VERSITA MBL
CELLULAR & MOLECULAR BIOLOGY LETTERS

http://www.cmbl.org.pl
Received: 22 March 2011 Volume 16 (2011) pp 539-563
Final form accepted: 03 August 2011 DOI: 10.2478/511658-011-0022-z
Published online: 12 August 2011 © 2011 by the University of Wroctaw, Poland

Review
ERp57/GRP58: A PROTEIN WITH MULTIPLE FUNCTIONS
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Abstract: The protein ERp57/GRP58 is a stress-responsive protein and
a component of the protein disulfide isomerase family. Its functions in the
endoplasmic reticulum are well known, concerning mainly the proper folding
and quality control of glycoproteins, and participation in the assembly of the
major histocompatibility complex class 1. However, ERp57 is present in many
other subcellular locations, where it is involved in a variety of functions,
primarily suggested by its participation in complexes with other proteins and
even with DNA. While in some instances these roles need to be confirmed by
further studies, a great number of observations support the participation of
ERp57 in signal transduction from the cell surface, in regulatory processes
taking place in the nucleus, and in multimeric protein complexes involved in
DNA repair.
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INTRODUCTION

The protein ERp57/GRP58 (hereafter simply called ERp57) is a member of the
protein disulfide isomerase family, whose components are present mainly, but
not exclusively [1], in the endoplasmic reticulum. These proteins are
characterized by multiple domains, each structurally similar to thioredoxin,
a ubiquitous and abundant small protein responsible for a variety of cellular
redox processes. While thioredoxin has only one active site, formed by two
vicinal cysteines, the members of the protein disulfide isomerase family may
have two or even three similar active sites, located on some, but not all, of their
domains. The higher structural complexity of these proteins with respect to
thioredoxin has provided them with a catalytic activity not only for the reduction
or formation of disulfide bonds in other proteins, but also for the isomerization
of the disulfide bonds which takes place during the correct folding of newly
synthesized proteins.

The first mammalian protein disulfide isomerase to be characterized, and
probably still the most thoroughly investigated, is the well-known PDI.
However, ERp57 is increasingly capturing the interest of many investigators, as
documented by the ever-growing number of papers that mention it and also by
some recent reviews [2, 3]. ERp57 has been found in many diverse subcellular
locations and it has been proposed, and sometimes proved, to be involved in
a remarkable variety of processes. Actually the first function to be attributed to
ERp57 when it was sequenced was mistaken, since the protein was thought to be
a phospholipase C and was accordingly named PLC alpha [4]. This definition
still persists in some databases and, importantly, also in some old papers, which
will be mentioned later on. Apart from this misleading name, ERp57 has also
been called GRP58 (glucose-regulated protein 58), ER-60, Q2, ERp58, ERp61,
and 1,25D3-MARRS. The name GRP58 is indicative of the fact that ERp57 is
a stress-responsive protein, and as such was first identified together with GRP78
and GRP94 as being a protein whose expression increases after glucose
depletion [5].

The human protein, coded by the gene PDIA3 on chromosome 15, is formed by
505 amino acids, the first 24 of which constitute the signal peptide. Its structure
is characterized by four domains, called respectively a, b, b' and a', each one
characterized by a thioredoxin-like fold with alternating alpha-helices and beta-
strands [6, 7]. The first and the fourth domain, i.e. the a and a' domains, also
carry a thioredoxin-like active site, each with a cys-gly-his-cys sequence, which
provide ERp57 with its redox properties. The C-terminal contains a gln-glu-asp-
leu sequence that is similar to the canonical ER-retention sequence. Near the
C-terminal, furthermore, there is a nuclear localization signal (Figure 1). The
data from crystallographic studies and the analogy with the classic PDI show
that the four domains give to the protein a sort of U-shaped structure, which
allows the terminal a and a' domains to come close to each other and interact
together with another protein. The two central domains, b and b', on the other
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hand, not only are necessary for the full activity of ERp57, but also provide the
binding sites for calreticulin or for its membrane-bound homologous calnexin.
These are two abundant ER proteins, whose interaction with ERp57 has been
described in detail, taking place through the binding of an arm of these proteins,
i.e. the P domain, mainly to the b' domain of ERp57 [8, 9]. This binding is
specific for ERp57, while the homologous PDI, which has been extensively
studied for its binding to other ligands, has no such affinity for calreticulin. PDI
has instead a different site for the interactions with proteins and small ligands
also on the b’ domain [10]. In fact the b' domain is the one with the lowest
homology between ERp57 and PDI, and this explains the different binding
specificity of the two proteins. The calreticulin/calnexin binding site in ERp57 is
enriched in lysines and arginines, thus promoting the interaction of the
negatively charged P domain of calreticulin/calnexin, while the site for binding
the protein substrates of PDI is located on the opposite face of the b' domain [9].
This domain in PDI directly binds the substrates for its reductase or isomerase
activities. ERp57, instead, needs to associate with calreticulin, which is a lectin
and therefore binds glycoproteins, so that ERp57 can in turn subject these to
catalysis. However, also ERp57 has been found to interact with high affinity to
a number of small ligands [11] and even macromolecules [12, 13], so that other
sites must be present. In some cases they have been identified in the a’ and
a domains (Fig. 1), those containing the thioredoxin-like active sites, although
the intervention of the cysteines at these active sites is not always required, since
interactions have been detected even with ligands unable to form mixed
disulfides.
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Fig. 1. A schematic representation of the domain structure of ERp57. The most important
functional sequences and the experimentally detected phosphorylation sites are shown. The
numbering refers to the human protein. The domains interacting with other
macromolecules are also schematically indicated.
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Post-translationally modified ERp57 has been described: tyrosines 444, 453 and
466 [14] or serine 150 [15] of the rat protein can be phosphorylated, although the
effects of these modifications on the properties of the protein are unknown. The
protein is very reactive towards xenobiotics and oxidizing reagents. Thus, it is
among the few identified targets of the metabolites of aminoacetophen [16] and
of halothane [17], and for this property it has been held responsible, at least in
part, for the toxic effects of these substances. In regard to oxidizing agents, apart
from their effects on the cysteines of the active sites [18], it readily undergoes
oxidation also on other amino acid residues [19].

A conformational change has been described, which accompanies the change in
the redox state of ERp57 [20], and affects the binding of ERp57 with some
ligands, even if the binding does not involve the thioredoxin-like active sites.
These sites, instead, participate in the formation of dimeric or polymeric forms
of the protein, when this is present in its oxidized form. The biological
importance of this phenomenon is not yet understood. However, the
conformational change might provide a mechanism by which a variation of the
redox potential of the environment affects some biological processes in which
ERp57 is involved.

Due to these structural properties, most of which are also present in the other
members of the protein disulfide isomerase family, ERp57 evidently shares with
these homologous proteins its main functional properties, i.e. the ability to
oxidize thiols or reduce disulfide bonds of other proteins, to reshuffle improperly
formed disulfide bonds and to display chaperoning activity for the correct
folding of proteins in the endoplasmic reticulum [21]. In fact these activities of
ERp57 have been described and are now well understood in the endoplasmic
reticulum, so only a brief mention of them will be provided in the next section,
which will be followed by a description of the less well-known functions
displayed outside this subcellular compartment. It should be noted that other
enzymatic activities have been attributed to ERp57, i.e. transglutaminase [22],
protease [23] and carnitine palmitoyl transferase [24] activities, although their
physiological relevance has not been conclusively assessed.

The human protein has been the one most thoroughly investigated. ERp57,
however, is present in a nearly identical form in all mammals, and as a highly
homologous protein in chicken, in Teleostei and in Amphibia (Xenopus).
A protein disulfide isomerase with lower homology (around 40% amino acid
identity), but still more similar to ERp57 than to PDI, is present in various
Arthropoda, such as Anopheles, and in Trematoda, such as Schistosoma,
although the C-terminal lysine-rich sequence constituting the nuclear
localization signal is lost. Surprisingly, in Trichoplax adhaerens, which is
considered the simplest metazoan, ERp57 is present with a relatively high
homology (more than 50% identity) and still has the C-terminal lysine-rich
sequence.
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ERp57 IN THE ENDOPLASMIC RETICULUM

The first specific function of ERp57 in the endoplasmic reticulum to be
identified was its participation in the correct folding and in the quality control of
neo-synthesized glycoproteins to be secreted or to be localized to the cell
membrane. This activity requires the interaction of ERp57 with calreticulin or
calnexin, which are responsible for recognizing and binding monoglucosylated
proteins [25-27]. The latter are then subjected to the disulfide shuffling process
performed by the ERp57 component of the complex. This process requires the
intermediate formation of a mixed disulfide between the glycoprotein and the
proximal cysteine of one of the two active sites of ERp57. The shuffling is then
completed by the intervention of the distal cysteine present in the active sites.
This mechanism was exploited for the identification of the glycoproteins which
are the substrates of ERp57 in vivo, by employing a mutant ERp57 lacking the
distal cysteines of each active site, so as to stabilize the mixed disulfide formed
between the glycoprotein and ERp57 [28]. The authors thus identified nearly
thirty proteins of human fibroblasts that are subjected to the quality control
operated by ERp57, and demonstrated that the substrate specificity is provided
not only by the glycosylation but also by the presence of common structural
domains.

The interaction with calnexin or calreticulin, as mentioned before, takes place
through the binding of an arm of these proteins, i.e. the P domain, mainly to the
b' domain of ERp57, but also to the C-terminal segment of the b domain [9].
Thus this interaction leaves the a and a' domain free to react with their active
sites for the disulfide isomerization process on the glycoproteins substrates.

As a second important function in the ER, ERp57 participates in the assembly of
the major histocompatibility complex (MHC) class I [29], catalyzing disulfide
formation in heavy chains of histocompatibility molecules and subsequently
contributing to the formation of the peptide loading complex (Plc). This is
composed of heavy chain class I proteins, 3, microglobulin, calreticulin, ERp57,
tapasin and the transporter associated with antigen presentation (TAP), which
transports the peptides originated by the proteasome. In the Plc, ERp57
associates with tapasin [30] in a complex whose structure has been resolved at
2.6 A resolution [31], providing the first complete 3D structure of ERp57, after
a number of partial 3D structures have been obtained. Both a and a' domains of
ERp57 interact with tapasin. In the a domain a disulfide bond is formed between
cysteines 95 of tapasin and 57 of ERp57, while the a' domain-tapasin interaction
is entirely non-covalent, confirming the potentiality of this domain to recognize
other macromolecules (Fig. 1).

The tapasin-ERp57 complex already highlights the capability of ERp57 to act in
different ways, since, contrary to its participation in glycoprotein folding,
calreticulin does not constitute an absolute requirement [32], and the redox
activity of ERp57 is not involved in the assembly of the peptide loading complex
[32, 33] except for the formation of a stable disulfide bond between cys-57 of
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ERp57 and cys-95 of tapasin. Actually a function of this strong complex seems
to be the inhibition of the reduction of the disulfide bonds of the heavy chains,
which are required for the proper formation of the MHC. Furthermore, the
tapasin-ERp57 complex appears to intervene in the assembly and the
stabilization of the Plc, so that ERp57 has a structural role rather than a catalytic one.
In fact the suppression of ERp57 affects the stability of Plc and decreases both the
expression of MHC on the cell surface and the peptide loading within the Plc [34].
ERp57 has also been found to modulate the activity of sarco/endoplasmic
reticulum calcium ATPase (SERCA), which transports calcium ions into the
endoplasmic reticulum, by regulating the redox state of the sulfhydryl groups in
the intraluminal portion of SERCA [35]. Also this function is performed in
conjunction with calreticulin.

Some evidence points to the involvement of ERp57 in response to cell infection.
Schelhaas et al. [36] have shown that the protein participates in the process
leading to the entry of SV40 virus into the cell. The virus, in fact, is transported
by endocytosis from the cell surface into the endoplasmic reticulum, where it is
processed by ERp57, which dissociates the capsid proteins and allows the entry
of the virus into the cytosol and then into the nucleus. The capsid is formed by
72 homopentamers of the VP1 protein, which are associated with VP2 or VP3
proteins. This multi-pentameric structure is stabilized by interpentameric
disulfide bonds and by calcium ions. When the intact virus reaches the
endoplasmic reticulum, ERp57 catalyzes the isomerization of the disulfide bonds
of the more external homopentamers, which now become intrachain disulfide
bonds. This loosened viral structure is then retrotranslocated to the cytosol,
possibly with the contribution of Derlin-1 (Degradation in endoplasmic
reticulum protein 1), SellL (Protein sel-1 homolog 1) and PDI. In this
compartment, the low concentration of calcium ions is likely to complete the
dissociation of the capsid pentamers.

Furthermore, a recent review has underlined the ER recruitment onto the cell
surface to supply membrane for the process of phagocytosis, and in particular for
the formation of nascent phagosomes [37]. This ER-mediated phagocytosis
seems to be a general mechanism of entry into macrophages, but it might also
occur in other cell types. By a proteomic analysis, several endoplasmic
reticulum-resident proteins, including ERp57, were revealed as components of
phagosomes. Thus phagocytosis, beside being important for innate immunity
through the degradation of pathogens, might also contribute to adaptive
immunity, participating directly in the loading of peptides on the MHC:s. In fact,
it has been proposed that the peptides generated from foreign proteins inside the
phagosome might be exported to the cytosol to be further digested by the
proteasome, and then reimported into a phagosome, containing not only ERp57,
but all the ER components needed for the peptide loading on the MHC class I
molecules.

Thus, different types of processes appear to require the intervention of ERp57 in
the ER, and, while in the first instance they appear to be widely different, all of
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them exploit both the reactivity of the cysteines at the thioredoxin-like active
sites and the propensity of ERp57 to associate with other proteins, which is an
expected feature of a chaperone protein. As will be seen later, the association of
ERp57 with other proteins is the basis for its roles also outside the ER, while the
involvement of the thiol groups is not always equally evident in these other
locations. It is worth pointing out that the ERp57-calreticulin complex, which
has a dissociation constant in the micromolar range [9, 38], has been occasionally
observed also outside the endoplasmic reticulum, although with functions that
are less well understood than those displayed in the latter location.

ERp57 ON THE CELL SURFACE

Hirano et al [39] observed for the first time the exit of ERp57 from the ER, and
noticed that the protein was being secreted from 3T3 cells. A number of
observations subsequently pointed out that ERp57 could be found on the cell
surface or in complexes with cell membrane proteins. This was unexpected,
since the gln-glu-asp-leu (QEDL) sequence at the C-terminal of ERp57
resembles the true ER retention signal, which is lys-asp-glu-leu (KDEL), whose
presence should hinder the exit of a protein from the endoplasmic reticulum
compartment. However, many proteins carrying this signal sequence are in fact
found not only on the cell surface but also in other subcellular locations. This
might be explained by saturation of the ER retention machinery, or by removal
of the Ilys-asp-glu-leu sequence or by complex formation with other
macromolecules [40]. Retrotranslocation has been shown to occur for the exit of
calreticulin from the ER [41].

ERp57 has been detected on the surface of the sperm head, and by the use of
specific inhibitors it has been demonstrated that it is required for sperm-egg
fusion [42]. Its intervention is likely to be related to the thiol-disulfide exchange
reactions necessary for the gamete fusion process.

An unexpected function of ERp57 on the cell surface is the binding of the
hydroxylated, hormonal form of vitamin D;, i.e. 1a,25-dihydroxycholecalciferol
(10,,25-(OH),D;, calcitriol) [43], followed by fast activation of non-genomic
processes and the internalization and nuclear import of ERp57 itself. This
finding was the consequence of a search for a membrane receptor, whose
existence was established by ligand binding studies. Rapid responses are not
expected to be the result of the involvement of the classical vitamin D receptor
(VDR), which operates through binding to DNA and the activation of gene
expression, and therefore requires longer times to produce detectable events. The
rapid cell response (seconds or minutes) after stimulation with 10,25-(OH),D;
activates numerous cascades of signal transduction, involving signaling proteins
such as phospholipases C (PLC) and A, (PLA,), protein kinases C (PKC) and
ERK (extracellular response activated kinase), all of which have been shown to
respond to the formation of the ERp57-1a,25-(OH),D; complex [44, 45]. PKCa
and PKCP are both activated by 1a,25-(OH),D; binding to ERp57 in isolated
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intestinal epithelial cells from chicks, with subsequent stimulation of phosphate
uptake [43, 46]. ERp57 is also important for the steroid hormone-stimulated
calcium uptake in mammalian intestinal cells [47]. ERp57 modulates the vitamin
D-mediated anti-cancer activity, specifically in breast cancer; ERp57
knockdown selectively increases the sensitivity of MCF-7 cells to agents related
to vitamin D [48]. 1,25(OH),D; stimulates PLA,-dependent rapid release of
prostaglandin E, (PGE,), activation of protein kinase C (PKC), and regulation of
bone-related gene transcription and mineralization in osteoblast-like MC3T3-E1
cells via a mechanism involving ERp57 [45]. These data suggest that ERp57 is
an important initiator of 1,25(OH),Ds-stimulated membrane signaling pathways,
which have both genomic and non-genomic effects during osteoblast maturation
[45]. Boyan et al. have also shown that the process of extracellular matrix
reorganization brought up by chondrocytes is regulated by 1,25(OH),Ds
interacting with ERp57, contained in the matrix vesicles [44]. In NB4 leukemia
cells, ERp57 has been found to interact with NF«B, possibly at the level of the
cell membrane, but certainly in the cytoplasm, and this complex is induced to
translocate to the nucleus by the action of 1,25(OH),D; and phorbol ester [49].
This process seems to correlate to the differentiation of leukemic cells.

Two relatively old studies involving cell membrane receptors have also
highlighted the involvement of ERp57, although in both cases this protein was
still erroneously considered as a phospholipase C. In these studies ERp57 has
been shown to interact with the angiotensin II receptor [50] and the vasopressin
receptor [51]. However, the fate of ERp57 after the formation of the hormone-
receptor complex and its involvement in receptor function have not been
investigated. In these papers the real presence of ERp57 is demonstrated by the
use of its antibody, and phospholipase activity has been measured and shown to
accompany the presence of ERp57. This activity, which is not present in purified
or in recombinant ERp57, might be explained by a small amount of real
phospholipase C accompanying the complex being investigated. In fact, the
phospholipase activity is associated with ERp57 during its purification [52], but
is not present in a pure ERp57 preparation [53]. The fact that the association of
ERp57 with the angiotensin receptor is not trivial but is likely to possess
functional significance is suggested by its phosphorylation following angiotensin
binding, as demonstrated in a more recent paper [54].

A detailed description of ERp57 interaction with the all-trans retinoic acid
receptor o has been reported [55]. In the Sertoli cells it has been shown that
ERp57 associates with the receptor in the cytosol, presumably together with
other proteins, and is required for the transport of the ligand-receptor complex
into the nucleus, and subsequently into the ER to submit the receptor to the
degradation process known as ERAD. The intervention of ERp57 in the receptor
activity has been ascribed to a change in the receptor conformation, in such a way
as to facilitate the binding of the ligand. In this study, immunofluorescence
showed that the ERp57-receptor complex was initially located in the cytosol.
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An important and detailed study by Sehgal and collaborators on human
hepatoma cells, although not referring to an association of ERp57 with a receptor,
nevertheless indicated the participation of this protein in a signal transduction
pathway initiating at the cell surface and involving STAT3 [56-58]. STAT3 is
a member of the family of STAT signaling and transcription factors, which are
activated by kinases associated with receptors for cytokines. The activated
forms, after entering into the nucleus, bind to their consensus sequences on DNA
and modulate the expression of a variety of genes. STAT3, in particular, is
attracting a lot of attention because it is often constitutively activated in
a number of tumors, and, while its transcriptional regulatory activity is varied
depending on tissue and cell types, its correlation with cancer growth can be
explained by the increased expression of genes associated with proliferation,
inflammation, and inhibition of apoptosis. When the status of STAT3 in regard
to its monomeric or dimeric form was investigated in the cytosol, it was found
that it was actually present in a multiprotein complex containing ERp57 [56].
Subsequently ERp57 was found associated with STAT3 also in the lipid raft
fraction of cell membrane [57, 58] and, as will be discussed later, in the nucleus
[59, 60].

Considering the association of ERp57 with receptors or with signal transduction
proteins, and its status as a receptor itself, as in the case of calcitriol, it appears
that this protein has an important role in signal transduction processes from the
cell surface to the cell interior and/or the nucleus, and it is legitimate to foresee
that other instances of such involvement await disclosure. For this function its
propensity to bind other proteins, as expected from a chaperone, and to bind
small molecules, as recently described, is well suited, while the influence of its
redox properties in such processes is still unknown.

ERp57 has also been found to associate with a cell-membrane ion transporter in
the tubule cells of the mammalian kidney cortex, where ERp57 is highly
expressed [61]. This interaction enhances the activity of the membrane protein,
which is the thiazide-sensitive sodium-chloride co-transporter, or solute carrier
family 12 member 3.

Recently, an entirely different role of ERp57 on the cell surface has emerged.
Studying immunogenic cell death, which is an important factor for a favorable
outcome of chemotherapy of cancer cells, the presence of calreticulin on the cell
membrane appeared to be essential for this process, which is actually dependent
on the amount of this protein on the cell surface. ERp57 did not appear to be
directly involved in the process, but was instead found to be necessary for the
export of calreticulin from its major location, i.e. the endoplasmic reticulum, to
the cell surface [62, 63]. The calreticulin-ERp57 complex, which as mentioned
before has a clear functional role in the proper folding of glycoproteins in the
endoplasmic reticulum, in this case is instead fundamental for the transit of
calreticulin to the cell exterior. The exposure of calreticulin on the cell surface
could function as an “eat me signal” for dendritic cells [63]. ERp57 is important
for the translocation of CRT but does not possess any immunogenic properties.
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ERpS57 IN THE CYTOSOL

The presence of ERp57 in the cytosol has been pointed out before when the
retinoic acid receptor [55] and STAT3 [56] have been mentioned, and is also
required for the transit of ERp57 from the cell membrane to the nucleus upon the
binding of calcitriol taking place in the cytosol and also on the cytosolic side of
the ER membrane. Furthermore, as mentioned before, a complex of ERp57 and
NF«B has been detected in the cytosol of leukemic cells [49]. The fate of ERp57
bound to the receptors of angiotensin and vasopressin after their internalization
has not been investigated, but it is possible that ERp57 remains associated with
them in the process.

Considering its thioredoxin-like sites, ERp57 has been thought to be a participant
in the mechanisms of cell protection against oxidative stress, regardless of its
subcellular location. In view of its relative abundance in the cytosol, such
function might indeed be important in this compartment.

A definite implication of the redox properties of ERp57 has emerged from the
finding of its interaction with APE/Ref-1, which is a multifunctional protein,
acting not only as a reductant for a variety of transcription factors, but also as
a protein involved in DNA repair and a transcription factor itself [13]. The
interaction appears to take place through the a and a’ domains of ERp57 [13]
(Fig. 1). Evidence has been presented for the maintenance of the reduced state of
Ref-1 by ERp57. The ERp57-Ref-1 complex, furthermore, shuttles between the
cytosol and the nucleus, where the reduction of transcription factors is expected
to take place.

Further evidence of the importance of ERp57 as a redox-sensing protein
involved in regulatory processes has resulted from a very recent study, showing
the interaction of ERp57 with mTOR [64], taking place in the cytosol and on the
cytosolic side of the ER membrane. mTOR is a serine-threonine protein kinase,
found in two multiprotein complexes called mTORC1 and mTORC2. ERp57
interacts preferentially with mTORCI1, which is formed by mTOR, Raptor
(regulatory-associated protein of mTOR) and mLST8 (MTOR associated
protein, LST8 homolog), and which phosphorylates the proteins 4E-BP1
(Eukaryotic translation initiation factor 4E-binding protein 1) and SGKI1
(Serine/threonine-protein kinase Sgk1), thus regulating protein synthesis and cell
growth. ERp57 contributes to the assembly of mTORCI, activates the kinase
activity of mTOR, and also participates in the mechanism by which mTORC1
detects its upstream signals, such as stimulation by insulin or nutrients.
Interestingly, ERp57 over-expression induces cellular proliferation, while
ERp57 knockdown opposes the proliferation induced by insulin and nutrients.
It appears that at least part of this behavior is related to the mTOR-ERp57
interaction, considering that mTOR is involved in the regulation of proliferation.
mTORCI1 was previously shown to be redox-regulated [65], and ERp57 can now
be held responsible for this redox dependence [64]. mTOR is a known inhibitor
of autophagy, and its activity is inhibited by starvation, with consequent
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stimulation of the autophagic process. Starvation has been shown to induce
oxidative stress [66]. Thus, the intervention of ERp57 in mTOR redox regulation
might suggest the involvement of ERp57 in autophagy. ERp57 also interacts
with mTORC2, although no significant functional alterations of this complex
have been reported [64].

ERpS7 IN THE NUCLEUS

The first evidence of the nuclear presence of ERp57 emerged from
immunofluorescence detection in 3T3 cells and rat spermatids [67] and from
a proteomic study of the nuclei of chicken hepatocytes, where ERp57 was found
mainly localized in the internal nuclear matrix fraction [52]. The idea of a nuclear
localization of ERp57 was at first not easily accepted, not only because the
escape of a protein, provided with an ER retention signal, from the endoplasmic
reticulum was considered unlikely, but also because of the proximity of the
endoplasmic reticulum to the nucleus. The two organelles share a membrane, so
contamination of the nucleus with the content of the endoplasmic reticulum,
where the protein disulfide isomerases in general and ERp57 in particular are
abundant, seemed a likely event. However, the presence of ERp57 in the nucleus
has now been firmly established by a number of observations, carried out in
different laboratories and with a variety of experimental techniques.

Treatments of various intact mammalian cultured cells with DNA-protein cross-
linking agents (formaldehyde, cis-platinum and UV irradiation have been used)
have demonstrated that ERp57 and DNA are indeed bound in vivo, in
experimental conditions respecting the integrity of cellular structures [59, 68].
Immunofluorescence studies performed in a few cases where exceptionally the
ERp57 nuclear content was very high confirmed the cross-linking results [52].
The nuclear import of ERp57 in the calcitriol- and phorbol ester-treated
leukemia cells was also clearly visible with this technique [49].

Krynetski et al. [69] isolated from Nalmé6 leukemia cells a nuclear protein
complex which recognizes DNA modified by the action of anticancer nucleoside
analogues. This complex, formed by HMGB1, HMGB2, HSC70, glyceraldehyde
3-phosphate dehydrogenase and ERp57, recognizes the incorporation of the
modified nucleosides into the DNA and is responsible for the resulting genotoxic
stress, eventually leading to apoptosis. In particular, ERp57 was found essential
for the phosphorylation of histone H2AX, an indicator of genotoxic stress [70].
Interestingly, in a search of nuclear proteins interacting with purified ERp57, the
latter was found in HepG2 cells to associate not only with APE/Ref-1, as
mentioned before, but also with Ku80, Ku70 and nuclear matrix protein
200/hPso4 [13], all proteins involved in the process of DNA repair, so that
somehow ERp57 appears to participate in more than one way in this process,
albeit with a still unknown mechanism.

Other ERp57-containing complexes have been described following a proteomic
comparative study of paclitaxel-resistant and sensitive ovary cancer cells, where
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overexpressed ERp57 was identified as a major marker for chemotherapeutic
resistance. ERp57 was found in multimeric nuclear complexes, containing,
beside nucleophosmin and nucleolin and other components, structural proteins
such as TUBB3 (a specific isotype of tubulin) and B-actin [71, 72]. The
interaction of ERp57 with these two proteins appeared to be correlated with
paclitaxel resistance.

Filter-binding and South-Western studies revealed that purified ERp57 binds in
vitro to DNA, so the results from the cross-linking studies were not just due to
the proximity of the protein to DNA, but rather to a true interaction [73]. No
evidence was found for a high-affinity consensus sequence, but ERp57
interacted preferentially with A/T rich regions, and in general with DNA regions
typical of the MARs (nuclear matrix associated regions) [68, 73], thus
explaining the enrichment of the nuclear ERp57 in the nuclear matrix fraction
[52]. The dissociation constant for a double stranded poly-dA.poly-dT
polynucleotide was in the order of 107 M [73], which indicates a good affinity,
although much lower than that usually shown by transcription factors. The DNA
binds to the a' domain [74] (Fig. 1) and the binding, interestingly, requires the
oxidized form of ERp57 [20, 73].

A chromatin-immunoprecipitation study suggested that this DNA-ERp57
interaction is not a trivial occurrence but has biological significance. In fact the
DNA fragments immunoprecipitated with an anti-ERp57 antibody from HeLa
and Raji cells cross-linked in vivo were enriched in sequences contained in
known genes, either in introns or in 5’-flanking regions [75]. Significantly, some
of these sequences had characteristics typical of regulatory regions, such as
DNase hypersensitivity or structural features of MARs, which are thought to be
associated with actively transcribing genes. Furthermore, when a number of
enhancers, known to bind STAT3 for the activation of the corresponding genes,
were examined, the consensus sequences for STAT3 were found to be associated
both with this transcription factor and with ERp57 [60]. Thus, while ERp57
cannot itself be considered as a transcription factor owing to its relatively low
affinity for DNA and its lack of stringent sequence specificity, it might act as an
accessory protein for transcription regulation, possibly contributing to the
formation of the multiprotein complexes present at the DNA regulatory sites or
maintaining the transcription factors in their proper redox state. ERp57 is not
unique among the protein disulfide isomerases in displaying such a function in
the nucleus. PDI has been described as being associated with the estrogen
receptor, bound to DNA, thus performing an auxiliary function in the
mechanism of gene expression regulation [76].

Concerning the STAT3-ERpS57 interaction, it should be noted that some
conflicting results have been reported, so that a more extensive investigation is
needed to clarify the origins of discrepancies. Thus, Coe et al. [77] reported that
in mouse embryonic fibroblasts the interaction between the two proteins
appeared to take place inside the endoplasmic reticulum. Sehgal and coworkers,
instead, working on Hep3B hepatoma cells, offered ample evidence that STAT3



CELLULAR & MOLECULAR BIOLOGY LETTERS 551

and ERp57 are associated at the level of the cell membrane and in the cytosol
[56-58, 78]. However, they described this association as having a negative effect
on the binding of STAT3 to DNA. Other evidence, as mentioned before, from
M14 melanoma cells and HepG2 hepatoma cells, demonstrated the association
of STAT3 and ERp57 also in the nucleus at the level of DNA interaction [59, 60],
and showed a dramatic loss of expression of the STAT3-dependent gene CRP
upon silencing of ERp57 in M14 cells [60]. The last result unequivocally
indicates the possibility of positive involvement of ERp57 in the signaling
and/or DNA binding of STAT3. Furthermore, in vitro experiments showed that
inhibitors of ERp57 impaired the binding of STAT3 to its consensus sequence in
the CDKNIA gene [60]. As a whole, these results show that in some way ERp57
and STAT3 do indeed interact, either functionally or structurally, but there is no
agreement on the effects of interaction and on the subcellular locations where it
takes place. It can be said that at least in some cell lines the interaction is
definitely present on the plasma membrane, in the cytosol and in the nucleus.
Further studies are required to understand the cause of these different results,
which probably resides either in the experimental conditions used, such as
cytokine stimulation, or in the cell type which is investigated. Also the type of
interaction between the two proteins should be clarified, since it has not yet been
proven that it is a direct one or that it takes place through another interacting
protein.

Other data consistent with a role of ERp57 in gene expression are those referring
to the nuclear import of ERp57 and NFkB following treatment with calcitriol
and phorbol ester in NB4 leukemia cells [49]. The correlation between this
nuclear import and the differentiation of the leukemic cells suggested the
involvement of these proteins in the process of transcriptional regulation,
although it has not been possible to prove the extent or the mode of the
contribution of ERp57 to such regulation.

There is also an indirect way by which ERp57 intervenes in the regulation of
gene expression, i.e. by means of regulating the redox state of a variety of
transcription factors. The interaction of ERp57 with Ref-1 has been mentioned
above, and the two proteins appear to cooperate in the activation of a variety of
transcription factors, which need to be in their reduced form in order to bind to
DNA [13]. The transcription factor E2A, instead, is active in its homodimeric
form, stabilized by disulfide bonds. The reducing activity of ERp57, in this
case, is responsible for the inactivation of the factor by reducing its disulfide
bonds [79].

ERpS7 IN MITOCHONDRIA

The presence of ERp57 has been detected in mitochondria, where it associates
with a mitochondrial calpain. ERp57 appears to stabilize calpain, opposing its
degradation by other mitochondrial proteases [80]. The ERp57-calpain complex
acts by catalyzing a partial hydrolysis of the apoptosis-inducing factor (AIF),



552 Vol. 16. No. 4. 2011 CELL. MOL. BIOL. LETT.

which becomes detached from the internal mitochondrial membrane and can be
released into the cytosol. Thus ERp57 appears to be involved in a process
leading to apoptosis.

ERpS57 AS A STRESS-RESPONSE PROTEIN

ERp57 has been initially identified as a protein overexpressed in K12 cells,
subjected to a stress caused by glucose depletion. This overexpression response
has subsequently been confirmed in many cell types and with different stress-
inducing agents [81]. The response is particularly noticeable following the
unfolded protein response (UPR) and a protein overload in the endoplasmic
reticulum. The origin of this stress response at the level of the ERp57 gene
promoter is unclear, since no canonical UPR is present in 2 kbp of the 5'-flanking
sequence of the gene. However, consensus sequences for Smad (mothers against
decapentaplegic homolog) transcription factors, which are often involved in
stress conditions, have been described by Nemere et al. [82] in the rat gene
promoter, and are also present in the promoter of the human gene. The
chaperone and redox activities of overexpressed ERp57 are expected to
counteract some deleterious effects of cell stress, such as protein misfolding or
damage caused by reactive oxygen species, and a number of studies have
confirmed this behavior, although they have also revealed great differences in
the response and in the protection provided, depending on the type of stress and
on the cells which were examined.

In some cases the knowledge of these effects might even be exploited for
a therapeutic intervention, as proposed in a recent study [83], in which the
mechanism of action of antitumoral agents was investigated. It was shown that
two proapoptotic drugs, bortezomib and fenretinide, act through an ER-stress
mechanism, although fenretinide induces the stress by production of reactive
oxygen species, while bortezomib does so by inhibition of proteasome. In both
cases the homeostatic mechanism of ER, leading to overexpression of stress-
response proteins, is only partially able to counteract the commitment to
apoptosis induced by the drugs, which is a desirable outcome for their
therapeutic action. Apoptosis is instead significantly incremented by the
knockout of ERp57 or of other homologous protein disulfide isomerases [83, 84].
It should be noted from this study that ERp57 is a potential target for
pharmacological intervention, so a search for its inhibitors appears to be highly
desirable.

A further example of the cell-protecting activity of ERp57 emerged from the
study of the neurodegenerative disease caused by misfolded prions (PrP5).
There is evidence that PrP5¢ acts by inducing ER stress in neuronal cells, and
also by activating the ER caspase-12. It has been shown that prion replication is
accompanied by increased expression of ERp57, and that the damage caused by
the prion is inversely related to the amount of ERp57 [85]. As shown by
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immunoprecipitation, ERp57 actually interacts with the misfolded prion, as
expected from its chaperone properties.

This propensity of ERp57 to associate with unfolded and/or prone-to-aggregate
proteins was confirmed by the finding that in the cerebrospinal fluid of normal
subjects ERpS57, together with calreticulin, forms a complex with the Af
peptides [86]. These are derived by the partial splitting of the amyloid precursor
protein in brain tissues and are responsible for the formation of the soluble
fibrillar aggregates followed by the insoluble fibrillar precipitates, which
constitute the plaques typical of Alzheimer's disease. Therefore ERp57 might
have a protective role by preventing the self-association of the A peptides.
However, in other situations, i.e. in other cells or under the effect of other
agents, the role of ERp57 as a cell protective agent is not so clear, and the
protein can even behave as a damaging molecule. Thus, in endothelial cells
under hyperoxic conditions, suppression of ERp57 actually opposes apoptotic
events [87].

The ER stress induced by dopamine or by 6-hydroxydopamine (6-OHDA) on
neurological tissues or cells has been related to Parkinson's disease [88, 89]. As
expected, in these conditions ERp57 is usually overexpressed [88, 90], although
not necessarily able to counteract the damaging effects of the stress. In
particular, it has been observed that in murine mesencephalic dopaminergic cells
(MN9D), treated with 6-OHDA, ERp57 becomes oxidized and self-aggregated,
leading to the formation of aggresomes [89], which might be at least in part
responsible for the cellular damage found in Parkinson's disease.

CONCLUSIONS

There is now ample evidence that, in addition to its known functions in the ER,
ERp57 is engaged in a number of different roles in other subcellular locations
(Tab. 1). While its mechanisms of function in the ER are well understood, those
involved elsewhere are usually unclear, and even the participation of its
thioredoxin-like active sites is not always evident.

Some of these newly reported functions have been confirmed by a number of
observations. Such is the case for the involvement of ERp57 in signaling
processes, and instances of ERp57 association with regulatory proteins either at
the level of the cell membrane or in the cytosol are being described with
increasing frequency. A lot of evidence also points towards an indirect and
possibly also a more direct mode to its participation in gene expression
regulation.

There is no doubt that the role of ERp57 in such processes deserves further
investigation. In this connection it must be pointed out that the phosphorylation
of ERp57 has received scant attention, although it is likely to play an important
role in signal transduction or in other regulatory events. ERp57 is phosphorylated
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Tab. 1. Location, activities and functions of ERp57.

Locations Activity Function Ref.
Endo- Disulfide isomerase Folding monoglucosylated proteins [25-27]
lasmic
lr)eticulum Disulfide isomerase Dissociation of the capsid proteins of SV40 [36]
Disulfide bond formation Assembly of the major histo-compatibility [29]
complex (MHC) class I
Redox activity Redox state of the sulthydryl groups in the [35]
intraluminal portion of SERCA
Interaction with the all-trans Submit the receptor to the degradation process [55]
retinoic acid receptor o known as ERAD
Interaction with STAT3, in mouse  Modulation of STAT3 signaling from the lumen [77]
embryonic fibroblasts of the endoplasmic reticulum
Cell surface Interaction with calcitriol Fast activation of non-genomic processes of [43-44,
calcitriol (involving PLA,; PKC; ERK) 46, 49]

Stimulation of phosphate uptake.
Internalization and nuclear import

Regulation of bone-related gene transcription [45]
and mineralization in osteoblast-like MC3T3-E1
cells
Interaction with the angiotensin II [50]
receptor
Interaction with vasopressin [51]
receptor
Interaction with the all-trans [55]

retinoic acid receptor o
Interaction with STAT3 in the lipid Participation of a signal transduction pathway [57, 58]

raft fraction of cell membrane initiating at the cell surface

Cytosol Interaction with STAT3 in the Present in a multiprotein complex [56-58,
cytosol 78]
Interaction with the all-trans Transport of the ligand-receptor complex into [55]
retinoic acid receptor o the nucleus (in the Sertoli cells)
Interaction with NFxB in the [49]
cytosol of leukemic cells
Redox activity; interaction with Maintenance of the reduced state of Ref-1 [13]
Ref-1 (complex, shuttles between the cytosol and the

nucleus)

Interaction with mTOR Assembly and functioning of the multiprotein [64]

complex mTORC1; Appears to be at least in part
responsible for the redox dependence of
mTORCI activity

Nucleus Redox activity; interaction with Maintenance of the reduced state of Ref-1 [13]
Ref-1 (complex, shuttles between the cytosol and the
nucleus)
Interaction with STAT3 Binding to enhancers, known to bind STAT3 for [60]

the activation of the corresponding genes;
involvement in the signaling and/or DNA

binding of STAT3
Protein complex with HMGBI, Recognition of the incorporation of the modified [69-70]
HMGB2, HSC70, glyceraldehyde  nucleosides into the DNA (resulting in
3-phosphate dehydrogenase and genotoxic stress, eventually leading to
ERp57 apoptosis); ERp57 is essential for the

phosphorylation of histone H2AX
Interaction with Ku80, Ku70 and  Participation in more than one process of DNA [13]
nuclear matrix protein 200/hPso4  repair (unknown mechanism)
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Locations Activity Function Ref.
Presence in multimeric nuclear The interaction appeared to be correlated with [75-76]
complexes, containing paclitaxel resistance

nucleophosmin, nucleolin, TUBB3
(a specific isotype of tubulin) and

B-actin
Interaction with A/T rich regions, [20, 68,
and in general with MARs (nuclear 73]

matrix associated regions) of DNA;
Binding requires the oxidized form

of ERp57
Redox activity on transcription Responsible for the inactivation of the factor by  [79]
factor E2A (stabilized by disulfide reducing its disulfide bonds
bonds)
Mito- Interaction with calpain Stabilize calpain, contrasting with its [80]
chondria degradation by other mitochondrial proteases;
ERp57-calpain complex- catalyzed partial
hydrolysis of AIF

on one or two unidentified sites following angiotensin II binding to its receptor
and on a serine by fasting and by leptin treatment in rats [15], and is known to be a
substrate of the Lyn protein kinase [14]. While the role of these phosphorylations
is still unknown, it is tempting to assume that they might contribute to the
interaction of ERp57 with SH2 domains (Src homology 2) present in other
proteins, such as STAT3.

Of great interest, although in need of further confirmation, are the observations
relating ERp57 to some neurodegenerative diseases, such as Alzheimer's, prion
and Parkinson's disease, where the protein appears to act either as a protective
agent or, in the case of Parkinson’s, as a noxious molecule contributing to the
disease. Much is also to be learned about the behavior of ERp57 as a stress-
responsive protein and as a protein involved in DNA damage recognition
processes.

Finally, a further important aspect of ERp57 function needs to be addressed: the
possible participation of calreticulin in ERp57 activities performed outside the
ER. The strong affinity between the two proteins, and the presence of
calreticulin in different subcellular compartments, including the nucleus, raises
the question of the importance of calreticulin in the processes that have been
mentioned before, including the signaling events and gene expression regulation.
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