REVIEW ARTICLE

Endoplasmic reticulum: Stress, signalling and

apoptosis

Syed G. Hussain and Kolluru V. A. Ramaiah*

Department of Biochemistry, University of Hyderabad, Hyderabad 500 046, India

The synthesis, folding and processing of the secretory/
membrane proteins by the endoplasmic reticulum
(ER) requires the functioning of ER chaperones,
maintenance of ER calcium pools, and an oxidative
environment. Disruption of the ER functioning elicits
an adaptive signalling cascade called the unfolded
protein response (UPR). UPR is triggered by the acti-
vation of ER transmembrane proteins and modulated
by ER chaperones. It comprises of general inhibition
in protein synthesis, induction of ER chaperones, and
components of ER-associated protein degradation.
UPR is implicated in development, disease and virus
infection. Incessant ER stress, through unknown
mechanism(s) bolsters the proapoptotic potential of
the UPR with a subsequent decline in the adaptation
capabilities and initiates cell death. This review high-
lights the mammalian UPR signalling pathways in
general, and the major players implicated in ER stress-
induced apoptosis.
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THE endoplasmic reticulum (ER) is a subcellular organelle
involved in the synthesis of secretory/membrane proteins
and lipids. ER harbours a plethora of chaperones, lectins,
foldases and carbohydrate-processing enzymes' (Box 1) to
aid disulphide bond formation and glycosylation required
to ensure correct protein folding and translocation of the
secretory/membrane proteins. Chaperones maintain the
proteins in a folding-competent state and prevent aggrega-
tion of the exposed hydrophobic amino acid side chains,
while foldases catalyse protein folding. ER quality-
control mechanisms ensure the recognition of authentic
folding intermediates from terminally malfolded proteins
by ER chaperonesl. Retro-translocation of misfolded pro-
teins through ER membranes for degradation by the 26S
proteasome constitutes the ER-associated degradation
(ERAD)'. Aggregation and escape of misfolded proteins
from the ‘ER quality-control’ is associated with many
conformational diseases'”.

Unlike cytosol, ER maintains a rich oxidative envi-
ronment and high levels of Ca*'. Most of the secretory
proteins processed by ER undergo disulphide bond for-
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mation that involves conversion of the —SH groups to S—
S. This task is accomplished mainly through the activity
of ER oxidasel (ERO1), which oxidizes protein disul-
phide isomerase (PDI) that in turn transfers the oxidative
equivalents to the newly made secretory proteins'. This
process generates reactive oxygen species’. Hence pro-
fessional secretory cells such as the pancreas that produce
insulin, experience and resist tremendous oxidative stress.
ER—Ca’" stores are maintained by Ca**-binding ER chap-
erones such as BiP/GRP78 (immunoglobulin-binding protein/
glucose-regulated protein), GRP94, calnexin, calreticulin,
and Ca’’-binding proteins such as calsequestrin, cal-
reticulocalbin, and calstorin. Ca”" is required for the func-
tioning of many ER chaperones and its depletion leads to
accumulation of unfolded proteins™®’.

ER stress sensing, transduction and unfolded
protein response

To maintain homeostasis against any ER dysfunction, the
ER responds through a complex and coordinated adaptive
signalling mechanism called the unfolded protein res-
ponse (UPR)*’. The UPR relays ER stress to the cytosol
and nucleus to counter the imbalance in protein synthesis,
folding, modification, translocation and degradation.
Several physiological and pathological conditions such as
nutrient or glucose deprivation, elevated protein synthesis,
virus infection, disturbances in Ca* fluxes, and redox
regulation have been shown to promote ER dysfunction
and elicit UPR.

The UPR was discovered in early experiments that led
to the induction of BiP/GRP78 in response to the accu-
mulation of mutant unfolded viral haemaglutinin proteins
or depletion of glucose®. Mutant unfolded proteins that
cannot interact with BiP fail to induce BiP’®, thereby sug-
gesting that the interaction between unfolded proteins and
BiP plays a crucial role in evoking the ER stress re-
sponse. The UPR also upregulates the expression of other
chaperones and foldases such as PDI, GRP 170, and ERp
72 (ref. 10) (Box 1).

The UPR, an evolutionarily conserved mechanism to re-
store cellular homeostasis, is less complex in lower eu-
karyotes and primarily involves adaptive responses. The
mammalian UPR is more complex, diverse and flexible, and
signals through three ER-transmembrane proteins repre-
senting the three arms of the UPR. One of them is IRE-1
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Box 1.

HSP-70 class
BiP/GRP78
GRP 170/0ORP-150

HSP-90 class
GRP 94/endoplasmin

HSP-40/DNA-J like
Erdjl, 3,4 and 5
Sec63P
p58IPK

Bacterial GrpE-like
BAP
Sil 1p

Lectin chaperones
Calnexin
Calreticulin
EDEM

Carbohydrate processing enzymes
UGGT
a-Glucosidase | and Il
a-Mannosidase | and 1l

Foldases

Disulphide isomerases/oxidoreductases
PDls
ERp72, 61, 57 and 44
Erole and Erolg

FAD-dependent oxidases
Fmolp

Peptidyl-prolyl isomerases
FKBP-13 and 65
S-Cyclophilin
Cyclophilin B
CCYLP

phylin like protein.

Mammalian ER resident chaperones

1,45,7,33

Assists protein folding, regulates ER stress transducers
Assists protein folding

Assists protein folding

Cochaperones that assist BiP
Cochaperone and ER translocon component
Cochaperone and inhibitor of elF2« kinases

Assists in nucleotide exchange
Assists in nucleotide exchange

Assists in glycoprotein folding
Assists in glycoprotein folding
Assists in glycoprotein degradation

Play a role in calnexin/calreticulin cycle
Reglucosylation of unfolded proteins

Removal of glucose residues from N-glycan tags
Removal of mannose residues from N-glycan tags

Assists in oxidation/reduction of cysteine
Disulphide bridges and isomerization
Transfers reducing equivalents to PDls

Generates oxidizing equivalents in ER

Isomerize cis—trans peptidyl-prolyl bonds

ORP, Oxygen regulated protein; EDEM, ER degradation enhancing a-mannosidase-like protein; UGGT, UDP-
Glc : Glycosyl transferase; PDI, Protein disulphide isomerases; FKBP, FK506-binding proteins; CCYLP, Cylo-

resembling yeast IRE-1/ERN"! (inositol-requiring and ER
to nucleus signalling). The other two stress transducers are
ATF6 (activated transcription factor 6)'? and PERK (ER-
resident PKR-like eIF2a kinase)'*'* that are present in
mammalian systems, but not in yeast. These ER stress
transducers are inactive when BiP is bound to their lu-
minal regulatory domains. Release of BiP is a prerequi-
site for their activation'’. Over-expression of BiP
suppresses the induction of ER stress responsive genes by
the UPR'C. Hence BiP is considered to be an ER stress
sensor and a critical regulator of ER stress response™'’.
ER stress-induced adaptive signalling cascade includes
two arms: translational attenuation followed by transcrip-
tional induction that includes an antioxidant gene expres-
sion programme, and/or ER chaperones mediated by the
ER stress transducers, viz. PERK, IRE-I and ATF6.
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Analysis of the UPR signalling pathways has also be-
come possible using various pharmacological agents such
as tunicamycin, an inhibitor of protein glycosylation;
cycloheximide, an inhibitor of translational elongation;
thapsigargin that affects ER Ca®" levels; redox agents
such as DTT, GSH or GSSG that influence disuphide
bond formation; brefeldin A, an inhibitor of ER to Golgi
protein transport, and inhibitors of protein degradation
such as bortezomib®”'”.

IRE-1

Mammalian IRE-1 is a type-1 ER transmembrane bifunc-
tional glycoprotein having serine/threonine kinase and
endoribonuclease activities in its cytosolic domain''. Two
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isoforms, « and f, have been identified in mammals' "%,

IRE-1a is ubiquitously expressed'® and f-expression is
limited to gut epithelial cells'®. BiP bound to the luminal
domains of IRE-1 is released in response to ER stress,
promoting'>'® dimerization and subsequent activation of
IRE-1. The recently reported crystal structure of the lu-
minal domain of yeast IRE-1 reveals that dimerization of
monomers forms a central groove that resembles the pep-
tide-binding domain of major histocompatibility complex
(MHC). Based on mutational analyses of the amino acids
that face into the groove, it is suggested that oligomeriza-
tion of yeast IRE-1 requires binding of the unfolded pro-
teins to the dimers™. In contrast, human IRE-1 & activation
is proposed to be independent of unfolded protein binding
and dependent on dimerization-induced autophosphoryla-
tion and subsequent activation of RNAse”'. Active endo-
ribonuclease splices XBP-1 (X-Box binding protein 1)
mRNA in mammals” and HAC1 (homologous to ATF/
CREBI1) mRNA in yeast’. The unspliced human XBP-1
mRNA contains an ORF1 coding for 261 amino acids and
ORF2 encoding 222 amino acids that partially overlaps
with ORF1. Splicing of the intron results in a translational
frame shift at amino acid 165 in ORF1. Splicing also re-
moves the C-terminal 97 amino acids from ORF1 and
adds on 212 amino acids of ORF2 to the N-terminal of
ORF1. The splicing events result in the formation of a 376
amino acid XBP-1 protein, with a novel C-terminus that
acts as a potent basic leucine zipper transcription factor,
in contrast to a 261-amino acid XBP-1 protein encoded
by unspliced XBP-1 mRNA*. While the mechanism of
activation of IRE-1 is somewhat similar both in yeast and
mammals, the ligase catalysing the joining reaction of the
exons in XBP-1 is not known. In yeast, a tRNA ligase cata-
lyses the joining of the two exons of HAC1 mRNA®,
Further, HAC1 mRNA splicing is a cytoplasmic event,
whereas XBP-1 mRNA splicing by mammalian IRE-1 may
be a nuclear event because of the extension of IRE-1 cy-
toplasmic domain into the nucleoplasm®. Spliced XBP-1
mRNA encodes active bZIP transcription factor that
upregulates genes of ER chaperones®, including p58™%, a
negative regulator of PERK?’, components of ERAD*,
and of lipid biosynthesis®’. The IRE-1/XBP-1 arm plays
an important role in plasma B-cell differentiation and
liver development'’.

PERK

Its structure and activation share several similar features
with IRE-1; however, it lacks the endoribonuclease acti-
vity'*. Activation of PERK attenuates general translation
through the phosphorylation of ser’' residue in the alpha-
subunit of heterotrimeric translational initiation factor 2
(elF2)". Hence PERK activation reduces ER synthetic
capacity and inflow of the folding clients into an over-
burdened ER. Phosphorylated elF2 & forms a complex with
elF2B, a rate-limiting, heteropentameric GDP/GTP ex-
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change factor, inhibits its ability to recycle eIF2-GDP to
eIF2-GTP and thereby impairs translation’®. Phosphoryla-
tion of elF2a, however, upregulates the translation of
ATF4 (activated transcription factor 4)*° which in turn
induces genes involved in amino acid transport, glu-
tathione biosynthesis, redox regulation” and CHOP
(CCAAT/enhancer binding protein (C/EBP)*® homologous
protein) or growth arrest and DNA damage-inducible
gene-153 (GADD-153). CHOP, however, signals apop-
tosis’’. PERK also phosphorylates Nrf2 (Nuclear Factor-
E2 related factor 2), a transcription factor that induces
genes involved in antioxidation, detoxification of en-
zymes, immune signalling, protein trafficking and degra-
dation, chaperones, cell growth and survival’'. Although
the antioxidant responses elicited by elF2a-ATF4/Nrf2
converge at several points, they diverge at CHOP, pri-
marily a proapoptotic transcription factor. While ATF4
promotes CHOP expression, Nrf2 inhibits it’".

ATF6

It is a type-2 transmembrane protein with its N-terminal
domain in the cytoplasm and the C-terminus in the ER
lumen®. Unlike PERK and IRE-1, the ER luminal domain
of ATF6 carries Golgi localization signals that are masked
by BiP in unstressed conditions. In response to ER stress,
BiP release facilitates ATF6 translocation to Golgi®.
Only the under-glycosylated 90 kDa ATF6 monomer with
reduced disulphide linkage is transported to Golgi, where
it is proteolysed by S1P and S2P proteases to yield an ac-
tive N-terminal 50 kDa domain (N-ATF6/pS0ATF6) that
translocates to the nucleus®**. The first cleavage by SIP
occurs in the luminal domain of Golgi on the serine pro-
tease 1 site of ATF6 and the second cleavage called regu-
lated intramembrane proteolysis, by S2P, occurs in the
transmembrane region™. A similar mechanism of activa-
tion is also observed in the activation of bacterial tran-
scription factor oE>. Processed ATF6/ inhibits processed
ATF6a through heterodimerization®®. In addition, many
ATF6-like ER transmembrane proteins are activated by
regulated intramembrane proteolysis. These are OASIS
(old astrocyte specifically induced substance), CREBH, a
liver-specific factor, Tisp40 (transcript induced in sper-
miogenesis 40), Luman/LZIP/CREB3, and CREB4 (ref.
36). ATF6-induced genes include ER chaperones, CHOP,
p58™%, Herp (hyperhomocysteinemia-induced ER stress
responsive protein) and PDI**,

Among the adaptive responses, translational attenua-
tion mediated by the PERK pathway appears to be the
immediate event, followed by transcriptional induction of
ER stress-responsive genes. Other evidences, however,
suggest it is not necessary that all adaptive pathways are
invoked in tandem and activation of a subset of pathways
can regulate the ER stress response. For example, IRE-1,
but not the PERK pathway, is activated in the maturation
of B-cells'"’.
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The following cis-acting promoter elements are re-
quired for the transactivation ability of the ER stress-
induced b-ZIP transcription factors’. XBP-1 binds
to CRE-like (GATGACGTG(T/G)N3(A/T)T), ERSE-1
(CCAATNI9CCACG) and UPRE elements (TGACGTGG/
A). ATF4 binds to ATF/CRE element (TGACGT(C/A)
(G/A) and ARE element (G/C) TGAC/TN3GC (A/G).
ATF6 binds to ATF/CRE, ERSE-1 and ERSE-II elements
(AATTGGNCCACG).

UPR in development and disease

The UPR plays an important role in embryonic develop-
ment, maturation of secretory cell types such as antibody-
producing plasma cells, osteoblasts that secrete collagen,
and insulin-secreting pancreatic S-cells. It is also impli-
cated in normal biological processes like aging, liver deve-
lopment, sleep deprivation, and in nutrient sensing in
yeast™'*7. Glucose limitation that activates the UPR and
induces ER chaperone synthesis in mammalian cells, also
represses cholesterol synthesis. Hence the ability of the
ER to sense the availability of glucose, lipids, oxygen and
energy may serve as an important site of integration of
nutrient signalling. Early embryonic development is asso-
ciated with ER stress and requires chaperone activity for
viability. BiP is induced at 3.5 days during embryonic
development and BiP knockout is lethal to embryos. These
embryos have implantation problems, fail to grow in cul-
ture, and undergo severe apoptosis®. Plasma cells carry-
ing IRE-1 mutations that cannot process XBP-I fail to
efficiently secrete antibodies, and the secretion of anti-
bodies is restored upon spliced XBP-1 expression™. Ac-
tivation of c¢-Jun N-terminal kinase (JNK) by IRE-1 and
subsequent phosphorylation at ser’’’ of insulin receptor
substrate-1 (IRS-1) leads to insulin resistance®*’. Analy-
ses of homozygous and heterozygous knockout mouse
cells in culture, and humans suffering from Walcott Ral-
lison syndrome, an infantile type-1 diabetes, reveal that
IRE-1-XBP-1, IRE1-JNK, PERK-eIF2 & phosphorylation,
and p58™ play an important role in the functioning of f-
cells and in promoting type-1 and type-2 diabetes/obesity-
linked insulin resistance®*’. ER stress is also implicated
in hypoxic resistance and tumour progression*', several
conformational and neurodegenerative disorders’, athero-
sclerosis, viral infection, ischaemia-induced cell injury,
and probably in mental disorders®’.

In higher eukaryotes, the ER stress response is shown
to evoke an anti-inflammatory and immune response by
activation of NF-kB, a transcription factor that in turn in-
duces inflammation and immune genes critical for host
defence, cell growth, and pro/antiapoptotic processes™.

ER stress and apoptosis

Incessant ER stress beyond the limits of adaptation can
trigger the proapoptotic potential of the UPR. The suicide
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of unhealthy cells via apoptosis represents the last resort
of multicellular organisms to clear the non-functional
cells*. Cell death results in loss of cell/tissue function
and may be the primary reason for the manifestation of
disease in several ER stress-related disorders. Although
the exact mechanism(s) is not known, the ER stress-induced
apoptosis is mediated by the mitochondria (intrinsic
pathway) and/or through the activation of proapoptotic
downstream kinases that are triggered typically in the
death-induced receptor mediated extrinsic apoptotic
pathway.

Since mitochondria are juxtaposed to the ER, in many
cases ER stress is communicated to the mitochondria, and
ER stress-induced apoptosis is mediated through a dys-
function in the mitochondria. Recent work suggests that
BCL2 protein family regulates the ER-Ca®" release and
communication of ER stress signal to the mitochondria.
Persistent ER stress can also induce a switch in the UPR
signalling from prosurvival to proapoptotic pathways,
like the induction of CHOP, a proapoptotic transcrip-
tional factor and GADD34 (a cofactor of elF2a phos-
phatase), through the PERK-eIF2 & pathway, and activation
of proapoptotic kinases such as ASK1 (apoptosis signal-
regulating kinase) and JNK (c-Jun-N-terminal kinase)
through the IRE-1 pathway. The major players involved
in ER stress-induced apoptosis and their roles are de-
scribed below.

Role of BCL2 proteins

Some of the BCL2 family members (BCL2, BIK, BAX,
and BAK), regulators of mitochondrial-induced apop-
tosis, also reside on the ER, and play a regulatory role in
the apoptotic crosstalk between the ER and the mito-
chondria** (Box 2). The current understanding suggests
that the proapoptotic proteins, BAX and BAK, act as
gatekeepers of apoptosis regulating cytochrome c release
from the mitochondria, and their activities are triggered
by the activator proteins of the BH-3-only group (tBID,
BIM, PUMA). The antiapoptotic members of BCL2 pro-
teins (BCL2, BCLx;, MCL1) indirectly keep the proapop-
totic BAX or BAK in check, presumably by sequestering
the activator proteins of BH-3-only proteins. Inactivator
proteins of the BH-3-only group (BAD, NOXA, BMF,
BIK/BLK and HRK) can also regulate BAX and BAK ac-
tivity by displacing the activators from the antiapoptotic
proteins®’.

Antiapoptotic BCL2 proteins: ER-targetted BCL2 se-
questers activator BH-3-only proteins and protects
against many forms of apoptosis, including the BAX-
promoted apoptosis** ‘. BCL2 inhibits the oligomeriza-
tion of BAX, disruption of mitochondrial membrane po-
tential, and release of mitochondrial cytochrome ¢**.
BI-1 (BAX inhibitor 1), an antiapoptotic protein, sup-
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Box 2. BCL2 protein family

Proteins with conserved BCL2 homology (BH) domains constitute the BCL2 protein family. The multi-domain
members are grouped as proapoptotic/antiapoptotic. Proteins with BH-3 domain only, are all proapoptotic.
Antiapoptotic: BCL2, BCLx,, MCL1, A1, BCLw; all the four have conserved BH 1-4 homology domains****.
Proapoptotic: BAX, BAK, BOK/MTD contain only BH 1-3 domains*>**.

The proapoptotic BH-3-only domain containing proteins regulate the activity of these anti-/proapoptotic proteins
and are grouped as follows:

Activators: BIM, t-BID, PUMA***,

Inactivators: BAD, BIK, BMF, HRK/DPS, NOXA, BNIP3*344,

Released Directly act on

T~ T~

BH-3-only Sequester BH 1-4 containing BH-3-only
Proapoptotic and inhibit Antiapoptotic Proapoptotic
activators inactivators

BH 1-3 containing
Proapoptotic

BCL2, B cell leukaemia/lymphoma 2; BCLx_, Bcl-x long; BCLyw, BCL-2 widely expressed; MCL-1, Myeloid cell
leukaemia 1; BAK, BCL2 homologous antagonist/killer; BAX, BCL2 associated X-protein; BOK, BCL2 related
ovarian killer; BIM, BCL2 interacting mediator of cell death; t-BID, Truncated active fragment of BID (BH-3 in-
teracting domain death agonist); PUMA, p53 upregulated modulator of apoptosis; BAD, BCL2 associated death
promoter; BIK, BCL2 interacting killer; BMF, BCL2 modifying factor; HRK, Product of harakiri; NOXA, Neutrophil
NADPH oxidase factor; BNIP3, BCL2-binding protein Nip3.

presses cell death mediated by BAX over-expression. It
does not associate with BAX, but interacts with antiapop-
totic BCL2 and BCLx proteins44. Further, homozygous
mutant mice lacking BI-1 are found to be sensitive to ER
stress and over-expression results in resistance*. BI-1
expression is linked to a reduction in ROS generation and
reduced activation of ER stress sensors and regulator(s)
involved in the UPR*’. The mechanism involves the ex-
pression of heme oxygenase 1 through the activation of
the PERK-Nrf2 pathway*’.

Proapoptotic BCL2 proteins: BAX/BAK deficiency
protects cells from ER stress-induced apoptosis, whereas
expression of ER-targetted BAK in BAX/BAK double
knockout cells promotes apoptosis****. The induction of
P53 transcription factor in response to DNA damage, or
other ER stress activators, induces some of the BH-3-only
proteins like BIK, PUMA, and NOXA*. Homozygous
PUMA- and NOXA-deficient cells are resistant to ER
stress-mediated apoptosis®. BIK, a BCL2-interacting killer,
localized primarily on the ER, enhances the recruitment
of BAX and BAK on the ER that signals ER-Ca”" release,
and mitochondrial-mediated apoptosis*.
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BIM, a BH3-only protein, and an activator of proapop-
totic BAX and BAK, inhibits antiapoptotic BCL2 and
MCL1 but has a higher affinity for the latter. BIM is in-
duced in response to ER stress*. It is bound to dyenin
motor complexes of the microtubule cytoskeleton in rest-
ing conditions. In response to ER stress, BIM is released
from dyenin, and translocated to the ER. Apparently
phosphorylation of BIM by JNK facilitates its release
from dyenin and the subsequent activation of BAX and
BAK**. In contrast, BCLx;, an antiapoptotic protein
binds BIM and inhibits its translocation to the ER™.
BIM ™~ cells resist ER stress-induced apoptosis, support-
ing the idea that it is a proapoptotic protein®’.

Role of ER-Ca’" load and its release

Cellular Ca™", primarily stored in the ER, is maintained
by SERCA (Sarcoplasmic Endoplasmic Reticulum Ca®*
ATPases) that actively pumps cytosolic Ca*" into the ER,
lectin chaperones that bind Ca*, and by inositol 1,4,5-
triphosphate (IP3) or ryanodine receptor that passively re-
leases Ca®" from ER® . Ca®' release generates high
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calcium microdomains (~50-100 uM) at the ER-—mito-
chondrial junctions that activate a low-affinity mitochon-
drial Ca®" uniporter, resulting in mitochondrial Ca*"
uptake. This is possible because of physical and physio-
logical coupling of ER and mitochondria®-**. ER-Ca®" re-
lease channels are opened by Ca*" and/or membrane-derived
lipid inositol*. A disturbance in ER-mitochondrial Ca*"
levels that enhances mitochondrial Ca®™ uptake triggers
disruption in membrane potential, activation of a mito-
chondrial permeability transition pore (PTP), cytochrome
c release and apoptosis***’. Reduction in ER-Ca®" con-
centration offers protection against apoptosis*. For ex-
ample, reduction of ER-Ca®" load/stores by reducing
extracellular Ca>" levels and removal of calreticulin, a
Ca’ binding ER chaperone protects cells from apoptosis.
In contrast, increasing ER-Ca®" load/stores by over-
expressing SERCA and calreticulin sensitizes the cells to
apoptosis>°. Further, ceramide or arachidonic acid pro-
duced by active phospholipase A in response to calcium
influx into the cell, induces ROS production, ER-Ca® re-
lease, mitochondrial Ca®™ uptake, and apoptosis’”*. The
magnitude of ER-Ca”" release during stress depends on
ER-Ca”" load rather than on free Ca®". Further, the ability
of the cells to the transfer ER-Ca®" to mitochondria de-
fines the severity of mitochondrial apoptosis. Agents that
promote the uptake of released ER-Ca*" by the mitochon-
dria accentuate the process*®*>.

BCL2-family proteins requlate ER-Ca”": Over-expression
of BCL2 protects against thapsigargin (inhibitor of
SERCA)-induced apoptosis. This is probably mediated by
its inhibitory interaction with SERCA, inhibition of IP3-
mediated ER-Ca”" release, and down-regulation of cal-
reticulin and SERCA expression® >, Over-expression of
proapoptotic BAX and BAK proteins that are localized
both on mitochondrial and ER membranes, results in Ca®*
mobilization from the ER to the mitochondria and apop-
tosis®>*’. BAX and BAK-deficient mouse embryonic fi-
broblasts (MEFs) have lowered ER-Ca®" load, reduced
mitochondrial Ca®* uptake and are highly resistant to
Ca*"-dependent apoptotic stimuli. Correction of ER-Ca*
load in these double knock-out cells by over-expressing
SERCA restores cell death mediated by agents such as
ceramide, arachidonic acid, and oxidative stress that
causes the release of calcium from the ER®. The decline
in ER-Ca®" in the BAX/BAK double knockout cells may
be due to the inhibition of SERCA, and passive leak of
ER calcium through hyperphosphorylated IP3 receptors.
Further, absence of BAX and BAK also enhances the in-
teraction between antiapoptotic BCL2 and the IP3 receptor.
Inhibition of BCL2 and IP3 receptor via RNA interfer-
ence reduces ER-Ca®" leak and restores ER-Ca®" in these
double knockout cells*. BAP31 (B-cell receptor-associa-
ted protein 31), an ER-transmembrane protein that exists
in complex with cytosolic procaspase-8, is cleaved during
ER stress. The cleaved proapoptotic p20-BAP31 can in-
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duce ER-Ca”" release and apoptosis. However, chelation
of intracellular Ca®" with BAPTA offers protection**. Anti-
apoptotic BCL2 and BCLx; associate with the BAP31-
procaspase-8 complex and inhibit their activation™.
Cleavage of BAP31 and apoptosis is also inhibited in
calnexin-deficient cells, suggesting that BAP31 activation
may require calnexin®'. Spike, a BH-3-only protein inter-
acts with BAP31 and inhibits its interaction with anti-
apoptotic proteins*.

Targets of released ER-Ca’’: Release of ER-Ca*" into
the cytosol triggers calpain-mediated (Ca2+-dependent
protease) ER-resident caspase-12 cleavage and activa-
tion*, and also enhances the proapoptotic potential of a
BH-3-only protein, BAD, through its dephosphorylation
mediated by a Ca*"-dependent phosphatase, calcineurin®.
Expression of ER-targetted BAX leads to depletion in
ER-Ca*" and activation® of caspase-12, whereas over-
expression of BCL2 inhibits ER stress-induced caspase-
12 activation and apoptosis64 (Figure 1 b).

Activation of IRE-1-JNK

IRE-1-XBP-1 arm is the last prosurvival branch of the
UPR'®*?. However, persistent stress triggers the proapop-
totic pathway of IRE-1 that recruits the kinase adaptor
TRAF?2 (tumour necrosis factor receptor-associated factor
2) and activates kinases such as ASK1 and INK*% (Figure
1 a). IRE-1-TRAF2 interaction also activates ATF3, a
transcriptional repressor that triggers apoptosis®’. Phos-
phorylation and oligomerization of IRE-1 promotes its in-
teraction with, and clustering of, TRAF2. Mutation in the
IRE-1 kinase domain disrupts this interaction. IRE-1 ac-
tivation and TRAF2 recruitment® facilitate the forma-
tion of the heterotrimeric complex of IRE-1-TRAF2-
ASKI1 and activation of ASK1. ASKI1 activates MKK3
and MKKG®6 that target p38 MAP kinases, and also MKK4
and MKK7 that target JNK®. It is not known whether the
P38 kinase cascade has a prosurvival role, however, JNK
activation mediates proapoptotic effects. IRE-17" fibro-
blasts are defective in apoptosis mediated by JNK activa-
tion and similarly, ASK™ neurons resist ER stress-
induced apoptosis. Over-expression of ASKI1 sensitizes
the cells to apoptosis®>*>%,

Tumour necrosis factor receptorl (TNFR1), a receptor
similar to that involved in TNFea-induced apoptosis, also
affects JNK activation through its interaction with IRE-1.
TNFR1 null cells fail to activate JNK*. Surprisingly,
TRAF2 ™ cells are more sensitive to apoptosis suggesting
that TRAF2-IRE-1 interaction has a dual role®. It is not
known whether the IRE-1 interacting proteins, JIK (c-
JUN-N-terminal inhibitory kinase) and JAB1 (Jun activa-
tion domain-binding protein 1), play a role in the pro- and
antiapoptotic affects of IRE-1. JIK appears to facilitate
IRE-1-TRAF?2 interaction whereas JAB1 impedes the in-
teraction*’. However, in severe ER stress IRE-1-JAB1 in-

1689



REVIEW ARTICLE

Stressed ER
Free ATFG Active PERK Active IRE Y
- :
|
-
LN = 3 4 >
R e
N -
PEO-ATFS ATF4

~{ocLa}- } ’ + 2
> Y
- —— | w AT CNE
- s
G *ReRANTI TIELNS 3o
e -
ROl L . ety leacs 1o ROS generator
e
L0088 |- AT AN
| [’,7_;
| ""w s Outrts Cohly pH
Nutlews
ADbrevator (i $).F (o oase ) CA (Cortonis anhvoraw ) BRx ER oulase
= (Death receptnr) 3K MAP (g
.
R dumen Ly
I S— E
b " - * * - —
: EE wirn
L UL E S e \i 5 el g -
g o2 W e, e d G
o & N 3P.. | MO - gty 9 Irioocate
cru-xm- o = T - e
..... LT e ) Yoy oS ST "
Me, s “Cade TR & HC T man .S 4
| memirane ¢ C B i - B
sen e ey " ’ -~
\‘~1' pow v’ 3 - . e
= R i i \ : ’-_L km- reton
4 CytoiPvemen — - — e
A -
IR stress Smac paRO Apoptesome Sphy>
- - .
ROS “ps - 1'case
.

Leachidors 2cvd Corsmide
.

Phaipholp e A
.

I-'vxmu-u‘ Co i
ER stres idnduced 2poptonic mechanmm: rode of BCLD proteins and Co
Aptrevations F » pae ( D) A A0y Of ook ) ROE SACtVE Oyen POt

A MEScherS O e

Figure 1. ER stress-induced apoptotic mechanisms. a, Role of ER stress transducers: Activation of ATF6, PERK and IRE1 leads to the generation
of three b-ZIP transcription factors pS50ATF6, ATF4, and XBP-1 respectively, that induce proapoptotic CHOP. ATF4 translational induction by ac-
tive PERK or by cytosolic elF2a kinases is mediated through the phosphorylation of ser’' residue in eIlF2 . PERK also phosphorylates transcription
factor Nrf2 that stimulates the expression of genes involved in antioxidant response similar to ATF4. However, Nrf2, unlike ATF4 inhibits CHOP
expression. CHOP-induced genes may promote apoptosis. PERK activation appears to be the most immediate adaptive event in ER stress that in-
hibits general translation and decreases the folding client influx into the ER. Proapoptotic BH 1-3 domain proteins BAX and BAK interact with the
cytosolic domain of IRE-1 and modulate its activity. Active IRE-1 recruits TRAF2 that interacts with and activates ASK1. Active ASK1 phos-
phorylates INK and p38 MAP kinase. Active JNK activates c-Jun, a proapoptotic transcription factor. p38 MAPK phosphorylates and activates
CHOP. IRE-1 interacting proteins, JIK and JAB1, modulate IRE-1 and TRAF2 interaction. JIK promotes while JAB-1 impedes the interaction.
IRE-1-TRAF2 complex also recruits and activates ER-associated procaspase-12. b, Role of BCL2 protein family and Ca®*: SERCA pumps calcium
into the ER and inositol-3 phosphate receptors mediate the passive release of ER-Ca”" release into the cytosol. BAX and BAK oligomerization on
ER membranes may also facilitate ER-calcium release. Released ER-Ca”™ is taken up by the mitochondria and results in mitochondrial membrane
depolarization, opening of the mitochondrial transition pore and release of small proapoptotic molecules like cytochrome ¢ and Smac/DIABLO that
leads to the assembly of apoptosome and activation of the caspase cascade. ER-Ca™ release can also activate cytosolic calpain (Ca**-dependent
protease) and ER-associated caspase-12. Caspase-7 also translocates to the ER during stress and activates caspase-12. Extracellular Ca®* influx into
cytosol activates phospholipase A, which generates arachidonic acid or ceramide that induces ER stress or mitochondrial apoptosis through ROS
generation. ER-localized BAP31 forms a complex with procaspase-8. ER stress-induced activation of BAP31 and caspase-8 initiates ER-Ca®* re-
lease, and activation of downstream caspases respectively. BCL2 inhibits BAP31 interaction with procaspase-8. Active JNK phosphorylates BIM
and facilitates its dissociation from the cytoskeleton and active BIM inhibits antiapoptotic MCL1 and BCL2 proteins. ER resident BIK inhibits
BCL2 and facilitates BAX/BAK oligomerization on the ER. The interplay among the antiapoptotic BCL2 proteins, inactivator and activator BH3-
only proteins and proapoptotic BAX and BAK modulates the ER-Ca®* release and apoptotic process.
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teraction is diminished*’, facilitating IRE-1 interaction
with TRAF2-ASKI.

IRE-1ea signalling is defective in BAX/BAK-deficient
cells. Expression of BAK in these double-knockout cells
restores ER stress response, XBP-1 splicing, and JNK acti-
vation®. In response to ER stress, active JNK1 phos-
phorylates BCL2 and inactivates it*>. Phosphorylated
BCL2 fails to inhibit the proapoptotic BH-3-only proteins
and hence loses its control on ER-Ca™ fluxes’. Down-
regulation of BCL2 transcription and its inactivation by
phosphorylation promotes the activity of proapoptotic
BCL2 family members. Phosphorylated BCL2 is pre-
dominantly localized near the ER and is a target for pro-
teasome. Dephosphorylation by PP2A protects BCL2
from proteasome degradation’'. The interaction of IRE-1
and JNK activation is also linked to the activation of c-
Abl, a tyrosine kinase, found on the ER apart from the
nucleus and cytoplasm. c-Abl translocates to the mito-
chondria where it affects the release of cytochrome ¢ in
response to ER stress. c-Abl™" cells resist ER stress™.

CHOP

It is also known as C/EBP¢, GADD-153 or DDIT-3 (DNA-
damage inducible transcript-3)*°. CHOP is primarily
proapoptotic and among the highest inducible genes dur-
ing ER stress. For maximal induction of CHOP, however,
all ER stress-response pathways are required because its
promoter is regulated by four cis-acting elements™ that
can be transactivated by ATF4, ATF6 and XBP-1 and also
by ATF2 and ATF3. Its induction is almost completely
attenuated in cells lacking PERK or expressing the non-
phosphorylatable form of elF2«, suggesting that PERK—
elF2a phosphorylation plays a dominant role in CHOP
induction during ER stress’”. Since CHOP is down-
stream to ATF4-elF2a phosphorylation, activation of
other elF2a kinases can also lead to CHOP induction.
CHOP can heterodimerize with other bZIP transcription
factors such as C/EBPs, ATF3 and ATF4, and can act as
a transcriptional repressor or an activator’’. CHOP ex-
pression leads to the induction of proapoptotic proteins
such as GADD34 (cofactor of elF2 « phosphatase), ERO1
(endoplasmic reticulum oxidoreductin 1), DR5 (death re-
ceptor-5), carbonic anhydrase VI and TRB3 (Tribbles re-
lated protein-3)******"* While EROI is an ER luminal
protein, the others are cytosolic. In many ER stress mod-
els, induction or over-expression of CHOP sensitizes
cells to ER stress-induced apoptosis, whereas CHOP de-
letion offers protection30’4°. The proapoptotic effects of
CHOP in ER stress may be mediated by the induction of
GADD34, a cofactor of eIF2a phosphatase that dephos-
phorylates eIF2a”>"¢. Translational restoration in stressed
and the overburdened ER aggravates ER stress by en-
hancing the folding client load. Alternatively the synthesis
of proapoptotic proteins due to translational restoration
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may trigger apoptosis“. GADD34 null mice resist ER
stress-mediated nephrotoxicity induced by tunicamycin,
like the CHOP null animals’. In contrast, GADD34 may
also play a prosurvival role because mutations in GADD34
sensitize cells to thapsigargin treatment, substantiating
the premise that GADD34-mediated translational restora-
tion is required for adaptive cell-survival measures*. In
mouse models of proteolipid protein mutation (Pelizacus—
Merzbacher leukodystrophy), interestingly over-expression
of CHOP protects mice from apoptosis*’. These findings
raise the possibility that the CHOP-GADD?34 signalling
pathway has a dual role, protecting from and promoting
cell death. Cells deficient of C/EBP/, a major dimerization
partner of CHOP, are resistant to ER stress-induced apop-
tosis’’, suggesting that CHOP’s prosurvival and proapop-
totic affects are modulated, mediated by protein—protein
interactions™.

It is likely that CHOP-induced cell death is mediated
by other targets of CHOP, like ERO1 & that helps PDI in
disulphide bond formation. This oxidative protein-folding
process involves the transfer of electrons to molecular
oxygen and hence CHOP over-expression results in ROS
generation, ER stress and cell death*”’. The ER stress-
induced apoptosis mediated by the CHOP-GADD34—
ERO1 pathway may be more pronounced in cells with
elevated protein synthesis. Additionally, CHOP induced
DRS activates caspases and carbonic anhydrase VI affects
changes in cellular hydrogen ion concentration, promot-
ing apoptosis®>*’. In contrast, the CHOP-induced TRB3
protein promotes apoptosis because of its ability to inter-
act with and inhibit the prosurvival Akt kinase™. Akt
activation may also signal TRB to inhibit the CHOP activ-
ity in a feedback loop*. The transcriptional ability and
proapoptotic potential of CHOP is increased upon phos-
phorylation of its ser’® and ser®' residues by p38 MAP
kinase**’®. In contrast to the ability of CHOP to upregu-
late certain genes, it down-regulates BCL2 expression by
interacting with cAMP responsive element-binding pro-
tein, CREB, which induces BCL2 expression3°’42’79. Over-
expression of BCL2 diminishes CHOP induction”. CHOP
plays a more significant role after birth than during em-
bryogenesis, because CHOP™" mice are born and develop
normally without any embryonic and organ defects™. In-
terestingly, CHOP expression is not observed in pancre-
atic f-cell death of PERK™™ or homozygous elF2¢°'*
mutant mice, suggesting a redundancy in ER stress-
mediated apoptotic pathways*’.

Paradoxical effects of elF2a phosphorylation

Phosphorylation of ser’' in elF2« is a stress signal and is
a negative regulator of general translation, however, it
upregulates translation of certain gene-specific mRNAs*
like ATF4. Initially phosphorylation of eIF2 was shown
to promote apoptosis, but subsequent studies have shown
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that it also protects from apoptosis. In fact, our own studies
with Sf9 insect cells projected an ambiguous nature of
elF2a phosphorylation®®. For example, treatment of in-
sect cells with agents like UV irradiation or cycloheximide
promoted both eIF2a phosphorylation and apoptosis®. In
contrast, treatment with tunicamycin, an inhibitor of pro-
tein glycosylation and an ER stress-inducing agent, dis-
played a good amount of e[F2«a phosphorylation but not
apoptosis, suggesting that elF2a phosphorylation does
not always lead to apoptosis™. It is likely that insect cells,
unlike mammalian cells, may not possess ER-stress in-
duced apoptotic mechanism(s) and hence do not undergo
apoptosis. Interestingly, eIlF2a phosphorylation can be a
cause or a consequence of apoptosis because we and
others have observed that caspases can also activate
elF2 ¢ kinases®*®'.

Involvement of diverse eIF2a kinases like PKR (double-
stranded RNA-dependent kinase), HRI (heme-regulated
kinase), GCN2 (general control non-derepressible) and
PERK™ may also be the reason for paradoxical effects of
elF2a phosphorylation. HRI, PKR and GCN2 are cytoso-
lic whereas PERK is an ER-resident elF2« kinase. Sev-
eral lines of evidence now indicate that ER stress-induced
elF2a phosphorylation protects cells against apop-
tosis”***. Loss of eIlF2a phosphorylation due to PERK
deficiency or abrogation of eIF2«a phosphorylation, over-
loads the ER synthetic capacity of pancreatic f-cells and
promotes apoptosis****. Complementing these observations,
over-expression of GADD?34, a cofactor of protein pho-
phatasel, is shown to promote apoptosis”. It has already
been suggested that a type-1 phosphatase is involved in
the dephosphorylation of elF2« in physiological condi-
tions and in herpes simplex virus (HSV) infection®*,
Further, a recent study has shown that salubrinal, a selec-
tive chemical inhibitor of eIlF2a phosphatase, protects
PC12 cells from ER stress-induced apoptosis promoted
by tunicamycin or herpes simplex virus (HSV) infec-
tion®. Interestingly, salubrinal is also shown to potentiate
the deleterious effect of free fatty acid-induced pancreatic
B-cell death®’, suggesting that it is critical to determine as
to what level/extent of eIlF2«a phosphorylation can offer
protection or ensure cell death.

Further, ER stress does not always induce elF2a phos-
phorylation as has been observed in plasma cells, proba-
bly due to expression of p58™X; a cochaperone induced in
ER stress and a negative regulator of elF2«a phosphoryla-
tion. It relieves the translational block imposed by elF2«a
phosphorylation®™, similar to GADD34. However, the
p58™X._deficient mice show opposing effects compared
with GADD34 mutant mice. Their pancreatic f-cells are
sensitive to apoptosis and develop diabetes like Perk™
mice®.

Consistent with such paradoxical effects, a recent study
describes activation of PKR, a cytosolic elF2a kinase,
and expression of a phosphomimetic S51D eIF2a mutant
in Hela cells is found sufficient to stimulate caspase-3 ac-
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tivity and induce apoptosisgo. It is suggested that in ER
stress, apparently the death-inducing property of elF2a
phosphorylation is not observed because it relieves the
synthetic burden of the ER and facilitates production of
other factors that dephosphorylate eIF2a. Caspase activa-
tion mediated by elF2a phosphorylation is linked to a
general decline in translation and degradation of the
short-lived antiapoptotic factors, such as p53 or inhibitors
of apoptosis (IAPs)®. These studies suggest that the ef-
fects of eIF2a phosphorylation on apoptosis are dependent
on concomitant and parallel signalling events mediated
by ER/cytosolic stress-induced elF2a kinases and may
vary based on the severity of the stress, and cell types in-
volved.

The diversity and coincident signalling activities in
cellular responses to elF2«a kinases may be different
because elF2¢ kinases like PERK and PKR can also
phosphorylate other substrates such as Nrf2 and IKK res-
pectively, and phosphorylation of these substrates affects
the inter-protein interaction with their partners’'. For ex-
ample, ER stress-activated PERK phosphorylates tran-
scription factor Nrf2 in mammalian cells that activates
genes is involved in redox maintenance’’. The PERK—
Nrf2 or PERK-eIF2a-ATF4-induced antioxidant res-
ponse can counter the ROS generated through multiple
pathways by ER stress®'. Interestingly, Nrf2 is shown to
inhibit CHOP expression®', the proapoptotic downstream
target of PERK—eIF2a—ATF4 (as mentioned above). Dur-
ing UPR, the ER-associated translation is found to be
active in spite of elevated levels of elF2« phosphoryla-
tion’'. The dephosphorylation of ER-juxtaposed elF2a
mediated by cofactors of PPlc (protein-phosphatase lc)
such as CReP (a constitutive activator of PP1)”>, GADD34
(a cofactor of PP1)"®, and NCK, an adaptor protein with a
Src homology (SRH2/3 domains), may be the reason for
the paradoxical effects of ER-stress associated elF2a
phosphorylation on translation and apoptosis®. In a re-
cent study in rats, we observed enhanced expression of
GADD34, concomitant with a decline in elF2a phos-
phorylation with aging®. Also, in contrast to young rats,
aged rats displayed higher levels of proapoptotic factors
such as CHOP and phosphoJNK, and reduced amounts of
ER stress adaptive protein BiP, suggesting that with
aging, the adaptive response of UPR declines and the
apoptotic potential is enhanced”™. It appears that the ex-
pression of GADD34, a cofactor of elF2«a phosphatase
during persistent ER stress, overrides the protective effects
of elF2a phosphorylation and may signal apoptosis. Alter-
natively, persistent elF2a phosphorylation promoted
by cytosolic elF2« kinases in non ER-stress conditions,
may stimulate a caspase activity as has been mentioned
above™.

In addition, a recent study implicates PKR expression
and activation in ER stress. The level and activity of
nuclear PKR is elevated substantially compared to cytos-
lic PKR in tunicamycin-treated SK-N-SH human neuro-
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blastoma cells”. Active PKR is detected in the nuclei of
autopsied brain, spinal cord and hippocampal tissues of
Alzheimer’s, amylotrophic lateral sclerosis, and Hunting-
ton’s patients respectively, suggesting a role for PKR in
ER stress and neurodegeneration®®. Further, an inhibitor
of PKR has been shown to protect neuroblastoma cells
against tunicamycin-induced ER stress®. It is not known
whether active PKR is generated as a consequence of ER
stress-induced caspase activation®' or in itself is a stimu-
lus to apoptosis, as has been recently suggested™. Tt is
also likely that ER stress-mediated activation of caspases
may have caused the processing, activation and nuclear
localization of PKR.

Phosphorylation of elF2« also regulates the translation
of mRNAs that code for cellular antiapoptotic proteins
(IAPs). For example, ER stress induces human IAP-2 at
the translational level®”, whereas the translation of certain
IAPs decreases in response to PKR-induced elF2¢ phos-
phorylation during TNF-a-induced apoptosisgo. TDAG-
51 (T-cell death associated gene 51), a pleckstrin related
protein involved in atherosclerosis is induced in response
to the UPR through the PERK pathway and over-expres-
sion stimulates ER stress-induced apoptosis™.

Caspases

In rodents, the ER localized caspase-12 is possibly a key
mediator in ER stress-mediated apoptosis. In ER stress'®*,
IRE-1-TRAF?2 interaction is implicated in the activation
of procaspase-12. Indirectly, calpains can also activate
procaspase-12 upon ER Ca’* release*. IRE-1 expression
is shown to trigger caspase-12 activation and apoptosis'®.
In addition, during ER-stress®, caspase-7 translocates to
ER and promotes the activation of caspase-1. Caspase-
127" mouse embryonic fibroblasts are partially resistant
to ER stress-induced apoptosis and caspase-12 activation
is observed in many animal models of ER-stress associ-
ated disease”. However, the lack of functional caspase-
12 questions the role of caspase-12 in ER stress-induced
apoptosis in humans®’. Human caspase-4 has been shown
to associate with ER and may substitute for caspase-12 in
ER stress-induced apoptosis*>. ER transmembrane pro-
teins, BAP31 and BAR (bifunctional apoptosis regulator)
that occur in complex with procaspase-8, BCL2 and
BCLx; also regulate procaspase-8 activation in ER
stress'®. In addition, ER stress also induces the activation
of other caspases®***.

Future perspectives

UPR maintains ER homeostasis and has a critical role in
professional secretory cells and also in growth, develop-
ment and disease. It confers survival advantage for
tumours in hypoxic conditions. UPR-induced transcrip-
tional and translational programmes vary in different cell
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types. The mechanisms that activate specific arms of the
UPR in certain cell types, and that which evoke UPR dur-
ing various physiological and pathological stress condi-
tions are still ambiguous. The intricacies like the dual
nature of CHOP-GADD?34 and elF2a phosphorylation,
and the ER to mitochondria signalling in apoptosis have
yet to be understood. Understanding the prosurvival to
proapoptotic signalling mechanisms of UPR and the sta-
bilities of UPR-induced products can be of enormous po-
tential in designing treatment modalities for various
UPR-related metabolic and neurodegenerative disorders,
tumours and viral infections. Drugs or small molecules
that target the JNK pathway selectively would be attractive
candidates for tackling type-2 diabetes. Modulation of the
ER-stress signalling pathways, PERK—eIF2 a/Nrf2—ATF4
or IRE1-XBP-1, and PDI, offer promise to resist tumour
progression during hypoxia“. Alternatively, vectors en-
coding suicide genes under the ERSE promoter elements
can be designed to specifically target tumours. Since per-
sistent and overactive UPR triggers apoptosis, drugs that
further enhance ER stress in tumours can flip the adaptive
responses into apoptotic events rapidly. Keeping in view
the above rationale, proteasome inhibitors like borte-
zomib (approved by FDA) have been found to inhibit the
IRE1-XBP-1 pathway in multiple myeloma cells and sen-
sitize them to apoptosis'’. Transcriptional factor Nrf2, a
PERK substrate can also be targetted for prevention of
tumours. This view is substantiated by the inability of
Nrf2 knockout mice to respond to the protective action of
some tumour chemopreventive agents’'. Viral infections
trigger ER stress and viruses have developed strategies to
counter host e]lF2« phosphorylation for their propagation.
Hence inhibitors that target viral strategies can be applied
to control viral infection. In fact, salubrinal, an inhibitor
of elF2x phosphatase has been shown to inhibit HSV in-
fection in rats. Small molecules such as pharmacological
chaperones attract future approaches to tackle ER stress-
related storage and conformational diseases.
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