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ABSTRACT. Disturbance of endoplasmic reticulum (ER) proteostasis is observed in Prion-related
disorders (PrDs). The protein disulfide isomerase ERp57 is a stress-responsive ER chaperone up-
regulated in the brain of Creutzfeldt-Jakob disease patients. However, the actual role of ERp57 in
prion protein (PrP) biogenesis and the ER stress response remained poorly defined. We have recently
addressed this question using gain- and loss-of-function approaches in vitro and animal models,
observing that ERp57 regulates steady-state levels of PrP. Our results revealed that ERp57 modulates
the biosynthesis and maturation of PrP but, surprisingly, does not contribute to the global cellular
reaction against ER stress in neurons. Here we discuss the relevance of ERp57 as a possible
therapeutic target in PrDs and other protein misfolding disorders.
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Prion-related disorders (PrDs) are fatal neu-
rodegenerative diseases characterized by spon-
giform degeneration of the brain and
neurological dysfunction, where the most

common forms are Creutzfeldt-Jakob disease
(CJD) in humans and scrapie and bovine spon-
giform encephalopathy (or mad cow disease) in
other animals. The accumulation of misfolded
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and protease resistant form of the prion protein
(PrP), referred to as PrPSc for the scrapie iso-
form, is the hallmark of these diseases. Accord-
ing to ‘the protein-only’ hypothesis, misfolded
PrP acts as a seed for the propagation of PrPSc

mediated by a conformational change of the
wild-type cellular prion protein (PrPC) through
a physical interaction, enriching its structure
with beta sheets. The etiology of PrDs is com-
plex and involves 3 main variants, including
familial forms, infectious, or of unknown origin
(sporadic forms).1 During the pre-symptomatic
phase of PrDs, PrP misfolds and propagates,
altering several cellular functions including the
homeostasis in the endoplasmic reticulum
(ER). As the disease progresses, synaptic dys-
function leads to dendritic loss and spongiform
degeneration, ending with extensive neuronal
death and global cognitive and motor dysfunc-
tion.2 Although PrDs are rare diseases, they are
becoming more relevant since the prion-like
mechanism of protein misfolding propagation
also operates in the disease spreading process
of prevalent disorders like Alzheimer’s disease
(AD), Parkinson’s disease (PD), and amyotro-
phic lateral sclerosis (ALS).3

Despite the fact PrP misfolding has been
extensively studied for more than 30 years, the
molecular pathways controlling its folding,
misfolding and clearance remain poorly under-
stood. Early studies have demonstrated that cel-
lular factors, in addition to intrinsic properties
of PrP structure, are critical to the efficiency of
PrP propagation.4 It is critical to gain insights
into these processes in order to generate effi-
cient therapeutic targets to prevent the initiation
and propagation of the protein misfolding pro-
cess in neurodegenerative diseases. PrPC is a
highly glycosylated protein containing an intra-
molecular disulfide bond and a GPI anchor that
targets the protein to lipid rafts at the plasma
membrane.1 PrP synthesis and maturation
occur in the secretory pathway, undergoing
processing and quality control at the ER, to fur-
ther glycosylation at the Golgi apparatus fol-
lowed by its sorting to the plasma
membrane.5,6 Around 10% of the newly syn-
thesized PrPC is not correctly folded, and
undergoes clearance through the ER-associated
degradation (ERAD) pathway.7 The ER-

resident chaperone Grp78/BiP has been impli-
cated in the process of recognition of misfolded
PrP for proteosomal degradation, playing a role
in the maintenance of PrP quality control. In
genetic forms of PrDs, the conformation
changes triggered by PrP mutations are pro-
posed to occur during its trafficking through the
ER, leading to its retention at the ER or the
Golgi apparatus, or a delay in its trafficking
through the secretory pathway.2 Consequently,
ER-resident chaperones may play a pivotal role
in controlling the folding/refolding and quality
control of PrP, thus emerging as novel thera-
peutic targets in PrDs.

Disturbance to ER proteostasis is a common
feature of most protein misfolding disorders
(PMDs) affecting the nervous system.8 The
accumulation of misfolded proteins at the ER
lumen causes stress.8 To restore ER proteosta-
sis, cells activate the unfolded protein response
(UPR), a signal transduction pathway that
orchestrates adaptation to protein folding stress
by boosting protein folding, quality control,
and degradation mechanisms. However, under
unresolvable ER stress, the UPR triggers apo-
ptosis through a crosstalk with mitochondria.9

ER stress and UPR activation have been exten-
sively described in models of infectious forms
of PrDs (see examples in10–13). At the mecha-
nistic level, alterations in ER calcium homeo-
stasis may be one of the factors generating ER
stress in PrDs.14 Interestingly, we and others
have described that ER stress triggers the par-
tial misfolding of PrP, enhancing its suscepti-
bility to be converted into PrPSc, suggesting a
vicious cycle between PrP propagation and
the occurrence of ER stress.15,16 One of the
main ER factors upregulated in PrDs is the
protein disulfide isomerase (PDI) family
member ERp57 (also known as PDIA3 or
GRP58)10,11,17,18 (Fig. 1A). ERp57 is an ER-
resident foldase that catalyzes disulfide bond
formation of a subset of glycoproteins and rep-
resents a key component of the calnexin and
calreticulin cycle (Fig. 1B).19 We previously
reported that ERp57 expression protects cells
against PrPSc toxicity,10 suggesting that chronic
ER stress may be part of the mechanism medi-
ating neuronal loss in PrDs. Interestingly, ER
stress may also contribute to early neuronal
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dysfunction in PrDs by inducing the activation
of the ER stress sensor PERK, which inhibits
protein synthesis by phosphorylating the
eukaryotic initiation factor 2a (eIF2a). This
event was proposed to repress the translation of
a cluster of synaptic proteins, generating neuro-
logical and behavioral impairment12,13

A proteomic study identified ERp57 as the
major protein up-regulated in sporadic CJD
brain tissue and speculated that it may partici-
pate in the global cellular response to proteosta-
sis impairment,17 a phenomenon that we
confirmed in new variant CJD in addition to
sporadic cases.11 PDIs are emerging as

FIGURE 1. ERp57, the calnexin/calreticulin cycle and PrP biosynthesis. (A) ERp57/PDIA3/Grp58
and PDIA1 are members of the Protein Disulfide Isomerase (PDI) family. The domain structure is
conserved in other members of the PDI family and is indicated using color code: in blue, catalytic
domains a and a’, in red and green, the non-catalytic b and b’ domains, respectively and in orange,
the ER retention signal. (B) Schematic representation of the protein folding activity of ERp57, com-
prising the oxidation, reduction and/or the isomerization of disulfide bonds in nascent glycoproteins.
(C) Schematic representations of the biosynthesis of Prion protein (PrP) through the secretory
pathway (left panel), emphasizing the impact of ERp57 deficiency (right panel). Left panel: Transla-
tion of PrP is directed toward the lumen of the endoplasmic reticulum (ER), where it receives a
series of post-translational modifications, including glycosylation, intramolecular disulfide bond,
and a GPI anchor that targets the protein to the plasma membrane. During its passing through the
ER, PrP undergoes processing and quality control, to then mature at the Golgi apparatus for its
sorting to the plasma membrane. Around 10% of the newly synthesized PrP is not correctly folded,
and undergoes clearance through the ER-associated degradation (ERAD) pathway. Right panel:
ERp57 deficiency alters PrP biosynthesis leading to alteration in the ratio of glycosylation, accumu-
lation of large aggregates of the protein due to cross-links by aberrant intermolecular disulfide
bonds, and reduction of steady-state levels of PrP protein related to decreased half-life of the pro-
tein, which lead to altered PrP trafficking.
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important stress factors in several PMDs in the
nervous system, including PrDs, AD and
ALS20 (Table 1). A physical interaction
between PrP with ERp57 has been also demon-
strated.10,21 Nevertheless, only few cell culture
studies have explored the contribution of
ERp57 to PrP misfolding.10

We have recently addressed this question
using a combination of cell culture and mouse
models, in addition to human post-mortem tis-
sue derived from CJD patients from Chile.22

We demonstrated increased levels of ERp57
and PDIA1 in Purkinje cells of CJD cases, sup-
porting previous reports.17 Using gain- and
loss-of-function approaches in vitro and in
vivo, we systematically studied the impact of
ERp57 on the synthesis and folding of PrP, in
addition to the susceptibility of cells to ER
stress. Unexpectedly, steady state protein levels
of PrP were directly dependent on ERp57
expression. These results were validated across
several cell lines, involving an alteration in the
half-life of the protein. Importantly, the impact
of ERp57 on steady-state PrP levels was
observed also on PrDs-linked mutants. More-
over, deficiency of ERp57 not only led to
decreased levels of PrP, but also caused accu-
mulation of large aggregates of the protein that

were possibly cross-linked by aberrant intermo-
lecular disulfide bonds. Notably, disulfide
bonds have been previously suggested to medi-
ate PrP misfolding and toxicity.23,24 These
results correlated with a physical interaction
between PrP and ERp57. We also validated
these findings on a novel ERp57 transgenic
mouse that we recently described25 in addition
to a conditional knockout mouse for ERp57 in
the central nervous system.22 Targeting ERp57
in vivo affected the ratio between glycosylated
and non-glycosylated forms of PrP.

Despite initial predictions, neither ERp57
deficiency nor its overexpression altered the
global susceptibility of cells to ER stress in
vitro and in vivo on a mouse model. This is con-
sistent with the fact that targeting XBP1 in the
brain, a major UPR transcription factor, does
not alter PrP replication or the neurodegenera-
tive process.18 Moreover, the upregulation of
PDIA1 and ERp57/Grp58 in scrapie prion-
infected animals was not altered upon Xbp1
deletion.18 Our recent results may help reinter-
preting previous findings in the puzzlingly rela-
tionship between ER stress and PrDs because
up-regulation of ERp57 in patient tissue has
been interpreted as part of the cellular mecha-
nism to adapt cells to ER proteostasis

TABLE 1. Role of Protein Disulfide Isomerases in neurodegenerative diseases.

Disease Effect Reference

PrDs � ERp57 and PDIA1 are upregulated in post mortem brain samples of CJD patients.

� ERp57 levels correlate with disease progression in murine scrapie models.

� ERp57 and PDIA1 expression protect against PrPSc toxicity in vitro.

� PDIA1 is nitrosylated in PrDs models.

� Inhibition of PDI activity reduces PrPSc replication in vitro.

10,20,22

AD � PDIA1 inhibits Tau aggregation.

� Pharmacological activation of ERp57 reduces clinical hallmarks of AD in mouse models.

� ERp57 physically interacts with amyloid-b and prevents its aggregation.

� Inhibition of ERp57 and PDIA1 protects against amyloid-b toxicity.

20,27,33

PD � PDIA1 is upregulated in many toxicological models of PD.

� PDIA1 is S-nitrosylated in brain tissue of PD patients.

20

ALS � ERp57 and PDIA1 mutations are risk factors to develop ALS.

� PDIA1 and ERp57 are upregulated in mouse models and post mortem tissue and CSF.

� Upregulation of ERp57 in blood of patients is a possible biomarker of the disease

� PDIA1 reduces mutant SOD1 aggregation in vitro.

� PDIA1 co-localizes with SOD1, FUS and TDP-43 inclusion in ALS-derived tissue.

20,29,31,32

HD � Inhibition of ERp57 or PDIA1 suppresses neuronal degeneration induced by mutant Huntingtin in

vitro.

20

A summary of selected literature related to protein disulfide isomerases in protein misfolding disorders (PMDs). Abbreviations used: PrDs,

Prion related Disorders; AD, Alzheimer disease; PD, Parkinson disease; ALS, Amyotrophic Lateral Sclerosis; HD, Hungtington’s disease.

Most primary references can be found in.20
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disturbances. Rather, increased ERp57 levels
may represent a specific response to tackle PrP
folding and possibly enhance synthesis effi-
ciency of a subset of ER client proteins that
may be relevant to neuronal function.

Little is known about therapeutic targeting
of PDIs in vivo in PrDs. Small molecules to
inhibit PDI activity or gene therapy approaches
may have specific applications depending on
the disease. PDI inhibitors represent efficient
anticancer compounds26 whereas they could
reduce neurodegeneration in models of Alz-
heimer or Huntington�s disease.27,28 Five mole-
cules where found that targeted ERp57 and
PDIA1 and inhibited the canonical apoptosis
pathway triggered by the PDIs. In vitro evi-
dence indicated that the overexpression of
ERp57 protects cells against the toxicity of
misfolded PrP and pharmacological inhibition
of PDIs increases PrPs replication rates.10 Mon-
itoring PDI levels in body fluids may also serve
as biomarkers in multiple neurodegenerative
diseases associated with protein misfolding and
ER stress as suggested in ALS.29,30 Thus, the
consequences of targeting PDIs in PMDs may
depend on the specific disease conditions.
Given the rising relevance of PDIs in PMDs,
and more specifically in PrDs, proof of con-
cepts are needed using pharmacological or
gene therapy approaches to validate PDIs as a
possible therapeutic avenue for these disorders.

Together, our findings point toward a
role of ERp57 in PrP biology (Fig. 1C).
We propose that upregulation of ERp57 in
the brain of CJD patients is a cellular
response to buffer PrP maturation itself and
not a reaction against global ER stress.
Although PrP mutants do not seem to cause
ER stress, at least in our hands, they can
alter ER calcium content,14 which may
translate into alterations to neuronal physi-
ology. Interestingly, we recently reported
that the overexpression of ERp57 in trans-
genic mice improves peripheral nerve
regeneration after mechanical injury, but it
did not affect the survival of dopaminergic
neurons on a model of Parkinson�s dis-
ease,25 suggesting that ERp57 may under-
lay the differential vulnerability of specific
cell types to disease-related perturbations.

In addition, we recently reported that muta-
tions in ERp57 and PDIA1 in ALS cases
operates as a risk factors to develop the
disease.31 Characterization of these PDIs
variants uncovered a novel role of these
foldases in promoting neuronal connectiv-
ity, a function that is lost in ALS contribut-
ing to the appearance of motor
symptoms.32 Along these lines, some
important questions arise: could ERp57
exert a protective role on a pathological
context involving replication of misfolded
PrP in vivo or other aggregation prone pro-
teins? Or, could ERp57 directly rescue the
toxic conformation of PrP? However it
may be feasible that the upregulation
ERp57 in CJD cases may enhance the
accumulation of protease-resistant PrP due
to increase availability of the PrPC sub-
strate. The answer to these questions will
reveal the potential of ERp57 as a possible
therapeutic target to treat PrDs and other
PMDs. Since ERp57 and other PDIs are
also deregulated in many neurodegenerative
diseases, the tools and animal models gen-
erated in our recent studies may represent
unique instruments to determine the func-
tional contribution of these ER foldases to
PMDs including PD, ALS and AD.
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