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a b s t r a c t

Proteins along the secretory pathway are co-translationally translocated into the lumen of the en-
doplasmic reticulum (ER) as unfolded polypeptide chains. Afterwards, they are usually modified with
N-linked glycans, correctly folded and stabilized by disulfide bonds. ER chaperones and folding enzymes
control these processes. The accumulation of unfolded proteins in the ER activates a signaling response,
termed the unfolded protein response (UPR). The hallmark of this response is the coordinated tran-
scriptional up-regulation of ER chaperones and folding enzymes. In order to discuss the importance of
the proper folding of certain substrates we will address the role of ER chaperones in normal physiological
conditions and examine different aspects of its contribution in neurodegenerative disease.

This article is part of a Special Issue entitled SI:ER stress.
& 2016 Elsevier B.V. All rights reserved.
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1. ER chaperones and proteostasis imbalance

Protein homeostasis (proteostasis) supports several dynamic
processes, including protein synthesis, folding, oligomerization
and turnover, which functions to ensure the integrity of the pro-
teome. Proteostasis imbalance is a key event in many neurode-
generative diseases (Doyle et al., 2013; Hetz and Mollereau, 2014;
Valastyan and Lindquist, 2014), which are grouped together as
protein misfolding disorders (PMDs). Misfolded proteins are dis-
ease-specific, tau and beta-amyloid in Alzheimer's disease (AD); α-
dores 1933, Santiago, Chile.
(S. Matus),
synuclein (α-syn) in Parkinson's disease (PD); RNA binding pro-
teins with prion-like domains in fronto temporal dementia (FTD)
and amyotrophic lateral sclerosis (ALS); polyglutamine containing
proteins in Huntington's disease (HD) and spinal cerebellar atax-
ias; and prion proteins (PrP) in Creuzfeldt-Jakob disease (Ling
et al., 2013; Vidal et al., 2014; Knowles et al., 2014).

The maintenance of endoplasmic reticulum (ER) proteostasis is
a highly complex process, which engages the coordination of
several proteins including chaperones, foldases and co-factors.
However, the disturbance in ER function due to accumulation of
misfolded or unfolded proteins induce a phenomenon known as
“ER stress” (Hetz, 2012). ER stress prompts an adaptive program
called unfolded protein response (UPR), an integrated signaling
cascade that controls the expression of target genes involved in ER
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Fig. 1. Role of ER-resident chaperone functions under physiological conditions. The ER chaperones contribute to protein folding (1) facilitating co-translational translocation
and helping protein folding, (2) enhancing retro-translocation and ERAD of misfolded or unfolded proteins and (3) modulating the ER luminal calcium storage.
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physiology (Hetz, 2012). Initially, the UPR increases the folding
capacity of the ER through an up-regulation of ER chaperones and
foldases, including binding immunoglobulin protein (BiP) (also
known as Grp78), Grp94, calreticulin (CRT), calnexin (CNX) and
protein disulfide isomerase (PDI) family members (Schroder and
Kaufman, 2005) (Fig. 1). Moreover, the removal of misfolded pro-
teins from the ER through ER associate degradation (ERAD) is also
regulated by the UPR via modulation of genes such as ER de-
gradation-enhancing alpha-mannosidase-like 1 (EDEM1) and
homocysteine-responsive endoplasmic reticulum-resident ubi-
quitin- like domain protein (HERP) (Vembar and Brodsky, 2008;
Hetz et al., 2011) (Fig. 1). Thus, the ER is an essential component of
the intracellular network able to transduce and to integrate in-
coming signals, to modulate and to react to its own luminal dy-
namics and to produce output signals in response to environ-
mental changes (Rutkowski and Kaufman, 2004; Corbett et al.,
2000).

In normal conditions, after synthesis, proteins must be folded
to accomplish their biological function. Membrane or secretion
proteins are incorporated to the ER where they acquire their
proper folded state facilitated by chaperones. In ER stress condi-
tions, chaperones can avoid the aggregation of unfolded poly-
peptide chains (Hartl et al., 2011; Kim et al., 2013), cooperate with
proteases to facilitate protein degradation (Alexopoulos et al.,
2012; Li and Lucius, 2013) and disaggregate protein aggregates
(Hodson et al., 2012; Winkler et al., 2012). Increasing evidence
implicates chaperone proteins defects in the etiology of PMDs
concurring aggregative processes. Recently, several studies de-
monstrated that chaperone proteins have a neuroprotective role in
different mouse models of neurodegeneration (Carman et al.,
2013; Witt, 2013; Wyatt et al., 2012). Upregulation of ER chaper-
ones, such as BiP, Grp94, CRT, CNX, and some members of the PDI
family, has been observed in early stages of activation of the UPR
(Schroder and Kaufman, 2005), during neurodegenerative dis-
eases. Moreover, these ER chaperones are involved in Ca2þ
homeostasis (Higo et al., 2005; Li and Camacho, 2004) and ERAD,
ameliorating protein misfolding within the ER (Gillece et al., 1999;
Molinari et al., 2002; Tsai et al., 2001). PDI family members per-
form crucial roles regulating ER stress by maintaining native
protein conformation and facilitating protein degradation (Ell-
gaard and Ruddock, 2005). This family play key functions as ER
foldases catalyzing disulfide reduction (breakage), formation
(oxidation) and isomerization thereby promoting native protein
folding (Feige and Hendershot, 2011) of proteins that traffick
through the secretory pathway (Hatahet and Ruddock, 2009)
(Fig. 1). Although several PDI family members have been related to
neurodegeneration, their specific contribution to pathological
conditions is only beginning to be understood. On the other hand,
CNX and CRT are two critical ER localized lectins, involved in
folding and quality control of newly synthesized peptides (Hebert
and Molinari, 2007). These proteins interact with the mono-
glycosylation found on some nascent polypeptide chains. Both
proteins, together with PDIA3, also called Grp58 or Erp57 (here
after referred as PDIA3), make up the major chaperone complex in
the CNX/CRT cycle, which prevent protein aggregation by ERAD
(Tannous et al., 2015; Leitman et al., 2014).

In this review, we overview recent findings showing important
and divergent roles of ER chaperones in neurodegeneration, sug-
gesting their contribution in protein folding and quality control,
and also in other processes such as apoptosis, synaptic con-
nectivity, cellular adhesion, protein secretion, protein aggregation,
and ERAD.
2. PDI family members in neurodegeneration

PDIs are a protein family that has important functions in the
folding of different proteins synthetized through the secretory
pathway. This family is conformed by 21 known members classi-
fied by sequence and structural homology (Appenzeller-Herzog
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and Ellgaard, 2008). PDIs are important targets of the UPR path-
way as they act as foldases and molecular chaperones that help to
decrease the load of unfolded/misfolded proteins inside the ER
(Feige and Hendershot, 2011). The last studies in the field have
been related to the role of ER resident chaperones and foldases in
PMDs, particularly focused in PDIA1 and PDIA3 (reviewed in
(Andreu et al., 2012)). In this article we describe the implication of
ER foldadeses and chaperons in PMDs.

PDI, also called PDIA1, is the most studied PDI family member
and the first to be identified with a role in the catalysis of disulfide
bond formation (Givol et al., 1964). PDIA1 is subunit of different
protein complexes (Kozlov et al., 2010), recognized as a versatile
protein in a variety of cellular processes in different locations
(Laurindo and Pescatore, 2012).

The PDIA3 foldase, is mainly located in the ER lumen, although
it has also been found in the nucleus and cytoplasm (Coppari et al.,
2002). Its principal function in the folding of glycoproteins is
mediated by a cooperative interaction with the CNX/CRT cycle
(Turano et al., 2002), catalyzing the formation, isomerization and
reduction of disulfide bonds in the glycoproteins that enter this
cycle (Ellgaard and Frickel, 2003). The specific role of PDIA3 in this
process is linked to the isomerization of non-native disulfide
bridges from specific glycoprotein substrates; thereby increasing
its folding (Jessop et al., 2007).

As mentioned above, both PDIA1 and PDIA3 expression may be
altered during the neurodegenerative process. In cellular models
and tissue from PD patients, PDIA1 has been found tran-
scriptionally upregulated and it is present in Lewy bodies (Conn
et al., 2004). In addition, PDIA1 was described in neurofibrillary
tangles in brain tissue derived from AD patients. Curiously, in both
diseases, PDIA1 is S-nitrosylated; and this modification inhibits its
enzymatic activity enhancing protein aggregation (Uehara et al.,
2006). In normal conditions, in cerebrospinal fluid, it is known
Fig. 2. Role of folding process on neuronal functions. Proper folding of neurotransmitte
BiP. Vesicle trafficking and mobility is enhanced by SV2, whose tertiary structure is facil
proteins, for example Aβ peptide or granulins products of the cleavage of APP and PGRN
AMPA receptors in a NMDA activation-dependent manner suggesting a role in synaptic p
as an interaction with the regulator of endocytosis (SGIP1) has been described. Moreover
in autophagy.
that bulk of beta-amyloids are bound to ER chaperones like PDIA3
and CRT, suggesting that these may be carrier proteins which
prevent aggregation (Erickson et al., 2005). Furthermore, pro-
granulin (PGRN), a glycoprotein deficient in FTD, has been describe
to have a role in cell survival and cell growth, neuronal develop-
ment and regulation of neurite outgrowth by the cleaved form of
PGRN (granulins) (Van Damme et al., 2008). Interestingly, sup-
pression of PDIA3 gene decreases PGRN secretion, that can be
associated with the evidence that PDIA3 is essential for the proper
folding of many membrane and secreted proteins and their
transport through the ER-Golgi pathway (Rutkevich et al., 2010).
Moreover, PGRN has been described as a substrate for PDIA3 and
PDIA1, and strongly interacts with the chaperons BiP, CRT, PDIA3
and Grp94 (Almeida et al., 2011) (Fig. 2). In the case of prion dis-
eases, it has been found that both, PDIA1 and PDIA3, are upregu-
lated in patients and experimental models (Yoo et al., 2002; Hetz
et al., 2003, 2005; Rane et al., 2008; Wang et al., 2012). Further-
more, the overexpression of those foldases induced neuroprotec-
tive effects (Hetz et al., 2005; Wang et al., 2012). We have recently
characterized the role of PDIA3 as a modulator of mature and total
levels of Prion protein (PrP) associated with the human disease,
where also we could demonstrate the physical interaction be-
tween PDIA3 and PrP (Torres et al., 2015).

In ALS, chaperone levels also showed alteration. In cellular and
animal models of the disease, PDIA1 is up regulated (Atkin et al.,
2006; Massignan et al., 2007; Hetz et al., 2009) and S-nitrosylated,
as in PD and AD, decreasing the enzymatic activity and folding
capacity (Walker et al., 2010). Moreover, PDI co-localizes with
neuronal cytoplasmic inclusions in tissue derived from fALS and
sALS patients (familial and sporadic ALS, respectively) (Honjo
et al., 2011), and in a TDP-43 mouse model (Walker et al., 2013).
Recently, a genetic screening identified some rare point mutations
present in PDIA1 and PDIA3 genes that were selectively present in
rs transporters such as SERT and GlyT2 is assisted by ER chaperones: CNX, CRT and
itated by PDIA3. BiP, CNX, CRT and PDIA3 also have a role in folding of secretion of
respectively. Outside the ER, CNX is located in the cell membrane co-localizing with
lasticity. A role in the recycling of synaptic membrane proteins is proposed for CNX
, both CNX and CRT can be found in endo- and exocytosis vesicles supporting a role
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ALS cases (Gonzalez-Perez et al., 2015). We have recently analyzed
the effect of these PDI variants in cellular and animal models and
their impact in neurodegeneration (Woehlbier et al., 2016). In this
report, through different in vitro and in vivo approaches, we de-
scribed a novel role for PDIA1 and PDIA3 in neurite outgrowth
process and motoneuron functions (Woehlbier et al., 2016). Tar-
geting PDIA3 in vivo, through the use of a conditional knockout
mouse, mimicked early stages of ALS phenotypes, associated to
abnormalities in morphology and function of neuromuscular
junctions. Interestingly and related to these results, we detected a
reduction in the levels of synaptic vesicle 2 (SV2) protein. Further,
by biochemical analyses we might observe that these mutations
directly affect the enzymatic functions of PDIA1 and the physical
interaction with CNX and CRT by PDIA3 (Woehlbier et al., 2016).
Therefore, we speculate that PDIA3 is a key component in the
folding of certain substrates that could be linked to neural con-
nections (Fig. 2). In this context, we could demonstrate the ben-
eficial effect of PDIA3 expression in the context of axonal re-
generation in peripheral nervous system (Castillo et al., 2015).
However, no effects in dopaminergic neuron loss was observed
in vivo through the challenge of the neurotoxin 6-OHDA in a
transgenic mouse that overexpress PDIA3, probably due to in-
activation of ectopic PDIA3 by redox imbalance associated to
6-OHDA toxin (Castillo et al., 2015). On the other hand, new evi-
dence support that PDIA3 does not significantly have any effect in
cell fate under ER stress conditions (Torres et al., 2015; Woehlbier
et al., 2016). In agreement with these results, PDIA3 deficiency
in vivo did not show signs of ER stress (Woehlbier et al., 2016).

Besides, PDIA3 has been associated with antigen presentation,
specifically, in the assembly of peptide-loading complex (PLC). CRT
and PDIA3 are included in the PLC, which is necessary for the
formation of the MHC-I and for the loading of antigenic peptides
inside the ER (Appenzeller-Herzog and Ellgaard, 2008; Cresswell
et al., 2005). PDIA3 and CRT, play a role in PLC stability through the
formation of stable disulfide bonds, allowing generating the
proper structure of the complex (Peaper et al., 2005). Otherwise,
PDIA3 is related to the reduction of the α2 HC subunit disulfide
bond (Antoniou et al., 2002; Kienast et al., 2007) and it has been
suggested that PDIA1 fulfills the opposite role as the oxidant of the
HC of MHC-I (Park et al., 2006). Also, it is worth to mention that,
chaperones BiP and CNX associate with HC after its translation,
being these proteins crucial in the first steps of MHC-I formation
(Hulpke and Tampe, 2013). The role of ER chaperones in MHC-I
assembly acquires great significance in neurodegeneration since it
was recently reported that astrocytes derived from ALS patients
and SOD1 mutant mice reduce the expression of MHC-I molecules
in motoneurons, making these cells more sensitive to astrocyte-
induced cell death (Song et al., 2016). This interesting observation
is complemented with the neuroprotective effect of MHC-I in ALS
mouse model, where MHC-I expression via AAV injection leads an
increase in survival and motor performance, protecting against
astrocyte toxicity. Furthermore, this effect has also been observed
in motoneurons derived from human when HLA-F, a single MHC-I
molecule, is expressed (Song et al., 2016). Thus, the impact of
PDIA3 and potentially of PDIA1 is an attractive topic to be deeply
studied not only in the context of neurodegeneration and protein
misfolding, but also in neuronal physiology.
3. Calnexin and calreticulin: more than folding

Mammalian CNX is a �570 residue type I membrane protein of
the ER whereas CRT is a �400 amino acid soluble protein that
resides primarily within the ER lumen. Both proteins bind Ca2þ

and ATP, although no ATPase activity has been detected yet. CNX
and its soluble orthologous CRT, are lectins with specificity for a
monoglycosylated oligosaccharide. This sugar structure is the
product of ER glycosidases that recognize the N-glycosylation
present at asparagine residues in proteins that are going to be
secreted (reviewed in (Williams, 2006)). CNX and CRT form the
CNX/CRT cycle or system, responsible for retaining misfolded
substrates at the ER, preventing protein aggregation and pre-
mature degradation, and promoting disulfide bond formation
through interactions with another ER chaperone, ERp57 (reviewed
in (Anelli and Sitia, 2008)). This process can be co-translational
and is usually coupled with transport from the ER to the Golgi
complex. CNX and CRT are able to bind the same glycoprotein but
trough different domains acting in different stages of the folding
and protein maturation process (Ellgaard and Frickel, 2003).

Several brain diseases are characterized by the presence of mis-
or unfolded proteins including superoxide dismutase 1 (SOD1), Tar
DNA binding protein 43KDa (TDP-43), fused in sarcoma (FUS),
Huntingtin (Htt), α-syn, PrP and others, and the possible role of ER
chaperons in the folding process involving those proteins have
been previously reviewed (for examples, see in (Andreu et al.,
2012)). Here, we will to discuss the role of ER chaperones in
quality control components in synaptic functions, in physiological
and pathological conditions. We will consider how folding pro-
cesses can directly or indirectly affect, through its interaction with
receptors, transporters and other proteins, the neuronal functions.

The serotonin transporter (SERT) was the first member of the
neurotransmitter transporter family whose folding has been
showed, in insect cells, to be assisted by the molecular chaperones
CNX, CRT, and BiP (Tate et al., 1999). Tate et al. determined that the
expression of SERT was enhanced by the co-expression of CNX and
to a lesser degree on co-expression of CRT and BiP. Moreover, a
physical interaction between SERT and CNX or CRT, independent
from the presence of the N-glycan, was demonstrated (Tate et al.,
1999). Similarly, it has been showed that the foldase NinaA, a
membrane-bound isomerase from Drosophila, can increase the cell
surface expression of the dopamine transporter (Lenhard and
Reilander, 1997), a homologue of SERT (Torres et al., 2003). In
agreement with this, the expression of the glycine transporter 2
(GlyT2) was also sensitive to the expression of the CNX (Arribas-
Gonzalez et al., 2013) where, again, no correlation between glycan
removal and CNX binding was observed (Arribas-Gonzalez et al.,
2013). These results suggest that CNX may contribute to the ma-
turation of immature molecules increasing the levels of transpor-
ter at the cell surface and thus transport activity. Since modulation
of extracellular monoamine concentrations are directly involved in
the maintenance of presynaptic homeostasis, delivery of func-
tional transporters at the membrane could directly impacting onto
neuronal activity (Fig. 2). Similar results were obtained for CNX, as
both a molecular chaperone required for rhodopsin maturation
and a regulator of Ca2þ . Mutations in Drosophila CNX lead to
retinal degeneration enhanced by light, suggesting its possible
function as a Ca2þ buffer contribute for photoreceptor cell survival
(Rosenbaum et al., 2006). These results reflect the possible impact
in signaling by ER chaperons, which could relays on their folding
capacity to deliver functional molecules to the cell surface.
Growing data suggest ER components may localize away from
neural body where in situ protein synthesis could be occurring
(Willis et al., 2005), although those results were seen in an in vitro
model, it could assign a role for in vivo axonal regeneration (Fig. 2).

Regarding PMDs, in a pharmacological Parkinson's disease (PD)
model has been described alteration of chaperones levels. In-
trastriatal 6-hydroxydopamine (6-OHDA) lesions resulted in de-
creased levels of CRT and PDIA3 in the midbrain. The reduction of
the components of CNX/CRT glycoprotein quality-control system
may play a role in neuronal injury in PD and other neurodegen-
erative disorders associated with dysfunction of the ubiquitin-
proteasome system. Besides, proteasome inhibitor treatments
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reduce protein levels of CRT and PDIA3 but not of CNX. In addition,
knockdown of CRT increases the vulnerability of neuronal cell line
against 6-OHDA toxicity (Kuang et al., 2014). In a fALS model
(mutant SOD1 (mSOD1) transgenic mouse), results in the same
direction have been found. Pettmann's group have reported de-
creased levels of CRT, but no CNX, in vulnerable motoneurons
before the appearance of disease symptoms. Moreover, the cor-
relation between low CRT levels and high ER stress sensitivity of
SOD1 mutant motoneurons was proposed to be contributing to the
neurodegenerative process (Bernard-Marissal et al., 2012). In a
genetic approach, the same group demonstrated that targeting
CRT gene in an mSOD1 model provokes early muscle denervation.
CRT deficiency was associated to exacerbated levels of both UPR
and mTOR signaling pathway (Bernard-Marissal et al., 2015). To-
gether, those results showed that the maintenance of regular le-
vels of CRT or CNX, is important to neuron survival in different CNS
diseases.

CNX and CRT are resident ER proteins, however, a recently
discovery has reported non-canonical function for these proteins,
particularly associated to the secretory pathway. Despite its ubi-
quitous expression, the absence of CNX has different effects de-
pending on the organism. CNX deficiency is lethal in Schizo-
saccharomyces pombe (Parlati et al., 1995) but not in Saccharomyces
cerevisiae (Parlati et al., 1995), Dictyostelium (Fajardo et al., 2004;
Muller-Taubenberger et al., 2001), or Caenorhabditis elegans (Lee
et al., 2006; Xu et al., 2001). In mice, early studies reported that
deletion of the calnexin gene (Canx) results in early postnatal
death (Denzel et al., 2002). Opposite, recent studies demonstrate
that Canx deficiency in the mouse did not result in early postnatal
death, probably due to differences in the genetic background of
the animals and/or the difference between gene inactivation
(Kraus et al., 2010). In both studies, the consequences of glyco-
protein maturation caused a dramatic loss of large to medium
myelinated nerve fibers, thereby decreasing the size of the sciatic
nerve, implying that CNX plays a tissue-specific role in mamma-
lian physiology. Besides, calnexin-deficient spinal cord had a
thinner, wavy, and decompacted myelin without affecting the
number of motoneurons (Kraus et al., 2010). The demyelinating
phenotype described unveiled the emerging importance of CNX
and ER-associated pathways as contributors to severe neurological
disorders.

On the other hand, an enhanced clathrin-dependent en-
docytosis has been observed in CNX-deficient mice which may
contribute to the neurological phenotype of this model (Li et al.,
2011). In this context, surprisingly, several reports have showed
that proteins usually located on the ER (such as CNX and CRT), are
present in phagosome preparations suggesting a role in the pha-
gocytic process (Garin et al., 2001). CNX was present in phagocytic
cups and early autophagosomes confirming that ER is recruited
very early during phagosome formation. The possible role of this
protein in the delivery of substrates to the phagosomes could
potentially be exploited as an alternative route to degradation for
improperly folded proteins along the quality control pathway
(Gagnon et al., 2002). Curiously, a decline in the rate of phagocy-
tosis was observed in double mutants lacking CNX and CRT,
whereas only mild changes occurred in single mutants (Muller-
Taubenberger et al., 2001). Moreover, an interaction between the
cytoplasmic tail of CNX and endophilin interacting protein 1
(SGIP1) has been described (Trevaskis et al., 2005). SGIP1, a neu-
ronal specific regulator of endocytosis, binds the important en-
docytic protein, endophilin, suggesting that CNX may participate
in the recycling of synaptic membrane proteins between endo-
somes and the plasma membrane. Indeed, transferrin uptake is
increased due to enhanced endocytosis in calnexin-deficient cer-
ebellar granule cells (Li et al., 2011) (Fig. 2).

CNX was found in both non-synaptic and synaptic membrane
fractions of hippocampal neurons, co-localizing with the AMPA
subunit GluA2 (Itakura et al., 2013). Curiously, this localization is
regulated in an NMDA receptor-dependent manner suggesting
that CNX participates in the incorporation of synaptic proteins to
the neuronal plasma membrane (Itakura et al., 2013). In hippo-
campus, the number of AMPA receptors increases in the synaptic
membrane after NMDA receptor activation (Lu et al., 2001). This is
believed to be an important mechanism underlying synaptic
plasticity, including long-term potentiation. The amount of cell
surface CNX increased markedly after NMDA receptor activation,
suggesting that the incorporation of CNX into the plasma mem-
brane is NMDA receptor-dependent (Itakura et al., 2013) (Fig. 2).
However, further studies are necessary to elucidate the functional
implications of cell surface of this chaperone in synaptic plasticity.

Finally, like CRT, CNX is predominantly located in the ER, but it
has also been identified at the cell surface of a number of cells
(Okazaki et al., 2000). Direct fusion of the ER with the plasma
membrane would explain how ER proteins, including CNX and
CRT, are present in the plasma membrane (Okazaki et al., 2000;
Johnson et al., 2001). CNX is continuously delivered to the cell
surface and then internalized for lysosomal degradation suggest-
ing that there is continuous exocytosis and endocytosis of this
protein, and the CNX levels on the plasma membrane results from
the balance of these events. Indeed, proteasome inhibitor treat-
ments, reduced protein levels of CRT and PDIA3 but not of CNX.
These treatments increased protein levels of CRT in culture media;
an effect blocked by brefeldin A, indicating that these proteins are
substrates of the secretion route. This phenomenon is not reported
for PDIA3 (Kuang et al., 2014). Particularly the glycoprotein-bind-
ing domain of CNX is necessary for this function. These findings
suggest that the surface expression of CNX depends on the asso-
ciation with glycoproteins and that may play a certain role as a
chaperone on the plasma membrane as well (Okazaki et al., 2000).
4. The folding sensor: BiP

The glucose-regulated protein 78-kDa (GRP78), also known as
immunoglobulin heavy chain binding protein (BiP), is an essential
regulator of ER homeostasis. This protein participates in several
regulatory processes within the ER: translocation, protein folding,
ERAD and control of the activation of the ER stress sensors in-
itiating the ER stress response. The initial model suggests that
under normal conditions, the ER chaperone BiP binds to the lu-
minal domain of IRE1, maintaining the protein in an inactive state
as a monomer (Kimata et al., 2003; Bertolotti et al., 2000). Con-
versely, in cells undergoing ER stress, BiP is released and binds to
unfolded proteins. This event allows IRE1 multimerization and
autophosphorylation, activating the RNase domain through a pu-
tative conformational change.

However, besides just folding, ER chaperones are implicated in
ER-Golgi transit of proteins directly involved in neurodegenerative
diseases. This is the case of the amyloid precursor protein (APP)
that has been showed to physically interact with BiP. Over-
expression of BiP decreases the level of both mature APP and the
secretion of the Aβ peptide (Vattemi et al., 2004; Yang et al., 1998)
(Fig. 2). As previously mentioned, several studies directly involves
ER chaperons with pathological misfolded proteins: accumulation
of BiP in senile plaques, the up-regulation of ER chaperones in the
brains of AD patients and the co-localization of ER chaperones
with Aβ have been reported (Yoo et al., 2001; Hoozemans et al.,
2005; Kakimura et al., 2002). Moreover, various ER chaperones,
including BiP and CNX, suppress the generation of Aβ in vitro
probably due to inhibition of the secretase-dependent proteolytic
processing of APP through direct interaction between ER chaper-
ones and APP, resulting in the inhibition of APP maturation.
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Furthermore, ER chaperones are up-regulated not only in cultured
neuronal cells overproducing mutant forms of APP or treated with
synthetic Aβ42, but also in the cortex and hippocampus of trans-
genic mice expressing mutant APP (Hoshino et al., 2007). Levels
and localization of BiP is also altered in different models of Par-
kinson's disease (PD). For example, in a rabbit model of PD it has
been demonstrated that BiP translocate from the ER to the nucleus
and cytosol. They used a PD model based in 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) (Ghribi et al., 2003), which is a
pro-toxin converted by monoamine oxidase B to the active toxin,
1-methyl-4-phenylpyridinium (MPPþ). MPTP/MPPþ is widely
used as a pharmacological model of PD in non-human primates
and rodents, in which it induces a selective loss of dopaminergic
neurons in the substantia nigra. Similarly, in a neuroblastoma cell
line, treatment with MPPþ leads to a down-regulation of BiP
mRNA (Holtz and O’Malley, 2003), while treatment of the same
cells with 6-OHDA has the opposite effect (Holtz and O’Malley,
2003; Chen et al., 2004). Moreover, in a HD model, treatment with
ER stressors, decreased BiP-GFP mobility and accelerated UPR ac-
tivation suggesting that mutant Htt protein (mHtt) indirectly af-
fects the flux of misfolded peptides out of the ER for degradation
as previously demonstrated (Lu et al., 2001; Okazaki et al., 2000).
In addition, mHtt-expressing cells exhibited decreased misfolded
protein flux as a result of ERAD dysfunction. Thus, mHtt expression
impairs misfolded secretory protein turnover, decreases the ER
stress threshold, and increases cell vulnerability to insults (Lajoie
and Snapp, 2011). Curiously, data from human patients showed
that BiP is upregulated in post-mortem samples of HD brains
(Carnemolla et al., 2009).

Finally, according to the demyelinating results obtained for CNX
deficiency (Kraus et al., 2010), mice lacking functional BiP gene
expression in oligodendrocytes during development, showed tre-
mors, ataxia and hind-limb paralysis due to oligodendrocytes loss
and corresponding severe myelin abnormalities. Furthermore,
mice in which the BiP gene was specifically inactivated in devel-
oping Schwann cells displayed tremor that progressed to hind-
limb paralysis demonstrating that BiP is critical for myelinating
cell survival and contributes to the protective response of oligo-
dendrocytes against inflammatory demyelination (Hussien et al.,
2015).
5. Concluding remarks

ER chaperons and foldases actively participate in give, nascent
proteins at the ER, the proper conformation. Nevertheless, its role
in maintaining cell protein homeostasis in physiological and pa-
thological conditions its now being explored. Accumulating evi-
dence have uncover an essential participation of those ER proteins
in processes further its classical folding role. Targeting CNX/CRT or
folding components have revealed a physiological function in
neuronal function and connectivity, including endocytosis, au-
tophagy, phagocytosis and keeping synaptic proteins in neuronal
surface and can directly interfere in delivery of synaptic receptors
or transporters, with drastic consequences neuronal functions.
Moreover, genetic modulation of CNX/CRT members, modify vul-
nerability to neurodegenerative conditions.

In the last years, converging evidence is also pointing a direct
role of those ER chaperones in neurodegenerative diseases, in
particular PMDs. Co-localization or direct interaction of chaperons
with brain pathogenic proteins or inclusions, changing levels as-
sociated to CNS affecting diseases has reinforced the concept of its
functional role in PMDs. Studies PMDs associated mutations in ER
chaperons have also contributed into revealed the physiological
function in synaptic connectivity.

Altogether, this evidence places the ER network, including
foldases and chaperons, in a new key role in the synaptic function.
These results open new opportunities for therapeutic intervention
for PMDs, as using ER chaperons as therapeutic targets is now
starting to be explored. Thus, in the next few years, new findings
will support the role of ER chaperons in different process beyond
the folding function already described.
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