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Lysosomal stress drives the release of pathogenic
a-synuclein from macrophage lineage cells
via the LRRK2-Rab10 pathway

Tetsuro Abe,1,3 Tomoki Kuwahara,1,3,4,* Shoichi Suenaga,1 Maria Sakurai,1 Sho Takatori,2

and Takeshi Iwatsubo1,*

SUMMARY

a-Synuclein and LRRK2 are associated with both familial and sporadic Parkinson’s disease (PD), although
the mechanistic link between these two proteins has remained elusive. Treating cells with lysosomotropic
drugs causes the recruitment of LRRK2 and its substrate Rab10 onto overloaded lysosomes and induces
extracellular release of lysosomal contents. Here we show that lysosomal overload elicits the release of
insoluble a-synuclein from macrophages and microglia loaded with a-synuclein fibrils. This release
occurred specifically in macrophage lineage cells, was dependent on the LRRK2-Rab10 pathway and
involved exosomes. Also, the uptake of a-synuclein fibrils enhanced the LRRK2 phosphorylation of
Rab10, which was accompanied by an increased recruitment of LRRK2 and Rab10 onto lysosomal surface.
Our data collectively suggest that a-synuclein fibrils taken up in lysosomes activate the LRRK2-Rab10
pathway, which in turn upregulates the extracellular release of a-synuclein aggregates, leading to a
vicious cycle that could enhance a-synuclein propagation in PD pathology.

INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disorder of adulthood characterized by progressive loss of brainstem monoaminergic neu-

rons and the formation of Lewy bodies composed of fibrillar aggregates of a-synuclein1,2 phosphorylated at serine 129.3 A subset of patients

inherit PD, and a-synuclein and LRRK2 (leucine-rich repeat kinase 2) are known as the two representative gene products associated with auto-

somal-dominant familial PDwith Lewy body pathology.4–6 Furthermore, genome-wide association studies (GWASs) of idiopathic PD have also

identified these two genes as the top genetic risks.7,8 Thus, the pathogenic mechanisms caused by a-synuclein and LRRK2, as well as their

relationship, are being intensively investigated.

a-Synuclein undergoes conformational changes and forms fibrillar aggregates, which are thought to propagate intercellularly by inducing

further aggregation in a prion-like manner.9,10 Experimentally, propagation of a-synuclein in vivo or in cells can be induced by the adminis-

tration of a-synuclein pre-formed fibrils (PFFs).11–13 Although a-synuclein is expressed predominantly in neurons and its propagation is de-

tected along neural networks,13,14 other brain-resident cells, especially microglia, may play additional roles in the propagation, as they effi-

ciently incorporate a-synuclein aggregates15,16 and modify their transmission.17,18 The propagation of a-synuclein is observed also in the

peripheral nervous system, e.g., the enteric nervous system,19 where macrophages instead of microglia play a role in maintaining neuronal

functions,20–22 and possibly, a-synuclein propagation.

The cellular mechanism of a-synuclein transmission has been a subject of intensive investigations. In neurons, a-synuclein aggregates

internalized from extracellular space into the endolysosomal system have been shown to cause lysosomal rupture,23–25 allowing the leakage

of aggregates into the cytoplasm that elicit the conversion of endogenous a-synuclein into insoluble aggregates. These aggregates may

either accumulate in cells or are re-released from cells,26,27 and a recent study has shown the involvement of galectin-3 and autophagic ma-

chinery in the release process.28 More generally, lysosomal dysfunction in neurons has been shown to enhance a-synuclein propagation.29–32

In microglial cells, however, distinct mechanism of a-synuclein transmission has been proposed, where microglia actively engulf a-synuclein

aggregates and then re-released without efficient degradation,16,18,33 possibly through a mechanism involving exosomes.17,18 In either type

of cells, the endolysosomal system is thought to play a key role in a-synuclein transmission.

LRRK2 is a serine/threonine protein kinase that phosphorylates a subset of Rab GTPases, the master regulators of intracellular membrane

trafficking. The well-studied substrates of LRRK2 are Rab8 and Rab10, whose phosphorylation site is located in Thr73 in Rab10 as well as the

structurally equivalent Thr72 in Rab8. It has been shown that PD-associated mutations in LRRK2 commonly enhance its activity to
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phosphorylate Rabs.34–36 In contrast, LRRK2 knockout animals accumulate enlarged lysosomes or lysosome-related organelles in the kidney

and lung,37–40 which led to the assumption that the LRRK2-Rab pathway plays a significant role in lysosomal regulation.41 We have previously

shown that treating phagocytic cells with a lysosomotropic agent chloroquine (CQ) elicits the recruitment of LRRK2 and its substrate Rab8/

Rab10 onto the enlarged lysosomes and LRRK2 phosphorylation of Rab8/Rab10.42 Phosphorylation of Rab8 suppresses lysosomal enlarge-

ment, whereas that of Rab10 inhibits extracellular release of lysosomal contents.42 Further analyses suggested that not only CQ but various

lysosomotropic agents uniformly enhanced the LRRK2 activity to phosphorylate Rab10,43 and endolysosomal membrane damage has also

been shown to cause the LRRK2 activation and lysosomal recruitment of LRRK2 and Rab8/Rab10.44,45 Thus, the LRRK2-Rab8/Rab10 pathway

is deemed to play an important role in the maintenance of stressed lysosomes.

Although a-synuclein is accumulated in the significant portion of PD with LRRK2 mutations, the relationship between a-synuclein and

LRRK2 has remained less clear. Some studies have supported the regulatory role of LRRK2 on a-synuclein pathology or its propagation,46,47

whereas others have not,48,49 and the effects of specific cellular stresses, e.g., lysosomal stress, have not been extensively investigated. More

importantly, the role of LRRK2 in macrophage-lineage cells, where LRRK2 expression is induced by inflammatory stimuli, has not been fully

characterized. Thus, the effect of LRRK2 on a-synuclein propagation in phagocytic cells under cellular stresses is of particular interest.

To investigate the interplay between LRRK2 and a-synuclein under lysosomal stress, we imposed lysosomal overload stress on macro-

phages or microglia preloaded with a-synuclein PFFs. a-Synuclein aggregates were rapidly released, which was regulated by LRRK2,

Rab10 and the exosomal pathway. In contrast, the internalization of a-synuclein PFFs upregulated the LRRK2 phosphorylation of Rab10

and accumulation of these proteins on lysosomes. Thus, lysosomal a-synuclein aggregates activate the LRRK2-Rab10 pathway, which in

turn upregulates the release of a-synuclein aggregates, driving a vicious cycle that may contribute to the progression of PD pathology.

RESULTS

Lysosomal overload induces extracellular release of insoluble a-synuclein from macrophages and microglial cells

We have previously shown that lysosomal overload stress on macrophage-lineage cells causes extracellular release of lysosomal con-

tents.42,43 We thus aimed to examine whether insoluble a-synuclein aggregates taken up in lysosomes undergo similar release. Recombi-

nant human a-synuclein proteins were incubated with agitation followed by sonication to form PFFs, which formed b-sheeted fibrils as

confirmed by Thioflavin T fluorescence and negative electron microscopy (Figures S1A and S1B). The resultant PFFs exhibited seeding

potencies, forming insoluble and phospho-Ser129-positive inclusions upon introduction into a-synuclein-overexpressing cells

(Figures S1C and S1D). To examine the extracellular release of insoluble a-synuclein upon lysosomal overload stress, murine macrophage

RAW264.7 cells were first exposed to a-synuclein PFFs (at 1 mg/mL, the concentration detected in the media of cultured neurons overex-

pressing a-synuclein50) for 12 h to allow internalization, and then treated with trypsin to remove PFFs attached to the cell surface, followed

by exposure to lysosomotropic agents, i.e., chloroquine (CQ), chlorpromazine or lidocaine. After a 3-h treatment, the culture media and

cell lysates were collected and ultracentrifuged, respectively, and the precipitated and supernatant fractions were analyzed by immunoblot

analysis (Figure 1A). We found that a-synuclein was detected in the precipitated fraction of the media of the PFF-treated cells. Importantly,

the levels of a-synuclein released into the media were significantly increased by treatment with either of the lysosomotropic agents

(Figures 1B and 1C). The amount of mature cathepsin B, a lysosomal hydrolase as an authentic control of lysosomal content, in the soluble

fraction of media was similarly increased upon treatment with lysosomotropic agents (Figures 1B and 1D) as previously observed.42,43 The

release of these proteins was not attributed to cell death, as shown by the lack of increase in the release of a cytosolic enzyme lactate

dehydrogenase (LDH) (Figure S1E).

Next, we examined the release of a-synuclein in other cell types exposed to lysosomal overload stress. In mouse microglial MG6 cells, we

detected a similar increase in the extracellular insoluble a-synuclein as well asmature cathepsin B upon treatment with lysosomotropic agents

(Figures 1E–1G) without an increase in LDH release (Figure S1F). Similarly, CQ-induced release of insoluble a-synuclein andmature cathepsin

B was detected in mouse primary microglia (Figure 1H) without LDH release (Figure S1G). In sharp contrast, CQ-induced release of these

proteins was never detected in human neuroblastoma SH-SY5Y cells (Figure 1I), mouse primary neuros (Figure 1J), mouse embryonic fibro-

blasts (Figure S1H) or HEK293 cells overexpressing a-synuclein (Figure S1I). Thus, the lysosomal stress-induced release of insoluble a-synu-

clein was a phenomenon specifically observed in macrophage lineage cells.

The released a-synuclein has undergone prior intracellular uptake and delivery to lysosomes

Since extracellular release of insoluble a-synuclein took place in a similar manner to that of cathepsins, we investigated whether the internal-

ized a-synuclein PFFs had reached the lysosomes. Immunocytochemical analysis revealed that a-synuclein PFFs added to RAW264.7 cells

started to colocalize with a lysosomal marker LAMP1 (Figure 2A) at as early as 1 h after addition, which increased over time (Figure 2B). Similar

finding was observed with another lysosomal marker LysoTracker red; when fluorescently labeled a-synuclein PFFs were added to RAW264.7

cells, an increase in colocalization with LysoTracker over timewas detected up to 18 h later (Figures S2A and S2B). These observations indicate

an efficient transport of a-synuclein PFFs to lysosomes in these cells. To exclude the possibility that the released a-synuclein had not been

internalized in cells but was released from the cell surface, cells were treated with inhibitors of endocytosis or phagocytosis and then the

release of insoluble a-synuclein was examined. Treatment with either Dynasore, a clathrin-mediated endocytosis inhibitor, or cytochalasin

D, an actin depolymerizer that inhibits phagocytosis, significantly suppressed the release of insoluble a-synuclein upon CQ treatment

(Figures 2C and 2D). We additionally confirmed that these two inhibitors potently blocked the uptake of a-synuclein PFFs, as shown by

biochemical (Figures 2E and 2F) and immunocytochemical (Figures S2C and S2D) analyses. To further ascertain that the PFFs attached to
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the cell surface had been removed by subsequent trypsin treatment, we biochemically analyzed the lysates of PFF-exposed cells that were

further treated with or without trypsin. In the absence of trypsin treatment, a-synuclein in cell lysates were detected as early as 5 min after PPF

treatment, whereas in the presence of trypsin, a fainter a-synuclein bands became visible after 1 h of PFF treatment, and these bands include a

slightly lower molecular size suggestive of the internalized and partially degraded a-synuclein (Figure S2E). These results suggest that

Figure 1. Lysosomal overload induces extracellular release of insoluble a-synuclein from macrophages and microglial cells

(A) A flowchart of the experiment to detect insoluble a-synuclein and other soluble proteins in media and lysates from cells loaded with a-synuclein PFFs. sup:

supernatant, ppt: precipitate.

(B–G) The release of insoluble a-synuclein upon exposure to chloroquine (CQ), chlorpromazine (CP) or lidocaine (LC) in RAW264.7 cells (B-D) or MG6 cells (E-G)

that were loadedwith a-synuclein PFFs. a-Synuclein in ppt fractions, as well as cathepsin B (cat B) and a-tubulin in sup fractions, frommedia and lysates are shown.

Bar graphs show densitometric analysis of a-synuclein in the ppt fraction of media (C, F) and mature cathepsin B in the supernatant fraction of media (D, G).

Relative levels compared to PFF-only sample are shown. Data represent mean G SEM, n = 4, one-way ANOVA with Tukey’s test.

(H–J) The release of a-synuclein andmature cathepsin B frommouse primarymicroglia (H), and the lack of release from SH-SY5Y cells (I) or mouse primary neurons

(J) that were loaded with PFFs and treated for 5 h with lysosomotropic agents or PBS (control). In I and J, the media from cells incubated with lysis buffer were

loaded in the rightmost lane as a positive control. See also Figure S1.
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a-synuclein PFFs added to macrophage-lineage cells are internalized and then released into media upon exposure to lysosomal stress, pre-

sumably via trafficking to lysosomes.

Exosomes are involved in the release of insoluble and seed-competent a-synuclein

Although the presence of insoluble a-synuclein was shown by analyzing the precipitated fraction of culture media after ultracentrifugation,

this fraction may contain not only sedimented insoluble proteins but also soluble proteins localized to extracellular vesicles, e.g., exosomes.

To precisely evaluate the state of a-synuclein in media, the collected media were treated with 1% Triton X-100 before ultracentrifugation to

solubilize the membrane components. We confirmed that a-synuclein, but not an exosomal marker Alix, was still detected in the precipitated

fraction of media after membrane solubilization (Figure 3A), indicating that a-synuclein released from cells was indeed insoluble.

However, the possibility still remained that insoluble a-synuclein was released along with exosomes, since ultracentrifugation-based frac-

tionation cannot distinguish such insoluble proteins with exosomes from those without exosomes.We therefore isolated exosomes by adopt-

ing ultracentrifugation-freemethod and examined the presence of a-synuclein. Exosomeswere purified usingmagnetic beads that recognize

multiple exosomal surface tetraspanins, i.e., CD9, CD63 and CD81. We found that a-synuclein released from RAW264.7 cells was trapped in

the exosome fraction, the amount of which was significantly increased upon CQ treatment (Figure 3B). Disrupting exosomal membranes by

Triton X-100 resulted in the loss of a-synuclein in the exosome fraction and their recovery in the flow-through fraction (Figure 3B). Similar re-

sults were obtained for a-synuclein released frommicroglial MG6 cells (Figures S3A and S3B). To further clarify the contribution of exosomes

in a-synuclein release, we treated the cells with GW4869, a sphingomyelinase inhibitor known to block exosome synthesis. We found that CQ

Figure 2. The released a-synuclein has undergone prior intracellular uptake and delivery to lysosomes

(A) Colocalization of internalized a-synuclein (red) and lysosomes (LAMP1, green) in RAW264.7 cells 12 h after the addition of a-synuclein PFFs. Nuclei were

stained with DRAQ5 (blue). Arrowheads indicate a-synuclein-positive lysosomes. Bar = 10 mm.

(B) Time-dependent increase in the colocalization of a-synuclein and LAMP1, as shown by percentage of a-synuclein-positive area in LAMP1-positive area.

Mean G SEM, n = 3 independent experiments.

(C, D) Inhibitory effect of Dynasore (Dyna) and cytochalasin D (CytoD) on CQ-induced release of a-synuclein from RAW264.7 cells loaded with a-synuclein PFFs.

Unaltered levels of released cathepsin B in media and a-tubulin in cell lysates are also shown. Quantification of relative levels of a-synuclein in ppt fractions of

media is shown in D. Data represent mean G SEM, n = 4, one-way ANOVA with Tukey’s test.

(E, F) Inhibitory effect of Dynasore (Dyna) and cytochalasin D (CytoD) on the uptake of a-synuclein PFFs in RAW264.7 cells. Quantification of relative levels of

a-synuclein in ppt fractions of cell lysates is shown in F. Data represent mean G SEM, n = 4, one-way ANOVA with Tukey’s test. See also Figure S2.
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treatment induced the release of an exosomal marker Alix as well as insoluble a-synuclein and mature cathepsin B, whereas GW4869 treat-

ment markedly suppressed the release of these proteins (Figures 3C–3E). Thus, we surmised that exosomal pathway is the major route in the

release of a-synuclein PFFs under lysosomal stress.

To examine the seeding ability of the released a-synuclein, we incubated the HEK293T ‘‘biosensor’’ cells,51 which stably express a-synu-

clein-CFP/YFP fusion proteins and produce FRET fluorescence once these proteins are polymerized upon the addition of seeds with the cul-

turemedia. Higher frequency of FRET signals was detectedwhenmedia fromCQ-treated cells were applied to the biosensor cells (Figures 3F

and 3G), suggesting that seed-competent pathogenic a-synuclein was released under lysosomal overload stress.

LRRK2 and Rab10 mediate the release of insoluble a-synuclein under lysosomal stress

We have previously revealed that CQ-induced extracellular release of cathepsins is mediated by LRRK2 and its substrate Rab10 via phosphor-

ylation.42,43 Therefore, we investigated whether the release of insoluble a-synuclein is similarly mediated by LRRK2 and Rab10. Pretreatment

Figure 3. Exosomes are involved in the release of insoluble and seed-competent a-synuclein

(A) Confirmation of insolubility of the a-synuclein released from RAW264.7 cells loaded with a-synuclein PFFs and exposed to the indicated lysosomotropic

agents. The collected media were treated with Triton X-100 to solubilize exosomal structures and then ultracentrifuged. a-Synuclein, but not an exosomal

marker Alix, remained detectable in the precipitate fraction after Triton X-100 treatment.

(B) Left: schematic diagram of ultracentrifugation-free exosome purification method using magnetic beads. Upper right: detection of a-synuclein and Alix in

exosomal and flow-through fractions of media from CQ-treated RAW264.7 cells. Triton X-100 treatment prior to exosome purification resulted in the shift of

a-synuclein from the exosome to flow-through fractions. Lower right: quantification of a-synuclein in the exosome fraction. Mean G SEM, n = 3, one-way

ANOVA with Tukey’s test.

(C) Inhibitory effect of an exosome inhibitor GW4869 on the release of insoluble a-synuclein, Alix and cathepsin B from RAW264.7 cells upon CQ treatment.

(D, E) Quantification of the release of insoluble a-synuclein and mature cathepsin B, as shown in C. Mean G SEM, n = 4, one-way ANOVA with Tukey’s test.

(F) FRET fluorescence of a-synuclein biosensor cells treated with the media from RAW264.7 cells that had been treated with PFF or PFF+CQ. Bar = 10 mm.

(G) Quantification of the fluorescent dots in biosensor cells treated with the indicated media, as shown in F. MeanG SEM, n = 4, one-way ANOVA with Tukey’s

test. See also Figure S3.
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of RAW264.7 cells with LRRK2 or Rab10 siRNAs almost completely suppressed the release of insoluble a-synuclein and mature cathepsin B

(Figures 4A–4C). Likewise, pretreatment of microglial MG6 cells with LRRK2 or Rab10 siRNAs suppressed the release of insoluble a-synuclein

and mature cathepsin B (Figures 4D–4F). Moreover, CQ-induced release of insoluble a-synuclein and mature cathepsin B was suppressed by

treatment with either of the LRRK2-specific kinase inhibitors, MLi-2 or GSK2578215A, in RAW264.7 cells (Figures 4G–4I), MG6 cells (Figure 4J-

L) and mouse primary microglia (Figures S4A–S4C). The CQ-induced upregulation of Rab10 phosphorylation at Thr73 was suppressed upon

treatment with siRNAs against LRRK2 or Rab10, or LRRK2 inhibitors (Figures 4A, 4D, 4G, 4J, and S4A). Analysis of lysates of RAW264.7 and

MG6 cells showed that the uptake of a-synuclein PFFs was not affected by knockdown of either LRRK2 or Rab10 (Figures S4D–S4G).

Figure 4. LRRK2 and Rab10 mediate the release of insoluble a-synuclein under lysosomal stress

(A–F) Suppression of CQ-induced release of a-synuclein andmature cathepsin B by knockdown of LRRK2 or Rab10. Themedia and lysates of RAW264.7 cells (A-C)

or MG6 cells (D-F) that were pretreated with the indicated siRNAs and then treated with PFF and CQ were analyzed by immunoblotting. Quantification of

a-synuclein in insoluble fractions (B, E) and mature cathepsin B in soluble fractions (C, F) from media of RAW264.7 cells (B, C) or MG6 cells (E, F) are shown.

Data represent relative levels compared to CQ (�) sample. Mean G SEM, n = 3, one-way ANOVA with Tukey’s test.

(G–L) Immunoblot analysis of media and lysates of PFF-treated RAW264.7 cells (G-I) or MG6 cells (J-L) that were treated with LRRK2 kinase inhibitors (MLi-2, GSK)

and CQ. Quantification of insoluble a-synuclein (H, K) and mature cathepsin B (I, L) from media of RAW264.7 cells (H, I) or MG6 cells (K, L) are shown. Data

represent relative levels compared to CQ (�) sample. Mean G SEM, n = 3, one-way ANOVA with Tukey’s test. See also Figure S4.
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To examine whether the lack of a-synuclein release in neuronal cells is due to the inherently low expression of LRRK2, we transfected SH-

SY5Y cells with LRRK2 and then analyzed the CQ-induced release of a-synuclein following the internalization of a-synuclein PFFs. However,

a-synuclein in media was not detected even under the overexpression of LRRK2 (Figure S4H). These results suggest that the extracellular

release of insoluble a-synuclein under lysosomal stress is mediated by the LRRK2-Rab10 pathway that is active in macrophage lineage cells.

Internalization of a-synuclein pre-formed fibrils induces the LRRK2 phosphorylation of Rab10

We have previously found that CQ treatment not only causes LRRK2/Rab10-mediated release of lysosomal contents but induces the Thr73

phosphorylation of Rab10 by LRRK2.42,43 Therefore, we next examinedwhether a-synuclein PFFs treatment similarly induces Rab10 phosphor-

ylation. RAW264.7 cells were treatedwith either a-synuclein PFFs, monomers or phosphate-buffered saline (PBS) for 12 h, and then cell lysates

were analyzed by immunoblotting. We found that treatment with a-synuclein PFFs, but not monomers, increased the Thr73 phosphorylation

of Rab10 (Figures 5A and 5B). The release ofmature cathepsin B also was induced by a-synuclein PFFs, although the effect was weaker than by

CQ treatment (Figures 5A and 5C). Increase in Rab10 phosphorylation and cathepsin B release by treatment with a-synuclein PFFs was

observed also in microglial MG6 cells (Figures 5D–5F). Rab10 phosphorylation started to increase at �2–4 h in RAW264.7 cells (Figure 5G)

and �6 h in MG6 cells (Figures 5H and 5I) after exposure to a-synuclein PFFs. The increase in Rab10 phosphorylation upon PFF treatment

was also observed in mouse embryonic fibroblasts (Figure 5J) and SH-SY5Y cells that overexpress LRRK2 (Figures 5K and 5L).

Since a-synuclein PFFs has been shown to stimulate cells from the extracellular side by acting on cell surface receptors, especially Toll-like

receptor 2 (TLR2),50,52 we first examined the possible involvement of TLR2. Treatment of RAW264.7 cells with the TLR2 inhibitor C29 potently

suppressed the upregulation of cytokines IL-1b and TNFa induced by the TLR2/TLR1 agonist Pam3CSK4 (Figures S5A and S5B), as shown

previously,53 whereas C29 treatment did not suppress Rab10 phosphorylation induction by a-synuclein PFFs (Figures S5C and S5D), thus

ruling out the involvement of TLR2. We further examined whether the increase in Rab10 phosphorylation is dependent on the internalization

of PFFs, rather than the action on surface receptors. Treatment either with Dynasore or cytochalasin D, both of which inhibit uptake of a-syn-

uclein PFFs (Figures 2E, 2F, S2C, and S2D), suppressed the increase in Rab10 phosphorylation upon PFF exposure (Figures 5L and 5M). This

suggested that the induction of Rab10 phosphorylation requires the internalization of a-synuclein PFFs. Taken together with the lysosomal

localization of internalized a-synuclein and the similarity in cellular reactions to CQ effects, we reasoned that the lysosomal accumulation of

a-synuclein PFFs caused the phosphorylation of Rab10 by LRRK2.

Internalization of pre-formed fibrils causes the accumulation of LRRK2 and Rab8/Rab10 on lysosomal surface with close

proximity

We have previously shown that, when Rab10 phosphorylation is induced by CQ treatment, LRRK2 and its substrate Rabs are accumulated on

lysosomes42 and are located in close proximity to each other.43 We next examined whether the addition of a-synuclein PFFs similarly causes

the accumulation of LRRK2 and Rabs in close proximity on lysosomes. Immunocytochemical analysis revealed that upon PFFs exposure, a

portion of endogenous LRRK2 was localized in close proximity to LAMP1-positive lysosomes (Figure S6). However, because lysosomes did

not enlarge significantly as they did during CQ treatment, it was considered difficult to define by simple immunocytochemistry whether

LRRK2/Rab was localized on lysosomal membranes or was present in the lysosomal lumen in the process of degradation.We therefore exam-

ined in more detail the spatial proximity between LRRK2, Rab and a lysosomal surface marker upon exposure to PFFs by in situ proximity

ligation assay (PLA). PLA is widely used to evaluate interactions of endogenous protein with high sensitivity and specificity, by detecting fluo-

rescent signals elicited by the proximity (<40 nm) of two proteins of interest.54,55 We have previously shown that CQ treatment caused an

increase in proximity ligation (PL) signals between LRRK2, Rab8/10 and the cytosolic tail of a lysosomal membrane protein LAMP1.43 Here

we observed that PL signals between LRRK2 and the cytosolic tail of LAMP1 increased significantly after treatment with a-synuclein PFFs

(Figures 6A and 6B). Moreover, PL signals between LRRK2 and Rab10, as well as LRRK2 and Rab8, also increased after PFF treatment

(Figures 6C–6F). The specificity of these PL signals was additionally confirmed by knockdown experiments (Figure S7). Finally, since prior

studies have shown the induction of lysosomal rupture after the addition of a-synuclein PFFs in neuronal cells,23–25 we immunostained our

RAW264.7 cells for galectin-3, a marker of membrane rupture. However, lysosomes were never positive for galectin-3 after PFFs treatment

(Figure S8), suggesting that lysosomal rupture was not likely the trigger of LRRK2 recruitment or activation. These results collectively suggest

that the internalization of a-synuclein PFFs caused the recruitment of LRRK2 and its substrates Rab8/Rab10 on lysosomal surface, as observed

upon CQ exposure, which may elicit the enhancement of Rab phosphorylation and the resultant release of insoluble a-synuclein.

DISCUSSION

In this study, we uncovered a novel mechanism of reciprocal regulation between a-synuclein and LRRK2 inmacrophage lineage cells that may

facilitate the transmission of insoluble a-synuclein. Namely, the internalization of a-synuclein fibrils activates the LRRK2 phosphorylation of

Rab10, and the activated LRRK2-Rab10 pathway in turn mediates the extracellular release of insoluble a-synuclein via the exosome pathway.

The lysosomal overload is considered as a key mediator that enhances both LRRK2 activation and a-synuclein re-release.

Of note, whereas the activation of LRRK2 by internalizated a-synuclein PFFs is induced in various cell types, the release of insoluble a-syn-

uclein occurs exclusively in macrophages andmicroglial cells. It is unclear why this release phenotype takes place specifically in immune cells,

but because macrophages and microglia are the major phagocytic cells, they may have particularly well-developed lysosomes. Indeed, CQ

treatment in these cells causes much greater enlargement of lysosomes than other cells, such as neurons, suggesting that the membrane
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Figure 5. Internalization of a-synuclein PFFs induces the LRRK2 phosphorylation of Rab10

(A–F) Immunoblot analysis of Rab10 phosphorylation in RAW264.7 cells (A-C) or MG6 cells (D-F) treated with a-synuclein PFFs, monomers, PBS (negative control)

or CQ (positive control). Densitometric analysis of phospho-Rab10 divided by total Rab10 in RAW264.7 (B) or MG6 (E) cell lysates, as well as mature cathepsin B in

media from RAW264.7 (C) or MG6 (F) cells, are shown. Data represent relative values compared to PBS-treated sample. Mean G SEM, n = 4, one-way ANOVA

with Tukey’s test.

(G–I) Time-dependent increase of Rab10 phosphorylation in RAW264.7 cells (G) or MG6 cells (H, I) after treatment with a-synuclein PFFs. Quantification of relative

phospho-Rab10 levels in MG6 cells is shown in I. Mean G SEM, n = 6, one-way ANOVA with Tukey’s test.

(J–L) The increase of phospho-Rab10 inmouse embryonic fibroblasts (MEF) (J) or SH-SY5Y cells overexpressing LRRK2 (J, K) upon exposure to a-synuclein PFFs or

CQ. Relative levels of phospho-Rab10 divided by total Rab10 in SH-SY5Y cells were shown in L. Mean G SEM, n = 5, one-way ANOVA with Tukey’s test.

(M, N) Inhibition of a-synuclein PFF-induced Rab10 phosphorylation in RAW264.7 cells by the co-treatment of PFF and Dynasore or cytochalasin D. Relative levels

of phospho-Rab10 divided by total Rab10 were shown in N. Mean G SEM, n = 6, one-way ANOVA with Tukey’s test. See also Figure S5.
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dynamics around lysosomes are more active in these cells. In addition, molecules specifically expressed in phagocytic cells may also partic-

ipate in their active membrane dynamics. It is possible that such mechanisms allowmacrophage lineage cells to form a vicious cycle between

a-synuclein uptake and LRRK2 activation, leading to the spread of insoluble a-synuclein. In contrast, insoluble a-synuclein in neurons may

escape extracellular clearance but become accumulated in the cytoplasm recruiting endogenous a-synuclein, which could lead to neuronal

degeneration and death (Figure 7).

It has been suggested that microglia mediate the intercellular transmission of a-synuclein.17,18 Since microglia do not endogenously ex-

press detectable levels of a-synuclein, prion-like conversion of endogenous a-synuclein may not occur upon a-synuclein internalization. How-

ever, as our data suggested that a-synuclein in microglia is released via exosomes that can be readily taken up by neurons in distant locations,

the release frommicrogliamay effectively promote the spread of a-synuclein deposition. Althoughwe have not confirmed the co-existence of

a-synuclein with exosomes by electron microscopy, a recent study has shown that the released a-synuclein fibrils are attached to the outside

of the exosomes.56 Since the incorporated a-synuclein PFFs are expected to reside on the luminal side, which is outside to the exosomes, it is

possible that a-synuclein is attached outside the exosomes in our experimental conditions under lysosomal stress.

Recent studies have also shown that microglia do not efficiently degrade extracellular a-synuclein aggregates upon internalization but

rather cause their re-release.16,18,33 Thus, LRRK2-mediated release of exosomal a-synuclein might be a significant step in a-synuclein

spreading in vivo. It is possible that similar mechanismmay apply to tau protein; it is well known that not only a-synuclein but tau is frequently

accumulated in PD brains with LRRK2mutations, and, like a-synuclein, tau protein has been shown to be spread bymicroglial exosome secre-

tion.57 It would thus be interesting to examine in the future whether the release of exosomal tau aggregates might also be mediated by

LRRK2. Given that LRRK2 mutations increase its activity to phosphorylate Rab10, which would facilitate the re-release of internalized fibrils

prior to degradation in lysosomes, our proposedmechanismmay explain why protein aggregates are found in a majority of familial PD cases

with LRRK2 mutations. Although this is a plausible hypothesis, we have not been able to determine the effect of familial LRRK2 mutations on

a-synuclein release, in part because our macrophage and microglial cells are not competent for plasmid transfection and thus could not be

used to incorporate LRRK2mutations. It would be our future task to investigate whether familial mutations in LRRK2 confer a release-promot-

ing effect using other cells harboring such mutations.

It is still debatable whether Rab10 phosphorylation is central to the release pathway. The present data showed that the release is sup-

pressed by knockdown of LRRK2 or Rab10, or by treatment with LRRK2 inhibitors, but still two more complicated situations are possible:

one is the possibility of simultaneous involvement of other Rabs in addition to the phosphorylated Rab10. We have previously shown that

Figure 6. Internalization of PFFs causes accumulation of LRRK2 and Rab8/Rab10 on lysosomal surface with close proximity

(A–C) Confocal microscopic detection of proximity ligation (PL) signals (red) between LAMP1 (cytosolic tail) and LRRK2 (A), LRRK2 and Rab10 (B) or LRRK2 and

Rab8 (C) in RAW264.7 cells exposed to a-synuclein PFFs for 12 h, or CQ for 3 h. Nuclei were stained with DRAQ5 (blue). Scale bars = 20 mm.

(D–F) Counting of the particles of PL signals emitted between LAMP1 and LRRK2 (D), LRRK2 and Rab10 (E) or LRRK2 and Rab8 (F), as shown in A-C. The total

number of particles in the field were divided by that of nuclei to calculate particle number per cell. Data represent mean G SEM, n = 6, one-way ANOVA

with Tukey’s test. See also Figures S6–S8.
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Rab8, a substrate of LRRK2, is not involved in lysosomal release,42 but it would be possible that other LRRK2 substrates also participate in the

release. The other possibility is that other phosphorylated Rabs and non-phosphorylated Rab10 are involved simultaneously. It was recently

shown that LRRK2 binds to multiple Rabs at two (or more) sites at its N-terminal region, specifically the phosphorylated Rab at the extreme

N-terminus (K17 andK18) and the non-phosphorylated Rab at theArmadillo domain.58 Thus, the possibility remains that phosphorylated Rabs

(Rab8 and so forth) bind to LRRK2 and stabilize them on lysosomes, while non-phosphorylated Rab10 also binds and plays a role in lysosomal

release. Indeed, we have reported that EHBP1, a Rab10 effector acting independently of phosphorylation, are involved in release.42 Taken

together, it would be quite possible that multiple Rab phosphorylations act in a complementary manner while non-phosphorylated or phos-

phorylated Rab10 contributes to the release.

Our data also suggested the induction of lysosomal overload by a-synuclein PFFs, as the uptake of PFFs induced Rab10 phosphorylation

and recruitment of LRRK2/Rabs onto lysosomes with close proximity, in a similar manner to those observed under CQ exposure.43 It has been

documented that the uptake of a-synuclein PFFs causes lysosomal dysfunction associated withmembrane rupture as evidenced by galectin-3

positivity in neuronal cells.23–25 This is not consistent with our observations in RAW264.7 phagocytic cells, in which Rab10 phosphorylation, but

not the formation of galectin-3-positive lysosomes, was induced upon PFF uptake. It is likely that the lysosomal overload is amore direct cause

of LRRK2 activation in phagocytic cells. Xu and colleagues have previously reported the activation of LRRK2 by a-synuclein fibrils in monocyte-

derivedmacrophages,59 in which the activation of LRRK2 was attributed to the increased protein levels of LRRK2. The discrepancies observed

between the two studies might have been due to different experimental conditions, as Xu and colleagues have examined LRRK2 activation

after prolonged exposure (>24 h) to a-synuclein fibrils.

We have also shown the release of insoluble a-synuclein from macrophage lineage cells upon treatment with a set of lysosomotropic

drugs. Previous studies have shown the increase in a-synuclein release by autophagy-lysosome pathway inhibitors, e.g., bafilomycin A1,

NH4Cl, 3-methyladenine.29–32 However, the results as well as experimental settings are different from our study in that these studies

have examined the release of a-synuclein from neurons, and that the released a-synuclein included soluble forms. The molecular mech-

anism of the a-synuclein release from neurons has been partially characterized; Minakaki and colleagues have shown that bafilomycin A1

and CQ both caused neuronal release of a-synuclein via extracellular vesicles,32 and Burbidge and colleagues have reported the galectin-

3-mediated release of a-synuclein from neurons upon bafilomycin A1 treatment.28 In sharp contrast, our study in RAW264.7 cells showed

that bafilomycin A1 had little effect on the re-release of insoluble a-synuclein (unpublished data), and PFF treatment did not induce lyso-

somal galectin-3 accumulation. Our observations in macrophage lineage cells are in favor of the involvement of lysosomal overload in the

mechanisms of release of insoluble a-synuclein, which is further driven by LRRK2 activation. Such lysosomal overload could occur under

physiological conditions, since cellular senescence, for example, is known to facilitate lysosomal overload as exemplified by the accumu-

lation of lipofuscin. Defects in PD-associated gene products causative to lysosomal dysfunction, e.g., glucocerebrosidase, may also trigger

such overload stress on lysosomes.

It is tempting to speculate that the LRRK2-a-synuclein vicious cycle under lysosomal stress may be a therapeutic target of PD. Taken

together with the prior study showing the enhanced LRRK2 activity in sporadic as well as familial PD,60 LRRK2 kinase inhibitors may be optimal

candidate drugs to halt this cycle, and indeed, they are already being studied in clinical trials.61 Other drugs that act on lysosomes, especially

lysosome activators,6 may also be promising through novel mechanisms by reducing the lysosomal overload. Hopefully, the effects of

Figure 7. A schematic model of reciprocal regulation between LRRK2 activation and insoluble a-synuclein release, with its dependence on cell types

A diagram showing the lysosomal stress-mediated formation of a positive feedback loop between a-synuclein and LRRK2 that facilitates a-synuclein release.

Internalization of a-synuclein fibrils causes lysosomal overload stress that enhances the LRRK2 phosphorylation of Rab10. The activated LRRK2-Rab10

pathway in turn mediates extracellular release of insoluble a-synuclein wrapped in exosomes. The a-synuclein-LRRK2 positive feedback loop may be induced

in phagocytes but not in neuronal cells. In microglia, the internalized insoluble a-synuclein is rapidly re-released upon lysosomal stress, whereas in neurons,

such insoluble a-synuclein remains in cells and may later form inclusions incorporating endogenous a-synuclein.
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therapeutic approaches directed at modulating the LRRK2-a-synuclein vicious cycle at cellular levels will be validated in vivo, leading to early

clinical applications in humans.

Limitations of the study

First, this study was not able to examine the in vivo contribution of the identified a-synuclein releasemechanism. Analyses in cultured cells do

not always mimic physiological conditions, and only short-term effects have been studied. In the future, it would be desired to analyze the

long-term effects on a-synuclein pathology spreading in animal models. In particular, since our study points to the importance of lysosomal

stress in the release of pathogenic a-synuclein, it may be critical to load such stress in in vivo studies. Second, as discussed above, the contri-

bution of Rab10 phosphorylation in release is not necessarily clear, and future studies will narrow down the specific set of Rabs sufficient for

release. Third, the effect of familial LRRK2 mutations has not been clarified. Although our macrophage/microglial cells were unsuitable for

transfection, it would be more desirable to study the cells harboring endogenous LRRK2 mutations in the future.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

a-synuclein Baba et al.2 LB509

a-synuclein Cell Signaling Technology Cat#2628, RRID:AB_915792

a-synuclein Fujiwara et al.3 Syn102

phospho-Ser129 a-synuclein Fujiwara et al.3 PSer129

LRRK2, clone MJFF2(c41-2) Abcam Cat#ab133474, RRID:AB_2713963

LRRK2 (for PLA), clone N138/6 NeuroMab Cat#75-188, RRID:AB_2234791

Rab10 (for immunoblotting), clone D36C4 Cell Signaling Technology Cat#8127, RRID:AB_10828219

Rab10 (for PLA), clone 4E2 Abcam ab104859, RRID:AB_10711207

phospho-Thr73 Rab10, clone MJF-R21 Abcam Cat#ab230261, RRID:AB_2811274

Rab8a (for immunoblotting), clone EPR14873 Abcam Cat#ab188574, RRID:AB_2814989

Rab8 (for PLA), clone 4/Rab8 BD Transduction Laboratories Cat#610845, RRID:AB_398164

LAMP1 (for immunocytochemistry), clone 1D4B Bio-Rad MCA4707T, RRID:AB_2134482

LAMP1 cytosolic tail (for PLA) Sigma-Aldrich Cat#L1418, RRID:AB_477157

FLAG, clone M2 Sigma-Aldrich Cat#F1804, RRID:AB_262044

a-tubulin, clone DM1A Sigma-Aldrich Cat#T6199, RRID:AB_477583

cathepsin B, clone D1C7Y Cell Signaling Technology Cat# 31718,

RRID:AB_2687580

Alix, clone49/AIP1 BD Transduction Laboratories Cat#611621,

RRID:AB_2236941

Galectin-3, clone M3/38 BioLegend Cat#125401, RRID:AB_1134237

Chemicals, peptides, and recombinant proteins

DRAQ5 Biostatus Cat#DR50200

chloroquine Sigma-Aldrich Cat#C6628

Dynasore Adipogen Life Sciences Cat#AG-CR1-0045-M005

cytochalasin D Sigma-Aldrich Cat#C8273

MLi-2 Abcam Cat#ab254528

GSK2578215A Sigma-Aldrich Cat#SML0660

GW4869 Cayman Chemical Cat#13127

(+)-Biotin Fujifilm Wako Cat#023-08711

Alexa Fluor 488 Streptavidin Jackson ImmunoReseasech Cat#016-540-084

RRID:AB_2337249

LysoTracker Red DND-99 Thermo Fisher Scientific Cat#L7528

TLR2-IN-C29 Selleck Cat#S6597

Pam3CSK4 InvivoGen Cat#tlrl-pms

ISOGEN II NIPPON GENE Cat#311-07361

SuperScript III First-Strand Synthesis System Thermo Fisher Scientific Cat#18080051

LightCycler 480 SYBR Green I Master Roche Cat#04707516001

Recombinant human a-synuclein This paper N/A

Recombinant mouse interferon-g Cell Signaling Technology Cat#39127

Critical commercial assays

Exosome Isolation Kit Pan, mouse Miltenyi Biotec Cat#130-117-039

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Tomoki Kuwahara

(kuwahara@m.u-tokyo.ac.jp).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� The data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Duolink In Situ PLA Probe anti-mouse PLUS Sigma-Aldrich Cat#DUO92001

Duolink In Situ PLA Probe anti-rabbit MINUS Sigma-Aldrich Cat#DUO92006

Duolink In situ Detection Reagents Orange Sigma-Aldrich Cat#DUO92007

Cytotoxicity Detection Kit Roche Cat#11644793001

Amine Coupling Kit Dojindo Cat#A515

Experimental models: Cell lines

RAW264.7 cell line ECACC 91062702, RRID:CVCL_0493

MG6 cell line RIKEN RCB2403, RRID:CVCL_8732

SH-SY5Y cell line ATCC CRL-2266, RRID:CVCL_0019

HEK293 cell line ATCC CRL-1573, RRID:CVCL_0045

a-Synuclein biosensor cell line Dr. Marc I. Diamond Yamasaki et al.51

Oligonucleotides

siRNA against mouse LRRK2 Horizon siGENOME SMARTpool, Cat#M-049666-01-0005

siRNA against mouse Rab10 Horizon siGENOME SMARTpool, Cat#M-040862-01-0005

Primer: IL-1b_f

GACCTTCCAGGATGAGGACA

Eurofins N/A

Primer: IL-1b_r

TAATGGGAACGTCACACACC

Eurofins N/A

Primer: TNFa_f

ACGGCATGGATCTCAAAGAC

Eurofins N/A

Primer: TNFa_r

GTGGGTGAGGAGCACGTAGT

Eurofins N/A

Primer: Gapdh_f

ACCCAGAAGACTGTGGATGG

Eurofins N/A

Primer: Gapdh_r

GGATGCAGGGATGATGTTCT

Eurofins N/A

Recombinant DNA

pRK172-human a-synuclein WT Masuda et al.62 N/A

p33FLAG-human LRRK2 WT Kuwahara et al.40 N/A

pcDNA3.1-human a-synuclein WT Kuwahara et al.63 N/A

Software and algorithms

Fiji (ImageJ 1.54f) NIH https://fiji.sc/

Prism 9 GraphPad https://www.graphpad.com/features

ll
OPEN ACCESS

iScience 27, 108893, February 16, 2024 15

iScience
Article

mailto:kuwahara@m.u-tokyo.ac.jp
https://fiji.sc/
https://www.graphpad.com/features


EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

All cell lines used in this study are listed in this paper’s key resources table. RAW264.7 cells and MG6 cells were basically cultured on culture

dishes for suspended cells (SumitomoBakelite Co.) in DMEMsupplementedwith 10% (vol/vol) FBS, as described previously,42 with the excep-

tion that they were cultured in DMEM containing 1% (vol/vol) FBS when the release of a-synuclein or LDH was examined. These cells were

treated with IFN-g (15 ng/ml) for 48 hrs before each assay to activate cells and induce LRRK2 expression. SH-SY5Y cells were cultured on

normal dishes in DMEM/F12 supplemented with 10% (vol/vol) FBS. HEK293 cells were cultured on normal dishes in DMEM supplemented

with 10% (vol/vol) FBS. a-Synuclein ‘‘biosensor’’ cells that stably express a-synuclein (A53T)-CFP/YFP fusion proteins51 were kindly provided

by Dr. Marc I. Diamond, University of Texas Southwestern Medical Center. All cell lines were cultured at 37�C in a 5% CO2 atmosphere.

Primary cell cultures

Primary cortical neurons, primary microglia and embryonic fibroblasts from mice were used in this study. The isolation of these primary cells

from mice was performed in accordance with the regulations and guidelines of the University of Tokyo and approved by the institutional re-

view committee. Detailed methods for primary cell isolation are described in the Method details section.

METHOD DETAILS

Transfection and drug treatment

All plasmids, siRNAs and chemicals used in this study are listed in key resources table. Transfection of plasmids and siRNAs into cultured cells

was performed using Lipofectamine 3000 (Thermo Fisher) and Lipofectamine RNAiMAX (Thermo Fisher), respectively, according to the man-

ufacturer’s protocols. For RNAi experiments, cells were analyzed 48-72 hrs after siRNA transfection. The following reagents were added to

cells by medium replacement at final concentrations as indicated: chloroquine (50-100 mM), Dynasore (40 mM), cytochalasin D (1 mM),

MLi-2 (0.1 mM), GSK2578215A (1 mM), GW4869 (20 mM), Pam3CSK4 (10 ng/ml), TLR2-IN-C29 (100 mM).

Isolation of primary cells from mice

Primary cortical neuronal cultures were prepared from embryonic day 17-18 C57BL/6 mouse brains. Briefly, meninges-free cortices were iso-

lated and dissociated with 5mg/ml trypsin-EDTA (Sigma) and 0.5 mg/ml DNase (Sigma). Dissociated neurons were plated onto poly-D-lysine

(BD Biosciences) coated 12-well plates (1x 106 cells/well) in Neurobasal medium (Thermo Fisher) containing 10% FBS and 1% glutamax

(Thermo Fisher). After DIV1, cells were cultured in Neurobasal medium containing 2% B-27 (Thermo Fisher), 2 mM AraC (Sigma) and 1% glu-

tamax. The experiments were performed at 14 DIV. Primary microglia were prepared from post-natal day 2 C57BL/6 mouse brains. Briefly,

meninges-free cortices were isolated and dissociated. Cells were cultured in DMEM containing 10% FBS. After 15 days of culture, microglia

were suspended from the bottom into the medium by tapping the flask with appropriate strength. The isolated cells were cultured in 10%

L929 conditionedmedium at a concentration of 1.53 105 cells/ml.Mouse embryonic fibroblast (MEF) cultures were prepared from embryonic

day 13.5-14.5 mice. Briefly, each embryo was sheared in 5 mg/ml trypsin-EDTA (Sigma) and incubated at 37�C. Then, trypsin was inactivated

by addition of DMEM containing 10% FBS. After 5 min, cells were plated in 10 cm dishes. Cells were incubated for 1 week and plated onto

12-well plates.

Generation and purification of recombinant a-synuclein

Recombinant a-synuclein protein was prepared as described previously.64 Briefly, full-length humanwild-type a-synuclein (Y136 codon-modi-

fied) encoded in a plasmid pRK17262 was expressed in E. coli BL21(DE3) and purified by boiling, Q sepharose ion exchange chromatography

(Q Sepharose Fast Flow, Cytiva), ammonium sulfate precipitation and dialysis against 30 mM Tris-HCl (pH7.5). The high degree of purification

(>90%) was confirmed by SDS-PAGE and CBB staining.

Preparation of a-synuclein PFFs

Recombinant human a-synuclein protein (2.5 mg/ml) was incubated with shaking at 37�C for 5 days in phosphate-buffered saline (PBS). The

formation of fibrils was confirmed by Thioflavin T fluorescence assay (Ex: 433 nm, Em: 485 nm) and the observation by negative electron mi-

croscopy, as described.3 The fibrillated a-synuclein was diluted with PBS and ultracentrifuged at 100,0003 g for 90 min at 4�C, and the pellet

was resuspended in PBS to remove the remaining soluble proteins. The suspension was sonicated 4 times for 5 seconds each using Sonifier

250 (Branson), further diluted with PBS and then added to cells as PFFs at a final concentration of 1 mg/ml in media. To confirm the ability of

PFFs to induce aggregate formation, PFFs were added to a-synuclein-overexpressing SH-SY5Y cells together with Lipofectamine 2000 re-

agent (Thermo Fisher), as described.11 For other purposes, PFFs were added to cells without Lipofectamine 2000.

Preparation of Alexa 488-labeled a-synuclein PFFs

a-Synuclein PFFs were first conjugated with (+)-Biotin (Fujifilm Wako) using Amine Coupling kit (Dojindo) according to the manufacturer’s

protocol, followed by the removal of residual biotin by dialysis using a tubular membrane (MWCO: 6-8kD, Spectrum Labs). Biotinylated

PFFs were then concentrated in DPBS by ultracentrifugation at 100,000 3 g for 20 min and stored at -80�C until use. Upon use, biotinylated
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PFFs were mixed with Alexa Fluor 488 Streptavidin (Jackson ImmunoResearch) at a molar ratio of 20:1, briefly sonicated using Sonifier 250

(Branson) and then incubated at room temperature for 30 min with intermittent mixing.

a-synuclein uptake and release assay

Cells were treated with media containing 1 mg/ml of a-synuclein PFFs for 12 hrs unless otherwise noted, then treated with 0.05% trypsin for

10 min at 37�C to remove PFFs attached on cell surface. Cells were then incubated in DMEM (with as low as 1% (vol/vol) FBS) that contain

lysosomotropic agents or other drugs, according to the experimental conditions. The media were transferred to new tubes, and a portion

(50 ml) was further aliquoted for LDH assay. The remaining cells were lysed in a lysis buffer (50 mM Tris HCl pH 7.6, 150 mM NaCl, 1% (v/v)

Triton X-100, Complete EDTA-free protease inhibitor cocktail (Roche), PhosSTOP phosphatase inhibitor cocktail (Roche)) for 30 min at 4�C
while rotating. The obtained media and lysates were ultracentrifuged at 100,000 3 g for 90 min at 4�C, and the resultant precipitate (ppt)

and supernatant (sup) were suspended with NuPAGE LDS Sample buffer (43) (Thermo Fisher) containing 1% (v/v) 2-mercaptoethanol for sub-

sequent immunoblotting. For inhibition of a-synuclein PFFs uptake by Dynasore or cytochalasin D, these drugs were first treated for 30 min

and then a-synuclein PFFs were additionally treated for 3-5 hrs in the presence of drugs.

Isolation of exosomes using magnetic beads

Exosomes containing insoluble a-synuclein were purified from media by ultracentrifugation-free, magnetic-based method using Exosome

Isolation Kit Pan, mouse (Miltenyi Biotec), basically following the manufacturer’s protocol. RAW264.7 cells seeded on 6-well plates and laden

with a-synuclein PFFs were cultured in 1.5 ml of FBS-free DMEM with or without CQ for 3 h. Then, media were collected, and cell debris and

larger vesicles were removed by serial centrifugations at 3003 g for 10 min and 2,0003 g for 30 min. The supernatants were mixed with 40 ml

of Exosome Isolation Microbeads and then incubated for 1 hr at room temperature with rotating. The samples were applied onto pre-equil-

ibrated m Column set on mMACS Separator, and flow-through samples were collected as unbound fractions, which were further ultracentri-

fuged at 100,0003 g to obtain precipitates that were then suspendedwith LDS sample buffer (ThermoFisher). The columnswerewashedwith

Isolation Buffer and then removed from themagnetic separator, set on new tubes and loaded with 60-100 ml of LDS sample buffer to elute the

vesicle lysates. The eluted vesicle lysates as well as flow-through precipitate samples were subjected to immunoblot analysis.

Measurement of a-synuclein seeding activity using biosensor cells

The media from RAW264.7 cells that had been taken up a-synuclein PFFs and treated with/without CQ were ultracentrifuged at 100,0003 g

for 90 min at 4�C, and then the precipitates suspended in PBS were added to biosensor cells51 cultured on coverslips using Lipofectamine

2000 (Thermo Fisher). Twenty-four hours later, biosensor cells were briefly fixed with 4% PFA and the nuclei were counterstained with

DRAQ5. The coverslips were analyzed on a confocal microscope (SP5, Leica) and the images were obtained via FRET channel (excited

with a 458 nm laser and fluorescence was captured with 500-550 nm filter). The number of FRET-positive puncta were measured by Image

J software.

Immunoblot analysis

To obtain cell lysates for immunoblot analysis, cells were washed with PBS on ice and then lysed in a lysis buffer (50 mM Tris HCl pH 7.6,

150 mM NaCl, 1% (v/v) Triton X-100, Complete EDTA-free protease inhibitor cocktail (Roche), and PhosSTOP phosphatase inhibitor cocktail

(Roche)) for 30 min at 4�C while rotating. Lysates were centrifuged at 17,8003 g for 5 min at 4�C, and supernatants were mixed with NuPAGE

LDS Sample buffer (43) (Thermo Fisher) containing 1% (v/v) 2-mercaptoethanol. For SDS-PAGE, samples were loaded onto Tris-glycine gels,

electrophoresed and transferred to PVDF membranes. For a-synuclein-transferred membranes only, the membrane was first immersed in

0.4% PFA in PBS for 30 min at room temperature to increase the sensitivity of a-synuclein detection.65 Transferred membranes were blocked

and incubatedwith primary antibodies and thenwith HRP-conjugated secondary antibodies (Jackson ImmunoResearch). Antibodies used are

listed in key resources table. Protein bands were detected by LAS-4000 (Fujifilm). For densitometric analysis, the integrated densities of pro-

tein bands were calculated using ImageJ software (NIH). To further align the overall chemiluminescence intensity among several different

membranes, the band intensities were normalized so that the sum of the intensities of all bands for each membrane was equal.

Immunocytochemistry

Cells cultured on coverslips were fixed with 4% (w/v) paraformaldehyde for 20min, followed by immersion in 100% EtOH at -20�C. 100% EtOH

treatment was necessary for the staining with an anti-LRRK2 antibody clone c41-2 [MJFF2] (Abcam). Samples were washed with PBS and then

permeabilized and blocked with 3% (w/v) BSA in PBS containing 0.5% Triton X-100. Primary antibodies and corresponding secondary anti-

bodies conjugated with Alexa Fluor dyes (Thermo Fisher) were diluted in the blocking buffer, and samples were incubated with antibody so-

lutions. Antibodies used are listed in key resources table. Nuclei were stained with DRAQ5 (BioStatus) at 1:3000 dilution. The samples were

imaged using a confocal microscope (SP5, Leica). Image contrast and brightness were adjusted using Photoshop 2020 software (Adobe). Co-

localization of a-synuclein and LAMP1 signals were analyzed by measuring the integrated density of overlapping signals divided by the value

of each signal using ImageJ (NIH), and colocalization of Alexa488-a-synuclein PFFs and LysoTracker fluorescence was measured by calcu-

lating Pearson’s correlation coefficient using ImageJ JACoP plugin, with Costes’ automatic threshold method.
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LDH assay

Media from cells were collected and centrifuged at 4000 3 g for 10 min, and the supernatants were subjected to the measurement of LDH

activity using Cytotoxicity Detection Kit (Roche Applied Science) according to the manufacturer’s protocol.

Quantitative RT-PCR

Total RNA was isolated from RAW264.7 cells using ISOGEN II reagent (Nippon Gene). cDNA synthesis was performed from 2 mg of total RNA

using SuperScript III reverse transcriptase (Thermo Fisher). Quantitative real-time RT-PCR analysis was performed using LightCycler 480 sys-

tem (Roche), as described.63 Primer sequences used are shown in key resources table. Expression levels of IL-1b and TNFawere normalized by

that of Gapdh in each sample.

Proximity ligation assay (PLA)

PLA on cultured cells was performed as described previously43 using Duolink PLA probes and In situ Detection Reagents Orange (Sigma).

Quantitative analysis was performed by taking pictures containing 40-70 cells using 403 objective lens of confocal microscope (SP5, Leica),

and images of 6-8 representative fields from 3 independent experiments were collected. PLA particles were automatically counted by ImageJ

(NIH) with the Analyze Particles mode.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical significance of difference in mean values was calculated either by unpaired, two-tailed Student t test (for comparison of the two

groups) or one-way ANOVA (for multiple comparison of three or more groups), as indicated, using GraphPad Prism 9.
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