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Abnormal calcium homeostasis
and protein folding stress at the ER
A common factor in familial and infectious prion disorders
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Prion-related disorders (PrDs) are caused by the accumulation
of a misfolded and protease-resistant form of the cellular
prion, leading to neuronal dysfunction and massive neuronal
loss. In humans, PrDs have distinct etiologies including
sporadic, infectious and familial forms, which present
common clinical features; however, the possible existence
of common neuropathogenic events are not known. Several
studies suggest that alterations in protein folding and quality
control mechanisms at the endoplasmic reticulum (ER) are
a common factor involved in PrDs. However, the mechanism
underlying ER dysfunction in PrDs remains unknown. We have
recently reported that alterations in ER calcium homeostasis
are common pathological events observed in both infectious
and familial PrD models. Perturbation in calcium homeostasis
directly correlated with the occurrence of ER stress and higher
susceptibility to protein folding stress. We envision a model
where alterations in ER function are central and common
events underlying prion pathogenesis, leading to general
alterations on protein homeostasis networks.

The presence of abnormal protein inclusion in the brain is a
common pathologic feature of many neurodegenerative dis-
eases, including Alzheimer’s disease (AD), Parkinson’s disease,
Huntington’s disease, Amyotrophic lateral sclerosis and Prion-
related Disorders (PrDs).! PrDs, also known as transmissible
spongiform encephalopathies, are fatal neurodegenerative dis-
eases affecting humans and other mammals, characterized by a
spongiform degeneration of the brain and progressive neuronal
loss.? At the biochemical level, PrDs are associated with the accu-
mulation and deposition of the abnormal and misfolded form
of the cellular prion protein (PrP¢), termed PrPRF (for protease
resistant form).? Depending on its etiology, PrDs can be divided
in three main forms, familial, sporadic and infectious.? Familial
PrDs including Creutzfeld-Jackob disease (C]JD), fatal famil-
ial insomnia (FFI) and Gerstmann-Striussler-Scheinker syn-
drome (GSS), are all linked to mutations in the gene encoding

*Correspondence to: Claudio Hetz; Email: chetz@med.uchile.cl
Submitted: 01/29/11; Accepted: 01/30/11
DOI: 10.4161/cib.4.3.15019

258

Communicative & Integrative Biology

PrP€, PRNP and represent approximately 10% of total cases. In
humans, the infectious form is very rare and accounts for less
than 1% of total cases, highlighting the new variant Creutzfeld-
Jackob disease (vC]D). The sporadic CJD underlay around 90%
of total PrD cases in humans.?? The mechanism triggering the
misfolding of PrP€ in infectious forms is very unusual. The most
accepted “protein-only” hypothesis postulates that infectious
prion pathogenicity results from a direct interaction between the
infectious/misfolded PrP form, termed PrPR**S, and the native
folded and fully matured PrP€. This interaction is predicted to
induce a conformational change of its primarily a-helical struc-
ture to an insoluble B-sheet conformation, a process that occurs
cyclically on an autocatalytic manner as we and others have dem-
onstrated.>* In PrD familial forms, PrP misfolding occurs due
to direct mutations in the PRNP gene. The factors involved in
the misfolding of PrP in sporadic cases are still unknown. It is
possible that environmental factors, together with specific genetic
backgrounds (mutation of genes different of PRNP), or unde-
tected somatic mutations may increase the susceptibility to gener-
ate de novo PrP*® in sporadic CJD.

PrP is a membrane attached protein that undergoes post-trans-
lational processing in the endoplasmic reticulum (ER) and Golgi,
including the addition of a glycosyl phosphatidyl inositol (GPI)
anchor, C- and N-terminal proteolytic processing, formation of
one disulphide bond, the addition of N-linked glycosylations.’
After trafficking through the secretory pathway, fully matured
PrP€ localizes in the outer surface of the plasma membrane in
cholesterol-rich lipid domains (lipids rafts), and cycle through
the endocytic pathway with a half live of ~6 hours.” During the
folding process at the ER, around 10% of PrP€ is naturally mis-
folded and eliminated through the ER-associated degradation
(ERAD) pathway by proteasomes.® In the case of the familiar
form of PrDs, some PrP mutants are retained and aggregated
in the ER and Golgi, where they may exert their pathological
effects.” However, the molecular mechanisms explaining the neu-
rotoxicity of PrP mutants and the factors regulating this process
are still elusive. In contrast to PrP mutants linked to familial
PrDs, the generation of misfolded PrP in infectious forms of the
disease is proposed to occur at the plasma membrane and dur-
ing its cycling through the endocytic pathway.”® However, many
studies in infectious PrDs models also have shown the trafficking
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Figure 1. ER stress and altered calcium homeostasis in Prion-related Disorders. Misfolded mutant PrP associated with inherited forms of PrDs accumu-
late in the ER and may affect the activity of proteins controlling the influx/efflux of calcium (i.e., SERCA, IP3Rs and/or RYRs), decreasing in the long term
ER calcium content. This event may alter the activity of several ER chaperones involved in protein folding and quality control mechanisms, generating
ER stress. Chronic ER stress will induce sustained activation of the unfolded protein response (UPR), leading to neuronal apoptosis. In contrast, a frac-
tion of the infectious PrP form may be transported from the plasma membrane/endosomes to ER, where it may interact with yet unknown receptors

inducing an early and sustained calcium release to the cytoplasm sensitizing cells to mitochondrial-mediated apoptosis.

and accumulation of PrP*® at the cytosol and ER of the infected

cells.? 12

Altered ER Homeostasis in Prion-related Disorders

Different stress condition can affect the normal ER homeostasis,
interfering with the correct folding of proteins in the ER lumen.
This condition, termed “ER stress,” engages a complex inte-
grated signaling cascade known as the unfolded protein response
(UPR).” The UPR aims reestablishing homeostasis by recover-
ing the capacity of the cell to synthesize properly folded proteins
at the ER.

Several groups have observed the occurrence of ER stress
responses in PrDs including the activation of the UPR transcrip-
tion factor XBP-1 splicing® and the action of JNK and ERK.""
In human CJD patients and mouse models, the upregulation of
several chaperons and foldases such as such as Grp78/BiP, Grp94
and Grp58/ERp57 proteins is observed, suggesting abnormal
ER homeostasis.""** The levels of ERp57 increase even during
the asymptomatic stage of the disease, and it is detected in high
levels in brain regions that are more resistant to undergo degen-
eration in scrapie prion-infected mice.” Additionally, in studies
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using Neuro2a neuroblastoma cells we demonstrated that ERp57
operates as a neuroprotective factor against infectious PrP*® neu-
rotoxicity.!® Interestingly, ERp57 co-immunoprecipitates with
PrP.'® In addition to these results, a proteomic analysis of post-
mortem brain samples from patients affected with sporadic CJD
demonstrated that ERp57 is highly expressed in the pathology.?
A recent report suggests that the expression of a GSS-linked PrP
mutant triggers ER stress in a cellular model.?!

Perturbations of ER homeostasis leads to generation of inter-
mediary misfolded forms of PrP, increasing its susceptibility to
be converted into PrP** in vitro.”?* This partial misfolding of
PrP€, may be reverted by the overexpression of UPR components
such as XBP-1, ATF4 and ATF6,” suggesting that the UPR
has an active role in preventing neurodegeneration. In cellular
models, ER stress conditions reduce PrP co-translational trans-
location, favoring accumulation of aggregation-prone cytosolic
species, which retain the signal sequence but lack N-glycans and
disulfides.?® Inhibition of proteasomes further increases the lev-
els of cytosolic PrP.>* Overexpression of UPR transcription factor
XBP1 facilitated ER translocation, suggesting possible neuro-
protective effects of this pathway.?* Similarly, other groups have
shown that cytosolic accumulation of PrP lead to accumulation
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PrPRES-like species normally degraded by ERAD, leading to neu-
101L19.23527 - However, exposition of a XBP-1 deficient
mouse to scrapie prions did not alter PrP misfolding or patho-

rotoxicity.

genesis," neither caspase-12 deficiency (an ER located caspase),
modified disease progression on an infectious PrD mouse model.”
Another report suggested that neurodegeneration in PrDs might
be dependent on chronic ER stress produced by PrP*Fs accumula-
tion due to persistent activation of a “preemptive” quality control
system (pQC) that aborts the ER translocation of PrP leading to
cytosolic accumulation of PrP, resulting in neurotoxicity.”

Abnormal Calcium Homeostasis:
A Common Factor in the Pathogenesis of Prions

There are many different cellular perturbations that can gener-
ate ER stress including expression of mutant proteins, altered
protein maturation, abnormal redox status, chaperone inactiva-
tion and inhibition of the proteasome or the ERAD pathway. In
addition, decreased ER calcium content is an important factor
leading to ER stress.?® In neurons, calcium signals play a relevant
role as a second messenger, controlling synaptic functions and
cell viability. At basal conditions, ER calcium concentrations are
close to 300 WM, whereas cytosolic calcium concentrations usu-
ally are 5-50 mM.? Several key ER chaperones require optimal
calcium concentrations for their protein folding activity.’® Thus,
ER-calcium depletion may inhibit the folding and maturation
proteins.®' Besides, sustained increase of cytosolic calcium may
also induce mitochondrial-mediated apoptosis via the activation
of proteins like calcineurin or by overload of mitochondrial cal-
cium (Fig. 1).%? For this reason, the regulation of specific con-
centration of calcium in the cytosol and ER lumen are critical
for maintain normal cellular functions and protein homeostasis.

It has been suggested that synthetic peptides derived from PrP
primary sequence may affect calcium homeostasis.*?* However,
these peptides as such have not been observed in PrDs in vivo.
Recently, we described the contribution of calcium to the patho-
genesis of infectious and familial PrD forms.*” Using purified
PrPRES from the brain of scrapie-infected mice we evaluated its
impact on ER stress responses and calcium homeostasis. We

found that acute exposition of PrP*ES of Neuro2a cells induces
release of ER-calcium and ER stress, associated with the upreg-
ulation of several chaperones and foldases including ERp57,
BiP and Grp94. Consistent with these results, cells chronically
infected with scrapie prions presented altered ER calcium con-
tent. Scrapie infected cells were more susceptible to undergo ER
stress-mediated cell death, associated with a stronger UPR activa-
tion after exposition of these cells to ER stress-inducing agents.?’
We then examined the possible contribution of calcium abnor-
malities in models of familial PrDs. We generated neuronal cells
expressing PrP mutants related to FFI and familial CJD, in addi-
tion to a mutant form that is suggested to operate as a misfolded
intermediate. Cells expressing mutant PrP were more susceptible
to ER stress-inducing agents and presented abnormal ER calcium
content.”’

It remains to be determined what is the exact mechanism
underlying disturbed ER calcium homeostasis and ER stress in
PrDs. Interestingly, similar to PrP mutants we observed that a
fraction of infectious PrPRES was also locate to the ER.* One
interesting model to test is the possibility that PrP, may interact
with proteins that control the levels of calcium like the calcium
ATPase SERCA, or the calcium channels IP3 receptors and/or
ryanodine receptors as suggested for example in Huntington’s
disease models.”” Under chronic conditions, this release of cal-
cium may occur slowly, generating in the long term a decrease
in the ER steady state calcium levels, generating ER stress. Both,
reduction of calcium inside of ER and increase in the cytosol
could lead to drastic alterations in protein homeostasis, sensitiz-
ing cells to cell death (Fig. 1). In this scenario, the design of small
molecules to target calcium handling proteins may represent a
novel therapeutic strategy against PrDs and other protein mis-

folding disorders.
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