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Abstract
Transmissible Spongiform Encephalopathies are fatal and infectious neurodegenerative diseases
characterized by extensive neuronal apoptosis and the accumulation of an abnormally folded form
of the cellular prion protein (PrP), denoted PrPSC. Compelling evidence suggests the involvement
of several signaling pathways in prion pathogenesis, including proteasome dysfunction, alterations
in the protein maturation pathways and the unfolded protein response. Recent reports indicate that
endoplasmic reticulum stress due to the PrP misfolding may be a critical factor mediating neuronal
dysfunction in prion diseases. These findings have applications for developing novel strategies for
treatment and early diagnosis of transmissible spongiform encephalopathies and other
neurodegenerative diseases.
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INTRODUCTION
Transmissible spongiform encephalopathies (TSEs), also known as prion disorders are a group
of diseases that affect humans and animals and present a long incubation period. Once the first
clinical signs appear, the disease progression is relatively fast and death occurs in a short time.
Prion diseases 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 (for scrapie associated PrP) [1]. Etiologically, prion diseases can be classified
as infectious (derived from the exposure to material contaminated with infectious prions),
sporadic (spontaneous origin) or hereditary (inherited in an autosomal dominant manner).
Human familial TSEs include some forms of Creutzfeldt-Jacob disease (CJD), Gertmann-
Straussler-Sheinker (GSS) syndrome and fatal familial insomnia [2]. Inherited prion diseases
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in humans are genetically linked to different point mutations or increased number of
octapeptide repeats within the PrP open reading frame. Around 90% of the CJD cases are
sporadic. Infectious TSE diseases include kuru, which was propagated by cannibalism, and
iatrogenic CJD, which is spread by tissue transplantation, contamination of surgical tools or
inoculation with materials derived from CJD-infected tissues [1]. In animals, scrapie is the
equivalent disease in sheep and goats, and in cattle the bovine spongiform encephalopathy
(BSE) better known as “mad cow disease” [3]. The new variant form of CJD (vCJD) is the
newest and most frightening member of the TSE group in humans. Its appearance has been
undoubtedly linked to consumption of cattle infected with BSE.

In infectious forms of the disease, PrPSC formation from wild-type PrPC is initiated by the
exposition to exogenous infectious agents, promoting a conformational transition from α-
helical to β-sheet structure, resulting in the formation of PrPSC [4]. The biological function of
PrPC is unclear [5], but its expression is essential for the development of prion diseases since
PrPC-knockout mice are resistant to prion infection [6]. Under certain conditions, the
conversion of PrPC into PrPSC can be achieved in a cell-free conversion assays [7–9] in a highly
efficient manner [10]. Although the nature of the infectious agent has not been completely
elucidated, PrPSC seems to be the main constituent. In fact, recent reports demonstrated that
in vitro generated PrPSC in two different cell-free systems induce the disease when injected
into the brain of healthy animals [11,12] (Fig. 1A).

A number of studies indicate that neuronal death in humans and animals affected with TSEs
occurs through apoptosis and is observed mostly in terminally ill individuals [13]. Neuronal
dysfunction and synaptic alterations are likely earlier events responsible for the initial disease
symptoms [14]. Different strategies have been developed to understand the relationship
between PrP misfolding and neuronal dysfunction [13]. Hereditary prion diseases are linked
to point or insertional mutations in the PrP gene and transgenic mouse models expressing the
human-associated PrP mutant allele have proved the involvement of PrP in the disease process.
For example, a transgenic mice model of familial prion diseases expressing the PrP homologue
of a nine-octapeptide insertional mutation showed accumulation of protease-resistant PrPSC

and apoptotic cell death of the cerebellar granule cells, in addition to progressive ataxia [15].
Another transgenic mice expressing PrP fragments die spontaneously by ataxia, showing an
accumulation of protease resistant PrP within neuronal dendrites and cell bodies, apparently
causing apoptosis [16,17].

Attempts to understand the molecular basis of neuronal dysfunction in prion diseases have led
to the search for in vitro models to analyze the exact role of PrPSC in neurodegeneration.
Preliminary characterization employed the PrP fragment spanning the sequence 106–126
(PrP106-126), which has been extensively used to induce cell death in neuronal cultures [18–
20]. The use of PrP106–126 has been questioned as an appropriate model of prion toxicity
because it has never been found in vivo. Besides, several days of incubation and high
concentrations of this peptide are needed to observe cell death (between 50 to 100 μM). As an
alternative and more relevant approach, the toxicity of purified PrPSC from scrapie-infected
brains was explored by different groups. Brain derived-PrPSC purified from scrapie-infected
animals is cytotoxic in vitro at nanomolar concentrations [21–25]. However, immortalized
neuronal and neuroglial cell lines persistently infected by prions generally show no overt signs
of cytotoxicity, although producing readily detectable amounts of PrPSC and infectivity [26,
27]. A possible explanation for the lack of toxicity of endogenous PrPSC produced in N2a
neuroblastoma cells is that since these cells divide rapidly, they do not accumulate enough
PrPSC to lead to cell death. In agreement with this idea, scrapie-infected neuroblastoma cells
are more susceptible to apoptosis triggered by brain-derived PrPSC [24]. Moreover, a recent
article described that scrapie-infection of primary cultures trigger apoptosis, strongly arguing
for a direct role of PrPSC in the neurodegeneration process [28]. This subject had gained more
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complexity since in vivo, the acute neuron-targeted depletion of PrP in the brain of mice with
ongoing infection is able to prevent neuronal loss and progression to disease. Moreover, a
reversion of early spongiform change was observed despite marked accumulation of PrPSC in
non-neuronal cells [29]. This finding suggested that the prion replication process per se is an
important component of the pathology but the mechanism explaining these observations is not
yet available.

PROTEIN QUALITY CONTROL AND PrPSC-LIKE GENERATION
PrPC is a glycophosphatidyl inositol (GPI) anchored protein located in membrane subdomains,
denominated detergent resistant-membranes or lipid rafts [30]. The subcellular localization of
PrPSC in this plasma membrane subcompartment is relevant for the replication process, because
alterations on the cholesterol or sphingolipid composition or replacement of the GPI anchor
signal, rendering the protein soluble, impact the ability of prion-chronically infected cells to
replicate PrPSC [31]. In addition a similar treatment modulates PrPSC toxicity in vitro [23].

During wild type PrP synthesis and maturation, a GPI anchor is added in the ER, one
intramolecular disulfide bond is formed and the amino and carboxy-terminal regions are
cleaved in the signal sequences (review is [30,32]). After this process, mature glycosylations
are added in the Golgi compartment at two different positions, and the mature protein traffic
to the cell surface, mostly into lipid rafts structures (Fig. 2). Recent work suggested that the
protein quality control may play an active role in modulating prion protein aggregation and
neuronal cell death (review in [33]). Approximately 10% of nascent PrP molecules are
subjected to ER-associated degradation (ERAD) pathway through the proteasome [34,35]. 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” [36]. The first evidence for a role of the proteasome system in the pathogenesis of
prion diseases came from studies using cell lines expressing a mutated form of PrP associated
with GSS Syndrome [37]. The authors described that the mutation PrPY145 stop leads to an
accumulation of PrP in intracellular compartments. Pharmacological inhibition of the
proteasome induces an increase in the amount of intracellular mutant PrP, mainly in the ER,
Golgi and nucleus [37]. Part of the accumulated PrP escape the ER quality control and can be
detected as aggregates in post-Golgi compartments, while a proportion of this protein never
exit the ER. Another PrP mutant, PrPQ217R, was shown to be accumulated and aggregated in
the ER [38] and is also subjected to ERAD, ubiquitinated and degraded by the proteasome
system [36].

Susan Lindquist’s group proposed that proteasome inhibition leads to the accumulation of fully
matured PrP in the cytoplasm that exhibits some of the biochemical properties of PrPSC, such
as insolubility in non-ionic detergents and partial resistance to protease degradation (here
termed PrPSC–like) [35,39,40]. Transgenic mouse expressing a cytosolic PrP mimicking the
PrP form generated through the ERAD process (lacking the N-terminal signal peptide and C-
terminal GPI addition sequence anchor), developed severe ataxia with cerebellar degeneration
and gliosis [41]. However, another report argued that neither wild type or mutant forms of PrP
are subjected to retrograde transport prior to proteasome degradation [42]. The authors
described that only a small number of PrP molecules, both mutant (PrP14 and PrPD177N) and
wild type PrP, are degraded by the proteasome. These PrP molecules represent aberrant chains
that have been translated in the cytoplasm and have not been translocated into the ER lumen.
Despite these, mutant PrP forms are significantly delayed in their transit along the early part
of the secretory pathway, being possible that the differential alteration of PrP maturation upon
mutations may be the triggering step in the toxicity of abnormal PrP molecules. Leblanc and
co-workers suggested that cytosolic PrP is not toxic to primary neuronal cultures and do not
show any PrPSC-like properties as those observed in neuroblastoma cell lines [43]. Conversely,
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they showed that PrPC has an anti-apoptotic activity (review in [5]), even when it is expressed
in the cytosol [43]. The analysis of proteasome involvement should be performed in more
relevant diseases-associated models or in individuals affected with naturally occurring forms
of prion diseases to solve this controversy in the field.

A recent report suggested that misfolded PrP might be targeted to aggresomes contributing to
prion-mediated neuronal dysfunction [44]. The authors described that mild proteasome
inhibition leads to apoptosis only in cells chronically infected with scrapie prions and not in
control cells. More interestingly, this toxic effect was associated with the formation of
intracellular protein aggregates in aggresomes containing PrPSC, chaperones, ubiquitin and
proteasome subunits [44]. Aggresomes are subcellular structures in which misfolded protein
aggregates accumulate inside the cell, which are then ubiquitinated and delivered to the
proteasome for degradation [45,46]. Ubiquitination of PrP was described in the brain of scrapie-
infected mice at the terminal stage of the disease [47]. An alternative explanation for PrP
toxicity might be that the accumulation of misfolded prion protein may leads to proteasome
dysfunction due to an inability of the cells to degrade this highly protease-resistant protein
(Fig. 2). Proteasome dysfunction may in turn lead to ER stress through a general accumulation
of misfolded proteins normally generated by the ERAD pathway, poisoning the cells with
cytotoxic protein aggregates. Indeed, proteasome inhibition triggers ER stress [48].

ER STRESS AND NEURONALDYSFUNCTION IN TSEs
The viability of a cell strictly depends on the functional and structural integration of
intracellular organelles. Alteration of ER function leads to the accumulation of misfolded
proteins in this organelle, triggering an stress response termed the unfolded protein response
(UPR) [49,50]. The UPR is an adaptive process that aims the restoration of homeostasis and
affects the expression of proteins involved in nearly every aspect of the secretory pathway.
The UPR has basically two components [49]: A pro-survival component mediated by the up-
regulation of multiple chaperones, folding enzymes, in addition to an increase in the efficiency
of the ERAD pathway and a general decrease in protein translation into the ER. Depending on
the cellular system, different subset of chaperones and folding enzymes have been shown to
be upregulated during an UPR, including chaperones of the glucose-regulated proteins (GRPs),
disulfide isomerases, heat-shock proteins (HSPs) and others [51]. These proteins may recover
the homeostasis of the ER by attenuating the toxicity of misfolded proteins, by correcting the
misfolding or by increasing their degradation [51].

When the stress level overcomes the ability of the cell to maintain the overload of misfolded
proteins in the ER, specific pro-apoptotic components trigger cellular death. This pathway
includes the activation of the ER-resident caspase-12 [52] (in rodents and its putative human
homolog caspase-4 [53]), the induction of the transcriptional factor CHOP/GADD153 [54,
55], the down regulation of particular ER-chaperones and the activation of several pro-
apoptotic kinases such as c-Jun-N terminal Kinase [56,57]. Pro-caspase-12 can be activated
by the calcium dependent protease, m-calpain. Active caspase-12 leads to the processing and
activation of downstream caspases triggering cell death by apoptosis [52,58]. However, the
role of caspase-12 and caspase-4 in ER stress-mediated apoptosis is still controversial [59] and
requires more in vivo validation. CHOP/GADD153 is known to induce the down regulation of
the anti-apoptotic protein Bcl-2 [60] and also induces cell death by promoting protein synthesis
and oxidation in the stressed ER [54]. Many other components are known to be involved in
ER stress-mediated apoptosis (for reviews see [61]).

The up-regulation of UPR responsive chaperones, such as Grp78/BiP, Grp94 and Grp58, was
observed in the cortex of patients affected with variant CJD and sporadic CJD validating the
idea that prion replication triggers ER stress [24]. Another study, using proteomic analysis,
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also described that Grp58 is highly expressed in the cerebellum of humans patients affected
with sporadic CJD [62]. Highly purified PrPSC from the brain of scrapie-infected mice induces
ER stress and caspase-12-dependent apoptosis in vitro [24]. This was associated with a release
of calcium from the ER and upregulation of GRPs. Specific targeting of the anti-apoptotic
protein Bcl-2 to the ER membrane, or expression of a dominant negative form of caspase-12
decrease the sensitivity of neuroblastoma cells to PrPSC cytotoxicity. In addition, scrapie-
infected neuroblastoma cells were shown to be more susceptible to ER stress-induced apoptosis
than non-infected cells, supporting the idea that PrPSC replication alters the homeostasis of the
ER [24].

Mice infected with 139A-scrapie prions develop the first signs of ER stress during the pre-
symptomatic phase of the disease. The first alterations observed soon after PrPSC formation
include the induction of the disulfide isomerase Grp58 [25] (Fig. 1B). By contrast, a transient
induction of Grp78 and Grp94 was observed in those mice at the beginning of the symptomatic
phase. Unexpectedly, no indication of CHOP/GADD153, calnexin or Hsp70 induction was
observed in 139A-scrapie infected mice brains, suggesting that PrP misfolding triggers a non-
classical ER stress response [25]. In that model, only at the late stage of the disease neuronal
loss is observed and correlates with pro-caspase-12 processing and inversely correlates with
Grp58 expression [24] (Fig. 1B). In mice infected with the ME7 strain of scrapie, Brown and
co-workers reported an expression profile analysis of pre-clinical scrapie-infected
hippocampus showing that most of the genes affected by prion infection are related with
proteins implicated in ER stress and oxidative stress [63].

In vitro studies using N2a neuroblastoma cells demonstrated that components of the UPR have
a drastic effect in maintaining cellular viability upon accumulation of misfolded PrP. For
example, the expression of the disulfide isomerase Grp58 protect cells against PrPSC toxicity
[25]. An interaction between Grp58 and PrP was observed, that was increased in cells infected
with scrapie prions or in cells treated with proteasome inhibitors, suggesting that this chaperone
has a higher affinity for misfolded PrP. However, the ability of those cells to be infected with
scrapie is not affected by the modulation of Grp58 expression levels (Hetz and Soto,
unpublished results). Thus, PrP misfolding per se may be recognized as an ER stress factor
triggering an irreversible response that culminates in neuronal loss.

It remains to be determined how the accumulation of misfolded PrP or PrPSC replication
triggers ER stress. The possibility that abnormal prions target directly the ER remains to be
explored. We have described that scrapie infection triggers an abnormal subcellular distribution
of PrP at the terminal stage of the disease, where PrPSC is no longer located in lipid rafts
structures [14]. Scrapie infection leads to a decrease in the glycosylation of PrP early in the
disease progression, suggesting that the homeostasis of the secretory pathway may be altered
[64,65]. On the other hand, the stimulation of retrograde transport toward ER increases the
accumulation of PrPSC in prion-infected neuroblastoma cells [66] and several PrP mutants
associated with inherited prion diseases are retained in this organelle [36,38]. In addition,
expression of mutant PrP induces aggregation of wild type PrP in the ER [67]. Taking together,
it is possible to suggest that alterations in prion protein intracellular metabolism are directly
linked with the pathologenesis of TSEs.

CONCLUDING REMARKS
In this review, we have described a general overview of the biochemical and cellular events
involved in the pathogenesis of TSEs. PrP maturation is a highly regulated process and the
cellular signaling pathways responsible for the elimination of misfolded prion protein appear
to play a key role in controlling the cellular fate. Compelling evidence indicate that the
accumulation of misfolded PrP (mutant PrP or infectious PrPSC) irreversibly damage the
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homeostasis of the cell. Particularly relevant seems to be the induction of chronic ER stress
that leads to cellular damage. Irreversible stress to the ER has been implicated in the pathology
of several neurodegenerative disorders associated with the accumulation of misfolded protein
aggregates [50]. For example, the expression of mutant polyglutamine containing proteins
(ataxin-3, androgen receptor and huntingtin) induce ER stress-dependent apoptosis in different
experimental systems in vitro [68–71]. Transgenic mice expressing a mutant SOD1 allele
involved in amyotrophic lateral sclerosis triggers ER stress in the spinal cord linked with
caspase-12 activation [72–74]. In-toxin based models of Parkinson activation of the UPR is
observed in vitro and in vivo in dopaminergic neurones [75–78]. Aggregated amyloid beta
peptide (implicated in Alzheimer’s disease) triggers ER stress in vivo when injected into the
brain of healthy animals [79,80]. In addition, in many other conditions of neuronal dysfunction,
such as brain trauma and ischemia, the involvement of the UPR/ER stress pathway has been
implicated [81]. Finally, mice homozygous for the woozy mutation develop adult-onset ataxia
with cerebellar Purkinje cell loss [82]. This mutation affect a co-factor of the chaperone Grp78/
BiP and leads to intracellular protein accumulations reminiscent of protein inclusions in both
the ER and the nucleus [82]. In addition, upregulation of the UPR is observed in this mouse
model, demonstrating that alteration of ER homeostasis can lead to neurodegenerative
conditions.

It remains to be established at the molecular level how disease-related protein misfolding
Shows ER stress and which is the exact contribution to neuronal dysfunction. A proper
understanding of the molecular cross-talk between the different pathways that control protein
folding, misfolding, trafficking and clearance is imperative to determine which cellular
processes mediate neuronal dysfunction. This knowledge is crucial for the development of
rationally-designed therapeutic strategies for TSEs and other neurodegenerative disorders.
Assuming that protein misfolding is the triggering event in the development of these diseases,
therapeutic approaches that prevent or reverse this process might have beneficial consequences
for disease treatment.
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Fig. 1.
(A) A model for TSE progression. The hallmark event in the disease is the misfolding of
PrPC to form the -sheet-rich PrPSC. Upon interaction and aggregation of endogenous PrPC with
infectious PrPSC, PrPC is misfolded into the pathological form. This process proceeds in a
cyclic manner during the course of the disease, generating increasing amounts of PrPSC.
Deposition of PrPSC protein aggregates leads to the formation of amyloid prion rods. The final
cause of clinical symptoms associated with TSEs is the extensive spongiform degeneration of
the brain due to neuronal dysfunction. (B) Correlation between protein misfolding, ER stress
and disease features in a murine-scrapie model. The kinetic of neuronal loss, PrPSC

accumulation, caspase-12 activation and the expression levels of Grp58 in thalamus and cortex
is presented over time. Also, the progression of clinical signs of the disease is shown. To
facilitate the comparison, the data is shown as relative values normalized as a percentage of
the maximum value observed for each parameter (data from [25]).
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Fig. 2.
Cellular pathways involved in the synthesis, folding, secretion, trafficking, clearance and
neurotoxicity of the prion protein. During synthesis, immature PrP is proteolytically processed
in the amino- and carboxy-terminus signal peptide sequence in the ER, and GPI membrane
anchor is added. After its transit through the Golgi compartment, mature glycosylations are
attached to the protein, and PrP is exported to the cell surface. During the normal cycle, PrP
can be internalized by endocytosis and re-targeted to the plasma membrane or delivered to
degradation in lysosomes. A fraction of PrPC is usually misfolded during this process,
undergoing degradation through the proteasome pathway. Scrapie infection triggers PrPSC

generation at the plasma membrane and in early endocytic vesicles. PrPSC may trigger ER
stress due to intracellular accumulation or proteasomal dysfunction. Extensive ER stress
activates specific cell death pathways, which are negatively regulated by different components
of the UPR including Grp58 and many other chaperones, folding enzymes and formation of
aggresomes.
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