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affects humans and animals and presents a long incubation
period, but a rapid clinical progression once symptoms appear.
TSEs are characterized by neurological dysfunction that may
include dementia, ataxia, and psychiatric disturbances. The
central molecular event in the pathogenesis of prion diseases is
the conversion of the normal cellular prion protein, termed
PrPC, into the pathological form denoted PrPSc (1). The generation of PrPSc is associated with defined structural changes,
leading to characteristic alterations in the biochemical properties of the protein such as insolubility in non-denaturating
detergents and partial resistance to proteases. Although the
detailed mechanism of prion conversion is not entirely clear, it
involves the formation of conformational intermediates and
oligomerization processes (1).
PrPC is a glycosylphosphatidylinositol-anchored protein
located in membrane subdomains, denominated detergent-resistant membranes, or lipid rafts (2– 4). PrP undergoes a series
of post-translational modifications during its passage through
the ER, including the addition of the glycosylphosphatidylinositol anchor, the formation of the intramolecular disulfide
bond, the removal of the amino- and carboxyl-terminal signal
peptides and the initial addition of glycosylation chains (3, 5).
Glycosylation is completed in the Golgi apparatus, and the
mature protein traffics to the cell surface.
Several pieces of evidence have suggested an important role
for cellular PrP trafficking and clearance pathways in PrPSc formation. Recent studies suggested that malfunction of the protein quality control has an active role in PrP misfolding and
neuronal death (reviewed in Ref. 6). Approximately 10% of nascent PrP molecules are subjected to ER-associated degradation
(ERAD) through the proteasome (7, 8). ER chaperones, like
Grp78/BiP, have been implicated in the process of recognition
of misfolded PrP for proteasomal degradation, playing a role in
the maintenance of PrP quality control (9). Some PrP mutants
associated with hereditary forms of TSEs are accumulated at
the ER/Golgi (10 –16). Inhibition of the proteasome in cells
overexpressing PrPC leads to the cytosolic accumulation of PrP
forms that exhibit some of the biochemical properties of PrPSc,
such as insolubility in non-ionic detergents and partial resistance to protease degradation (8, 17, 18). However, this PrP form
is not associated with infectivity. The role for the proteasome in
PrPSc formation has also been supported by experiments showing that mild proteasome inhibition leads to apoptosis only in
cells chronically infected with scrapie prions and not in control
cells (19). This toxic effect is associated with the formation of
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Prion diseases are fatal and infectious neurodegenerative disorders characterized by the accumulation of an abnormally
folded form of the prion protein (PrP), termed PrPSc. Prion replication triggers endoplasmic reticulum (ER) stress, neuronal
dysfunction, and apoptosis. In this study we analyze the effect of
perturbations in ER homeostasis on PrP biochemical properties
and prion replication. ER stress led to the generation of a misfolded PrP isoform, which is detergent-insoluble and proteasesensitive. To understand the mechanism by which ER stress generates PrP misfolding, we assessed the contribution of different
signaling pathways implicated in the unfolded protein response.
Expression of a dominant negative form of IRE1␣ or XBP-1 significantly increased PrP aggregation, whereas overexpression of
ATF4 or an active mutant form of XBP-1 and ATF6 had the
opposite affect. Analysis of prion replication in vitro revealed
that the PrP isoform generated after ER stress is more efficiently
converted into PrPSc compared with the protein extracted from
untreated cells. These findings indicate that ER-damaged cells
might be more susceptible to prion replication. Because PrPSc
induces ER stress, our data point to a vicious cycle accelerating
prion replication, which may explain the rapid progression of
the disease.
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stress conditions, whereas expression of a dominant negative
form of IRE1␣ and XBP-1 increased PrP aggregation. Using the
protein misfolding cyclic amplification (PMCA) assay (39) to
produce the cell-free conversion of PrPC into PrPSc, we demonstrated that a PrP substrate from cells subjected to ER stress is
more rapidly and efficiently converted into PrPSc than the protein from healthy cells. Our results suggest that alterations of
ER homeostasis may influence the folding of PrP, forming an
intermediate more prone to form PrPSc. These findings have
important implications for understanding the molecular basis
of prion replication and to develop novel strategies for
treatment.

MATERIALS AND METHODS
Cell Culture, Viability Assay, and Transfections—Neuro2A
cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum and antibiotics (10,000
units/ml penicillin and 10 g/ml streptomycin), at 37 °C and 5%
CO2. Cell viability was quantified using 3-(4,5-dimethylthazol2-yl)-5,3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) and phenazine methosulfate (CellTiter96威
Aqueous, Promega, Madison, WI) assays.
Expression vector for green fluorescent protein (GFPu) construct was kindly provided by R. Kopito (Stanford University,
Stanford, CA) (40). Murine PrP was cloned by reverse transcription-PCR from Neuro2A RNA and cloned into pCDNA3
using the HindIII and EcoRI restriction sites. Mouse PrP with
the hamster epitope 3F4 was designed as previously described
(41). Green fluorescent protein (GFP) was fused to the aminoterminal of PrP at codon 25. Stably expressing Neuro2A cells
were produced by transfection using SuperFect kit (Qiagen,
Valencia, CA) following the manufacturer’s instructions as
described before (37). The production of expression vectors for
HA-IRE1␣, HA-IRE1␣⌬C (42), XBP-1s, XBP-1DN (24, 43),
ATF6⌬C (25), ATF4, and MYC-CHOP (27) was previously
described.
PrP Analysis—To assess detergent insolubility, post-nuclear
cell lysates were generated in 1.5% Nonidet P-40 prepared in
phosphate-buffered saline in the presence of protease inhibitors (Roche Applied Science). Cell lysates were diluted in 5%
Sarkosyl and centrifuged in a TL100 centrifuge at 48,000 rpm
for 1 h at 4 °C, and pellets were analyzed by Western blot. Alternatively, before harvesting the cells, a treatment with 5 units/ml
phosphatidylinositol-phospholipase C was performed. Protease resistance was assessed by treating post-nuclear extracts
with proteinase K (PK, 5 or 50 g/ml) for 30 min at 37 °C, and
the reaction was stopped by adding phenylmethylsulfonyl fluoride followed by boiling in electrophoresis sample buffer. PrP
was analyzed by Western blot. PrP immunofluorescence was
performed as described before (38).
SDS-PAGE and Western Blot Analysis—Cell lysates were
prepared in radioimmune precipitation assay buffer (20 mM
Tris, pH 8.0, 150 mM NaCl, 0.1% SDS, 0.5% deoxycholic acid
detergent, 0.5% Triton X-100) containing a protease inhibitor
mixture (Roche Applied Science). Protein concentration was
determined by micro-BCA assay (Pierce). The equivalent of
30 –50 g of total protein was loaded onto 4 –12% SDS-PAGE
minigels (Novex NuPage, Invitrogen) and analyzed by Western
VOLUME 282 • NUMBER 17 • APRIL 27, 2007

Downloaded from www.jbc.org at UNIVERSIDAD DE CHILE, on March 19, 2010

intracellular protein aggregates in aggresomes containing
PrPSc, chaperones, ubiquitin, and proteasome subunits (19).
Alteration of ER homeostasis leads to the accumulation of
misfolded proteins in this organelle activating the unfolded
protein response (UPR) (20, 21). Activation of the UPR triggers
the up-regulation of multiple chaperones, folding enzymes,
and proteins involved in the ERAD pathway (20). In this way,
the UPR increases the folding capacity of the ER and reduces
the load of unfolded proteins (20). The UPR is controlled by the
activation of three stress sensors located on the ER membrane,
known as IRE1␣ (inositol-requiring transmembrane kinase and
endonuclease), PERK (double-stranded RNA-activated protein
kinase-like ER kinase), and ATF6 (activating transcription factor 6). IRE1␣ is a Ser/Thr protein kinase/endoribonuclease
that, upon activation, initiates the unconventional splicing of
the mRNA encoding the transcriptional factor X-Box-binding
protein 1 (XBP-1) (22, 23). This leads to the formation of a more
stable and potent transcriptional activator. Spliced XBP-1 upregulates a subset of UPR-related genes involved in protein
folding and ERAD (24). PERK directly phosphorylates and
inhibits the translation initiation factor eIF2␣, decreasing the
overload of misfolded proteins in the ER (20). Conversely,
eIF2␣ phosphorylation activates the translation of the activating transcription factor 4 (ATF4), which also induces UPR-related genes. A third UPR pathway is initiated by ATF6, a type II
ER transmembrane protein, encoding a bZIP transcriptional
factor on its cytosolic domain (25). Upon ER stress, ATF6 is
exported to the Golgi, where it is processed. Cleaved ATF6 then
translocates to the nucleus where it increases the expression of
grp78/bip and xbp-1 transcription (23).
When the stress level overcomes the ability of the cell to
control the overload of misfolded proteins in the ER, specific
pro-apoptotic components trigger cellular death. This pathway
is not well characterized yet and includes the induction of the
transcriptional factor CHOP/GADD153 (26, 27), up-regulation
of pro-apoptotic members of the BCL-2 protein family (28), and
activation of several caspases, including the ER-resident
caspase-12 in rodents (29 –31). We and others have previously
shown that ER stress plays an important role on TSE pathogenesis (32–38). The up-regulation of UPR-responsive chaperones,
such as Grp78/BiP, Grp94, and Grp58, was observed in the
cortex of patients affected with variant and sporadic
Creutzfeldt-Jakob disease (33, 38), in mice infected with scrapie
prions, and in neuroblastoma cells treated with brain-derived
PrPSc. Moreover, overexpression of the disulfide isomerase
Grp58 was shown to be an early event in prion pathogenesis,
closely following PrPSc formation (37). The interaction between
PrP and this chaperone modulates the neurotoxic activity of
PrPSc (37).
In this study we explored the involvement of ER stress in
prion replication. Our results indicate that treatment of
Neuro2A cells or primary cortical neurons with different compounds that specifically alter ER homeostasis led to the formation of detergent-insoluble misfolded PrP aggregates. No significant changes on total PrP levels or on the targeting of PrP to
the plasma membrane were observed. Mechanistically, we
showed that expression of spliced XBP-1, ATF6, or ATF4
decreased accumulation of misfolded PrP aggregates under ER
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FIGURE 1. Proteasome inhibitors induce ER stress in Neuro2A cells.
A, N2A-mPrP cells were treated with 15 M MG132 (MG) or 6 M epoxomycin
(Epox) for 16 h, and the levels of PrP, GADD153/CHOP, Grp58, Grp78/Bip, and
pro-caspase-12 were determined by Western blot. B, Neuro2A cells stably
transfected with a dominant negative form of caspase-12 (caspase-12DN) or
empty vector (mock) were treated with 6 M epoxomycin (Epox), 15 M lactacystin (Lacta), or 15 M MG132, and after 24 h of incubation cell viability was
determined by the MTS assay. Data show the mean ⫾ S.D. of two different
experiments performed in triplicate. NT, non-treated cells.

medium was changed by neurobasal medium supplemented
with B27 (1⫻), 2 mM glutamine, penicillin (100 units/ml),
and streptomycin (100 g/ml). After 3 days of culture, 4 M
Ara-C was added for 48 h to prevent the proliferation of
non-neuronal cells. After 2 days of recovery, cells were subjected to the experiments.
Protein Misfolding Cyclic Amplification—Neuro2A cells stably transfected with PrP-3F4 were treated with 6 M epoxomycin or 50 M brefeldin A for 16 h. Post-nuclear extracts were
generated in phosphate-buffered saline containing 1% Triton
X-100 and 1.5% Nonidet P-40. Cell lysates were mixed with
different dilutions of brain homogenates (10% prepared in
phosphate-buffered saline) from mice infected with the Rocky
Mountain Laboratory scrapie strain. Eight PMCA cycles were
performed, each consisting of 4-h incubation and one sonication step (10 pulses with 10% power) using a manual sonicator
(Bandelin Electronic, model Sonopuls, Germany). As controls,
identical samples were frozen at ⫺70 °C without amplification.
After PMCA, samples were treated with 50 g/ml PK for 1 h at
45 °C and analyzed by Western blot using 3F4 anti-PrP
antibody.

RESULTS
Proteasome Inhibition Triggers ER Stress—Inhibition of proteasome activity has been shown to alter the physicochemical
properties of PrP (7, 8). Proteasome function is essential for
normal ERAD and relief of ER stress under damage conditions.
Moreover, proteasome inhibition has been shown to trigger ER
stress (46, 47). To study the effect of ER stress in PrP properties
and prion replication, we analyzed first the relationship
between proteasome functioning and ER homeostasis. After
treatment of Neuro2A cells overexpressing low levels of mouse
PrP (mPrP-N2A) with two different proteasome inhibitors
(epoxomycin and MG132), an increase in PrP level was
observed (Fig. 1A). Because the three glycosylation forms of PrP
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blotting as described before (37). The following antibodies and
dilutions were used: 6H4 anti-PrP 1:10,000 (Prionics, Zurich,
Switzerland), 3F4 anti-PrP 1:10,000 (Signed Laboratories), antiCaspase-12, 1:5,000 (Exalpha, Watertown, MA), anti-Grp78/
Bip and anti-Grp58, 1:5,000 (StressGene, San Diego, CA), antiHA, 1:1,000 (Roche Applied Science), anti-Myc, 1:2,000 (Santa
Cruz Biotechnology, Santa Cruz, CA), anti-XBP-1, 1:1,000
(kindly provided by Laurie Glimcher), ATF4, 1,1000 (Santa
Cruz Biotechnology), and ATF6, 1:1,000 (kindly provided by
Laurie Glimcher). pCDNA-dn-XBP was constructed by removing the region downstream of the EcoRV site of XBP-1s cDNA
in the pCDNA-XBP-1s plasmid. For the generation of IRE1␣
constructs, PCR-amplified human IRE1␣ cDNA was ligated
with a linker containing the HA tag sequences, and then
inserted into pMSCVhygro plasmid (Clontech, Mountain
View, CA) between BglII and XhoI sites to generate IRE1␣-HA.
IRE1␣-(N)-HA containing the amino acid sequences of 1–500
of human Ire1␣ was constructed by inserting the PCR-amplified fragment of IRE1␣ cDNA (5⬘-GGAGATCTCGCCATGCCGGCCCGGCGG-3⬘ and 5⬘-GGACGCGTGGGTGGAAGGGCAGCTGC-3⬘, restriction enzyme sites are underlined) into
the vector, which had HA tag sequences.
RNA Extraction and Reverse Transcription-PCR—Total
RNA was prepared from primary cortical neurons using TRIzol
(Invitrogen), and cDNA was synthesized with SuperScript III
(Invitrogen) using random primers p(dN)6 (Roche Applied Science). Quantitative real-time PCR reactions employing SYBR
green fluorescent reagent were done in an ABI PRISM 7700
system (Applied Biosystems, Foster City, CA). The relative
amounts of mRNAs were calculated from the values of comparative threshold cycle by using ␤-actin as control. Primer
sequences were designed by Primer Express software (Applied
Biosystems). Real-time PCR was performed as previously
described (44) using the following primers: grp78/bip, 5⬘-TCATCGGACGCACTTGGAA-3⬘ and 5⬘-CAACCACCTTGAATGGCAAGA-3⬘; grp58, 5⬘-GAGGCTTGCCCCTGAGTATG-3⬘ and 5⬘-GTTGGCAGTGCAATCCACC-3⬘; Chop/
gadd153, 5⬘-GTCCCTAGCTTGGCTGACAGA-3⬘ and 5⬘TGGAGAGCGAGGGCTTTG-3⬘; and xbp-1, 5⬘-CCTGAGCCCGGAGGAGAA-3⬘ and 5⬘-CTCGAGCAGTCTGCGCTG-3⬘.
XBP-1 mRNA splicing assay was done as previously
described (43, 45). In brief, PCR primers 5⬘-ACACGCTTGGGAATGGACAC-3⬘ and 5⬘-CCATGGGAAGATGTTCTGGG-3⬘
encompassing the spliced sequences in xbp-1 mRNA was used
for the PCR amplification with AmpliTaq Gold polymerase
(Applied Biosystems). We separated the PCR products by electrophoresis on a 3% agarose gel (Agarose-1000, Invitrogen) and
visualized them by ethidium bromide staining.
Primary Cortical Neurons—Cortical neurons were prepared
from mouse embryos at E16.5. Pregnant mice were killed by
CO2 exposure, and embryos were removed under sterile conditions. Brain cortexes were collected, meninges were eliminated,
and the tissue was treated with trypsin for 15 min at 37 °C. The
cells were then dissociated by two successive trituration and
sedimentation steps. Cells were resuspended in Dulbecco’s
modified Eagle’s medium containing 10% horse serum and
plated at a density of 1.6 ⫻ 106cells/well on polylysine precoated 6-well plates (BD Bioscience). After 4 h of culture,
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drugs known to alter the ER homeostasis, including tunicamycin (a
N-glycosylation inhibitor), brefeldin A (an ER-Golgi trafficking
inhibitor), thapsigargin (an ER-calcium ATPase inhibitor), and
A23187 (a calcium ionophore). Acting through different mechanisms,
all these drugs lead to ER stress and
UPR activation by inducing the
accumulation of misfolded proteins
in the ER (20). As expected, tunicamycin led to an accumulation of the
non-glycosylated form of PrP and
brefeldin A treatment generated an
intermediate electrophoretic pattern associated with immature glycosylation (Fig. 2A). Thapsigargin
treatment did not alter the glycosylation of the protein, and the calcium ionophore resulted in a similar
effect as brefeldin A (Fig. 2A). PrP
expression levels after these treatFIGURE 2. ER stress alters the physicochemical properties of PrP independent of the proteasome. N2A- ments are not significantly different
mPrP cells were treated for 16 h with 6 M epoxomycin, 50 M brefeldin A, 1.3 M A23187, 1 g/ml tunicamycin,
from untreated cells, except for the
or 6 M thapsigargin. A, in cells undergoing ER stress, total PrP, GADD153/CHOP, and actin levels were determined by Western blot. In the upper panel, D-, M-, and N- correspond to the di-, mono-, and non-glycosylated case of tunicamycin. As expected,
forms of PrP. B, in parallel, after the indicated treatments, detergent insolubility was determined in samples centri- treatment with these ER stressors
fuged in 5% Sarkosyl, and the quantity of PrP in the pellet was analyzed by Western blot. Co-precipitation of Grp58
and Grp78 in the same samples is shown. C, protein extracts from cells treated with ER stressors or epoxomycin were led to up-regulation of GADD153/
digested with 5 g/ml PK or left untreated, and PrP levels were analyzed by Western blot. D, proteasome activity CHOP (Fig. 2A). All ER stressors
was monitored in cells stably expressing GFPu by fluorescence-activated cell sorting analysis. GFP fluorescence tested induced, at different extents,
emission was determined in cells treated for 6 h with ER stress inducers (50 M brefeldin A, 6 M thapsigargin,
C
1 g/ml tunicamycin, or 1.3 M A23187) or proteasome inhibitors (6 M epoxomycin or 15 M lactacystin), and the aggregation of PrP , as measdata are shown in the right and left graphs, respectively. NT, non-treated cells.
ured by the recovery of the protein
in the pellet after centrifugation in
are all increased upon proteasome inhibition, this effect may be non-denaturing detergents (Fig. 2B). As a positive control, an
due in part to an increase activity of the cytomegalovirus pro- experiment with cells treated with the proteasome inhibitor
moter used to overexpress PrP, as previously reported (48). epoxomycin resulted in the generation of extensive amounts
Analysis of several ER stress markers revealed that proteasome of detergent-insoluble PrP (Fig. 2B), as previously deinhibition altered the homeostasis of the ER, reflected in the scribed (7, 8, 18). Interestingly, co-precipitation of Grp78 and
induction of the ER stress marker GADD153/CHOP, and the Grp58 was observed in the detergent-insoluble protein pellets
ER chaperones Grp58 and Grp78/BiP (Fig. 1A). In addition, containing aggregated PrP in all treatments tested when comprolonged proteasome treatment (24 h) led to activation of the pared with control experiments (Fig. 2B).
The sensitivity of PrP to PK treatment was also assessed.
ER resident caspase-12, as measured by a decrease in the levels
of the inactive pro-caspase-12 form (Fig. 1A). It is well known None of the ER stress treatments tested turned PrP into a prothat in vitro it is very difficult to observe the caspase-12 active tease-resistant form even after mild protease treatment (5
fragments, and it is commonly used as a measure of the acti- g/ml PK, Fig. 2C). In contrast, cells treated with epoxomycin
vation of this caspase, the decrease of the precursor (38). In showed PK-resistant PrP after treatment with 5 g/ml PK. No
agreement with this observation, overexpression of a domi- PK-resistant PrP was observed by epoxomycin treatment after
nant negative form of caspase-12 (the catalytic mutant incubations with higher concentration of PK normally used to
caspase-12(C298A)) (38) decreased cellular death induced detect PrPSc from scrapie-infected brain samples (such as 50
by three different proteasome inhibitors compared with cells g/ml PK; data not shown). It is important to mention that
transfected with empty vector (Fig. 1B). These data indicate proteasome inhibition lead to the generation of PK-resistant
that proteasome inhibition triggers ER stress, and this path- species with different molecular weight than PrPSc obtained
way mediates at least in part cellular death induced by pro- from scrapie-infected mice, suggesting that their protein conteasome dysfunction.
formations may be different.
ER Stress Induces the Aggregation of PrPC—Based on the
To study whether the effect of ER stress on PrPC aggregation
observation that proteasome inhibition triggers ER stress, we was mediated by proteasome dysfunction (an indirect effect),
assessed the putative contribution of ER stress per se to PrP we analyzed the proteasome activity of living cells undergoing
misfolding. mPrP-N2A cells were treated with four different ER stress. To monitor proteasome activity, we stably trans-
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fected Neuro2A cells with an expression vector for the reporter
protein GFPu, a GFP fusion protein with a proteasome degradation signal (49). Fluorescence-activated cell sorting analysis
of N2A-GFPu cells treated with brefeldin A, tunicamycin,
A23187, or thapsigargin for 6 h revealed no alteration in the
basal GFPu fluorescence, suggesting no alteration in the proteasome activity (Fig. 2D, left panel). As a positive control, cells
were treated with proteasome inhibitors (epoxomycin or lactacystin), observing an accumulation of GFPu reflected in an
increase in the fluorescence intensity emission (Fig. 2D, right
panel). These results suggest that the generation of detergentinsoluble PrP aggregates under ER stress conditions is not associated with alteration of the proteasome activity.
Normal PrPC Intracellular Trafficking in Cells Undergoing ER
Stress—To study the influence of ER stress in PrP maturation
process we stably expressed a GFP-PrP fusion protein in
Neuro2A cells. As shown in Fig. 3A, under non-stress condition
most of GFP-PrP is associated to the plasma membrane. Treatment of cells with lactacystin leads to a partial intracellular
accumulation of GFP-PrP. As expected, because brefeldin A
inhibits ER-Golgi trafficking, treatment with this ER stress
APRIL 27, 2007 • VOLUME 282 • NUMBER 17
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FIGURE 3. Subcellular localization of PrP in cells undergoing ER stress.
A, Neuro2A cells expressing a GFP-PrP fusion protein were treated with 15 M
lactacystin or 50 M brefeldin A, and PrP distribution was analyzed by immunofluorescence (green fluorescence). As intracellular markers, calnexin staining (red fluorescence) and nuclear staining (Hoechst, blue) were used. Superposition of PrP and calnexin staining resulted in a yellow color. B, merged
pictures from GFP-PrP and calnexin staining is shown in cells treated with 6
M thapsigargin, 1 g/ml tunicamycin, or 1.3 M A23187 for 16 h. C, cells
treated with tunicamycin (Tunica.) or brefeldin A (Bref. A) as described in Fig.
3B, were treated with phosphatidylinositol-phospholipase C (PI-PLC) for 5 h or
left untreated, and detergent-insoluble PrP was separated as described under
“Materials and Methods.” NT, non-treated cells.

agent resulted in intracellular accumulation of GFP-PrP (Fig.
3A). Remarkably, a significant fraction of the protein reached
the cell surface under ER stress conditions (Fig. 3, A and B). To
determine if the abnormally folded PrP molecules generated by
perturbation of ER homeostasis reached the outer face of the
plasma membrane, cells undergoing ER stress were treated with
phosphatidylinositol-phospholipase C to eliminate the cell surface PrP by cleaving the glycosylphosphatidylinositol anchor.
As shown in Fig. 3C, phosphatidylinositol-phospholipase C
treatment decreased the amount of detergent-insoluble PrP
detected in cell extracts after induction of ER stress with brefeldin A or tunicamycin. These results indicate that, under stress
conditions, a fraction of PrP molecules exhibiting the abnormal
properties can pass the ER quality control and appear in the
plasma membrane, where Prion replication is proposed to
occur (50). The interpretation of these results is that PrP insolubility is not due to an alteration in membrane interaction, but
rather the form produced by ER stress likely represents a
conformational intermediate with a different folding and/or
aggregation characteristics than PrPC.
ER Stress Triggers PrPC Misfolding and Aggregation in Primary Cortical Neurons—To confirm and support our observations in an experimental system not dependent on PrPC overexpression, we performed experiments in primary neuronal
cultures from embryonic brain cortex. In agreement with the
results described in Neuro2A cells, treatment of primary neuronal cultures with different ER stress agents induced to different extents the misfolding and aggregation of endogenous PrPC
(Fig. 4A), without changing substantially total PrP levels. No
PK-resistant PrP was generated under these conditions (data
not shown). Treatment induced a strong ER stress response,
associated with the activation of the three main signaling
branches of the UPR. Activation of IRE1␣ was assessed by
measuring xbp-1 mRNA splicing (Fig. 4B) and the expression of
spliced XBP-1 protein (Fig. 4C). Activation of PERK signaling
was determined by analyzing the expression levels of ATF4 (Fig.
4C) and the up-regulation of its target genes grp78/bip and
CHOP/GADD153 (Fig. 4D). ATF6 activation was indirectly
detected by measuring the up-regulation of xbp-1 mRNA levels
by quantitative reverse transcription-PCR (Fig. 4D) (51).
Activation of the UPR Prevents PrPC Aggregation—The UPR
is a survival pathway that aims the restoration of ER homeostasis under conditions of stress. The ER stress sensors IRE1␣,
PERK, and ATF6 control the up-regulation of many chaperones, foldases, and proteins involved on ERAD to reduce the
unfolded protein load in this organelle (20). To determine the
relative contribution of each stress sensor to PrPC misfolding
under ER stress conditions, we transiently transfected different
components of the UPR. As shown in Fig. 5, the co-expression
of 3F4-tagged PrP with a dominant negative form of IRE1␣ (a
carboxyl terminus deletion mutant lacking any enzymatic
activity) or with a dominant negative form of its downstream
target XBP-1 (43), led to a significant increase in PrP misfolding
and aggregation in cells undergoing ER stress (Fig. 5A). In
agreement with these observations, overexpression of the
active form of XBP-1 (spliced XBP-1 termed XBP-1s) completely blocked PrPC aggregation under the same conditions
(Fig. 5A). Similarly, expression of the transcriptional factor
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Several pieces of evidence suggest
that prion replication involves the
formation of a conformational
intermediate produced by interaction of PrPC with a host-encoded
conversion factor (41, 54, 55). The
biochemical differences in the PrP
form produced upon ER stress led
us to hypothesize that this PrP
conformer may represent such an
intermediate. We tested this
hypothesis by using extracts from
cells subjected to ER stress as a
substrate for PMCA. For these
studies we used Neuro2A cells
overexpressing mouse PrP with
the 3F4 epitope (N2A-PrP3F4).
This allowed us to unmistakably differentiate newly generated PrPSc
from the one present in the scrapiebrain inoculum used as a seed for
PMCA (Fig. 6A). N2A-PrP3F4 cells
were left untreated or stimulated
with 50 M brefeldin A or 6 M
epoxomycin for 16 h to induce ER
stress. Post-nuclear extracts containing similar quantities of PrP
were subjected to PMCA using two
FIGURE 4. ER stress triggers the aggregation of PrPC in primary neuronal cultures. A, primary cortical different dilutions of Rocky Mounneurons from embryonic day E16.5 were treated with 10 g/ml tunicamycin, 1 M thapsigargin, or 20 M tain Laboratory-scrapie brain hobrefeldin A for 16 h. The level of detergent-insoluble PrP was determined in protein extracts centrifuged in 5%
Sc
Sarkosyl by measuring the quantity of PrP in the pellet by Western blot (left blot). Total levels of PrP are shown mogenates as the source of PrP . As
in the same extracts (right blot). B, primary cortical neurons were treated with 10 g/ml tunicamycin for the expected, no PK-resistant PrPSc
indicated time points, and the splicing of xbp-1 mRNA was determined by reverse transcription-PCR of total
cDNA samples. Spliced and non-spliced XBP-1 PCR fragments are indicated. C, in parallel, primary neuronal from PrP-3F4 was observed in the
cultures were treated with 10 g/ml tunicamycin, 1 M thapsigargin, or 20 M brefeldin A for the indicated time mixture before PMCA. Interestpoints or left untreated (NT), and the expression levels of spliced XBP-1 protein (XBP-1s) and ATF4 were ana- ingly, in cell extracts from brefeldin
lyzed by Western blot. D, up-regulation of the mRNA for grp78/BiP, grp58, chop/gadd153, and xbp-1 was quantified by real-time PCR and normalized with the levels of ␤-actin in cells treated with 10 g/ml tunicamycin (Tm) A- or epoxomycin-treated cells,
for 8 h.
higher levels of PrPSc were produced after PMCA compared with
ATF4 or an active form of ATF6 (cleaved cytosolic ATF6) dras- an experiment made with extracts from non-treated cells (Fig.
tically reduced the generation of detergent-insoluble PrPC spe- 6B). The conversion rate using ER-stressed cells was severalcies in cells treated with brefeldin A. Co-expression of CHOP/ fold higher than that obtained with untreated cells, and these
GADD153 with PrPC did not affect the aggregation of PrPC (Fig. differences were not due to distinct quantities of PrPC, because
5A). No significant alterations in total PrPC expression levels or the same levels of PrP were used in all experiments (Fig. 6B,
spontaneous aggregation of PrPC (in the absence of ER stress) right panel). We also attempted to assess the effect of ER stress
were observed by overexpressing the mentioned UPR proteins on prion replication in living cells, using Neuro2A cells chron(Fig. 5A). Thus, activation of the UPR has a protective role ically infected with Rocky Mountain Laboratory-scrapie prions.
against PrPC misfolding under ER stress conditions. Fig. 5B However, these experiments were not possible, because ER
shows the expression levels of the UPR proteins in the cells used stressors are cytotoxic after prolonged treatments (data not
shown).
in these experiments.
PrPC from ER-stressed Cells Is Highly Susceptible to Conversion to PrPSc in Vitro—We have previously described a method DISCUSSION
Growing evidence indicates that the ER plays a role not only
called protein misfolding cyclic amplification (PMCA) to
induce prion replication in vitro (39). The PMCA technology in PrP synthesis and maturation, but also is intimately impliwas designed to convert a large quantity of PrPC into PrPSc cated in PrP toxicity and in the formation of the disease-assotriggered by minute quantities of the misfolded protein (52). ciated misfolded protein (reviewed in Ref. 5). Expression of sevStrikingly, the in vitro generated PrPSc is infectious to wild-type eral mutant PrP molecules associated with human hereditary
animals producing a disease with identical characteristics as TSEs resulted in the formation of cytotoxic PrP forms that were
the infectious agent isolated from brains of sick animals (53). retained early in the secretory pathway (9, 16, 55, 56). Stimula-
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FIGURE 5. Activation of the UPR decreases PrPC aggregation under ER
stress conditions. A, Neuro2A cells were transiently co-transfected with an
expression vector for mPrP-3F4 in the presence or absence of expression
vectors for HA-IRE1␣, HA-IRE1␣⌬C (dominant negative form of IRE1␣), XBP-1
active form (XBP-1s, spliced XBP-1), dominant negative XBP-1 (XBP-1DN),
active ATF6 (ATF6⌬C), ATF4, MYC-CHOP, or empty pDNA.3 vector (mock).
Forty-eight hours after the transfection, cells were treated with 10 M brefeldin A for 16 h or left untreated, and the generation of detergent-insoluble
PrP-3F4 species was analyzed by Western blot. All results are representative of
three independent experiments. B, control experiments to assess the expression levels by Western blot analysis of HA-IRE1␣, HA-IRE1␣⌬C, XBP-1s, XBP1DN, ATF6⌬C, ATF4, and MYC-CHOP in the experiments described in A.

tion of retrograde transport toward the ER increases the accumulation of PrPSc in prion-infected neuroblastoma cells (57).
Scrapie infection triggers changes on PrPC glycosylation suggesting that the homeostasis of the ER and Golgi is altered by
prion replication (58, 59). Finally, alteration of ER function is
involved in the neuronal death process observed in infectious
forms of TSEs (32, 37, 38).
It has been proposed that proteasomal dysfunction may participate in PrPSc-induced neurodegeneration by producing the
general accumulation of abnormally folded and immature proteins in the ER (6). This protein “traffic jam” may activate cell
death pathways involved in the ER stress response. Our results
support the notion that the mechanism by which proteasome
dysfunction induces cellular death is through the induction
of ER stress, as measured by an increased expression of
APRIL 27, 2007 • VOLUME 282 • NUMBER 17

GADD153/CHOP, ER chaperones, and caspase-12 processing.
These data led us to study the possibility that ER stress may
promote the generation of PrPSc-like species. Our results
showed that treatment of Neuro2A cells with compounds that
alter ER homeostasis generated a PrP isoform that was detergent-insoluble but not protease-resistant. Similar observations
were obtained with primary neuronal cultures treated with ER
stress agents. Immunolocalization experiments revealed that a
significant fraction of this misfolded PrP isoform reached the
plasma membrane, indicating that ER stress changes the folding of the protein rather than its membrane association. Conversely, inhibition of proteasome activity with epoxomycin
resulted in a different form of PrP, which is both insoluble and
mildly PK-resistant, confirming previous reports (7). The effect
of ER stress on PrP properties was not mediated by modification of the proteasome, as measured by the expression of GFPu,
a marker used to monitor proteasome activity.
The differences observed between the effects of ER stress and
proteasome inhibition suggest a different mechanism triggering PrP misfolding. Proteasome inhibitors produce accumulation of abnormal PrP molecules subjected to ERAD in addition
to altering ER homeostasis. In the case of PrP misfolding generated under ER stress, a general alteration of the ER-folding
machinery may trigger an extensive modification of the PrP
folding pathway. Consequences of ER stress include differential
expression of chaperones in the ER, changes in the environmental properties of this organelle, or alteration of the protein
quality control. In agreement with this hypothesis, manipulation of UPR signaling by overexpressing different components
of the pathway, such as the transcriptional factors XBP-1,
ATF4, and ATF6, significantly reduced PrPC aggregation under
ER stress conditions. Conversely, expression of a dominant
negative form of IRE1␣ or XBP-1 increased the aggregation of
PrPC under similar conditions. These findings indicate that
UPR activation reduces PrP misfolding. In agreement with our
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 6. ER stress facilitates prion replication. A, schematic representation of the experimental procedure used to study the influence of ER stress on
prion replication. B, Neuro2A cells stably expressing mPrP-3F4 were treated
with 50 M brefeldin A (Bref. A) or 6 M epoxomycin (Epox) for 16 h, and
post-nuclear cell lysates were mixed with Rocky Mountain Laboratory scrapie
brain homogenate (at 1:100 or 1:300 dilution) and subjected to eight cycles of
incubation and sonication (PMCA). The formation of protease-resistance
PrPSc was analyzed by Western blot after treatment of extracts with 50 g/ml
of PK as described under “Materials and Methods.” The levels of PrP-3F4 in the
total extracts before PK treatment are shown in the right panel.

ER Stress Triggers PrP Misfolding

FIGURE 7. Schematic model for the relationship between alterations in ER
homeostasis, PrP misfolding, and neurodegeneration. Our findings suggest that ER stress may play a central role in prion replication and neurodegeneration associated with TSEs. The data points to a vicious cycle in which
PrPSc formation promotes ER stress, which in turn facilitates prion replication
by inducing the partial misfolding and aggregation of PrPC (denoted as PrP*).
Activation of the UPR by ER stress conditions may have a protective effect by
preventing the misfolding of PrP.
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findings, a recent report described the accumulation of small
quantities of misfolded PrP species in the cytosol in cells treated
with ER stressors, due to a decreased translocation of PrP into
the ER (36). Overexpression of spliced XBP-1 protein prevented this process, indicating that the UPR may also control
the targeting of PrP to the ER. In a related study done in yeast
cells, expression of PrP led to generation of misfolded PrP molecules that are degraded by ERAD (35). More importantly,
overexpression of PrP leads to growth impairment in yeast cells
deficient in IRE1 (35), the only ER stress sensor present in yeast.
Taken together, these data suggest that the UPR has an active
role in controlling PrP pathogenesis. We are currently evaluating the contribution of ER stress on prion pathogenesis in vivo
by infecting with scrapie prions mice genetically deficient in
different UPR components.
It has been hypothesized that the prion conversion process
involves the generation of a folding intermediate, termed PrP*,
which likely represents a partially unfolded form of PrPC with
exposed fragments to permit the interaction with PrPSc (1, 41,
55). In the cell it is thought that PrP* is formed upon interaction
of PrPC with an as yet unidentified conversion factor (1, 41).
The changes of the biochemical properties of wild-type PrPC
observed in the current study prompted us to investigate if the
misfolded PrP molecule produced upon ER-stress may represent a PrP*-like form. Analysis of PrPSc generation in vitro using
PMCA (39) showed that PrP substrates derived from cells
treated with ER stress-inducing drugs or proteasome inhibitors
increased the rate of prion replication (Fig. 6B). The infectious
properties of this in vitro generated PrPSc remains to be determined, but its biochemical properties are identical to those
observed with PrPSc generated from control cells. We cannot
rule out that activation of ER stress may alter the expression of
chaperones and folding enzymes that could influence the efficiency of prion structural conversion by PMCA.
We propose that ER stress leads to the accumulation of a PrP
substrate that is more prone to be converted into PrPSc, which
may facilitate prion replication under disease conditions (Fig.
7). Imbalances of ER homeostasis are a frequent event in aging
(60), which may provide a molecular explanation for the fact
that most forms of TSE appear in elderly people. In addition,
considering previous reports from our group and other groups
showing that PrPSc replication induces ER stress, our current

findings point to the existence of a vicious cycle, in which the
induction of ER stress by prion infection may promote conformational changes in PrPC rendering the protein more susceptible to be converted into PrPSc. These cycles may result in an
amplification loop leading to an exponential increase in PrPSc
generation, neuronal dysfunction, and disease (Fig. 7). Therefore, ER stress seems to play a central and crucial role in the
development of prion diseases. In addition, there is growing
evidence suggesting that ER stress and the UPR is involved in
other protein conformational disorders (for a review, see Refs.
20), such as Parkinson disease (47, 61, 62), amyotrophic lateral
sclerosis (63– 67), Huntington disease (68, 69), and Alzheimer
disease (70). Our findings provide an alternative therapeutic
target for intervention against prion diseases. Compounds protecting ER homeostasis such as chemical chaperons (71, 72) or
disrupting the connection between alterations in ER functioning and PrP misfolding may be able to delay substantially prion
replication and disease onset.
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