn in cells treated with FAC, which stabilized FXBLS5 (fig. S3L). On the
contrary, the treatment with the iron chelator DFO led to decreased FBXL5 quantities with
the concomitant accumulation of aSyn. The effect of FAC was abolished upon FBXL5
silencing (fig. S3L, lane 6 versus lane 3), indicating that the observed aSyn up-regulation in
FAC-treated cells was attributable to FBXL5. We next tested whether endogenous FXBL5
could physically interact with internalized aSyn and conducted immunoprecipitation assays
using anti-a.Syn antibodies. In these experiments, the cells were pretreated with Baf-A to
avoid a.Syn degradation. We found that FBXL5 coprecipitated with aSyn in cells treated
with FAC and iF-aSyn (fig. S3M). No interaction was observed in either vehicle- or
DFO-treated cells, indicating that aSyn physically interacted with endogenous FBXLS5.
Last, FBXLS5 silencing phenocopied SKP1 and Cull depletion on aSyn accumulation and
ubiquitination (fig. S3N). Thus, the iron-regulated SCF substrate receptor FBXL5 physically
connects a.Syn with SKP1/Cull.

Endocytosed aSyn is released into the cytoplasm by vesicle rupture

We next studied the mechanisms of iF-aSyn uptake and intracellular processing. aSyn did
not accumulate in iF-aSyn-treated SH-SY5Y cells incubated at 4°C, suggesting active
mechanisms of uptake (25). Internalized iF-aSyn associated with the early endosome
marker Rab5A (Fig. 3G), in line with previous works, showing that extracellular aSyn seeds
are endocytosed (24, 25). We then treated SH-SY5Y cells with iF-a.Syn for 1, 2, and 6 hours
and analyzed aSyn amount in endosomal, lysosomal, and cytosolic fractions. We found that
after 1 and 2 hours, aSyn was exclusively present in endosomes (fig. S30), confirming that
iF-aSyn is taken up by endocytosis. After 6 hours of treatment, aSyn and SCFFBXL5 were
detected in lysosomal and cytosolic fractions (fig. S30, lane 12). This suggested that (i)

at this time point endocytosed aSyn is released to the cytoplasm presumably by inducing
vesicle rupture, as recently shown for neurotoxic aggregates besides aSyn (56-59), and

(ii) SCFFBXLS s recruited to areas of ruptured lysosomes to encounter recently released
aSyn. Supporting lysosome rupture as the main mechanism of release of endocytosed aSyn
into the cytoplasm, internalized aSyn colocalized with Gal3, a marker of ruptured vesicles
(Fig. 3H) (59), caused signal intensity attenuations of LysoTracker, a dye that specifically
stains acidic vesicles such as late endosomes and lysosomes (fig. S3P), and negatively
affected the activity of lysosomal enzymes such as cathepsin-B and cathepsin-D (fig. S3Q).
Moreover, the effect of iF-aSyn on acidic vesicles was reduced in cells expressing FBXL5
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and increased by DN-Cull (fig. S3P). Additional evidence of a disruptive effect of iF-aSyn
on endosomal-lysosomal vesicles were the presence of Lamp1l into aSyn-containing foci
(Fig. 3l) and its mislocalization in iF-aSyn-treated cells (fig. S3R). Last, we knocked
down SCFFBXLS in cells overexpressing aSyn and confirmed that this enzymatic complex
targets the a.Syn that localizes in the cytoplasm (fig. S3S). Because this cellular model is
devoid of recombinant fibrils, these data also indicated that SCF might be important for the
cell-autonomous degradation of a.Syn.

SCFFBXLS counteracts LB-like pathology in vivo

To understand the pathological relevance of the link between SCF and a.Syn in PD and
related neurological disorders, we analyzed brain tissue from patients with PD and DLB.
Our results showed that both Cull and SKP1 significantly (£ < 0.05) colocalized with

the aSyn contained in LBs of brainstem and neocortex (Fig. 4A). In sharp contrast, no
colocalization of aSyn with Cull or SKP1 was observed in healthy individuals. Because
this suggested an important role of SCF in synucleinopathies, we asked whether SCF could
inhibit LB formation in vivo. We first used aSyn transgenic mice that develop a spontaneous
LB-like pathology (60), which can be accelerated by intracerebral administration of aSyn
preformed fibrils (61, 62). A lentivirus encoding short hairpin RNAs (ShRNASs) targeting
GFP (LV-shGFP) or SKP1 (LV-shSKP1) (fig. S4A) was injected unilaterally into the
hippocampus of these mice, and 5 weeks later, a single unilateral dose of iF-aSyn was
administered at the same site (fig. S4B). Animals were sacrificed 10 weeks after iF-aSyn
administration, and brain slices were immunostained with antibodies specific for aSyn and
pSerl29-a.Syn, two histopathological markers of LB (63). We observed prominent inclusions
near the injection site and distant from it in striatum, cortex, and the CA2 region of the
hippocampus (Fig. 4, B and C). aSyn and pSerl2%-a.Syn immunoreactivity was detected in
cell bodies and neurite-like projections (Fig. 4, B and C). In striatum and CA2, both aSyn
and pSer!29-a Syn—positive inclusions were more abundant and widespread in LV-shSKP1—-
injected animals than in animals that received LV-shGFP (Fig. 4C). In cortex, no differences
were observed for total aSyn, whereas increased amounts of the phosphorylated protein
were observed. These results indicated that SCF counteracts LB pathology induced by
exogenous aSyn fibrils in transgenic animals.

Next, we asked whether SCFFBXLS could inhibit LB pathogenesis and spreading in wild-
type nontransgenic animals. To quantify the effect of SCF on LB spreading, we injected
LV-shSKP1 or LV-shFBXLS5 into the right cortex and LV-shGFP contralaterally (fig. S4C).
Five weeks later, iF-aSyn was injected bilaterally at the same sites, and 5 or 10 weeks after
iF-aSyn administration, the animals were sacrificed. At both 5 and 10 weeks after iF-aSyn
administration, aSyn-positive inclusions were observed in LV-shSKP1- and LV-shFBXL5-
injected hemispheres and rarely found in contralateral areas (Fig. 4, D, E, and G, and fig.
S4D). Inclusions contained both human and mouse aSyn (fig. S4E), suggesting recruitment
of host aSyn and providing evidence of aggregate amplification in vivo. Inclusions were
positive for ubiquitin (fig. S4F) and for the anti-OC antibody (fig. S4G), and they were
stained with ThT (fig. S4H). Moreover, human aSyn was detected as HMW species in
brain extracts from LV-shSKP1-injected mice (fig. S41). aSyn inclusions were found in
neurons and glia (fig. S4J). Human aSyn was not detected in control experiments in which
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the primary antibody was omitted, confirming the specificity of the staining (fig. S4K).
When amplification and spreading were analyzed, at 5 weeks after iF-aSyn administration,
the inclusions were found mainly in LV-shSKP1- and LV-shFBXL5—injected cortices. They
were abundant near the injection site and decreased gradually with distance from the site of
injection (Fig. 4F), suggesting spreading along the cerebral anteroposterior axis. This was
confirmed in animals injected at 10 weeks after iF-aSyn administration, where amplification
and spreading of the inclusions were observed, mainly in the brains where SKP1 or FBXL5
was silenced (Fig. 4E). Likely because of the lateral spreading of the ipsilateral pathology,
LB-like pathology was also observed in contralateral hemispheres of mice sacrificed at 10
weeks after iF-aSyn administration (Fig. 4, F and G). The results suggest that SCFFBXLS
inhibits initiation and spreading of the LB-like pathology induced by extracellular a.Syn
seeds in mice.

DISCUSSION

In PD and other a-synucleinopathies, neuronal degeneration is accompanied by intracellular
aSyn accumulation and deposition, which may arise from non—cell-autonomous a.Syn
uptake from the extracellular milieu (64, 65). aSyn is a major genetic risk factor of PD

(7), and its accumulation and aggregation have long been proposed to play causative roles

in the disease due to the neurotoxic properties of high-order assemblies such as the amyloid
fibrils used in this work. Our study revealed that extracellular aSyn fibrils showed increased
uptake-mediated accumulation compared to monomers and oligomers. High stability is a
key biochemical feature of the aSyn aggregates found in LBs (66, 67) and a determinant
for aSyn proteolysis and accumulation (16, 68). However, previous studies have shown that
upon inhibition of major degradation systems, internalized aSyn monomers and oligomers
can also accumulate within cells (25, 27), suggesting that accumulation of internalized aSyn
would depend not only on the biochemical properties of exogenous a.Syn species (33, 69)
but also on the pathways involved in aSyn clearance.

Using a human-derived neuroblastoma cell line, we showed that internalization of aSyn
fibrils triggers an orchestrated cellular response that includes up-regulation of SCF ubiquitin
ligases. Although future works are needed to elucidate whether SCF directly catalyzes
ubiquitin attachment to aSyn in vivo, data suggest that SCFFBXLS s critical for aSyn
ubiquitination and degradation in cultured cells. This, together with the fact that depletion of
SKP1 and FBXLS5 in the mouse brain led to a substantial amplification of the LB-like
pathology triggered by exogenous aSyn fibrils, suggested that SCF might be part of

an adaptive cellular response of neurons and glia to counteract aSyn depaosition in the
mammalian brain.

Because the multiplication of SCNA and a.Syn up-regulation are linked to PD, reducing
aSyn quantities has been proposed as a logical therapeutic approach for synucleinopathies.
Inhibiting the overall synthesis of aSyn has been successfully achieved in cell cultures,
rodents, and nonhuman primates (70-74), but the neuroprotective effects of this approach
are still controversial presumably because of the loss of the physiological function of this
protein (75-77). Therefore, targeting the aSyn species that are responsible for toxicity is
preferable, and induction of both the autophagy and proteasomal systems is appealing.
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Induction of autophagy causes a significant reduction aSyn load, aggregation, and toxicity
in various cellular and animal models based on aSyn overexpression (78). However, the
potential use of such modulators for PD is limited because the autophagy and proteasomal
systems lack specificity and multiple essential pathways are also affected upon their
perturbation. In light of these caveats, the selectivity of E3 ubiquitin ligases confers unique
advantages. The facts that ubiquitination is critical for the clearance of pathological forms
of aSyn and that ubiquitinated a.Syn is massively found in LBs of PD patients but not in
healthy subjects (27, 79-85) support this notion. SCFFBXLS targets a Syn fibrils acquired
from the extracellular milieu, whereas Parkin, an E3 ubiquitin ligase linked to autosomal
recessive juvenile PD, ubiquitinates a glycosylated form of aSyn in cultured cells (86).
The ubiquitin ligases C terminus of Hsc70-interacting protein (CHIP) and seven-in-absentia
homolog (SIAH) ubiquitinate endogenous aSyn monomers in vitro and in cultured cells
(87, 88), whereas the neuronal-precursor cell-expressed developmentally down-regulated
gene 4 (Nedd4) ubiquitinates endogenous a.Syn and internalized a.Syn monomers that
freely diffuse through the plasma membrane (27, 83). Thus, distinct ubiquitin ligases

play nonoverlapping and complementary roles by targeting structurally and potentially
pathologically different forms of aSyn, and data showing that residue-specific ubiquitin
attachment to aSyn depends on biological context support this idea (84, 89). In this sense,
no physiological function has been assigned to extracellular aSyn aggregates to date, and
thereby, the selectivity of SCFFBXLS toward neurotoxic exogenous aSyn fibrils would be

a crucial advantage over other ubiquitin ligases such as Parkin, CHIP, SIAH, and Nedd4.
As an example of the clinical importance that targeting extracellular aSyn aggregates might
have in synucleinopathies, neutralization of this protein by immunotherapy has been shown
to prevent aSyn uptake and downstream pathological events in mice (28, 90, 91).

Our data suggest that iF-a.Syn is internalized by endocytosis, trafficked through the
endolysosomal pathway, and released into the cytosol by inducing rupture of endolysosomal
vesicles. A similar mechanism of release has been recently shown for neurotoxic
extracellular seeds of aSyn (59), tau (56), Huntingtin (58), and SOD (superoxide dismutase)
(57), suggesting that this may be a general mechanism by which exogenous entities with
prion-like properties reach the cytoplasm. This mechanism allows exogenous aggregates not
only to seed host molecules residing in the cytoplasm, an essential step in the aggregate
amplification and spreading loop (92), but also to encounter SCF and proteolytic enzymes
in the cytoplasm (93). Thus, vesicle rupture might be an obligate step for infectivity of
prion-like proteins, therefore constituting an attractive target for therapeutic intervention
(58).

A growing body of clinical and experimental evidence supports an important role of SCF
ligases in PD and related disorders. SKP1 quantities are lower in patients with sporadic

PD than in healthy controls (48, 94), genetic variations of the SKPZ gene increase

PD risk (95), and increased susceptibility to neuronal death and behavioral deficits is
observed in mice when SKP1 expression is silenced in the brain (49). Moreover, Cull and
SKP1 are down-regulated in animal models of Huntington’s and Machado-Joseph diseases
(96), two neurodegenerative disorders characterized by accumulation of polyglutamine-
containing protein aggregates. In these models, Cull or SKP1 silencing results in aggregate
accumulation and enhanced polyglutamine-induced toxicity in vivo.
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Although additional F-box domain—containing proteins might also contribute to the
clearance of certain aSyn species including fibrils, we demonstrated that FBXL5 loss of
function promoted accumulation of internalized a.Syn fibrils. FBXLS5 is regulated by iron
and highly expressed in the human brain (54, 55), and its dysregulation leads to cellular
and systemic iron accumulation and oxidative stress (97), two features of the degenerating
midbrain of patients with PD and related disorders (98). Whether the increased amount of
iron observed in PD represents an adaptive strategy aiming at the stabilization of SCFFBXLS
or whether they result from SCFFBXL5 |oss of function remains to be elucidated.

By promoting degradation of pathologic forms of aSyn, SCFFBXL5 counteracted LB-

like pathology initiation and spreading in both transgenic and wild-type mice, therefore
supporting the existence of a “biological barrier” that regulates the in vivo induction of
LB-like pathology induced by extracellular aSyn seeds (99). However, several limitations
related to our study need to be further investigated in light of potential therapeutic
applications. For instance, the sole recruitment of SKP1 and Cull into LBs from PD and
DLB patients does not warrant an involvement of SCF in the clearance of pathological
a.Syn in the human brain, and therefore, additional clinical-oriented studies will be needed
to support this hypothesis. In this sense, it has not been systematically addressed how
representative are the recombinant a.Syn fibrils used in this and other works to the
aggregates found in synucleinopathies. SKP1 and Cull constitute the core SCF module

that is shared among multiple SCF complexes, limiting the rationale for therapeutic
developments to modulate exclusively FBXLS5, a protein that is constitutively degraded by
the proteasome (55). Stabilization of FXBL5 can be achieved by iron (54, 55), which is itself
not compatible with therapies in the brain due to potential cellular damage through hydroxyl
radical production and the resulting oxidative stress. Thus, the development of alternative
stabilizers would be needed, and in this sense, several drug discovery programs aimed to
modulate SCF for therapeutic applications have been launched (47). Strategies that enhance
SCFFBXLS aetivity in vivo will be powerful tools to investigate the therapeutic potential of
this enzymatic complex in synucleinopathies.

MATERIALS AND METHODS

Study design

The aim of this study was to identify the pathways involved in the clearance of exogenous
aSyn. We first studied the structural determinants for the efficient uptake and intracellular
accumulation of aSyn and generated several aSyn species of distinct structural properties.
We speculated that soluble low—molecular weight species such as monomers and small
oligomers might be taken up by the cells and rapidly degraded by intracellular machineries.
On the contrary, certain HMW species such as fibrils might resist degradation and thereby
accumulate intracellularly upon uptake. The different aSyn species were formed by
incubating recombinant M-a.Syn at different time points, as it has been shown that aSyn
oligomers and fibrils are formed in these experimental conditions (15). We then used a
well-established cellular model in which cultured human-derived neuroblastoma SH-SY5Y
cells are treated with the generated aSyn species and intracellular aSyn accumulation is
evaluated. For the sensitive and accurate quantification of aSyn amounts, we used targeted
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proteomics, which was then complemented by multiple techniques such as WB, shot gun
proteomics, and microscopy. To investigate the cellular responses to exogenous aSyn
monomers, oligomers, and fibrils, we quantified the proteomes of SH-SY5Y cells treated
with these four different aSyn species by an approach that combines shotgun proteomics
and label-free quantification of proteins using the software Progenesis. These analyses were
replicated in two independent experiments. The protein quantities from aSyn-treated cells
were compared to those obtained from cells treated with vehicle. By using this approach,
proteins that were differentially expressed (either down- or up-regulated) in cells treated
with aSyn were identified. Functional associations among these DEPs were investigated
using protein-protein interaction network analyses, gene ontology, and pathway enrichment
analyses. The databases used for such analyses were STRING, Panther, and DAVID.

On the basis of these functional associations, we validated SCFFBXL5 as ubiquitin ligase for
exogenous a.Syn fibrils in multiple experiments that involved WB, immunofluorescence,
and (shotgun and targeted) MS. All the data shown were replicated in at least two
independent experiments.

On the basis of the in vitro data, we studied the subcellular localization of SCF core
subunits in the neocortex and brainstem from patients with PD (n=15) and DLBs (n=5)
and healthy age-matched subjects (/7= 5). Because the colocalization of these two proteins
with aSyn in LBs suggested that SCF might play important roles in synucleinopathies, we
investigated whether SCFFBXL5 could be an important modulator of the LB-like pathology
triggered by exogenous aSyn fibrils in the mammalian central nervous system. To test this
hypothesis, we selected two different mice lines: the aSyn transgenic mice “line 61,” in
which the gene encoding human a.Syn is under the control of Thy-1 promoter (60), and
nontransgenic wild-type mice. The foundation of our choice is that the transgenic mice
develop a robust and progressive LB-like pathology spontaneously, which allowed us to
investigate whether SCFFBXLS Joss of function could enhance an incipient aSyn pathology
that these mice develop at 14 weeks of age. A lentivirus carrying an ShRNA specific for
SKP1 was injected into the hippocampus of these transgenic animals (/7= 6). Control
animals (n7= 6) were injected similarly with a lentivirus carrying a control ShRNA. Animals
were kept for 5 weeks (a time lapse where the sShRNA is expected to exert its action),

and then iF-aSyn was administrated at the same site. The animals were sacrificed 10
weeks after iF-aSyn administration based on a previous work (37). In transgenic mice,
lentivirus as well as aSyn fibril administration was restricted to hippocampus based on a
previous work (37). Nontransgenic wild-type mice were used to answer the question of
whether SCFFBXL5 sjlencing could promote initiation of the LB-like pathology triggered
by exogenous a.Syn fibrils. Because nontransgenic animals do not develop aSyn pathology
spontaneously, this model allowed us to study not only SCFFBXLS effect on pathology
initiation but also amplification and spreading. In this case, the control sShRNA and the
shRNA specific for SKP1 or FBXL5 were injected in different hemispheres of the same
animal (77 = 6) because this experimental design minimizes the animal-to-animal variability.
Five weeks after lentivirus injection, a single dose of iF-aSyn was administrated in the
same site, and the animals were sacrificed at two time points (5 or 10 weeks after iF-aSyn
administration) to evaluate the spreading and amplification of the LB-like pathology. We did
not use statistics to predetermine sample size a priori. Instead, sample size in experiments

Sci Transl Med. Author manuscript; available in PMC 2023 December 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gerez et al.

Expression,

Page 14

involving mice was estimated on the basis of our recent studies (28, 100). Randomization
was used in assignment of mice to different treatment groups, and investigators were not
blinded during experimental treatment and data collection.

purification, and preparation of human aSyn species

Escherichia coli cells (strain BL21, DE3) were transformed with the pT7-7—aSyn plasmid
[provided by Stockl et a/. (101)] and grown in LB medium at 37°C to an Aggg (absorbance
at 600 nm) of 0.6 followed by induction of protein expression by addition of 1 M
isopropyl-p-p-thiogalactopyranoside for 4 hours. Purification of the recombinant protein
was conducted as described previously (102). The purity of the sample was assessed by
high-performance liquid chromatography (RESOURCE Q, GE Healthcare), and the identity
of the eluted material was confirmed by SDS-PAGE with Coomassie blue staining, by

WB, and by MS. The purified aSyn was lyophilized and stored at —20°C. N-terminal

6x histidine-tagged human aSyn was purchased from Sigma-Aldrich (S7820). Monomeric
aSyn was obtained by dissolving the lyophilized protein in phosphate-buffered saline (PBS)
buffer supplemented with 0.05% of sodium azide. Preexisting HMW species were removed
by ultracentrifugation and filtration with a Millex-GV, low protein binding Durapore
(polyvinylidene difluoride) membrane (Millipore). aSyn oligomers and fibrils were obtained
by incubating the monomeric protein in a final concentration of 250 uM at 37°C for the
indicated times in a thermomixer set at 700 rpm. Aliquots of the sample were subjected

to the ThT binding assay, circular dichroism measurements, and transmission electron
microscopy (TEM) imaging as described below.

aSyn internalization assays

Before use in internalization experiments, F-aSyn and iF-aSyn species prepared from the
recombinant M-aSyn were subjected to a mild sonication step in a bath sonicator (30)
(Elmasonic P, EIma; ultrasound efficiency 100%; temperature, 20°C; time, 10 min). Only
for the experiment of fig. S1 (F and G), aSyn fibrils obtained after 60 days of incubation
were subjected to repeated cycles of sonication using an ultrasonic cell disruptor Misonix
sonicator 3000 (settings, no temperature control; output level, 10; pulse on, 5 s to 5 min;
pulse off, 5 s to 5 min) using a microtip. Sonications were performed on aliquots of 150

pl. Unless indicated, cells were treated with 250 nM of extracellular aSyn for 16 hours

in Dulbecco’s modified Eagle’s medium supplemented with 2% fetal calf serum, 4 mM
L-glutamine, penicillin (100 U/ml), and streptomycin (100 mg/ml). To remove membrane-
bound extracellular a.Syn, the cells were washed four times with ice-cold PBS supplemented
with 0.001% NP-40. For MS analyses, traces of detergent were removed by four additional
washes with ice-cold PBS. For aSyn cell-to-cell propagation experiments, aSyn expression
was induced in SH-SY5Y cell clones for 7 days, and conditioned medium was collected and
centrifuged at 1000¢g to remove detached cells. The conditioned medium was then used to
treat Cos7 cells for 16 hours. After washing, Cos7 cells were lysed for MS analyses. The
data shown are representative of at least three independent experiments.

Protein identification and label-free quantification by shotgun MS

The peptide samples were analyzed on a quadrupole-orbitrap mass spectrometer (Q Exactive
Plus, Thermo Fisher Scientific) equipped with a nanoelectrospray ion source and coupled to
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EASY-nLC 1000 liquid chromatography system (Thermo Fisher Scientific). Peptides were
loaded and chromatographically separated using a linear gradient from 2 to 35% acetonitrile
over 160 min at a flow rate of 300 nl/min. Twenty MS/MS spectra were acquired per

each MS scan, at 70,000 full width at half maximum (FWHM) resolution settings. One
microscan was acquired per each MS/MS scan at 17,500 FWHM resolution. Charge state
screening was used including all multiple charged ions for triggering MS/MS attempts,
excluding all singly charged precursor ions, and ions for which no charge state could be
determined. Only peptide ions exceeding a threshold of 1300 ion counts were allowed to
trigger MS/MS scans, followed by dynamic exclusion for 30 s. Repeat count was set to 1.
For protein identification and label-free quantification, the obtained spectra were analyzed
using Progenesis LC-MS software (version 3.0; Nonlinear Dynamics). This software was
used to generate extracted peptide intensity (MS1) features using .Raw data files as input.
Selection of the best reference run was conducted manually. Automatic processing was
used for spectral alignment (based on retention times of each spectra) and peak picking.
Last, only spectra with rank < 3 and charge < 5 were used to generate the .mgf output

file for protein identification using Mascot (Matrix Science). The UniProt/SwissProt human
database (accessed November 2012) was used, and trypsin was set as the digesting protease,
allowing up to one missed cleavage and no cleavages of KP (lysine followed by a proline)
and RP (arginine followed by a proline) bonds. The monoisotopic peptide and fragment
mass tolerances were set to 1.2 and 0.6 Da, respectively. Carboxyamidomethylation of
cysteines (+57.0214 Da) was defined as fixed modification and oxidation of methionines
(+15.99492) as a variable modification. Protein identifications were statistically analyzed
using the automatically generated decoys plus manual filtering to a false discovery rate
(FDR) of <1%. For detection of ubiquitinated aSyn, the collected spectra were searched
against the human protein database (UniProt/SwissProt) with Sorcerer-SEQUEST (Thermo
Electron) including ubiquitination of lysines (+114.0429 Da) as a variable modification.
Peptide identifications were statistically analyzed with PeptideProphet (version 3.0) and
filtered to a cutoff of 0.9 PeptideProphet probability, which, in this particular case,
corresponds to an FDR of <1%, calculated on the basis of a target-decoy approach (103).
For spectra visualization, Proteome Discoverer 1.4 (Thermo Fisher Scientific) was used.
Protein quantities (normalized abundance) obtained from Progenesis were averaged, and the
fold change was calculated using the average of the protein quantities for a particular aSyn
treatment divided by the corresponding averaged quantities of vehicle-treated cells and/or
empty vector—transfected cells.

Animal experiments

Mouse experiments were performed under the license number 41/2012 and according to the
regulations of the Veterinary Office of the Canton Zurich. Mice used in this study include
the aSyn transgenic mouse line 61, in which the gene encoding human aSyn is under

the control of Thy-1 promoter (60), and nontransgenic wild-type C57BL6/C3H mice. Six
animals were used per treatment. Fourteen-month-old aSyn transgenic mice and 9-week-old
female C57BL6/C3H mice were anesthetized with isoflurane and placed in a motorized
stereotaxic frame controlled by software with a three-dimensional brain map (NeuroStar),
allowing for real-time monitoring of intracerebral injection. After the skull was exposed by
cutting along the midline, a small hole was drilled using a surgical drill and the needle was
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placed at the following coordinates from bregma: anterior-posterior (AP), +2.0 mm; medial-
lateral (ML), —1.5 mm; dorsal-ventral (DV), —1.3 mm for aSyn transgenic mouse (line 61),
and AP, +0.2 mm; ML, +2.0 mm; DV, —1.6 mm for wild-type nontransgenic mice. Injections
with the lentiviruses were performed using a 10-ul syringe (Hamilton) at a rate of 0.5 pl/min
(6 i total per site) with the needle in place for >5 min at each target. aSyn transgenic mice
(six animal per experimental group) were subjected to a single injection with LV-shGFP or
LV-shSKP1 and, 5 weeks later, to a single inoculation with iF-aSyn. Nontransgenic animals
(four animals per group) were injected bilaterally: on the left side with LV-shGFP and on
the right with LV-shSKP1 or LV-shFBXL5. Five weeks later, iF-aSyn was injected in both
hemispheres. The skin was sutured with Vicryl 6-0. iF-aSyn (250 nM) was injected 5 weeks
after lentivirus injections using a 10-pl syringe (Hamilton) at a rate of 0.5 ul/min (10 pl

total per site) with the needle in place for >5 min at each target. During the intervention,
mice were treated with subcutaneous injections of buprenorphin (0.1 mg/kg) and flunixin

(5 mg/kg) to alleviate postoperative complications. All mice were maintained under highly
hygienic conditions, monitored regularly after recovery from surgery, and sacrificed at
predetermined time points. For histological studies, the brain was removed after transcardial
perfusion with PBS. Brains were fixed in ethanol-NaCl for 48 hours. Fixed tissues were
treated with concentrated formic acid for 60 min to inactivate potentially infectious particles
and were embedded in paraffin. Paraffin sections (5 mm) of brains were stained with rabbit
anti-aSyn (#2642 for total aSyn and D37A6 for mouse aSyn, Cell Signaling Technology)
or rabbit anti-pSert29-a.Syn (#59264, Abcam). a.Syn-positive inclusions were quantified
from six control and six treated animals and/or three consecutive brain sections.

For the identification and label-free quantification of proteins by shotgun MS, we used
Student’s ttest (unpaired, two-tailed distribution) to calculate P values. Data shown are
means + SDs. DEPs were arbitrarily defined as those with a fold change of >1.75 and P<
0.05. For in vitro studies, we used unpaired two-tailed Student’s #test when only two groups
were compared, ANOVA with a Dunnett’s test for multigroup comparisons where every
group/treatment is compared with a single control, one-way ANOVA followed by a Fisher
test for multicomparisons within experiments of small sample sizes, and one-way ANOVA
followed by a Tukey’s test for all possible pairwise comparisons. P value of 0.05 or lower
was considered statistically significant. Additional information is provided in figure legends.
For studies in mice, we used paired two-tailed Student’s #test for experiments where

only two groups of the same animal (not independent) are compared. Differences among
means were assessed by one-way ANOVA with Dunnett’s post hoc test when compared

to LV-shGFP-injected animals/hemispheres. The null hypothesis was rejected at the 0.05
level. All results are expressed as means + SEM. Statistical analyses were performed with
STATISTICA v7 (StatSoft) and GraphPad Prism. Original data are provided in data file S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Internalization of insolublefibrilsleadsto aSyn accumulation and proteome alter ations.
(A) Thioflavin T (ThT) fluorescence and WB analyses of aSyn species obtained by

incubating recombinant M-a.Syn for the indicated times. Representative M-aSyn, O-aSyn,
F-aSyn, and iF-aSyn species are indicated. Number sign (#) indicates uncharacterized a.Syn
immunoreactive band. To show stacking gels (represented by black vertical dashed lines)
at nonsaturating levels, a less exposed blot of the same membrane is shown (indicated

by a curved arrow). a.u., arbitrary units. (B) Bar graph showing the amount of aSyn
contained in cells treated with the species obtained in (A). (C) Cell viability of SH-SY5Y
cells treated with the indicated aSyn using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assay. (D) Confocal microscopy and three-dimensional (3D)
image reconstruction analyses of green fluorescent protein (GFP)—expressing SH-SY5Y
cells treated with Alexa Fluor-labeled M-aSyn or iF-aSyn (both in red). GFP was used to
delimitate cell morphology. Scale bars, 10 um. (E) Volcano plots showing global protein
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quantities of SH-SY5Y cells treated with M-a.Syn (black), O-a.Syn (green), F-aSyn (blue),
or iF-aSyn (red). Within dashed lines are shown differentially expressed proteins (DEPS),
defined as those with fold change (FC) > 1.75 and £ < 0.05 (unpaired, two-tailed distribution
Student’s ¢test) compared to vehicle. Numbers of down- and up-regulated DEPs are
indicated in left and right corners, respectively. For visualization purposes, only proteins
with logyg P < 3 and log, fold change < 3 and > -3, which represent >99% of the quantified
proteins, are displayed. (F) Venn diagram of the overlap of 216 DEPs obtained from SH-
SY5Y cells treated with the four species of aSyn. (G) Protein-protein interaction network
analysis of DEPs from a.Syn-treated cells using the STRING database. Functionally related
DEPs are indicated by dashed ovals. In (A) and (C), the results are expressed as means +
SD. *P < 0.05 compared to vehicle [one-way analysis of variance (ANOVA), followed by
Dunnett’s post hoc test].
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Fig. 2. An SCF E3 ubiquitin ligase targetsinternalized aSyn for ubiquitination and degradation.
(A) WB of neuronal SH-SY5Y (left) and glial BV-2 (right) cells transfected with

SiGFP (control), siCull, or siSKP1 and treated with iF-aSyn or vehicle. GAPDH,
glyceraldehyde-3-phosphate dehydrogenase. (B) Bar graph showing the amount of aSyn
contained in Cos7 cells expressing DN-Cull, DN-Cul2, DN-Cul3, and DN-Cul4A (see
WB inset) and treated with iF-aSyn. Results show means + SD. *£< 0.01 compared to
vehicle, **P < 0.05 compared to the rest of the treatments (one-way ANOVA followed
by Tukey’s post hoc test). (C) WB showing the effects of DN-Cull, Baf-A (bafilomycin-
A), or MG132 (N-carbobenzyloxy-L-leucyl-L-leucyl-L-leucinal) on the degradation (but not
uptake) of internalized aSyn. DN-Cull expression, as well as the Baf-A and MG132
treatments, was initiated in cells pretreated with iF-aSyn (+) (see also fig. S2H). (D)
Immunofluorescence and confocal microscopy analyses of Cos7 cells transfected with
SiGFP, siCull, or siSKP1 and treated with iF-aSyn. Quantification shows the percentage
of cells with aSyn-positive foci (right) and the percentage of aSyn-positive foci that also
contained Cull or SKP1 (left). Results show means + SEM. *P < 0.05 and **P< 0.01
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compared to siGFP-transfected cells (unpaired, two-tailed distribution Student’s #test).
Scale bars, 10 um. DAPI, 4’,6-diamidino-2-phenylindole. (E and F) WB of Cos7 cells
pretreated with (E) Baf-A or (F) stably expressing DN-Cull and treated with His-iF-aSyn
(+). Cells were harvested under denaturing conditions, and whole-cell extracts (WCE) were
subjected to metal-affinity purification (AP: Ni-NTA) to isolate His-iF-aSyn. ## and #
indicate two aSyn immunoreactive bands of 15 and 60 kDa observed in all experiments
with His-iF-aSyn. Quantification of the blots shows data expressed as means + SEM. *P

< 0.05 and **P < 0.05 compared to vehicle and Baf-A (E) or DN-Cull (F), respectively
(one-way ANOVA followed by Fisher’s post hoc test). (G) Quantification of ubiquitinated
His-iF-aSyn purified from control cells (siGFP) or from cells depleted of Cull (siCull). In
this experiment, the cells were treated with Baf-A to avoid aSyn degradation. SRM traces
of the a.Syn peptides embedding K45, K58, and K60 bearing a GG-tag mass shift (indicated
in red together with the modified lysine) resulting from trypsinized ubiquitinated proteins
are shown. The unmodified aSyn peptide EGVVHGATVAEK and ENOA were analyzed as
controls. Dashed lines indicate stacking gels.
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Fig. 3. An SCF inhibitsthe prion-like properties of extracellular aSyn.

(A) Confocal microscopy images of Cos7 cells expressing GFP, GFP-a.Syn, and/or
DN-Cull-Flag and treated with iF-aSyn. Arrows indicate GFP-a.Syn—containing foci.
Quantification shows means + SD. *P< 0.05 and **P < 0.05 compared to DN-Cull or
GFP-a.Syn, respectively (one-way ANOVA and the Tukey’s test). Scale bar, 10 um. (B)
WB analyses of GFP or GFP-a.Syn—expressing SH-SY5Y cells transfected with siLuc,
siCull, or siSKP1 and treated with iF-aSyn. (C) Bar graph showing the amount of aSyn
determined by SRM in Cos7 acceptor cells transfected with an empty vector, DN-Cull
vector, or siCull. In this experiment, exogenous a.Syn was obtained from conditioned media
(CM) from GFP- or GFP-aSyn—expressing SH-SY5Y cells (referred as donors). Data show
means + SD. *P< 0.05 compared to vector (one-way ANOVA followed by Dunnett’s post
hoc test). (D) Bar graph showing the amount of aSyn determined by SRM in HeLa cells
transfected with siRNAs targeting 31 different F-box domain-containing proteins or GFP
(siGFP; dashed horizontal line) and treated with iF-aSyn. Data show means + SD. *P

< 0.05 by one-way ANOVA followed by Tukey’s post hoc test; ¥ < 0.05 by unpaired,
two-tailed distribution Student’s #test compared to siGFP. (E) WB of whole-cell extracts
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(WCE) immunoprecipitates (IP: V5 and IP: aSyn) obtained from Cos7 cells expressing
SKP1-V5 and Flag-FBXL5 or Flag-FBXL5-Abox. In this experiment, the cells were
pretreated with Baf-A and then exposed to iF-aSyn. (F) Flag-FBXL5 was expressed and
immunoprecipitated from cells treated with iF-aSyn (+). A control immunoprecipitation (&)
using an unrelated antibody is shown. #, heavy immunoglobulin chain. (G) Colocalization
analyses between internalized iF-aSyn and Rab5A by immunofluorescence and confocal
microscopy. Scale bar, 10 pm. Arrows show foci containing both aSyn and Rab5A.
Quantification is shown on the right. (H and 1) Colocalization analyses between internalized
iF-aSyn and (H) galectin-3 (Gal3) and (I) lysosome-associated membrane protein-1
(Lamp1) by immunofluorescence and confocal microscopy. Scale bars, 10 pm. Arrows
indicate foci positive for aSyn. Quantification is shown on the right. (G to I) Data show
means + SEM. *P < 0.05 compared to vehicle (unpaired, two-tailed distribution Student’s ¢
test). Dashed lines indicate stacking gels.
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Fig. 4. SCFFBXLSinhibits L B-like pathology induced by extracellular aSyn fibrils.
(A) Representative confocal microscopy images of brain slices from healthy subjects (n=

5) and from DLB (n=5) and PD (7= 5) patients. Immunofluorescence shows aSyn in

red and Cull and SKP1 in green. Data show means + SEM. *P< 0.05 and **£< 0.01
(unpaired, two-tailed distribution Student’s #test). n.d., nondetected. Scale bars, 10 um. (B)
Representative images of paraffin-embedded sections of striatum, cortex, and hippocampus
(CAZ2) of a.Syn transgenic mice injected with LV-shGFP (/7= 6) or LV-shSKP1 (1= 6)

and then with iF-a.Syn. Immunohistochemistry was carried out with aSyn (clone LB509)
or pSerl29-a.Syn antibodies. Scale bars, 20 um. (C) Quantification of aSyn- and pSerl2°-
aSyn—positive inclusions of the aSyn mice of (B). (D and E) Representative images of
paraffin-embedded sections of striatum, cortex, and CA2 from wild-type nontransgenic mice
injected with LV-shGFP (7= 6) and LV-shFBXL5 (7= 6) (left and right hemispheres,
respectively) and subsequently with iF-aSyn. Animals were sacrificed at (D) 5 or (E) 10
weeks after iF-aSyn injection. Immunochistochemistry was carried out with aSyn (clone
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509) and pSert29-a.Syn antibodies. Arrows indicate neuronal projections. Scale bars, 25
um. (F) Schematic representation of three brain sections of wild-type mice of (D) and

(E). aSyn-positive inclusions are indicated by red dots, and quantification is indicated in
the upper corner. (G) Quantification of aSyn- and pSer!22-a. Syn—positive inclusions of the
mice of (E). (C and G) Data show means + SEM. *£< 0.05 and **P< 0.01 compared to
LV-shGFP-injected mice (C) or hemispheres (G) (paired, two-tailed distribution Student’s ¢
test).
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