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Abstract The biological functions of the cellular prion
protein remain poorly understood. In fact, numerous
studies have aimed to determine specific functions for
the different protein domains. Studies of cellular prion
protein (PrP%) domains through in vivo expression of
molecules carrying internal deletions in a mouse Prup
null background have provided helpful data on the im-
plication of the protein in signalling cascades in affected
neurons. Nevertheless, understanding of the mechanisms
underlying the neurotoxicity induced by these PrP¢ de-
leted forms is far from complete. To better define the
neurotoxic or neuroprotective potential of PrP¢ N-
terminal domains, and to overcome the heterogeneity
of results due to the lack of a standardized model, we
used neuroblastoma cells to analyse the effects of over-
expressing PrP¢ deleted forms. Results indicate that
PrP® N-terminal deleted forms were properly processed
through the secretory pathway. However, PrPapr3;s and
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PrPAcp mutants led to death by different mechanisms
sharing loss of alpha-cleavage and activation of caspase-
3. Our data suggest that both gain-of-function and loss-
of-function pathogenic mechanisms may be associated
with N-terminal domains and may therefore contribute
to neurotoxicity in prion disease. Dissecting the molec-
ular response induced by PrPap;s may be the key to
unravelling the physiological and pathological functions
of the prion protein.

Keywords Cellular prion protein - Neurotoxicity - Truncated
prion protein

Introduction

The cellular prion protein (PrP®) is a
glycosylphosphatidylinositol (GPI)-anchored glycopro-
tein located in the detergent-resistant areas of the mem-
brane of several neuronal and non-neuronal cells [1, 2].
Pathogenesis of prion diseases in animals is associated
with misfolding of PrP€ into an infectious, proteinase-
K-resistant, [-sheet-enriched isoform (PrPS) [2]. Ma-
ture sequence of PrP can be divided into two structur-
ally well-defined regions: a long, flexible N-terminal tail
(approximately the first 100 residues) and a globular C-
terminal domain containing three «-helices and two (-
strands flanking the first oc-helix [3]. The N-terminal tail
also has distinctive features: an octarepeat (OR) region,
and a central domain (CD), which in turn comprises a
charge cluster (CC) and a hydrophobic region (HR) [4].

Transgenic expression of PrP variants carrying specific
point mutations, domain insertions and deletions triggers cell
death in a mouse Prip®® background (see [3, 6] for reviews).
Among others, deletion mutants such as CD-lacking PrP®
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mice (94-134) [7], N-terminal AF35 PrP¢ mice (32-121/32-
134) [8], and mice lacking PrP€ residues 105-125 (ACR
mice) [9] experience early cell degeneration (generally asso-
ciated with the cerebellum), ataxia, myelin deficits and pre-
mature death. Surprisingly, degenerating granule neurons
from ACR mice display extensive DNA fragmentation, with-
out caspase-3 or caspase-8 activation [5], in contrast to mice
carrying other PrP¢ forms (e.g., [10]). All these pathological
neuronal phenotypes can be partially or totally rescued either
by co-expression of one to five copies of the PRNP gene (see
[5, 6] for reviews) or by overexpression of antiapoptotic pro-
teins under neuronal promoters [10, 11]. Taken together, these
results suggest that the central regions of PrP€ play an impor-
tant role in its physiological function, and that the neuropro-
tective properties of PrP© may lie in a putative binding region
for other partners [6]. However, antibody-directed binding to
different PrP¢ domains yields different results [12, 13]. In fact,
PrP© aggregation in lipid rafts using the SAF61 antibody in-
creased NADPH-oxidase-dependent oxidative stress, leading
to cell death [14, 15].

Indeed, more relevantly, there is no consensus regarding
which mechanisms, signalling pathways, or putative ligands
or membrane receptors modulate PrP“-mediated cell death or
survival (e.g., [4, 6]). However, emerging evidence indicates
that PrP“ may participate in the assembly of complexes at the
cell surface and that this is likely the basis for its neurotrophic
functions (see [16] for a review). Indeed, some partners have
been described as binding PrPS, leading to particular func-
tions, such as the 37 kDa/67 kDa laminin receptor, which
has two binding sites on PrP¢ for LRP, termed PrPLRPbdl
(aa. 144-179) and PrPLRPbd2 (aa. 53-93) (e.g., [17]); the low-
density lipoprotein receptor-related protein 1 (LRP1), LRP1-
binding domain on PrP® aa. 23-107 [18]; heparan sulphate-
containing proteins, with three binding regions on the prion
protein aa. 23-52, 53-93, and 110-128 [19]; and the stress
inducible protein 1 (STI1), with the interaction site on PrP®
mapped to residues 113-128 [20].

Thus, to determine the relative contribution of specific do-
mains of PrP€ to cell death or survival, we produced PRNP
constructs containing the following deletions: PrP ar3s (delet-
ed residues 32-134), PrPacp (deleted residues 95-133),
PrPacc (deleted residues 95-110), PrPapr (deleted residues
112-133), and PrPacgr (deleted residues 105-125) (Fig. 1).
These cDNAs were transfected in neuroblastoma (N2A) cells.
Results indicated no detectable changes in protein trafficking
and localization between constructs, or in glycosylation pat-
terns of the deleted forms. However, PrPag3s and PrPacp
truncated forms clearly induced cytotoxicity. This cytotoxic
process was distinct in each truncated form, both of which
correlated with a final increase in cleaved caspase-3. Surpris-
ingly, these two mutants showed impaired x-cleavage pro-
cessing. Our findings indicate that the absence of different
PrP€ domains triggers distinct cell death mechanisms.

Material and Methods
Plasmids and Construction of PrP¢ Deleted Forms

Mouse PrP“-encoding plasmid (pcDNA 3.1 backbone) and
PrP€ truncated form AF35 were provided by D. A. Harris
(Boston University School of Medicine, Boston, MA, USA)
and A. Aguzzi (University Hospital Ziirich, Institute for Neu-
ropathology, Switzerland), respectively [21, 8]. To generate
deletion constructs ACD, ACC, AHR, and ACR, the PrP“-
encoding plasmid was used as a template for inverse PCRs,
and the inserts obtained were fused. Briefly, a primer set was
designed for each construct in order to amplify the entire plas-
mid, except for the region of PRNP to be deleted, i.e., regions
95-133, 95-110, 112-133, and 105-125 for ACD, ACC,
AHR, and ACR, respectively. Primers (Ecogen) are detailed
as follows: CD (F: 5'-"AGCAGGCCCATGATCCATTTTG-3',
R: 5'-ATGGGTACCCCCTCCTTGGC-3"); CC (F: 5'-
GTGGCAGGGGCTGCGGCAG-3', R: 5'-
ATGGGTACCCCCTCCTTGGCC-3"); HR (F: 5'-
AGCAGGCCCATGATCCATTTTG-3", R: 5'-
TGCCACATGCTTGAGGTTGG-3"); CR (F: 5'-
TACATGCTGGGGAGCGCC-3', R: 5'-
TTTTGGTTTGCTGGGCTTGTTC-3'). After amplification
(Accuprime Taq Polymerase™, Invitrogen), the blunt ends
of the amplimers were phosphorylated using the T4 kinase
reaction (Invitrogen) and then religated (Fast-Link Ligase®,
Epicentre Biotech.). An aliquot of each ligation reaction was
electroporated into Escherichia coli DH5«, and transformants
were selected for ampicillin resistance. Twenty-five candi-
dates were selected and screened by sequence analysis (Ter-
minator Big Dye® v3.1, Applied Biosystems).

Cell Culture and Transfection

N2A neuroblastoma cells (ATCC CCL 131, American Type
Culture Collection, Rockville, MD, USA) were maintained in
Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen),
10 % fetal bovine serum (FBS, Invitrogen), and 1 %
penicillin/streptomycin (Invitrogen) in 75-cm? culture bottles
(Nunc) in a 5 % CO, atmosphere at 37 °C. One day before
transfection, cells were cultured in DMEM supplemented with
10 % FBS and without antibiotics, on poly-D-lysine (Sigma)-
coated plates (Nunc). Transfection was performed using Lipo-
fectamine 2000 (Invitrogen), according to the manufacturer’s
instructions as indicated [22].

Immunocytochemical Procedures
One day before transfection, counted N2A cells were seeded
onto poly-D-lysine (0.01 pg/ul)-coated glass coverslips

(12 mm ). Twenty-four hours post-transfection (p.t.), cells
were fixed in 4 % buffered paraformaldehyde (Sigma), then
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and permeabilized with 0.1 % Triton X-100 (Sigma) in 0.1 M
PBS. Coverslips were blocked with 10 % FBS in 0.1 M PBS
prior to incubation with primary antibodies. Wild-type PrP®
and its deleted forms were detected using anti-mouse 6H4
(1:500, Prionics). The antibodies used to detect intracellular
markers were anti-rabbit sec61x (1:500, Upstate), anti-rabbit
EEA1 (1:500, Abcam), and anti-rabbit rab4A (1:500, Santa
Cruz). After incubation with primary antibodies, cells were
incubated with the pertinent Alexa Fluor-tagged secondary
antibodies (Alexa-488 goat anti-mouse or Alexa-568 goat an-
ti-rabbit) (Invitrogen). Finally, cells were stained with 0.1 uM
DAPI (Sigma) diluted in 0.1 M PBS, mounted on Mowiol
(Calbiochem), and viewed using an Olympus BX61 fluores-
cence and spectral microscope. For total internal reflection
fluorescence microscopy (TIRFM), poly-D-lysine-coated
fluorodish cell culture dishes were used (23.5 mm @, World
Precision Instruments). After incubation with secondary anti-
bodies, cells were kept in PBS at 4 °C until visualization. Cells
were viewed using an Olympus Total Internal Reflection Mi-
croscope (TIRF) from the Advanced Digital Microscopy Core
Facility of the Institute for Research in Biomedicine (IRB
Barcelona).

Determination of Cell Death
Cell death was assessed using a propidium iodide (PI, Sigma-
Aldrich) staining method following the protocol of Enguita

and colleagues [23, 24]. Briefly, 5 hours after transfection in
24-well plates, 30 uM PI was added to each well. PI

@ Springer

fluorescence was measured using a FL600 Microplate Fluo-
rescence Reader (BioTeck). Spectrofluorometer analysis and
settings were as follows: 530-nm excitation, 645-nm emis-
sion, and data recorded in relative fluorescence units. As an
index of cell death that was not related to actual differences
between samples, baseline fluorescence F; was measured 1 h
after addition of PI. Subsequent fluorescence readings were
taken at several time points (F;) after the onset of the exper-
iment, keeping the cells in the incubator between measure-
ments. Finally, cells were permeabilized for 10 min at 37 °C
with 500-uM digitonin (Sigma Aldrich) to obtain the maxi-
mum fluorescence (100 % of cell death or F;,,). The percent-
age of cell death was calculated as follows: % cell death=
100% (F,,—F)/(Fnax—F1) [24].

Isolation of Detergent-Resistant Membrane Domains

Detergent-resistant membrane (DRM) domains were isolated
as previously described ([25]). Transfected cells from two
100-mm culture dishes were lysed on ice for 20 min in 1 %
Triton X-100 in MNE buffer (25 mM MES pH 6.5, 150 mM
NaCl, 2 mM EDTA) and subsequently homogenized. The
homogenates were mixed with 90 % sucrose prepared in
MNE buffer to reach a final concentration of 45 % sucrose
in MNE buffer and then placed at the bottom of a centrifuge
tube. The samples were then overlayed with 35 % sucrose and
5 % sucrose in MNE buffer, and then ultracentrifuged at 175,
000g in an Optima L-90K Ultracentrifuge (Beckman Coulter)
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for 20 h at 4 °C. Fractions of 0.4 ml were collected from the
top of the gradient and subjected to Western blot analysis.

Dihydroethidium (DHE) Staining

The reactive oxidative species probe DHE (Sigma) was pre-
pared as a 10-pg/ul stock in DMSO, as previously described
[26, 14], and used at a final concentration of 1 pg/ml. Cells
were stained for 15 min at 37 °C and afterwards visualized in
an inverted Olympus microscope IX-71 equipped with a CO,
and temperature cell culture chamber (LCi instruments) (see
[27, 28] for technical details). After photodocumentation,
fluorescence images were analysed using Image]™ software.

Caspase-3 Activity and Western Blotting Techniques

Twenty-four hours after transfection, cells were scraped
and lysed for 20 min on ice in cold lysis buffer (50 mM
Hepes pH 7.5, 150 mM NacCl, 1.5 mM MgCl,, 1 mM
EGTA pH 8, 10 % glycerol, 1 % Triton X-100) containing
Ix protease inhibitor cocktail and phosphatase inhibitors.
Lysates were centrifuged at 12000g for 5 min at 4 °C, and
supernatants were collected. Protein concentration was de-
termined using a BCA protein assay kit (Pierce). The
caspase-3 activity assay, with Ac-Asp-Glu-Val-Asp-7-
amino-4-trifluoromethylcoumarin (Ac-DEVD-AFC, Sig-
ma) as a substrate, was performed as previously described
[29]. Cell extracts were boiled in Laemli sample buffer at
100 °C for 10 min, and equal amounts of protein were
resolved on 8-15 % sodium dodecyl sulfate-
polyacrylamide gels, electrotransferred overnight at 4 °C
to nitrocellulose membranes (Whatmann), and processed
for immunoblotting. Primary antibodies used were anti-
PrP 6H4 (1:5000, Prionics), anti-f3-actin (1:20000, Cell
Signalling), anti-flotillin-1 (1:1000, BD Transduction
Laboratories), and anti-caspase-3 (1:750, Cell Signalling).
The appropriate horseradish peroxidase (HRP)-conjugated
secondary antibodies (DAKO) was used. Blots were visu-
alized using the ECL-plus kit (Amersham-Pharmacia Bio-
tech). Densitometric analysis was performed using
Image]™ software [39].

Mitochondrial Membrane Potential Assay

Mitochondrial membrane potential (MMP) was assessed
using a JC-10 fluorometric assay (Sigma-Aldrich). Eighteen
hours after transfection in 24-well plates, JC-10 dye loading
solution was added to each well following the manufacturer’s
instructions, and cells were incubated for 30 min at 37 °C. PI
fluorescence was measured using a FL600 Microplate Fluo-
rescence Reader (BioTeck). Spectrofluorometer analysis and
settings were as follows: 540-nm excitation, 590-nm emission
to detect red-fluorescence JC-10 aggregates, and 490-nm

excitation, 525-nm emission to detect green fluorescence
due to the MMP collapse. Data were recorded in relative fluo-
rescence units and corrected with total protein determined
using a BCA protein assay kit (Pierce). Carbonyl cyanide
4-(trifluvoromethoxy) phenylhydrazone (FCCP; 20 uM) was
used as a positive control and the ratio of 525/590 nm fluo-
rescence intensity was used to determine mitochondrial mem-
brane depolarization.

PNGase F Digestion

Cell lysates obtained as previously described were treated
with PNGase F (New England Biolabs), following the manu-
facturer’s instructions. Briefly, 20 pg of total protein was de-
natured for 10 min at 100 °C, digested overnight at 37 °C
using 1000 enzyme units in a final volume of 30 pl, and
subsequently analysed with Western blotting using anti-PrP
6H4 antibody.

a-PrP 6H4

g
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Expression of PrP° deleted forms (RU)
3

AF35  ACD ACC AHR ACR PrP°

¢ v~ WL

: + PNGase F
Fig. 2 Expression levels and PNGase F digestion of PrP N-terminal
deleted forms from transfected N2A cells. a N2A cells were transiently
transfected for 24 hours. Cell lysates were obtained and normalized for
total protein by BCA assay. b Histogram showing quantification of the
expression levels of PrP N-terminal deleted forms from transfected N2A
cells. Bars represent the mean+=SEM of three independent experiments
(*p<0.05, **p<0.01, versus PrP° transfected controls (ANOVA test)). ¢
Samples were subsequently analysed directly or after PNGase F digestion
with SDS-PAGE and immunoblotting with antibody 6H4 (recognizes a
C-terminal domain epitope, human PrP: amino acids 144-152). Detected
band resulting from PrPapr;s PNGase F digestion corresponds to
unglycosylated full-length protein. Detected bands of other PrP¢ forms
correspond to C1 fragment. Blots are representative of three independent
experiments
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Fig. 3 Cellular localization of a
PrPC-deleted forms PrPapss and
PrPacp. a TIRFM image reveals
a punctate distribution of PrP¢
and its variants in the cell surface
region. Scale bar=20 pm. b
Fractions 1-12 of the sucrose
density gradient were analysed
with Western blotting. Flotillin
(48-kDa) was used as a marker of
lipid rafts. Non-buoyant PrP may
indicate raft disruption or
presence of the protein in other
subcellular fractions. Blots are
representative of three
independent experiments
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Statistical Analysis

All results are shown as mean+SEM. One-way analysis of
variance (ANOVA test) was used for statistical analysis of
data using Statgraphics Plus for Windows software version
5.1 (Statpint Technologies Inc., Warrenton, VA, USA). Aster-
isks in the histograms indicate the following p values of sig-
nificance: (¥) p<0.05 or (**) p<0.01 was considered statisti-
cally significant.

Results
Characterization of PrPC Deleted Forms in N2A Cells
After cloning, the expression of all PrP€ variants in N2A cells

was tested with Western blotting (Fig. 2). Endogenous level of
PRNP expression in neuroblastoma cells was low, and all

Fig.4 Neither full-length PrP€ nor the N-terminal deleted forms PrP o35
and PrPacp co-localize with the ER, early or recycling endosomes.
Representative micrographs of two independent experiments of

@ Springer

b

TIRF [ 5% | 35% [45% >
Fracton 1 2 3 4 5 6 7 8 9 10 11 12
Flotillin-1 —
PrPc

ACD "

PrP“-modified proteins were detectable. However, expression
of' both PrP o35 and PrP Acp was markedly lower than the rest
of deleted forms, representing less than 50 % of that of full-
length PrP€ (Fig. 2a, b). Wild-type PrP® displayed three major
bands ranging from 25 to 35 kDa, representing the un-, mono-,
and diglycosylated isoforms of the protein, respectively [30].
All PrP® forms showed a similar band pattern, suggesting that
these proteins were also N-glycosylated. Upon PNGase F
treatment, all deleted variants displayed enhanced electropho-
retic motility, which supports the claim that each protein was
glycosylated. Furthermore, similar to full-length PrP®, in
PrPacc, PrPapr, and to a lesser extent PrPacr, a fast-
migrating band of approximately 17 kDa was observed, which
corresponded to the C1 fragment, produced physiologically
by cleavage approximately at residue 110 [31, 32]. In contrast,
PNGase F treatment of PrPar3s5 and PrPacp did not produce
an equivalent fragment, which is consistent with the absence
not only of the «-cleavage site in these proteins, but also of a

Merge

6H4

transfected N2A cells labeled with specific markers for a ER (Sec61,
red), b early endosomes (EEA1, red) or ¢ recycling endosomes (Rab4,
red) for co-localization with PrP forms (6H4-green). Scale bar=50 um
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large flanking region (Fig. 2¢). Taken together, these results
indicate that all the deleted forms of PrP¢ generated in this
study are processed through the secretory pathway, although
there is an abnormal endoproteolysis of PrPagss, and PrPacp
that prevents the formation of biologically active C1 and N1
fragments.

Cellular Localization of Transfected PrPC Deleted
Variants in Lipid Rafts of N2A Cells

Since PrP* is known to associate with lipid rafts in cultured
cells [33], we employed TIRFM to corroborate the locali-
zation of the transfected PrP¢ form using the monoclonal
6H4 antibody which recognizes mouse PrP, amino acids
144-152. All PrP€ deleted forms exhibited, in two indepen-
dent experiments, punctate labelling at the membrane (data
not shown), similar to that of PrP, which is typical of raft-
associated, GPI-anchored proteins [34, 35]. See Fig. 3a, for
PrPC, PrPapss, and PrPacp. To confirm these results, we
isolated detergent-resistant membranes (DRM) of homoge-
nates of transfected N2A cells with sucrose density gradient
centrifugation. All PrP€ variants, as well as PrP¢, were
enriched in fractions containing the lipid raft resident pro-
tein flotillin-1 (see Fig. 3b and Suppl. Fig. 2). To further
characterize the intracellular distribution of the PrPS con-
structs, we developed double immunocytochemical detec-
tion of the transfected forms and intracellular organelle or
compartment markers. We did not observe significant co-
localization of either full-length PrPS or any of the PrP
variants with sec61, a marker for the endoplasmic reticulum
(Fig. 4a and Suppl. Fig. 3), EEAI, an early endosomal
marker (Fig. 4b and Suppl. Fig. 4), or rab4, a marker for
recycling endosomes (Fig. 4c and Suppl. Fig. 5). These
results suggest that all constructs are intracellularly proc-
essed and that none of the deletions obtained in this study
disturbed either the intracellular or cell surface distribution
of PrP® in N2A cells.

Neurotoxic Properties of the Truncated Forms of PrP€

The cell viability of transiently transfected N2A cells was
analysed using a quantitative method, based on the measure
of PI emission after nuclear DNA uptake. Damage to the cy-
toplasmic membrane permits the entry of PI, which yields
bright red fluorescence after its interaction with nuclear
DNA. Twenty-four hours post-transfection (p.t.), cells ex-
pressing PrPar3s showed a 3.5-fold increase in cell death
(20.7 %) compared to cells over-expressing full-length PrP®
(6 %). PrPacp, PrPapyr and PrPacgr provoked a 2-fold in-
crease in cell death (13.9, 14.2 and 12.4 %, respectively),
whereas no significant differences were observed in the case
of PrPacc over-expression (7.5 %). Forty-eight hours p.t.,
N2A over-expressing PrPagzs reached 40 % of cell death.

There were slight differences between the rest of the PrP®
variants and PrP€ (23 %), as the values of cell death ranged
from 25 % (PrPacc) to 31 % (PrPacp) (Fig. 5a). An alterna-
tive analysis of the mitochondrial activity of cells 24 h p.t.,
WST-1 assay (Promega, Madison, MA, USA), confirmed the
cell death results obtained (data not shown).

To further analyse the cell death observed, we measured the
level of activated (cleaved) caspase-3 24 h p.t. with Western
blotting. As shown in Fig. 5b, only cells transfected with
PrParss and PrPacp showed a statistically significant in-
crease in the percentage of cleaved caspase-3 (43 and 33 %,
respectively) (¥*p<0.01, versus empty vector transfected cells
(ANOVA test)). These results were confirmed by a fluoromet-
ric assay using DEVD-AFC as the caspase-3 substrate to eval-
uate this protease activity (Suppl. Fig. 1). Moreover, we per-
formed an assay to analyse mitochondrial membrane potential
(MMP) at 18 p.t. and we found a statistically significant loss
(36 %) only in cells transfected with PrPocp (*p<0.05, versus
empty vector transfected cells (ANOVA test)), see Suppl.
Fig 6.

Recently, several PrP¢ deleted forms and disease-associat-
ed mutations have been shown to induce spontancous
ionic currents produced by non-selective, cation-
permeable channels in the cell membrane. These cur-
rents can be abolished with the application of exoge-
nous glycosaminoglycans (GAGs) [36, 37]. Since these
channels might alter the reactive oxygen species (ROS)
balance in the cell, transfected N2A monolayers were
incubated with the fluorescent probe DHE to monitor
ROS generation 24 h p.t. Analysis of three independent
experiments show that only PrPacp clearly increased
ROS generation, which was assessed by the number of
DHE-labelled nuclei. Furthermore, the addition of hepa-
rin (100 pg/ml, Sigma) to the culture medium reversed
this ROS production (Fig. 5 ¢, d). These data suggest
that the cell deaths induced by PrPagss and PrPacp
involve different pathways.

Fig. 5 PrPapss and PrPocp are cytotoxic for N2A cells. a IP histogram P>
showing the percentage of non-viable N2A cells over time after
transfection with the empty vector pcDNA3.1, wild-type PrPC, and PrP
deleted variants. Bars represent the mean+SEM of three independent
experiments (*p<0.05, **p<0.01, versus PrP® transfected or non-
transfected controls (ANOVA test)). b Analysis of caspase-3 activation
in transfected N2A cultures, as determined with Western blotting.
Densitometric values are standardized with empty vector transfected
cells, and quantification of two independent experiments was
represented as the average of fold change+=SEM. ¢ Fluorescence and
parallel phase contrast views of cultures incubated with
dihydroethidium (1 pg/ml) after 24 h of transfection with the empty
vector, full-length PrPC, PrParss and PrPacp. Scale bar=200 um. d
Histogram illustrating the quantitative results of ROS production. Bars
represent the mean+SEM of three independent experiments (**p<0.01,
versus empty-vector transfected cells (ANOVA test))
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Fig. 6 Pathogenic mechanisms
of gain-of-function and loss-of-
function may contribute to

neurotoxicity in prion diseases.
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Discussion

Transgenic PrP“-null mice expressing deleted forms of PrP®
have a neurodegenerative phenotype that is rescued by co-
expression of full-length PrP© [8, 7, 9]. These animals show
white matter degeneration in the brain and spinal cord, as well
as degeneration of the cerebellar granule neurons. However, not
all deleted mice showed a similar pattern of degeneration. In
fact, AC4 mice do not display cerebellar degeneration in con-
trast to AF35 mice [8]. When the PrP€ paralog Doppel (Dpl), a
protein structurally similar to N-terminal deleted PrP€, is ectop-
ically expressed in the brain of mice, it also causes a neurode-
generative phenotype that can be overcome by wild-type PrP¢
[38-40]. Thus, the observed toxicity has been attributed to the
lack of the physiological neuroprotective function of PrP¢ in
these mutants, since expression of wild-type PrP“ reverses neu-
rodegeneration in a dose-dependent manner.

In the present study, we generated several PrP-deleted con-
structs that affect the main domains characterizing the N-
terminal region of the protein, in order to set up a culture system
for their analysis and comparison, overcoming the differences
observed in transgenic animals. We chose the N2A cell line as
our culture model to dissect the N-terminal part of PrP because
it shows neuronal-like characteristics [41] and has been suc-
cessfully used in in vitro prion propagation and signalling
[42, 43, 22]. Deletion of domains CD, CC, HR, CR and even
all the unstructured N-terminal domain of PrP€ (PrP ap;s) does
not seem to interfere with maturation or protein trafficking of
the PrP© forms to the plasma membrane. All deleted forms
were complex glycosylated and present in lipid rafts (Figs. 2
and 3b). In spite of this, PrP o35 caused a clear increase in cell
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death 24 h p.t.,, accompanied by an increment of cleaved
caspase-3 (Fig. 5a, b). Conversely, PrPcp, which showed
slight differences with PrP© in terms of cell death 24 h p.t.,
induced ROS production that also correlated with mitochondri-
al membrane depolarization and caspase-3 activation (Suppl.
Fig. 6 and Fig. 5). The rest of the deleted forms did not induce
substantial survival changes in our experiments.

Under physiological conditions, PrP is cleaved in a region
termed the o-cleavage site. This results in two fragments: the
flexible N-terminal domain, or N1, and the globular C-terminal
domain, or C1 [44, 32]. All the aforementioned PrP¢ N-
terminal deleted variants that cause neurotoxicity in transgenic
PrP-null mice lack a region that is relatively close to or em-
braces this cleavage site [8, 7, 9]. However, Oliveira-Martins
and coworkers reported high tolerance to variation of the se-
quence surrounding the cleavage site [45]. Interestingly, only
PrPagss and PrPacp showed an absolute lack of a Cl-like
fragment when expressed in N2A cells (Fig. 2C). This suggests
that x-cleavage might somehow be involved in the cytotoxicity
conferred by these PrP© mutants. In fact, neuroprotective prop-
erties of N1 and the neurotoxic consequences of the absence of
the a-cleavage have recently been reported [46].

PrP€ can be divided into two structurally well-defined
parts: an unstructured N-terminal domain and a globular C-
terminal domain. Since the deletions obtained in this study
affect only the N-terminal part of PrP© (Fig. 1), they are not
likely to alter the overall folding of the resulting deleted pro-
teins. Nor are differences in the expression level of the
transgenes responsible for the observed effects, since Western
blotting with antibody 6H4 shows that both PrPapr3s and
PrPacp are present at lower levels than the rest of the deleted
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forms and full-length PrP© (Fig. 2a, b). Furthermore, all de-
leted proteins seem to undergo correct sorting to the cell sur-
face (Fig. 3). In this respect, the presence of PrPap3s and
PrPacp in the detergent-resistant areas of the membrane sug-
gests that their cytotoxicity could be linked in part to a putative
receptor, inducing, blocking, or lacking a transduction signal
due to competition with PrP® for this common ligand, as has
been proposed for transgenic PrP¢-null mice expressing PrP®
deletion mutants [7, 9, 8]. In this respect, a wide variety of
ligands for PrP¢ unstructured N-terminal region have been
described, including metals, proteins, lipids, and glycosami-
noglycans (reviewed in [47]), supporting the role of PrP® as a
broad-spectrum molecular sensor at the cell surface. In this
scenario, the authors describe the effects of subversion of this
domain on lack of neuroprotective function through o-
cleavage reduction [48] and/or specific ligand interaction
and endocytosis [47]. In addition, the N-terminal interaction
with AP oligomers [49] and PrPS¢ [50] may promote a switch
in PrP€ function, leading to neurotoxicity.

A recent study reported that removal of an N-terminal
polybasic amino acid segment (i.¢., residues 23-31) eliminated
the toxicity of deleted forms of PrP in vivo as well as in vitro,
which suggests that this domain is responsible for the delete-
rious effects caused by altered forms of PrP [51]. All PrP©
deleted forms used in our study contained this N-terminal
polybasic domain (PBD). However, only PrP ar35 and PrPacp
caused cytotoxicity in our culture model. Thus, although the
N-terminal PBD may be of relevance, there is at least one
other mechanism by which these molecules exert their cyto-
toxic effect. Consequently, our results suggest that the cell
death observed when PrPap3s and PrPacp are expressed is
caused by two different mechanisms. PrPap;5 causes a high
rate of cell death and caspase-3 activation but does not induce
a substantial increase in ROS production. Conversely, PrPcp
provokes minor cleavage of caspase-3 and raises ROS levels,
an effect that is counteracted by the application of heparin as
an exogenous GAG. Residues 23-31 constitute one of the
three regions involved in GAG binding on PrP® [19]. Further-
more, it has previously been reported that pentosan
polysulphate may abolish PrPscg-induced currents and hy-
persensitivity to certain classes of cationic drugs by binding
to the PBD [36, 52]. Thus, the ROS imbalance observed when
PrPacp is expressed might be a consequence of the PBD-
induced cationic channels. Nevertheless, this effect was ob-
served for PrPacp but not for the rest of the deleted forms
assayed. This indicates that PrP© pore-forming activity may
not be exclusively dependent on regions 23-31.

The distinct cytotoxicity elicited by PrPrss indicates that
there is at least one other pathway by which aberrant forms of
PrP“ might exert toxicity. In fact, the phenotype of mice that
express either Dpl or PrPagss [53, 39, 8] is partially rescued
by Bcl-2 over-expression [10, 54] and Bax suppression [55,
11], which suggests that both apoptotic mechanisms and Bax-
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independent pathways are involved. In this sense, our analysis
of MMP has shown a depolarization induced by PrPcp that
precedes the activation of caspase-3, reinforcing the implica-
tion of an intrinsic pathway in this model. However, PrPars3s
has not shown a significant change in MMP reduction com-
pared with control suggesting that the extrinsic pathway pro-
motes the highest cell death detected with IP and the activation
of caspase-3. At any rate, there may be a connection between
the death-receptor (extrinsic) pathway and the mitochondrial
(intrinsic) pathway that explains the implication of Bcl-2 fam-
ily members.

In conclusion, different mechanisms whereby deleted mu-
tant forms of PrP€ cause neurotoxicity seem to coexist
(Fig. 6), including a lack of interaction with different neuro-
trophic ligands or new interactions that activate neurotoxicity
themselves. This could explain the different pathological phe-
notypes of deleted transgenic mice and prionopathies. In this
context, it is important to note that the N-terminal domain
might contribute to neurotoxicity, as proximity of this flexible
tail (FT) to the plasma membrane triggers intracellular oxida-
tive stress responses leading to cell death [56]. As well, pro-
tein misfolding in prion disease such as truncated forms of
PrP¢ may be associated in this same context. And in this
sense, Sonati et al. demonstrated the induction of similar cel-
lular death cascades in two models: use of antibodies directed
to the globular C-terminal domain of PrP“ and prions [12].
Moreover, antibodies against the N-terminal domain of PrP®
prevented this toxicity, suggesting a role for the FT in both
models [56]. In addition to all the above, the CD of PrP¢
protein, which lacks both deleted forms associated with neu-
rotoxicity, PrPapss and PrPacp, exerts site- and/or cell-
specific neurotrophic functions that might prevent neurotoxic
effects of FT membrane interaction [6]. A similar situation
could exist in PrPS¢ membrane interaction as a consequence
of the misfolding in prionopathies [56].

In conclusion, PrPags3s and PrPAcp mutants lead to death
by at least two different mechanisms in the same cellular
background, both sharing loss of alpha-cleavage and activa-
tion of caspase-3. Dissecting the molecular response induced
by PrP o35 may be key to the study of the signalling pathways
induced by PrP® or PrP5C in a physiological and pathological
state. Furthermore, the advantages of a simple cell culture
model compared to more complicated cell assays and/or trans-
genic mice mean that this study may pave the way to future
research.
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