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Inherited prion diseases are linked to mutations in
the prion protein (PrP) gene, which favor conversion of
PrP into a conformationally altered, pathogenic iso-
form. The cellular mechanism by which this process
causes neurological dysfunction is unknown. It has been
proposed that neuronal death can be triggered by accu-
mulation of PrP in the cytosol because of impairment of
proteasomal degradation of misfolded PrP molecules
retrotranslocated from the endoplasmic reticulum (Ma,
J., Wollmann, R., and Lindquist, S. (2002) Science 298,
1781–1785). To test whether this neurotoxic mechanism
is operative in inherited prion diseases, we evaluated
the effect of proteasome inhibitors on the viability of
transfected N2a cells and primary neurons expressing
mouse PrP homologues of the D178N and nine octapep-
tide mutations. We found that the inhibitors caused ac-
cumulation of an unglycosylated, aggregated form of
PrP exclusively in transfected N2a expressing PrP from
the cytomegalovirus promoter. This form contained an
uncleaved signal peptide, indicating that it represented
polypeptide chains that had failed to translocate into
the ER lumen during synthesis, rather than retro-
gradely translocated PrP. Quantification of N2a viabil-
ity in the presence of proteasome inhibitors demon-
strated that accumulation of this form was not toxic. No
evidence of cytosolic PrP was found in cerebellar gran-
ule neurons from transgenic mice expressing wild-type
or mutant PrPs from the endogenous promoter, nor
were these neurons more susceptible to proteasome in-
hibitor toxicity than neurons from PrP knock-out mice.
Our analysis fails to confirm the previous observation
that mislocation of PrP in the cytosol is neurotoxic, and
argues against the hypothesis that perturbation of PrP
metabolism through the proteasomal pathway plays a
pathogenic role in prion diseases.

Prion diseases are neurodegenerative disorders caused by
the conformational conversion of the cellular prion protein
(PrPC),1 a cell surface glycoprotein of uncertain function, into

PrPSc, an insoluble and protease-resistant isoform, which prop-
agates itself by imposing its abnormal conformation onto PrPC

molecules (1). This conformational conversion is thought to
occur spontaneously in PrP molecules carrying mutations as-
sociated with inherited prion diseases, including Gerstmann-
Sträussler-Sheinker syndrome (GSS), fatal familial insomnia
(FFI), and familial forms of Creutzfeldt-Jakob disease (CJD).
However, the precise mechanism of this conversion process and
the nature of the cellular pathways that are activated leading
to neuronal death remain obscure (2).

Although PrPSc is commonly assumed to be the primary
cause of neurodegeneration in prion diseases, the evidence that
some inherited prion disorders are not transmissible and can
arise in the presence of low or undetectable levels of PrPSc has
led to the hypothesis that other abnormal species of PrP could
be the actual proximate cause of neurodegeneration (2–5). Re-
search on inherited prion diseases has focused on how PrP is
synthesized and metabolized by the cell, and how pathogenic
mutations alter this process. Pulse-chase labeling experiments
indicated that mutant PrP molecules misfold very soon after
synthesis in the endoplasmic reticulum (ER) (6), raising the
possibility that they are recognized as abnormal by the ER
quality control machinery, and diverted to ER-associated deg-
radation (ERAD). Consistent with this hypothesis, it was ob-
served that several mutant PrPs were present at low levels on
the cell surface, and localized in intracellular compartments,
including the ER and cytoplasm (7–10). It was also found that
the proteasome inhibitor ALLN (Ac-Leu-Leu-NorLeu-al) af-
fected the metabolism and cellular localization of PrP mole-
cules carrying the amber mutation Y145stop, and the Q217R
substitution linked to GSS (11, 12). More recently, it was ob-
served that the same peptide aldehyde inhibitor, as well as
MG132 (Z-Leu-Leu-Leu-al), caused accumulation of unglycosy-
lated, insoluble PrP in the cytosol of transfected cells express-
ing the wild-type form of the protein, arguing that a fraction of
PrP molecules was normally diverted to ERAD (13–15). Based
on these observations, it was hypothesized that neurodegen-
eration in genetically inherited and sporadic prion diseases
may ensue from abnormal accumulation of toxic PrP species in
the cytoplasm of neurons because of alteration of proteasome
activity, as it may naturally occur with stress and aging.

Several pieces of evidence were provided to support the con-
tention that mislocalization of PrP in the cytoplasm was selec-

* This work was supported by Telethon-Italy (S00083, to R. C.) and
the European Community (QLG-CT-2001-2353, to R. C.). The costs of
publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

¶ Supported by a fellowship from the Fondazione Monzino.
** An Assistant Telethon Scientist (DTI, Fondazione Telethon). To

whom correspondence should be addressed: Dulbecco Telethon Institute
and Istituto di Ricerche Farmacologiche Mario Negri, Via Eritrea 62,
20157 Milano, Italy. Tel.: 39-02-39014428; Fax: 39-02-3546277; E-mail:
chiesa@marionegri.it.

1 The abbreviations used are: PrPC, cellular isoform of the prion
protein; CGN, cerebellar granule neurons; CHO, Chinese hamster ova-

ry; CMV, cytomegalovirus; endo H, endoglycosidase H; ER, endoplasmic
reticulum; ERAD, endoplasmic reticulum-associated degradation; FBS,
fetal bovine serum; MTT, (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tet-
razolium bromide); PBS, phosphate-buffered saline; PrP, prion protein;
PrPSc, scrapie isoform of the prion protein; SP, signal peptide; Tg,
transgenic; Z, benzyloxycarbonyl.

THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 280, No. 12, Issue of March 25, pp. 11320–11328, 2005
© 2005 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in U.S.A.

This paper is available on line at http://www.jbc.org11320

 by guest on July 23, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


tively toxic to neurons. First, it was shown that overexpression
of wild-type PrP rendered neuroblastoma N2a cells, but not
non-neuronal cells, more susceptible to apoptosis induced by
proteasome inhibitors; secondly, artificial expression of PrP in
the cytoplasm, using a PrP construct lacking the N-terminal
signal sequence, was found to be highly toxic to N2a cells but
not to fibroblast-derived cells; finally, transgenic (Tg) mice
expressing cytosolic PrP were found to develop a neurological
dysfunction characterized by selective degeneration of the
granule neurons in the cerebellum (4).

The physiopathological relevance of ERAD in prion disease,
however, was questioned by the observation that neither wild-
type, nor mutant PrPs were a major substrate for retrotrans-
location and proteasomal degradation in several cell types,
including Chinese hamster ovary (CHO) cells, rat pheochromo-
cytoma PC12 cells, and primary cerebellar granule neurons
(16). The proteasome inhibitors, in fact, failed to cause accu-
mulation of PrP in the cytoplasm of untransfected cells and
primary neurons from Tg mice that expressed PrP from the
endogenous promoter. Conversely, in transfected CHO and
PC12 cells expressing PrP from the cytomegalovirus (CMV)
promoter, the proteasome inhibitors induced accumulation of
an unglycosylated form of PrP that resided on the cytoplasmic
face of the ER. However, this form contained an uncleaved
signal peptide, indicating that it originated from abortive
translocation rather than retrograde transport from the ER
lumen, probably because of saturation of the translocation ma-
chinery under conditions of elevated expression typical of
transfected cells (16). In fact, this phenomenon was exacer-
bated by pharmacological inhibition of the proteasome, because
it was found that the inhibitors induced strong transcription of
CMV-driven cDNAs (16, 17).

Although these data indicated that PrP was not a major
substrate for ERAD, the possibility remained that under phys-
iological conditions, low, undetectable amounts of PrP were
delivered into the cytosol of neurons by either retrotransloca-
tion or abortive translocation, and accumulate to toxic level if
not efficiently degraded by the proteasome. If this mechanism
played a primary pathogenic role in inherited prion diseases,
then mutant PrPs should be diverted to proteasomal degrada-
tion more frequently than the wild-type protein. Consequently,
neurons expressing mutant PrP molecules should accumulate
higher level of PrP in the cytosol under condition of proteasome
impairment, and be more vulnerable to proteasome inhibitors
than cells expressing wild-type PrP; conversely, cells that ex-
press low level of PrP, or do not express PrP at all, should be
relatively protected from the toxic effect of the inhibitors.

Consistent with the prediction that pathogenic mutations
should increase the amount of PrP in the cytosol, it was ob-
served that mouse PrP molecules carrying a substitution at
codon 177, homologous to the D178N mutation linked to FFI,
were spontaneously delivered to the cytoplasm of transiently
transfected COS cells more frequently than wild-type PrP (14).
However, in one published experiment in which D178N PrP
was expressed in primary human neurons by cDNA microin-
jection, no effect on cell viability was observed when ERAD was
pharmacologically inhibited (18).

In this study we have systematically assessed the effect of
proteasome inhibitors on the viability of N2a cells that express
endogenous PrP or overexpress wild-type or mutant PrP mol-
ecules carrying the D177N substitution or a nine-octapeptide
insertion (PG14) under the control of the CMV promoter. Ad-
ditionally, we have analyzed the cellular localization of wild-
type, D177N, and PG14 PrP in primary cerebellar granule
neurons from Tg mice expressing the protein from its natural
promoter, and compared their viability in the presence of pro-

teasome inhibitors to that of neurons from PrP knock-out mice.
Our analysis fails to confirm observations made by other lab-
oratories, and argues against the hypothesis that cytosolic PrP
plays a primary pathogenic role in inherited prion diseases.

EXPERIMENTAL PROCEDURES

Mice—Production of transgenic mice expressing wild-type and PG14
mouse PrPs tagged with an epitope for the monoclonal antibody 3F4 has
been reported previously (19). In this study, we used transgenic mice of
the Tg(WT-E1�/�) line that express 4� the endogenous PrP level,
referred throughout the text as Tg(WT), as well as Tg(PG14-A3�/�)
mice expressing PG14 PrP at the endogenous level. Tg(D177N) mice
expressing 3F4-tagged mouse PrP carrying the D177N/M128 or D177N/
V128 mutation under the control of the mouse PrP promoter were
generated as described previously (19). (Detailed characterization of
these mice will be presented elsewhere.) For this study, we used
Tg(D177N/M128�/�) and Tg(D177N/V128�/�) mouse lines that express
transgenic PrP at the endogenous level. All these transgenic lines were
originally generated on a C57BL/6J X CBA/J hybrid and were subse-
quently bred with the Zürich I line of Prnp0/0 mice (C57BL/6J X 129
background) (20), resulting in animals that express Tg PrP but not
endogenous mouse PrP. The Prnp0/0 mice used in this study were
non-transgenic littermates of Tg(D177N) and Tg(PG14) animals.

Cell Culture—Cerebellar granule neurons were prepared according
to the procedure of Miller and Johnson (21), with the exception that
cerebella were from mice at postnatal day 6. Briefly, cerebella were
dissected, sliced into �1-mm pieces and incubated in HBSS (Invitrogen,
Life Technologies, Inc.) containing 0.3 mg/ml trypsin (Sigma) at 37 °C
for 15 min. Trypsin inhibitor (Sigma) was added to a final concentration
of 0.5 mg/ml, and the tissue was mechanically dissociated by passing
through a flame-polished Pasteur pipette. Cells were plated at 350–
400,000 cells/cm2 on poly-L-lysine (0.1 mg/ml)-coated plates. Cells were
maintained in Basal Medium Eagle (BME, Invitrogen, Life Technolo-
gies, Inc.) supplemented with 10% dialyzed fetal bovine serum (FBS,
Sigma), penicillin/streptomycin, and KCl 25 mM (K25 � S), at 37 °C in
an atmosphere of 5% CO2, 95% air. To reduce the number of non-
neuronal cells, aphidicolin (3.3 �g/ml, Sigma) was added to the medium
36 h after plating. Non-neuronal contamination of the cultures was
assessed as described, and found to be less than 3% (21).

N2a cells (ATCC CCL-131) were grown in Dulbecco’s modified Ea-
gle’s medium and minimal essential medium � 1:1 supplemented with
10% FBS, non-essential amino acids and penicillin/streptomycin, and
maintained in an atmosphere of 5% CO2, 95% air. cDNAs encoding
wild-type, PG14, and D177N/M128 moPrPs derived from the Prn-pa

allele and containing the 3F4 epitope tag (22) were cloned into the
pCDNA3 expression plasmid (Invitrogen). N2a cells were transfected
using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. Two days after transfection, cells were split in complete
medium supplemented with the antibiotic G418 (750 �g/ml, Clontech).
Resistant clones were isolated after 2 weeks of exposure to G418,
expanded, and tested for moPrP expression by immunoblotting using
the 3F4 monoclonal antibody.

Treatment of the Cultures and Quantification of Cell Viability—
Cerebellar granule neurons were exposed to proteasome inhibitors 6
days after plating. N2a cells were plated at 20,000 cell/cm2 and treated
with the inhibitors for the indicated times. Cell viability was assessed
by measuring the level of cellular reduction of 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT) to formazan (23). Cells
were incubated for 3 h at 37 °C with 0.4 mg/ml MTT, dissolved in 0.04
N HCl in 2-propyl alcohol, and analyzed spectrophotometrically at 540
nm with an automatic microplate reader (Labsystems Multiskan MS).

Antibodies—Monoclonal antibody 3F4 (24) was used at dilutions
1:5,000 for Western blotting and 1:500 for immunofluorescence stain-
ing. Polyclonal antibody P45–66, raised against a synthetic peptide
encompassing residues 45–66 of mouse PrP (25), was used at 1:2,500 for
Western blot. An antibody (anti-SP) that selectively recognizes forms of
murine PrP containing an uncleaved signal peptide was used at 1:500
for Western blot (26). Anti-giantin (Covance) and anti-trap (Upstate
Biotechnologies) antibodies were used, respectively, at 1:1,000 and
1:500 for immunofluorescence staining.

Biochemical Analysis—To assay detergent insolubility, cells were
lysed in 10 mM Tris pH 7.5, 100 mM NaCl, 0.5% sodium deoxycholate,
and 0.5% Nonidet P-40 containing protease inhibitors (pepstatin and
leupeptin, 1 �g/ml; phenylmethylsulfonyl fluoride, 0.5 mM; and
EDTA, 2 mM). After a brief centrifugation to remove debris, lysates
corresponding to 300 �g of protein were centrifuged at 186,000 � g for
40 min in a Beckman Optima Max-E ultracentrifuge. Proteins in the
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pellet and supernatant were separated by SDS-PAGE and electro-
transferred onto polyvinylidene fluoride membranes (Immobilon P,
Millipore). Membranes were incubated with 5% nonfat dry milk in
100 mM Tris pH 7.5, 150 mM NaCl and 0.1% Tween 20 (TTBS).
Membranes were then incubated with anti-PrP antibody overnight at
4 °C or 1 h at room temperature, rinsed three times with TTBS and
incubated 1 h at room temperature with horseradish peroxidase-
conjugated secondary antibody (diluted 1:5,000; Santa Cruz Biotech-
nology). Immunoreactivity was visualized by enhanced chemilumi-
nescence (ECL, Amersham Biosciences).

Immunofluorescence—Cells grown on poly-L-lysine-coated chamber
slides (Nunc) or glass coverslips were washed with PBS, fixed for 1 h
at 4 °C with 4% paraformaldehyde and 5% sucrose in PBS, and
permeabilized for 1 min at room temperature with 0.25% Triton
X-100 in PBS. After washing with PBS, cells were blocked with 2%
FBS and 5% nonfat dry milk in PBS, and then incubated with the
primary antibodies diluted in blocking solution for 1 h at room tem-
perature. Cells were then incubated with Alexa 488-conjugated goat
anti-mouse IgG or Alexa 546-conjugated goat anti-rabbit IgG (Molec-
ular Probes, Inc.) diluted 1:500 in blocking solution. For surface
staining of PrP, cells were washed with ice-cold PBS and incubated
for 1 h at 4 °C with anti-PrP antibody diluted in Opti-MEM (Life
Technologies, Inc.). After washing with PBS, cells were reacted with
the secondary antibody, washed with PBS and fixed. The microscope
slides were mounted with 30% glycerol in PBS, or Floursave (Calbio-
chem) and viewed on an Olympus FV500 laser confocal scanning
system.

RESULTS

Transfected N2a Synthesize a Signal Peptide-bearing Form
of Cytoplasmic PrP That Is Not Toxic—To investigate the po-
tential neurotoxicity of cytoplasmic accumulation of mutant
PrP, we generated stably transfected clones of N2a cells over-
expressing D177N or PG14 PrP, and compared their viability
in the presence of proteasome inhibitors to that of untrans-
fected or transfected N2a expressing wild-type PrP. In prelim-
inary experiments we investigated the effect of proteasome
inhibitors on the metabolism and biochemical properties of
PrP. Western blot analysis of N2a cells treated with MG132 for
24 h showed that the inhibitor caused a dramatic change in the
distribution of PrP glycoforms, with a striking increase of a low
molecular mass band resembling unglycosylated PrP, which at
the highest concentration of inhibitor was the only species
detected (Fig. 1A, top panel, lanes 2 and 3). This molecular
species was induced also by treatment with epoxomicin and
ALLN (Fig. 3C and data not shown); however, it was observed
only in transfected cells. In untransfected N2a expressing low
levels of endogenous PrP this band was not induced, and the
inhibitors caused a striking reduction of all PrP glycoforms
(Fig. 1A, top panel, lanes 4–6). In transfected cells the effect of
proteasome inhibitors on induction of the low molecular mass
species was highly variable. In some experiments, the low
molecular mass band was the primary PrP species detected
(Fig. 1A, top panel, lane 3), while in other experiments there
was accumulation of an additional PrP band of higher molec-
ular mass (Figs. 1B and 3, A and C, see description below). The
lower molecular species that accumulated upon proteasome
inhibition had an apparent mass of �27 kDa, and was �2 kDa
larger than the mature, unglycosylated form (Fig. 1A, top
panel, compare lanes 2 and 3 with lane 1). Its electrophoretic
mobility did not change after digestion with either endo H or
PNGase F (not shown), indicating that it did not represent an
altered glycoform of PrP.

To test whether the 27-kDa band corresponded to the un-
translocated form of PrP induced by the proteasome inhibitors
in transfected CHO and PC12 cells (16), Western blots of N2a
lysates were reacted with an antibody (anti-SP), which selec-
tively recognizes the PrP signal peptide (26). We found that the
27-kDa band was labeled by this antibody (Fig. 1A, lower panel,
lanes 2 and 3), indicating that the main form of PrP that
accumulated in N2a cells upon treatment with MG132 corre-

sponded to untranslocated polypeptide chains. We noticed that
sometimes the anti-SP antibody recognized a doublet of bands.
However, this was not a consistent finding even within the
same experiment, and was probably caused by post-lysis deg-
radation of signal peptide-bearing PrP.

It has been shown that cytoplasmic PrP that accumulates in
the presence of proteasome inhibitors is detergent-insoluble
and partially protease-resistant (13, 14). Based on this and
other pieces of evidence, it was claimed that retrotranslocated
PrP is converted to a PrPSc-like isoform in the cytosol through
a self-sustained process (27, 28). To test whether this putative
scrapie-like isoform represented untranslocated PrP, we sub-
jected the cell lysates to ultracentrifugation at 186,000 � g, and
analyzed the proteins in the supernatants and pellets by West-
ern blot with the 3F4 and anti-SP antibodies. As shown in Fig.
1B (top panel), the majority of wild-type PrP expressed by
untreated cells was recovered in the supernatant fraction (lane
1). After treatment with MG132, virtually all the unglycosy-
lated 27-kDa species induced by the inhibitor was found in the
insoluble fractions (lanes 4 and 6). This species was selectively
labeled by the anti-SP antibody (lower panel, lanes 4 and 6),
confirming that it corresponded to untranslocated PrP. The
proteasome inhibitors induced also accumulation of a PrP band
of higher molecular mass. This form corresponded to an imma-
ture PrP glycoform that had been translocated into the ER, but
not transited beyond the mid-Golgi, based on its lack of reac-
tivity with the anti-SP antibody, and its sensitivity to endo H

FIG. 1. MG132 induces accumulation of insoluble, untranslo-
cated PrP in transfected N2a cells. A, stably transfected N2a cells
expressing wild-type PrP and untransfected N2a were treated with
MG132 at the indicated concentrations for 24 h, and PrP analyzed by
Western blot using antibody P45-66 (top panel) or anti-signal peptide
(�-SP) antibody (bottom panel). B, stably transfected N2a cells express-
ing 3F4-tagged wild-type (lanes 1–6), or D117N/M128 (lanes 7–12) PrP
were treated with MG132 at the indicated concentrations for 24 h. After
treatment, cells were lysed in a buffer containing non-denaturing de-
tergent, and the cleared lysates were centrifuged at 186,000 � g for 40
min. PrP in the supernatant (S) and pellet (P) fractions was visualized
by immunoblotting with antibody 3F4 (top panel) or anti-signal peptide
antibody (lower panel). The arrow and asterisk indicate bands corre-
sponding to signal peptide-bearing PrP- and endo H-sensitive PrP,
respectively. Molecular mass markers are in kilodaltons.
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digestion (not shown). Analysis of detergent insolubility re-
vealed that this immature PrP glycoform was also partially
aggregated (Fig. 1B, lanes 3–6).

As previously found for D177N PrP expressed in CHO cells
(22), this mutant protein was partially insoluble when ex-
pressed in N2a cells (Fig. 1B, top panel, lanes 7 and 8). MG132
induced strong accumulation of insoluble PrP species identical
to those observed in N2a cells expressing wild-type PrP (lanes
9–12). In some cases, high molecular mass bands were also
visible in the pellet fraction (Fig. 1B, top panel, lane 10), prob-
ably corresponding to SDS-resistant PrP aggregates, or un-
translocated PrP that has been ubiquitinated prior to protea-
somal degradation. Analogous results were observed when we
analyzed the effect of proteasome inhibitors on N2a cells ex-
pressing PG14 PrP, with the difference that because of the
nine-octapeptide insertion, the insoluble, signal-peptide bear-
ing form of PrP that accumulated after treatment with the
inhibitors had an apparent molecular mass of �33 kDa (not
shown) (16).

To test whether accumulation of untranslocated PrP was
cytotoxic, we compared the viability in the presence of protea-
some inhibitors of untransfected and transfected N2a express-
ing either wild-type or mutant PrPs. For these experiments, we
used stably transfected cells overexpressing untagged (one
clone) or 3F4-tagged (two independent clones) wild-type PrP, as
well as two independent clones of each mutant, selected for
having similar expression levels. Consistent with our previous
findings (29, 30), expression of D177N and PG14 PrPs had no
detectable effect on the morphology or viability of N2a cells,
indicating that expression of mutant PrP per se was not cyto-
toxic. Cells were exposed to either 10 or 50 �M MG132, and
their viability assessed after 2–24 h by MTT assay. MG132
induced cell death by apoptosis, as demonstrated by the pres-
ence of pyknotic and fragmented nuclei by bisbenzimide stain-
ing, and positive TUNEL (TdT-mediated dUTP-X nick-end la-
beling) staining (not shown). 10 �M MG132 induced time-
dependent reduction in cell survival that was similar for all
lines, with no statistically significant differences between un-
transfected and transfected N2a (Fig. 2A). At 50 �M MG132,
transfected N2a overexpressing PG14 PrP, and to a lesser
extent those transfected with wild-type and D177N PrP, were
significantly more resistant to the toxicity of the inhibitor than
untransfected cells (Fig. 2B). This protective effect of PrP over-
expression was also observed when cells were exposed to ALLN
or epoxomicin (Fig. 2C).

It was shown that transient proteasome inhibition with the
reversible inhibitor MG132 is sufficient to induce accumulation
of insoluble, unglycosylated PrP in the cytosol, which continues
for a number of hours after the inhibitor is removed (28). Based
on this evidence it was argued that cytosolic PrP once formed is
able to nucleate aggregation of additional PrP molecules
through a self-sustained process. To test whether formation of
untranslocated, cytosolic PrP in the absence of proteasome
inhibition was sufficient to trigger cell death, N2a cells over-
expressing wild-type PrP were treated with MG132. After 4 h
of treatment the inhibitor was removed by replacing the cul-
ture medium (wash-out), and cell viability was evaluated after
24 h and compared with that of cells cultured in the continuous
presence of MG132. Western blot analysis of cells treated with
MG132 for 4 or 24 h showed that the inhibitor induced accu-
mulation of a 27-kDa species corresponding to untranslocated
PrP, based on its reactivity to the anti-signal peptide antibody
(data not shown), as well as low amount of the higher molecular
mass species corresponding to the endo H-sensitive, immature
glycoform described above (Fig. 3A, lanes 2 and 3). In contrast
to that observed previously (28), we found that accumulation of

the unglycosylated 27 kDa species was reversed by removal of
the inhibitor (Fig. 3A, lane 4), indicating that its formation
required continuous proteasome inhibition. To confirm that
accumulation of the abnormal PrP species was dependent on
permanent proteasome impairment, we performed the same
experiment using the irreversible inhibitor epoxomicin. We
found that epoxomicin caused accumulation of the untranslo-
cated and the endo H-sensitive forms of PrP, which continued
even after the inhibitor was removed (Fig. 3C, lanes 3 and 4).
Evaluation of cell viability demonstrated that removal of the
inhibitors significantly rescued N2a cells from death, inde-
pendently of whether they continued accumulating untranslo-
cated PrP (Fig. 3, B and D, compare the viability at 4 � 20 h
with that at 24 h), indicating dissociation between accumula-
tion of this cytosolic species and cell death.

PG14 and D177N PrPs Display Altered Intracellular Distri-
butions in Cerebellar Granule Neurons—We have previously
reported that PG14 and D177N PrPs expressed in transfected
cells are delayed in their export from the ER, and that at the
steady state they are present on the cell surface at reduced
levels compared with wild-type PrP, and accumulate in intra-

FIG. 2. Overexpression of wild-type or mutant PrPs protects
N2a cells from proteasome inhibitor toxicity. Stably transfected
N2a cells expressing wild-type, D177N, or PG14 PrPs, as well as un-
transfected cells, were exposed to 10 �M (A) or 50 �M (B) MG132, and
cell viability was evaluated after 2–24 h by MTT assay. Data are the
mean � S.E. of 20–42 determinations from 3–6 independent experi-
ments in A; Fint � n.s. (analysis of variance, ANOVA 2�6 test); or 12–18
determinations from 3–4 independent experiments in B. *, p � 0.05; **,
p � 0.01 versus untransfected (Tukey-Kramer test). Fint � 3.512 p �
0.0164 (analysis of variance, ANOVA 2 � 6 test). C, cell viability of N2a
cells was evaluated after 24 h of exposure to 100 �M ALLN or 5 �M

epoxomicin. Each bar represents the mean � S.E. of 15–18 determina-
tions from three independent experiments. *, p � 0.05; **, p � 0.01
versus control group (Tukey-Kramer test). Data represent pooled values
from experiments performed with three independent transfected N2a
lines expressing wild-type PrP, and two lines of each mutant.
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cellular compartments, including the ER and Golgi (9, 16). To
investigate the distribution of these mutants in primary neu-
rons, we performed immunofluorescence confocal analysis of
PrP in cerebellar granule neurons (CGN) from Tg mice. CGN
were prepared from the cerebella of 6-day-old mice and main-
tained in culture for 5–8 days before immunofluorescence
staining. To localize PrP, cells were fixed, permeabilized, and
stained with antibody 3F4. PrP staining was followed by stain-
ing with anti-trap or anti-giantin antibodies to stain the ER
and Golgi compartments, respectively. In CGN from Tg(WT)
mice PrP was mainly found on the cell membrane where it
appeared in a patchy distribution along the neurites, consistent
with association of the protein with membranal rafts (Fig. 4
and 5, panel A) (31). No colocalization was observed between
wild-type PrP and the ER marker trap (Fig. 4, panels A, E, and
I). In some cells a perinuclear distribution of PrP was also
observed, which colocalized with the marker giantin, as ex-
pected for PrP molecules in transit in the Golgi compartment
(Fig. 5, panel I, yellow color). In CGN from Tg(PG14) mice, PrP
was barely detectable on the cell membrane and along neurites,
and was mainly found in intense perinuclear patches, colocal-
izing with trap and giantin (Figs. 4 and 5, panels B, F, and L).
Low expression on the cell surface and intense intracellular
immunofluorescence colocalizing in part with giantin and trap,
were observed also in CGN expressing the D177N/V128 mutant
(Figs. 4 and 5, panels C, G, and M), although the number of
cells displaying this altered intracellular PrP distribution was
reduced compared with PG14 neurons. The polymorphic vari-
ant D177N/M128 showed more intense surface fluorescence
compared with PG14 and D177N/V128 PrPs, and the number
of neurons in which D177N/M128 PrP displayed an altered
intracellular distribution was lower compared with the other
mutants (Figs. 4 and 5, panels D, H, and N). These data
indicate that, similar to that observed in transfected cells (7–
12, 16, 32), also in primary neurons, the pathogenic mutations
alter the trafficking of PrP molecules and cause a portion of
them to reside abnormally in intracellular compartments.

Cerebellar Granule Neurons Expressing Either Wild-type or
Mutant PrPs Do Not Accumulate Detectable Levels of Cytosolic
PrP, nor Are They More Vulnerable to the Toxicity of Protea-
some Inhibitors Than PrP Knock-out Neurons—To investigate

whether the proteasome inhibitors induced accumulation of
insoluble, cytosolic PrP in primary neurons, CGN from Tg mice
expressing wild-type, PG14 or D177N PrP, were exposed to
lactacystin �-lactone (5 and 10 �M), MG132 (5, 10 and 50 �M),
ALLN (150 �M) or epoxomycin (5 �M) for 24 h. After incubation,
detergent extracts of the cells were subjected to ultracentrifu-
gation at 186,000 � g for 40 min, and PrP in the soluble and
insoluble fractions was visualized by Western blot using the
antibody 3F4. As shown in Fig. 6, treatment with the inhibitors
did not induce accumulation of the insoluble, unglycosylated
form indicative of cytosolic PrP in CGN from Tg(WT) mice (top
panel). Mutant PrP molecules expressed in granule neurons
from Tg(PG14) and Tg(D177N) mice were partially insoluble,
similar to what has been observed when these proteins were
expressed in transfected cells or in the cerebral and peripheral
tissues of the mice (19, 33, 34). Treatment with the inhibitors
caused an increase in the amount of PrP that partitioned in the
insoluble fraction (Fig. 6B). However, this involved all PrP
glycoforms and was not restricted to the unglycosylated form,
as it would be expected if a significant number of mutant PrP
molecules accumulated in the cytosol because of abortive trans-
location or retrograde transport from the ER. Incubation of the
blots with the antibody against the PrP signal peptide did not
reveal any reactive band, indicating that in primary neurons
PrP was efficiently cotranslationally translocated into the ER
lumen (not shown). Immunofluorescence confocal analysis with
antibody 3F4 demonstrated that treatment with the inhibitors
(0.5–25 �M MG132 and lactacystin �-lactone, and 50–250 �M

ALLN, for 16 and 24 h) did not induce accumulation of detect-
able levels of PrP in the cytoplasm of neurons (not shown).

Experiments in transgenic mice support the contention that
even very low levels of cytosolic PrP may be sufficient to kill
neurons (4). To explore the possibility that undetectable
amount of cytosolic PrP was generated in primary neurons,
which might be neurotoxic if not efficiently degraded by the
proteasome, we analyzed the viability of CGN after proteasome
impairment. CGN from Tg(WT), Tg(PG14), Tg(D177N) and PrP
knock-out mice were exposed to MG132 or lactacystin �-lactone
(0–10 �M), and their viability was evaluated after 24 h of
treatment. We found that the susceptibility of neurons express-
ing either wild-type or mutant PrPs was not significantly dif-
ferent from that of PrP knock-out neurons (Fig. 7, A and B).
Although there were not statistically significant differences in
the dose-response curves of the different lines, the Tukey-
Kramer test revealed statistically significant differences at
some of the doses used. To better explore whether this result
reflected a biological difference between neurons expressing
different types and levels of PrP, we performed additional
experiments by exposing CGN to several different doses of the
inhibitors (0.1 and 5 �M MG132 and 0.5 and 5 �M lactacystin
�-lactone) for different times (8, 16, 24, and 48 h). These anal-
yses failed to highlight consistent differences between CGN
that expressed or did not express PrP (data not shown). More-
over, no increased susceptibility of transgenic neurons com-
pared with PrP knock-out cells was observed when we analyzed
the effect of two additional proteasome inhibitors (ALLN and
epoxomicin); in fact, consistent with that observed in N2a cells,
neurons expressing PrP were significantly more resistant to
the toxic effect of these inhibitors than PrP knock-out cells
(Fig. 7C).

DISCUSSION

In the present study we have tested the hypothesis that
impairment of proteasome function and consequent accumula-
tion of retrotranslocated PrP in the cytosol of neurons may be
a primary neurotoxic culprit in prion diseases. The data pre-
sented here, in conjunction with our previous observations,

FIG. 3. Proteasome inhibitors cytotoxicity is independent of
accumulation of untranslocated PrP. Stably transfected N2a
cells expressing wild-type PrP were incubated with 50 �M MG132 (A)
or 5 �M epoxomicin (C) for 4 h (lanes 2 and 4) or 24 h (lane 3), or were
exposed to the vehicle alone for 24 h (lane 1). At the end of the
incubation, cells were lysed immediately (lanes 1, 2, and 3) or were
transferred to inhibitor-free medium for 20 h (lane 4), and PrP in each
sample was analyzed by Western blot with the antibody 3F4. Cell
viability was evaluated by MTT assay of sister cultures (B and D).
Each bar represents the mean � S.E. of 8–12 determinations from
two independent experiments.
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indicate that PrP accumulates in the cytosol exclusively in
transfected cells under conditions of elevated PrP expression,
mainly because of abortive polypeptide chain translocation
during biosynthesis, rather than retrograde transport of abnor-
mally folded molecules from the ER. Our observations also
indicate that accumulation of untranslocated PrP in the cytosol

is not toxic, and that the effect of proteasome impairment on
neuronal viability is independent of PrP expression. These
results argue that accumulation of abnormal PrP species in the
cytosol is unlikely to play a primary pathogenic role in prion
diseases.

We find that treatment with several different proteasome

FIG. 4. Mutant PrPs expressed in cerebellar granule neurons colocalize with an ER marker. CGN from Tg(WT) mice (panels A, E, I),
Tg(PG14) (panels B, F, L), Tg(D177N/V128) mice (panels C, G, M), and Tg(D177N/M128) mice (panels D, H, N) were fixed and permeabilized with
Triton X-100, and stained with mouse anti-PrP antibody 3F4 and rabbit anti-trap antibody followed by Alexa 488 (green)-conjugated anti-mouse
and Alexa 546 (red)-conjugated anti-rabbit secondary antibodies. Cells were viewed with green excitation/emission settings to detect PrP (panels
A–D) and with red excitation/emission settings to detect trap (panels E–H). Merged images are shown in panels I, L, M, and N. In the merged
images there is no yellow color for wild-type PrP; in contrast PG14 and D177N PrPs partially colocalize with trap, producing a yellow color. The
scale bar, applicable to all panels, is 20 �m.

FIG. 5. Mutant PrPs colocalize with a Golgi marker in a higher number of cerebellar granule neurons compared with wild-type
PrP. CGN from Tg(WT) mice (panels A, E, I), Tg(PG14) (panels B, F, L), Tg(D177N/V128) mice (panels C, G, M), and Tg(D177N/M128) mice (panels
D, H, N) were fixed and permeabilized with Triton X-100, and stained with mouse anti-PrP antibody 3F4 and rabbit anti-giantin antibody followed
by Alexa 488 (green)-conjugated anti-mouse and Alexa 546 (red)-conjugated anti-rabbit secondary antibodies. Cells were viewed with green
excitation/emission settings to detect PrP (panels A–D) and with red excitation/emission settings to detect giantin (panels E–H). Merged images
are shown in panels I, L, M, and N. The number on neurons in which PrP colocalizes with giantin (yellow color in the merged images) is significantly
increased in cerebellar cultures from Tg(PG14) and Tg(D177N) mice compared with Tg(WT). The scale bar, applicable to all panels, is 20 �m.
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inhibitors induces accumulation of an aggregated, unglycosy-
lated form of PrP in transfected N2a cells. This form is �2 kDa
larger than mature, unglycosylated PrP and is recognized by
an antibody specific for the PrP signal peptide, demonstrating
unequivocally that it corresponds to untranslocated PrP mole-
cules that have never entered the ER, rather than retrogradely
translocated PrP as previously argued. We find that signal
peptide-bearing PrP forms insoluble aggregates, which are re-
sistant to digestion with low concentrations of proteinase-K
(PK: total proteins � 1:1,000–4,000; 30 min at 37 °C) (Fig. 1B
and data not shown). This is likely to reflect nonspecific aggre-
gation of unprocessed PrP molecules carrying the N-terminal
signal peptide and the C-terminal hydrophobic glycosylphos-
phatidylinositol addition sequences, rather than re-folding of
PrP into a scrapie-like isoform in the cytoplasm. In fact, we find
that accumulation of untranslocated PrP requires continuous
proteasome impairment, arguing against the possibility that
this form of cytosolic PrP folds into a scrapie-like isoform able
to nucleate its own aggregation.

We have found that untranslocated PrP accumulates in
transfected CHO and PC12 cells exposed to proteasome inhib-
itors, and that this form resides on the cytoplasmic face of the
ER (16). As previously found in CHO and PC12 cells, also in

mouse neuroblastoma N2a untranslocated PrP is induced ex-
clusively when the protein is constitutively synthesized at high
level from the heterologous CMV promoter. In untransfected
cells and in primary neurons that express PrP from the endog-
enous promoter, the untranslocated form is not induced, and
the amount of endogenous PrP actually decreases following
treatment with the proteasome inhibitors, most likely because
of down-regulation of mRNA and protein synthesis associated
with programmed cell death induced by proteasome impair-
ment (21, 35). Thus, the data presented here in conjunction
with our previous observations support the conclusion that
cytosolic PrP accumulates mainly because of impaired degra-
dation of abortively translocated, signal peptide-bearing mole-
cules synthesized from the CMV promoter. Consistent with this
conclusion, it has been recently reported that the signal se-
quence of PrP is intrinsically inefficient in initiating translo-
cation into the ER lumen (36).

We also find that treatment of transfected N2a cells with
proteasome inhibitors induces accumulation of an immature,
endo H-sensitive PrP glycoform, in addition to untranslocated
PrP. Accumulation of endo H-sensitive PrP was observed also

FIG. 6. Proteasome inhibitors do not induce unglycosylated,
insoluble PrP in cerebellar neurons. A, cerebellar granule neurons
derived from Tg(WT), Tg(PG14), and Tg(D177N) mice were treated for
24 h with the vehicle alone (lanes 1 and 2), or with different proteasome
inhibitors: 5 �M lactacystin �-lactone (�-Lac, lanes 3 and 4), or MG132
(lanes 5 and 6), and 150 �M ALLN (lanes 7 and 8). After treatment, cells
were lysed in a buffer containing non-denaturing detergents, and the
cleared lysates were centrifuged at 186,000 � g for 40 min. PrP in the
supernatants (S) and pellets (P) was visualized by immunoblotting with
antibody 3F4. D177N/V128 is shown in the lower panel; similar results
were obtained from the analysis of D177N/M128 (not shown). Molecular
mass markers are in kilodaltons. B, amount of PrP in the pellet frac-
tions was quantified by densitometric analysis of Western blots similar
to the ones shown in A. Data are the mean � S.E. of 3–5 independent
experiments. Because the percentage of insoluble D177N/M128 and
D177N/V128 PrP was similar, data from these two lines were pooled.

FIG. 7. Quantitative evaluation of the toxic effect of different
proteasome inhibitors on cerebellar granule neurons from
transgenic and PrP knock-out mice. Cerebellar granule neurons
from Prnp0/0 (KO), Tg(WT), Tg(PG14), Tg(D177N/M128), and
Tg(D177N/V128) mice were exposed to the indicated concentrations of
MG132 (A), or lactacystin �-lactone (B), for 24 h. Cell survival was
quantified by MTT assay and expressed as a percentage of values for
cells treated with the vehicle. Data are the mean � S.E. of 12–30
replicates from 3–6 independent experiments. **, p � 0.01 versus KO
by Tukey-Kramer test. Fint (in A and B) � n.s. (analysis of variance,
ANOVA 2 � 5 test). C, cell viability of CGN was evaluated after 24 h
exposure to 100 �M ALLN or 5 �M epoxomicin. Each bar represents the
mean � S.E. of 11–35 determinations from 2–5 independent experi-
ments. **, p � 0.01 versus KO by Tukey-Kramer test. Because no
significant differences were found between D177N/M128 and D177N/
V128 neurons, data from these two lines were pooled.
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in COS cells transiently transfected with wild-type or D177N
PrP, and was argued to be indicative of molecules physiologi-
cally triaged by the ER quality-control system (14). However,
analysis of PrP biosynthesis by pulse-chase labeling experi-
ments has shown that maturation of mutant PrP from an endo
H-sensitive to an endo H-resistant form is not impaired, even
though delayed compared with wild-type PrP (16). Thus, a
reasonable explanation for this finding is that endo H-sensitive
forms of PrP accumulate at detectable levels only when the
biosynthetic and protein trafficking capacity of the cell is
exceeded.

In cultured, non-neuronal cells mouse PrP molecules carry-
ing the D177N and nine-octapeptide mutations adopt an ab-
normal conformation soon after synthesis in the ER (6), and at
the steady state they appear to accumulate in the ER and Golgi
because their transit out of these organelles is delayed (9, 16).
Here we provide evidence that the same holds true for mutant
PrPs synthesized in primary neurons. We find that PG14,
D177N/V128, and D177N/M128 PrPs expressed in cerebellar
granule neurons of transgenic mice are distributed in a pattern
that overlaps with markers of the ER and Golgi, although we
cannot rule out the possibility that some of the mutant protein
is present in other cellular locations as well. In contrast, wild-
type PrP is mainly distributed on the surface of cell bodies and
along the neurites, and only in a small number of neurons it
appears concentrated in the Golgi apparatus, as expected for
molecules in transit in this compartment (37). We also find
that, compared with wild-type PrP, PG14, D177N/V128, and
D177N/M128 PrPs are present at lower levels on the surface of
cerebellar granule neurons. This altered cell surface distribu-
tion of PrP, which was confirmed by immunofluorescence stain-
ing of unpermeabilized neurons (data not shown), was espe-
cially noticeable for PG14 PrP, which displayed a weaker
surface immunofluorescence than D177N. Since all the mu-
tants are expressed at similar levels, as judged by Western blot,
the differences documented by immunofluorescence analysis
are likely to reflect differences in their cellular trafficking
and/or metabolism. We also noticed that D177N/M128 is more
expressed on the cell surface than D177N/V128, and that in
general D177N PrP displays an altered intracellular localiza-
tion in a lower number of neurons compared with PG14 PrP.
Interestingly, we find that D177N/M128 expressed in the
brains of Tg mice is less PK-resistant than D177N/V128, and
that both polymorphic variants are less detergent insoluble
than PG14 PrP when expressed in the brains of Tg mice and in
cultured cerebellar neurons (Fig. 6B).2 Similar differences were
observed for PG14 and D177N PrPs synthesized in transfected
CHO and BHK cells (9). Because mutant PrP becomes deter-
gent-insoluble and protease-resistant in different locations
along the secretory/endocytic pathway (6), it is possible that the
effects of a mutation on the trafficking and biochemical prop-
erties of PrP are correlated.

In contrast to that observed in N2a cells, in mouse cerebellar
neurons the proteasome inhibitors do not cause accumulation
of detectable amounts of untranslocated or retrotranslocated
PrP. In fact, we fail to detect either mature or signal peptide-
bearing, unglycosylated PrP in whole cell lysates of neurons
treated with a wide range of reversible or irreversible protea-
some inhibitors. Moreover, we could not find unglycosylated
PrP in enriched cytosolic fractions of cerebellar neurons treated
with the inhibitors alone or in combination with brefeldin A
(not shown), a procedure which favors accumulation of proteins
in the ER (38), and that allowed other investigators to detect
retrotranslocated PrP in cortical mouse and human neurons

(18, 39). These results indicate that neither wild-type, nor
mutant PrPs are subjected to ERAD in cerebellar granule
neurons, and suggest that distinct neuronal cell types may
differ in their capacity of trafficking and/or metabolizing PrP.
Thus, although mutant PrP molecules misfold early in the
secretory pathway (6) and reside longer in the ER of cerebellar
neurons (16), they eventually escape the ER quality control
system of these cells.

Analysis of detergent insolubility of PrP in cerebellar gran-
ule neurons exposed to proteasome inhibitors reveals a signif-
icant increase in the amount of mutant PrP that partitions in
the insoluble fraction, whereas the solubility of wild-type PrP is
unaffected (Fig. 6B). This change in solubility involves all PrP
glycoforms and is not restricted to the unglycosylated form, as
it would be expected if a significant number of PrP molecules
aggregated in the cytosol as a consequence of abortive translo-
cation or retrograde transport from the ER. Thus, increased
aggregation of mutant PrPs is likely to be an indirect conse-
quence of proteasome inhibition on PrP metabolism; for in-
stance, the inhibitors may alter the cellular level or localization
of molecular chaperons and heat-shock proteins that might
modulate aggregation of PrP (40–42).

In contrast to previous observations (4), several pieces of
evidence provided here indicate that accumulation of PrP in
the cytosol of neuronal cells is not toxic. First, we find that
although the proteasome inhibitors cause accumulation of un-
translocated PrP in the cytoplasm of transfected N2a cells,
their rate of death is not increased compared with untrans-
fected N2a, in which untranslocated PrP is not detected. This
evidence contrasts with the report that a line of N2a cells
overexpressing PrP died more rapidly than the untransfected
parental line when exposed to MG132 (4). The reason for this
difference is not clear. However, since we systematically ana-
lyzed the viability of a number of independently generated N2a
lines, exposed to different doses of MG132, ALLN and epoxomi-
cin, it is likely that if overexpression of PrP consistently en-
hanced the rate of cell death induced by the inhibitors we
should have detect it. Secondly, we find that death of N2a cells
induced by epoxomicin is reversed by removal of the inhibitors
(Fig. 3D), despite the fact that cells treated with this inhibitor
continue accumulating high levels of untranslocated PrP even
after the inhibitor has been removed (Fig. 3C). Finally, we fail
to detect significant differences in susceptibility to proteasome
inhibitors’ toxicity between cerebellar granule neurons from
transgenic mice expressing wild-type or mutant PrPs and PrP
knock-out mice, arguing against the contention that neuronal
death is induced by failure of the proteasome to degrade neu-
rotoxic PrP species.

Our observations are consistent with those of Roucou et al.
(18), who showed that expression of signal peptide-lacking cy-
tosolic PrP is not toxic when expressed in a number of different
neuronal cell lines, and that microinjection of cDNA constructs
encoding wild-type or mutant PrP does not sensitize primary
human neurons to the toxicity of epoxomicin. Despite its lack of
toxicity in cultured neurons, artificial targeting of PrP to the
cytosol by deletion of the N-terminal signal sequence causes
selective loss of cerebellar granule neurons in Tg mice (4).
Therefore, forced expression of PrP in the cytosol may indeed
be toxic to certain neuronal population in vivo. In nontrans-
genic animals or in Tg mice expressing full-length PrP; how-
ever, cytosolic PrP has been observed only in subpopulations of
neurons of the hippocampus, neocortex, and thalamus, and its
presence was not associated with signs of neurodegeneration
(43, 44). This observation, along with the evidence that expres-
sion of signal peptide-lacking PrP in cultured neurons protects
against Bax-induced apoptosis (18), indicates that cytosolic PrP2 L. Fioriti, S. Dossena, and R. Chiesa, unpublished observations..
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is not toxic and may actually perform a normal physiological
function in specific neuronal populations (45).

Unexpectedly, we find that expression of wild-type or mutant
PrPs exerts a modest but significant neuroprotective effect
toward proteasome inhibitor toxicity, which is most evident
after long-term treatment with high doses of MG132, ALLN
and epoxomicin (Figs. 2, B and C and 7C). Although the phys-
iological function of PrP remains uncertain, several pieces of
evidence indicate that PrP may play a role in protecting cells
from hypoxic and oxidative injury by increasing antioxidant
enzymes activities and glutathione level (46–50), and may
protect from several apoptosis-inducing insults, possibly by
inhibiting Bax-mediated pathways (18, 51–53). Moreover, sev-
eral pieces of evidence suggest that PrP may function as a
trophic receptor that leads to activation of a neuroprotective
state (54–56). Interestingly, neuronal death induced by protea-
some inhibitors is associated with increased generation of free
radicals, and decreased glutathione levels, as well as with
activation of Bax-mediated apoptosis (57, 58), suggesting that
the protective effect of PrP against the toxicity of the inhibitors
might be caused by the capacity of the protein to act on one or
more of these pathways. If this were the case, then our obser-
vation that PG14 and D177N PrP exert a neuroprotective effect
comparable to that of wild-type PrP (Figs. 2 and 7C) would
support the contention that pathogenic mutations do not alter
the physiological function of the protein (30, 59).

In conclusion, the data presented here argue that accumula-
tion of PrP in the cytosol and/or perturbation of PrP metabo-
lism through the proteasomal pathway are unlikely to be a
general pathogenic mechanism of prion diseases. These find-
ings have clinical implication. It was cautioned that the use of
proteasome inhibitors in biomedical research and in clinical
settings might increase the risk for development of prion dis-
ease (4, 60). The observation that proteasome inhibitors have
no effect on the metabolism and biochemical properties of PrP
expressed in cultured neurons, and that the neurotoxic effect of
these compounds is independent of PrP expression requires a
re-evaluation of this warning.
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176–197, Birkhäuser Verlag, Basel

24. Kascsak, R. J., Rubenstein, R., Merz, P. A., Tonna-DeMasi, M., Fersko, R.,
Carp, R. I., Wisniewski, H. M., and Diringer, H. (1987) J. Virol. 61,
3688–3693

25. Lehmann, S., and Harris, D. A. (1995) J. Biol. Chem. 270, 24589–24597
26. Stewart, R. S., and Harris, D. A. (2003) J. Biol. Chem. 278, 45960–45968
27. Ma, J., and Lindquist, S. (1999) Nat. Cell Biol. 1, 358–361
28. Ma, J., and Lindquist, S. (2002) Science 289, 1785–1788
29. Chiesa, R., and Harris, D. A. (2000) J. Neurochem. 75, 72–80
30. Fioriti, L., Quaglio, E., Massignan, T., Colombo, L., Stewart, R. S., Salmona,

M., Harris, D. A., Forloni, G., and Chiesa, R. (2005) Mol. Cell Neurosci. 28,
165–176

31. Gorodinsky, A., and Harris, D. A. (1995) J. Cell Biol. 129, 619–627
32. Capellari, S., Parchi, P., Russo, C. M., Sanford, J., Sy, M. S., Gambetti, P., and

Petersen, R. B. (2000) Am. J. Pathol. 157, 613–622
33. Lehmann, S., and Harris, D. A. (1996) Proc. Natl. Acad. Sci. U. S. A. 93,

5610–5614
34. Chiesa, R., Pestronk, A., Schmidt, R. E., Tourtellotte, W. G., Ghetti, B.,

Piccardo, P., and Harris, D. A. (2001) Neurobiol. Dis. 8, 279–288
35. Porcile, C., Piccioli, P., Stanzione, S., Bajetto, A., Bonavia, R., Barbero, S.,

Florio, T., and Schettini, G. (2002) Ann. N. Y. Acad. Sci. 973, 402–413
36. Rane, N. S., Yonkovich, J. L., and Hegde, R. S. (2004) EMBO J. 23, 4550–4559
37. Lippincott-Schwartz, J., Roberts, T. H., and Hirschberg, K. (2000) Annu. Rev.

Cell Dev. Biol. 16, 557–589
38. Lippincott-Schwartz, J., Yuan, L. C., Bonifacino, J. S., and Klausner, R. D.

(1989) Cell 56, 801–813
39. Wang, X., Wang, F., Sy, M. S., and Ma, J. (2005) J. Biol. Chem. 280, 317–325
40. Bush, K. T., Goldberg, A. L., and Nigam, S. K. (1997) J. Biol. Chem. 272,

9086–9092
41. Kamhi-Nesher, S., Shenkman, M., Tolchinsky, S., Fromm, S. V., Ehrlich, R.,

and Lederkremer, G. Z. (2001) Mol. Biol. Cell 12, 1711–1723
42. Stockel, J., and Hartl, F. U. (2001) J. Mol. Biol. 313, 861–872
43. Mironov, A., Jr., Latawiec, D., Wille, H., Bouzamondo-Bernstein, E., Legname,

G., Williamson, R. A., Burton, D., DeArmond, S. J., Prusiner, S. B., and
Peters, P. J. (2003) J. Neurosci. 23, 7183–7193

44. Barmada, S., Piccardo, P., Yamaguchi, K., Ghetti, B., and Harris, D. A. (2004)
Neurobiol. Dis. 16, 527–537

45. Roucou, X., Gains, M., and LeBlanc, A. C. (2004) J. Neurosci. Res. 75, 153–161
46. Brown, D. R., Schulzschaeffer, W. J., Schmidt, B., and Kretzschmar, H. A.

(1997) Exp. Neurol. 146, 104–112
47. White, A. R., Collins, S. J., Maher, F., Jobling, M. F., Stewart, L. R., Thyer,

J. M., Beyreuther, K., Masters, C. L., and Cappai, R. (1999) Am. J. Pathol.
155, 1723–1730

48. Rachidi, W., Vilette, D., Guiraud, P., Arlotto, M., Riondel, J., Laude, H.,
Lehmann, S., and Favier, A. (2003) J. Biol. Chem. 278, 9064–9072

49. Nishimura, T., Sakudo, A., Nakamura, I., Lee, D. C., Taniuchi, Y., Saeki, K.,
Matsumoto, Y., Ogawa, M., Sakaguchi, S., Itohara, S., and Onodera, T.
(2004) Biochem. Biophys. Res. Commun. 323, 218–222

50. McLennan, N. F., Brennan, P. M., McNeill, A., Davies, I., Fotheringham, A.,
Rennison, K. A., Ritchie, D., Brannan, F., Head, M. W., Ironside, J. W.,
Williams, A., and Bell, J. E. (2004) Am. J. Pathol. 165, 227–235

51. Kuwahara, C., Takeuchi, A. M., Nishimura, T., Haraguchi, K., Kubosaki, A.,
Matsumoto, Y., Saeki, K., Yokoyama, T., Itohara, S., and Onodera, T. (1999)
Nature 400, 225–226

52. Bounhar, Y., Zhang, Y., Goodyer, C. G., and LeBlanc, A. (2001) J. Biol. Chem.
276, 39145–39149

53. Kim, B. H., Lee, H. G., Choi, J. K., Kim, J. I., Choi, E. K., Carp, R. I., and Kim,
Y. S. (2004) Brain Res. Mol. Brain Res. 124, 40–50

54. Shmerling, D., Hegyi, I., Fischer, M., Blattler, T., Brandner, S., Gotz, J.,
Rulicke, T., Flechsig, E., Cozzio, A., von Mering, C., Hangartner, C., Aguzzi,
A., and Weissmann, C. (1998) Cell 93, 203–214

55. Chiarini, L. B., Freitas, A. R., Zanata, S. M., Brentani, R. R., Martins, V. R.,
and Linden, R. (2002) EMBO J. 21, 3317–3326

56. Solforosi, L., Criado, J. R., McGavern, D. B., Wirz, S., Sanchez-Alavez, M.,
Sugama, S., DeGiorgio, L. A., Volpe, B. T., Wiseman, E., Abalos, G.,
Masliah, E., Gilden, D., Oldstone, M. B., Conti, B., and Williamson, R. A.
(2004) Science 303, 1514–1516

57. Lang-Rollin, I., Vekrellis, K., Wang, Q., Rideout, H. J., and Stefanis, L. (2004)
J. Neurochem. 90, 1511–1520

58. Kikuchi, S., Shinpo, K., Tsuji, S., Takeuchi, M., Yamagishi, S., Makita, Z.,
Niino, M., Yabe, I., and Tashiro, K. (2003) Brain Res. 964, 228–236

59. Asante, E. A., Li, Y. G., Gowland, I., Jefferys, J. G., and Collinge, J. (2004)
Neurosci. Lett. 360, 33–36

60. Kisselev, A. F., and Goldberg, A. L. (2001) Chem. Biol. 8, 739–758

Proteasome Inhibitors Toxicity and PrP11328

 by guest on July 23, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


Gianluigi Forloni and Roberto Chiesa
Luana Fioriti, Sara Dossena, Leanne R. Stewart, Richard S. Stewart, David A. Harris,

Expressing Pathogenic PrP Mutations
Cytosolic Prion Protein (PrP) Is Not Toxic in N2a Cells and Primary Neurons

doi: 10.1074/jbc.M412441200 originally published online January 4, 2005
2005, 280:11320-11328.J. Biol. Chem. 

  
 10.1074/jbc.M412441200Access the most updated version of this article at doi: 

 Alerts: 

  
 When a correction for this article is posted•  

 When this article is cited•  

 to choose from all of JBC's e-mail alertsClick here

  
 http://www.jbc.org/content/280/12/11320.full.html#ref-list-1

This article cites 59 references, 29 of which can be accessed free at

 by guest on July 23, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/lookup/doi/10.1074/jbc.M412441200
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;280/12/11320&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/280/12/11320
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=280/12/11320&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/280/12/11320
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/280/12/11320.full.html#ref-list-1
http://www.jbc.org/

