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Abstract
To test if Caenorhabditis elegans could be established as a model organism for prion study, we
created transgenic C. elegans expressing the cytosolic form of the mouse prion .protein, MoPrP
(23-231), which lacks the N-terminal signal sequence and the C-terminal
glycosylphosphatidylinisotol (GPI) anchor site. We report here that transgenic worms expressing
MoPrP(23-231)–CFP exhibited a wide range of distinct phenotypes: from normal growth and
development, reduced mobility and development delay, complete paralysis and development arrest,
to embryonic lethality. Similar levels of MoPrP (23-231)-CFP were produced in animals exhibiting
these distinct phenotypes, suggesting that MoPrP (23-231)-CFP might have misfolded into distinct
toxic species. In combining with the observation that mutations in PrP that affect prion pathogenesis
also affect the toxic phenotypes in C. elegans, we conclude that the prion protein folding mechanism
is similar in mammals and C. elegans. Thus, C. elegans can be a useful model organism for prion
research.

Keywords
prion; C. elegans; toxicity; aggregation; protein misfolding; neurodegeneration

Introduction
Prion diseases are a group of mammalian neurodegenerative disorders with a complicated
etiology that can appear in sporadic, inheritable, or infectious form [1]. It is generally accepted
that the infectious agent of prion disease is a host protein (PrP) undergone conformational
change from a normal cellular form, PrPC, to the altered pathogenic form, PrPSc [1;2]. Encoded
by a highly conserved single-copy gene, Prnp, PrP is a ubiquitously expressed
glycosylphosphatidylinositol (GPI)-anchored glycoprotein [3]. Although studies from
transgenic mammalian models have provided valuable information regarding the nature of
PrPSc infectivity, the complexity of mammalian organisms, high cost of such studies, lengthy
experimental periods, and numerous socio-ethical concerns have greatly limited our progress
in understanding the devastating diseases. To date, the manner in which a normal host protein
acquires the pathogenic conformation continues to evade our understanding, and the
elucidation of the cellular mechanisms conferring PrP-mediated cellular toxicity remains a
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central problem in prion etiology. It is therefore of great importance to establish prion disease
model in a genetically tractable organism with a nervous system.

The non-pathogenic nematode, C. elegans, offers several advantages as a model organism for
prion research: small (1mm long), a short lifecycle (~3 days at 20°C), and multi-cellular
organism containing a nervous system of 302 neurons in the hermaphrodite. Moreover, C.
elegans is proven to be an ideal system for studying nerve function, behavior, aging, and
neurodegenerative diseases [4;5;6;7;8]. Moreover, C. elegans does not have a direct PrP
ortholog and thus any gain-of-function phenotype resulting from PrP production can be easily
detected. Thus, C. elegans provides us the ideal compromise of complexity and tractability
necessary to advance research in prion disease. In this study, we examine the ability of mouse
PrP expression in C. elegans to induce a gain-of-function toxicity and the effects of PrP
mutations that influence prion etiologies on this toxic phenotype.

Materials and methods
Strain and culture

The N2 Bristol strain of C. elegans and its transgenic derivatives were cultured and maintained
according to standard methods in a 20°C incubator [9].

Plasmids and constructs
The DNA fragment of MoPrP(23-231) carrying the 3F4 epitope was amplified by PCR using
the primers of 5’-GCGCGGCTAGCATGTCTAAAAAGCGGCCAAAGCCTG-3’ (forward),
5’-GCGCGCCGCGGGCTGGATCTTCTC CCGTC-3’ (reverse), and the template of
PrP1-254-mPrP1 plasmid [10]. The resulting PCR product was digested with NheI/SacII and
ligated to pECFP-N1 that was predigested with NheI/SacII to create pECFP- MoPrP(23-231).
Following NcoI digestion and treatment with the Klenow, the MoPrP(23-231)-CFP fragment
were ligated to pPD30.38 that was predigested with NheI and EcoRV to give the final C.
elegans expression plasmid, pPD30.38- MoPrP(23-231)-CFP.

The Q167R and P101L mutations were created using a PCR-based site-directed mutagenesis.
DNA fragments of MoPrP(23-231) containing these two mutations were ligated to pPD30.38
using the same procedure as described above.

Protein electrophoresis and Immunoblot analysis
Animals were frozen in liquid nitrogen and homogenized by bead-beater in lysis buffer, 20
mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM
sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 µg/ml leupeptin, and
protease inhibitor cocktail (Roche). Crude protein extracts were resolved by SDS-PAGE,
immunobloted with monoclonal PrP antibody (3F4), and detected with ECL kit (Amersham).

Phalloidin staining and fluorescence microscopy
The F-actin staining by Phalloidin and the following fluorescent detection were performed as
described [11].

Behavioral assay
Liquid thrashing assays were performed in 20µl of M9 buffer as described [9].

Digestion by proteinase K and solubility of PrP in sarkosyl
All proteinase-K digestions and solubility assays were performed in 1 × PBS buffer. Protein
extracts were prepared from worms expressing CFP or MoPrP(23-231)-CFP using a bead-
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beater. After centrifugation at 11,000 × rpm for 2 min, the supernatant was digested with 50
µg/ml of proteinase K at 37 °C for 1 hour. For sarkosyl solubility assay, 20% sarkosyl was
added to the protein extracts to give a final concentration of 0%, 0.5%, 1.0%, or 2%. After
incubation at room temperature for 5 min, the extracts were centrifugated at 75,000 × rpm for
30 min. The resulting supernatants and pellets were precipitated with methanol. After vacuum-
dried, the proteins were solubilized with 1 × SDS sample buffer and examined by SDS-PAGE
and immunoblot analysis.

Semi-denaturing agarose gel electrophoresis
Crude protein extracts prepared from C. elegans expressing MoPrP(23-231)-CFP, MoPrP
(Q167R)(23-231)-CFP, and MoPrP(23-231)-CFP and MoPrP(Q167R)(23-231)-YFP were
treated with the Sarkosyl sample buffer (50 mM Tris–HCl (pH 6.8), 5% glycerol, 2% Sarkosyl,
and 0.05% bromophenol blue) at room temperature for 7 min and separated on 1.5% agarose
gels supplemented with 0.1% SDS as described [12]. After transferring to a polyvinylidene
difluoride membrane (Millipore), membranes were probed with anti-PrP antibody (3F4) and
detected with ECL kit (Amersham).

Results
Targeted expression of the cytoplasmic form of mouse PrP in C. elegans muscle cells caused
severe impairment in mobility, growth, and development

We first examined if the mouse prion protein (MoPrP) could be ectopically expressed in C.
elegans body wall muscle cells using the muscle cell specific promoter, unc-54. Unc-54 is a
strong promoter, which usually results in a robust expression. Several protein-folding
neurodegenerative disease models have been established using the unc-54 expression system,
such as Huntington disease [13] and Alzheimer’s disease [14]. We constructed two C.
elegans expression plasmids, unc54-MoPrP(23-231)-CFP and unc54-CFP as shown in Fig.
1A. MoPrP(23-231) lacks both the N-terminal signal sequence and the C-terminal GPI anchor
and is thus localized in the cytoplasm [10]. CFP-fusion was used since its fluorescent signal
would help us to identify transgenic worms and facilitate characterization of MoPrP(23-231)
expression and localization in live worms. It has been shown that GFP-tagged prion protein
can be correctly localized and functionally active in the brains of transgenic mice [15].

We microinjected the unc54-MoPrP(23-231)-CFP and unc54-CFP constructs into healthy
young adult worms according to an established protocol [9]. As shown in Fig. 1B, the resulting
transgenic worms were able to express MoPrP(23-231)-CFP and CFP with the expected sizes,
respectively. Although a diffused fluorescent pattern was seen for the CFP control worms,
numerous fluorescent foci were observed for the MoPrP(23-231)-CFP worms, suggesting that
MoPrP(23-231)-CFP was aggregated (Fig. 1C). MoPrP(23-231)-CFP was cytoplasmically
localized since the signals of CFP and propidium iodide, a fluorescent dye that specifically
binds to DNA, did not overlap (Fig. 1D).

Although worms expressing CFP showed normal growth and development, a significant
portion (~10 to 30%, varying upon different injections) of transgenic worms expressing MoPrP
(23-231)-CFP exhibited a striking altered phenotype: short and chunky-looking, with a body
shape similar to dumpy, a previously described phenotype mainly caused by mutations in
collagen or collagen modifying enzyme [16]. Although some dumpy mutations can cause
mobility defects, most dumpy worms move freely and show normal growth and reproduction
[17;18]. However, the dumpy-like worms expressing unc54-MoPrP(23-231)-CFP showed a
severe mobility defect. Interestingly, a wide range of distinct phenotypes were seen, from
normal growth and development, partial paralysis, to embryonic lethality. For clarity, we
categorized them into three groups: strong dumpy-like, weak dumpy-like, and non-dumpy (Fig.
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1C). The non-dumpy worms had normal body size and shape and moved freely. The strong
dumpy-like worms were very short and nearly paralyzed. The weak dumpy-like worms had
intermediate body lengths and moved slower than the non-dumpy worms.

Fig 2A shows pictures of representative tracks left by strong dumpy-like, weak dumpy-like,
and non-dumpy worms expressing MoPrP(23-231)-CFP. Thirty minutes after the worms were
placed on the marked positions, the N2 non-transgenic worm had moved out of sight and the
non-dumpy worm also left a long track, indicating that it could move freely. The weak dumpy-
like worm left a short track, indicating that it was defective in mobility. Remarkably, the strong
dumpy-like worm remained in the same position where it was placed (Fig 2A). In fact, the
majority of strong dumpy-like worms were virtually paralyzed. They stayed where they hatched
and exhibited the bag-of-worm phenotype, larvae hatching inside their mother's body (data not
shown). Both weak dumpy-like and non-dumpy worms were able to lay eggs and give rise to
similar numbers of progenies as control worms. Although the strong dumpy-like, weak dumpy-
like, and non-dumpy worms exhibited striking differences in phenotype, they expressed similar
amount of MoPrP(23-231)-CFP fusion proteins and there were no significant differences in
their fluorescence patterns (Fig. 1C). All dumpy-like worms were able to produce healthy N2
progenies upon the loss of the extra-chromosomal arrays of MoPrP(23-231)-CFP (data not
shown), indicating that the observed dumpy-like phenotype was solely due to MoPrP(23-231)-
CFP expression. Apparently, this dumpy-like trait was acquired de novo because dumpy-like
and non-dumpy worms were able to produce progenies exhibiting a wide range of dumpiness
(data not shown).

We next examined if dumpy-like worms had altered muscle morphology. We stained the worms
with phalloidin, a dye specifically binding to F-actins in permeable cells [19]. As shown in
Fig. 2B, the F-actin organization was severely disrupted in muscle cells of strong dumpy-like
worms. The weak dumpy-like worms also showed a noticeable disorganization of F-actins but
less severe than that of strong dumpy-like worms (Fig. 2B). In contrast, non-dumpy worms
showed a well-organized muscle architecture (Fig. 2B). Overall, there were more overlapping
signals of MoPrP(23-231)-CFP and F-actins in the non-dumpy animals than that of dumpy-
like animals, indicating that the presence of MoPrP(23-231)-CFP could affect the architecture
of F-actins (Fig. 2B).

Mutations in PrP that affect prion pathogenesis also affect PrP mediated cellular toxicities
in C. elegans

We next examined if mutations in PrP that reduce or enhance TSE pathogenesis would also
affect PrP mediated dumpy-like phenotype accordingly in C. elegans. It was previously
reported that transgenic mice co-expressing the wild type MoPrP and a mutant PrP with a
missense mutation of glutamine to arginine at the codon 167, MoPrP(Q167R), were resistant
to scrapie inoculation [20]. MoPrP(Q167R) was thus considered as a dominant negative mutant
[20]. To test if the Q167R mutation would have similar effect in C. elegans, we created
transgenic worms expressing MoPrP(Q167R)(23-231)-CFP alone or co-expressing MoPrP
(Q167R)(23-231)-YFP and MoPrP(23-231)-CFP and found both of them could move freely
and no dumpy-like phenotypes were developed (Fig. 3A and data not shown). Moreover, the
developmental delay caused by MoPrP(23-231) expression was also relieved to some extent
when MoPrP(Q167R)(23-231)-YFP was co-expressed (Supplemental Table 1). The similar
intensities of the YFP- and CFP-fluorescent signals suggest that similar amounts of the wild
type and the mutant fusion proteins were produced in the co-expressors (Fig. 3B). The two
fusion proteins appeared to co-localize, as the -CFP and -YFP fluorescent signals were almost
completely overlapped (Fig. 3B).

We next examined if mutations in PrP that promote mammalian prion pathogenesis would also
enhance cellular toxicity in C. elegans. We generated transgenic worms expressing MoPrP
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(P101L)(23-231)-CFP, which contains a point mutation from proline to leucine at codon 101
(P101L). The corresponding mutation in human PrP (P102L) is linked to a familial prion
disease known as Gerstmann-Straüssler-Scheinker (GSS) disease [1]. Comparing to worms
expressing the wild-type allele, a larger portion of the MoPrP(P101L)(23-231)-CFP worms
showed dumpy-like phenotype (data not shown) and exhibited a more severe mobility defect.
As shown in Fig. 3C, the MoPrP(P101L)(23-231)-CFP non-dumpy worms were scored very
poorly in a thrash assay, a measurement quantifying the head movement of C. elegans whereas
the non-dumpy worms expressing the wild-type allele obtained significantly higher scores.
Moreover, worms expressing MoPrP(Q167R)(23-231)-CFP or co-expressing MoPrP(Q167R)
(23-231)-YFP and wild type MoPrP(23-231)-CFP had thrash scores comparable to the CFP
control worms, confirming that Q167R mutation can reduce wild-type PrP medicated toxicity.
As shown in Supplemental Table 1, MoPrP(P101L)(23-231)-CFP worms also suffered longer
developmental delays. Seventy-two hours after hatching, there were only ~ 19% of MoPrP
(P101L)(23-231)-CFP worms entered the L4/adult stage and 46% of them remained in the L1/
L2 stage. However, ~44% of wild-type MoPrP(23-231) worms had already entered L4/adult
stage and only 29% of them were in L1/L2 stage. Thus, the P101L mutation augmented the
PrP-mediated cellular toxicity in C. elegans.

The cytoplasmic form of MoPrP(23-231), produced in transgenic C. elegans is sarkosyl
insoluble but proteinase K sensitive

Accumulation of PrPSc is the hallmark of TSE etiology [21]. Due to its unique compact folding
and β-rich amyloid structure, PrPSc is significantly more resistant to detergent treatment and
proteolysis than its native isomer, PrPC. To investigate if MoPrP(23-231)-CFP worms
produced PrPSc-like species, we examined the detergent solubility of MoPrP(23-231)-CFP. As
shown in Fig. 4A, both MoPrP(23-231)-CFP and MoPrP(Q167R)(23-231)-CFP were not
extractable in buffers containing 0 - 2% sarkosyl, while CFP produced in the control worms
was soluble in all tested conditions (data not shown). To examine if MoPrP(23-231)-CFP
produced in C. elegans is proteinase K resistant, we prepared total lysates from worms
expressing CFP or MoPrP(23-231)-CFP and treated them with 50 µg/ml proteinase K. As
shown in Fig 4B, there were no detectable bands with slower mobility than CFP were detected
when GFP antibody was used for immunoblot analysis. When the 3F4 antibody was used, there
were no detectable bands in any samples (data not shown). Our results indicate that PrPSc was
not formed in transgenic worms expressing MoPrP(23-231)-CFP.

Analysis of the polymer sizes of the wild-type MoPrP(23-231)-CFP and the dominant negative
mutant, MoPrP(Q167R)(23-231)-CFP, in C. elegans

To test if MoPrP(23-231)-CFP and MoPrP(Q167R)(23-231)-CFP had folded into different
conformations, we prepared crude protein extracts in the presence of 2% sarkosyl and analyzed
their polymer sizes using a modified semi-denaturing agarose gel electrophoresis (SDAGE),
a useful technique that has been successfully applied to examine the polymer sizes of several
detergent stable protein aggregates, as described [22]. As shown in Fig 4C, there were no
detectable large polymers formed for both MoPrP(23-231)-CFP and MoPrP(Q167R)(23-231)-
CFP. The average size of MoPrP(23-231)-CFP oligomers was estimated ~120kDa, which is
smaller than that of MoPrP(Q167R)(23-231)-CFP, ~200kDa (Fig 4C). Interestingly, although
similar expression levels of MoPrP(23-231)-CFP and MoPrP(Q167R)(23-231)-YFP were
observed in the co-localization experiment (Fig 3B), the majority fusion proteins were found
in the higher molecular weight band corresponding to the MoPrP(Q167R)(23-231)-CFP
conformer.
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Discussion
In this study, we have explored the possibility of establishing the non-pathogenic nematode,
C. elegans, as a model organism for prion study. We expressed the cytoplasmic form of mouse
PrP as CFP or YFP fusion proteins in the body wall muscle cells of C. elegans. It has been
shown previously that PrP accumulation in the cytoplasm of neuronal cells leads to the
formation of PrPSc-like molecules and to a significant apoptosis [10;23]. Moreover, elevated
PrP levels were detected in muscle cells of patients with muscle related disease, such as
inclusion-body myositis, polymyositis, dermatomyositis, and neurogenic muscle atrophy
[24]. However, contradictive observations were also reported to suggest cytosolic expression
of PrP was not toxic to N2a cells or primary neuron culture [25;26]. We showed in this study
that some transgenic worms expressing the cytoplasmic form of MoPrP displayed a striking
dumpy-like phenotype, short and chunky-looking. Although the underlying mechanism of this
dumpy-like phenotype is unclear, the abnormal muscle structures and severe mobility defects
of the dumpy-like worms suggest that accumulation of cytosolic MoPrP can be toxic to C.
elegans. The fact that MoPrP(23-231) expression in the body wall muscle cells of C. elegans
can mimic certain unc-54 mutants to result in alteration of muscle morphology and function
demonstrates that this gain-of-function phenotype can be a useful system to study prion
mediated toxicity. Interestingly, transgenic worms expressing similar levels of MoPrP(23-231)
could exhibit a wide range of phenotypes varying in different degrees of dumpiness and muscle
dysfunction, indicating that multiple toxic species of MoPrP(23-231) can be formed in C.
elegans’ muscle cells, perhaps due to the formation of different conformers. Since no proteinase
K resistant species of MoPrP(23-231) were detected, MoPrP(23-231) produced in C. elegans
muscle cells was not PrPSc-like. Our results support the view that PrPtoxic species are
conformationally different from PrPSc [27].

It has been shown that the PrP(P101L) mutation is tightly linked to a genetic prion disease,
Gerstmann-Sträussler-Scheinker syndrome. In flies, PrP(P101L) expression in cholinergic
neurons resulted in severe locomotor dysfunction and premature death of larvae and adults
[28]. We also found MoPrP(P101L)(23-231)-CFP expression in C. elegans augmented PrP
mediated toxicity in C. elegans (Fig 3C and Supplemental Table 1). In contrast, Q167R, a PrP
mutation conferring resistance to scrapie inoculation in the presence of the wild-type PrP
expression [20], reduced PrP mediated toxic phenotypes in C. elegans. Although the underlying
mechanism is unclear, our finding that MoPrP(23-231)-CFP and MoPrP(Q167R)(23-231)-
YFP could exist in oligomers with different sizes strongly suggests that they had different
conformations in the muscle cells of C. elegans and such a difference is likely responsible for
the observed difference in cellular toxicity. These data, combined with the observation that
MoPrP(Q167R)(23-231)-YFP and MoPrP(23-231)-CFP were co-localized (Fig 3B), strongly
suggest that PrP(Q167R) was able to influence the folding of wild-type PrP to adopt its non-
toxic conformation. As a consequence, the wild-type PrP is co-aggregated with the non-toxic
PrP(Q167R) conformer(s) to result in a dominant negative phenotype.

Taken together, our results suggest that the cellular mechanism required for prion protein
folding is similar in C. elegans and mammals. Thus it is possible to use C. elegans as a model
organism to dissect the underlying cellular machinery. To date, the mechanism by which prions
kill neurons remains a mystery. Establishing simple prion models, which are genetically
amenable, such as C. elegans and D. melanogaster, will likely provide us better opportunities
to identify cellular factors responsible for prion mediated infectivity and toxicity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Transgenic C. elegans expressing MoPrP(23-231)-CFP
A.) Shown are CFP and MoPrP(23-231)-CFP expression constructs. B.) Immunoblot analysis
of CFP or MoPrP(23-231)-CFP using a monoclonal GFP antibody. C.) A wide range of distinct
phenotypes were observed for worms expressing MoPrP(23-231)-CFP. Pictures were taken at
their young adult stage. C: control CFP worm; SD: strong-dumpy; WD: weak-dumpy; ND:
non-dumpy. D.) Propidium iodide staining to show that MoPrP(23-231)-CFP aggregates were
localized in the cytoplasm of the transgenic worms.
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Fig. 2. Dumpy-like worms were defective in mobility
A.) Time-lapse moving tracks (marked with red dots). Young adult worms were placed onto
soft agar plates with the original positions marked (green dots). Their moving tracks were
photographed after 2 and 30 min. The red arrows indicate the positions of animals when the
pictures were taken. B.) Muscle structures of MoPrP(23-231)-CFP transgenic worms. Shown
are Phalloidin staining (red) and MoPrP(23-231)-CFP (green).
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Fig. 3. Transgenic worms expressing PrP mutants
A.) Q167R expression did not result in dumpy-like phenotypes. B.) Colocalization of MoPrP
(23-231)-CFP and PrP(23-231)(Q167R)-YFP in a young adult animal co-expressing these two
fusion proteins. C.) Thrashing assay. Each point represents the mean value of thrashing scores
of 5 individual animals. CFP: control worm; wt: MoPrP(23-231)-CFP expressor; Q167R:
MoPrP(23-231)(Q167R)-CFP expressor; wt/Q167R: co-expressors of MoPrP(23-231)-CFP
and MoPrP(Q167R)(23-231)-YFP; P101L: MoPrP(23-231)(P101L)-CFP expressor. Note,
only non-dumpy worms were used in this experiment.
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Fig. 4. Biochemical analyses of MoPrP(23-231)-CFP and MoPrP(23-231)(Q167)- CFP
A.) Sarkosyl solubility assay. Soluble and pellet fractions of protein extracts containing
different sarkosyl concentrations were prepared and analyzed as described in the materials and
methods. A monoclonal PrP antibody (3F4) was used for immunoblot analysis. B.) Proteinase
K digestion was performed as described in the Materials and Methods. A monoclonal GFP
antibody was used for the immunoblot analysis. PrP-CFP: MoPrP(23-231)-CFP expressor. C.)
Semi-denaturing agarose gel electrophoresis (SDAGE) assay. wt: MoPrP(23-231)-CFP
expressor; Q167R: MoPrP(23-231)(Q167R)-CFP expressor; wt/Q167R: co-expressors of
MoPrP(23-231)-CFP and MoPrP(Q167R)(23-231)-YFP.
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