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Abstract

Recent studies have revealed that accumulation of prion protein (PrP) in the cytoplasm results in
the production of aggregates that are insoluble in non-ionic detergents and partially resistant to
proteinase K. Transgenic mice expressing PrP in the cytoplasm develop severe ataxia with
cerebellar degeneration and gliosis, suggesting that cytoplasmic PrP may play a role in the
pathogenesis of prion diseases. The mechanism of cytoplasmic PrP neurotoxicity is not known. In
this report, we determined the molecular morphology of cytoplasmic PrP aggregates by
immunofluorescence and electron microscopy, in neuronal and non-neuronal cells. Transient
expression of cytoplasmic PrP produced juxtanuclear aggregates reminiscent of aggresomes in
human embryonic kidney 293 cells, human neuroblastoma BE(2)-M17 cells and mouse
neuroblastoma N2a cells. Time course studies revealed that discrete aggregates form first
throughout the cytoplasm, and then coalesce to form an aggresome. Aggresomes containing
cytoplasmic PrP were 1-5-um inclusion bodies and were filled with electron-dense particles.
Cytoplasmic PrP aggregates induced mitochondrial clustering, reorganization of intermediate
filaments, prevented the secretion of wild-type PrP molecules and diverted these molecules to the
cytoplasm. Cytoplasmic PrP decreased the viability of neuronal and non-neuronal cells. We
conclude that any event leading to accumulation of PrP in the cytoplasm is likely to result in cell
death.
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Prion diseases or transmissible spongiform encephalopathies are fatal neurodegenerative
disorders characterized by spongiform degeneration of the brain, neurodegeneration and
astrogliosis. These diseases can appear in three forms, sporadic, genetic and infectious. All
forms involve modification of the normal prion protein (PrP), a secreted
glycosylphosphatidylinositol (GPI)-anchored sialoglycoprotein, into a disease-causing prion
protein (PrPSC) (Prusiner 1998). Although it is clearly established that PrPSC plays a key role
in the origin and transmission of prion diseases, there is uncertainty about whether this
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molecule is neurotoxic by itself and causes neurodegeneration (Brandner ef a/. 1996). High
levels of PrPSC in the brain of conditional PrP knockout mice are not toxic to these mice
following PrP depletion (Mallucci et al. 2003). Alternative pathogenic PrP forms include a
transmembrane form termed C™PrP (Hegde et a/. 1998; Hegde et a/. 1999), cytoplasmic PrP
(CyPrP) (Ma et al. 2002) and cross-linked PrP (Solforosi et al. 2004). Further investigation
of these three alternative forms of PrP is required to determine their mechanisms of toxicity
and whether they are involved in the pathogenesis of all or specific prion diseases.

CyPrP accumulates at high levels in cells treated with proteasome inhibitors and may have
two different origins. First, PrP N-terminal signal peptide is relatively inefficient and
generates CyPrP molecules if the degradative capacity of the proteasome is slightly impaired
(Drisaldi et al. 2003; Rane et al. 2004). A second mechanism involves retrotrans-location.
Like many secreted proteins, PrP can be subjected to the endoplasmic reticulum (ER)-
associated degradation pathway, whereby unfolded molecules are retrotranslocated from the
ER into the cytosol and degraded by the proteasome (Yedidia et a/ 2001; Ma and Lindquist
2002) or/and other cytoplasmic proteases including calpain (Wang et a/. 2005). These two
mechanisms are not mutually exclusive and their contribution to CyPrP accumulation may
vary depending on experimental conditions and cell types.

CyPrP has biochemical characteristics similar to PrPSC, including partial insolubility in non-
ionic detergents and resistance to proteinase K (Ma and Lindquist 2002; Drisaldi et al.
2003). Interestingly, CyPrP molecules generated upon transient treatment with proteasome
inhibitors accumulate at high levels over time, indicative of their self-perpetuating character
(Ma et al. 2002; Drisaldi et al. 2003). The toxicity of CyPrP in cultured cells is controversial.
Overexpression of wild-type PrP rendered neuroblastoma N2a cells susceptible to apoptosis
induced by proteasome inhibitors (Ma and Lindquist 2001; Rane et a/. 2004). However,
other investigators have observed that proteasome inhibitor-mediated apoptosis is
independent of PrP expression (Fioriti ef al. 2005). /n vivo, CyPrP is toxic, and mice
expressing a transgene encoding PrP without both N- and C-terminal signal peptides develop
a neurological illness characterized by a massive loss of granule cerebellar neurons and
gliosis (Ma et al. 2002).

In an attempt to elucidate the mechanism of CyPrP toxicity and self-perpetuation, we
transiently transfected cells with a PrP construct that did not contain the N- and C-terminal
sequences, and analyzed the distribution of the protein by fluorescence microscopy of single
live cells. CyPrP formed particles that coalesce in perinuclear aggregates in neuronal and
non-neuronal cell lines. These aggregates displayed the main characteristics of aggresomes
(Kopito 2000), and induced a major rearrangement of intermediate filament and
mitochondrial networks. CyPrP aggregates also prevented wild-type PrP molecules from
being secreted to the plasma membrane. Expression of CyPrP decreased the viability of all
cell lines tested. Taken together, these data indicate that accumulation of cytoplasmic PrP
molecules leads to the formation of toxic intracellular aggregates.
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Experimental procedures

Antibodies and clones

Monoclonal anti-prion protein (clone 3F4) and anti-mitochondrial heat-shock protein 70
(mtHSP70)(clone MA3-028) antibodies were purchased from Chemicon International
(Temecula, CA, USA) and Affinity Bioreagents (CedarLane laboratories, Hornby, ON,
Canada) respectively. Monoclonal anti-ry-tubulin (clone GTU-88) and anti-vimentin (clone
V9) were purchased from Sigma (Oakville, ON, Canada). Polyclonal anti-20S proteasome
a/P subunits was purchased from Biomol International (CedarLane laboratories). Alexa
Fluor 488 and 568 F(ab")2 fragment of goat anti-mouse IgG and Alexa Fluor 568 F(ab’)2
fragment of goat anti-rabbit 1gG were purchased from Molecular Probes (Invitrogen,
Burlington, ON, Canada). Peroxidase-linked anti-mouse 1gG from sheep was purchased
from Amersham Biosciences (Baie d’Urfe, QC, Canada). GPIECFP and CD4ECFP were
provided by Dr Ben J. Nichols (MRC Laboratory of Molecular Biology, Cambridge, UK)
and Dr Jana Stankova (Faculty of Medicine, University of Sherbrooke, Sherbrooke, QC,
Canada), respectively.

Cloning of PrP and CyPrP in pCEP4p (Invitrogen) has ben described previously (Bounhar
et al. 2001; Roucou et al. 2003). PrP chimera with enhanced green fluorescent protein
(PrPEGFP) in pCEP4 was a generous gift from Dr Neena Singh (Case Western Reserve
University, Cleveland, OH, USA). CyPrPEGFP was amplified from the PrPECFP-pCEP4B
construct by PCR using primers CyPrPECFP upstream (5’-
CCCAAGCTTGTAATGTGCAAGAAGC-GCCCGAAGCCTGG-3") and CyPrPEGFP
downstream (5'-CGCGG-ATCCTCACGATCCTCTCTGGTAATAGGCCTG-3"). The PCR
product was introduced in the Hindl11 and BamHl sites of pCEP4B. CyPrPEGFPAQR,
lacking the octapeptide region (OR), was cloned as described previously (Bounhar et a/.
2001). CyPrPEGFP124stop and CyPrPEGFP157stop were amplified by PCR from the
CyPrPEGFP_hCEPA4B construct using primer CyPrPEGFPupstream, and primers
CyPrPEGFP124 downstream (5"-CGCGGATCCTCAGCCCCCCAC-CACTGCCCCAGC-3")
and CyPrPEGFP157 downstream (5”-
CGCGGATCCTCAGTAACGGTGCATGTTTTCACG-3") respectively. The PCR products
were introduced into the Hirdlll and BamHI sites of pCEP4p. Construct 124-230 was
amplified from CyPrP-pCEP4B using primers CyPrPECFP124-230 upstream (5'-CCCAAG-
CTTTGGGCGGCTACATGCTGGGAAGTGC-3") and CyPrPECGFP downstream. Construct
124-157 was amplified from CyPrP-pCEP4p using primers CyPrPECGFP124_157 upstream
(5"-GGAAGCTT-CGGGCCTTGGCGGCTACATGCTG-3") and CyPrPECFP 157down-
stream. The PCR products were introduced into the A/ndlll and BarmH| restriction sites of
EGFP-pCEP4pB (Roucou et al. 2003) to generate CyPrPEGFP124-230 and CyPrPEGFP124—
157 respectively. To construct PrPPsRed2 3 prp chimera with Discosoma sp. red fluorescent
protein2 (DsRed2), DsRed2 was amplified from pDs-Red2-Bid (Clontech, Mississauga, ON,
Canada), using primers DsRed2 upstream (5'-GGGTATGGCCTCCTCCGAGAACGTC-3")
and DsRed2 downstream (5'-GGGAGGAACAGGTGGTGGCGG-CCCTC-3"). The PCR
product was introduced in the Smal restriction site of PrP at residues 38-39. A clone
containing DsRed? in the right orientation was selected. All constructs were sequenced.
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Cell culture and transfections

Human embryonic kidney (HEK) 293 and N2a mouse neuroblastoma cells were maintained
in Dulbecco’s modified Eagle’s medium plus 10% fetal bovine serum (Wisent, Saint-Bruno,
QC, Canada). Human neuroblastoma BE(2)-M17 cells were cultured in OptiMEM
(Invitrogen) plus 10% fetal bovine serum.

Transfections were carried out using ExGen 500 according to the manufacturer’s protocol
(MBI Fermentas, Burlington, ON, Canada).

Immunofluorescence and microscopy

Cells were fixed and processed for immunofluorescence as described previously (Roucou et
al. 2005). Primary antibody dilutions were as follows: anti-PrP 1 : 200, anti-y-tubulin 1 :
100, anti-vimentin 1 : 50, anti-mtHSP70 1 : 50, and anti-proteasome 1 : 500. Secondary
antibodies were diluted 1 : 1000. Cells were examined with an Axioscop 2 phase-contrast/
epifluorescence microscope (Carl Zeiss, Inc., Thornwood, NY, USA) equipped with band
pass filters for fluorescence of Hoechst (excitation D360/40; emission D460/50), FITC
(excitation D480/30; emission D535/40) and TRITC (excitation D560/40; emission
D630/60) (all from Chroma Technology Corp., Rockingham, VT, USA). Photomicrographs
of 1315 x 1033 pixels were captured using a 100 x oil immersion objective or a 40 x
objective, and Spot cooled color digital camera (Diagnostic Instruments Inc., St Sterling
Heights, MI, USA). Images were processed using SPOT software (Diagnostic Instruments).

For ultrastructural studies, transfected cells in six-well plates were prefixed for 30 min at
room temperature (20°C) in fresh 1.4% glutaraldehyde diluted in 0.1 M cacodylate buffer,
fixed overnight in 2.5% glutaraldehyde diluted in 0.1 M cacodylate, and post-fixed in 2%
osmium tetroxide diluted in 0.1 M cacodylate for 1 h. They were dehydrated and covered
with a 3-mm layer of Epon 812 resin. After polymerization for 48 h at 60°C, the plastic
substratum was detached and specimens were inverted and re-embedded. Thin sections were
visualized on a H-2500 electron microscope (Hitachi, Mississauga, ON, Canada).

Western blot

Protein expression was determined in lysates from cells grown in six-well plates as
described previously (Roucou et al. 2003). Anti-PrP and anti-EGFP primary antibodies were
diluted 1 : 10 000 and 1 : 1000 respectively. Secondary antibodies were diluted 1 : 5000.

Assay of phospholipase sensitivity

The procedure of Lehmann and Harris (1996) was used to test the ability of
phosphatidylinositol-specific phospholipase C (PIPLC) to release PrPECGFP from the surface
of intact N2a cells. Cell supernatants and pellets were further treated with A~glycosidase F
(0.01 units/mL) for 12 h at 37°C before western blot analysis to produce a single band of
deglycosylated PrPECGFP that could more easily be quantitated.

Fluorescence-activated cell sorting and viability assays

Cells were transiently transfected with EGFP, PrPEGFP or CyPrPEGFP_ After 24 h, 3 x 108
cells were sorted with a FACS Vantage flow cytometer/CellQuest (Becton Dickinson, San
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Jose, CA, USA). Before each experiment the instrument was calibrated for optimization of
alignment and sensitivity with FITC- and phycoerithrine (PE)-fluorescent CaliBRITE beads
(Becton-Dickinson). The fluorescence was excited at 488 nm by ion laser and the intensity
of emitted light was measured with a 530/30-nm optical filter. The viability of sorted
untransfected (mock) and transfected (EGFP, PrPECFP and CyPrPEGFP) cells measured by
trypan blue exclusion was more than 95%. The viability of sorted N2a cells transfected with
CyPrPEGFP was 80-85%. Sorted EGFP-positive (transfected) and EGFP-negative (mock)
cells were plated at a density of 6000 viable cells per well in 96-well plates in a final volume
of 100 pL, and incubated for 48 h at 37°C. Cell proliferation was measured with the reagent
4-[3-(4-lodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate (WST-1)
according to the manufacturer’s protocol (Roche, Mississauga, ON, Canada). WST-1
metabolizing activities were expressed as a percentage of control (WST-1 metabolizing
activity of mock-transfected cells).

Apoptosis assay

Cells were transiently transfected with EGFP or CyPrPECGFP. After 24 h, cells were
incubated in the presence of dimethylsulfoxide or staurosporine (STS) dissolved in
dimethylsulfoxide for 6 h. Cells were then fixed and processed for nuclear staining as
described previously (Roucou et al. 2003). Apoptosis was measured by counting EGFP-
positive cells displaying apoptotic nuclei compared with the total number of EGFP-positive
cells.

Statistical evaluation

Results

Statistical significance was determined with ANOVA followed by Scheffé’s test post hoc
using StatView (SAS Institute Inc., Cary, NC, USA); p< 0.05 was taken as a statistically
significant.

CyPrP molecules form aggregates upon transient transfection

Previous biochemical analyses showed that proteasome inhibitors induced the accumulation
of CyPrP aggregates insoluble in non-ionic detergents (Ma and Lindquist 2001Ma and
Lindquist 2002; Yedidia et a/. 2001; Drisaldi ef al. 2003; Fioriti et al. 2005; Wang et al.
2005). In order to reconstitute specific cytoplasmic accumulation of PrP in cultured cells
without using proteasome inhibitors, we transiently transfected cells with a construct that did
not contain the N- and C-terminal sequences. This strategy also allowed us to avoid
pleiotropic effects of proteasome inhibitors, including induction of cell death (Fioriti et al.
2005). We characterized CyPrP aggregate morphology by immunofluorescence of
transfected single cells from three cell lines, mouse neuroblastoma N2a, human
neuroblastoma BE(2)-M17 and HEK?293. Expression of the different constructs used in the
following experiments was analyzed by western blotting (Fig. 1a). CyPrP accumulated in
aggregates consisting of bright fluorescent foci located in a juxtanuclear area, in over 80% of
transfected cells (Figs 1b—d). CyPrP aggregates displayed a dense appearance in phase-
contrast images (Figs 1b—d). Some 15-20% of N2a cells producing CyPrP aggregates
underwent apoptosis and displayed fragmented nuclei (Fig. 1e). To determine the

J Neurochem. Author manuscript; available in PMC 2010 October 14.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duosnue Joyiny gHID

Grenier et al.

Page 6

intracellular distribution of CyPrP by direct fluorescence, we engineered an EGFP-tagged
CyPrP construct (CyPrPEGFP). In control experiments, PrPECFP  like PrP, was mainly
located at the plasma membrane and in the secretory pathway, as described previously (Fig.
1f) (Lee et al. 2001; Gu et al. 2003). CyPrPECFP formed juxtanuclear aggregates similar to
CyP-rP, indicating that the presence of the EGFP tag did not prevent the ability of CyPrP to
aggregate next to the nucleus (Fig. 1g). The formation of these aggregates was not a
consequence of cell fixation as they were also observed in live cells (not shown).

Such intracellular localization is reminiscent of structures called inclusion bodies or
aggresomes that consist of highly concentrated protein aggregates (Kopito 2000).
Aggresomes are formed around the centrosome and are surrounded by the intermediate
filament protein vimentin (Johnston et a/. 1998). CyPrPEGFP aggregates also localized near
y-tubulin, a component of the centrosome, and were surrounded by a cage composed of
vimentin protein (Figs 2a and b). Proteasomes were recruited to the aggregation sites,
whereas they are normally diffuse in the cytoplasm and the nucleus (Fig. 2¢). Proteasome
clustering did not result from overexpression of a recombinant protein as it did not occur in
PrP-overexpressing cells (Fig. 2c). PrP aggregates also immunostained for ubiquitin (not
shown).

We noted a major rearrangement of the mitochondrial network in cells containing CyPrP
aggregates. Mitochondria, which are normally distributed throughout the cytoplasm, were
clustered around the aggresomes (Fig. 2d), leaving no detectable mitochondria in other
regions of the cytoplasm. Aggresome formation requires microtubules (Johnston et a/.
1998), and we tested the effect of the microtubule-depolymerizing agent nocodazole on
CyPrP aggregation. Nocodazole did not prevent the formation of CyPrP aggregates, but
abrogated their coalescence around the centrosome (Fig. 2e). Thus, in addition to having
similar cytological features, CyPrP aggregates also share functional features with
aggresomes.

To determine whether CyPrP has to accumulate at high levels to induce the formation of
aggresomes, CyPrP aggregates were analyzed by fluorescence at different times after
transfection (Fig. 2f). Discrete cytoplasmic aggregates could be detected as early as 12 h
after transfection. We observed a correlation between the molecular morphology of these
aggregates and the levels of CyPrP (Fig. 2f). Aggresomes were formed after CyPrP levels
reached a peak, at 24 h after transfection (Fig. 2f). We further characterized the re-modelling
of the mitochondrial network by determining whether it preceded or followed the formation
of CyPrP aggresomes (Fig. 2g). Mitochondrial clustering occurred as early as 12 h after
transfection. Mitochondria were distributed throughout the cytoplasm in mock-transfected
cells (Fig. 2d).

To examine the ultrastructure of CyPrP aggregates, cells were examined by transmission
electron microscopy. After 16 h, cells displayed several electron-dense particles, distributed
in the cytoplasm (Fig. 3b). Twenty-four hours after transfection, cells contained an
amorphous electron-dense structure of several microns in the vicinity of the nucleus (Fig.
3c). These aggregates were similar to those observed by fluorescence, and probably
represent aggregates before they coalesce next to the nucleus and aggresomes respectively.
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Mitochondria were detected surrounding the particulate structures (Figs 3b—d). These
structures were consistently observed in CyPrP-transfected cells, but never in mock-
transfected cells (Fig. 3d).

The aggregate determinant of CyPrP lies in the C-terminal globular domain

We took advantage of the chimeric CyPrPEGFP construct to identify by direct fluorescence a
domain of PrP responsible for its intracellular aggregation. Based on the observation that
genetic fusion of the OR of PrP (residues 51-91) to myoglobin results in the formation of
amyloid fibrils /n vitro, it was proposed that this domain is an aggregation-inducing motif
(Tanaka et al. 2002). To test whether the OR motif is also an aggregate determinant /n vivo,
cells were transiently transfected with CyPrPEGFPAOR, a mutant with the OR domain
deleted. As shown in Fig. 4, the absence of the OR domain did not prevent the formation of
PrP aggregates.

The N-terminal domain of PrP (residues 23-121) is unstructured (Riek et al. 1997), and we
hypothesized that it might be the determinant of CyPrP aggregate formation. However,
CyPrPEGFP124stop was unable to form aggregates, suggesting that the domain responsible
for CyPrP aggregation is in the structured C-terminal region of the protein (Fig. 4). Indeed,
CyPrPEGFP124-230, representing a chimeric protein between EGFP and the C-terminal
region of CyPrP, formed aggregates (Fig. 4).

Next, we engineered several C-terminal PrP mutants with various structural domains deleted
in order to delineate more precisely the domain responsible for the aggregation of CyPrP.
Cells expressing CyPrPEGFP157stop were still able to produce aggregates (Fig. 4). This
observation indicated that a-helices 2 and 3 and B-sheet 2 are not essential for the formation
of cytoplasmic PrP aggregates. We concluded that the 33-amino acid region located between
residues 124-157 and containing B-sheet 1 and a.-helix 1 is an essential determinant for
intracellular aggregation of PrP. When genetically fused to EGFP, this region did not induce
the aggregation of EGFP by itself (Fig. 4). This indicated that, although B-sheet 1 and a-
helix 1 are essential for the aggregation of CyPrP, they probably interact with other domains
of PrP in order to induce aggregation of the protein.

CyPrP aggregates prevent the trafficking of wild-type PrP to the plasma membrane

Conversion to a PrPSC-like conformation in the cytoplasm can be initiated using proteasome
inhibitors (Ma and Lindquist 2002). This conversion process is sustained even after removal
of the inhibitors and restoration of proteasomal activity. This indicates that aggregated
CyPrP molecules may influence newly PrP molecules entering the cytoplasm to change
conformation (Ma and Lindquist 2002). The impact of PrP aggregation in the cytoplasm on
the efficiency of secretion of normal PrP molecules was not determined. To address this
issue, cells were co-transfected with PrPEGFP and CyPrP (Fig. 5). In contrast to cells
expressing PrPEGFP (Fig. 1), almost no EGFP fluorescence was detected at the plasma
membrane of cells co-transfected with PrPEGFP and CyPrP (Fig. 5a). This suggested that
PrPEGFP accumulated in the secretory pathway and did not reach the plasma membrane.
Indeed, PrPECGFP fluorescence co-localized with immunostaining of protein disulfide
isomerase (PDI), an enzyme located in the ER (Fig. 5b). In approximately 30% of cells co-
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transfected with PrPEGFP and CyPrP, the fluorescence displayed a punctuate pattern similar
to that of cytoplasmic aggregates described previously (Fig. 5a, right panel).

In order to determine whether CyPrP aggregates could induce PrPEGFP to aggregate in the
cytoplasm, we engineered a chimeric protein between PrP and the DsRed?2 fluorescent
protein (PrPDsRed2) prpDsRed2 had the same distribution as PrP and PrPEGFP (Fig. 1f), and
was mainly located in the golgi and at the plasma membrane (Fig. 5c). In cells co-expressing
CyPrPEGFP and prpDsRedZ \ve observed the presence of cytoplasmic aggregates displaying
both green and red fluorescence (Fig. 5d). Mutant CyPrPEGFP124stop, which was unable to
form intracellular aggregates, did not prevent trafficking of PrPPSRed2 tg the plasma
membrane (Fig. 5e). The interference of PrP secretion by CyPrP was confirmed by
estimating the amount of PrP at the cell surface with a phosphatidylinositol-specific
phospholipase (Fig. 5f). We found that the amount of PrP released by the phospholipase was
decreased by at least 50% in cells expressing CyPrP. The specificity of the effect of CyPrP
on PrP trafficking was tested with two other plasma membrane proteins, CD4EGFP and
GPIEGFP_ CD4 is a transmembrane protein and GPIEGFP like PrPECGFP | is a GPI-anchored
EGFP protein (Nichols et a/. 2001). CyPrP did not interfere with CD4EGFP and GPIEGFP
localization at the plasma membrane (Fig. 5g).

Altogether, these results demonstrate that CyPrP aggregates efficiently prevent PrP
molecules from being trafficked to the plasma membrane.

Toxicity of CyPrP aggregates

It was reported initially that CyPrP specifically promotes apoptosis in neuronal cells (Ma et
al. 2002). Further work showed that CyPrP-mediated apoptosis is restricted to N2a cells.
CyPrP does not induce apoptosis in human neuroblastoma cell lines BE(2)-M17 and SK-N-
SH, and in human primary neurons (Roucou et a/. 2003). In order to resolve this controversy,
we reasoned that cells producing CyPrP aggresomes may not be as healthy as control cells,
and that N2a cells would be more sensitive and undergo apoptosis.

In a first set of experiments, we determined the effect of the presence of CyPrP aggregates
on the proliferation of HEK293 and N2a cells by measuring their metabolic activity (Fig.
6a). EGFP expression slightly decreased cell proliferation of HEK293 and N2a cells. In
agreement with previous work, HEK?293 cells expressing PrPEGFP displayed a reduction of
their metabolic activity compared with mock-transfected cells (Paitel ef al. 2002). This effect
of PrP on cell proliferation was not detected in N2a cells (Fig. 6a). Cells expressing CyPrP
displayed a reduction in proliferation of between 70 and 80% (Fig. 6a). This might result
either from a cytostatic or a cytotoxic effect of CyPrP aggregates. To distinguish between
these possibilities, cells were transfected with EGFP, PrPEGFP or CyPrPEGFP and the cell
cycle was analyzed by flow cytometry. Cells producing CyPrPEGFP aggregates had a cell
cycle similar to cells expressing PrPEGFP EGFP or mock-transfected cells (not shown).
Expression of CyPrPEGFP124stop, a mutant unable to form aggregates, did not have any
effect on cell proliferation (Fig. 6a). Thus, CyPrP aggregates are cytotoxic in HEK293 and
N2a cells.
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To determine whether cells producing CyPrP aggregates are more sensitive to apoptotic
insults, we treated control cells and CyPrPECGFP-expressing cells with different
concentrations of STS, an inducer of apoptosis (Fig. 6b). In the absence of STS, N2a cells
expressing CyPrPEGFP displayed between 15 and 20% more cell death than HEK293 and
BE(2)-M17 cells. In the presence of 0.25 uM staurosporine, N2a cells expressing
CyPrPEGFP displayed twice as many apoptotic nuclei as BE(2)-M17 and HEK293 cells (Fig.
6b). At a high STS concentration, the percentage cell death was similar in all cell lines.

Discussion

We have shown here that PrP forms cytoplasmic aggregates in transiently transfected cells.
These intracellular aggregates decrease the viability of neuronal and non-neuronal cells, and
self-sustain by preventing normal PrP molecules from being expressed at the plasma
membrane.

A previous report indicated that accumulation of PrP in the cytoplasm of neuronal cells is
not toxic (Fioriti ef al 2005), in contrast to previous work from other laboratories (Ma and
Lindquist 2002; Ma et al. 2002; Rane et al. 2004; present paper). The reason for this
difference is not clear. However, in this report the authors induced CyPrP accumulation by
using different proteasome inhibitors. As the proteasome is responsible for most non-
lysosomal intracellular protein degradation, its inhibition results in the cytoplasmic
accumulation of many different proteins. The proteasome plays a critical role in the
maintenance of cellular homeostasis by removing short-lived proteins that regulate the cell
cycle, cell growth and differentiation. Depending on experimental conditions (e.g. cell line,
inhibitor concentration, duration of treatment in the presence of inhibitors), some proteins
that accumulate or cellular pathways that are altered might inhibit, mediate or enhance
CyPrP toxicity directly or indirectly. In order to avoid these potential drawbacks, we used a
transgene encoding a cytoplasmic form of PrP that allows specific accumulation of PrP in
the cytoplasm.

Our observations show that CyPrP aggregates are distributed throughout the cytoplasm and
can coalesce in a juxtanuclear area to form aggresomes. An intact microtubule network is
required for the coalescence of PrP aggregates in the centrosomal region. Interestingly, a
direct interaction between PrP and tubulin was recently reported (Nieznanski ef a/. 2005).
Aggresomes form by the deposition of aggregated proteins in a large structure surrounding
the centrosome, and have been proposed to form as a general cellular response to aggregated
proteins (Johnston et al. 1998). Cells producing CyPrP aggresomes undergo major
intracellular rearrangements, including the formation of a cage-like structure composed of
vimentin protein surrounding the aggregates, accumulation of proteasomes, and clustering of
mitochondria at the site of CyPrP aggregate deposition. The formation of PrP-containing
aggresomes is not specific to CyPrP. PrP mutants V2031 and E211Q, associated with
Creutzfeldt-Jakob disease, and PrP Q212P, associated with Gerstmann-Straussler—
Scheinker syndrome, all form aggresomes in response to proteasomal inhibition (Mishra ef
al. 2003). Inhibition of peptidylprolyl cis-transisomerases by cyclosporine A also results in
the production of PrP-containing aggresomes (Cohen and Taraboulos 2003). However, the
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formation of CyPrP aggresomes does not require inhibition of either the proteasome or
peptidylprolyl cis-trans isomerases.

Retrotranslocation of PrP from the ER to the cytosol for proteasomal degradation was
recently challenged (Drisaldi ef a/. 2003). The authors reported that PrP molecules that
accumulated in cells treated with proteasome inhibitors still contained the N-terminal signal
peptide. It was proposed that the hydrophobic N-terminal signal peptide induced the
aggregation of PrP in the cytoplasm (Harris et al. 2004). Our results obtained with a form of
CyPrP lacking the N-terminal signal peptide demonstrate that the signal peptide is not
essential for intracellular aggregation of PrP. Therefore, all PrP molecules have the potential
to aggregate when diverted into the cytoplasm. The intracellular aggregation determinant of
PrP lies in the C-terminal globular domain and includes the structural domains a-helix 1 and
B-sheet 1.

Transient proteasome inhibition induced the self-perpetuation of PrPSC-like molecules in the
cytoplasm, but the mechanism was unclear (Ma et a/. 2002). Our data show that wild-type
PrP molecules are not normally secreted in cells producing CyPrP aggregates. Instead, PrP
accumulates in the ER and in the cytosol. This is a clear indication that CyPrP aggregates
recruit wild-type PrP and may use this mechanism to self-perpetuate. This phenomenon
seems to be specific for PrP because CyPrP aggregates did not prevent trafficking of two
other plasma membrane proteins, CD4ECGFP and GPIEGFP. At present, we do not know at
what stage of its trafficking wild-type PrP is diverted to the cytosol. CyPrP may interfere
with PrP translocation in the ER. Alternatively, aggresomes induce fragmentation of the
golgi (Garcia-Mata et al. 2002), and PrP may be diverted in the cytoplasm during its
transport through the secretory pathway, before reaching the plasma membrane. This
requires further investigation.

Previous studies investigating the toxicity of CyPrP reported that it promotes apoptosis in
N2a cells (Ma et al. 2002; Roucou et al. 2003). These studies relied on the assumption that
toxicity occurred exclusively by apoptosis. Based on metabolic activity measurements, we
have shown here that CyPrP impedes normal proliferation not only in N2a cells, but also in
non-neuronal HEK?293 cells. Moreover, CyPrP expression sensitizes these cells to apoptotic
insults. Toxicity may result from disruption of the mitochondrial network and clustering of
mitochondria that occurs before the formation of aggresomes. Such mitochondrial clustering
has been observed previously in cells containing aggresomes composed of mutant huntingtin
fragments or intracellular clusterin (Waelter et a/. 2001; Debure et al. 2003). Disruption of
the mitochondrial network is likely to perturb the cellular metabolism, including localized
energy requirements and calcium homeostasis. In experiments using the phenol red pH
indicator, we have observed that the pH of the culture medium becomes more rapidly acidic
in N2a cell cultures than in other neuronal and non-neuronal cell cultures (not shown). We
propose that N2a cells have a very active metabolism and are more sensitive to major
mitochondrial perturbations resulting from the formation of CyPrP aggregates.

What is the function of CyPrP and is CyPrP responsible for the neurodegeneration observed
in prion diseases? In some neurons, PrP is relatively abundant in the cytoplasm (Mironov et
al. 2003), and may have a beneficial effect (Roucou et a/. 2003). However, when the ability
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of the proteasome to degrade PrP or when PrP translocation into the ER is compromised,
PrP levels increase in the cytoplasm and the protein forms aggregates. PrP aggresomes are
not a pathological feature of prion disease and are unlikely to be responsible for the
neurodegeneration. However, if in vivo CyPrP levels do not reach levels high enough to
produce aggresomes similar to those observed in cultured cells, intracellular aggregates
might still be produced. Interestingly, intracellular PrP aggregates are observed in some
forms of prion diseases including sporadic Creutzfeld—Jakob disease and in some
Gertsmann-Straussler—Scheinker syndromes (Ghetti ef al. 1994; Kovacs et al. 2005). It was
shown recently that small aggregates composed of 14-28 molecules are the most infectious
PrP particles (Silveira et al. 2005). Small intracellular PrP aggregates may also be very toxic.
As a growing body of evidence indicates that PrP molecules different from PrPSC, including
CyPrP, are neurotoxic intermediates in prion diseases, it is essential to further characterize
the molecular activity of these molecules.
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CyPrP cytoplasmic prion protein

EGFP enhanced green fluorescent protein
ER endoplasmic reticulum

GPI glycosylphosphatidylinositol

HEK human embryonic kidney

OR octapeptide region

PDI protein disulfide isomerase

PIPLC phosphatidylinositol-specific phospholipase C
PrP prion protein

PrpPsRed2  pjscosoma sp. red fluorescent protein2-tagged PrP
PrPEGFP  enhanced green fluorescent protein-tagged PrP
Prpsc disease-causing prion protein

STS staurosporine

WST-1 4-[3-(4-lodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene
disulfonate
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CyPrP forms aggresomes in transiently transfected non-neuronal and neuronal cells. (a)
Western blot of PrP and EGFP in protein extracts (100 pg protein) from HEK293 cells
expressing constructs indicated above the blots. Molecular masses (Mr) are indicated.
Expected molecular masses are 27—40 for PrP, 27 for CyPrP, 54—67 for PrPEGFP and 54 for
CyPrPECGFP_(b—d) HEK293 (b), BE(2)-M17 (c) and N2a (d) cells were transfected with
CyPrP. PrP distribution was examined by immunofluorescence (3F4 mAD, green; left
panels). Right panels show corresponding phase-contrast images. Nuclei were stained with
Hoechst. The green and blue channels are shown merged. Arrows indicate juxtanuclear
aggregates. Scale bar 10 um. Original magnification x 100. () Some 15-20% of N2a cells
expressing CyPrP underwent apoptosis. Apoptosis was assessed by nuclei fragmentation. (f)
N2a cells were transfected with PrP or PrPEGFP and examined by immunofluorescence with
3F4 mADb (left panel) or fluorescence of EGFP (right panel). (g) N2a cells were transfected
with CyPrPEGFP and examined by fluorescence of EGFP.
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Fig. 2.
Characterization of PrP aggregates in N2a cells. (a—d) Immunofluorescence analysis of (a)

y-tubulin, (b) vimentin, (c) proteasome and (d) mtHSP70 (red channel) in cells transfected
with CyPrPEGFP (green channel). Nuclei were stained with Hoechst (blue channel). Left
panels represent an overlay of the three channels and phase-contrast images of cells
transfected with CyPrPECFP (a, b, d). Right panels represent mock-transfected cells (a—d).
Arrow in (a) indicates the centrosome. (e) Distribution of CyPrPECFP aggregates in cells
incubated for 12 h in the presence of nocodazole (10 ug/mL). Left panel is an overlay of the
green and blue channels and right panel shows phase-contrast image. (f) Aggregate
distribution at different times after transfection determined by direct fluorescence of
CyPrPEGFP Insets show western blot analysis of CyPrPECFP (upper blot). Equal loading was
verified by western blot analysis of a-tubulin (lower blot). (g) Mitochondrial network at
different times after transfection. Panels represent an overlay of the green (CyPrPEGFP), red
(mtHSP70) and blue (Hoechst) channels. Scale bar 10 pm. Original magnification x 100.
Similar results were obtained in HEK293 and BE(2)-M17 cells (not shown).
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Fig. 3.
Transmission electron microscopy of CyPrP aggregates. N2a cells were transiently

transfected with CyPrP and processed for electron microscopy. (a, b) Electron-dense
particles in CyPrP-expressing cells at 16 h (a) and 24 h (b) after transfection. (c) Higher
magnification of section indicated by white box in (b) showing mitochondria clustering
around an aggresome. (d) Mock-transfected cells. n, nucleus; m, mitochondria. Scale bar
500 nm.
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Fig. 4.
The aggregation determinant of CyPrP includes p-sheet 1 and a-helix 1. (a) Diagrams of the

of CyPrPEGFP and several deletion mutants engineered in this study are shown. Numbers
indicate residues at the junction of different structural domains (adapted from Zahn et al.
2000). The black box represents the EGFP coding sequence. Aggregation was evaluated by
fluorescence microscopy of transiently transfected N2a cells (original magnification x40).
(b) Western blot analysis of the constructs described in (a); extracts containing 100 g
protein from N2a cells were immunostained using antibodies directed against EGFP; mock-
transfected cells (lanes 1), CyP-rPECFP (lanes 2, expected Mr 54), CyP-rPEGFPAOR (lanes 3,
expected Mr 49.5), CyPrPEGFP124stop (lanes 4, expected Mr 38, CyPrPEGFP124-230 (lanes
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5, expected Mr 39), CyPrPEGFP157stop (lanes 6, expected Mr 42) and CyPrPEGFP124-157
(lanes 7, expected Mr 33.5). Mr values are indicated on the left. S, supernatant; P, pellet.
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Fig. 5.

C)?PrP aggregates prevent the secretion of wild-type PrP molecules. (a, b) N2a cells were co-
transfected with PrPECFP and CyPrP. Cells were analyzed by direct fluorescence of EGFP
(a; numbers indicate percentage of cells with the same pattern of EGFP fluorescence) or
immunostained with PDI antibodies (b). (c) Expression and localization of PrPPsRed2 jn N2a
cells determined by direct fluorescence of DsRed2. (d) N2a cells were co-transfected with
PrpDsRed2 and CyPrPEGFP . (e) N2a cells were co-transfected with PrPPsRed2 gng
CyPrPEGFP124stop. (f) Western blot analysis of PrPECFP in the supernatant (lanes 1-3) or in
the pellet (lanes 4-6) of N2a cells expressing PrPECFP (lanes 1 and 4), N2a cells expressing
PrPEGFP and CyPrP (lanes 2 and 5), or mock-transfected N2a cells (lanes 3 and 6) after
treatment with PIPLC. Protein extracts were further treated with peptide N-glycosidase F.
Equal loading in fractions from the cell pellet was verified by western blot analysis of a-
tubulin. (g) N2a cells were transfected with CD4EGFP CD4EGFP and CyPrP, GPIEGFP or
GPIEGFP and CyPrP. Scale bar 10 pm. Original magnification x100. Similar results were
obtained with HEK293 cells (not shown).
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Fig. 6.

To%(icity of CyPrP aggregates. (a) Cell proliferation of HEK293 and N2a cells transfected
with EGFP, PrPEGFP CyPrPEGFP or CyP-rPEGFP124stop. Activities are expressed as a
percentage of the WST-1 metabolizing activity of mock-transfected cells. Values are mean +
SD of three independent experiments. Activity in EGFP-expressing N2a cells was
significantly different from that in mock-transfected N2a cells (*p < 0.05). Activity in
PrPEGFP_expressing HEK293 and N2a cells was not significantly different from that in
EGFP-transfected cells. Activity in CyPrPECFP_expressing HEK293 and N2a cells was
significantly different from that in mock-transfected cells, EGFP-expressing cells and
PrPEGFP_expressing cells (tp < 0.01). (b) Cells producing CyPrP aggresomes were more
sensitive to STS-induced apoptosis. Cells were transfected with CyP-rPEGFP. Twenty-four
hours after transfection, cells were treated with STS at the indicated concentrations for 6 h.
The percentage cell death was determined by examining condensed chromatin and
fragmented nuclei with Hoechst staining. Values are mean + SD of three independent
experiments. More than 200 cells were counted for each condition. In the absence of STS,
cell death in CyPrPEGFP_expressing N2a cells was significantly different from that in
CyPrPECGFP_expressing HEK293 and BE(2)-M17 cells (*p < 0.01). Cell death in CyPrPEGFP-
expressing N2a cells treated with 0.25 pM STS was significantly different from that in
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CyPrPEGFP_expressing HEK293 and BE(2)-M17 cells treated with 0.25 uM STS (# p <
0.05). Statistical significance was determined by ANOVA followed by post-hoc Scheffe’s
analysis.
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