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Abstract

The endoplasmic reticulum (ER) is the site of synthesis and folding of membrane and secretory
proteins, which, collectively, represent a large fraction of the total protein output of a mammalian
cell. Therefore, the protein flux through the ER must be carefully monitored for abnormalities,
including the buildup of misfolded proteins. Mammalian cells have evolved an intricate set of
signaling pathways from the ER to the cytosol and nucleus, to allow the cell to respond to the
presence of misfolded proteins within the ER. These pathways, known collectively as the unfolded
protein response, are important for normal cellular homeostasis and organismal development and
may also play key roles in the pathogenesis of many diseases. This review provides background
information on the unfolded protein response and discusses a selection of diseases whose
pathogenesis involves ER stress.
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Endoplasmic Reticulum Stress and Cytotoxic Signaling from the Unfolded

Protein Response

The endoplasmic reticulum (ER) is a large membrane-enclosed cellular organelle, found in
all eukaryotes, that is the site of folding of membrane and secreted proteins, synthesis of
lipids and sterols, and storage of free calcium. Physiologic stresses, such as increased
secretory load, or pathological stresses, such as the presence of mutated proteins that cannot
properly fold in the ER, can lead to an imbalance between the demand for protein folding
and the capacity of the ER for protein folding, thereby causing ER stress. To sense and
respond to ER stress, eukaryotic cells have evolved a group of signal transduction pathways,
collectively termed the unfolded protein response (UPR) (reviewed in Reference 1). The
most ER-proximal regulators of the UPR consist of a set of transmembrane ER-resident
proteins, including inositol-requiring protein 1 (IRE1), PKR-like endoplasmic reticulum
kinase (PERK), and activating transcription factor (ATF)-6. These proteins bear domains
protruding into the ER lumen, which sense ER stress, coupled to cytosolic effector domains.
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ER stress occurs when the capacity of the ER to fold proteins becomes saturated. ER stress
may be caused by factors that impair protein glycosylation or disulfide bond formation, or
by overexpression of or mutations in proteins entering the secretory pathway. Ultimately,
signaling from these stress-sensing proteins protects the cell or, alternatively, promotes cell
death. The role of the UPR in influencing cellular life/death decisions in response to ER
stress has led to intense interest in the link between UPR signaling and human diseases that
arise from pathologic conditions eliciting ER stress. Here, we first focus on the molecular
mechanisms by which UPR signaling pathways promote cell death in response to ER stress.
We then discuss how UPR signaling may play a causal role in the pathogenesis of select
diseases.

IRE1 governs the most phylogenetically conserved UPR signaling pathway. In mammals,
IRE1α is present in every cell, whereas expression of the related IRE1β is restricted to
intestinal epithelial cells. In response to ER stress, IRE1 oligomerizes in the plane of the ER
membrane, which in turn activates kinase and endoribonuclease functions present in its
cytosolic domain (Figure 1). The cytoprotective output of IRE1 is present across all
eukaryotes and is mediated through the specific splicing of Xbp-1 mRNA, initiated by
IRE1's endoribonuclease activity (2, 3, 3a). Spliced Xbp-1 encodes a potent transcription
factor of the basic-leucine zipper (B-ZIP) family, whose genetic targets code for proteins
that enhance ER protein-folding capacity and degradation of misfolded ER proteins, thereby
protecting the cell by specifically reducing the ER stress stimulus (4, 5, 150).

In higher eukaryotes, IRE1 has acquired additional functions thought to promote cell death
in response to ER stress. One proposed proapoptotic output of IRE1 signaling may be its
activation of c-Jun N-terminal kinase (JNK) (6, 7). In response to ER stress, the kinase
domain of IRE1 binds to the TRAF2 adaptor molecule and activates the apoptosis signal-
regulating kinase 1 (ASK1), which, in turn, causes the phosphorylation and activation of
JNK. JNK activation has been demonstrated to trigger cell death in response to TNFα
receptor activation or UV irradiation (8). Furthermore, Ask1−/− cells fail to activate JNK and
are resistant to apoptosis in response to ER stress (7). These findings suggest that JNK
activation by the IRE1/TRAF2/ASK1 complex can contribute to cell death in response to
ER stress. However, JNK signaling elicits many cellular responses besides cell death and
can even promote cell survival in specific circumstances (8). Similarly, the ASK1 kinase
activates signaling pathways besides JNK (9), and the resistance of Ask1−/−cells to
apoptosis after ER stress could reflect the inactivation of multiple ASK1-dependent
downstream processes. Additional studies are needed to clarify the biologic significance of
JNK activation by IRE1 after ER stress.

IRE1 signaling may also promote cell death after ER stress by activating caspases, which
encompass a large family of cysteine proteases that either relay the death signal or act as the
actual effectors of apoptosis. The adaptor molecule, TRAF2, interacts directly with murine
procaspase-12, and ER stress disrupts this interaction, possibly by causing the IRE1 kinase
domain to bind TRAF2, which in turn leads to the conversion of procaspase-12 into the
active enzyme (10). However, the role of caspase-12 in the promotion of cell death after ER
stress remains controversial. Although one report showed that murine Caspase-12−/− cells
are largely resistant to cell death induced by ER stress (11), another group observed no
significant resistance to ER stress when they independently generated Caspase-12−/− cells
(12). Furthermore, the human Caspase-12 gene contains an inactivating mutation in most
people (13), and thus its product is unlikely to play a key function in human cells. Caspase-4
and caspase-11 have been proposed to promote cell death after ER stress in lieu of or in
addition to caspase-12 (14). The link between IRE1 activation and caspases therefore needs
further investigation at this time.
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The ability of IRE1 to promote cell death has been largely attributed to signaling via its
kinase domain. However, IRE1's endoribonuclease function may also play a role in
regulating cell survival in response to ER stress. In human cells, for example, IRE1 was
proposed to initiate the endonucleolytic cleavage of its own mRNA as a negative feedback
mechanism after ER stress (15). In Drosophila cells, IRE1 activation by the strong reducing
agent dithiothreitol triggered the cleavage and ensuing decay of a large set of mRNAs (16).
These findings suggest a role for the ribonucleatic function of IRE1 in regulating mRNA
targets besides Xbp-1 after ER stress and raise the possibility that IRE1 could control cell
death by downregulating the levels of target mRNAs involved in cell survival. However,
because neither study could demonstrate in vitro that IRE1's nuclease directly initiates
mRNA breakdown, it remains plausible that IRE1 recruits or activates another cellular
ribonuclease to cause mRNA decay after ER stress.

The PERK branch of the UPR also elicits proapoptotic effects after activation. PERK bears
an ER-lumenal domain, homologous to that of IRE1, that monitors the protein-folding
environment within the ER. Like IRE1, PERK oligomerizes in response to ER stress to
activate a kinase function resident in its cytosolic domain (17). The only known target of
this kinase activity is the eukaryotic initiation factor 2α (eIF2α), a ubiquitous cofactor
required for the assembly of 80S ribosomes at the initiation codon of mRNAs to commence
protein synthesis (18). Phosphorylation of eIF2α, by kinases such as PERK, inhibits its
function (19, 20). In turn, protein synthesis in the cell declines as ribosomes fail to assemble
efficiently on mRNAs (21). Hence, PERK signaling protects the cell from protein
misfolding in the ER by instituting a global slowdown of protein translation. Translational
attenuation confers immediate protective advantages, but could also be cytotoxic if protein
synthesis dropped below levels necessary to sustain vital functions. To prevent
overattenuation of translation, GADD34, a protein phosphatase regulatory subunit, is also
induced after ER stress by the PERK pathway and counteracts PERK signaling by
promoting the dephosphorylation of eIF2α, thereby restoring ribosomal assembly on
mRNAs (22). However, it is unclear how the cell balances the opposing activities of PERK
and GADD34 on eIF2α phosphorylation after activation by ER stress to determine whether
translational attenuation protects or damages the cell.

For a small group of mRNAs, of which the Atf-4 mRNA is the best-studied member, PERK
activation paradoxically enhances their translation. The Atf-4 mRNA contains multiple
upstream open reading frames (uORFs) that precede the Atf-4 ORF (21). This unusual
molecular organization normally suppresses ATF-4 protein synthesis when ribosomal
assembly is efficient, as ribosomes initiate translation at the decoy uORFs. However, it
enhances ATF-4 translation when ribosomal assembly is impaired during ER stress because
the uORFs are bypassed in favor of the ATF-4 start codon. The ATF-4 protein is another B-
ZIP-containing transcription factor, whose targets include ER chaperones and, hence, help
alleviate ER stress. However, ATF-4 also promotes apoptosis by increasing transcription of
Chop/Gadd153 (23), which encodes yet another transcription factor in the B-ZIP family.
CHOP has an important role in regulating cell death after ER stress, as demonstrated by the
resistance of Chop−/− cells to apoptosis in response to a variety of ER stresses. CHOP can
cause cell death by increasing the amount of GADD34, which restores translation, and by
increasing oxidative stress (24, 25), but there may be other mechanisms by which CHOP's
transcriptional output promotes cell death, such as by increasing the expression of TRB3
(26).

ATF-6α governs the third branch of the mammalian UPR and is the archetype of a growing
family of transmembrane ER stress sensors that also include ATF-6β, OASIS, CREBH,
LUMAN, and BBF2H7 (1, 27–31). In contrast to the ubiquitous expression of IRE1α and
PERK, many of these stress transducers are expressed in a cell-type- or tissue-specific
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manner (28). ATF-6α bears an ER luminal stress-sensing domain coupled via a
transmembrane segment to a cytosolic B-ZIP transcription factor domain (32). In response
to ER stress, ATF-6α traffics from the ER to the Golgi, where specific proteases cleave the
transmembrane domain and liberate the cytosolic portion of ATF-6α (33). This severed
fragment then translocates to the nucleus, where it acts as a transcription factor to upregulate
UPR target genes that overlap with those activated by XBP-1 and ATF-4. In this manner,
ATF-6α is thought to protect the cell from ER stress (34). Some reports, however, suggest
that ATF-6α may also have a proapoptotic function. When a myoblast cell line was induced
to differentiate, ATF-6α activation was selectively observed in cells destined to die, and
inhibition of ATF-6α processing enhanced cell survival (35). In a macrophage cell line,
ATF-6α activity was activated during cell death induced by lipopolysaccharide and
interferon-γ, and expression of a dominant negative form of ATF-6α ameliorated cell death
induced by those agents (36). However, the methods used to block ATF-6α activation in
these studies were not specific and likely affected other B-ZIP proteins cleaved by the Golgi
proteases that process ATF-6α.

BAK and BAX are members of the BCL-2 protein family that regulate apoptosis by a
mechanism thought to involve their multimerization and insertion into the mitochondria,
thereby facilitating the exit of cytochrome c into the cytosol to initiate apoptosis (37).
Bak−/−Bax−/− cells are highly resistant to cell death induced by a wide variety of stimuli,
including agents that cause ER stress (38). BAK and BAX are also present at the ER
membrane, and another proposed mechanism by which they promote cell death involves the
release of ER luminal calcium to activate cell death pathways by releasing cytochrome c
from the mitochondria (39–41). An alternative and not incompatible possibility is that BAK
and BAX at the ER can directly activate apoptotic pathways without involving mitochondria
(40). It is not obvious how BAK and BAX would detect ER stress, as they bear no molecular
or functional homology to the ER stress-sensing domains of the canonical UPR regulators,
IRE1, PERK, and ATF-6α. One possible solution to this question would involve an
interaction of one of the known ER stress sensors with BAK and BAX. Indeed, a recent
report indicated that IRE1α at the ER may need BAK and BAX to control cellular responses
after ER stress (42). Through the use of biochemical and genetic approaches in
Bak−/−Bax−/− cells, defects in IRE1α branch signaling were identified that were proposed to
arise from the loss of stabilizing interactions between IRE1α, BAK, and BAX at the ER
membrane. These findings raise the possibility that, upon ER stress, IRE1α may in turn
activate BAK and BAX to mediate cell death.

How does the mammalian UPR integrate its protective and toxic outputs elicited by ER
stress to determine life or death cell fates? No source of ER stress that activates only
cytoprotective or proapoptotic outputs from UPR signaling pathways has been found.
Instead, all known ER stressors trigger the entire UPR, thereby initiating both protective and
proapoptotic outputs simultaneously. One model that reconciles how the concomitant
production of cytoprotective and proapoptotic outputs from the UPR leads to survival or
death posits the selective temporal regulation of UPR branch signaling pathways after ER
stress (Figure 1). In this model, IRE1α, PERK, and ATF-6α are all initially activated. Their
combined actions would provide protective outputs such as reduced translation, enhanced
ER protein-folding capacity, and clearance of misfolded ER proteins, in addition to
proapoptotic outputs such as CHOP production. Protective outputs would initially outweigh
proapoptotic factors, perhaps in part because prosurvival UPR effector molecules such as
GRP78 (BiP) are significantly more stable, both at the mRNA and protein levels, than
antisurvival factors (43). This phase of predominantly protective UPR output would
therefore provide a window of opportunity whereby the cell could try to adapt to ER stress,
such as by increasing chaperone levels to facilitate protein folding or increasing ER-
associated protein degradation to remove terminally misfolded proteins.
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Should these steps fail to reduce ER stress, which would occur with the application of lethal
doses of ER toxins or prolonged production of terminally misfolded proteins, protective
outputs would be reduced. Indeed, attenuation of the entire IRE1 branch of the UPR and an
ensuing decline in chaperone production are observed in human cells with unresolved ER
stress (43a). With loss of protective outputs, unchecked UPR proapoptotic signaling would
guide the cell toward its demise and also sensitize it to any further deleterious insults that
might occur, such as hypoxia or nutrient starvation. Elucidating the behavior and regulation
of the individual UPR signaling pathways after ER stress will be important for
understanding how the protective and proapoptotic outputs of the UPR are used to determine
cell survival or death, and will likely provide a molecular framework in which to understand
the pathogenesis of diseases linked to protein misfolding and ER dysfunction, as well as to
guide the design of pharmaceutical agents to ameliorate or cure these diseases.

Endoplasmic Reticulum Stress and Disease Pathogenesis

As ER stress and the attendant UPR can lead to cell death, it is not surprising that conditions
that lead to an increase in protein misfolding or a decrease in the ability of the cell to handle
these proteins in the ER can result in cellular dysfunction and disease. Such diseases may
result from the decreased ability of the cell to fold secreted or membrane proteins, the
decreased ability to recognize or respond to misfolded proteins, and/or the increased load of
misfolded proteins. Inappropriate activation of the UPR may also be harmful, by killing the
cell or even by protecting the cell from death (e.g., during neoplastic transformation or viral
infection). Indeed, each of these situations, either naturally occurring or experimentally
induced, has been shown to cause cellular and/or organismal injury in human beings or in
model organisms. Selected examples are discussed in detail in the following sections to
illustrate the possible role of ER stress in pathogenesis, the UPR pathways proposed to be
involved, and potential therapeutic avenues.

Diabetes Mellitus

Diabetes mellitus (DM) results from insufficient insulin function to maintain homeostasis of
glucose metabolism. In type IDM, there is a primary failure of the pancreatic islet β cells to
secrete sufficient amounts of insulin. In many patients, this defect results from an
autoimmune attack on the β cells. In rare cases, β cell failure and/or death is inherited as a
mono-genetic disease. In type II DM, the pathology first arises in the peripheral tissues, in
the form of insulin resistance, that is, a failure to respond appropriately to normal levels of
insulin. To compensate, the β cells hypersecrete insulin and may eventually die. As the β
cells constitute a type of professional secretory cell, it is not surprising that ER stress and the
UPR have been implicated in β cell dysfunction and apoptosis in certain hereditary forms of
DM as well as in β cell exhaustion late in the course of type II DM. More unexpectedly,
however, ER stress has also been implicated in earlier stages of type II DM, at a time of end-
organ insulin resistance rather than of failure of insulin secretion, as well as in immune-
mediated type I DM.

One form of human hereditary DM, the Wollcott-Rallison syndrome, is caused by presumed
inactivating mutations in the Perk gene (44). Similarly, Perk knockout mice also develop
diabetes (45). In both species, there is progressive loss of β cells during postnatal
development, presumably as a result of apoptosis downstream of ER stress. It is likely that
the absence of PERK results in the inability of the β cell to decrease the load of proteins
entering the ER during periods when the folding capacity of the ER has been exceeded
because of especially high demand for insulin synthesis and secretion. In agreement with
this interpretation, mice engineered to have a non-phosphorylable form of eIF2α also
develop diabetes (46), as PERK decreases the load on the ER by inactivating eIF2α via
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phosphorylation. Interestingly, these eIF2α mutant mice develop diabetes earlier than Perk
knockout mice, suggesting that the basal level of phosphorylation mediated by other eIF2α
kinases partially protects the β cell from ER stress. However, a recent paper showed that
PERK is required only during development, and adult mice do not require PERK to remain
nondiabetic (47). Thus, PERK may play a more important role for β cell differentiation than
for their survival. It is not known whether there may be more ER stress in the β cell during
development than in adult life, or if PERK may also be important for a survival pathway
separate from the UPR. Notably, PERK deficiency causes endocrine pancreatic dysfunction,
but has no apparent adverse effect on other tissues with high protein flux through the ER,
such as the liver and plasma cells (45). Conversely, mice with knockout of the Xbp-1 gene
fail to develop normal exocrine pancreas, hepatocytes, plasma cells, and salivary glands, but
show no prenatal defect in pancreatic islet development, although postnatal development
could not be examined because of perinatal lethality (48). Therefore, clearly there are
differences in the importance of the various branches of the UPR for different types of
secretory cells. One possible explanation is that there are cell-type-specific UPR pathways
and/or targets thereof. Indeed, the product of the wfs1 gene, which is mutated in people with
Wolfram's syndrome (another form of hereditary DM) (49, 50), is a PERK-responsive
protein that is mostly expressed in β cells in the pancreas (51, 52). Targeted knockout of
wfs1 in β cells results in ER stress and apoptosis of these cells (53, 54). Thus, it is likely that
the lack of PERK causes β cell loss at least in part by the failure to upregulate wfs1. It
would be important to determine if loss of eIF2α phosphorylation also leads to decreased
wfs1 expression, and if the forced expression of WFS1 can at least partially rescue DM
caused by the loss of eIF2α phosphorylation. In any case, additional studies are needed to
understand the pathways operating in β cell development and function both upstream and
downstream of PERK, for example, by using tissue-specific gene knockouts at specific
stages in development.

An inherited defect in insulin itself can also lead to DM via ER stress in mice. The so-called
Akita mice contain a missense mutation in the insulin 2 gene (55). Both heterozygous and
homozygous mice develop DM early in life. Clearly, DM does not result from an
insufficient amount of circulating insulin, as mice have two loci for insulin and knocking out
both copies of the insulin 2 gene does not lead to a diabetic phenotype (56). Rather, the
mutant insulin synthesized by the Akita mice is misfolded and retained in the ER, leading to
ER stress and subsequent β cell injury and apoptosis (57). Further support for a role of ER
stress in disease pathogenesis comes from the observation that knocking out CHOP
expression delayed the onset of diabetes in mice heterozygous for the insulin 2 mutation
(57). Although no evidence exists to suggest that mutations in the coding region of the
insulin gene play a role in human diabetes, the Akita mouse confirms that ER stress can be
an important cause of β cell loss.

Type I DM in people is frequently caused by an autoimmune reaction against β cells. ER
stress has been implicated in this form of DM as well. Cytokines and nitric oxide released by
the inflammatory cells have been shown to activate the UPR, presumably by inducing ER
stress (58, 59). However, no experimental manipulations of the UPR have been performed in
model organisms, and thus it is not clear whether the ER stress in this situation is relevant
for disease pathogenesis.

There is also evidence that ER stress within β cells plays a role in type II DM. ER stress has
been found in the β cells of the congenitally obese db/db mice and of human patients with
type II DM (60). This is perhaps due to long-term increased secretion demand to overcome
end-organ insulin resistance, although chronic hyperglycemia itself (61), as well as free fatty
acids (62), has also been shown to directly induce the UPR in β cells. In support of a
mechanistic role for ER stress in type II DM, mice heterozygous for nonphosphorylable
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eIF2α show an increased propensity to develop obesity-induced DM (63). These data can be
explained by the dysfunction or death of β cells owing to ER stress caused by the increased
demand for insulin secretion in the setting of obesity-induced insulin resistance. However,
the interpretation of the data is complicated by the recent revelation of a relationship
between ER stress and insulin resistance in the target organs of insulin (i.e., liver, adipose
tissue, and skeletal muscle). Two parallel sets of experiments were performed in two
different mouse models of obesity and insulin resistance. First, Özcan et al. (64) showed that
obesity induces ER stress in the liver, which then leads to the inhibition of insulin signaling
by the phosphorylation of insulin receptor substrate1via activation ofIRE1 and JNK,
although other pathways, such as one involving the inhibition of AKT by the CHOP-induced
protein TRB3 (65), may also be important. Treatment of leptin-deficient ob/ob mice with
small molecules that act as chaperones for the proper folding of secretory proteins resulted
in the resolution of ER stress in the liver, normalization of blood glucose levels, restoration
of insulin sensitivity, and loss of steatosis (66). Remarkably, these chaperones both
suppressed hepatic glucose output and increased glucose disposal in peripheral tissues,
presumably skeletal muscle and adipose tissue. Similarly, Nakatani et al. (67) showed that
the obese db/db mice also suffered from ER stress in the liver. The liver-specific
overexpression of a single ER chaperone protein that helps to relieve ER stress, the oxygen-
regulated protein 150 (ORP150), resulted in marked improvement of glucose tolerance and
insulin sensitivity, whereas decreasing the expression of ORP150 in the liver of genetically
normal mice resulted in decreased insulin sensitivity (67). These latter studies confirm the
importance of ER stress in causing insulin resistance and reveal that it is the relief of ER
stress in target tissues rather than in the β cells that leads to amelioration of diabetes in these
model organisms. In a similar vein, mice with heterozygous knockout of the xbp-1 gene
show insulin resistance (64). Thus, it will be important to determine whether heterozygous
defects in the eIF2α pathway increase the risk of type II DM via effects in β cells, target
organs, or both. Mice with tissue-specific knockout of the various genes involved in UPR
will again be extremely useful in this regard. Consistent with a role for ER stress and the
UPR in the development of insulin resistance, ATF-6α polymorphisms have been linked to
type II DM in both Pima Indians and Dutch Caucasians (67a, 67b).

The mechanism by which obesity can induce ER stress in peripheral tissues is still unclear,
although free fatty acids may be involved (68). Regardless, in view of the potential
importance of ER stress for multiple stages and organs of type II DM, the systemic
administration of small-molecule chaperones that help alleviate ER stress can potentially be
triply beneficial in this common and devastating disease: by decreasing glucose output from
the liver, by increasing glucose utilization by peripheral tissues, and by preventing the loss
of β cells as a result of ER stress caused by increased demand and/or hyperglycemia.
However, it is notable that β cell survival under conditions of ER stress is improved by the
expression of ATF-4, a downstream target of PERK, probably by leading to the expression
of antioxidant genes that help counter oxidative stress caused by accumulation of proteins in
the ER (69). Similarly, treatment of db/db mice with exendin-4, a molecule that binds to
glucagon-like-peptide receptor 1 and increases ATF-4 expression via cyclic AMP, improves
DM in these obese mice (70). Therefore, partial relief of ER stress, which may prevent the
synthesis of ATF-4 without clearing all of the accumulated ER proteins or blocking other
downstream effectors of the UPR, could paradoxically increase the death of β cells. Such an
effect would not be surprising, in light of the dual protective and proapoptotic effects that
the UPR exerts on the cell. For example, transient phosphorylation of eIF2α protects cells
against apoptosis caused by ER stress (71), yet CHOP, a transcription factor downstream of
eIF2α phosphorylation, causes cell death, possibly by increasing the ER protein load and
oxidative stress (25). Clearly, more detailed analysis of each different kind of tissue over
long periods of treatment in various model organisms will be necessary to determine the
usefulness of various chemical chaperones as well as the appropriate therapeutic dosages.
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Viral Infections

Because enveloped viruses must utilize a large amount of membrane proteins and lipids for
their morphogenesis (Figure 2), and because even many nonenveloped viruses depend upon
intracellular membranes for their replication and/or morphogenesis, it is not surprising that a
variety of unrelated viruses have been found to induce ER stress and the UPR, as well as
manipulate the UPR. However, as in other diseases, the interplay between each virus and the
host UPR is complex and as yet incompletely understood. The PERK pathway of the UPR
may well function as a host antiviral defense, as this kinase is homologous to and has similar
kinase activity as the double-stranded RNA-activated protein kinase PKR, which is known
to be part of the cellular antiviral armamentarium. Indeed, Baltzis et al. (72) showed that
fibroblasts deficient in PERK support much higher levels of vesicular stomatitis virus
replication than wild-type fibroblasts. There is a corresponding increase in apoptosis of the
host cells, although it is not clear whether the cell death resulted from the inability of the ER
to respond to the increased load of the viral infection or from some other cytopathic effect of
the higher cellular viral load. Unexpectedly, PKR activation is also partially defective in the
cells, suggesting a hitherto unsuspected cross talk between these two kinases. Other studies
have similarly shown that blocking the phosphorylation of eIF2α leads to increased
vesicular stomatitis virus replication and cytopathic effects (73), confirming that PERK
exerts its antiviral effects via a translational block.

If PERK-mediated eIF2α phosphorylation is an important cellular mechanism for
controlling viral replication, then viruses may have evolved mechanisms to counter this
pathway. One possible example is provided by the herpes simplex virus (HSV) type I. This
virus encodes a protein known as ICP34.5, which is homologous to the cellular protein
GADD34 that mediates the dephosphorylation of eIF2α (74). ICP34.5 is important for HSV
replication in certain cell types (74). Importantly, the absence of ICP34.5 decreases the
ability of the virus to grow and spread in the host organism (75), and salubrinal, a small
molecule that blocks the dephosphorylation of eIF2α, decreases HSV replication in murine
cornea (76). These data are consistent with eIF2α phosphorylation having antiviral effects.
Similarly, the African swine fever virus, despite being an enveloped virus, does not cause
eIF2α phosphorylation in infected cells (77). This lack of a response appears to be due to a
specific block in the UPR, as infected cells also do not respond to chemical inducers of ER
stress. The viral factor responsible for this effect may be DP71L, which shows homology to
HSV ICP34.5 protein and can also associate with the enzyme that dephosphorylates eIF2α
(78), although a direct role for this protein in decreasing eIF2α phosphorylation or in
facilitating viral replication has not yet been proven. Note that because both PERK and PKR
induce eIF2α phosphorylation, it is not clear whether the PERK pathway is actually the
main activator of eIF2α that is targeted byICP34.5, DP71L, and similar viral proteins.
However, specific inhibition of PERK by both hepatitis C virus (HCV) (79) and HSV (80)
has been demonstrated. Remarkably, for both viruses the proteins responsible for this
function are viral envelope glycoproteins: E2 for HCV and gB for HSV. These proteins were
expected to induce ER stress, and indeed the HCV E2 protein does induce ER stress, as
measured by the induction of GRP78, when expressed at low levels (79, 81). Thus, these
viruses appear to have adapted inducers of ER stress to be inhibitors of ER stress instead.
Unfortunately, both E2 and gB are essential structural components of the respective viruses,
and hence it cannot be determined whether deletion of these proteins leads to decreased
virus production. In any case, this function of E2 and gB lends further credence to the theory
that at least the PERK pathway of the UPR has antiviral functions.

Other branches of the UPR may also function as antiviral host defenses, as some viruses
appear to manipulate them. For example, human cytomegalovirus (82) and HCV (83) both
induce ER stress, as suggested by the splicing of Xbp-1 mRNA, yet do not show induction
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of XBP-1-dependent transcription, for example, of the gene Edem. This specific blockage
may be tied to the fact that some of the genes activatedbyXBP-1 code for proteins involved
in ER-associated protein degradation (84). Thus, activation of this pathway may lead to the
undesired loss of ER proteins, viral or cellular, necessary for viral replication and/or
morphogenesis.

However, ER stress and the UPR have been implicated not in protection from viral infection
but rather in aiding viral replication. It has been postulated that the cytomegalovirus US11
protein activates the UPR to increase the degradation of class I major histocompatibility
complex proteins (85), resulting in an escape from the host immune response. For the
reovirus, strains that induce eIF2α phosphorylation replicate better, apparently because of
increased ATF-4 expression as well as the sequestration of competing host mRNA
molecules in so-called stress granules that contain nontranslated messages (86). The
hepatitis B virus (HBV) even has a promoter that is upregulated by ER stress (87). Thus, it is
likely that some viruses have evolved mechanisms to escape the negative consequences of
ER stress and simultaneously use selected subsets of factors induced by the UPR for their
own advantage.

Finally, ER stress may be involved in viropathic effects and hence diseases caused by
viruses. Some murine retroviruses cause spongiform encephalopathy with
neurodegeneration and gliosis. Interestingly, two such viruses have been shown to cause ER
stress in the brain (88, 89). By using isogenic viruses different only in their envelope
proteins, it is clear that both ER stress and disease manifestation in the case of the retrovirus
FrCasE are linked to the envelope protein (90). The unrelated Borna disease virus also
induces ER stress and subsequent neuronal injury in the hippocampus (91), although the
viral protein that causes ER stress has not been identified.

In the examples cited above, it is actually the glial cells that are infected by the virus and
undergo ER stress. Therefore, neuronal injury and death are a secondary phenomenon, either
because of the lack of glial cell support or the secretion of toxic cytokines by the injured
glial cells and/or inflammatory cells. Direct injury of the infected cells via ER stress has
been implicated in other viral diseases. In the cerebellum of mice infected by Borna disease
virus, the neuronal Purkinje cells are infected by the virus, show ER stress, and die (91), but
a direct relationship between ER stress and neuropathy has not been proven. Similarly, a
cytopathic strain of the pestivirus, bovine viral diarrheal virus, induces ER stress, although a
strict correlation between cytopathicity and the ability to cause ER stress has not been
shown (92). However, it has been demonstrated that the flavivirus Japanese encephalitis
virus causes ER stress only in those cell types that show strong cytopathic effects (93),
consistent with the notion that ER stress is a mediator of at least part of the cytopathic
effects. The final example comes from HBV. HBV is normally noncytopathic and liver
injury during infection is believed to be due to attack by the host immune cells. However, in
highly immunodeficient hosts, either human or murine, the virus can replicate to extremely
high levels and become apparently cytopathic (94, 95). In patients with this so-called
fibrosing cholestatic hepatitis, one of the HBV envelope proteins (large surface protein)
accumulates, resulting in the retention of viral lipoprotein particles in the ER-Golgi
intermediate compartment, ballooning of the ER, and apoptosis (96). These findings have
been replicated in cultured cells and in transgenic mice expressing only the large surface
protein (97; Z.M. Huang & T.S.B. Yen, unpublished data) (Figure 3). Furthermore, large
surface protein alone has also been shown to induce ER stress, both in transgenic mice and
cultured cells (98; Z.M. Huang & T.S.B. Yen, unpublished data). In contrast, expression of
normal amounts of large surface protein in conjunction with the other forms of the surface
protein does not lead to cellular injury. Therefore, it is highly likely that fibrosing cholestatic
hepatitis is an ER stress disease owing to abnormal expression of a viral envelope protein,
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and small molecules that assist in protein folding may be therapeutically useful in
ameliorating disease manifestation. However, in view of the possible antiviral functions of
PERK and other branches of the UPR, it is possible that such treatment may lead to
increased viral production from infected cells and be counterproductive.

Neurodegeneration

Retinitis pigmentosa (RP) is the most common cause of inherited retinal degeneration and is
due to the progressive loss of the specialized rod photoreceptor neurons in the eye (99),
which sense light and transmit that information to the brain. To detect light, photoreceptors
constitutively manufacture rhodopsin, a light-sensitive chromophore, which can
compriseupto30%ofall proteins in the photoreceptor cell. Rhodopsin consists of the 348
amino acid transmembrane apoprotein opsin, covalently coupled to the light-sensitive small-
molecule 11-cis-retinal. Opsin protein folding occurs in the ER where the nascent
polypeptide undergoes disulfide bond formation and glycosylation modifications required
for a stable functional conformation. Once properly folded, opsin exits the ER and is
transported to the rod photoreceptor outer segment where it covalently binds 11-cis-retinal at
a lysine residue, to form rhodopsin. When light strikes rhodopsin, 11-cis-retinal isomerizes
to 11-trans-retinal. In this light-activated state, rhodopsin initiates a biochemical signal
transduction cascade that leads to the generation of an electrical signal and activation of the
visual neural circuitry.

Most cases of RP are due to mutations in the opsin gene. Over 100 distinct mutations in
rhodopsin have been identified that lead to retinal degeneration, and the most common
rhodopsin mutation leading to autosomal dominant RP in the United States is a proline-to-
histidine substitution at position 23 (P23H) of opsin (100). The biochemical and cellular
consequences of the P23H mutation on rhodopsin maturation and function have been
extensively studied and indicate that P23H-rhodopsin is misfolded in the ER (101–103).
Compared with the wild-type protein, P23H-rhodopsin displays abnormal sensitivity to
trypsin; P23H-rhodopsin is underglycosylated; P23H-rhodopsinisfound associated with ER-
resident chaperones; and P23H-rhodopsin is localized primarily in the ER/Golgi, whereas
wild-type rhodopsin is found at the surface membrane. In vitro, P23H-rhodopsin fails to
bind 11-cis-retinal and cannot act as a functional light sensor. Photoreceptors expressing
P23H-rhodopsin eventually die through a poorly understood mechanism. However, a recent
study demonstrated that P23H-rhodopsin expression in Drosophila triggered robust Xbp-1
mRNA splicing (104). Cumulatively, these findings provide cellular and genetic evidence
that misfolded P23H-rhodopsin causes ER stress and implicate UPR signaling in causing the
retinal neurodegeneration that arises from rhodopsin misfolding in autosomal dominant RP.

Alzheimer's disease (AD) is characterized by selective neuronal loss in the hippocampus and
basal forebrain. Abnormal protein aggregates consisting of plaques and tangles are
pathognomonic features of AD (105). Several postmortem studies of primary human AD
brain tissues have provided evidence of ER stress in the form of enhanced ER chaperone
expression and immunohistochemical reactivity for specific markers of the UPR branch
activity (106, 107). However, because the aggregated proteins (tangles and plaques) in AD
are not found within the ER, these findings raise the question of the source of ER stress that
activates UPR signaling in this disease.

β-amyloid (Aβ) is a key misfolded polypeptide found in AD plaques and arises from the
proteolytic processing of the trans-membrane β-amyloid precursor protein (β-APP) during
its maturation in the secretory pathway (108). Neurotoxicity of Aβ has been demonstrated in
experimental systems and has been proposed to underlie, at least in part, the pathologic
changes observed in AD (109). The signaling pathways that mediate cytotoxicity in response
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to Aβ are an area of intense interest, and several reports have implicated the UPR in the
cytotoxicity of Aβ. In cell culture, Aβ expression increased ER chaperone levels and
activated caspase-12 (110), and knockdown of caspase-4 or knockout of caspase-12
conferred resistance to Aβ-mediated cytotoxicity (11, 14). Cultured Ask1−/− neurons were
resistant to Aβ cytotoxicity (111), thereby implicating the IRE1-ASK1-JNK pathway in Aβ-
mediated cell death. Interestingly, expression of Aβ in rat PC12 cells selectively activated
ASK1 and JNK signaling without inducing other outputs of IRE1α and PERK branch
signaling (111). Taken together, these findings raise the possibility that Aβ may selectively
employ discrete components of the UPR signaling apparatus in mediating cytotoxicity in
neurons. However, expression of wild-type β-APP but not mutant amyloidogenic β-APP
protected cells from ER-stress-induced apoptosis (112,113), raising the possibility that
disease actually results from the loss of a protective function of β -APP against the basal
level of ER stress faced by neurons.

ER stress and UPR activation may also arise in AD linked to defective presenilin function.
Presenilins are ER-resident membrane proteins that have been best studied for their role as
the catalytic subunit of the γ-secretase enzymatic complex involved in the proteolysis of β-
APP to generate Aβ (114). Presenilins have also been assigned a second independent
function in which they act as ion channels that allow exit of calcium from the ER lumen
(115). Numerous mutations have been identified in presenilins that cause familial forms of
AD (FAD) (116). These mutations impair the ability of presenilin to form ion channels in
vitro, and ER luminal calcium levels are significantly elevated in cells expressing FAD-
associated presenilins compared with wild-type presenilin (115, 117, 118). It is well known
that pharmacologic disruption of ER calcium homeostasis activates UPR signaling
pathways. Typically, these agents cause ER stress by depleting the ER luminal calcium pool,
such as occurs when thapsigargin binds the smooth ER calcium AT Pase and inhibits
calcium uptake from the cytosol (119). It is less clear how ER calcium overloading induced
by presenilin dysfunction affects the protein-folding environment of the ER and activity of
the UPR. However, because increased intra-ER calcium concentration can lead to increased
apoptosis following ER stress (37), it remains possible that mutations in presenilin sensitize
neurons to mild but repeated ER stress imposed from the external environment by conditions
such as hypoxia or nutrient starvation (120). Given the progressive and lengthy course of
AD, multiple chronic insults that independently elicit ER stress could cumulatively
synergize with mutant presenilin to damage neurons.

Cancer and Chemotherapy

Hypoxia is thought to disrupt the normally oxidative environment within the ER, thereby
leading to protein misfolding. Hypoxia is a potent trigger of PERK signaling in cultured
mammalian cell lines (121, 122). As discussed above, PERK activity leads to
phosphorylation of the translation initiation factor eIF2α and suppression of protein
synthesis from the vast majority of mRNAs in the cell. Cells bearing genetic mutations that
disrupt the function of PERK or its downstream effectors eIF2α and ATF-4 all show
impaired survival and proliferation when challenged with low oxygen levels (121, 122).
These studies provide genetic evidence that PERK signaling can promote cell survival
during hypoxia.

Hypoxia develops frequently in solid tumors, as rapid cancer cell proliferation outpaces the
ability of the vasculature to deliver oxygen. The presence of hypoxia in cancer has
significant clinical implications, including resistance to chemo- and radiotherapy, increased
likelihood for metastases, and worse prognoses (123). Several studies have linked PERK
signaling with enhanced tumor growth and survival under hypoxic conditions. Biet al. (122)
provided molecular evidence of PERK activation in a wide variety of primary human
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tumors, including melanomas, glioblastom as, and breast and cervical cancers. In the same
study, they experimentally demonstrated that malignant murine cells with genetically
compromised PERK or eIF2α function formed smaller tumors and were more prone to
apoptosis. In another mouse model of tumor growth, Blais et al. (124) saw impaired
vasculogenesis and cancer cell proliferation when PERK signaling was ablated. Intriguingly,
these authors also identified uORFs in several angiogenesis-promoting genes and suggested
that their translation was stimulated by PERK signaling in a fashion analogous to enhanced
protein synthesis from the mRNA. These studies suggest a model by which tumor cells
manipulate PERK signaling to (a) enhance viability in a hypoxic setting by reducing
translational activity, thereby reducing metabolic demands within the cell, and (b) promote
tumor growth by increasing the production of angiogenic factors in response to low oxygen
levels.

Less is known about the role of PERK's proapoptotic functions, if any, in tumorigenesis.
The attenuation of translation imposed by PERK, while providing protective benefits in
moderation, would ultimately be detrimental if protein synthesis fell below levels necessary
to sustain cellular functions. It is unclear if tumor cells are especially tolerant of PERK-
imposed translational attenuation. PERK signaling also directly promotes cell death through
specific transcriptional induction and activation of the CHOP gene (24). Within solid
tumors, increased CHOP levels have been reported, indicating that PERK signaling may be
promoting apoptosis in these regions (125, 126), although it should be borne in mind that
CHOP may also have an-tiapoptotic functions under certain circumstances (127, 128). It is
unclear how tumor cells balance the beneficial versus cytotoxic outputs derived from PERK
signaling. Areas of central necrosis are often observed within rapidly growing solid tumors
and could be gross manifestations of dynamic switching between the protective and toxic
properties of PERK signaling triggered after hypoxia. Selective modulation of PERK
signaling could provide therapeutic opportunities for inhibiting tumor progression when
used in combination with agents that control vascular outgrowth and oxygen supply.

Enhanced survival of tumor cells under hypoxic conditions mediated by PERK is not the
only mechanism by which the UPR may be involved in carcinogenesis. Other components
of the UPR, including XBP-1 and the ER chaperone GRP78, have also been shown to be
upregulated in many cancers (Figure 4) and implicated in tumor growth (129, 130).
Furthermore, ER stress has been shown to increase the degradation of the tumor suppressor
p53 (131). Thus, there may be multiple different mechanisms by which ER stress may favor
malignant transformation, and manipulation of the UPR may prove to be a new modality for
treating cancer.

Multiple myeloma (MM) is a hematologic malignancy that arises from the transformation of
immunoglobulin-secreting plasma cells. A hallmark feature of both normal and transformed
plasma cells is the extensive expansion of the ER to accommodate immunoglobulin
synthesis (Figure 5). The IRE1 branch of the UPR is required for plasma cell generation, and
genetic ablation of Ire1α or its downstream effector, Xbp-1, severely compromises the
development of plasma cells from precursor B-lymphocytes (132, 133). IRE1 signaling via
XBP-1 production functions in plasma and MM cells by optimizing the protein-folding
capacity of the ER for immunoglobulin production and secretion (5), but it is likely that
XBP-1 also plays additional roles in the development and proliferation of plasma cells, as
overexpression of XBP-1 in plasma cells and their precursor lymphocytes causes the
development of an MM-like disease in transgenic mice (133a). Intriguingly, while IRE1
signaling is activated in plasma cells for normal development and function, the parallel
PERK branch of the UPR appears to be dispensable and/or inactive in these cells (133). The
selective activation of IRE1 in the absence of PERK raises the question of the identity of the
physiologic stimulus that triggers IRE1 signaling in plasma cells because, at least in cell
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culture studies, agents that elicit ER stress activate both IRE1 and PERK branch signaling.
Plasma cells may employ cell-type-specific mechanisms, such as the transcription factor
Blimp-1 (5), to specifically use distinct UPR signaling pathways during their development.

Besides their role in the development of plasma and MM cells, UPR signaling pathways
may also function in the therapeutic treatment of MM. Proteasome inhibitors (PIs) such as
bortezomib (Velcade) have shown clinical efficacy in the treatment of MM (134).
Bortezomib selectively inhibits the 26S subunit of the proteasome, a multi-protein complex
that degrades ubiquitinated proteins, including terminally misfolded ER proteins, in
eukaryotic cells (135). The molecular mechanism by which proteasomal inhibition kills MM
cells is poorly understood. However, emerging reports link the cytotoxicity of PIs to the
modulation of UPR signaling pathways. PIs compromised IRE1 signaling in MM cells
(136). This finding was quite surprising because proteasome inhibition leads to misfolded
protein accumulation, which, as discussed above, is a classic source of ER stress that
activates IRE1. Although IRE1 signaling appeared to be inhibited by PIs, another study of
human MM cell lines indicated that the PERK branch was activated after PI exposure, as
evidenced by PERK and eIF2α phosphorylation, and by ATF-4 and CHOP protein synthesis
(137). This study proposed a mechanism of PI action in which proteasome inhibition caused
the accumulation of misfolded proteins in the ER, selective activation of PERK, and
cytotoxicity mediated by downstream PERK signaling components. In contrast, another
group detected phosphorylation of eIF2α and ATF-4 and CHOP protein synthesis after PI
treatment in mouse fibroblasts, but did not observe PERK activation (138). Instead, this
group saw phosphorylation and activation ofGCN2, a kinase related to PERK, whose
activity is triggered by amino acid deprivation instead of ER stress but shares the same
downstream eIF2α-mediated signaling outputs as PERK. In this study, they proposed a
mechanism of PI efficacy in which proteasome inhibition impairs the production of free
amino acids from recycled proteins, thereby triggering activation of GCN2 instead of PERK.
It is unclear if these differences between the two studies arise from cell-type-specific
differences in the sensitivity of GCN2 and PERK activation to PIs, although in both cases
eIF2α phosphorylation by either PERK or GCN2 would result in translational attenuation
and ATF-4/CHOP protein synthesis. Note that a combination of bortezomib and ER
stressors showed synergistic action in killing pancreatic carcinoma cells (139), consistent
with the hypothesis that the two agents acted in the same pathway.

UPR signaling pathways have been reported to modulate the efficacies of various
chemotherapeutic agents (Table 1). For example, UPR activation dampens the therapeutic
efficacy of topoisomerase inhibitors, such as etoposide (140, 141), which exert their
cytotoxic effects by interfering with the replication of DNA in tumor cells. UPR activity
reduces topoisomerase levels through an unclear mechanism (140). Therefore, removing the
target for etoposide action would account for increased resistance to topoisomerase-type
agents in tumor cells subjected to ER stress.

UPR activation, in contrast, enhances the efficacy of cisplatin (137). Cisplatin is thought to
exert its cytotoxic effects by widespread chemical cross-linking of nucleic acids and proteins
in the cells. Cisplatin has been reported to elicit protein misfolding in treated cells and may
directly cause ER stress by overloading the protein-folding capacity of the ER (137). The
combination of cisplatin and other protein-misfolding agents could trigger cell death by
eliciting cytotoxic outputs from UPR signaling pathways.

It has also been proposed that agents that cause ER stress can be used directly as
chemotherapeutic agents. The fungal metabolite brefeldin A induces ER stress by blocking
ER to Golgi trafficking and has been shown to kill chronic lymphocytic leukemia cells
(142), presumably by causing ER stress, although other mechanisms cannot be ruled out.
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The Newcastle disease virus is a pathogen for birds, but is essentially nonpathogenic for
humans. It has been shown to be oncolytic for human malignant cells, probably by causing
ER stress (143). The basis for the apparently selective effect of ER stressors on neoplastic
cells is not yet known, but it may be related to the high basal level of ER stress in these
cells, which would render them incapable of dealing with additional stress imposed by
chemicals or viruses.

Conclusion

The mammalian cell has evolved a complex and intertwined set of signaling pathways to
respond to ER stresses, both physiological and pathological. Much remains unknown about
these pathways, but it is becoming clear that ER stress and the UPR are intimately involved
in many different diseases and may well play critical pathogenic roles. Understanding the
molecular basis of the UPR will be important in both confirming the importance of ER stress
for many diseases and designing new therapeutic modalities to treat these diseases by
modulating the UPR. Note that in some disease states (e.g., pancreatic β cells in DM), it may
be beneficial to relieve ER stress and/or block certain outputs from the UPR, whereas in
other diseases (e.g., viral infections), inducing ER stress and/or increasing the UPR may be
needed for a therapeutic effect. However, as each pathway in the UPR can lead to either cell
survival or death, any new therapeutic agent must be carefully tested in suitable model
organisms, to insure that unexpected side effects or even results diametrically opposite to
those desired do not ensue.
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Glossary

ER endoplasmic reticulum

UPR unfolded protein response

eIF2α eukaryotic initiation factor 2α

DM diabetes mellitus

HSV herpes simplex virus

HCV hepatitis C virus

HBV hepatitis B virus

RP retinitis pigmentosa

AD Alzheimer's disease
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MM multiple myeloma
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Summary Points

1. The ER is a membrane-enclosed organelle present in all eukaryotic cells that
serves to fold proteins destined for secretion or membrane insertion, synthesizes
lipids and sterols, and stores calcium.

2. The UPR consists of molecular signal transduction pathways that detect
disturbances in the ER, such as misfolded proteins, and that determine whether a
cell survives or dies in response to the stress.

3. UPR protective signaling results from the enhancement of ER protein-folding
capacity, degradation of misfolded ER proteins, and attenuation of translation.
UPR proapoptotic signaling is thought to involve the production of the CHOP
transcription factor, activation of the ASK1 and JNK kinases, and prolonged
inhibition of protein synthesis.

4. Loss of UPR protective signaling may underlie the cell death seen in heritable
forms of diabetes and neurodegeneration that cause ER stress.

5. Tumor cells and viruses may co-opt UPR signaling pathways to promote their
growth and replication.
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Future Issues

1. How are the protective and proapoptotic outputs of the UPR integrated after ER
stress, to determine whether the cell lives or dies?

2. How does the UPR respond to physiologic ER stresses that an organism
encounters routinely, and how does this response differ from the UPR in disease
states?

3. What are the cell-type- and tissue-specific functions of the UPR that allow for
the different needs of each specialized cell type in a multicellular organism?

4. Can individual UPR signaling pathways be selectively activated, and if so how
and under what circumstances?

5. Can artificial manipulation of the UPR treat disease, either by decreasing ER
stress to reduce cell death or by increasing ER stress to block cellular or viral
proliferation?
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Figure 1.
A schematic of mammalian unfolded protein response (UPR) signaling. IRE1, PERK, and
ATF-6 proteins reside at the ER membrane. In response to ER stress, they initiate a cascade
of signal transduction outputs that control cell survival or death. Figure adapted with
permission from Reference 1.
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Figure 2.
Human immunodeficiency virus particles in an intracytoplasmic vesicle of an infected
macrophage. The arrow points to a nascent budding virion. Each virion particle is enclosed
in an envelope, which is composed of proteins and lipids synthesized in the ER; thus, there
is increased load on the ER in cells infected by enveloped viruses.
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Figure 3.
Grossly enlarged ER-derived vesicles in a murine hepatocyte expressing the hepatitis B
virus large surface protein. The inset shows a high-power view of an early vesicle, revealing
ribosomes studding the external surface (arrow) and hence confirming that these vesicles
represent dilated ER.
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Figure 4.
Colon carcinoma cells (right, long arrow) show strong staining for GRP78 (also termed
BiP), an ER chaperone induced by ER stress. Note the much weaker staining of surrounding
normal enterocytes (left, short arrow). The intensely stained inflammatory cells in the
background (arrowhead) are plasma cells.
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Figure 5.
A multiple myeloma cell showing dilated ER (one cisterna is indicated by the long arrow)
containing proteinaceous material and a large crystal (short arrow), representing
immunoglobulin molecules synthesized by this cell.
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Table 1

Modulation of chemotherapeutic efficacy by UPR activity

Agent Mechanism of action UPR Reference(s)

Etoposide Topoisomerase inhibitor Antagonizes (140)

Doxorubicin Topoisomerase inhibitor Antagonizes (140, 144)

Camptothecin Topoisomerase inhibitor Antagonizes (145)

Cisplatin DNA/protein cross-linker Synergizes (146, 147)

Melphalan DNA/protein cross-linker Synergizes (146)

BCNU DNA/protein cross-linker Synergizes (146)

Bortezomib (Velcade) Proteasome inhibitor Inhibits UPR? (136)

Activates PERK (137)

Activates GCN2 (138)

Combretastatin A4 Antivascular Induces GRP78 (148)

Contortrostatin Anti-angiogenesis Induces GRP78 (148)

Imatinib (Gleevec) BCR-Abl kinase inhibitor Induces UPR (149)
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