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ABSTRACT

Aging is associated with a gradual decline of cellular proteostasis, giving rise to devastating protein
misfolding diseases, such as Alzheimer disease (AD) or Parkinson disease (PD). These diseases often
exhibit a complex pathology involving non-cell autonomous proteotoxic effects, which are still poorly
understood. Using Caenorhabditis elegans we investigated how local protein misfolding is affecting
neighboring cells and tissues showing that misfolded PD-associated SNCA/a-synuclein is accumulating
in highly dynamic endo-lysosomal vesicles. Irrespective of whether being expressed in muscle cells or
dopaminergic neurons, accumulated proteins were transmitted into the hypodermis with increasing
age, indicating that epithelial cells might play a role in remote degradation when the local endo-
lysosomal degradation capacity is overloaded. Cell biological and genetic approaches revealed that
inter-tissue dissemination of SNCA was regulated by endo- and exocytosis (neuron/muscle to hypoder-
mis) and basement membrane remodeling (muscle to hypodermis). Transferred SNCA conformers were,
however, inefficiently cleared and induced endo-lysosomal membrane permeabilization. Remarkably,
reducing INS (insulin)-IGF1 (insulin-like growth factor 1) signaling provided protection by maintaining
endo-lysosomal integrity. This study suggests that the degradation of lysosomal substrates is coordi-
nated across different tissues in metazoan organisms. Because the chronic dissemination of poorly
degradable disease proteins into neighboring tissues exerts a non-cell autonomous toxicity, this implies
that restoring endo-lysosomal function not only in cells with pathological inclusions, but also in
apparently unaffected cell types might help to halt disease progression.
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Introduction expressing cells, mounting reports demonstrate that misfolded
proteins themselves are secreted and spread to neighboring
cells [9,10].

To counteract dysfunction and death of individual cells,
a sophisticated protein quality control system that is well
adapted to the cell type-specific proteome, maintains proteos-
tasis [11]. This is particularly essential for post-mitotic cells,
such as skeletal muscles or neurons, which have limited
regenerative capacity. Since a cell type- or tissue-specific
damage can have an impact upon the whole organism,
metazoans also need to regulate the proteostasis network
beyond the immediately affected cell to ensure survival of
the species [11-14]. Recent studies revealed that proteostasis

Loss of protein homeostasis (proteostasis) and subsequent
accumulation of protein aggregates is a hallmark of aging
and linked to prevalent age-related diseases, such as
Alzheimer disease (AD) or Parkinson disease (PD) [1-3].
Although most neurodegenerative diseases are characterized
by a selective loss of specific highly vulnerable neurons, con-
verging damage within neighboring cells strongly contributes
to pathogenesis [4-7]. Studies in numerous disease models
have revealed that a tissue-specific expression of aggregation-
prone proteins is sufficient to cause a non-cell autonomous
toxicity in surrounding cells [4,5,7,8]. Besides indirectly
impacting nearby tissue by affecting the function of
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is indeed orchestrated at the organismal level. A sperm to
oocyte signaling activates lysosomal function in oocytes to
clear protein aggregates and avoid transmitting damage to
the progeny [15]. Moreover, multiple stress responses that
have been thought to function strictly cell autonomously,
such as the heat shock response, are regulated in a non-cell
autonomous manner [16-18]. A local activation of protective
proteostasis components is sufficient to prevent protein aggre-
gation in distant tissues and to delay organismal aging
[19-23].

While there is increasing evidence for a non-cell autono-
mous regulation of stress response pathways, removal of pro-
tein aggregates and damaged organelles in adjacent cells or
tissues has only recently been observed [24-26] and little is
known about how this is regulated. Such non-cell
autonomous processes may be implicated in the progression
of neurodegenerative diseases and need further investigation.

In this study, we employed C. elegans to investigate the
effects of local protein misfolding on neighboring cells and
tissues and show that expression of PD-linked SNCA/a-
synuclein in muscle cells resulted in an age-dependent accu-
mulation of misfolded protein species in endo-lysosomal vesi-
cles. Accumulating SNCA was eventually transferred into
remote hypodermal cells, which was facilitated by genes reg-
ulating vesicle trafficking and extracellular matrix composi-
tion. Transfer into the hypodermis was also observed upon
cell type-specific SNCA expression in dopaminergic (DA)
neurons, suggesting that the epithelium functions in transcel-
lular removal of lysosomal substrates of proteolytically com-
promised surrounding cells. The chronic transfer of SNCA
species caused endocytic vesicle rupture, indicating that
spreading of pathology in neurodegenerative diseases could
be a consequence of the failed systemic attempt to eliminate
hardly digestible lysosomal substrates. Lysosomal membrane
integrity was preserved in long-lived daf-2 mutant animals
defective in INS (insulin)-IGF1 (insulin-like growth factor 1)
signaling, suggesting that improving endo-lysosomal function
might be a promising therapeutic strategy to treat age-related
diseases.

Results

SNCA misfolds and accumulates in tubular structures with
aging

To study the systemic effects of local protein misfolding in
post-mitotic cells we established transgenic Caenorhabditis
elegans lines expressing SNCA/a-synuclein, which has
a central role in the pathogenesis of PD and other synuclei-
nopathies. The nematode C. elegans is a widely used simple
metazoan animal model to study the toxicity of proteins
associated with human neurodegenerative diseases and trans-
genic C. elegans models expressing SNCA have been used to
screen for modifiers of aggregation and toxicity [27-29]. In
these lines, SNCA has either been untagged or tagged with
yellow or green fluorescent protein (Y/GFP) [27-29]. The
fluorescence intensity of these dyes significantly decreases at
lower pH [30], which would diminish SNCA detection in
acidic organelles such as endosomes or lysosomes. Since
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mounting evidence suggests that misfolded SNCA is primarily
targeted to lysosomes [31-33] and insufficient lysosomal
clearance of aggregated SNCA is a key mechanism in the
pathogenesis of synucleinopathies [34], we tagged SNCA
with monomeric red fluorescent protein (RFP), which is
insensitive to the endosomal milieu [30,35,36]. Expression of
SNCA was restricted to body wall muscle (BWM) cells using
the myo-3 gene promoter for myosin heavy chain.

Besides exhibiting a weaker diffuse cytosolic fluorescence
in BWM cells, SNCA::RFP formed intense fluorescent puncta,
which have also been described in earlier studies (Figure 1A)
[27,28]. Remarkably, in addition to previous reporter patterns
in transgenic C. elegans lines, SNCA::RFP was also detected in
spherical and tubular structures (Figure 1A) that were highly
mobile and dynamic undergoing frequent fusion and fission
events (Video S1), suggesting that they might represent endo-
somal vesicles. These SNCA::RFP shapes were not detected in
embryos and L1 larvae, and initially observed in L2 larvae
(Figure 1B), where spherical patterns were more abundant in
early larval development. In later development and during
aging of adult animals, SNCA:RFP was found in tubular
structures that increased in size and number (Figure 1B,C).

To obtain information about the aggregation state of
SNCA:RFP in adult animals, we took advantage of fluores-
cence lifetime imaging microscopy (FLIM) [37]. The specific
fluorescence lifetime of fluorophores negatively correlates
with the extent of aggregation, which allows tracking of
aggregation dynamics of fusion proteins in situ [37,38].
Accordingly, we observed a significant decline of fluorescence
lifetime of SNCA:RFP upon aging, indicating increased
aggregation of SNCA:RFP (Figure 1C,D). This shift towards
lower values, was especially pronounced between 4- and
5-d-old animals and correlated with increased occurrence of
tubular structures (Figure 1C,D). Indeed, SNCA::RFP tubules
exhibited a reduced fluorescence lifetime compared to the
fluorescent cytoplasm in the background (Figure 1C). To
further analyze the biochemical properties of SNCA:RFP
aggregates in 5-d-old animals, we tested their solubility in
different detergents [39]. The protein was extracted succes-
sively from whole worm lysates with different buffers contain-
ing first Tris-HCI only, then Tris-HCI with 1% Triton X-100,
1% sarkosyl, or 2% SDS, respectively (Figure 1E). The major-
ity of SNCA::RFP was detected in the Tris-HCI and Triton
X-100 soluble fractions, containing mostly soluble and mem-
brane-bound proteins, while a smaller fraction was found in
the sarkosyl soluble and SDS soluble fractions, indicating
oligomeric or aggregated SNCA:RFP. In sum, this biochem-
ical assay confirms the in vivo FLIM data that a significant
portion of the protein is aggregating when expressed in
C. elegans.

Fusing proteins to bulky fluorophores often raises the
concern that this might affect the folding and subcellular
localization of tagged proteins. To rule out potential artifacts,
we assessed the aggregation state and subcellular distribution
of RFP itself in more detail. In control animals expressing
monomeric RFP fluorophore, the protein was only detected in
the HCI soluble fraction after sequential extraction (Figure
S1B) and the mean fluorescence lifetime was significantly
higher, which was reflected by a diffuse cytosolic staining,
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Figure 1. SNCA misfolds and accumulates in tubular structures with aging. (A,B) Collapsed confocal z-stacks of nematodes expressing SNCA:RFP in BWM cells. (A) SNCA:RFP
is accumulating in spherical foci (arrowheads) and tubular structures (arrows) in 5-d-old animals. (I) Z projections along the length of the animal were stitched to create
a high-resolution montage of an entire worm; scale bar: 100 um. (I-a) Zoom of boxed region in (1); scale bar: 10 um. (B) Images of nematodes expressing SNCA::RFP acquired
at indicated developmental stages. The diffuse staining of SNCA in embryos and L1 larvae indicates soluble cytosolic protein. Accumulation of SNCA-positive tubular
patterns first occurs between the L1 and L2 larval state and increases during development. Scale bars: 10 pm. Emb: embryo; L1-L4: larval stage 1 to 4; Ad: adult. (C) Left
images depict representative TCSPC-images of SNCA:RFP nematodes on day 4, 5 and 10 of life. Intensity-weighted fluorescence lifetime (1) is indicated in false colors
(decreasing from red to blue). Magnification of day 4 images was 630x, magnification of day 5 and 10 images were 2.000x. Scale bars: 20 um. Right panels represent the
corresponding histograms showing the relative abundance of pixels exhibiting a certain fluorescence lifetime (t), averaged over all acquired images (n = 10-20 for each time
point). Dashed, black lines are fluorescence lifetime distributions of age-matched control nematodes expressing fluorophore (RFP) only. (D) Bar plots of mean fluorescence
lifetime of SNCA::RFP and RFP at different ages. Data are shown as mean + SEM. Statistical analysis was done using two-way ANOVA with Bonferroni posttests. * = p < 0.05,
** =p < 0.01, *** = p < 0.001. (E) Sequential extraction of SNCA::RFP with Tris-HCI buffer, and Tris-HCI buffer containing 1% Triton X-100, 1% sarkosyl and 2% SDS from

lysates of 5-d-old animals reveals a small fraction of detergent insoluble SNCA::RFP.

indicating mostly soluble protein (Figure 1C,D, SIA and S1C).
Albeit to a lesser extent than SNCA::RFP, the mean fluores-
cence lifetime of RFP decreased during aging, which corre-
lated with a minor fraction of RFP accumulating in small
spherical foci that likely consist of aggregated RFP (Figure
S1A and S1C). However, the shape and number of RFP foci
differed greatly at all ages and did not reveal either the
prominent tubular structures or the level of aggregation as
observed with SNCA:RFP (Figure 1, S1A and SIC).
Moreover, SNCA tagged with Dendra2, another monomeric
tag that can be visualized in endo-lysosomal vesicles [40],
exhibits a similar morphology as SNCA:RFP (Figure S1D).
Hence, the characteristic subcellular pattern observed with
SNCA::RFP seems to be an intrinsic property of SNCA rather
than a consequence of the RFP tag.

SNCA accumulates in tubular endo-lysosomal vesicles

To characterize the properties of SNCA-positive structures,
and to determine whether they correspond to vesicles, we
investigated their ultrastructural morphology by correlative
light and electron microscopy (CLEM) and in samples
prepared for ultrastructural examination in transmission

EM (TEM) (Figure 2A). We made use of the CLEM pre-
servation technique developed by Kukulski et al. [41]. This
method utilizes cryo preservation techniques of high pres-
sure freezing (HPF) and freeze substitution in a solution
consisting of low amount of uranylacetate in acetone,
which prevents the loss of fluorochrome fluorescence.
Compared to conventional electron microscopy preserva-
tion, the samples have lower contrast, but the possibility to
retain the fluorescent signal of FPs. To increase the con-
trast, we did freeze substitute some of the samples in
a cocktail containing osmium tetroxide as well as uranyl
acetate in order to get samples with higher membrane
contrast and staining.

In our CLEM samples the rather weak fluorescent signal of
diffuse cytosolic SNCA::RFP in 5-d-old animals was mainly lost
after the HPF and freeze substitution procedure. However, the
relative bright fluorescence of SNCA::RFP foci and tubules could
be preserved and correlation showed that SNCA is present in
tubular structures which appear as electron dense spherical and
tubular vesicular structures (Figure 2A I-III). In the osmium
treated samples, we readily identified the corresponding electron
dense spherical and tubular structures (Figure 2A IV-VI).
Moreover, in these samples, a membrane border was clearly
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Figure 2. SNCA accumulates in tubular endo-lysosomal vesicles. (A) Images with light microscopy signal correlated on the electron micrographs (I-lll) and osmium
stained samples in TEM (IV-VI) from nematodes expressing SNCA:RFP in BWM cells. Scale bars: 1 pm. (A). Zoom in of boxed region in corresponding picture. Scale
bars: 200 nm. (I-ll) After HPF samples were stained very gently during freeze substitution in order to preserve RFP fluorescence for CLEM. Grids with 90 nm thick
sections were first imaged by fluorescent light microscopy. After staining with 3% uranyl acetate and Reynold's lead citrate, the identical areas were then imaged by
TEM. SNCA:RFP colocalizes with spherical and tubular electron dense vesicles. (IV-Vl) HPF samples of SNCA::RFP transgenic nematodes were subjected to osmium
staining during freeze substitution, revealing that the electron dense spherical and tubular SNCA::RFP-positive structures are enclosed by a single membrane. (b-f)
Collapsed confocal z-stacks of nematodes expressing the indicated proteins. 5-d-old animals were analyzed. Scale bars: 10 pm. (B) SNCA:RFP colocalizes to a minor
extent with RAB-5-positive early endosomes and (C) with LGG-1 (homolog of LC3)-positive autophagosomes. (D) SNCA::RFP partially localizes to RAB-7-positive late
endosomes. (E,F) SNCA::RFP extensively colocalizes with LMP-1, a late endosomal/lysosomal membrane protein, and CTNS-1, a late endosomal/lysosomal amino acid
transporter, respectively. (G) Quantification of SNCA:RFP colocalization with indicated vesicle markers using ZEN software. Data are shown as mean + SEM.

visible showing a typical double-contoured layer (Figure 2A IV-
VI). The membranes at the vesicle ends often seem tangentially
sectioned, indicating that the image depicts a section through
a tubular structure, which extends beyond the section thickness
of 70-90 nm.

Next, to determine the type of vesicles containing SNCA, we
co-expressed various markers for cytosolic vesicles (Figure 2B-F).
Colocalization was quantified by Zeiss Zen software (Figure 2G).
A minor fraction of SNCA colocalized with RAB-5-positive early
endosomes (Figure 2B). In contrast, spherical SNCA foci partially
colocalized with LGG-1 (LC3, GABARAP and GATE-16 family),
the C. elegans homolog of the autophagosome marker Atg8/LC3
(Figure 2C) and some spherical and tubular SNCA structures
colocalized with RAB-7, a marker for multivesicular bodies
(MVBs) and late endosomes (Figure 2D). Tubular SNCA struc-
tures colocalized extensively with LMP-1, a late endosomal and
lysosomal membrane protein (Figure 2E), and with CTNS-1, a late
endosomal/lysosomal cystine transporter [42] (Figure 2F).

These results indicate that SNCA accumulates in autophagy-
related vesicles with lysosome-like properties, and by using an
RFP tag to visualize SNCA, we were able to monitor a previously
unrecognized endosomal fraction of SNCA in C. elegans.

SNCA vesicle tubulation and movement depends on
active trafficking along microtubules

Secretory vesicles have been shown to be transported to the
plasma membrane along microtubules [43,44]. Therefore, we
tested whether the movement of SNCA::RFP containing vesicles
in BWM cells is mediated by microtubule-dependent trafficking
by co-expressing EMTB::GFP, a GFP fusion protein containing
the microtubule binding domain of MAP7/ensconsin as a tool
for in vivo visualization of microtubule dynamics [45]. Indeed,
SNCA::RFP vesicles colocalize with (Figure 3A) and move along
microtubules (Video S2). To examine the dynamic properties of
the SNCA::RFP containing vesicles, the ATP- and microtubule-
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Figure 3. SNCA vesicle tubulation and movement depends on active trafficking along microtubules. (A) Collapsed confocal z-stacks of 5-d-old nematodes expressing
SNCA:RFP together with EMTB::GFP, showing that vesicular SNCA colocalizes with microtubules (arrows). Scale bars: 10 um. (B) Collapsed z-stacks of wide field
microscopy images of 5-d-old animals expressing SNCA::RFP after acute treatment with the indicated drugs. Note that tubular (arrows) and spherical (arrowheads)
vesicles are visible after application of either DMSO solvent control or sodium azide (NaN3), whereas in nocodazole (NOC) treated animals only spherical vesicles are

visible. Scale bars: 10 pm.

dependent vesicular transport was inhibited by incubation with
the metabolic inhibitor sodium azide (NaN3), which results in
rapid depletion of intracellular ATP levels, and with nocodazole
(NOC), a microtubule-depolymerizing agent. Upon acute drug
treatments with either NaN; or NOC, the dynamics of vesicular
SNCA::RFP movement were inhibited, suggesting that the trans-
port was ATP and microtubule-dependent, respectively (Videos
$3-S5). In addition, only NOC treatment, but not ATP depletion,
depolymerized microtubules (Figure S2), and caused SNCA::
RFP vesicles to collapse from tubular into spherical shapes
(Figure 3B, Video S5). Hence, SNCA vesicle tubulation and
movement depends on active trafficking along microtubules
within BWM cells. These results are consistent with observations
that microtubules have distinct roles to determine the morphol-
ogy of vesicles and to mediate their transport [44].

SNCA spreads across a basement membrane and
accumulates in epithelial tissue

Vesicular packaging and impaired lysosomal degradation has
been suggested to have a critical role in donor cells for the
secretion of SNCA [31,34,46-49]. To determine whether
SNCA:RFP might be secreted and spread to neighboring
tissues, we monitored the appearance of SNCA::RFP outside
of BWM cells. We were able to detect the accumulation of
SNCA::RFP mainly in the hypodermis (Figure 4B and Video
S6), which was confirmed by co-expression of GFP under the
control of a hypodermis-specific promoter (Figure 4C). The
C. elegans hypodermis consists of a single epithelial layer that
surrounds the animal and is separated from internal tissues
such as BWM cells by the basement membrane (BM), an
extracellular matrix (ECM) comprised of a single layer of
collagen, laminin, fibronectin, and other long chain macro-
molecules [50]. Moreover, SNCA accumulated in endo-
lysosomal vesicles of receiving hypodermal cells, as shown
by colocalization with the lysosomal marker CTNS-1 that
was also expressed in the hypodermis (Figure 4D).

We again aimed to examine the aggregation state of
SNCA:RFP and the ultrastructural morphology of hypoder-
mal SNCA:RFP vesicles by TEM. Since SNCA:RFP is not
expressed in hypodermal cells, we were not able to detect the
very weak fluorescent signal from the transmitted fraction of
SNCA in FLIM or CLEM. However, by using conventional
TEM, electron dense spherical and tubular structures were
detected (Figure 4E), which resemble the SNCA::RFP contain-
ing vesicles described earlier in BWM (Figure 2A).
Intriguingly, some of these vesicles exhibited not only
a single, but also a double-membrane border, appearing as
5-contoured layer (low-high-low-high-low electron dense
area) (Figure 4E II-a), indicating that they might result from
autophagic processes or endocytosis of extracellular vesicles.
Again, discontinuous membrane borders are indicative of
tubular structures extending beyond the section thickness.

Monitoring and quantification of SNCA:RFP dissemina-
tion during development and aging revealed a dramatic tran-
sition between 4- and 5-d-old animals (corresponding to day
1 and day 2 of adulthood), where transmission of SNCA::RFP
into the hypodermis went from rarely being detectable to an
average of 80% of animals (Figure 4F,G). This implies that
age-related processes might influence the inter-tissue transfer
of SNCA. The abrupt onset of spreading was only marginally
affected by SNCA::RFP expression levels (Figure 4H and S3).
In contrast, the SNCA***T variant, a point mutation linked to
early onset PD and known to be more aggregation prone [51],
was transmitted earlier with hypodermal SNCA:RFP being
detected in 30% of animals on day 4 (Figure 4I). This corre-
lated with increased aggregation and toxicity of the protein, as
examined by detergent extraction assay (Figure 4K) and
thrashing assay (Figure 4L), respectively. Hence, aggregation
and toxicity appear to affect SNCA spreading.

Of note, neither the RFP tag alone, nor 40 polyglutamine
repeats fused to RFP (polyQ40::RFP) accumulate in tubular
lysosome-like vesicles or are detected in the hypodermis in
5-d-old animals at comparative levels (~10% vs. ~80%)
(Figure S4), indicating that these effects are specifically asso-
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Figure 4. SNCA is able to cross a basement membrane and accumulates in epithelial tissue. (A) Schematic depiction of region of imaging in (B-D,F). (B-D,F)
Collapsed confocal z-stacks of nematodes expressing indicated proteins. White dashed lines outline the borders of BWM cells. Scale bars: 10 um. (B) SNCA::RFP can be
detected outside the borders of BWM cells. (C) GFP expressed in the hypodermis reveals the localization of SNCA inside hypodermal cells. (lll-a) y-z orthogonal view
of (). (D) The lysosome marker CTNS-1 expressed in the hypodermis colocalizes with SNCA indicating that SNCA is accumulating in lysosomal vesicles after
transmission. (E) TEM analysis of 5-d-old nematodes expressing SNCA:RFP in BWM cells, revealing electron dense spherical and tubular vesicles in hypodermal
tissues, which are enclosed by a single or double membrane. Scale bars: 1 pm (I+ II); 200 nm (la-lIb). (F) Inter-tissue transmission of SNCA is age-dependent. Images
of nematodes expressing SNCA::RFP acquired at indicated time points during development and aging. Hypodermal SNCA can be detected in nematodes that are at
least 5 d old. L2 and L4: larval stage 2 and 4; d: day; Ad: adult; M: muscle; H: hypodermis. (G-I) Quantification of animals with hypodermal SNCA harboring the
indicated transgenes at indicated ages. (K) Sequential extraction of WT and A53T mutant SNCA::RFP with Tris-HCl buffer, and Tris-HCl buffer containing 1% Triton
X-100, 1% sarkosyl and 2% SDS from lysates of 5-d-old animals detects both variants in detergent insoluble fractions. The SNCA*>*T variant forms slightly more
detergent insoluble material than the WT SNCA protein. The asterisk (*) indicates an unspecific band, which migrates just above the SNCA-specific band in the
sarkosyl fraction. In parallel, total lysates were probed with anti-SNCA and anti-actin antibodies to demonstrate equal protein concentrations. (L) Scatter dot plot
showing the number of body bands (thrashes) of animals expressing the indicated transgenes during a 30 s swimming period in M9 at indicated ages. Expression of
the SNCA***T variant caused an accelerated decline of muscle function during aging. Data information: Data are shown as mean + SD. In (G, H and I) statistical

analyses were done using two-way ANOVA with Bonferroni posttests. In (L) statistical analyses were done using two-way ANOVA with Holm-Sidak's multiple
comparisons test. n. s. = not significant, ** = p < 0.01, *** = p < 0.001.

ciated with SNCA. These results suggest that the endo- Reduced INS-IGF1 signaling delays SNCA spreading
lysosomal system is particularly vulnerable to the accumula- . .
tion of misfolded SNCA, which is transferred from muscle The striking age-dependence observed for SNCA spreading was

cells into epithelial cells in an age-dependent manner. further addressed in long-lived animals. In daf-2(e1370) INS-
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Figure 5. Reduced INS-IGF1 signaling delays SNCA spreading. (A) Collapsed z-stacks of the hypodermis of 5-d-old nematodes expressing SNCA::RFP in the WT or daf-
2(e1370) mutant background. (Il) Note the appearance of large MVB-like vesicles in SNCA;daf-2 animals. (ll-a and Il-b) Zoom of boxed regions in (Il). Scale bars: 10 um.
(B) Quantification of SNCA transmission (number of animals that exhibit SNCA vesicles within the hypodermis) at indicated ages. n.d.: not determined. Reduced INS-
IGF1 signaling in daf-2 mutant animals suppresses the transmission of SNCA::RFP into the hypodermis on day 5. (C) Representative TCSPC-images of SNCA and SNCA;
daf-2 nematodes on indicated days of life. Intensity-weighted fluorescence lifetime (1) is indicated in false colors (decreasing from red to blue). Note the presence of
spherical SNCA containing vesicles (arrow) in daf-2 mutant animals and the relatively high fluorescence lifetime of SNCA:RFP in these vesicles compared to the
fluorescence lifetime of SNCA::RFP in tubular vesicles (arrowhead) of WT animals on day 5. Scale bars: 25 um. (D) Bar plots of mean fluorescence lifetime of SNCA::RFP
in the WT and daf-2 mutant background at different ages. (E) Scatter dot plot showing the number of body bands (thrashes) of animals harboring the daf-2 mutation
and/or expressing SNCA:RFP during a 30-s swimming period in M9 at indicated ages. Reduced insulin receptor function rescued the SNCA:RFP associated decline of
muscle function. (F) Schematic depiction of stress response pathways downstream of DAF-2 receptor signaling. Reduced INS-IGF1 signaling increases the activity of
the transcription factors HSF-1, DAF-16 and SKN-1, which regulate the expression of downstream genes that improve stress resistance, detoxification and prolong
lifespan. (G) Quantification of SNCA::RFP transmission at indicated ages in WT and daf-2 mutant animals upon RNAi-mediated KD of the indicated genes. KD of daf-16
abolishes the daf-2-mediated suppression of SNCA:RFP spreading on day 5. Data information: In (B,E) data are shown as mean + SD. In (D,G) data are shown as mean
+ SEM. In (B,D,G) statistical analyses were done using two-way ANOVA with Bonferroni posttests. In (e) statistical analyses were done using two-way ANOVA with
Holm-Sidak’s multiple comparisons test. n. s. = not significant., * = p < 0.05, ** = p < 0.01, *** = p < 0.001.

IGF1 receptor mutants, we observed an accumulation of large
SNCA:RFP containing vesicles resembling MVBs and fewer
tubular vesicles in donor BWM cells in comparison to the WT
background (Figure 5A). This correlated with the suppression of
the appearance of SNCA:RFP vesicles in the hypodermis in
5-d-old animals (Figure 5A,B). The delay in spreading correlated
with a diminished aggregation (Figure 5C,D and S5) and toxicity

(Figure 5E) of SNCA:RFP in the daf-2 mutant background.
FLIM further revealed that the spherical vesicles in daf-2
mutants contained less aggregated material than the vesicles
with tubular shape in WT animals (Figure 5C). However, the
suppression of spreading was only transient, and SNCA:RFP
accumulated in the hypodermis up to WT levels the
following day (Figure 5B,G), although aggregation was still



reduced and remained comparable in 5- and 6-d-old daf-2
animals.

We next tested which of the pathway downstream of DAF-2
signaling might mediate the delay in SNCA spreading. Reduced
INS-IGF1 signaling in daf-2 mutants increases stress resistance
and extends lifespan by upregulating the stress response tran-
scription factors, HSF-1, DAF-16 and SKN-1 (Figure 5F). We
quantified hypodermal SNCA:RFP in WT and daf-2 mutant
animals after silencing the respective genes by RNA interference
(RNAI). While there were no effects on the amount of hypoder-
mal SNCA:RFP in WT animals, the knockdown (KD) of daf-16
completely reversed the daf-2 dependent suppression of SNCA
spreading in 5-d-old animals (Figure 5G). In contrast, hsf-1 KD
had an additive effect and further delayed and reduced SNCA::
RFP dissemination in 6- and 7-d-old animals. Overall, these
experiments revealed that decreased insulin receptor function
delayed but did not abolish hypodermal accumulation of SNCA
in a daf-16 dependent manner.
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Reduced INS-IGF1 signaling suppresses SNCA-mediated
endosomal rupture in receiving cells

To characterize the consequence of SNCA::RFP accumulation
in endo-lysosomal vesicles, we used human LGALS3/galectin-
3, a lectin that redistributes to damaged endo-lysosomal vesi-
cles and forms puncta upon vesicle rupture [52-54]. In con-
trol animals, LGALS3 fused to superfolder GFP (sfGFP::
LGALS3) was diffuse in the cytosol and puncta structures
were rarely detected (Figure 6A,B). In contrast, co-
expression of SNCA:RFP and the reporter in BWM cells
resulted in a significant amount of LGALS3 foci formation
in 4- and 5-d-old animals indicating vesicle damage (Figure
6A,B), confirming previous reports that misfolded SNCA
ruptures endosomes [52,54]. We next examined a strain that
expresses sSfGFP:LGALS3 in the hypodermis to investigate the
effect of SNCA:RFP spreading to receiving cells. In 4-d-old
animals, sfGFP:LGALS3 puncta are detected infrequently in
both control and SNCA expressing animals. However, in
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Figure 6. Reduced INS-IGF1 signaling suppresses SNCA-mediated endosomal rupture in receiving cells. (A,C) Collapsed confocal z-stacks of 5-d-old nematodes
expressing indicated proteins or harboring indicated mutations. Arrows indicate colocalizing puncta, arrowheads mark non-colocalizing puncta in the merged
images. Scale bars: 10 um. (A) Co-expression of SNCA:RFP and sfGFP:LGALS3 in BWM cells results in increased LGALS3 puncta formation. (B) Quantification of the
number of sfGFP:LGALS3 puncta per cell shows that SNCA:RFP induces a comparable level of endo-lysosomal rupture in muscle cells of 4-d-old and 5-d-old animals.
(O) In 5-d-old animals, sfGFP:LGALS3 puncta reveal endo-lysosomal leakage in hypodermal cells when SNCA:RFP is expressed in BWM cells, but not in control
animals. (D) Quantification of animals with hypodermal sfGFP::LGALS3 foci reveals a striking increase in endo-lysosomal rupture in 5-d-old animals. (E) Collapsed
z-stacks of 5-d-old nematodes expressing indicated proteins or harboring indicated mutations. Reduced INS-IGF1 signaling in daf-2 mutant animals protects against
lysosomal rupture. Scale bars: 100 pm. (F) Quantification of animals with sfGFP:LGALS3 foci at indicated ages. Data information: In (B,D,F) data are shown as mean +
SD. Statistical analyses were done using two-way ANOVA with Bonferroni posttests. n. s. = not significant, ** = p < 0.01, *** = p < 0.001.
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5-d-old animals, high levels of stGFP::LGALS3 puncta were
detected in SNCA expressing animals, whereas the reporter
remained diffuse in control animals (Figure 6C,D). This cor-
relates with the onset of transmission of SNCA into the
hypodermis in 5-d-old animals, and suggests that the
SNCA::RFP-positive endo-lysosomal vesicles in hypodermal
cells ruptured. We took advantage of this reporter and used
sfGFP:LGALS3 puncta formation as indirect evidence for
SNCA spreading. The co-expression of untagged SNCA in
BWM cells was sufficient to cause a significant increase in
sfGFP:LGALS3 puncta formation in the hypodermis of
5-d-old animals compared to control animals only expressing
stGFP:LGALS3 (Figure S6). This further confirmed that the
observed phenotype can be attributed to SNCA and is not
mediated by the RFP tag. In sum, the dissemination and
accumulation of SNCA in the receiving epithelial tissue exerts
non-cell autonomous toxicity.

In daf-2 mutant animals, endosomal integrity was maintained
not only in 5-d-old animals, when SNCA transmission is sup-
pressed, but also in 6- and up to 11-d-old animals, when SNCA is
found in the hypodermis to the same extent as in WT animals
(Figure 5B,G). The fact that SNCA aggregation was comparable
in 10-d-old WT and daf-2 mutants (Figure 5D and S5) indicates
that reduced INS-IGF1 signaling has dual effects: it delays pro-
tein transmission and suppresses leakage of aggregated SNCA
from endocytic vesicles in receiving cells despite continued dis-
semination, suggesting an improvement in lysosomal protein
turnover in donor and receiving tissues.

SNCA spreading to the hypodermis does not involve
transfer of intact endo-lysosomal vesicles through
Tunneling Nanotubes (TNTs)

We next determined how SNCA is transmitted from BWM
cells to the hypodermis, and considered several possibilities.
Passive transfer would involve the non-selective release of
SNCA from donor cells by cell death or through membrane
pores, whereas active transport mechanisms would include
ATP-dependent pathways such as vesicular transport through
tunneling nanotubes (TNTs) or endo- and exocytosis. To test
whether the release of SNCA:RFP occurs passively by the
uncontrolled release of cytosolic contents due to membrane
leakage and cell death, we co-expressed YFP together with
SNCA:RFP in the cytosol of BWM cells and reasoned that
release of cytosolic contents from BWM cells would result in
detection of YFP fluorescence outside of BWM cells. In BWM
cells co-expressing YFP and SNCA::RFP, no extracellular YFP
fluorophore was detected and the intensity of YFP fluores-
cence in BWM cells remained unchanged, while SNCA::RFP
was detected in hypodermal tissue (Figure 7A). These results
reveal that the intercellular transfer of SNCA:RFP was not
a result of membrane leakage.

Recent reports have suggested that overexpression of
SNCA can induce the formation of TNTs, membranous pro-
trusions that connect the cytoplasm of remote cells, for the
intercellular transfer of various cargo from cell to cell [55].
We therefore examined whether SNCA induces the formation

Figure 7. SNCA spreading to the hypodermis does not involve transfer of intact endo-lysosomal vesicles through tunneling nanotubes. (A-D) Collapsed confocal
z-stacks of 5-d-old nematodes expressing SNCA::RFP together with the indicated markers. (lll-a) Zoom of boxed region in (lll). Scale bars: 10 um. (A) Release of SNCA::
RFP occurs from intact BWM cells. Only SNCA:RFP and not YFP is detected outside BWM cells, indicating that BWM cells are not leaking cytosolic content. (B) SNCA
localizes to vesicles within muscle arms that connect BWM cells with motor neuron axons, visualized by the co-expression of membrane anchored GFP in muscle
cells. (C) No membrane bound tubes could be detected between muscle cells and hypodermal cells. (D) The lysosomal marker LMP-1 expressed under a BWM cell-
specific promoter colocalizes with SNCA vesicles only in BMW cells, whereas SNCA vesicles are detected in BWM and hypodermal cells.



of TNTs for spreading to the hypodermis. Membranous nano-
tubes were visualized by co-expressing membrane-anchored
GFP together with SNCA in BWM cells. While we readily
identified as reported 3-4 muscle arms that correspond to
specialized membrane extensions, which grow from muscle
cells toward motor neurons to form neuromuscular junctions
[56] (Figure 7B), we did not observe additional membrane
tubes between muscle and hypodermal cells (Figure 7C).
However, this level of resolution might be too low to detect
very thin tubes. Therefore, we further tested whether intact
SNCA containing vesicles might travel from donor to receiv-
ing cells. SNCA localizes to endo-lysosomal vesicles in donor
and receiving tissues (Figures 2E,F and 4D). If these TNT
bridges exist, they would allow the transfer of SNCA together
with the surrounding vesicle membrane [55]. In contrast,
when the lysosomal membrane marker LMP-1 was co-
expressed with SNCA in BWM cells, only SNCA was detected
in the hypodermis (Figure 7D). Thus, although SNCA is
accumulating within endo-lysosomal vesicles in both donor
and receiving tissues, intact SNCA containing organelles are
not exchanged. Taken together, these data reveal that neither
the uncontrolled release of cytosolic content nor endo-
lysosomal trafficking through TNTs seem to play a major
role in the transfer of SNCA into epithelial cells.
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Candidate RNAi screen reveals that dissemination of
SNCA is mediated by endo- and exocytosis and basement
membrane remodeling

Since our results suggest that aggregation and toxicity might
affect SNCA spreading, we rationalized that knocking down
genes that interfere with SNCA release from BWM cells
should increase cell autonomous aggregation and toxicity.
Therefore, we tested 110 RNAi clones (Table S2), which
were shown to either enhance cell autonomous aggregation
or toxicity of SNCA in C. elegans [27,29].

Of the 110 genes tested, 17 genes altered the appearance of
SNCA:RFP containing vesicles in BWM cells of 5-d-old ani-
mals (Figure 8A). We classified the hits into 4 categories: (i)
more spherical and fewer tubular vesicles, (ii) more smaller
fragmented vesicles, (iii) elongated vesicles, and (iv) highly
elongated or connected vesicles (Figure 8A). Of these, 10 also
affected inter-tissue transmission and significantly reduced
the number of animals in which SNCA::RFP vesicles appeared
in the hypodermis (Figure 8B,C). Regarding the phenotypic
classes, the 10 final hits distributed as follows: 1 gene of class i,
1 gene of class ii, 5 genes of class iii and 3 genes of class iv,
significantly inhibited the transfer of SNCA::RFP (Figure 8A,
gene names in bold black letters). Thus, blocking SNCA
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Figure 8. Candidate RNAi screen identifies new genetic modifiers of basement membrane transmigration of SNCA. (A) Schematic depiction of the observed vesicle
phenotypes in BWM cells in 5-d-old animals. For each category the respective target genes are listed. The effect of one representative gene KD on the appearance of
SNCA vesicles is shown on the right (collapsed confocal z-stacks of BWM cells expressing SNCA::RFP). Scale bars: 10 pm. (B) Collapsed confocal z-stacks of 5-d-old
nematodes expressing SNCA::RFP after KD of the indicated genes. White dashed lines outline the borders of BWM cells. M, muscle; H, hypodermis. Scale bars: 10 pm.
(C) Quantification of animals that exhibit SNCA vesicles within the hypodermis upon KD of the indicated genes. Data are shown as mean + SEM. Statistical analysis
was done using one-way ANOVA with Dunnett’s multiple comparison test. n. s. = not significant, * = p < 0.05, ** = p < 0.01, *** = p < 0.001.
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spreading often correlates with an increase of tubular elon-
gated SNCA:RFP containing vesicles in donor BWM cells.
However, not all genes that affected the appearance of SNCA::
RFP containing vesicles in donor cells impaired spreading of
the protein.

While the identified modifiers have diverse functions, the
majority of these impacts SNCA dissemination by affecting 2
main biological processes, vesicular transport and basement
membrane organization and biogenesis (see also Table S3 for
further information on individual hits). Four of the candidate
genes function in vesicular trafficking: cct-2 encodes subunit 2
of chaperonin containing TCP1 (CCT). Depletion of CCT
disrupts the microtubule and actin network, impairing intra-
cellular trafficking and lysosomal maturation [57,58], which
likely interferes with the trafficking of SNCA::RFP containing
vesicles. hgrs-1 (hepatocyte growth factor-regulated TK sub-
strate [HRS] family; an ESCRT-0 subunit) and vha-15
(Vacuolar H ATPase) likely interfere with the secretion of
SNCA via exosomes [59-61], whereas apa-2 (adaptin, alpha
chain [clathrin associated complex]) might be necessary for
the uptake of either free or exosomal SNCA into receiving
epithelial cells by clathrin-mediated endocytosis [62].

The second major process that modulates the transfer of
SNCA::RFP into the epithelium involves the basement mem-
brane. Half of the identified genetic modulators have
a function in ECM remodeling. skr-1 (SKP1 related [ubiquitin
ligase complex component]; ortholog of SKP1) was shown to
be required for the expression of a specific set of ECM genes
[63], while pan-1 (P-granule associated novel protein; ortho-
log of LGR5) and pde-2 (phosphodiesterase; ortholog of
PDE2A, which has a role in tumor growth and invasion
[64]) affect ECM composition. LIT-1 (loss of intestine; homo-
log to human NLK) was recently identified together with CCT
as novel regulators of anchor cell invasion through
a basement membrane [65], suggesting that a shared set of
genes might regulate cell invasion and SNCA spreading.

SNCA spreads from dopaminergic (DA) neurons to the
epithelium

Finally, we asked whether SNCA dissemination to epithelial
cells is specific to its expression in muscle cells. We therefore
expressed SNCA exclusively in the 8 DA neurons of C. elegans
(Figure 9A) and monitored the appearance of SNCA in the
hypodermis. Besides being visible in DA neuronal bodies and
neurites, SNCA was again readily detected in the hypodermis
(Figure 9B). Hence, the transfer of SNCA into the hypodermis
is not limited to an expression in BWM cells. While the onset
of DA to hypodermis transmission was still age-dependent, it
occurred during development in 3-d-old animals (L4s)
(Figure 9C), a much earlier stage compared to the onset
observed for BWM to hypodermis transmission, suggesting
that DA neurons might be more vulnerable to the accumula-
tion of SNCA. Moreover, the basement membrane might
constitute an additional barrier for SNCA spreading.
Neurons of the somatic nervous system (including DA neu-
rons) share a basement membrane with the hypodermis that
isolates them from other tissues, such as the body wall muscle
tissue. Since there is no basement membrane between neurons

and the hypodermis, the intercellular transmission of SNCA
should not be affected by the knockdown of genes involved in
basement membrane remodeling. In line with this, only genes
that are involved in vesicle trafficking affected the spreading
of SNCA in these animals (Figure 9D,E). Hence, the dissemi-
nation of SNCA across an interstitial ECM depends mainly on
vesicle transport processes, while systemic spreading across
the more complex ECM of a basement membrane relies on
additional changes that only occur later in life.

Reduced INS-IGF1 signaling in daf-2 mutants resulted in
only a minor improvement in morphological abnormalities
observed in CEP neurons expressing SNCA:RFP (Figure 9F
and S7A), but a significant reduction in neurodegeneration
on day 6 in a partially daf-16 dependent manner (Figure 9G),
consistent with previous reports [66]. The SNCA;daf-2 mutant
animals also tended to perform better than SNCA WT nema-
todes in a basal slowing response assay that reflects DA function
(Figure S7B and S7C). Moreover, the transmission of SNCA::
RFP was delayed in the daf-2 mutant background in a daf-16
dependent manner (Figure 9H), in accordance with its effect on
SNCA:RFP expressed in BWM cells.

The sfGFP:LGALS3 reporter revealed that the continuous
spreading of SNCA from DA neurons into hypodermal cells
caused again endo-lysosomal rupture, which was almost com-
pletely suppressed in daf-2 mutant animals (Figure 9LK).
These results confirm that reducing INS-IGF1 signaling pro-
tects endo-lysosomal vesicles against proteotoxic damage.

Discussion

We describe a new SNCA/a-synuclein animal model that
facilitates non-invasive tracking of a fraction of SNCA,
which accumulates in endo-lysosomal vesicles during aging.
Accumulated SNCA conformers are transferred from expres-
sing muscle cells or DA neurons to the epithelial tissue of
C. elegans. Our genetic and cell biological evidence supports
a model (Figure S8), in which SNCA is transferred from tissue
to tissue via vesicular endo- and exocytosis rather than via
passive diffusion or tunneling nanotubes. Moreover, the
transfer of SNCA across a basement membrane required
additional alterations in ECM composition that occurred at
later ages. Finally, the accumulation of SNCA in endo-
lysosomal vesicles in receiving epithelial cells resulted in non-
cell autonomous toxicity by endo-lysosomal membrane per-
meabilization (LMP), which could be prevented by reducing
INS-IGF1 signaling.

SNCA containing vesicles colocalize with lysosomal mar-
kers but have morphological characteristics and properties
that are distinct from classical mature lysosomes.
Intriguingly, similar lysosomal shapes and dynamics were
recently described upon overexpression of the amino acid
transporters CTNS-1 and LAAT-1 [67]. The over-expression
of certain amino acid transporters, as well as the accumulation
of SNCA, is known to impair lysosomal homeostasis
[34,68,69]. Consistent with this, co-expression of SNCA and
CTNS-1 had a synergistic effect and enhanced vesicle tubula-
tion (Figures 2F and 4D), whereas impaired INS-IGF1 signal-
ing reduced the number of tubular vesicles (Figure 5C). This
suggests that the observed vesicular structures and dynamics
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Figure 9. Spreading of SNCA from DA neurons to the hypodermis is modulated by genes involved in vesicular trafficking and results in endo-lysosomal rupture that
is suppressed by reduced INS-IGF1 signaling. (A) Schematic depiction of the 8 DA neurons of the C. elegans hermaphrodite, which include 4 bilaterally symmetric
pairs of neurons (only one side is depicted): 2 pairs of cephalic neurons (2 dorsal CEP [CEPD] and 2 ventral CEP [CEPV]), one pair of anterior deirid sensillum (ADE),
and one pair of posterior deirid neurons (PDE). (B,D) Collapsed confocal z-stacks of nematodes expressing SNCA:RFP in DA neurons under the DA transporter
promoter (dat-1p). White dashed lines outline the borders of animals. H: hypodermis. Scale bars: 10 um. (B) SNCA::RFP fluorescence is detected in DA neurons (1) and
in the hypodermis (Il) in 5-d-old animals. I: 3 different images were stitched together to create a high-resolution montage of the head region. CEP: cephalic neuron,
ADE: anterior deirid neuron. (C) Quantification of SNCA::RFP transmission into the hypodermis at indicated ages. (D) Images of 3-d-old nematodes expressing SNCA::
RFP in DA neurons after KD of the indicated genes or harboring the indicated mutation. In 49% of SNCA:RFP;apa-2(ox422) animals in which hypodermal vesicles
were detected, the vesicles were fewer and appeared round and not tubular shaped, indicating that endocytic vesicles did not further mature into lysosomes. (E)
Quantification of SNCA:RFP transmission into the hypodermis in 3-d-old animals upon KD of the indicated genes or harboring the indicated mutation. (F)
Quantification of SNCA:RFP expressing animals that exhibit strong morphological abnormalities of CEP neuron axons and dendrites at indicated ages in the WT
and daf-2 mutant background and upon KD of the indicated genes. (G) Quantification of SNCA::RFP expressing animals exhibiting a loss of at least one CEP neuron at
indicated ages in the WT and daf-2 mutant background and upon KD of the indicated genes. (H) Quantification of SNCA:RFP transmission at indicated ages in the WT
and daf-2 mutant background and upon KD of the indicated genes. KD of daf-16 abolishes the daf-2-mediated suppression of SNCA::RFP spreading on day 3. (1)
Collapsed z-stacks of the hypodermis of 5-d-old nematodes. sfGFP:LGALS3 puncta reveal endo-lysosomal leakage in hypodermal cells when SNCA:RFP is expressed
in DA neurons in WT animals (I: head region and II: periphery), but not in animals harboring the daf-2 mutation (lll: head region and IV: periphery). Scale bars:
100 um. (K) Quantification of animals with more than 5 sfGFP::LGALS3 foci at indicated ages. Data information: In (C,E-H) data are shown as mean + SEM. In (K) data
are shown as mean + SD. In (E) statistical analysis was done using one-way ANOVA with Dunnett’s multiple comparison test. In (F-H,K) statistical analyses were done
using two-way ANOVA with Bonferroni posttests. n. s. = not significant., * = p < 0.05, ** = p < 0.01, *** = p < 0.001.
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could result from endo-lysosomal stress and may represent
pre-lysosomal compartments destined for secretion [70].

C. elegans has been instrumental in discovering genes that
link vesicular trafficking and lysosomal function to SNCA
neurotoxicity or spreading, which have been successfully
translated to higher eukaryotes [71-74]. Furthermore,
a number of studies in mammalian cell culture models sug-
gested that SNCA is transferred by vesicular exo- and endo-
cytosis, and secreted by an unconventional, endoplasmic
reticulum/Golgi-independent exocytosis [46,75-77]. In addi-
tion, the interplay between proteotoxic stress, (impaired)
SNCA clearance and spreading pathways is becoming increas-
ingly clear [34,46,47,49,76]. Thus, multiple aspects of our
findings resemble observations in mammalian models and
patients, underlining the relevance of our results for under-
standing the pathology of the human disease.

This study revealed that accumulation of SNCA in endo-
lysosomal vesicles of post-mitotic cells such as muscles or DA
neurons leads to the transmission of the protein into neigh-
boring epithelial cells for remote degradation, suggesting that
the degradation of lysosomal content is coordinated across
tissues of a multicellular organism. Our results indicate that
failure of lysosomal degradation in one tissue leads to the
transfer of hardly digestible substrates to neighboring epithe-
lial cells. A recent transcriptome analysis of C. elegans identi-
fied the hypodermis as a tissue with major metabolic and
immune functions with a transcriptional profile showing sig-
nificant similarities with human liver and blood plasma as
well as immune cells [78]. It is therefore tempting to speculate
that the transfer of SNCA might be either part of
a detoxification pathway, a metabolite-recycling pathway or
an organismal immune surveillance pathway.

A similar pathway for the removal of cellular debris has
been recently described: C. elegans neurons were shown to
expel misfolded proteins within exophers, large membrane-
surrounded vesicles containing damaged cytoplasmic material
[25]. While the timing is similar, there are 2 lines of evidence
that do not support a major role of exophers in SNCA
spreading observed here. First, exopher content was shown
to be phagocytosed by the hypodermis [25]. If transfer of
SNCA involved phagocytosis, it should not be affected by
apa-2 depletion, since knockdown of apa-2 in C. elegans
does not inhibit phagocytosis by the hypodermis [79]. The
uptake of SNCA into the epithelium likely involves clathrin-
mediated endocytosis. Second, SNCA spreading is very effi-
cient occurring in ~70-100% of animals once initiated,
whereas exopher release was observed in ~10% of animals.
Since we occasionally did observe exophers in our imaging
analysis that seemed to originate from SNCA::RFP expressing
cells, exopher-mediated transfer might occur in parallel to the
transfer by exo- and endocytosis and could account for the
~10% of transmission that we also detected with other aggre-
gation-prone proteins (Figure S4). However, more experi-
ments would be required to examine the exact pathways and
the potential involvement of exophers.

This inter-tissue dissemination of SNCA is strikingly age-
dependent. While the spreading from DA neurons to hypo-
dermis occurs during development between the second and
fourth larval stage (corresponding to 2- and 3-d-old animals),

the transmigration across a basement membrane occurs
between day 1 to day 2 of adulthood (corresponding to 4-
and 5-d-old animals). Intriguingly, the latter coincides with
a decline of the functional capacity of the proteostasis net-
work, which undergoes drastic changes at that age [1,80,81].
Moreover, there is increasing evidence that organismal pro-
teostasis, the cytoskeleton and ECM homeostasis are interde-
pendent [82,83]. Our data revealed that remodeling of the
basement membrane was essential for SNCA spreading from
BWM cells to the hypodermis, which is supported by the
identification of several modifiers that function in cell inva-
sion and cancer progression. Furthermore, lysosomal exocy-
tosis might also increase the dissemination of SNCA across
the basement membrane, since the secretion of lysosomal
content also mediates ECM degradation in cell invasion dur-
ing normal development or cancer metastasis [84,85]. This
suggests that the transfer of a protein across a basement
membrane might share molecular mechanisms with the trans-
migration of an entire cell.

A surprisingly small number of candidates (only 10 out of
110) inhibited SNCA spreading, although our results with
SNCA”>*T and daf-2 mutant animals suggested that spreading
is influenced by aggregation and toxicity. Moreover, there was
no clear correlation between genes regulating SNCA spread-
ing and genes regulating its aggregation and/or toxicity: 4 of
the 10 hits that reduce spreading had been previously identi-
fied to increase SNCA inclusion formation upon knockdown
(tdo-2, hgrs-1, vha-15 and uaf-2), whereas knockdown of 6
genes have been shown to enhance SNCA toxicity (apa-2,
pde-2, lit-1, skr-1, cct-2, and pan-1) [27,29]. There is increas-
ing evidence that aggregation and toxicity are uncoupled, as
the formation of large visible protein aggregates might even be
protective under certain circumstances [86,87]. The absence
of a clear correlation suggests that spreading represents
another distinct trait of SNCA pathology. Hence, aggregation,
toxicity and spreading, though affecting each other, seem to
be regulated by several distinct pathways and component
genes that may or may not interact.

The identified modifiers could affect systemic SNCA:RFP
spreading by multiple means. apa-2, hgrs-1, vha-15 and cct-2
likely regulate vesicular trafficking of SNCA:RFP. cct-2
encodes subunit 2 of chaperonin-containing TCP1 (CCT),
which has a well-characterized role in tubulin and actin fold-
ing. Depletion of this complex disrupts the microtubule and
actin network and impairs intracellular trafficking [57].
Moreover, CCT knockdown affects autophagy and lysosomal
function [58]. Thus, reducing the levels of CCT-2 likely inter-
feres with the trafficking of secretory SNCA::RFP containing
vesicles. hgrs-1 encodes hepatocyte growth factor-regulated
tyrosine kinase substrate (HGS), an ESCRT-0 protein.
Besides being involved in the generation of MVBs by sorting
ubiquitinated proteins into intralumenal vesicles of MVBs and
targeting it to lysosomal degradation, HGS was shown to
regulate exosome secretion in dendritic cells [61] and could
therefore affect the spreading of SNCA by exosomes.
Moreover, ESCRT-0 has a role in sorting ubiquitinated
cargo for lysosomal degradation at the plasma membrane,
consistent with a role in uptake of SNCA in receiving tissues
[88]. vha-15 encodes the regulatory subunit H of the



peripheral H'-transporting V, complex of the vacuolar
ATPase (V-ATPase), which functions in endosome acidifica-
tion and maturation. This activity could be necessary for the
maturation of SNCA-containing endosomes and subsequent
release from donor cells. Additionally, vha-5, encoding
a subunit of the membrane-bound V, domain of the
V-ATPase mediates exosomal release from the C. elegans
hypodermis [59], independent of its contribution to the pro-
ton pump activity. Because the V, domain can be directly
involved in both budding and fusion events of secretory
vesicles [60], the KD of vha-15 might also interfere with
SNCA spreading by affecting the function of the V, domain.
Finally, apa-2 encodes the a-adaptin subunit of the AP2
complex in clathrin-mediated endocytosis (AP2A1), and is
likely necessary for the endocytic uptake of either free or
exosomal SNCA into receiving epithelial cells.

Half of the genetic modulators identified have a function in
ECM remodeling. For example, skr-1 encodes an ortholog of
SKP1 (S-phase kinase associated protein 1), an essential com-
ponent of the SCF (SKP1-CUL1-F-box protein) ubiquitin
ligase complex, and is required for the expression of
a specific set of ECM genes [63]. pan-1 is an extracellular
leucine-rich repeat protein, orthologous to LGR5 (leucine rich
repeat containing G protein-coupled receptor 5) with a role in
molting [89], for which it is tempting to speculate that pan-1
RNAi might prevent the formation of ECM structures that
allow transmission of SNCA. pde-2 is an ortholog of PDE2A/
c¢GMP-dependent 3',5'-cyclic phosphodiesterase that has
a role in tumor growth and invasion [64] and could also affect
ECM composition. LIT-1 is a serine/threonine-protein kinase
homolog related to human NLK (nemo like kinase). LIT-1
was recently identified together with CCT as novel regulators
of anchor cell invasion through a basement membrane [65],
suggesting that a shared set of genes might regulate cell inva-
sion and SNCA spreading.

The following 2 candidates do not fall into the categories
mentioned above. uaf-2 codes for an essential U2AF1/splicing
factor U2AF 35 kDa subunit homolog and plays a critical role
in alternative splicing of various proteins. Whether its role in
splicing or whether the early developmental arrest caused by
its depletion prevents spreading of SNCA needs to be estab-
lished in future studies.

Depletion of tdo-2, an ortholog of human TDO2 (trypto-
phan 2,3-dioxygenase), was recently shown to suppress aggre-
gation and toxicity of SNCA in C. elegans [90]. Perturbations
in the kynurenine pathway of tryptophan degradation have
been implicated in aging as well as the pathogenesis of many
age-related diseases [91]. However, the mechanism by which
the inhibition of tdo-2 expression protects against SNCA
spreading warrants further investigation.

Taken together, some of the genes identified in our candi-
date screen may become promising candidates for targets of
intervention in synucleinopathies. Still, further studies are
necessary to explore their therapeutic value.

Although it is well established that SNCA exhibits non-cell
autonomous toxicity [7,8], the underlying mechanisms
remain elusive. A distinct advantage of our C. elegans model
is the ability to simultaneously but separately monitor the
dynamics of SNCA containing vesicles, in both donor and
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receiving tissues. Other systems such as the bimolecular fluor-
escence complementation (BIFC)-based models express
SNCA in both, donor and receiving cell populations, and
transmission occurs bi-directionally, thus preventing an abil-
ity to distinguish between cell autonomous and non-cell
autonomous effects [92,93]. Here we show that intercellular
transmission of SNCA expressed in neighboring tissue is
sufficient to provoke non-cell autonomous toxicity by indu-
cing endocytic vesicle rupture. Endo-lysosomal membrane
permeabilization (LMP) is toxic and causes mitochondrial
damage, reactive oxygen species production and can ulti-
mately trigger cell death [52,94]. Such chronic detrimental
interactions between secreted pathological proteins and
epithelial cells might eventually lead to epithelial cell dysfunc-
tion. This might facilitate invasion of misfolded SNCA from
peripheral tissues and the circulatory system into the CNS
[95]. Furthermore, the chronic transfer from neurons to the
epithelial layer might lead to blood-brain-barrier breakdown,
which is frequently observed in PD and other neurological
disorders [96,97]. Blood-brain-barrier leakage might contri-
bute to neurodegeneration as it often results in decreased
efflux and subsequent accumulation of toxic molecules
including SNCA [95,96]. Thus, continuous spreading and
accumulation of misfolded SNCA appears to interfere with
the function of multiple cell types and tissues without the
manifestation of characteristic SNCA inclusions.

Aging is a major risk factor for the development of PD and
reducing INS-IGF1 signaling has been shown to protect
against SNCA associated neurodegeneration [66,98]. Our
study provides further mechanistic details by showing that
impaired DAF-2 function prevents vesicle rupture caused by
the accumulation of toxic SNCA conformers. This is consis-
tent with recent work showing that inhibition of INS-IGF1
signaling suppresses lysosomal damage and rescues lifespan of
scav-3 (scavenger receptor [CD36 family] related; human
SCARB2 homolog) mutant animals [67]. Our results provide
further evidence that preserving endo-lysosomal integrity is
essential to maintain cellular homeostasis during aging and
proteotoxic stress. Since endo-lysosomal dysfunction is emer-
ging as key pathological event in various neurodegenerative
disorders [99-101], preventing LMP might constitute an
effective therapeutic strategy.

Materials and methods
Maintenance of C. elegans and age-synchronization

Wild type (WT) Bristol N2, as well as transgenic animals, were
cultured using standard methods [102]. If not otherwise indi-
cated, worms were grown on nematode growth medium (NGM;
50 mM NaCl [Labochem international, LC-5932.1], 0.25 w:v
Bacto-Peptone [BD Biosciences, 211820], 1.8% Bacto-Agar [BD
Biosciences, 214030], 1 mM MgSO, [Carl Roth, P027.3], 1 mM
KH,PO,, pH = 6 [Serva Electrophoresis GmbH, 26780.01],
1 mM CaCl, [Carl Roth, T885.1], 5 pg/ml Cholesterol [Sigma-
Aldrich, C8667] in EtOH) plates seeded with E. coli strain OP50
(Caenorhabditis Genetics Center, OP50) at 20°C. Animals were
age-synchronized by bleaching [103]. Shortly, gravid adults were
dissolved in alkaline hypochlorite solution (250 mM NaOH
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[Carl Roth, P031.2] and 20% sodium hypochlorite solution
[NaOCl, min. 14% free chlorine; Thermo Fisher Scientific,
10691164] in H,0). The remaining C. elegans embryos were
washed 2 times with M9 buffer (21 mM Na,HPO, [Sigma-
Aldrich, 30414], 22 mM 1KH,PO, 85 mM NaCl, 1 mM
MgSO,) and let hatch with gentle rocking in M9 buffer at 20°C
overnight. The next day, L1 larvae were distributed onto NGM
or RNAi plates (NGM medium supplemented with 100 pg/ml
Ampicillin [Carl Roth, K029.2], 12.5 ug/ml Tetracycline [Sigma-
Aldrich, T3383], 1 mM IPTG [Carl Roth, 2316.4]), seeded with
the respective bacteria and grown at 20°C. Animals reached day
2 of adulthood 4 d later (corresponding to 5-d-old animals).
Alternatively, nematodes were age-synchronization by egg lay-
ing [36], by allowing adult animals to lay eggs for 2-3 h before
removing them again from the plates. Embryos were grown at
20°C and assayed at the indicated days of life.

Cloning of C. elegans expression constructs and
generation of transgenic animals

For constructing C. elegans expression constructs, the
MultiSite Gateway Three-Fragment Vector Construction Kit
(Thermo Fisher Scientific, 12537-103) was used. The cDNA of
WT human SNCA was amplified from a pPD30.38 (Addgene,
1443) expression vector [27] by PCR using oligonucleotides
suitable for gateway cloning and inserted into the pDONR221
(Thermo Fisher Scientific, 12537-103) entry vector by recom-
bination. The entry vector coding for A53T mutant human
SNCA (SNCA”>*T) was generated by mutagenesis PCR using
the pDONR221 vectors as a template. Entry vectors pDONR
P4-PIR (Thermo Fisher Scientific, 12537-103) containing the
myo-3 promoter region (approx. 2.4 kb upstream of the myo-3
gene), or the unc-54 promoter region (approx. 1 kb upstream
of the unc-54 gene) and pDONR P2R-P3 (Thermo Fisher
Scientific, 12537-103) coding for the C-terminal monomeric
RFP tag and the unc-54 3'UTR, were generated previously
[36]. The entry vector pPDONR P4-PIR containing the dat-1
promoter region (approx. 1.4 kb upstream of the dat-1 gene)
was purchased (Dharmacon, PCE1182-202307362). The
pDONR221 entry vector coding for stGFP::Gal3 was gener-
ated by amplifying the cDNA of sfGFP::Gal3 from a pPD49.26
(Addgene, 1686) expression vector [53]. The Y37A1B.5 pro-
moter region (approx. 2.9 kb upstream of the Y37A1B.5 gene)
was amplified from a C. elegans lysate and recombined into
the pDONR P4-P1R vector to mediate hypodermis-specific
expression. Entry vectors containing the respective promoters,
cDNAs and 3'UTRs were inserted into the destination vector
pDEST R4-R3 (Thermo Fisher Scientific, 12537-103) in an
in vitro recombination reaction to create the myo-3p::SNCA
WT:rfp:unc-54  3'utr, myo-3p:SNCA*>Trfp:unc-54  3'utr,
dat-1p:SNCA  WTerfp::unc-54 3'utr, and unc-54p::sfGFP::
LGALS3::unc-54 3'utr expression constructs.

The plasmids were injected into young adult N2 hermaph-
rodites to generate transgenic lines carrying an extrachromo-
somal array. Some plasmids were subsequently integrated by
gamma irradiation (myo-3p:WT SNCA and SNCA***") or
UV irradiation (dat-1p:WT SNCA). Successfully integrated
lines were backcrossed at least 5 times into the WT N2 back-
ground. Strains used in this study are listed in Table SI.

Drug treatments

Transgenic C. elegans expressing SNCA:RFP in the bus-17
(e2800) mutant background were used in these experiments.
The impermeability of the adult C. elegans cuticle necessitated
the use of the bus-17 mutation for acute drug treatments
[45,104]. 5-d-old animals were washed off from regular NGM
plates with M9 and incubated for 30 min in M9 buffer contain-
ing either 2% DMSO (Sigma-Aldrich, 276,855) as control, or 2%
DMSO plus 100 pM nocodazole (NOC; Sigma-Aldrich, M1404),
or 2% DMSO plus 10 mM sodium azide (NaNs; Carl Roth,
K305.1). Immediately after treatment, animals were mounted
on microscope slides for imaging as detailed below.
Unfortunately, due to deleterious side effects these drugs could
only be administered for a short period of time (up to 1 h), which
renders it impossible to test whether the disruption of the micro-
tubule network in donor cells would also completely block the
intercellular transfer of SNCA.

Fluorescence microscopy

For imaging, age-synchronized animals were mounted on
5-10% agarose (VWR Chemicals, 35-1020) pads and immo-
bilized in a solution containing 2.5 mM levamisole
(Applichem, A4341) and nanosphere size standards (100 nm
polystyrene beads, Thermo Fisher Scientific, 3100A).
Colocalization of SNCA:RFP with individual markers was
examined with a Zeiss LSM 780 confocal microscope (Zeiss,
Germany) equipped with a 488 nm Argon laser (25 mW) and
a 561 nm DPSS laser (20 mW), and Zeiss ZEN 2010 software
(Figures 2B-2F, 3A, 6A, 7A,B and 8A). Z-stack (0.2 um steps)
or time-lapse (1-2 frames per second [fps]) images were
acquired for each channel using a Plan-Apochromat 63x/1.4
oil objective. This system allows free selection of the spectral
detection range, which was flexibly adapted to ensure full
separation of fluorescent signals for each combination of
fluorophore. Colocalization of SNCA::RFP with each of the
vesicle markers was quantified by the colocalization function
of Zeiss ZEN software. For each condition, at least 20 images
were measured to calculate the colocalization coefficients for
the RFP channel (by summing the pixels in the colocalized
region divided by the sum of pixels in the RFP channel).
High sensitivity microscopy was performed using a Leica
DMi8SD AF spinning disc microscope (Leica Microsystems,
Germany) equipped with a 561 nm diode laser (50 mW) and
the MetaMorph Advanced Acquisition software (Molecular
Devices, U.S.A.) (Figure 1A,B; 4(b); 4f; 5a; 6¢c; 8b; 9b; 9d;
Slc and S1d; S2; S7; Videos S1 and S6). Z-stacks (0.2 pum
steps) or time-lapse (1-2 fps) images were acquired for each
channel using an Orca Flash 4.0 LT (C11440-42U) camera
(Hamamatsu, Japan) and a HC PL APO 40x/1.3 oil or 63x/
1.40-0.60 oil objective. High sensitivity combined with colo-
calization microscopy was performed using a PerkinElmer
ERS-VoX spinning disk confocal microscope (PerkinElmer,
U.S.A.) on a Nikon Eclipse Ti-E microscope (Nikon, Japan)
(Figures 4C,D and 7C,Dj; S4; Video S2), which was equipped
with lasers of 488 and 561 wavelength for fluorochrome
excitation and green (527/55) and red (615/70) band pass
filters for detection of fluorochrome emission. Z-stacks



(0.2 pum steps) or time-lapse (1-2 fps) images were recorded
with a Hamamatsu C9100-02 EMCCD camera (Hamamatsu,
Japan) using a Nikon Plan Apo VC 60x NA 1.2 water immer-
sion objective (Nikon, Japan). For Figures 3B, 6E and 9I; and
Videos S3-S5, a widefield imaging system (xcellence IX8I,
Olympus, Japan) equipped with an UPlanSApo 40x/0.95 and
an Apo N 60x/1.49 oil objective was employed. Z-stacks
(0.2 um steps) or time-lapse (1-2 fps) images were recorded
with an Orca-R2 EMCCD camera (Hamamatsu, Japan) using
xcellence software (Olympus, Japan). For Figure S6 a Leica
M205 FA microscope with a Leica DFC310FX camera and the
Leica DFC Twain Software were used (Leica Microsystems,
Germany). All further processing of acquired images was
performed with Image] software (NIH). If not otherwise indi-
cated, maximum projections of z-stacks are shown. The
PureDenoise plugin (http://bigwww.epfl.ch/algorithms/
denoise/#ij, EPFL) for Image] was used to denoise videos
where indicated in the video legend [105].

Fluorescence lifetime imaging microscopy (FLIM)

SNCA::RFP, SNCA::RFP;daf-2 or RFP expressing nematodes
were analyzed by FLIM on days 4, 5, 6 and 10 of life as
previously described [37]. Briefly, nematodes were anesthe-
tized with 250 mM NaNj for up to 30 min, mounted on
a 2.5% agarose-pad for subsequent confocal microscopy and
fluorescence lifetime measurements. Measurements were per-
formed using a SP5 (Leica Microsystems, Germany) confocal
microscope, objectives used were HCX PL APO 63 x 1.2 and
HCX PL APO CS 100 x 1.4. The applied zoom was up to
2-fold. Images were recorded by time correlated single photon
counting (TCSPC) wusing PicoHarp 300 (PicoQuant,
Germany). A pulsed supercontinuum laser was used for exci-
tation, emitting pulses at 80 MHz. An acousto-optic beam
splitter was used to set the excitation light to 587 nm and to
measure emission between 590-700 nm. Photon counting
rates were kept below 1% of the laser repetition rate to pre-
vent photon pileup. Images were acquired until 1.000-2.000
photons per pixel were recorded. Images were processed with
Flimfit software [106] and fitted as mono-exponential decays.
Further analysis was done with OriginPro 9.0 (OriginLab, U.S.
A.) and Excel 2016 (Microsoft, U.S.A.).

Correlative light and electron microscopy (CLEM)

High pressure freezing (HPF)

Age-synchronized 5-d-old animals, grown on HT115 (DE3)
(Source Bioscience, 3318_Cel_RNAi_complete) or OP50 E. coli
bacteria, were picked individually and transferred to 0.1 mm
deep aluminjum carriers (Engineering Office M. Wohlwend
GmbH, 241), filled with a paste of OP50 bacteria mixed with
10% bovine serum albumin (BSA [Biowest, P6154]) in H,O. The
samples were covered with an additional aluminium carrier and
high pressure frozen using the HPMO010 high pressure freezer
(Bal-Tec, Liechtenstein).

Freeze substitution and CLEM
Freeze substitution was done using a freeze substitution
device EM-AFS2 (Leica Microsystems, Austria). The freeze
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substitution solution for CLEM contained 0.1% (w:v) uranyl
acetate (Science Services, 22,400) in dry acetone (Applichem,
131,007.1611) and the samples were substituted at —90°C for
48 h. The temperature was then increased at a rate of 5°C/h to
—-45°C followed by 5 h incubation at —45°C. Samples were
rinsed with acetone followed by step wise (10%, 25%, 50%,
75%, 4 h each) lowicryl HM20 (Polysciences, 15,924-1) infil-
tration at —45°C to —25°C. 100% lowicryl was exchanged 3
times every 10 h. UV polymerization was applied for 48 h at
—25°C and the temperature was increased to 20°C at a rate of
5°C/h. Finally the samples were left exposed to UV at room
temperature for 24 h.

Sectioning was done on a Leica UC6 ultramicrotome (Leica
Microsystems, Austria) and sections were collected on carbon
coated 200 mesh copper grids (Electron Microscopy Sciences,
U.S.A., CF200-Cu). Grids with 90-nm thick sections were
placed on a drop of water and sandwiched between 2 cover-
glasses and imaged with sections facing the objective by fluor-
escent light imaging using a Leica DMi8SD AF spinning disc
microscope (Leica Microsystems, Germany) equipped with
a 561 nm diode laser (50 mW) and the MetaMorph
Advanced Acquisition software. Single plane images were
acquired using a Hamamatsu Orca Flash 4.0 LT camera
(Hamamatsu, Japan, C11440-42U) and a HC PL APO 100x/
1.4 oil CS2 objective. Subsequently, grids were stained with
3% uranyl acetate and Reynold’s lead citrate (0.08 M Lead[II]-
nitrate [Carl Roth, HN32.1] and 0.16 M Trisodium citrate
dehydrate [Sigma-Aldrich, S1804]) and the identical areas,
identified by position on the grid in relation to grid centre,
were imaged on a JEOL JEM-1400 electron microscope
(JEOL, Japan) operating at 80 kV and equipped with a 4K
TemCam F416 (Tietz Video and Image Processing Systems
GmbH, Germany). In the final step the correlation of fluor-
escence and electron micrographs, based on morphological
features, was done using the eC-CLEM software [107].

Freeze substitution and TEM for ultrastructure

In addition, some high-pressure frozen samples were processed
for morphological studies. The freeze substitution solution did
in this case consist of 2% osmium (Science Services, 19,110),
0.5% uranyl acetate and 3% water in dry acetone. The substitu-
tion was done at —90°C for 35 h, followed by warming at 5°C/h
to —60°C. The samples were incubated at this temperature for
4 h, warmed to —30'C and incubated for 8 h before the tempera-
ture was increased to room temperature. The samples were
rinsed in dry acetone, infiltrated step wise (30%, 60%, 100%) in
Spurr’s resin (45 g ERL-4221D [Serva Electrophoresis GmbH,
21,041.02], 27 g D.E.R736 [Serva Electrophoresis GmbH,
18,247.01], 117 g NSA [Serva Electrophoresis GmbH,
30,812.01], 1.8 g DMAE [Serva Electrophoresis GmbH,
20,130.02]) and polymerized at 60°C. 70 nm thin sections of
these samples were collected on formvar (Science Services,
15,800) coated copper slot grids (Plano, G 2500C). Post stained
sections were imaged as described above.

Worm lysis, western blot and signal quantification

Nematodes were washed 2 times in M9 buffer, and then in
lysis buffer (20 mM Tris, pH 7.5 [Carl Roth, 4855.2]; 10 mM
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3-mercaptoethanol [Sigma-Aldrich, M3148]; 1% Triton X-100
[Merck, 1.08643.1000]; supplemented with complete protease
inhibitor cocktail [Roche, 05056489001]) before shock freez-
ing in liquid nitrogen. Equal volumes of lysis buffer were
added along with an appropriate amount of zirconia beads
(0.7 mm, BioSpec Products; Carl Roth, N037.1). Worms were
mechanically lysed using a FastPrep-24 homogenizer (MP
Biomedicals, Germany; 6.5 m/s, 60 s at 4°C). The lysates
were transferred into fresh Eppendorf tubes to remove beads
and centrifuged (100 x g for 2 min at 4°C) in a tabletop
centrifuge to remove carcasses. The supernatant was trans-
ferred into fresh Eppendorf tubes and protein concentration
was determined using protein assay dye reagent concentrate
(Bio-Rad, 500-006). Proteins were separated under denatur-
ing conditions by SDS-PAGE and transferred onto a PVDF
membrane (Carl Roth, T830.1) by semi-dry or wet blotting
using standard protocols. For transgene detection, mouse
monoclonal  anti-SNCA  antibody (211, Santa Cruz
Biotechnology, sc-12767) or anti-mCherry antibody (1C51,
Abcam, ab125096) were used. Anti-actin antibody (clone C4,
Sigma-Aldrich, MAB1501) was used as loading control.
Alkaline phosphatase (AP)-conjugated anti-mouse IgG sec-
ondary antibodies (Vector Laboratories, AP-2000) were used
for subsequent ECF-based detection (GE Healthcare,
RPN5785). Western blot signal intensity analysis was per-
formed using the gel analyzer function of Image] on results
from 3 independent experiments.

Sequential extraction of SNCA

Detergent fractionation of worm lysates was performed
according to the procedure described in Kuwahara et al.
[39] with minor modifications. Nematodes were washed 2
times in M9 buffer, and once in Tris-HCI buffer (50 mM
Tris, pH 7.5, supplemented with complete protease inhibitor
cocktail [Roche, 05056489001]), shock frozen in liquid nitro-
gen and kept at —80°C. The worm pellet was re-suspended in
equal volumes of Tris-HCI buffer and mechanically homoge-
nized as described above. The lysates were cleared of beads
and worm debris (2 times centrifugation at 100 x g for 5 min
at 4°C). Equal amounts of worm lysates containing approxi-
mately 200 pg total protein were then ultracentrifuged at
350,000 x g for 15 min. The supernatant was collected as the
Tris-HCI soluble fraction and the resulting pellet was sequen-
tially re-suspended by sonication in 1. Tris-HCI buffer with
1% Triton X-100, 2. Tris-HCI buffer with 1% sarkosyl (Sigma-
Aldrich, 61743), and 3. Tris-HCl buffer with SDS sample
buffer containing 2% SDS (Carl Roth, CN30.2), each extrac-
tion step followed by centrifugation at 350,000 x g for 15 min,
resulting in a Triton X-100 soluble fraction, sarkosyl soluble
fraction and SDS soluble fraction, respectively. 1/20 of the
Tris-HCl soluble fractions, and 1/5 of the Triton X-100,
sarkosyl and SDS soluble fractions were subjected to SDS-
PAGE and western blotting as detailed above.

RNAi by feeding and RNAi screen

RNAIi experiments were performed by feeding nematodes
with E. coli HT115(DE3) bacteria expressing target-gene

dsRNA, which were retrieved from the Ahringer RNAI library
(Source BioScience, 3318_Cel _RNAi_complete) [108]. RNAi
plates were seeded with 200 ul of overnight (~14 h) RNAi
bacteria cultures, pre-induced with 1 mM IPTG for 3 h. L1
larvae (approx. 40 animals) were transferred onto dried RNAi
bacteria seeded plates and grown at 20°C. For the RNAI
screen, any effect on the SNCA containing vesicular structures
in body wall muscle (BWM) cells relative to the empty vector
control was scored in at least 30 animals for each RNAI clone
(n=3). Moreover, the number of animals that exhibit SNCA::
RFP staining in neighboring hypodermal tissue was deter-
mined in at least 30 animals for each condition (n=>3).
Experiments were performed blind as to the identity of the
RNAI clone, whenever possible. The RNAi experiments with
animals expressing SNCA:RFP in dopaminergic neurons
were performed as described above with the following mod-
ifications: to enhance RNAIi efficiency in neurons, we used
a strain that is hypersensitive to systemic neuronal
RNAi [109].

LGALS3/galectin-3 puncta assay

Lysosomal membrane permeabilization (LMP) was analyzed
by the LGALS3/galectin-3 puncta assay [53]. Animals were
age-synchronized and the number of human LGALS3 fused to
superfolder GFP (sfGFP:: LGALS3) in BWM cells was deter-
mined using a Leica DMi8SD AF spinning disc microscope
(Leica Microsystems, Germany). At least 20 muscle cells of 20
different animals of each strain were analyzed in each of 4
independent experiments. For hypodermal expression of
sfGFP:LGALS3, the number of animals harboring more
than 5 or 10 sfGFP:LGALS3 foci in the hypodermis was
determined using a Leica M205 FA fluorescence stereomicro-
scope (Leica Microsystems, Germany). At least 20 animals per
strain were analyzed in each of 4 independent experiments.

Behavioral analysis

Thrashing assay

In order to evaluate the physiological consequences of SNCA
expression, the function of BWM cells was assessed by
a thrashing assay. Age-synchronized animals were transferred
from NGM growth plates into M9 buffer. After the animals
had become accustomed to the new environment for 1 min,
the swimming speed was determined by counting the number
of swimming movements (thrashes) within 30 s. One thrash
was defined as the entire motion from one side to the other.
10-15 worms were examined for each strain in 3 biological
replicates.

Basal slowing response assay

The experimental procedure for the basal slowing response
assay, which assesses integrity of dopaminergic circuits in
C. elegans, was adapted from Sawin et al. [110]. Strains were
synchronized via egg laying and cultivated on fresh OP50
seeded plates until they reached the desired ages. Seeded
assay plates were prepared as follows on the day before ana-
lysis; 20 pl of OP50 bacteria were added onto 60 mm plates
and spread in circular shape using the bottom of a glass



culture tube and incubated overnight at 37°C. This generated
plates with a ring-shaped bacterial lawn with a central area of
approximately 1 cm in diameter without bacteria. The syn-
chronized progeny at the respective stage of development
were first washed 3 times in S-basal buffer to remove residual
OP50 and then transferred into the center of such an assay
plate in a drop of buffer (5 to 10 animals per plate), which was
then gently absorbed using a Kimwipe. In parallel, worms
were transferred to an unseeded OP50 plate following the
same procedure. Both seeded and unseeded assay plates
were then left undisturbed for 5 min, before the number of
anterior body bends in a 20 s interval were determined for
each worm on the seeded and unseeded assay plates. The
relative change in the number of body bends (seeded sub-
tracted from unseeded) was determined in 4 independent
repeats of the assay, 2 of which were done blinded. Animals
with intact dopaminergic neurons will slow down when
encountering the bacterial lawn, whereas animals with
impaired dopaminergic neuron function will not slow down.
As a positive control, cat-2(n4547) mutant animals lacking
CAT-2, a homolog for tyrosine hydroxylase, the rate limiting
enzyme in the synthesis of dopamine, were used (as described
in [111]). The BZ555 strain (Caenorhabditis Genetics Center,
BZ555), expressing GFP in all 8 dopaminergic neurons under
the control of the dat-1 promoter, was used in this context as
a negative control, exhibiting a WT basal slowing response.

CEP neuron analysis

Age-synchronized animals were imaged using a Leica
DMi8SD AF spinning disc microscope as detailed above to
examine the 4 dopaminergic cephalic sensilla (CEP) neurons
for morphological changes. An animal was scored positive for
‘neuronal abnormalities’ if CEP neurons exhibited any of the
following strong morphological abnormalities [112]: blebbing
(at least 3; beading was not considered strong enough), heavy
kinks, breaks or aberrant sprouting of axons (see Figure S7 for
representative images). Animals that exhibited a loss of at
least one CEP neuron (CEP cell body was invisible in fluor-
escence microscopy) were scored as ‘animals with CEP neu-
rodegeneration’. The strain BZ555, which expresses only GFP
in DA neurons, showed none of these age-associated aberra-
tions [112] at this early stage of life when the animals were
examined (on day 2 to 6 of life). 10-15 animals were exam-
ined at each day in 3 independent experiments.

Statistical analysis

For all experiments, at least 3 biological replicates were
obtained for each strain tested. GraphPad Prism software
was used to create graphs and to analyze the data. Data are
presented as mean + standard error of the mean (SEM) if not
otherwise indicated. To determine whether there are statisti-
cally significant differences between strains or treatments, the
following statistical tests were performed. The two-way ana-
lysis of variance (ANOVA) with Bonferroni posttests or
Holm-Sidak’s multiple comparisons test were used to com-
pare 2 variables (strains and age) with each another. The one-
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way ANOVA together with a Dunnett post-test was used to
compare every mean to a control mean.
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