
Spreading of a Prion Domain from Cell-to-Cell by
Vesicular Transport in Caenorhabditis elegans
Carmen I. Nussbaum-Krammer1, Kyung-Won Park2¤, Liming Li2, Ronald Melki3, Richard I. Morimoto1*

1 Department of Molecular Biosciences, Rice Institute for Biomedical Research, Northwestern University, Evanston, Illinois, United States of America, 2 Department of

Molecular Pharmacology and Biological Chemistry, Feinberg School of Medicine, Northwestern University, Chicago, Illinois, United States of America, 3 Laboratoire

d’Enzymologie et Biochimie Structurales, CNRS, Gif-sur-Yvette, France

Abstract

Prion proteins can adopt self-propagating alternative conformations that account for the infectious nature of transmissible
spongiform encephalopathies (TSEs) and the epigenetic inheritance of certain traits in yeast. Recent evidence suggests a
similar propagation of misfolded proteins in the spreading of pathology of neurodegenerative diseases including
Alzheimer’s or Parkinson’s disease. Currently there is only a limited number of animal model systems available to study the
mechanisms that underlie the cell-to-cell transmission of aggregation-prone proteins. Here, we have established a new
metazoan model in Caenorhabditis elegans expressing the prion domain NM of the cytosolic yeast prion protein Sup35, in
which aggregation and toxicity are dependent upon the length of oligopeptide repeats in the glutamine/asparagine (Q/N)-
rich N-terminus. NM forms multiple classes of highly toxic aggregate species and co-localizes to autophagy-related vesicles
that transport the prion domain from the site of expression to adjacent tissues. This is associated with a profound cell
autonomous and cell non-autonomous disruption of mitochondrial integrity, embryonic and larval arrest, developmental
delay, widespread tissue defects, and loss of organismal proteostasis. Our results reveal that the Sup35 prion domain
exhibits prion-like properties when expressed in the multicellular organism C. elegans and adapts to different requirements
for propagation that involve the autophagy-lysosome pathway to transmit cytosolic aggregation-prone proteins between
tissues.
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Introduction

Transmissible spongiform encephalopathies (TSEs) or prion

diseases are fatal, age-related, and infectious neurodegenerative

disorders that affect humans (e.g., Creutzfeldt-Jakob disease) and

animals (e.g., scrapie in sheep and bovine spongiform encepha-

lopathy in cattle) [1]. At the molecular level, prions propagate by

recruitment and conversion of the soluble a-helix-rich cellular

PrPC into toxic aggregates of the pathological b-sheet-rich PrPSc

isoform, via a mechanism described as seeded or nucleated

polymerization [2–5]. The TSE agent is also infectious at the

cellular level, where it transmits from cell-to-cell and infects naı̈ve

cells, both from within and outside the central nervous system

[6,7].

In yeast, prions can function as heritable epigenetic factors [8–

12] upon forming an alternative self-propagating b-sheet-rich state

from a soluble a-helix-rich fold. Yeast and mammalian prion

determinants, however, do not share similarities in amino acid

sequence, function, or subcellular localization. Yeast prions are

naturally propagated within the cytosol from mother to daughter

cells during cell division and require the disaggregase activity of

the molecular chaperone Hsp104 to generate seeds and ensure

dissemination [13]. In contrast, cell-surface localized mammalian

prions are transmitted from cell-to-cell in terminally differentiated

non-dividing cells. Sup35, like the majority of yeast prion proteins,

contains a glutamine/asparagine (Q/N)-rich domain that confers

the prion phenotype [14]. Although the mammalian prion protein

PrP lacks this domain, other neurodegenerative disease proteins

such as FUS (Fused in Sarcoma) and TDP-43 (TAR DNA-binding

protein 43) have been shown to contain Q/N-rich prion-like

domains [15–17].

There is increasing evidence that proteins closely associated

with the neurodegenerative diseases Alzheimer’s, Parkinson’s,

Huntington’s, frontotemporal lobar degeneration (FTLD) and

amyotrophic lateral sclerosis (ALS), exhibit prion-like properties

[18–20]. Amyloid fibril assembly in general follows a nucleated

polymerization reaction in vitro [9,21–23] and the addition of

preformed fibrils or pathological brain extract seeds the polymer-

ization of the corresponding monomeric protein in cell culture

models or following injection into healthy mouse brains [24–31].

Furthermore, many proteins that form aggregates and fibrils

exhibit cell non-autonomous effects and might spread among
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tissues within an organism [32–37]. The cellular processes and

mechanisms that underlie cell-to-cell transmission of toxic protein

species remain elusive in the current animal models that employ

tissue culture cells and mice to investigate prion biology.

The nematode Caenorhabditis elegans has been widely used as a

model system to investigate the biology of protein misfolding and

toxicity [38–43], and has the advantage of transparent tissue types

including muscle, intestinal, and neuronal tissue. We aimed to

establish a new prion model system in this metazoan to examine

the mechanisms of propagation of protein misfolding across tissues

in a living organism. Since there are no known prions in C. elegans,

and we wanted to avoid potential complications of infectious

mammalian prions, we used the well-characterized cytosolic yeast

prion protein Sup35 [8]. Here, we show that a cytosolic prion

domain, NM, is highly toxic and can spread among tissues within

the animal. The cell non-autonomous organismal toxicity of

Sup35NM was associated with the accumulation of autophagy-

derived vesicles, disruption of mitochondrial integrity, and the

dynamic movement of the prion domain protein between tissues

via autolysosomal vesicles.

Results

Properties of a C. elegans model for expression of the
Sup35 prion domain

Three versions of Sup35NM, corresponding to the full-length

wild-type domain, NM, a deletion of the oligorepeat region (RD2-

5), and an expansion of the oligorepeats (R2E2), were fused to YFP

(yellow fluorescent protein) (Figure 1A) and expressed under the

control of the body wall muscle (BWM) cell specific (m) promoter

unc-54p. These NM constructs were selected based on previous

observations that deletion of four of the five oligorepeats of the

prion domain (RD2-5) leads to a strong decrease in prion

induction, while expansion of this region (R2E2) significantly

increases spontaneous prion formation [44].

In C. elegans lines expressing approximately similar levels of the

transgenes (Figure 1C), NMm::YFP aggregates appeared in early

embryonic stages of development and persisted through all larval

stages into adulthood (Figure 1B). The appearance of aggregates

was strictly related to the length of the oligorepeats such that R2E2

formed aggregates more rapidly and to higher levels than NM,

while deletion of the oligorepeats in RD2-5 resulted in expression

of a mostly soluble and diffuse protein (Figure 1B, 1D). The

fluorescent foci in NMm::YFP and R2E2m::YFP coincided with

higher levels of detergent insoluble protein relative to RD2-

5m::YFP (Figure 1D).

To further characterize the biochemical and biophysical

properties of the NM aggregates, we employed the dynamic

imaging method of fluorescence recovery after photobleaching

(FRAP). The diffuse fluorescence observed in RD2-5m::YFP

expressing animals was shown to correspond to highly mobile

protein species by FRAP analysis, in addition to the infrequent

appearance of foci that were too small to be assessed by FRAP

(Figure 2A). In contrast, examination of NMm::YFP and

R2E2m::YFP foci at high magnification revealed highly diverse

shapes and sizes that can be described as long fibril-like species

(,10 mm), large (,2 mm) round spherical structures, and small

(,0.1 mm) foci (Figure 2B, 2C). These foci did not exhibit any

obvious patterns among the BWM cells and were randomly

distributed. Moreover, each progeny descending from a single

hermaphrodite exhibited a unique pattern of R2E2m::YFP foci

(Figure 2C) suggesting an influence of the individual cellular

environment on aggregate phenotypes.

FRAP analysis on animals expressing NM and R2E2 (Figure 2A)

revealed foci ranging from immobile aggregates that exhibited no

FRAP recovery to foci that rapidly recovered fluorescence and

thus were comprised of mixed populations of slowly mobile protein

species. These two biophysical states of prion domain aggregates

were closely aligned with the distinct visual morphologies, in that

every fibril-like aggregate tested was comprised of immobile

species, and that spherical aggregates detected in both R2E2 and

NM animals corresponded to mobile aggregates that showed

recovery following photobleaching (Figure 2A).

Cellular dysfunction associated with expression of the
NM prion domain

R2E2m::YFP animals exhibited a severe reduction in motility

relative to wild-type N2 or RD2-5m::YFP animals (Figure 3A;

Video S1, S2, S3) that was associated with a disruption of muscle

ultrastructure revealed by rhodamine-phalloidin staining of

myofilaments (Figure 3B). Moreover, nearly all of the

R2E2m::YFP and NMm::YFP adults exhibited developmental

delay and reduced fecundity, with R2E2m::RFP adults being often

sterile (Ste) (Figure 3C, 3D). Whereas adult N2 wild-type and

RD2-5 animals lay approximately 16 eggs within a 2.5 hour

period, NM and R2E2 animals laid 8.5 and 4 eggs, respectively

(Figure 3C). Furthermore, only 8% of R2E2m::YFP embryos and

1% of NMm::YFP embryos attained adulthood over a three day

period at 20uC, relative to .93% achieving adulthood for wild-

type N2 or RD2-5m::YFP embryos (Figure 3C). The slightly

higher fraction of adult R2E2 animals detected after 72 hours is

due to a more severe egg laying defect (Egl) of these animals. R2E2

animals often retained their eggs due to dysfunction of the vulva

muscle leading to embryos being laid at later time points of

development. Consequently, eggs laid by R2E2 animals tended to

be older than corresponding NM, RD2-5, and wild-type N2

embryos that are deposited at the same time. NM animals

exhibited a more severe embryonic lethal phenotype (Emb) than

R2E2, while the latter animals exhibiting increased sterility (Ste)

and producing fewer total progeny (Figure 3C). Animals that

reached the L4 state of development after 72 hours became adult

animals on the next day, whereas younger larvae were more likely

to arrest in development (Figure 3D, Video S1, S2, S3, data not

shown). In summary, while the populations of NM and R2E2

animals differed in their distribution among developmental states

Author Summary

Alzheimer’s, Parkinson’s, Huntington’s, frontotemporal
lobar degeneration (FTLD), amyotrophic lateral sclerosis
(ALS), and prion diseases are all age-related, fatal neuro-
degenerative disorders. Hallmarks of these diseases
include the expression of toxic protein species. The ability
to spread and infect naive cells was thought to be limited
to prions but has recently been observed for other disease-
linked protein aggregates in tissue culture cells and
transgenic mice. The underlying cellular pathways of this
cell-to-cell transmission, however, remain elusive. We have
developed a new prion model in the roundworm
Caenorhabditis elegans and show that the appearance of
aggregate species is associated with cellular toxicity, not
only in the expressing cell but as well as in adjacent
tissues. We monitored in real time the spreading of prion
domains by autophagy-derived lysosomal vesicles from
cell-to-cell. Given that autophagy and lysosomal degrada-
tion have a role in several neurodegenerative diseases, this
cellular pathway might be the basis of amyloid infectivity
in general.

C. elegans Prion Model
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after 72 hours, expression of the highly aggregation-prone R2E2

resulted in a more severe toxic phenotype than NM (Figure 3C,

3D; Video S1, S2, S3).

Another characteristic of R2E2m::YFP expressing animals was

a plethora of morphological defects that included reduced size

(Sma), vacuolation (Vac), defective molting (Mlt), clear appearance

(Clr), and disrupted gonadal and intestinal morphology (Figure 3E,

and data not shown). Such defects affecting other tissues were

observed to a lesser extent in NMm::YFP animals, and not

detected in RD2-5m::YFP lines or in C. elegans lines expressing

other aggregation-prone proteins [38,39,41–43] (data not shown).

The NM-dependent cellular defects were examined in more

detail using transmission electron microscopy (TEM). Compared to

wild-type N2 animals, the muscle cells of R2E2 expressing animals

exhibited disrupted sarcomeres, fragmented mitochondria contain-

ing a drastically reduced number of cristae, and a complex array of

double and single membrane bound organelles (Figure 4A). These

vesicular structures are a hallmark of autophagy. Surprisingly, the

cellular pathology observed in R2E2 expressing animals was not

restricted to BWM cells and was also observed in other tissues in

which R2E2 was not expressed. For example, intestinal cells that did

not express R2E2 exhibited mitochondrial fragmentation with loss

of cristae, and reduced levels of yolk and lipid droplets (Figure 4B).

These studies show that the number of oligorepeats in the prion

domain directs the toxicity that results in multiple organismal

phenotypes that extend beyond the primary tissue of NM expression.

The prion domain is targeted to lysosomal degradation
To examine whether the induction of autophagy is a secondary

cellular response due to damage of essential components like

mitochondria, or if the prion domain is directly targeted by the

autophagy-lysosome pathway (ALP), we employed C. elegans lines

expressing markers of specific membraneous organelles. As the

available markers for C. elegans are tagged with green fluorescent

protein (GFP), we generated a C. elegans line expressing R2E2

tagged with red fluorescent protein (RFP) under the control of the

myo-3 promoter for BWM cell specific expression (R2E2m::RFP).

LGG-1::GFP transgenic animals that express the ortholog of the

autophagosome marker LC3 (in mammals) or ATG8 (in yeast)

were used to monitor autophagic vesicles [45].

In R2E2; LGG-1 transgenic lines, we observed co-localization

of a subset of R2E2m::RFP foci with autophagosomes (Figure 5A).

Figure 1. Sup35 prion domain aggregation is oligorepeat length–dependent. (A) Schematic representation of Sup35p and Sup35NM
constructs. The yeast prion protein Sup35 comprises three regions, the aminoterminal (N), the middle (M), and the carboxyterminal (C) domain. N
consists of a glutamine/asparagine (Q/N)-rich region (aa 1–40) and oligopeptide repeats (OR) (aa 41–97). The prion domain NM, NM with a deletion of
oligorepeats number 2–5 (RD2-5), and NM with 2x extended oligorepeat number 2 (R2E2) were fused to YFP under the control of a BWM-specific
promoter (unc-54p). (B) Collapsed confocal z-stack images of C. elegans lines stably expressing the indicated transgene. Pictures were taken at
displayed stages during nematode development (embryo/L2 larvae/adult). Scale bar: 10 mm. (C) Total lysates of nematodes expressing RD2-5m::YFP,
NMm::YFP, and R2E2m::YFP. Proteins were detected using an anti-GFP antibody. Anti-a-tubulin was used to demonstrate loading of comparable
protein amounts. Arrows indicate full-length protein. Lower bands represent NM degradation products. YFP alone was not detected indicating that
the tag was not cleaved off. (D) Detergent-solubility assay of lysates of nematodes expressing RD2-5m::YFP, NMm::YFP, and R2E2m::YFP. Proteins
were detected using an anti-GFP antibody. SN = supernatant, P = pellet.
doi:10.1371/journal.pgen.1003351.g001
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We also detected co-localization of R2E2m::RFP foci with RAB-7

positive late endosomes and specifically with LMP-1 positive

lysosomes (Figure 5C, 5D). The majority of these lysosomes

exhibited an unusual tubular shape (Figure 5D). Co-localization

was not observed with RAB-5 (early endosomes) (Figure 5B),

indicating that the R2E2-containing vesicles were derived from the

autophagy pathway rather than from endocytosis. Our studies do

not distinguish whether the R2E2m::RFP that co-localizes with

vesicular structures corresponds to specific classes of aggregate

species described before, as these vesicles have been excluded from

FRAP analysis due to their small size (see materials and methods for

more details). These data, together with the TEM analysis, suggest

that the prion domain is a target of quality-control autophagy and is

transferred from autophagosomes to RAB-7 positive amphisomes

and LMP-1 positive autolysosomes, respectively.

Movement of R2E2 between cells and tissues in C.
elegans

Another striking characteristic of the tubular vesicles containing

R2E2m::RFP was their dynamic movement within and between

muscle cells, monitored by live-cell time-lapse imaging (Video S4,

S5; Figure 6B). In particular, the over-expression of RAB-5

enhanced (and facilitated by visualizing single muscle cells) the

detection of cell-to-cell transmission of RFP-positive vesicles

between BWM cell quadrants (Video S5, Figure 6B). These

observations are consistent with previous findings that RAB-5

over-expression increases autophagy [46].

The intercellular transport of R2E2-containing vesicles was

unexpected as C. elegans body wall muscles are composed of

individual mononucleated cells that are connected through gap

junctions to allow electrical coupling for coordinated body

movement [47] (Figure 6A). No dye coupling has been observed

between single muscle cells, implying that there is no unregulated

transfer of cytosolic proteins under normal physiological condi-

tions [47]. This leads us to propose that R2E2 is actively

transported by tubular vesicles from cell-to-cell. As mentioned

before, these vesicles are different from the foci described in

Figure 2. Neither the spherical (mobile in FRAP analysis) nor the

fibril-like (immobile in FRAP analysis) aggregates are moving

within or between cells. Only the small tubular vesicles are getting

transmitted and we do not know the conformational state of R2E2

protein within these vesicles. Nevertheless, misfolding and

aggregation is central to the toxicity phenotype, as RD2-

5m::YFP, which does not form these aggregates, exhibits neither

a cell autonomous nor cell non-autonomous toxicity.

The moving, tubular-shaped vesicles were only detected in

R2E2m::RFP animals, but not observed with the corresponding

proteins tagged with YFP. In contrast, the diverse aggregate

species and other small vesicular structures (neither tubular nor

moving) were visible with both YFP and RFP (compare Figure

S1A and Figure 1A, Figure 2B and 2C). In transgenic animals

expressing only the RFP fluorescent tag in BWM cells (RFPm), no

movement of RFP between cells was observed (Figure 6C, Figure

S1B, data not shown). This apparent discrepancy with the

fluorescent tags can be explained by RFP being more stable in

acidic environments whereas YFP is pH sensitive [48], indicating

that these vesicles might exhibit a low lumenal pH that could

explain the lack of similar fluorescent structures in R2E2m::YFP

expressing animals. This speculation is supported by our results

that the moving tubular vesicles co-localize with LMP-1::GFP, but

not with LGG-1::GFP (compare Figure 5A and 5D). Indeed,

staining of R2E2m::YFP animals with an anti-GFP antibody by

indirect immunofluorescence revealed tubular structures in

addition to foci visible with YFP fluorescence (Figure S2). This

further supports our conclusion that acidified lysosomal vesicles

containing the prion domain are transported from cell-to-cell.

Figure 2. The prion domain forms biophysically and morphologically distinct aggregate types. (A) FRAP analysis of the indicated
transgenic animals revealed mobile and immobile aggregate types that were grouped into two categories (see text). Aggregate mobility in animals
expressing NMm::YFP and R2E2m::YFP correlated with a certain aggregate morphology. Roman numbers next to the FRAP graphs refer to
representative foci (or diffuse staining pattern in case of RD2-5) that are shown to the right of each graph. Arrows indicate bleached ROI. The YFP only
control is shown in yellow. RFI = relative fluorescence intensity in [%]. (B, C) Collapsed confocal z-stack images of R2E2m::YFP expressing transgenic C.
elegans. (B) Aggregate shapes differed between muscle cells within one animal. (C) Aggregate types differed between the same cells of different
animals. Arrows highlight fibril-like aggregates. Scale bars: 10 mm.
doi:10.1371/journal.pgen.1003351.g002
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Muscle cell-expressed R2E2 was also detected in vesicles of

coelomocytes and the intestine (Figure 6D, Figure S3). Both, the

intestine and coelomocytes, have been shown to endocytose

molecules from the body cavity (pseudocoelom) [49,50], suggesting

that the tubular vesicles containing R2E2 could be released from

BWM cells into the pseudocoelom and taken up by endocytosis

from surrounding coelomocytes or intestinal cells. While the

uptake of proteins from the pseudocoelom into coelomocytes and

the intestine is not specific [49,50], the amount of R2E2m::RFP

that accumulates in these tissues is much more pronounced than

for RFPm (compare Figure 6D and 6E). These results suggest that

R2E2m::RFP is actively released from muscle cells into the

pseudocoelom.

To examine the specificity of tissue movement of R2E2, we

expressed RFP-tagged R2E2 in intestinal cells and monitored the

dynamics of R2E2i::RFP-containing vesicles (Figure S4). Move-

ment of R2E2 was observed by real-time imaging within intestinal

cells (Video S6), and from the intestine into adjacent non-

expressing muscle cells (Figure 6F, Figure S5, Video S7), thus

confirming the spreading of the aggregation-prone prion domain

across tissues.

Taken together, these observations reveal that R2E2m::RFP

accumulates in tubular vesicles of autolysosomal origin that spread

from expressing cells to non-expressing tissues in C. elegans.

Furthermore, R2E2 seems to spread by two different pathways,

either by a direct cell-to-cell transport of lysosomes, or through

release into and endocytic uptake from the pseudocoelom

(Figure 6B, 6D, 6F, Video S5 and S7).

R2E2 induces widespread cell non-autonomous protein
misfolding

We next examined whether the prion domain induces

aggregation of its soluble isoform in C. elegans. Such a self-

templating or seeding activity forms the basis of amyloid infectivity

[9,22]. To address this, we took advantage of the different

aggregation properties of the prion domain constructs and used

the non-aggregating RD2-5m::YFP as a folding sensor.

The seeding model posits a direct interaction of newly forming

with preexisting aggregates, which in part is sequence-specific

[51]. To examine this, we introduced in vitro generated

recombinant fibrils by microinjection (Figure S7), into intestinal

cells expressing RD2-5, as muscle cells were too small for

Figure 3. NMm::YFP and R2E2m::YFP aggregates are highly toxic. (A) Motility of 1-day-old adults was determined as speed in % relative to
the wild-type N2 control. (B) Confocal images of control N2 (I) and R2E2m::YFP (II) expressing nematodes were stained with rhodamine-phalloidin to
reveal actin fibers. Scale bars: 10 mm. (C) The average amount of eggs laid within 2.5 hours by the indicated C. elegans lines. The developmental stage
of synchronized embryos was determined after 72 h (displayed as % of eggs laid). (D) 20 L1 larvae of C. elegans lines expressing the indicated
transgene were grown at 20uC for 4 days before light micrographs were taken. Within this time wild-type N2 animals become adults and have
progeny, some of which in turn would have developed into young adults, as seen with RD2-5, but not with NM and R2E2 transgenic animals. (E) DIC
images of control (I), and R2E2m::YFP (II–IV) expressing animals. Arrows indicate abnormal gonad (II), old cuticle that has failed to shed and remains
attached indicating molting defects (III) and disrupted intestinal cells bordering the distended lumen (IV).
doi:10.1371/journal.pgen.1003351.g003

C. elegans Prion Model
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microinjection. These studies were based on previous in vitro and cell

culture observations that addition of preformed fibrils induces

aggregation of the corresponding soluble NM in a sequence-specific

manner [9,44,52]. We monitored the aggregation state of the RD2-

5 folding sensor expressed under an intestine-specific (i) promoter

(vha-6p). RD2-5 and NM constructs exhibited similar patterns of

aggregation in the intestine as in muscle cells (Figure S6). Analogous

to the biophysical properties exhibited in BWM cells, RD2-5i::GFP

is soluble in intestinal cells (Figure S6; Figure 7A, 7E). Introduction

of recombinant Sup35NM fibrils into intestinal cells resulted in the

conversion of RD2-5 from a soluble to an aggregated state

(Figure 7A, 7B, 7C, 7D) that did not co-localize with the injected

Sup35NM fibrils. To address the sequence specificity of these

effects, RD2-5 animals were also injected with recombinant fibrils of

the asparagine-rich yeast prion protein Ure2p with high alpha-

helical content [53,54], or b-sheet rich amyloid Ab1-42, respectively

(Figure 7E). No aggregation of RD2-5 was observed upon injection

of either protein.

To test whether cross-seeding occurs when both proteins are co-

expressed in C. elegans tissues, we crossed RD2-5m::YFP with

R2E2m::RFP animals. Despite being impaired for spontaneous

aggregation, RD2-5m::YFP readily formed aggregate species that

exhibited slow exchange in FRAP when co-expressed with

R2E2m::RFP in BWM cells (Figure 8A, 8B, 8C). RD2-5m::YFP

aggregates, however, only rarely co-localized with R2E2m::RFP

foci (Figure 8B), consistent with observations from the injection

experiments (Figure 7B, 7C). The RD2-5 sensor was further

employed to test whether protein misfolding spreads from R2E2-

expressing muscle cells to the intestine. Indeed, aggregation of

RD2-5i::GFP increased when R2E2m::RFP and RD2-5i::GFP

were co-expressed (Figure 8E, 8F). The absence of co-localization

of RD2-5 and R2E2 foci, even when co-expressed (Figure 8B),

indicates that aggregation of RD2-5 could be due to the global

disruption of the folding environment, as seen in tissues co-

expressing aggregates of polyglutamine and temperature sensitive

mutant proteins [55], rather than from cross-seeding, which would

imply co-aggregation of both proteins into heterologous aggregates

[51]. Indeed, expression of R2E2 in muscle cells accelerated the

age-dependent aggregation of an intestinal polyglutamine (polyQ)

folding sensor (Q44i::YFP) [56] (Figure S8).

Taken together, these results show that R2E2m::RFP aggre-

gates have multiple effects by seeding homologous soluble proteins

in a sequence-specific manner and causing an imbalance of

organismal proteostasis.

Figure 4. Transmission Electron Microscope (TEM) analysis reveal that mitochondrial defects and induction of autophagy are
prominent features of prion domain–induced pathology. (A) Transmission Electron Microscope (TEM) images of control (I–III) and R2E2m::YFP
(IV–VIII) adult animals show intact muscle sarcomeres (II) and mitochondrial morphology (III) in wild-type N2s, while R2E2m::YFP animals suffer from a
disruption of sarcomeric structure (V) and mitochondrial morphology (VI), and an accumulation of autophagosomes (VII), as well as complex
autophagy-related endo/lysosomal vesicles (VIII). (B) TEM analysis of R2E2m::YFP revealed disrupted mitochondrial integrity in neighboring intestinal
cells in contrast to control N2 animals. A: autophagy-related vesicles; M: mitochondria; S: sarcomere; Y: yolk granules; L: lipid droplets.
doi:10.1371/journal.pgen.1003351.g004

C. elegans Prion Model
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Discussion

We have developed a metazoan prion model and examined the

properties of a Q/N-rich prion domain in non-dividing terminally

differentiated cells using C. elegans. A summary model describing

the different aggregate species, vesicular structures and phenotypes

observed in the C. elegans prion model, is shown in Figure 9. As the

mechanism of prion propagation differs between unicellular

eukaryotes and metazoans, it was unclear whether the prion

propensities of Q/N-rich domains are universal and can adapt to

different biological systems of cell-to-cell transmission. Spreading

of the prion domain from an initial site of expression via

autolysosomal vesicles occurs through actively regulated cellular

processes, involving a direct transport from cell-to-cell and the

release and endocytic uptake of these vesicles from the body cavity.

This differs substantially from the propagation of [PSI+] in yeast

that involves transfer of cytosolic NM propagons from mother to

daughter cells during cell divison, that neither requires uptake into

membraneous compartments nor active transport. Rather, the

transmission of NM between cells and tissues in C. elegans is

reminiscent of mammalian PrPSc propagation between post-

mitotic neurons. Exosomes [57] and tunneling nanotubes [58]

have been suggested as possible routes for cell-to-cell transmission

of PrPSc. Either way, cytosolic content also gets transmitted,

suggesting that cytosolic and membrane localized prion-like

proteins might share some mechanistic aspects of transmission

[59]. Indeed, there is now growing evidence that other disease-

associated cytosolic protein aggregates can spread from cell-to-cell

[19,20,26,34,35]. The spreading of the prion domain described

here in C. elegans will allow us to compare the relative potential of

tissue transmission with other aggregation-prone amyloidogenic

proteins in our model system. It remains to be established if all

major disease-associated proteins can spread from cell-to-cell

themselves in a similar fashion like NM. Alternatively, prion-like

domains might have implications in the spread of pathology

throughout the nervous system by allowing a subset of modifiers

like FUS and TDP-43 to transmit between cells, which then cause

the subsequent aggregation of other disease-linked proteins.

Although motility defects are often associated with the

expression of protein aggregates in C. elegans muscle cells

[38,39,41–43], the expression of NM was unusually toxic

compared to the expression of other disease-associated aggrega-

tion-prone proteins [38–43]. Aggregation and toxicity of NM were

dependent on the oligopeptide repeats. Likewise, in yeast and

mammals, the oligorepeats affect spontaneous prion induction and

disease prevalence, respectively [44,60,61]. In yeast and infected

Figure 5. R2E2 co-localizes with autophagosomes, amphisomes, and autolysosomes. (A–D) Confocal images of BWM cells of C. elegans
expressing R2E2m::RFP together with the indicated vesicle markers. Note that LMP-1 localizes to both tubular shaped vesicles (arrows) and round
vesicles. Scale bars: 10 mm.
doi:10.1371/journal.pgen.1003351.g005

C. elegans Prion Model

PLOS Genetics | www.plosgenetics.org 7 March 2013 | Volume 9 | Issue 3 | e1003351



tissue culture cells, prions often elicit no toxicity, suggesting that

only non-toxic rapidly replicating variants are selected upon

infection in these systems [62]. The unc-54 promoter used to

express NM becomes active post-mitotically in 81 of 95 body wall

muscle cells [63,64]. The toxicity in C. elegans could therefore

reflect the vulnerability of terminally differentiated non-dividing

cells.

Autophagy is important for protein quality control and

homeostasis in non-dividing neuronal cells [65,66], consequently,

autophagic failure has been implicated in prion diseases and other

neurodegenerative disorders [67–69]. While activation of autoph-

agy is beneficial to promote the clearance of disease-associated

proteins [70–75], the chronic induction of autophagy could have

deleterious consequences and may be insufficient to suppress

toxicity [76–78], in particular if lysosomal function is already

compromised during aging or by the chronic expression of mutant

proteins [77–79]. In line with this, our preliminary results revealed

that blocking autophagy by RNAi, to inhibit prion transmission,

has only marginal effects to ameliorate NM toxicity in BWM cells

(as measured by motility assays, data not shown), indicating that

the autophagy-lysosomal pathway has a dual role and also reduces

the load of misfolded proteins. Future studies using genome-wide

RNAi screens will identify the cellular pathways that improve

fitness in these animals.

One of the most striking consequences attributed to expression

of the prion domain in C. elegans was mitochondrial fragmentation

and loss of cristae. An equilibrium of steady fission and fusion

events is critical for mitochondrial structure and function, and

disruption of this homeostasis has been observed in disease and

aging [80]. Intriguingly, a collapse of mitochondrial function was

also observed in lysosomal storage disorders associated with

impaired lysosomal degradation [81–83], and has been proposed

to be a common secondary and final mediator of cell death in

several diseases associated with autophagic failure and lysosomal

dysfunction [81–83]. It remains to be determined whether related

mechanisms are associated with the disruption of mitochondrial

ultrastructure observed here for the C. elegans prion model.

There is accumulating evidence that lysosomes have additional

roles to their conventional function as digestive organelles.

Lysosomes constitute the exosomes of nonsecretory cells [84],

are exocytosed during plasma membrane repair [85], and were

shown to be transferred via tunneling nanotubes from endothelial

progenitor cells to rescue prematurely senescent endothelia [86].

Our results reveal the involvement of lysosomes in the cell-to-cell

Figure 6. The prion domain spreads between cells and tissues in C. elegans by vesicular transport. (A) Nematode muscle organization:
BWM cells are arranged in quadrants, four longitudinal bands that run along the entire worm. Each quadrant is formed by staggered pairs of striated
mononucleated cells. (B). Collapsed confocal z-stacks of nematodes expressing R2E2m::RFP and CFP::RAB-5 in BWM cells. RAB-5 does not co-localize
with R2E2 containing vesicles, but enables the visualization of distinct cells, which is difficult in R2E2m::RFP only expressing nematodes. Single BWM
cells of two quadrants are outlined. Arrows indicate connections between cells of different quadrants. Although muscle arms are extended not only
to motor neurons but also to distant muscle cells that could form such connections, gap junctions between these cells allow electrical coupling, but
no exchange of cytosolic content. (C) Collapsed confocal z-stacks of nematodes expressing RFPm in BWM cells. Single BWM cells of two quadrants are
outlined. (D, E) Collapsed confocal z-stack and brightfield images of C. elegans expressing R2E2m::RFP or RFPm in BWM cells. Boxed region is
displayed in higher magnification. BWM (M), intestine (I) and coelomocytes (CC) are outlined. (F) Single-plane confocal micrographs showing
intestinally expressed R2E2i::RFP in vesicles located in intestinal and BWM cells. Intestine (I) and BWM cell (M) are outlined. Note the parallel aligned
myofilaments (arrowheads) in the brightfield image as a muscle-specific marker. Scale bars: 10 mm.
doi:10.1371/journal.pgen.1003351.g006
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transmission of cytosolic aggregation-prone proteins. Of note, the

exocytosis or transfer of lysosomes may represent a specific cellular

response to the prion domain as a cargo, because non mitotic

aging tissues fail to secrete indigestible lysosomal content, which

leads to the characteristic accumulation of lipofuscin [87]. It is

tempting to speculate that proteins with prion domains might

trigger a specific cellular response that leads to the release of LMP-

1 positive vesicles.

Aggregation of NM in C. elegans occurs spontaneously upon its

over-expression, in contrast to observations in bacterial and

Figure 7. Sequence-specific seeding of RD2-5. (A, B) Confocal images of (A) animals expressing GFP-tagged RD2-5i::GFP in intestinal cells and (B)
24 h after the injection of Alexa-555-tagged (red) recombinant Sup35NM fibrils. Boxed areas in A and B are representative regions subjected to FRAP
analysis. (C) Enlargement of overlay picture in B. (D) FRAP analysis of RD2-5i::GFP control (1) and RD2-5i::GFP aggregates (2) formed after injection of
recombinant Sup35NM fibrils. RFI = relative fluorescence intensity in [%]. (E) Confocal images of animals expressing RD2-5i::GFP in the intestine 24 h
after injection of the indicated recombinant fibrils.
doi:10.1371/journal.pgen.1003351.g007

Figure 8. R2E2 induces widespread aggregation of RD2-5. (A–C) Co-expression of R2E2m::RFP promotes RD2-5m::YFP aggregation. Confocal
images of (A) RD2-5m::YFP control and (B) RD2-5m::YFP co-expressed with R2E2m::RFP in BWM cells. Boxed area indicate representative region used
for FRAP analysis. (C) FRAP analysis of RD2-5m::YFP foci in a line co-expressing RD2-5m::YFP and R2E2m::RFP. (D–F) Muscle-expressed R2E2m::RFP
promotes intestinal RD2-5i::GFP aggregation. (D) Confocal image of control animal expressing RD2-5i::GFP in intestinal cells. (E) Confocal image of
animals expressing R2E2m::RFP in BWM cells and RD2-5i::GFP in the intestine. Boxed areas indicate representative region analyzed by FRAP. (F) FRAP
analysis of RD2-5i::GFP alone (1) and in animals co-expressing R2E2m::RFP and RD2-5i::GFP (2). RFI = relative fluorescence intensity in [%]. Scale bars:
10 mm.
doi:10.1371/journal.pgen.1003351.g008
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mammalian models [18,88,89]. In yeast, the induction of [PSI+] is

dependent on the co-existence of [PIN+] or other compatible

aggregation-prone proteins [90–92]. Perhaps similar factors such

as endogenous Q/N-rich proteins are expressed in C. elegans that

can act as [PIN+] [93].

The injection of preformed fibrils or co-expression of aggrega-

tion-prone variants seeds the polymerization of the corresponding

monomeric protein [12,22,24,28,29] by a reaction known as

nucleated or seeded polymerization [9,22]. Only Sup35NM fibrils

were able to cross-seed RD2-5 to form aggregates, whereas injection

of fibrillar Abeta1-42 or Ure2p failed to do so, which suggests that

seeding of RD2-5 is sequence-specific. However, Sup35NM fibrils

or R2E2 aggregates did not co-localize with RD2-5 foci. The

absence of co-aggregation might be due to conformational

variations resulting from sequence differences within the NM

oligorepeats [94,95]. While the different prion domain variants

might initially form heterologous seeds below the resolution of our

imaging approaches, the preferred coalescence of molecules that

have the same conformation might lead to distinct aggregates [51].

Alternatively, the ability to induce polyQ aggregation in a cell non-

autonomous manner, suggests that expression of the aggregation-

prone prion domain causes a global disruption of cellular

proteostasis, and subsequent misfolding of unrelated metastable

proteins, perhaps by titrating chaperones and other anti-aggrega-

tion factors [55,90]. Most likely, misfolding of RD2-5 upon co-

expression of R2E2 in the same or neighboring tissue results from a

combinatory effect of sequence-specific cross-seeding together with

an overload of the cellular folding capacity. Under these chronic

proteotoxic stress conditions, one misfolded protein can accelerate

aggregate formation of another aggregation-prone protein inde-

pendent of protein sequence homology [41,55].

In summary, this study provides new insights on the intrinsic

properties of Q/N-rich prion domains in metazoans. Although the

yeast prion domain NM is not a disease relevant peptide, this novel

genetic C. elegans prion model can elucidate cellular pathways

underlying the prion-like propagation of conformational changes

in proteins between cells and tissues of multicellular organisms in

health and disease.

Materials and Methods

Cloning of C. elegans expression vectors
Sup35NM constructs were amplified from the yeast expression

vector p316CUP1-3SGFPSG [44] containing either the full-length

NM, NM with a deletion of oligorepeats # 2-5 (aa 56-93) (RD2-5),

or NM with a two-times extended oligorepeat # 2 (QGGYQ-

QYNP) (R2E2) [44], by PCR standard methods. Insertion of

appropriate restriction sites allowed cloning of the PCR amplicons

into pPD30.38 [39]. This vector contains the promoter and

enhancer elements from the unc-54 gene [96], as well as EYFP

from the vector pEYFP-N1 (Clontech) [39]. For constructing myo-

3p::sup35(r2e2)::rfp, myo-3p::rfp, vha-6p::sup35(rD2-5)::gfp, vha-

6p::sup35(nm)::gfp, vha-6p::sup35(r2e5)::rfp, unc-54p::cfp::rab-5, and

unc-54p::lmp-1::gfp expression vectors, the MultiSite Gateway

Three-Fragment Vector Construction Kit (Invitrogen) was used.

NM constructs were amplified from the pPD30.38 vectors using

appropriate oligonucleotides for gateway cloning and inserted into

the pDONR 221 entry vector by recombination. Likewise, the

lmp-1 coding sequence was amplified from a N2 cDNA sample and

inserted into the pDONR 221 entry vector. The plasmid

pCZGY#3 ( = pDONR 201_rab-5) was a kind gift from Dr. Yishi

Jin. Entry vectors pDONR P4-P1R containing myo-3 (approx.

2.4 kb upstream of the myo-3 gene), vha-6 (approx. 1.2 kb upstream

of the vha-6 gene), or unc-54 (approx. 1 kb upstream of the unc-54

gene) promoter region and pDONR P2R-P3 coding for the C-

terminal monomeric RFP or GFP tag, were generated according-

ly. The N-terminal CFP was cloned between the unc-54 promoter

and rab-5 using appropriate restriction sites. For co-localization,

Figure 9. Overview of different aggregate types, vesicular structures, and phenotypes in the C. elegans prion model. Expression of
R2E2 leads to a range of different foci that were detected with both the YFP and RFP tag (indicated by the orange color). Large foci were analyzed by
FRAP and categorized into spherical mobile (containing slowly diffusing protein) and fibrillar immobile aggregates (containing non diffusing protein).
Small foci were not assessed by FRAP and consist of presumably both, small aggregates and vesicles (that partially co-localized to LGG-1::GFP). None
of the YFP-positive foci exhibited directed movement (very few small foci were moving irregular and undirected within a cell). Fragmented
mitochondria were observed in muscle cells and non-expressing tissues by TEM, whereas the YFP signal was not detected outside of body wall
muscle cells above the background autofluorescence. In contrast, RFP tagged R2E2 also localized to tubular structures that co-localized with LMP-
1::GFP. These tubular structures containing R2E2m::RFP, exhibited directed movement within and between muscle cells (red color indicates vesicles
that were only visible with the RFP tag). The RFP-tagged protein was also detected in vesicles of the intestine and coelomocytes, indicating that R2E2
is released from muscle cells and endocytosed by these tissues. Folding sensors are depicted in green. While the injection of recombinant fibrils led to
a sequence-specific induction of RD2-5 aggregation, co-expression of R2E2 led to a cell autonomous and cell non-autonomous non-sequence specific
aggregation of the folding sensors RD2-5 and polyQ44. No co-localization of aggregates was observed in both cases.
doi:10.1371/journal.pgen.1003351.g009
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CFP::Rab-5 was false-colored green. All pDONR P2R-P3 entry

vectors also contained the unc-54 39UTR. Promoters, genes of

interest and fluorescent tags were finally inserted into the destination

vector pDEST R4-R3 in an in vitro recombination reaction.

C. elegans methods
Wild-type (N2, Bristol) and transgenic worms were handled

using standard methods [97]. If not otherwise indicated, nema-

todes were grown on NGM plates seeded with the E. coli strain

OP50 at 20uC. The strains NP1129 cdIs131[cc1p::gfp::rab-5+unc-

119(+)+myo-2::gfp], NP871 cdIs66[cc1p::gfp::rab-7+unc-119(+)+myo-

2::gfp], NP744 cdIs39[cc1p::gfp::rme-1(271alpha1)+unc-119(+)+myo-

2::gfp], RT258 pwIs50[lmp-1p::lmp-1::gfp+Cb-unc-119(+)], and

DA2123 adIs2122[lgg-1::GFP + rol-6(su1006)] were ordered from

the Caenorhabditis Gene Center (CGC). The strain FY777 lin-

15(n765ts); grEx170[Pmyo-3::gfp::rab-7; lin-15(+)] was a kind gift of

Dr. Bruce Bamber. The following strains were generated for this

study using germline transformation by microinjection:

AM801 rmIs319[unc-54p::sup35(rD2-5)::yfp], AM803 rmIs321[unc-

54p::sup35(nm)::yfp], AM806 rmIs324[unc-54p::sup35(r2e2)::yfp], AM815

rmIs323[myo-3p::sup35(r2e2)::rfp], AM809 rmEx319[vha-6p::sup35(rD2-

5)::gfp+myo-2p::mcherry], AM823 rmEx326[vha-6p::sup35(rD2-5)::gfp],

AMf814 rmIs326[vha-6p::sup35(nm)::gfp+myo-2p::mcherry], AM883 rmEx-

338[myo-3p::rfp::rfp], AM887 rmEx339[unc-54p::cfp::rab-5], AM890 rmEx-

340[unc-54p::lmp-1::gfp].

Transgenic lines carrying extrachromosomal arrays were

generated by microinjection of the above-mentioned plasmids

into N2 wild-type animals. Integrations were obtained by gamma

irradiation of animals carrying the respective extrachromosomal

array. Integrated lines were backcrossed at least five times.

Importantly, due to the high toxicity of some of the transgenes, the

lines had to be backcrossed into N2 wild-type background

regularly to avoid the occurrence of mutations that improve the

health or suppress the NM aggregation phenotype of the

transgenic lines. For the same reason, assays were performed on

freshly backcrossed or crossed animals.

Developmental assays
Nematodes were synchronized by transferring adult animals on

a fresh plate and were allowed to lay eggs for 2.5 hours before

removing. The amount of eggs laid was determined. Embryos

were grown at 20uC for 72 hours before assessment of their

developmental stage. Data obtained in at least three independent

experiments were analyzed ($200 worms total). In parallel, 20 L1

larvae were picked on fresh plates and grown for four days at 20uC
before pictures and movies were taken.

Motility assay
L4 larvae from N2 and transgenic lines were transferred on

fresh plates. Movement of crawling animals was recorded 24 hours

later (with young adult worms) using a Leica M205 FA microscope

with a Hamamatsu digital camera C10600-10B (Orca-R2, Leica

Microsystems, Switzerland), and the Hamamatsu Simple PCI

Imaging software. Videos were imported into ImageJ and speed

(measured as body length per second) was analyzed using the

wrMTrck plugin for ImageJ. Each sample containing 20–30

worms was recorded three times and the average speed of these

movies was considered one biological sample. At least three

biological replicates were obtained for each strain tested.

Immunofluorescence
For rhodamine-phalloidin staining, transgenic lines were fixed

(4% formaldehyde solution), permeabilized (130 mM Tris,

pH 6.8; 700 mM ß-mercaptoethanol; 1% Triton X-100) and

stained with rhodamine-phalloidin (Molecular Probes). For

indirect antibody staining of R2E2, R2E2m::YFP animals were

washed in M9, transferred onto Poly-L-Lysine coated microscope

slides (Electron Microscopy Sciences), covered with coverslips and

frozen on a metal block chilled to about 270uC on dry ice. The

coverslips were snapped off and the slides were fixed in 220uC
methanol, washed twice (1x PBS), blocked (1x PBS; 4% BSA;

0.1% Triton X-100), and incubated with anti-GFP antibody

(ab6556 from Abcan) in blocking solution at 4uC over night. The

next day, slides were washed 4x (1x PBS), incubated with

secondary antibody (Alexa-456 conjugated goat anti-rabbit IgG,

Invitrogen) for 1 h at room temperature, before being washed

again, mounted (PermaFluor Aqueous Mounting Medium,

Thermo Scientific) and sealed.

Imaging and FRAP
For light and fluorescence microscopy, animals were mounted

on 2% agarose pads and immobilized in 2 mM levamisole. DIC

(Nomarski) images were obtained using a Zeiss Axiovert 200

microscope with a Hamamatsu Orca 100 cooled CCD camera.

Fluorescence microscopy and FRAP analysis were performed on a

Zeiss LSM 510 confocal microscope with a 488 nm, 514 nm, or

563 nm line for excitation.

FRAP was performed by using the 63 x objective lens at 5 x

zoom, with the 514 or 488 nm line for excitation of YFP or GFP,

respectively. An area of 0.623 mm2 was bleached for 50 iterations at

100% transmission, after which time an image was collected every

123.35 ms. The relative fluorescence intensity (RFI) was deter-

mined by using RFI = (Tt/Ct)/(T0/C0), where T0 denotes the

fluorescence intensity of the bleached region and C0 the control

unbleached region, prior to bleaching, and Tt and Ct represent the

fluorescence intensity at time t after photobleaching for the bleached

and control region, respectively. Results show an average of at least

20 independent measurements for each strain. Foci that got rapidly

and evenly bleached allover beyond the outline of the bleached

region of interest (ROI) were excluded from these analysis, as they

likely constitute vesicles containing soluble protein. In addition, foci,

that had the same or a smaller size than the bleached ROI of

0.623 mm2 were not taken into account, as the motility of the

protein within the same focus could not be assessed and therefore,

vesicles containing soluble protein could not be distinguished from

aggregates. FRAP analysis of RD2-5 foci in RD2-5m::YF-

P;R2E2m::RFP animals, RD2-5i::GFP animals 24 h after injected

with rec. fibrils, and RD2-5i::GFP;R2E2m::RFP animals were

performed on young adult (day 1 and 2 of adulthood) worms. Where

indicated, a Leica SP5 II LSCM equipped with HyD detectors was

used, especially for time-lapse imaging.

Worm lysis and detergent solubility assay
Nematodes were collected from a densely populated not starved

6 cm or 10 cm plate, washed in M9 buffer, and resuspended in

lysis buffer (20 mM Tris, pH 7.5; 10 mM ß-mercaptoethanol;

0.5% Triton X-100; supplemented with complete protease

inhibitor (Roche)) before shock freezing in liquid nitrogen. After

three freeze-thaw cycles, the worm pellet was grinded with a

motorized pestle, and lysed on ice, in the presence of 0.025 U/ml

benzonase (Sigma). The lysate was centrifuged at 1000 rpm for

1 min in a tabletop centrifuge to pellet the carcasses. Protein

concentration was determined using Bradford assay (Bio-Rad).

For the solubility assay, 200 mg of total protein was mixed with

2% N-Lauroylsarcosine, before ultracentrifugation at 100.000 g

for 1 hour at 4uC. Supernatant and pellet fractions were separated

and subjected to SDS-PAGE and subsequent immunoblotting. For
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transgene detection, the mouse anti-GFP monoclonal antibody

(MMS-118R, Covance) was used, together with ECL plus (GE

Healthcare). As a loading control, a-tubulin was detected by anti-

a-tubulin antibody (T-5168, Sigma).

Procedures for C. elegans Transmission Electron
Microscopy (TEM) analysis

Samples were high pressure frozen (HPF) using a Leica EM

PACT2, and maintained in LN2 until processed at low

temperature in an automated freeze substitution unit (Leica EM

AFS2). The freeze substitution solution (2% OsO4, 0.5% uranyl

acetat, 3% H20 in Acetone) was cooled to 290uC before adding

the HPF sample. Low temperature processing was performed over

3 days where the temperature was gradually increased to room

temperature, followed by a gradual infiltration with EMBed 812

resin and polymerization. 90 nm thin sections were collected on

Formvar-coated slot grids and stained with 2% uranyl acetate and

Reynold’s lead citrate. Samples were imaged at 80 kV in a JEOL

1230 transmission electron microscope. 4 different R2E2 express-

ing animals and 2 N2 animals were imaged.

Aggregate quantification
Animals were synchronized via bleaching as described earlier

[39]. Synchronized L1 larvae were transferred on fresh OP50-

seeded plates ( = day 1). Animals were observed at 30–40x

magnification with a stereomicroscope equipped for epifluores-

cence. The number of animals containing intestinal polyQ

aggregates was determined on day 1 to 5 after synchronization.

At least 300 animals (total) were assessed in 3 independent

experiments.

Recombinant fibril preparation and labeling
Sup35NM, Aß (1–42), and full-length Ure2p expression,

purification and assembly were performed as described [98–

100]. Sup35NM, Aß (1–42) and Ure2p fibrils were spun at

15.000 g for 15 min at 4uC. The fibrils were resuspended in

50 mM HEPES, pH 7.5. Labeling was achieved by addition of 2

molar excess of the aminoreactive fluorescent dye Alexa Fluor 555

carboxylic acid, succinimidyl ester (Invitrogen) following the

manufacturer’s recommendations. Unreacted dye was removed

by 3 cycles of sedimentation and resuspension of the fibrils in

HEPES buffer. The amount and quality of recombinant fibrils was

determined by solubility assay (16.000 g, 30 min, 4uC) and TEM.

TEM analysis of recombinant fibrils
The fibrillar nature of the generated assemblies was assessed

using a JEOL 1400 transmission electron microscope following

adsorption of the samples onto carbon-coated 200-mesh grids and

negative staining with 1% uranyl acetate. The images were

recorded with a Gatan Orius CCD camera.

Injection of recombinant protein
Immediately before injection, recombinant fibrils were diluted

into 50 mM HEPES buffer, pH 7.5, to a final concentration of

100 mM and sonicated (1510 Branson water sonicator) for 30 min.

50 mM HEPES buffer only was used as a control. Young adult

worms were microinjected according to standard methods into the

cytosol of intestinal cells. After 24 h nematodes were imaged using

a Zeiss LSM 510 confocal microscope. At least 5 animals were

injected with each fibril preparation and analyzed per experiment

and experiments were repeated 2–3 times. Our microinjection

setup does not allow controlling for the injection of the exact same

amount of protein fibrils into each animal. Therefore, we assessed

different concentrations of the fibril preparations in their ability to

induce RD2-5 aggregation. The fibril concentration had only an

impact on the quantity (how much protein was seeded), but not on

the quality (if there was seeding) of aggregation induction.

Supporting Information

Figure S1 Detailed description of aggregates and vesicular

structures occuring in R2E2m::RFP and RFPm expressing

animals. (A) Collapsed confocal z-stack images of R2E2m::RFP

expressing nematodes reveal tubular vesicles in addition to

multiple types of aggregate structures. (B) The RFP tag alone

remains mostly soluble upon expression in BWM cells, but was

also occasionally found in vesicular structures and small aggre-

gates. The majority of these vesicles remained stationary (data not

shown), indicating that although RFP is able to visualize acidic

vesicles, the occurrence of moving tubular vesicles is associated

with the aggregation-prone prion domain. Open arrow and

diamond arrow point to large round, and fibril-like aggregates,

respectively. Arrowheads indicate small aggregates (indistinguish-

able from small round vesicles) or round and tubular vesicles.

(TIF)

Figure S2 R2E2m::YFP does form vesicular structures that can

be visualized by indirect immunofluorescence. (A) R2E2m::YFP

stained with anti-GFP antibody. The GFP staining reveals vesicular

structures that are not visible with YFP fluorescence. The fibril-like

aggregate was overexposed in both channels (YFP and RFP) to

better show vesicular structures in RFP and to demonstrate the

absence of YFP-positive vesicular structures. (B) N2 wild-type

control stained with anti-GFP antibody. No unspecific staining of

the anti-GFP antibody was observed. Scale bars: 10 mm.

(TIF)

Figure S3 R2E2m::RFP gets released into the body cavity and

endocytosed by coelomocytes. Confocal fluorescence and bright-

field images of animals carrying the indicated coelomocyte vesicle

markers and expressing R2E2m::RFP in BWM cells. Coelomo-

cytes are outlined. R2E2m::RFP does co-localize with (A) early

(RAB-5) and (B) late (RAB-7) endosomes, and (C) lysosomes

(LMP-1), but not with (D) recycling endosomes (RME-1). Scale

bars: 10 mm.

(TIF)

Figure S4 R2E2i::RFP containing vesicles emerge also in C.

elegans intestinal cells. Confocal fluorescence and brightfield images

of animals expressing R2E2i::RFP in the intestine. Scale bar:

10 mm.

(TIF)

Figure S5 R2E2i::RFP containing vesicles are able to exit from

C. elegans intestinal cells and spread into non-expressing tissues.

Confocal fluorescence and brightfield images of animals expressing

R2E2i::RFP in intestinal cells. Intestine (I) and coelomocytes (CC)

are outlined. Arrows indicate distant vesicles that have been

release from the intestine. As the low fluorescence of released

vesicles reaches the detection limit of the microscope, the RFP

channel was overexposed to better show vesicular structures

outside of the intestine. Scale bar: 10 mm.

(TIF)

Figure S6 Oligopeptide repeat region dependent aggregation of

the prion domain in intestinal cells. Collapsed confocal z-stack

images of C. elegans lines stably expressing the indicated transgene.

Pictures were taken at displayed stages during nematode

development (embryo/L2 larvae/adult). Scale bar: 10 mm.

(TIF)
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Figure S7 Quality control of fibrilized proteins used for

microinjection. SDS solubility assays (A) and TEM images (B) of

indicated fibrilized proteins. P = pellet, S = supernatant. Scale

bars: 0.1 mm in the panels Sup35NM and Ure2p, 0.01 mm in the

panel Ab.

(TIF)

Figure S8 R2E2m::RFP induces cell non-autonomous aggrega-

tion of Q44i::YFP. (A). Representative fluorescent images of

Q44i::YFP and Q44i::YFP;R2E2m::RFP animals on day 4 after

transferring synchronized L1 larvae onto fresh OP50-seeded

NGM plates. The expression of R2E2 in BWM cells led to an

earlier onset of Q44 aggregation in the intestine. (B). Quantifica-

tion of animals with aggregates (in %) on indicated days after

synchronization. Error bars: S.D.

(TIF)

Video S1 20 L1 larvae of RD2-5m::YFP expressing animals

were grown for four days before movie was taken over a time of

30 s with a speed of 2.8 frames per second (fps). Video is played at

5 fps. No reduction in motility or developmental delay was

observed.

(AVI)

Video S2 20 L1 larvae of NMm::YFP expressing C. elegans were

grown for four days before movie was taken over a time of 30 s

with a speed of 2 fps. Video is played at 5 fps. Not only reduced

motility, but also developmental delay and less progeny was

observed in comparison to RD2-5 animals.

(AVI)

Video S3 20 L1 larvae of R2E2m::YFP transgenic lines were

grown for four days before movie was taken over a time of 30 s

with a speed of 2.8 fps. Video is played at 5 fps. R2E2 animals

were frequently paralyzed and exhibited severe developmental

defects and sterility. Note the significantly reduced number of

tracks on the bacterial lawn, indicating less total number of

animals in comparison to NM animals.

(AVI)

Video S4 A fraction of R2E2m::RFP containing vesicles is

moving within and between C. elegans BWM cells. Nematodes

expressing R2E2m::RFP were mounted and movie of z-stacks

(xyzt) was taken using a Leica SP5 confocal microscope. This

movie shows 53 stacks of a 3 mm thick section (with 7 frames taken

every 0.5 mm). One stack was taken every 5.3 seconds. Video is

played at 12 stacks per seconds. See also Figure S1AII, a

representative picture of this movie.

(AVI)

Video S5 R2E2m::RFP containing vesicles are able to transmit

between C. elegans BWM cells. Nematodes expressing

R2E2m::RFP and RAB-5::CFP in BWM cells were mounted

and movie was taken using a Leica SP5 confocal microscope. 180

frames (90 frames per channel) were taken with a speed of

0.74 fps. Video is played at 12 fps. Scale bar: 25 mm. See also

Figure 6B.

(AVI)

Video S6 A fraction of R2E2i::RFP containing vesicles is

moving within C. elegans intestinal cells. Nematodes expressing

R2E2m::RFP were mounted and movies were taken using a Zeiss

LSM510 confocal microscope. 99 frames were taken with a speed

of 0.5 fps. Video is played at 20 fps. See also Figure S4, a

representative picture of this movie.

(AVI)

Video S7 R2E2i::RFP containing vesicles are able to move from

C. elegans intestinal cells into non-expressing tissues. Nematodes

expressing R2E2i::RFP were mounted and movies were taken

using a Zeiss LSM510 confocal microscope. 161 frames were

taken with a speed of 0.5 fps. Video is played at 20 fps. As the low

fluorescence of released vesicles reaches the detection limit of the

microscope, the RFP channel was overexposed to better show

vesicular structures outside of the intestine, which results in a low

video quality. Figure S5 shows a representative picture of this

movie and outlines the tissues and highlights the released vesicles.

(AVI)
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