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ABSTRACT

ARTICLE HISTORY
Received 4 January 2016

Aging is the major risk factor for neurodegenerative diseases that are also associated with impaired
proteostasis, resulting in abnormal accumulation of protein aggregates. However, the role of aging in
development and progression of disease remains elusive. Here, we used Caenorhabditis elegans models to
show that aging-promoting genetic variations accelerated the rate of cell-to-cell transmission of SNCA/
a-synuclein aggregates, hallmarks of Parkinson disease, and the progression of disease phenotypes, such
as nerve degeneration, behavioral deficits, and reduced life span. Genetic and pharmacological anti-aging
manipulations slowed the spread of aggregates and the associated phenotypes. Lysosomal degradation
was significantly impaired in aging models, while anti-aging treatments reduced the impairment.
Transgenic expression of hlh-30p::hlh-30, the master controller of lysosomal biogenesis, alleviated
intercellular transmission of aggregates in the aging model. Our results demonstrate that the rate of aging
closely correlates with the rate of aggregate propagation and that general anti-aging treatments can slow
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aggregate propagation and associated disease progression by restoring lysosomal function.

Introduction

Accumulation of specific protein aggregates is the characteristic of
neurodegenerative diseases, such as Alzheimer disease (AD), Par-
kinson disease (PD), and amyotrophic lateral sclerosis (ALS). Pro-
teins that are aggregated in these diseases include A and MAPT/
tau in AD, SNCA/a-synuclein in PD, and TARDBP/TDP-43 in
ALS. Protein aggregation is a consequence of impaired proteostasis,
which is maintained by coordinated regulation of the protein syn-
thesis, folding, and degradation. Mutations in protein synthesis
and degradation machineries cause neurodegeneration in animal
models and are often linked to human neurodegenerative diseases.
Protein aggregates in neurodegenerative diseases spread pro-
gressively from limited brain regions to larger areas as the diseases
progress. In the case of PD, SNCA aggregates initially occur in the
lower brain stem nuclei and olfactory bulb and sequentially spread
through the ascending pathways through the upper brain stem
regions to the cortical areas. Cell-to-cell transmission of protein
aggregates has been suggested as the underlying mechanism for
this pathological dissemination in the brains of patients with
neurodegenerative diseases.'” The details of the mechanism of
cell-to-cell aggregate transmission remains elusive, however, evi-
dence suggests that the unconventional exocytosis and subsequent

endocytosis in the neighboring cells constitute the main frame of
the mechanism. Under the premise that aggregate propagation
leads to the progression of disease phenotypes, the disruption of
intercellular aggregate transmission is emerging as a promising
strategy for stopping disease progression.*”

Cell-to-cell transmission of protein aggregates is a 2-step pro-
cess: transfer of aggregates from donor cells to recipient cells, and
co-aggregation of transferred proteins and endogenous proteins.®
Here, we developed Caenorhabditis elegans (C. elegans) models
that utilize bimolecular fluorescence complementation (BiFC)” to
exhibit fluorescence in pharyngeal muscles and their associated
neurons only when SNCA proteins interact with each other trans-
cellularly. Using these animal models, we investigated the effects of
aging on cell-to-cell aggregate transmission and the mechanism
underlying the aging effects.

Results

Generation and characterization of the C. elegans model
for transmission of synucleinopathy

In order to develop an animal model for convenient assay of
cell-to-cell protein transmission, we produced C. elegans
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transgenic lines expressing SNCA fused to either the N-termi-
nal or C-terminal fragment of Venus, a variant of yellow fluo-
rescence protein (Fig. 1A). The N-terminal part of Venus (V1)
was attached to the SNCA N terminus (V1S), and the C-termi-
nal part of Venus (V2) to the C terminus of SNCA (SV2). In
the C. elegans model, V1S was expressed in the pharynx muscle
using the myo-2 promoter (Pm),a,g),8 and SV2 and DsRed was
coexpressed in neurons connected to the pharynx using the flp-
21 promoter (Pﬂp_21)9 (Fig. 1B). The presence and expression of
these transgenes were verified using single-worm PCR and
immunofluorescence with the anti-SNCA antibody Ab274'°
(Fig. S1A to D), verifying specific expressions of proteins exclu-
sively in the intended cell types. The expression pattern of Pp,
21 has been described” and our own marker for flp-21 promoter
activity (DsRed) also exhibited the same expression pattern,
which includes expression in the ADL, ASE and ASH sensory
neurons, the URA motor neurons, the MC, M2 and M4 pha-
ryngeal neurons, and the intestine (Fig. S1E).

Expression of either V1S or SV2 alone did not produce BiFC
fluorescence. However, coinjection of both constructs produced
strong BiFC fluorescence in both the pharyngeal muscle and adja-
cent neurons, and the latter were labeled with DsRed (Fig. 1C and
D; Fig. S1E and G). The data indicated that protein transmission
occurred in both directions. The coexpression of Py,.»;:SV2-DsRed
and P, »:V1 (without the SNCA gene) did not generate a BiFC
signal (Fig. 1C and D; Fig S1E), indicating that the signal was not
due to nonspecific interactions between the Venus fragments. To
test the specificity of the BiFC system, we generated P,,,,,, ;:V1Q25
+ Pgp21:SV2-DsRed line, the transgenic worm expressing hun-
tingtin exon 1 with a 25 glutamine stretch under the control of
P02 and SV2 in neurons. These worms did not exhibit BiFC sig-
nal in either pharyngeal muscle or neurons (Fig. 1D; Fig. S1E). This
result validates specificity of the BiFC transgenic worms for SNCA
transmission. We also established integrated transgenic lines
expressing V1S and SV2-DsRed respectively, and crossed them to
create an integrated double-transgenic line. As expected, neither
V1S nor SV2-DsRed integrated line produced BiFC fluorescence,
whereas the integrated double-transgenic line showed strong BiFC
fluorescence in both the pharyngeal muscle and adjacent neurons
(Fig. SIF and H). Thus, this C. elegans BiFC system can be utilized
as an in vivo model in which both protein transfer and coaggrega-
tion between SNCA proteins derived from adjacent cells can be
accurately and quantitatively analyzed in real time.

BiFC fluorescence increased as the worm aged (Fig. 1E and
F), and older animals showed clumps of BiFC signal while
younger ones showed mostly diffuse patterns (Fig. 1E). These
data indicate that SNCA transmission is a continuous process,
and that the accumulated aggregates make large inclusions later
in life.

We then examined the degeneration of axonal processes from
the URA motor neuron.” These nerves were intact in the wild-type
N2 at d 8. Expression of SV2 in neurons caused neuritic bleb for-
mation and nerve fragmentation in a small number of worms
(Fig. 1G to K), indicating autonomous cellular toxicity of SNCA in
neurons. These degenerative phenotypes were further exacerbated
when VIS was expressed in the pharyngeal muscle. In the latter
case, approximately 15% of nerves were completely lost (Fig. 1K).
To verify nerve fragmentation, we performed 3-D reconstruction
of the stacked images of nerve processes. This experiment clearly

exhibited nerve fragmentation and bleb formation (Fig. 1H). These
data clearly demonstrate nonautonomous cellular effects on neuro-
nal viability. Nerve degeneration worsened as the transgenic worms
aged (Fig. 1]).

In order to assess behavioral changes due to the transmis-
sion of SNCA aggregates, we performed pharyngeal pumping
analysis. The pumping rates of the wild-type N2 did not
change significantly with aging until d 16. Single expression of
VIS or SV2-DsRed in the pharyngeal muscle and adjacent
neurons, respectively, resulted in a slight decline in pumping
rates in old age (Fig. 1L and Table S1). The reduction in
pumping rates of all the single expressers became significant
on d 13 (Fig. 1L and Table S1). Coinjection and double inte-
grated lines showed more severe phenotypes for pumping
rates, with the decline becoming apparent as early as d 2 and
progressively deteriorating as the worms aged (Fig. 1L and
Table S1). In longevity assays, the single-transgenic animals
showed a slightly decreased life span compared to the N2
worms, whereas the life span of the double-transgenic animals
was shorter than the single-transgenic lines (Fig. 1M and
Table S2). Thus, aggregate transmission and inclusion body
formation, as well as the associated degenerative phenotypes,
progress with aging. Comparison of the timelines indicates
that death of the organism is preceded by the accumulation of
BiFC signal, nerve degeneration, and a decline in pumping
behavior. These results were replicated with the worms
expressing untagged SNCA in the same cell types as the BiFC
model (Fig. S1I to L), suggesting that the phenotypes observed
in the BiFC model is attributed to SNCA.

Effects of aging-related genetic factors on cell-to-cell SNCA
transmission

Next, we examined the effects of aging-related genetic variations on
aggregate transmission and the degenerative phenotypes. The BiFC
SNCA constructs were injected into daf-2(e1370) and daf-16(mu86)
mutants (Fig. S2A and B), which model aging effects, with daf-2
(e1370) mutants showing a slower aging rate and extended life
span while daf-16(mu86) mutants age faster than the wild type and
have a shortened life span."" The daf-2(e1370); V1S+SV2 animals
showed a reduced BiFC signal (Fig. 2A and B; Fig. S2D), a smaller
number of inclusion bodies (Fig. 2C and D; Fig. S2E), less nerve
degeneration (Fig. 2E and F; Fig. S2F and G) improved pumping
behavior (Fig. 2G; Fig. S2H), and extended life span than the
V1S+SV2 line (Fig. 2H; Fig. S2I). Conversely, in the daf-16(mu86);
V1S+SV2 animals, BiFC-positive inclusion bodies appeared much
earlier than in the V1S4-SV2 animals; as early as 2-d post the L4-
stage (Fig. 2C and D; Fig. S2E). The BiFC signal itself was lower in
the daf-16(mu86); V1S+SV2 than in the V1S+SV2 (Fig. 2B;
Fig. S2D), probably due to early and robust formation of inclusion
bodies. The daf-16(mu86); V1S+SV2 animals showed more severe
nerve degeneration (Fig. 2E and F; Fig. S2F and G), more decreased
pumping behavior (Fig. 2G; Fig. S2H), and shorter life span than
the V1S+SV2 animals (Fig. 2H; Fig. S2I). Similar results were
obtained in 3 independent lines for each genotype. These results
indicate that genetic factors affecting aging processes might change
the rate of cell-to-cell transmission of SNCA aggregates and the
associated degenerative phenotypes in vivo.
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Figure 1. Generation and characterization of the C. elegans model for transmission of synucleinopathy. (A) Postulated events leading to the generation of BiFC fluores-
cence via cell-to-cell transmission of SNCA. (B) Transgenes used in C. elegans. DsRed is expressed as an independent translational unit, which is used to label neurons. (C)
BiFC fluorescence in pharyngeal muscles and neurons. All pictures contain DIC and fluorescence images. The arrows indicate BiFC signals from neurons (see also Fig. STE
to H). Scale bars: 200 x«m. (D) Quantification of BiFC fluorescence in (C) and the V1S + SV2 double-transgenic integrated line. Twenty-five worms from each line were
used. (E) Increase in BiFC fluorescence with aging. White arrows indicate the BiFC signals in neurons, and red arrowheads indicate inclusions in the pharynx. Scale bars:
200 pm. (F) Quantification of BiFC fluorescence in (E) and the V15+SV2 double transgenic integrated line. Twenty-five worms from each line were used; ***, P < 0.001.
(G) Nerve processes expressing DsRed were analyzed for neurodegeneration. Scale bars: 200 xm. (H) A 3-dimensional reconstruction of axonal processes from URA motor
neuron containing DsRed fluorescence. N, normal axonal process; F, fragmented axonal process. “Fragmented” represent complete degeneration of nerves. Scale bars:
40 um. (I and J) Blebbing phenotype. Percentage of worms that have blebs at d 8 (I) and blebbing phenotype with aging (J). Thirty worms from each line were used,
n=3;" P <0.05 ", P < 001 (K) Fragmentation of axonal process at d 8. Thirty worms from each line were used, n = 3; *, P < 0.05. (L) Pharyngeal pumping rate with

aging; Twenty-five worms from each line were used, P values are listed in Table S1. (M) Life-span analyses. One hundred fifty worms for each line were used, P values are
listed in Table S2.
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Figure 2. Effects of daf-2, daf-16 mutants on cell-to-cell SNCA transmission. (A and B) BiFC fluorescence in the aging-related mutants, daf-2(e1370) and daf-16(mu86) (see
also Fig. S2D). Scale bars: 200 um (A). Twenty worms for each line were used, n = 3; *, P < 0.05; **, P < 0.01; ***, P < 0.001. (C and D) Percentage of worms that have
BiFC-positive inclusions with aging (see also Fig. S2E). Twenty worms for each line were used, n = 3; *, P < 0.05; **, P < 0.01. (E and F) Quantification of axonal bleb num-
ber (E) and nerve fragmentation (F) at d 8 (see also Fig. S2F and G). Twenty worms for each line were used, n = 3; *, P < 0.05; **, P < 0.01. (G) Pharyngeal pumping rates
at d 13 (see also Fig. S2H). Twenty worms for each line were used, n = 3; **, P < 0.01. (H) Life-span analyses (see also Fig. S2I). Three hundred worms for each line were

used, P values are listed in Table S2.

Effects of pharmacological anti-aging treatment on
transcellular SNCA transmission

We then sought to determine the effects of the anti-aging agent,
N-acetylglucosamine (GIcNAc),'” on aggregate transmission.
When GIcNAc was administered to the V1S+SV2 and daf-16
(mu86); V1S+SV2 animals, both animals showed reduced for-
mation of BiFC-positive inclusion bodies (Fig. 3A and B) and
significantly alleviated phenotypes for nerve degeneration
(Fig. 3C to F), pumping behavior (Fig. 3G), and life span
(Fig. 3H). These results suggest that pharmacological anti-aging
treatments can slow the progress of synucleinopathy.

Changes in steady-state levels of polyubiquitinated
proteins by anti-aging treatment

To confirm the microscopy data for changes in the levels of
aggregates, we performed a dot blot analysis with an antibody
specific to B-sheet-rich SNCA multimers (Syn-O2)."* Consistent
with the BiFC inclusion analysis, the dot blot analysis showed
that S-sheet-rich SNCA aggregates were reduced by the daf-2
mutation and by GIcNAc, whereas the daf-16 mutation
increased the aggregates (Fig. 4A and B).

Aging causes a progressive decline in protein homeosta-
sis.'>'*!*> This led us to examine the steady-state levels of
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Figure 3. Effects of GIcNAc in transcellular SNCA transmission. (A) Changes in BiFC fluorescence with GIcNAc treatment at d 13. The white arrows indicate BiFC signals
from neurons, and the red arrowheads indicate inclusions in pharynx. Scale bars: 200 m. (B) Worms with BiFC-positive inclusions were quantified. Thirty worms for each
line were used. (C and D) Axonal bleb numbers in the V15+SV2 (C) and daf-16(mu86); V15+SV2 animals (D) with GIcNAc treatment at d 8. Twenty worms for each line
were used, n = 5; %, P < 0.05. (E and F) Nerve fragmentation in the V154SV2 (E) and daf-16(mu86); V15+SV2 (F) transgenic lines at d 8. Twenty worms for each line were
used, n = 5; %, P < 0.05. (G) Pharyngeal pumping rates at d 11. Forty worms for each line were used; *, P < 0.05; **, P < 0.01. (H) Life-span analyses with GIcNAc treat-

ment. Five hundred worms for each line were used, P values are listed in Table S2.

polyubiquitinated proteins, which represent the activities of
major protein degradation systems, such as the ubiquitin-pro-
teasome system and autophagy. The levels of polyubiquitinated
proteins were increased in the daf-16 transgenic animals, while
they were decreased in the daf-2 transgenic animals (Fig. 4C to
F). Similarly, the treatment of animals with GIcNAc decreased
the levels of polyubiquitinated proteins (Fig. 4G to J). These
results suggest that the effects of aging and anti-aging treat-
ments on the propagation of synucleinopathy are mediated by
the changes in the capacity of protein degradation systems.

The endolysosomal pathway in SNCA transmission

Previous studies in cell models have shown that intercellular
SNCA transmission is mediated by endocytosis, and the trans-
ferred proteins are delivered to lysosomes for degradation.'®"”
When V1S+SV2 was introduced into dynamin mutants, dyn-1
(ky51),*° BiFC fluorescence was significantly reduced compared
to that in the wild type (Fig. 5A and B). Reduction of the BiFC
signal in the dyn-1(ky51) transgenic animals was greater at d 5
than at d 2, suggesting that the effect was cumulative. Our pre-
vious studies have shown that lysosomal function is important
for clearing the “seeds” in the process of intercellular SNCA
transmission, and lysosomal dysfunction resulted in an
enhancement of aggregate transmission.'”'*?' Consistent with
these studies, when V1S4-SV2 was introduced into the asp-4

(0k2693) and asp-1(tm666) mutants, carrying mutations in
cathepsin genes,”” BiFC fluorescence was significantly increased
in both mutants, often in the form of inclusion bodies (Fig. 5C
to E; Fig. S3D and E). These results suggest that lysosomal
responses are crucial for protecting the animals from age-
dependent aggregate propagation. Consistent with this
interpretation, GIcNAc treatment increased the expression of
lysosomal genes such as Imp-1/LAMPI, sul-3/ARSB and asp-1/
CTSD (Fig. 4K and L). This was further validated by epistasis
analysis, where asp-4(0k2693); V1S+SV2 and asp-1(tm666);
V1S+SV2 worms were treated with GIcNAc. In contrast to the
V1S+4-SV2 worms, aging-related phenotypes were not rescued
by GlcNAc treatment in the asp-1 and asp-4 mutant transgenic
animals (Fig. 5F to J). We also analyzed the expression of sgst-
1/p62, a key component of the autophagic process, and its
expression seemed to be upregulated, although the change
failed to exhibit statistical significance (Fig. 4K and L).

The effects of anti-aging treatments on aggregate
transmission are associated with enhanced lysosomal
function

To verify the role of lysosome in protection against aggregate
propagation, we generated the hlh-30 transgenic lines overex-
pressing the vector hlh-30p::hlh-30,"* an ortholog of TFEB, the
master control transcription factor for lysosome biogenesis,”
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into the daf-16(mu86); V1S+SV2 transgenic animals involved in metabolism, apoptosis, and signaling.** Expression
(Fig. S4A). In addition to lysosomal and autophagic genes, of hlh-30p::hlh-30 in the daf-16(mu86); V1S+SV2 animals
downstream target genes for HLH-30/TFEB include genes increased the expression of lysosomal gene, asp-1 as well as the
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gene involved in autophagy, sgst-1 (Fig. 6A), and reduced and
the steady-state levels of polyubiquitinated proteins (Fig. 6B to
E), which indicate the restoration of protein degradation, and
the formation of SNCA aggregates (Fig. 6F). The hlh-30p::hlh-
30 transgenic lines showed reduced BiFC signal (hence, reduced
aggregate propagation), decreased nerve degeneration,
increased pumping rates, and increased life span (Fig. 7A to H;
Fig. S4B to D).

Cell-autonomous aggregation vs. intercellular
transmission

The results presented above do not differentiate between inter-
cellular aggregate transmission and cell-autonomous aggrega-
tion. To address this issue, we have generated 4 transgenic lines

expressing V1S or SV2 alone in N2 and daf-16(mu86) mutant
worms. Also 2 transgenic worms overexpressing the hlh-30p::
hlh-30 transgene with V1S or SV2 were generated. Expression
levels were normalized with single-worm PCR and western
analysis (in case of V1S lines) or DsRed fluorescence (in case of
SV2 lines). Nerve degeneration, pumping behavior, and life
span of the transgenic worms in mutant backgrounds were
compared with the ones in normal genetic background. We did
not find significant differences in the phenotypes (Fig. S5C to
G), suggesting the genetic modification we investigated does
not have a large impact on SNCA aggregation in the respective
tissues (Fig. S5H).

We also treated the single-tissue expression lines carrying
V1S or SV2 alone in N2 and daf-16(mu86) mutant worms with
GIcNAc and compared the same battery of phenotypic assays
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with untreated animals. Unlike the transmission models, the
single-tissue expression lines did not exhibit significant changes
in pathogenic phenotypes upon treatment with GlcNAc
(Fig. S6D to M). To examine the effects of GIcNAc on the
expression levels of SNCA, we measured the levels of SNCA by
dot blot (Fig. S6N and O). The data showed that the expression

levels were not changed by GIcNAc treatment. We also exam-
ined neuronal expression of flp-21 promoter upon GlcNAc
treatment by monitoring DsRed. Expression of DsRed was
strictly confined in neuronal cells with or without GIcNAc
treatment (Fig. S6P), indicating that the treatment does not
change the cell-type specificity of the promoter.

Finally, we examined the detergent solubility of SNCA in the
single (V1S or SV2) and double (V1S+SV2) transgenic worms
with or without GIcNAc treatment. Triton X-100-insoluble to
-soluble ratio was drastically increased in the double transgen-
ics compared with the single transgenic, even though the
expression level of each protein is supposedly the same (Fig. 8A
to E; Fig. S8). This result implicates transcellular aggregate
amplification between the pharyngeal muscle and the associ-
ated neurons. Dot blot with the aggregate-specific Syn-O2 anti-
body showed the similar results, confirming that the double
transgenic produced much more aggregates than the sum of
each single transgenic (Fig. 8F). Another important point here
is that the single transgenic indeed produced SNCA aggregates.
This confirms that cell-autonomous aggregation does occur, so
transmission of the aggregates can be initiated.

In the detergent solubility experiment, the Triton-insoluble
to -soluble ratio was not changed upon GIcNAc treatment in
single transgenics, whereas the same treatment greatly reduced
the ratio (Fig. 8C to E; Fig. S8), suggesting that the anti-aging
treatment affected primarily the transmission process, rather
than the de novo aggregation of each protein. Dot blot analysis
with the Syn-O2 antibody showed largely the same results
(Fig. 4B; Fig. S6N). These results suggest that the anti-aging
and prolysosomal treatments used in the current study exert
their effects on intercellular aggregate transmission.

Discussion

We have developed a quantitative, real-time technique for the
study of cell-to-cell transmission of SNCA in C. elegans. The
model exhibits many key features of synucleinopathy, including
the progressive accumulation of SNCA aggregates, nerve
degeneration, behavioral deficits, and reduced life span. Both
the genetic and pharmacological manipulations of animals
have shown strong correlations among aging rates, transcellular
SNCA transmission, and neurodegenerative phenotypes, and
likewise, various manipulations associated with anti-aging
effects can slow the progression of these events. Aging-depen-
dent progression of synucleinopathy is accompanied by a
decline in protein degradation. Anti-aging treatments can
restore the systems mediating protein degradation. Further-
more, restoration of lysosomal function alleviated the propaga-
tion of aggregates and the accompanying neurodegeneration in
these aging models.

BiFC is a widely used fluorescence technique that has been
successfully applied to assess protein-protein interactions and
protein dimerization and/or oligomerization in living cells.”
The V1S-SV2 BiFC pair has been shown to fluoresce upon
dimerization/oligomerization of SNCA when these proteins are
coexpressed in mammalian cells.” In a previous study,'” by gen-
erating neuroblastoma cell lines expressing either one of V1S
and SV2, we have shown that cell-to-cell transfer of SNCA pro-
teins and coaggregation of the transferred proteins with the
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Figure 7. Reduced aggregate transmission with enhanced lysosomal function. (A and B) BiFC fluorescence in daf-16(mu86); V15+SV2 animals in the presence or absence
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endogenous SNCA can be visualized with BiFC fluorescence
during coculture of these cells.

One of the important technical issues of the BiFC system is
to verify the cell type-specific expression of each protein.
Although quantitative analysis of SNCA transgenic expression
in each cell type is not technically feasible, we have a series of
data supporting the argument that SNCA is exclusively
expressed only in the intended cell types. First, DsRed fluores-
cence is detected only in fIp-21 neurons, not in the pharyngeal
muscle cells at all. Second, immunofluorescence staining of
SNCA with a highly specific and sensitive antibody exhibited
the expression of this protein specifically in the intended cell
types. Third, expression of the same BiFC pair in the worms
with the dyn-1 mutation significantly reduced the BiFC fluores-
cence signal, indicating that generation of the BiFC fluores-
cence requires endocytosis. This suggests that the BiFC signal
did not came from coexpression of the BiFC pair in the same
cell types, but derived from intercellular transmission of the
proteins.

Although the correlations between SNCA aggregate transmis-
sion and the degenerative phenotypes presented in this study are
robust and consistent, we should stress that this study does not pro-
vide definitive evidence for the cause-consequence relationship
between the aggregate transmission and neurodegeneration. Thus

far, no animal model studies have clearly addressed the cause-con-
sequence issue. The C. elegans model we generated in this study
will be a valuable tool in addressing this issue. One of the important
purposes of developing the BiFC system is to identify genetic and
small molecule modifiers that regulate the transmission. By identi-
fying the modifiers, one should be able to regulate the rate and
extent of the intercellular transmission, thereby solving the cause-
consequence problem. The fact that the transcellular coaggregation
of SNCA was greatly modulated by mutations in such genes as
dyn-1, asp-4, asp-1, daf-2, and daf-16, indicates that this system is
amenable to modulation by genetic factors and this validates the
system for identification of novel genetic modulators. In addition,
the distinctive structure of the pharynx in C. elegans would allow
for the convenient identification of changes in transmission of syn-
ucleinopathy in large-scale screening for genetic and small-mole-
cule modifiers.

Effects of aging processes on “transmission,” rather than the
aggregation itself, is the key subject of the paper. Now, we
would like to make it clear that we are not trying to argue that
aging and lysosomal dysfunction only affect the transmission
of aggregates without affecting cell-autonomous aggregation
itself. Our BiFC system is an excellent system to quantify the
transmission event, but not designed to monitor the call-auton-
omous aggregation. Previous studies,”*’ including our own,”®
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address the effects of lysosomal dysfunction in clearance of cell-
autonomous SNCA aggregation. However, we would also like
to point out that there is no definitive proof that these studies
have observed only the cell-autonomous aggregation with
excluding the effects of transcellular aggregate transmission
and amplification. We would also like to emphasize that aggre-
gation initiation is an absolute requirement for aggregate trans-
mission. In fact, we show that the basal level cell-autonomous
aggregation occurs spontaneously even in single transgenic ani-
mals (Fig. 8F).

The anti-aging effects of GIcNAc had been described to be
DAF-16-independent.'” This indicates that GIcNAc rescues the

daf-16 phenotype not by directly affecting the DAF-16 path-
way, but by acting through independent aging pathways. The
data we present suggest that SNCA transmission is not under
control of a specific aging pathway, but is rather regulated by
the general aging.

Our current study provides a basis for considering the use of
general anti-aging approaches as therapeutic strategies for stop-
ping or slowing the progression of PD and related synucleino-
pathies. In addition, enhancers of lysosomal function can be
considered as candidates for therapies aiming to stop or delay
the progression of these diseases. The same approach could in
theory be applied to other age-related neurodegenerative



diseases, many of which are thought to progress through the
propagation of specific protein aggregates. Assuming that
the propagation of different protein aggregates shares the same
basic principle, we cautiously speculate that anti-aging and pro-
lysosome strategies could be developed into a general therapy
for stopping the progression of many neurodegenerative dis-
eases. This hypothesis can be addressed by applying the BiFC-
based animal model to other transmission models involving
MAPT, polyglutamine proteins, and TARDBP.

Materials and methods
Strains and culturing of nematodes

All strains were handled using standard procedures and grown,
on nematode growth medium (NGM) plates containing a lawn
of Escherischia coli (E. coli) strain OP50 at 20°C.** Wild-type
Bristol N2 and the mutant strains unc-119(ed3), dyn-1(ky51),
and asp-4(0k2693) were obtained from the Caenorhabditis
Genetics Center (CGC; University of Minnesota, St. Paul, MN,
USA). The mutant strain asp-1(tm666) was provided by C. ele-
gans National BioResource Project (NBRP; Tokyo Women’s
Medical University School of Medicine, Tokyo, Japan). The
mutant strains daf-2(el1370) and daf-16(mu86) were generous
gifts from Professor Kyuhyung Kim (DGIST, Daegu, Korea).

Plasmids construction for C. elegans

V1S and SV2 template plasmids were generous gifts from Dr.
Pamela McLean (Massachusetts General Hospital, Boston, MA,
USA).

One) P, 2::EGFP

The myo-2 promoter (P,,,,.,) was PCR-amplified from genomic
DNA obtained from wild-type N2 worms. A sense primer contain-
ing a HindIII site, 5'-GACAAGCTTGGGGTTTTGTGCTGTG-
GACGTT-3' and an antisense primer containing a BamHI site, 5'-
GACGGATCCTTCTGTGTCTGACGATCGAGG-3' were used.
P,1y0-2:EGFP was generated by inserting the PCR product into the
HindIII and BamHI sites of the pFX_EGFPT vector.™

Two) P,,0.2:SNCA(Myc)

A sense primer containing a Sall site, 5'- AGCGTCGACGC-
CACCATGGATGTATTCATGAAAGGAC-3' and an antisense
primer containing myc tag sequence and BglII site, 5'- AGCA-
GATCTCTACAGATCCTCTTCAGAGATGAGTTTCTGCTCG
GCTTCAGGTTCGTAGTCTTG-3" were used to amplify the
MYC-tagged human SNCA obtained from pcDNA3.1 MycHis-
SNCA vector.”® The EGFP fragment of P,,,,, ,z=EGFP was replaced
by the PCR-amplified Myc tagged human SNCA fragment to con-
struct P,y 2:SNCA(Myc).

Three) P,,.y0.5:V1S

A sense primer containing a Sall site, 5'- AGCGTCGACGC-
CACCATGGTGAGCAAGGCCGAGG-3' and an antisense
primer containing a BglII site, 5-AGCAGATCTTTAGGCTT-
CAGGTTCGTAGTC-3" were used to amplify V1S. In addition,
the EGFP fragment of P, ;xEGFP was replaced by the PCR-
amplified V1S fragment to construct P,,,, ;:V1S.

Four) P,,,.,:V1Q25

A sense primer containing a clal site, 5- TAAGCAATCGA-
TATGGCGACCCTGGAAAAGCTG-3' and an antisense primer
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containing a clal site, 5-TGCTTAATCGATAGGTCGGTGCA-
GAGGCTCCTC-3" were used to amplify Q25. Then, the human
SNCA fragment of P, »:V1S was replaced by the PCR-amplified
Q25 fragment to construct P,,,,, »:V1Q25.

Four) Pg,.5;:SV2

The EGFP fragment of pFX_EGFPT was replaced by the PCR-
amplified SV2 fragment to make an SV2 vector. The sense primer
containing a Spel site, 5-AGCACTAGTGCCACCATGGATG-
TATTCATGAAAGG-3' and an antisense primer containing a
BglII site, 5-AGCAGATCTTACTTGTACAGCTCGTCCATGC
CG-3' were used.

The flp-21 promoter (Py,.2;) was PCR-amplified from N2 geno-
mic DNA and subcloned into Kpnl and Sall sites of the SV2 vector
to generate Pp, »;:SV2. A sense primer containing a Kpnl site, 5'-
AGCGGTACCAACTAGGTCCAGTGACCGAAAG-3' and an
antisense primer containing a Sall site, 5'-AGCGTCGACGCCAC-
CATGGATGTATTCATGAAAGGAC-3" were used to amplify
the flp-21 promoter.

Five) Py, ;:SV2-ICR-DsRed

To make an SV2 vector coexpressing DsRed as a pharyngeal
neuronal marker, Py, »; was subcloned into the Kpnl and Sall
sites of the pFX_DsRedxT vector’® and named Pgp-21:DsRed.
Coexpression of SV2 and DsRed under the flp-21 promoter was
achieved by placing an intercistronic region (ICR) between SV2
and DsRed, which was PCR-amplified from N2.*' The SV2 frag-
ment was fused with the ICR region by fusion PCR** and subcl-
oned into the Pp,;;:DsRed to construct Pg, 5;:SV2-ICR-
DsRed. A sense primer containing a Sall site, 5-AGCGTC-
GACGCCACCATGGATGTATTCATGAAAGGAC-3' and an
antisense primer containing an overlapping region with an ICR,
5-CGATCATTTTGGAGATTACTTGTACAGCTTGTCC-3
was used in the PCR reaction for SV2. The ICR region was
amplified with a sense primer containing an overlapping region
with SV2, 5-GGACGAGCTGTACAAGTAATCTCCAAAAT-
CATCG-3' and an antisense primer containing a Spel site 5'-
AGCACTAGTTACCCTGTAATAATATATTAAAC-3'.

Establishment of BiFC transgenic worms

Priyo-2:V1S and Pg, 5;:SV2-ICR-DsRed plasmids were coin-
jected into the gonads of late L4-stage N2 worms with a selec-
tion marker, pRF4 which expresses a mutant collagen gene, rol-
6(su1006),” to make a double-transgenic line expressing the
BiFC pair. As a negative control for BiFC, P,,,:V1S alone
was injected into N2 worms with pRF4, and Py, »;:SV2-ICR-
DsRed alone was injected into unc-119(ed3) mutant worms
with a selection marker, pCFJ151, which expresses unc-119(+)
gene.34 The plasmid P,,,.»:V1 was generated to express the
BiFC partial sequence only by introducing the stop codon right
before the SNCA coding sequence in P,,,,.»::V1S using a Quik-
Change Site-Directed Mutagenesis Kit (Stratagene, 200521).
Pryo2:V1 and Pg,;:SV2-ICR-DsRed plasmids were then
coinjected into N2 with pRF4. The plasmid P,,,,, »:V1Q25 was
generated to express the huntingtin exon 1 with a 25 glutamine
stretch by replacing SNCA with the Q25 fragment in P,
V1S. P,y0.2:V1Q25 and Pgp 5;:SV2-ICR-DsRed plasmids were
then coinjected into N2 with pRF4. In addition, Pg,.;::DsRed
was injected into N2 with pRF4 as a control for the effects of
general protein overexpression in neurons. For chromosomal
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integration of the introduced plasmids, injected lines were
exposed to UV irradiation. After UV irradiation, each inte-
grated line was out-crossed 4 times with N2. Double transgenic
lines carrying P, :V1S and Pg,,;:SV2-ICR-DsRed were
generated by mating an integrated P, »::V1S line with an inte-
grated Pg,.;:SV2-ICR-DsRed line. All of these transgenic
worms showed a roller phenotype and expression of DsRed
fluorescence in the pharyngeal neurons.

Generation of untagged SNCA models

Pruyo-2:SNCA and P, 5;:SNCA plasmids were designed to
express SNCA only by introducing stop codon right after the
SNCA coding sequence by using a QuikChange Site-Directed
Mutagenesis Kit. As a negative control, P, ,:SNCA alone was
injected into N2 worms with pRF4. P,,,,,:SNCA and Pg,.o;::
SNCA plasmids were coinjected into the gonads of late L4-stage
N2 worms with pRF4. All of these worms showed a roller phe-
notype and 3 representative lines of each genotype were used
for experiments.

Generation of aging-related BiFC models

Pruyo2:V1S and Pp,.;:SV2-ICR-DsRed plasmids were coin-
jected into the gonads of late L4-stage daf-2(e1370) and daf-16
(mu86) mutant worms with the pRF4. As a control for aging-
related BiFC models, P,,),2:V1S or Pg,;:SV2-ICR-DsRed
alone was injected into the gonads of late L4-stage of N2 and
daf-16(mu86) mutant worms with pRF4. After several trans-
genic lines containing the introduced plasmids were obtained,
3 representative lines in each mutant background were used for
experiments.

Generation of hlh-30p::hlh-30 transgenic lines

A plasmid expressing hlh-30p::hlh-30::gfp was a generous gift
from Dr. Malene Hansen (Sanford-Burnham Medical Research
Institute, CA, USA). The plasmid hlh-30p::hlh-30 was designed
to introduce stop codon before the GFP coding sequence using
a QuikChange Site-Directed Mutagenesis Kit to inhibit GFP
expression. As a control, each P,,,.,:V1S or Py, ;:SV2-ICR-
DsRed and hlh-30p::hlh-30 were coinjected into the gonads of
late L4-stage N2 worms with pRF4. The plasmids expressing
Pruyo-2:V1S, Pg,5;:SV2-ICR-DsRed and hlh-30p::hlh-30 were
coinjected into the gonads of late L4-stage daf-16(mu86)
mutant worms with pRF4. To analyze lysosomal dysfunction,
asp-4(0k2693) and asp-1(tm666) mutant worms, in which the
lysosomal enzyme cathepsin gene is inactivated, were used.
Pruyo-2:V1S and Pg, 5;:SV2-ICR-DsRed plasmids were coin-
jected into the gonads of late L4-stage mutant worms with
pRF4. After transgenic lines containing the introduced plas-
mids were obtained, 3 representative lines of each genotype
were used for experiments.

Immunofluorescence microscopy

For immunofluorescence staining of worms, wild-type N2 and
transgenic worms were collected, washed with M9 buffer
(22 mM KH,PO,, 22 mM Na,HPO,, 85 mM NaCl, 1 mM

MgSO,), and then pre-fixed with 4% paraformaldehyde in
MRWB (80 mM KCl, 20 mM NaCl, 10 mM EGTA, 5 mM sper-
midine [Sigma-Aldrich, S0266], 50% methanol). To reduce
cuticle layer rigidity for penetrance, the worms were subjected
to several freeze/thaw cycles using liquid nitrogen, and incu-
bated with agitation at 4°C for 2 h. Because reduction and oxi-
dation steps increase the permeability of the worm, the worms
were washed with Tris-Triton buffer (100 mM Tris-HCI, pH
7.4, 1% Triton X-100 [Bio-Rad laboratories Inc., 161-0407],
1 mM EDTA), and incubated with 1% B-mercaptoethanol
(Sigma-Aldrich, M7522) in Tris-Triton buffer at room temper-
ature (RT) for 2 h. Subsequently, the worms were incubated in
collagenase solution (100 unit of collagenase type IV [Wor-
thington Biochemical Co., LS004188] in 100 mM Tris-HCI, pH
7.4, 1 mM CacCl,, 0.1% Triton X-100) with rotation for 4 h at
RT. Then the worms were incubated in Tris-Triton buffer sup-
plemented with 0.3% H,O, (Sigma-Aldrich, H1009) for 15 min
at RT. After incubation in blocking buffer (0.1% bovine serum
albumin [BSA; Sigma-Aldrich, A7906], 0.5% Triton X-100,
1 mM EDTA in phosphate-buffered saline [PBS; GenDEPOT,
CAPO08-050]), the worms were incubated with monoclonal
antibody 274 mAb'® overnight at 4°C in primary antibody
solution (1% BSA, 0.5% Triton X-100, 1 mM EDTA in PBS).
The following day, the worms were washed with blocking
buffer and incubated with rhodamine red X-conjugated goat
anti-mouse IgG (1:100; Jackson Immunoresearch Laboratories,
115-295-166) for 2 h. The worms were then washed with block-
ing buffer and mounted in Antifade reagent (Invitrogen,
P36930). Samples were analyzed using an Olympus FV1000
confocal laser-scanning microscope (Olympus, Tokyo, Japan).

Fluorescence microscopy of live worms

Worms were immobilized with 10 mM sodium azide in M9
buffer, and covered with a coverslip. Images of the worms were
acquired using Olympus FV1000 confocal laser scanning
microscopy.

Western blotting

Adult worms were washed with M9 buffer and subsequently
with PBS containing 1% Triton X-100. The worm pellet was
sonicated in PBS containing 1% Triton X-100, 1% (vol/vol)
protease inhibitor cocktail (Sigma-Aldrich, P8340) and centri-
fuged to obtain the Triton-soluble (supernatant) and -insoluble
(pellet) fractions. Protein concentration was measured using
the BCA protein assay (Pierce Biotechnology, 23223 and
23224). Protein samples (3 ng for SNCA expression test, 50 ug
to detect polyubiquitin proteins, and 20 ug (V1S, V1S+SV2
lines) and 40 g (SV2 lines) for differential solubility of SNCA)
were loaded onto 12% SDS-PAGE gels. The primary antibodies
used for western blotting were monoclonal anti-SNCA anti-
body, 274 mAb (1:1,500) and Syn-1 (1:1,500; BD BioScience,
610787), and anti-ubiquitin antibody (1:3,000; Abcam,
ab7254). Chemiluminescence detection was performed using
the LAS-3000 luminescence image analyzer (Fujifilm, Tokyo,
Japan) and Amersham imager 600 (Ge Healthcare Life Scien-
ces, Marlborough, MA, USA), and Multi Gauge (v3.0) software
(Fujifilm, Tokyo, Japan).



Dot blotting

Adult worms of each strain were washed with M9 buffer and
subsequently with PBS containing 1% Triton X-100. The worm
pellet was sonicated in PBS containing 1% Triton X-100 and
1% (vol/vol) protease inhibitor cocktail. Protein samples
(500 ng) were loaded onto nitrocellulose membranes, which
were then dried and incubated in blocking solution. The pri-
mary antibodies used for dot blotting were the monoclonal
anti-SNCA antibodies 274 mAb and Syn-02,"* the latter of
which is specific for SNCA aggregates. Chemiluminescence
detection was performed using the LAS-3000 luminescence
image analyzer and Amersham imager 600, and Multi Gauge
(v3.0) software.

Anti-aging agent treatment

N-acetylglucosamine (GIcNAc) (Sigma-Aldrich, A8625) was
dissolved in distilled water to 1 M as stock solution. The stock
solution was diluted with LB liquid medium (Sigma-Aldrich,
L3022). The L4-stage worms of each transgenic line were trans-
ferred to NGM plates containing a final concentration of
10 mM GIcNAc.

Single-worm PCR

A gravid single worm from each line was lysed in lysis buffer
(50 mM KCI, 10 mM Tris-HCI, pH 8.3, 2.5 mM MgCl,, 0.45%
NP-40 [IGEPAL; Sigma-Aldrich, 13021], 0.45% Tween 20
[Sigma-Aldrich, P1379]) with 0.1 mg/ml proteinase K (Sigma-
Aldrich, P4850). The single worm in the buffer was subjected
to several freeze-thaw cycles using liquid nitrogen, incubated at
65°C for 1 h to release genomic DNA, and then heated at 95°C
for 15 min to inactivate proteinase K. Single-worm PCR analy-
sis was performed using Ex Taq™ polymerase (Takara Bio-
technology, RR001A) in Bio-Rad MyCycler PCR Thermal
Cycler system (Bio-Rad Laboratories Inc., Hercules, CA, USA).

PCR-restriction fragment length polymorphism genotyping

Gravid 5 worms from each line were lysed in the lysis buffer
with 0.1 mg/ml proteinase K. Worms in the buffer were sub-
jected to several freeze-thaw cycles using liquid nitrogen, incu-
bated at 65°C for 1 h to release genomic DNA, and then heated
at 95°C for 15 min to inactivate proteinase K. After performing
PCR, the PCR products were digested with the Ncol enzyme
(New England Biolabs Inc., R3193S), at 37°C overnight and
electrophoresed to detect restriction fragment length
polymorphism.

Quantitative PCR (qPCR)

Adult transgenic worms were collected, and washed in M9
buffer. The worms in the buffer were sonicated and the samples
were subjected to several freeze-thaw cycles using liquid nitro-
gen. RNA was extracted with Trizol Reagent (Invitrogen,
15596-026) and purified using the RNeasy mini kit (Qiagen,
74106). Each cDNA was synthesized from 500 ng of total RNA
using the iScript cDNA synthesis kit (Bio-Rad Laboratories
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Inc., 170-8891). For real-time PCR, target genes and specific
primers were mixed with SYBR Premix Ex Taq II (Takara Bio-
technology, RR081A) in 96-well plates. Specific primers previ-
ously designed by other group were used.'* The DNA products
were analyzed using the 7500 Real-Time PCR system (Applied
Biosystems, Foster City, CA, USA). Relative mRNA levels of
target genes were normalized to act-1.

Heat-shock treatment of the dyn-1 mutant

The double-transgenic worms (P,,,,0.2:V1S + Pgp 5;:SV2-ICR-
DsRed) were mated with dyn-1(ky51) mutant worms.”® Adult
mother worms of the double-transgenic line, with or without
the dyn-1(ky51) mutation, were cultured on NGM plates con-
taining E. coli OP50 for 4 h at 20°C to lay eggs, and were then
removed. Synchronized progeny worms of each strain at the
L4-stage were cultured at 30°C for observation.

Pharyngeal pumping analysis

Pharyngeal pumping was counted for 1 min at RT using a fluo-
rescence microscope. Wild-type N2, mutants and transgenic
worms were analyzed. The data were expressed as PPM (pumps
per minute).

Life-span assay

Eggs laid by adult mother worms were synchronously grown up
to the L4 larval stage on NGM plates seeded with E. coli OP50
at 20°C. The L4-stage worms were transferred to NGM plates
containing 100 mM 5-fluoro-2’-deoxyuridine (Sigma-Aldrich,
F0503) to prevent them from producing progeny. The number
of worms that were alive or dead was recorded every one or
2 d. Worms that ruptured, burrowed, or crawled off the plates
were censored but included in the life-span analysis as censored
animals. The survival data were analyzed by using OASIS
(online application for the survival analysis of life-span assays
http://sbi.postech.ac.kr/oasis/surv/).**

Statistical analysis

All experiments were performed blind-coded and repeated at least
3 times. The values in the figures are expressed as mean £ SEM.
Differences were considered significant if P values were < 0.05.
The graphs were drawn using Prism 5 software (Graphpad
Software Inc., San Diego, CA, USA). Values were compared by
one-way ANOVA with the Tukey post-hoc test using InStat
(version 3.05) software (Graphpad Software Inc., San Diego, CA,
USA).

Abbreviations

ACTB actin,

AD Alzheimer disease

AB amyloid B

ALS amyotrophic lateral sclerosis

BiFC bimolecular fluorescence complementation
GIcNAc  N-acetylglucosamine
PD Parkinson disease
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Poyo-2 myo-2 promoter

Pppo21 flp-21 promoter

PCR polymerase chain reaction
SNCA synuclein, o

TFEB transcription factor EB
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