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Abstract
The endoplasmic reticulum (ER) is the site where proteins enter the secretory pathway. Proteins are
translocated into the ER lumen in an unfolded state and require protein chaperones and catalysts of
protein folding to attain their final appropriate conformation. A sensitive surveillance mechanism
exists to prevent misfolded proteins from transiting the secretory pathway and ensures that
persistently misfolded proteins are directed towards a degradative pathway. In addition, those
processes that prevent accumulation of unfolded proteins in the ER lumen are highly regulated by
an intracellular signaling pathway known as the unfolded protein response (UPR). The UPR provides
a mechanism by which cells can rapidly adapt to alterations in client protein-folding load in the ER
lumen by expanding the capacity for protein folding. In addition, a variety of insults that disrupt
protein folding in the ER lumen also activate the UPR. These include changes in intralumenal
calcium, altered glycosylation, nutrient deprivation, pathogen infection, expression of folding-
defective proteins, and changes in redox status. Persistent protein misfolding initiates apoptotic
cascades that are now known to play fundamental roles in the pathogenesis of multiple human
diseases including diabetes, atherosclerosis and neurodegenerative diseases.
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Introduction
Protein folding is an essential process for protein function in all organisms. As a consequence,
all cells have evolved sophisticated mechanisms to ensure proper protein folding occurs and
to dispose of irreversibly misfolded proteins. All proteins that transit the secretory pathway in
eukaryotic cells first enter the endoplasmic reticulum (ER) where they fold and assemble into
multi-subunit complexes prior to transit to the Golgi compartment [1]. ‘Quality control’ is a
surveillance mechanism that permits only properly folded proteins to exit the ER en route to
other intracellular organelles and the cell surface. Misfolded proteins are either retained within
the ER lumen in complex with molecular chaperones or are directed toward degradation
through the 26S proteasome in a process called ER-associated degradation (ERAD) or through
autophagy.

Correspondence: Randal J. Kaufman, Ph.D., University of Michigan Medical Center/HHMI, MSRB II, Room 4570, 1150 W. Medical
Center Drive, Ann Arbor, MI 48109-0650, USA, E-mail: kaufmanr@umich.edu, Phone 734-763-9037, Fax 734-763-9323.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Semin Cell Dev Biol. Author manuscript; available in PMC 2009 July 6.

Published in final edited form as:
Semin Cell Dev Biol. 2007 December ; 18(6): 716–731. doi:10.1016/j.semcdb.2007.09.003.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The efficiency of protein-folding reactions depends on appropriate environmental, genetic and
metabolic conditions. Conditions that disrupt protein folding present a threat to cell viability.
The ER provides a unique environment that challenges proper protein folding as nascent
polypeptide chains enter the ER lumen. A high concentration of partially folded and unfolded
proteins predisposes protein folding intermediates to aggregation. Polypeptide binding
proteins, such as BiP and GRP94, act to slow protein folding reactions and prevent aberrant
interactions and aggregation. The ER lumen is an oxidizing environment so disulfide bond
formation occurs. As a consequence, cells have evolved sophisticated machinery composed of
several protein disulfide isomerases (PDIs) that are required to ensure proper disulfide bond
formation and prevent formation of illegitimate disulfide bonds. The ER is also the primary
Ca2+ storage organelle in the cell. Both protein folding reactions and protein chaperone
functions require high levels of ER intralumenal calcium. Protein folding in the ER requires
extensive amounts of energy and depletion of energy stores prevents proper protein folding.
ATP is required for chaperone function, to maintain Ca2+ stores and redox homeostasis, and
for ERAD. Finally, proteins that enter the ER lumen are subject to numerous post-translational
modifications including N-linked glycosylation, amino acid modifications such as proline and
aspartic acid hydroxylation and γ-carboxylation of glutamic acid residues, and addition of
glycosylphosphatidylinositol anchors. All these processes are highly sensitive to alterations in
the ER luminal environment. As a consequence, innumerable environmental insults alter
protein-folding reactions in the ER through mechanisms that include depletion of ER calcium,
alteration in the redox status, and energy (sugar/glucose) deprivation. In addition, gene
mutations, elevated protein traffic through the ER compartment, and altered post-translational
modification all contribute the accumulation of unfolded proteins in the ER lumen.

Accumulation of unfolded protein initiates activation of an adaptive signaling cascade known
as the unfolded protein response (UPR). Appropriate adaptation to misfolded protein
accumulation in the ER lumen requires regulation at all levels of gene expression including
transcription, translation, translocation into the ER lumen, and ERAD. Coordinate regulation
of all these processes is required to restore proper protein folding and ER homeostasis [1-6].
Conversely, if the protein folding defect is not resolved, chronic activation of UPR signaling
occurs which eventually induces an apoptotic (programmed cell death) response. In this review
we summarize the signaling pathways that mediate the UPR, mechanisms that signal cell death,
the role of the UPR in mammalian physiology, and the clinical implications of the UPR in
health and disease.

Protein folding and quality control in the ER
Protein folding and maturation in vivo is a highly-assisted process. The ER lumen contains
molecular chaperones, folding enzymes and quality control factors that assist in folding and
trafficking of newly synthesized polypeptides. Nascent polypeptide chains enter the ER lumen
through a proteinaceous channel, the Sec 61 translocon complex. The nascent chains of most
translocated polypeptides are subject to addition of a preassembled oligosaccharide core (N-
acetylglucosamine2-mannose9-glucose3) i.e., Glc3Man9GlcNac2 to selective asparagine (N)
residues. N-glycosylation is catalyzed by the oligosaccharyltransferase(OST), a multisubunit
enzyme associated with the translocon complex. Subsequently, sequential action by the ER
α glucosidases I and II removes the two outermost glucose residues to produce a mono-
glucosylated core glycan. The mono-glucosylated glycoprotein can then interact with two
homologous ER lectins calnexin (CNX) and calreticulin (CRT) that associate with Erp57, an
oxidoreductase that catalyzes disulfide bond formation. Upon release of folding substrates from
CNX and/or CRT, the innermost glucose residue is rapidly removed by glucosidase II. Two
potential mechanisms by which chaperones may monitor protein folding are through exposed
hydrophobic patches or through excessive surface dynamics associated with the non-compact
partially-folded state. The protein chaperone BiP binds to the hydrophobic patches exposed on
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protein folding intermediates. Highly dynamic, non-native deglucosylated glycoproteins are
recognized by the ER folding sensor UDP-glucose:glycoprotein glucosyltransferase (UGT1).
UGT1 specifically re-glucosylates folding intermediates released from CNX/CRT cycle.
Reglucosylation mediates ER retention of immaturely folded glycoproteins so they enter
another round of CNX/CRT-assisted folding. Polypeptides that fail to acquire their native
transport-competent structure are eventually removed by ER-associated degradation (ERAD).
During ERAD, folding-defective proteins are retranslocated to the cytosol, in a process
possibly mediated by EDEM and Derlin, and are degraded by the 26S proteasome. Native,
properly-folded polypeptides released from CNX/CRT are transported from the ER to the Golgi
compartment, in an event possibly assisted by mannose-binding lectins, such as ERGIC-53,
VIPL, ERGL [7] (Figure 1).

UPR signaling
In response to ER stress, three ER-localized transmembrane signal transducers are activated
to initiate adaptive responses. These transducers are two protein kinases IRE1 (inositol
requiring kinase 1) [8,9], and PERK (double stranded RNA-activated protein kinase-like ER
kinase) [10] and the transcription factor ATF6 (activating transcription factor 6) [9,11]. These
three UPR transducers are constitutively expressed in all known metazoan cells (Fig. 1). IRE1
was the first component of the UPR that was identified, initially in yeast, and is conserved in
all eukaryotic cells. The essential and unique properties of IRE1 signaling in the UPR have
been conserved in all eukaryotic cells but higher eukaryotes also possess the additional sensors
PERK and ATF6 that promote stress adaptation or cell death in a more complex and diverse,
yet coordinated manner.

Perk phosphorylates eIF2α to attenuate mRNA translation
The most immediate response to ER stress in metazoan cells is reversibly, transient attenuation
of mRNA translation, thereby preventing influx of newly synthesized polypeptides into the
stressed ER lumen [12]. This translational attenuation is signaled through PERK-mediated
phosphorylation of the eukaryotic translation initiation factor 2 on the alpha subunit (eIF2α)
at Ser51. eIF2α phosphorylation inhibits the guanine nucleotide exchange factor eIF2B that
recycles the eIF2 complex to its active GTP-bound form. The formation of the ternary
translation initiation complex eIF2-GTP-tRNAMet is required for AUG initiation codon
recognition and joining of the 60S ribosomal subunit that occurs during initiation phase of
polypeptide chain synthesis. Lower levels of active ternary complex result in lower levels of
translation initiation [10,13-15]. (Fig.1).

PERK is an ER-associated transmembrane serine/threonine protein kinase. Upon accumulation
of unfolded proteins in the ER lumen, PERK dimerization and trans-autophosphorylation leads
to activation of its eIF2α kinase function. [10,16]. In addition to translational attenuation,
activation of PERK also induces transcription of approximately 1/3 of the UPR-dependent
genes [13-15,17]. Although phosphorylation of eIF2α inhibits general translation initiation, it
is required for the selective translation of several mRNAs. One fundamental transcription factor
for which translation is activated upon PERK-mediated phosphorylation of eIF2α, is the
activating transcription factor 4 (ATF4) [13-15,17]. Expression profiling identified that genes
encoding amino acid biosynthesis and transport functions, anti-oxidative stress responses, and
apoptosis, such as growth arrest and DNA damage 34 (GADD34) and CAAT/Enhancer binding
protein (C/EBP) homolgous protein (CHOP/GADD153) [16,18] require PERK, eIF2α
phosphorylation, and ATF4 [13-15,17].

Although the majority of PERK signaling is mediated through phosphorylation of eIF2α,
studies suggest that the bZiP Cap ‘n’ Collar transcription factor nuclear respiratory factor 2
(NRF2) may also be a substrate for the PERK kinase activity [19]. NRF1 and NRF2 are
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transcription factors that integrate a variety of responses to oxidative stress. NRF2 is distributed
in the cytoplasm through its association with the microtubule-associated protein Keap1 (Kelch-
like Ech-associated protein 1). Upon ER stress, PERK phosphorylates NRF2 to promote its
dissociation from Keap1, leading to the nuclear accumulation of NRF2. Nrf2−/− cells are
sensitive to ER stress-induced apoptosis. NRF2 is a direct PERK substrate and effector of
PERK-dependent cell survival [19]. NRF2 binds to the antioxidant response element (ARE)
to activate transcription of genes encoding detoxifying enzymes like A1 and A2 subunits of
glutathione S-transferase, NAD(P)H:quinone oxidoreductase, γ-glutamylcysteine synthetase,
Heme oxygenase-1 (HO-1) and UDP-glucoronosyl transferase [20]. Possibly in a similar
manner, NRF1 is localized to the ER membrane and translocates to the nucleus upon ER stress
[21]. These data support the notion that PERK phosphorylates multiple substrates to protect
cells from oxidative stress. Consistent with this idea, Perk-/- cells accumulate ROS when they
are exposed to ER stress [14].

IRE1 initiates nonconventional splicing of XBP1 mRNA
The first component in the UPR pathway was isolated through a genetic screen to identify
mutants in UPR signaling in the budding yeast Saccharomyces cerevisiae. In this screen, Ire1p/
Ern1p was identified as an ER transmembrane protein kinase that is required for the UPR [3,
22]. Subsequently, it was discovered that Ire1p is a bifunctional protein that also has a site-
specific endoribonuclease (RNase) activity [3,22]. Under non-stress conditions, Ire1p protein
kinase is maintained in an inactive monomeric form through interactions with the protein
chaperone Kar2p/BiP. Upon accumulation of unfolded proteins in the ER lumen, Ire1p is
released from Kar2p/BiP and undergoes homodimerization and trans-autophosphorylation to
activate its RNase activity. The RNase activity of Ire1p cleaves a 252–base intron from mRNA
encoding the basic leucine zipper (bZIP)-containing transcription factor Hac1p. This splicing
reaction alters the carboxy-terminus of Hac1p to introduce a potent transcriptional activation
domain. The protein encoded by spliced HAC1 mRNA binds and activates transcription from
the UPR element [UPRE, minimal motif TGACGTG(C/A)] upstream of many UPR target
genes [2,23]. In S. cerevisiae, the UPR activates transcription of approximately 381 genes
[24], more than 50% of which provide functions in the secretory pathway.

Two mammalian homologues of yeast IRE1 have been identified; IRE1α [25] and IRE1β
[26]. IRE1α is expressed in most cells and tissues, with highest levels of expression in the
pancreas and placenta [25]. IRE1β expression is prominent only in intestinal epithelial cells
[26]. The cleavage specificities of IRE1α and IRE1β are quite similar, thereby suggesting that
they do not recognize distinct substrates but rather confer temporal- and tissue- specific
expression [27].

Transcriptional analysis of UPR gene targets, such as BiP, GRP94 and calreticulin, identified
a mammalian ER stress response element (ERSE, CCAAT(N9)CCACG) that is necessary and
sufficient for UPR gene activation [28]. Yoshida et al used a yeast one-hybrid screen to isolate
factors that interact with the ERSE. This screen identified one ERSE-binding protein as the
bZIP-containing transcription factor XBP1 (X-box binding protein) [28]. Subsequently,
several groups using different approaches demonstrated that XBP1 mRNA is a substrate for
the endoribonuclease activity of metazoan IRE1 [9,29-31]. Upon activation of the UPR, the
IRE1 RNase activity initiates removal of a 26 nucleotide intron from XBP1 mRNA. This
splicing reaction creates a translational frameshift to produce a larger form of XBP1 that
contains a novel transcriptional activation domain it its C-terminus. Spliced XBP1 is a
transcriptional activator that plays a fundamental role activation of wide variety of UPR target
genes. Some of the genes identified that require the IRE1/XBP1 pathway are those that encode
functions involved in ERAD, such as the ER degradation-enhancing mannosidase-like protein
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EDEM. Consistent with this observation, cells that are deficient in either IRE1 or XBP1 are
defective in ERAD [32](Fig.2).

Analysis of gene-deleted mice has provided insight into the physiological roles of IRE1 and
XBP1 in mammals. Deletion of Ire1α or Xbp1 in mice creates an embryonic lethality at E11.5-
E14 [30,33]. Although deletion of Ire1β had no developmental phenotype, Ire1β-/- mice were
susceptible to experimental-induced intestinal colitis [34]. Mice with heterozygous Xbp1
deletion appear normal but develop insulin resistance when fed a high-fat diet [35]. Thus, it
was proposed that the UPR might be important in insulin signaling (see below). In addition,
both IRE1 and XBP1 have critical roles in B cell differentiation. Antigenic stimulation of
mature B lymphocytes activates the UPR and signaling through IRE1-mediated XBP1 mRNA
splicing is required to drive B lymphocyte differentiation into plasma cells [29,36-38]. These
studies suggest that the IRE1/XBP1 subpathway of the UPR might be required for
differentiation of cell types that secrete high levels of protein. This is consistent with a
requirement for XBP1 in pancreatic acinar cell development [39].

ATF6–mediated transcriptional activation requires regulated intramembrane proteolysis
The bZiP-containing activating transcription factor 6 (ATF6) was identified as another
regulatory protein that, like XBP1, binds to the ERSE1 element in the promoters of UPR–
responsive genes [28]. In mammals, there are two alleles of ATF6, ATF6α (90kDa) and
ATF6β (110 kDa), both synthesized in all cell types as ER transmembrane proteins. In the
unstressed cells, ATF6 is localized at the ER membrane and bound to BiP. In response to ER
stress, BiP dissociation permits trafficking of ATF6 to the Golgi complex, where ATF6 is
sequentially cleaved by two proteases [40-42]. The serine protease site-1 protease S1P cleaves
ATF6 in the luminal domain. The N terminal portion is subsequently cleaved by the
metalloprotease site-2 protease S2P [43]. The processed forms of ATF6α and ATF6β
translocate to the nucleus and bind to the ATF/cAMP response element (CRE) and to the ER
stress responsive element (ERSE-1) to activate target genes [41]. ATF6α and ATF6β both
require the presence of the transcription factor CBF (also called NF-Y) to bind ERSEI
[40-42]. The proteases S1P and S2P were originally identified for their essential role in
processing of the sterol response element binding protein (SREBP) transcription factor, which
is activated upon cholesterol deprivation [44] (Fig.1). Over-expression of the cleaved form of
ATF6α identified a class of UPR genes that may be transcriptional targets of ATF6α [45]. Since
ATF6α and ATF6β have not yet been deleted in model organisms, their precise roles in UPR
transcriptional induction remains to be clarified.

Recently, additional bZIP-containing transcription factors that are localized to the ER and
regulated by RIP have been identified. CREBH was identified as a liver-specific bZiP
transcription factor of the CREB/ATF family with a transmembrane domain that directs
localization to the ER [46]. Pro-inflammatory cytokines IL6, 1L-1β and TNFα increase
transcription of CREBH to produce an inert protein that is localized to the ER. Upon ER stress,
CREBH transits to the Golgi compartment where it is cleaved by S1P and S2P processing
enzymes. However, cleaved CREBH does not activate transcription of UPR genes, but rather,
induces transcription of a subset of acute phase response genes, such as C-reactive protein and
murine Serum Amyloid P component (SAP) in hepatocytes. These studies identified CREBH
as a novel ER-localized transcription factor that has an essential role in induction of innate
immune response genes and links for the first time ER stress to inflammatory responses [46].

In addition to ATF6 and CREBH, there are additional similarly related factors that are likely
regulated through ER stress-induced proteolytic processing, although their physiological roles
remain unknown. OASIS (old astrocyte specifically induced substance) and BBF2H7 (BBF2
human homolog on chromosome 7) are cleaved by S1P and S2P in response to ER stress in
astrocytes and neurons, respectively [47,48]. Tisp40 (transcript induced in spermiogenesis 40)

Malhotra and Kaufman Page 5

Semin Cell Dev Biol. Author manuscript; available in PMC 2009 July 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



is cleaved by S1p and S2P to activate transcription of EDEM [49]. These tissue-specific ATF6-
like molecules may contribute to the ER stress response. Finally, Luman/LZIP/CREB3 and
CREB4 are also two ATF6-like molecules that are cleaved by S1P and S2P to activate UPR
transcription, although their cleavage appears to not be activated by ER stress [50-52]. These
transcription factors might be activated under conditions other than ER stress to activate
transcription of ER chaperones.

BiP is a master regulator of UPR sensor activaton
In non-stressed cells, the luminal domains of IRE1, PERK, and ATF6 are bound to the protein
chaperone BiP. In response to stress, unfolded proteins accumulate and bind BiP, thereby
sequestering BiP and promoting BiP release from the UPR sensors. When these sensors are
bound to BiP, they are maintained in an inactive state [53]. This BiP-mediated negative-
regulation model for UPR activation is also supported by the observation that BiP over-
expression prevented activation of the UPR upon ER stress [54]. In addition, sufficiently high
levels of expression of any protein that binds BiP can activate UPR. In contrast, the
accumulation of unfolded proteins that do not bind BiP does not activate the UPR [55,56].
Analysis of the interaction between BiP and ATF6 suggested that this dissociation is not merely
a consequence of competition between ATF6 and unfolded protein for binding to BiP, but
rather may involve an active ER stress-dependent release of BiP from ATF6 [57]. Recently,
based on the x-ray crystal structure of the yeast Ire1p luminal domain, Credle et al. identified
a deep, long MHC1-type groove that exists in an Ire1p dimer and proposed that unfolded
polypeptides directly bind Ire1p to mediate its dimerization [58]. However, although the x-ray
crystal analysis of the human IRE1 luminal domain indicated a similar structure as yeast Ire1p,
the MHC1-type groove was not solvent accessible [59]. In addition, the luminal domain was
shown to form dimers in vitro in the absence of added polypeptide [59]. These observations
bring into question the requirement for peptide binding to the MHC1-type cleft to promote
dimerization. It is possible that a combination of BiP binding as well as peptide binding both
regulate IRE1 dimerization. Future studies should resolve this issue.

ER Stress-Induced Apoptosis
If the UPR fails to resolve the protein-folding defect, apoptosis is activated. In response to ER
stress, apoptosis is signaled through both mitochondrial-dependent and -independent pathways
(Fig.2). The ER might actually serve as a site where apoptotic signals are generated and
integrated to elicit the death response. Several mechanisms by which apoptotic signals are
generated at the ER include: PERK/eIF2α-dependent transcriptional induction of the
proapoptotic transcription factor CHOP; Bak/Bax-regulated Ca2+ release from the ER; IRE1-
mediated activation of ASK1 (apoptosis signal-regulating kinase 1)/JNK (c-Jun amino terminal
kinase); and cleavage and activation of procaspase 12 (Fig.3). Recent evidence also suggests
that oxidative stress may provide a significant contributing factor to ER stress-induced
apoptosis.

CHOP is a UPR-induced transacription factor that mediates apoptosis
Probably the most significant ER stress-induced apoptotic pathway is mediated through CHOP.
CHOP/GADD153 (growth arrest and DNA damage 153) is a bZIP transcription factor that is
induced through the ATF6 and PERK UPR pathways [18,60]. Chop−/− cells are protected from
ER stress-induced apoptosis [61], indicating the significance of this apoptotic pathway during
ER stress. Although the precise mechanism by which CHOP mediates apoptosis in unknown,
CHOP activates the transcription of several genes that may potentiate apoptosis. These include
GADD34, ERO1, DR5 (death receptor 5), TRB3, and carbonic anhydrase VI. GADD34 encodes
a subunit of protein phosphatase 2C that enhances dephosphorylation of eIF2α and promotes
protein synthesis [62]. Persistent protein synthesis during periods of ER stress would
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chronically activate the UPR and initiate cell death pathways. ERO1 encodes an ER oxidase
that increases the oxidizing potential of the ER [63]. DR5 encodes a cell surface death receptor
that may activate caspase cascades [64]. TRB3 (Tribbles homolog 3) encodes a human ortholog
of Drosophila tribble, and TRB3-knock-down cells are resistant to ER stress-induced apoptosis
[65]. Carbonic anhydrase VI may decrease the intracellular pH during ER stress [66]. CHOP
has also been implicated in repressing transcription of the anti-apoptotic BCL2 protein [67].
However the ability of CHOP to induce ER stress-associated apoptosis has recently been
demonstrated to be dependent on the duration of the stress state. Chronic exposure to a mild
stress can lead to adaptation by selective attenuation of CHOP expression mediated by
degradation of CHOP mRNA and CHOP protein, whereas expression of downstream targets
encoding adaptive functions, such as ER chaperones like BiP, is persistent due to long-lived
mRNAs and proteins [68].

BCL2-family members regulate ER stress-induced apoptosis
During periods of ER stress, pro-apoptotic members of the Bcl2 family are recruited to the ER
surface and activate caspase-12. In contrast, the anti-apoptotic members prevent this
recruitment, although the exact relationship between these factors remains unclear. Over-
expression of BCL2 family members can prevent ER stress-induced apoptosis. BIM (BCL2-
interacting mediator of cell death) translocates from the dynein-rich compartment to the ER
membrane and activates caspase-12 in response to ER stress, whereas an antiapoptotic factor,
BCL-xL (BCL2-like 1), binds to BIM and inhibits its translocation [69]. Consistent with this
notion, BIM knockdown cells are resistant to ER stress-induced death.

BH3 domain (Bcl2-homology domain 3)-only containing pro-apoptotic factors, such as Bax
(Bcl2-associated × protein) and Bak (Bcl-2 homologous antagonist/killer), are present at the
mitochondrial and ER membranes [70,71]. During ER stress, BAX and BAK oligomerize to
possibly permit Ca2+ efflux into the cytoplasm. Increased cytosolic Ca2+ can activate both
mitochondrial-dependent and independent caspase cascades [70,71]. In vitro experiments
support the idea that the increase in the cytosolic Ca2+ concentration (from micromolar to
millimolar) activates the calcium-dependent protease m-Calpain, which subsequently cleaves
and activates the ER-resident procaspase-12 to initiate caspase-dependent apoptosis [72]. The
Ca2+ released from the ER also enters mitochondria to depolarize the inner membrane,
promoting cytochrome c release and activating APAF-1 (apoptosis protease-activating factor
1)/procaspase-9-regulated apoptosis. Thus, BCL2 family members may regulate ER stress-
induced apoptotic responses through Ca2+ signaling.

The regulation of BH3-only members of the BCL2 family during ER stress is quite complex.
BAX and BAK are required for most forms of apoptosis [73]. Additional BH3 domain-only
family members, PUMA (p53 up-regulated modulator of apoptosis) and NOXA (neutrophil
NADPH oxidase factor), are up-regulated by p53 during ER stress. In addition, Puma−/− cells
and Noxa−/− cells are resistant to ER stress-induced apoptosis [74]. BAX activation during ER
stress is inhibited by the ER-localized anti-apoptotic factor BI-1(Bax inhibitor −1). BI-1−/−

mice are sensitive to ER stress, whereas mice overexpressing BI-1 are resistant [75]. BIK
(BCL2-interacting killer) is an ER-localized pro-apoptotic component that enhances the
recruitment of BAX and BAK to the ER membrane [76]. Finally, BAX and BAK associate
with IRE1α and potentiate its signaling during ER stress [77].

IRE-dependent activation of JNK mediates ER stress-induced apoptosis
In addition to initiating splicing of XBP1 mRNA, activation of IRE1 signals into the MAP
kinase cascade. The IRE1 cytoplasmic domain interacts with the adaptor protein, TRAF2
(tumor necrosis factor receptor-associated factor 2). TRAF2 couples the activation of death
receptors at the plasma membrane to activation of Jun kinase (JNK) and stress-activated protein
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kinase (SAPK) [78]. IRE1 and TRAF2 interact with the mitogen-activated protein kinase
kinase kinase, ASK1 (apoptosis signal-regulating kinase 1), which subsequently
phosphorylates and activates JNK [79]. Therefore, ER stress-induced JNK activation and
apoptosis are reduced in Ire1−/− and Ask1−/− cells. However, this mechanism cannot account
for the observation that Traf2−/− cells are more susceptible to ER stress-induced apoptosis
[80]. TRAF2 also associates with caspase-12 and regulates its activation [81]. IRE1–TRAF2
activates the transcriptional repressor ATF3 as well, leading to apoptosis [82]. There is also
evidence that UPR activation of IRE1 may initiate the extrinsic apoptotic pathway. IRE1
interacts with TNFR1 (tumor necrosis factor receptor 1) to form a complex with TRAF2 and
ASK1 to mediate JNK activation. The activation of JNK by ER stress is impaired in
Tnfr1−/− cells. In addition, the expression of TNFα is up-regulated by the IRE1 pathway during
ER stress [83.,84]. ROS can directly activate ASK1 by disrupting an ASK1 thioredoxin (TDX)
complex through oxidation of TDX, and thereby lead to activation of JNK, p38 MAP kinase,
and cell death [85]. The Jun activation domain-binding protein (JAB1) may be a feedback
regulator since it can interact with IRE1 and inhibit XBP1 mRNA splicing and BiP transcription
[86]. Thus, oxidative stress and ER stress may induce cell death by using the same molecular
complex consisting of IRE1/TRAF2/ASK1/TDX/JNK. Finally, TNFα can activate the UPR in
a ROS-dependent manner. These finding indicate an intricate relationship exists between death
receptor signaling, oxidative stress, and activation of the UPR.

ER stress-induces caspase-dependent apoptosis
Caspases 2, 3, 4, 7, 9 and 12 are reported to be involved in ER stress-induced cell death
[87-90]. Caspase-12 is associated with the ER membrane, and activated by ER stress, possibly
by calpain [91]. In addition, proapoptotic BCL2 family members BAX and BAK colocalize to
the ER membrane and function to activate apoptosis through caspase 12 [87-90]. Caspase-12
activates caspase-9, which in turn activates caspase-3 [92] leading to cell death.
Caspase-12−/− mice are partially resistant to ER stress-induced apoptosis but sensitive to other
death stimuli, suggesting that caspase-12 is a regulator specific to ER stress-induced apoptosis
[93]. However, the involvement of caspase-12 in apoptosis of human cells is still open to
question, as the human caspase-12 gene contains several inactivating mutations [94]. It is
possible that caspase 4 mediates ER stress-induced apoptosis in human cells [90,95].

ER Stress and Oxidative Stress
ROS can be produced in all cellular compartments and ultimately results in protein damage
[96]. Furthermore, the exposure of biological systems to various conditions of oxidative stress
leads to age-dependent increases in the cellular levels of oxidatively-modified proteins, lipids
and nucleic acids, and subsequently predisposes to the development of well-recognized, age-
related disorders that cause impaired cognitive function and metabolic integrity [97]. There is
accumulating evidence to suggest that protein folding, ER stress and production of ROS are
intimately intertwined, however, this area of ER stress is not well explored. Since oxidative
protein folding occurs in the ER and perturbations in protein folding can cause deleterious
consequences, alterations in redox status or generation of ROS could directly and/or indirectly
affect ER homeostasis and protein folding. Elucidating the relationship between oxidative
stress and oxidative protein folding represents a major area for future research.

Oxidative stress disrupts ER function
ROS can be produced both as a result of exposure to toxic agents such as irradiation and
environmental pollutants, and also as byproducts of oxygen–utilizing enzymatic reactions,
such as the mitochondrial respiratory chain, the arachidonic acid pathway, the cytochrome
P450 family, glucose oxidase, amino acid oxidases, xanthine oxidase, NADPH/NADPH
oxidases, or NO synthases [98,99] (Fig.3A). The electron transport chain produces membrane
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impermeable superoxide anion and the rate is dependent on the mitochondrial inner membrane
potential. In the presence of mitochondrial SOD, superoxide is converted to hydrogen peroxide
(H2O2) that can diffuse out of mitochondria into the cytoplasm. In the presence of iron,
hydrogen peroxide forms the highly reactive hydroxyl radical (OH•) via the Fenton reaction.
The superoxide anion radical (O2-•) also generates other toxic metabolites such as peroxynitrile
(ONOO-), hypochlorous acid (HOCl) and singlet oxygen (1O2). Under physiological
conditions ROS accumulation is guarded by numerous endogenous antioxidant defense
systems that include both enzymatic and non-enzymatic antioxidant mechanisms that can either
scavenge ROS or prevent their formation. The enzymatic antioxidant defense mechanisms are
mediated through superoxide dismutase (SOD), glutathione peroxidase (GPX), catalase, and
thioredoxin reductase. Vitamins provide a non-enzymatic antioxidant defense [100]. Finally,
redox homeostasis is contributed by several redox systems including NAD+/NADH, NADP
+/NADPH, and oxidized glutathione/reduced glutathione (GSSG/GSH).

Both ER stress and oxidative stress, through ROS generation, can increase leak of Ca2+ from
the ER lumen [101-103]. Increases in cytosolic Ca2+ can stimulate mitochondrial ROS
production through multiple mechanisms. The mitochondrial electron transport chain generates
ROS as a consequence of increased mitochondrial Ca2+ loading. The amount of mitochondrial
ROS production primarily reflects the quantity of the ubisemiquinone radical intermediate
(QH•), an intermediate in the Q cycle at complex III [104,105]. The level of QH• increases
when either complex III is inhibited or with greater flux through the respiratory chain. Ca2+

leak stimulates the TCA cycle, thereby increasing O2 consumption and ROS generation.
Ca2+ also stimulates nitric oxide synthase which generates NO• that inhibits complex IV and
can thereby enhance ROS production. In addition, Ca2+ opens the permeability transition pore
to release cytochrome C from the inner mitochondrial membrane, thereby blocking the
respiratory chain at complex III. Finally, Ca2+ -induced permeability transition pore opening
may cause leak of GSH from the matrix and as a consequence, deplete reducing equivalents.

High levels of ROS generation within the mitochondria further increases Ca2+ release from
the ER. The very close proximity of ER and mitochondria leads to accumulation of Ca2+ near
mitochondria, further increasing mitochondrial ROS production and leading to opening of the
permeability transition pore [106]. Furthermore, ROS can also feedback to sensitize the
Ca2+ release channels at the ER membrane [107,108]. For example, this may occur through
ROS or reactive nitrogen species that can oxidize a critical thiol in the ryanodine receptor and
cause its inactivation, thereby enhancing Ca2+ release from the sarcoplasmic reticulum [109,
110]. As the anti-oxidation potential of the cell diminishes, the vicious cycle of Ca2+ release
and ROS production becomes more threatening to cell survival.

Protein folding in the ER causes oxidative stress
The ER is an organelle where proper protein folding and disulfide formation of proteins is
dependent on the redox status within the lumen of the ER. In contrast to the cytosol that has a
reducing environment, the lumen of the ER is oxidizing with a high ratio of oxidized to reduced
glutathione (GSSG/GSH) [111]. Glutathione is a tripeptide (L-γ-glutamyl-L-cysteinyl-
glycine) that is synthesized in the cytosol. The cell contains up to 10 mM GSH that is maintained
in a reduced form through a cytosolic NADPH-dependent reaction catalyzed by glutathione
reductase. Cellular redox homeostasis is maintained by a dynamic interaction between reduced
glutathione (GSH) and protein thiols with ROS. Reduced glutathione GSH serves as a major
thio-disulfide redox buffer in cells and the ratio of GSH:GSSG is used as an index of the redox
state. While the ratio of reduced glutathione to oxidized glutathione is (>50:1) in the cytoplasm,
this ratio is (1:1 to 3:1) in the ER lumen [112]. The oxidizing environment of the ER lumen
promotes disulfide bond formation. In addition, the greater oxidizing environment of ER was
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suggested to contribute to the preferred oxidation and inactivation of ER resident proteins,
thereby contributing to unfolded protein accumulation [111].

Proteins that transit the secretory pathway frequently require disulfide bond formation for their
maturation, stability, and/or function. Mispairing of cysteine residues and formation of
inappropriate disulfide bonds prevents proteins from attaining their native conformation and
leads to misfolding. Although it is likely that GSH reduces non-native disulfide bonds in
misfolded proteins, this is likely not the major pathway utilized in cells. The ER lumen
maintains redox conditions that enable a distinct set of folding catalysts to facilitate the
formation and isomerization of disulfide bonds [112]. The process of disulfide bond-dependent
protein folding is slow due to its dependence on a redox reaction, which requires an electron
acceptor. During this folding process a protein may be oxidized to form disulfide bonds,
isomerized to allow polypeptide rearrangement, or reduced to allow unfolding and subsequent
degradation [113]. The idea that disulfide bond formation is an assisted process in vivo is
supported by the discovery of DsbA mutants in Escherichia coli that display compromised
disulfide bond formation [114].

In eukaryotes, oxidative protein folding, i.e., disulfide bond formation, is catalyzed by a family
of ER oxidoreductases, including PDI (protein disulphide isomerase), ERp57, ERp72, PDIR,
PDIp and P5. When chaperone assisted disulfide bond formation occurs, cysteine residues
within the PDI active site [-C-X-X-C-] accept two electrons from the polypeptide chain
substrate. This electron transfer results in the oxidation of the substrate and the reduction of
the PDI active site. Despite the ability of PDI to enhance the rate of disulfide-linked folding,
the mechanisms by which the ER disposes of electrons as a result of the oxidative disulfide
bond formation has remained an enigma. A number of different factors have been proposed to
maintain the oxidizing environment of the ER, including the preferential secretion of reduced
thiols and uptake of oxidized thiols, and a variety of different redox enzymes and small
molecule oxidants. However, there is a lack of genetic evidence demonstrating that these
factors are physiologically important [115-117]. It was believed for many years that the low
molecular mass thiol glutathione is responsible for oxidizing the PDI active sites. This was
contrary to observations in yeast where depletion of glutathione did not interfere with disulfide
bond formation [118,119].

Extensive genetic and biochemical studies using the yeast Saccharomyces cerevisiae have
provided detailed insights into the mechanisms underlying oxidative protein folding. A genetic
screen in yeast identified a conserved ER-membrane–associated protein Ero1p (ER
oxidoreductin 1) [116,120] that plays a role similar to that of the bacterial periplasmic protein
DsbB in oxidative folding. The proteins Ero1p and DsbB specifically oxidize a thioredoxin-
like protein (PDI in eukaryotes, DsbA in bacteria) that further serves as an intermediate in
electron transfer. In both prokaryotes and eukaryotes molecular oxygen serves as the terminal
electron acceptor for disulfide bond formation. Ero1p uses a flavin-dependent reaction to pass
electrons directly to molecular oxygen. This reaction has the potential to generate ROS that
would contribute to cellular oxidative stress. The role of Ero1p in electron transfer suggests
that the activity of Ero1p is tightly coupled with the protein-folding load in the ER [121]. In
mammals, there are two ERO1 genes hERO1-Lα and hERO1-Lβ [122,123] that differ in their
tissue distribution and transcriptional regulation. Only ERO1-Lβ is induced by the UPR
[123], whereas ERO1-Lα is induced during hypoxia [124]. Further studies in yeast, and later
in metazoan cells, identified a critical role for flavin adenine dinucleotide (FAD) in oxidative
protein folding. As Ero1p is a novel FAD-binding protein [121], the FAD requirement in
oxidative folding may reflect its function in Ero1p. These studies suggest that the versatile
redox molecule FAD functions in disulfide bond formation in the ER lumen.
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It has been estimated that approximately 25% of the ROS generated in a cell may result from
formation of disulfide bonds in the ER during oxidative protein folding(Fig.3A). Two
mechanisms have been proposed for how disulfide bond formation generates ROS. During
formation of disulfide bonds, ROS are a byproduct formed as ERO1 and PDI act in concert to
transfer electrons from thiol groups in proteins to molecular oxygen. In addition, ROS may be
formed as a consequence of the glutathione depletion that occurs as glutathione reduces
unstable and improper disulfide bonds. The consumption of GSH would return thiols involved
in non-native disulfide bonds to their reduced form so they may again interact with ERO1/
PDI1 to be reoxidized. This would generate a futile cycle of disulfide bond formation and
breakage in which each cycle would generate ROS and consume GSH (Fig.3B). As a
consequence, it is expected that proteins that have multiple disulfide bonds may be more prone
to generating oxidative stress.

It is not known whether ROS are generated as a consequence of unfolded protein accumulation
in the ER. There several possible mechanisms by which unfolded protein in the ER could lead
to ROS production. First, as described above, protein misfolding may be associated with
inappropriate pairing and bonding of cysteine residues. A futile cycle of disulfide bond
breakage and formation would deplete GSH reducing equivalents, thereby leading to oxidative
stress. It order to test this hypothesis, it will be important to determine whether misfolding of
a protein that has no disulfide bonds can generate ROS. Alternatively, unfolded protein
accumulation in the ER may elicit Ca2+ leak into the cytosol to increase ROS production in
mitochondria. Finally, since both protein folding and refolding in the ER lumen are highly
energy-dependent processes, ATP depletion as a consequence of protein misfolding could
stimulate mitochondrial oxidative phosphorylation to increase ATP production, and
consequently increase ROS production.

Future Perspectives
Tremendous progress has been made in understanding the mechanisms underlying the cause
of ER stress and cellular adaptive responses. Future studies are required to understand the
physiological significance of ER stress and UPR signaling in disease pathogenesis. The
relationships between ER stress and apoptosis also remain to be defined. Further studies are
also required to elucidate how ER stress and UPR signaling in integrated with other stress
signaling pathways, particularly those related to oxidative stress. A greater understanding of
the complex interrelationship between protein misfolding and oxidative stress may lead to the
development of general pharmacological agents, such as chemical chaperones to improve
protein folding and/or antioxidants to reduce oxidative stress, for the treatment of human
disease. A coherent mechanistic understanding of the mechanisms and pathways that signal
ER stress responses should contribute to the development of more selective and specific-acting
therapeutic agents targeted for diseases associated with ER pathologies.
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Figure 1. Protein Trafficking from the ER
Upon translocation of polypeptides through the Sec61 proteinaceous channel, asparagine
residues are frequently modified by covalent addition of a preassembled oligosaccharide core
(N-acetylglucosamine2-mannose9-glucose3). This reaction is catalyzed by the
oligosaccharyltransferase (OST), a multisubunit complex associated with translocon. To
facilitate unidirectional transport through the translocon, nascent polypeptide chains in the ER
lumen interact with BiP, a molecular chaperone that binds to exposed hydrophobic residues.
Subsequently, rapid deglucosylation of the two outermost glucose residues on the
oligosaccharide core structures, mediated by glucosidase I and II (GlcI and GlcII), prepares
glycoproteins for association with the ER lectins calnexin and calreticulin. The calnexin/
calreticulin-associated oxidoreductase ERp57 facilitates protein folding by catalyzing
formation of intra- and inter- molecular disulfide bonds, a rate-limiting step in the protein
folding process. Release from calnexin/calreticulin followed by glucosidase II cleavage of the
innermost glucose residue prevents further interaction with calnexin and calreticulin. At this
point, natively folded polypeptides transit the ER to the Golgi compartment, in a process
possibly assisted by mannose-binding lectins, such as ERGIC-53, VIPL, ERGL. As an essential
component of protein-folding quality control, non-native polypeptides are tagged for
reassociation with calnexin/calreticulin by the UDP-glucose:glycoprotein glucosyltransferase
(UGT1) to facilitate their ER retention and prevent anterograde transport. Polypeptides that
are folding incompetent are targeted for degradation by retrotranslocation, possibly mediated
by EDEM and Derlins, into the cytosol and delivery to the 26S proteosome. Triangles represent
glucose residues, squares represent N-acetylglucosamine residues, and circles represent
mannose residues.
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Figure 2. Signaling the unfolded protein response
Three proximal sensors IRE1, PERK and ATF6 regulate the UPR through their respective
signaling cascades. Under non-stressed conditions, BiP binds to the lumenal domains of IRE1
and PERK to prevent their dimerization. Upon accumulation of unfolded proteins in the ER
lumen, IRE1 released from BIP dimerizes to activate its kinase and RNase activities to initiate
XBP1 mRNA splicing thereby creating a potent transcriptional activator. Primary targets that
require IRE1/XBP1 pathway for induction include genes encoding functions in ERAD.
Similarly, ATF6 released from BiP transits to the Golgi compartment where for cleavage by
S1P and S2P proteases to yield a cytosolic fragment that migrates to the nucleus to further
activate transcription of UPR-responsive genes. Finally, PERK released from BiP dimerizes,
autophosphorylates, and phosphorylates eIF2α on Ser 51 leading to general attenuation of
translational initiation. Paradoxically, eIF2α phosphorylation induces translation of ATF4
mRNA. The PERK/eIF2α/ATF4 regulatory axis also induces expression of anti-oxidative
stress response genes and expression of genes encoding proteins with proapoptotic functions,
such as CHOP.
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Figure 3. Pathways of ER stress-induced apoptosis
ER stress leads to several redundant pathways for caspase activation that involve
mitochondrial- dependent and independent pathways. Activated IRE1 recruits TRAF2 to elicit
JNK phosphorylation and activation. Caspase 12 is a murine ER-associated proximal effector
in the caspase activation cascade that activates procaspase 9 to cleave procaspase 3, the primary
executioner of cell death. A second cell death signaling pathway activated by ER stress is
mediated by transcriptional induction of genes encoding proapoptotic functions. Activation of
PERK, ATF6 and possibly IRE1 lead to transcriptional induction of CHOP that induces
apoptosis possibly through up-regulatng expression of the genes Gadd34, Dr5 and Trb3 or by
inhibiting expression of the anti-apoptotic gene Bcl2. Mitochondrial ROS can be generated as
a result of ER stress-induced Ca+2 release and depolarization of the inner mitochondrial
membrane. Thus, oxidative stress in association of unresolved ER stress contributes to multiple
pathways of cell death.
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