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Abstract

Endoplasmic reticulum (ER) is the site of synthesis
and folding of secretory proteins. Perturbations of ER
homeostasis affect protein folding and cause ER stress.
ER can sense the stress and respond to it through
translational attenuation, upregulation of the genes for
ER chaperones and related proteins, and degradation of
unfolded proteins by a quality-control system. However,
when the ER function is severely impaired, the organelle
elicits apoptotic signals. ER stress has been implicated
in a variety of common diseases such as diabetes, ischemia
and neurodegenerative disorders. One of the components
of the ER stress-mediated apoptosis pathway is C/EBP
homologous protein (CHOP), also known as growth arrest-
and DNA damage-inducible gene 153 (GADD153). Here, we
summarize the current understanding of the roles of CHOP/
GADD153 in ER stress-mediated apoptosis and in diseases
including diabetes, brain ischemia and neurodegenerative
disease.
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Endoplasmic Reticulum (ER) Stress and
CHOP

Proteins must be folded into proper conformations, in order to
carry out their cellular functions. Unfolded or misfolded
proteins are harmful to cells in that cell survival can be
threatened.! ER is the site of synthesis and folding of proteins
destined for secretion, cell membrane, Golgi apparatus,
lysosomes and others. However, protein folding in the ER is
impaired under various physiological and pathological condi-
tions, collectively called ‘ER stress’.2 In order to overcome ER
stress, this organelle has a specific signaling pathway termed
the ER stress response pathway, which involves at least four
responses (Figure 1).3° The first response is translational
attenuation, reducing the load of new protein synthesis and
preventing further accumulation of unfolded proteins.® The
second response is upregulation of genes encoding ER
chaperone proteins such as BiP/GRP78 and GRP94, en-
zymes including protein disulfide isomerase (PDI) and
peptidyl-prolyl isomerase, and structural components of the
ER including sarcoplasmic ER Ca® " -ATPase 2 (SERCA2), to
increase the protein-folding capacity in ER.”® In addition to
these genes, recent studies revealed that genes involved in
translational recovery, amino-acid import, glutathione bio-
synthesis and protection against oxidative stress are also
upregulated.’® In a later phase, components of ER-asso-
ciated degradation (ERAD), including ER degradation-enhan-
cing a-mannosidase-like protein (EDEM), are transcriptionally
induced to eliminate misfolded proteins in the ER by the
ubiquitin-proteasome system."'~"® The third involves activa-
tion of NFxB, a transcription factor known as a mediator of
immune and antiapoptotic responses.' This pathway is
designated ER overload response (EOR), because it is
triggered by accumulation of membrane proteins in the ER.
It is believed that the stress leads to Ca®" release from ER
and sequent production of reactive oxygen intermediates,
which activate NF«xB by degradation of I1xB. However, it is not
known how the Ca®" permeability is induced in signaling
EOR. A recent finding that the elF2« phosphorylation is
required for induction of NFxkB suggests that the stress-
transducing molecule for EOR is shared with other ER stress-
induced transcriptional program.'® The fourth is apoptosis,
which occurs when functions of the ER are severely impaired,
to protect the organism by eliminating the damaged cells.''”
At least three apoptosis pathways are known to be involved in
this apoptotic event. The first is transcriptional activation of the
gene for C/EBP homologous protein (CHOP). The second is
activation of the cJUN NH2-terminal kinase (JNK) pathway,
which is mediated by formation of the ‘inositol requiring 1
(Ire1)-TNF receptor-associated factor 2 (TRAF2)-apoptosis
signal-regulating kinase1 (ASK1)’ complex.'®'® The third is
activation of ER-associated caspase-12 (see Yuan, this
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review series). Caspase-12 is activated by ER stress, but
apparently not by death receptor-mediated or mitochondria-
targeted apoptotic signals.2® Although caspase-12 serves as
a marker of ER stress-induced apoptosis in mouse, humans
lack functional caspase-12 homologue because of acquiring
multiple stop codons.?! Therefore, all the three apoptosis
pathways eventually lead to the activation of caspase-3,
suggesting that ER stress signals are finally transmitted to
the mitochondria. In addition, mouse embryo fibroblasts
from Bax/~Bak ™'~ mice are resistant to apoptosis induced
by ER stress, suggesting the role of Bax and Bak as
executioners in ER stress-mediated apoptosis.?? Further-
more, overexpression of Bcl-2 blocks CHOP-induced apop-
tosis.?® Therefore, mitochondria function as an integrator and
amplifier of this death pathway. Here, we summarize the
recent findings on the roles of CHOP in ER stress-mediated
apoptosis.

Structure and Properties of CHOP

CHORP is a 29 kDa protein with 169 (human) or 168 (rodents)
amino-acid residues. CHOP protein was first identified to be a
member of the CCAAT/enhancer binding proteins (C/EBPs)
that serves as a dominant negative inhibitor of C/EBPs.2*
CHOP is also known as growth arrest- and DNA damage-
inducible gene 153 (GADD153), DNA-damage-inducible
transcript 3 (DDIT3) and C/EBP{. The GADD genes are a
group of genes that are induced by genotoxic stress and
growth arrest signals. There are three distinct GADD genes,
GADD34, GADD45 and GADD153, but there is no similarity
among them. C/EBPs form a family of transcription factors
that regulate a variety of genes involved in a broad range of
physiological processes, including immune functions as well
as cell differentiation and proliferation. To date, six distinct
members of the C/EBP family have been identified. CHOP
protein is composed of two known functional domains, an N-
terminal transcriptional activation domain and a C-terminal
basic-leucine zipper (bZIP) domain consisting of a basic
amino-acid-rich DNA-binding region followed by a leucine
zipper dimerization motif (Figure 2).2*2% Furthermore, CHOP
protein contains two adjacent serine residues (79 and 82) that
can serve as substrates of the p38 MAP kinase family.2®
Deletion mutant analysis of CHOP revealed that bZIP domain
is important for CHOP-induced apoptosis.?*?” The high
conservation (>90%) in the bZIP domain of the C/EBP
members allows for formation of homodimers and hetero-
dimers of the members. CHOP is a heterodimer with other C/
EBPs that strongly prefer to homodimerize.2*2® However,
CHORP contains proline and glycine substitutions in the basic
region that disrupt its DNA-binding activity. Consequently,
CHOP-C/EBP heterodimers cannot bind to a C/EBP site 5'-
(A/G)TTGCG(C/T)AA(C/T)-3". On the other hand, CHOP-C/
EBP heterodimers can bind to another unique site 5'-(A/G) (A/
G) (A/G)TGCAAT(A/C)CCC-3 to activate target genes.?®
Furthermore, CHOP can enhance the transcriptional activa-
tion of AP-1 by tethering to the AP-1 complex without direct
binding of DNA.2° Thus, CHOP has a dual role both as an
inhibitor of C/EBPs function and as an activator of other
genes.
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Figure 1 Proposed profile of ER stress response. In an early phase,

translational attenuation occurs to reduce the load of ER. In the next phase,
several groups of genes are transcriptionally induced for long-term adaptation to
ER stress. New synthesis of stress-induced proteins escapes from the general
translational attenuation. To cope with the unfolded proteins in the ER, ER
chaperones are first induced to refold them and if this response is not enough,
ERAD components are then induced to eliminate the unfolded proteins. To
remodel the ER, variety of genes such as those of amino-acid import, glutathione
biosynthesis, and oxidation protection are also induced. To elicit immune
response and antiapoptotic effect, NF«B is activated. On the other hand, if
severe ER stress conditions persist, the apoptosis signaling pathways are
activated, including induction of CHOP and activation of JNK kinase and
caspase-12. The decision between survival or apoptosis may depend on the
balance between survival signaling and apoptosis signaling
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Figure 2 Domain structure of human CHOP. CHOP is composed of its N-
terminal putative transactivation domain and a C-terminal bZIP domain that
contains a DNA-binding basic region and a leucine zipper dimerization region.
The basic region contains conserved glycine (109) and proline (112) residues,
which are essential for binding to the consensus C/EBP-binding site. Two serine
residues (79 and 82) in the transactivation domain are phosphorylated by p38
MAP kinase, and this phosphorylation is required for the enhanced transcriptional
activation

Expression Profile of CHOP

CHOP is ubiquitously expressed at very low levels. 2*How-
ever, it is robustly expressed by perturbations that induce
stress in a wide variety of cells.?* CHOP is present in the
cytosol under nonstressed conditions, and stress leads to
induction of CHOP and its accumulation in the nucleus.?* The
CHOP gene was initially identified in a search for genes
induced by genotoxic stress such as UV irradiation and
alkylating agents methyl methanesulfonate (MMS), and was
thus named GADD153.%° CHOP was also noted to be induced
by nutrient depletion such as glucose deprivation and amino-
acid starvation. Subsequent studies revealed that a DNA-
damaging nucleoside analogue or UV light alone does not
induce CHOP.3" Glucose deprivation is known to induce ER
stress, presumably by inhibiting N-linked protein glycosylation



in the ER. Other strong inducers of CHOP, such as
tunicamycin which blocks protein glycosylation, thapsigargin
which promotes ER stress by depletion of ER calcium stores
and dithiothreitol which disrupts disulfide bond formation,
strongly perturb ER functions. MMS may affect ER protein
folding by alkylating cysteine residues of ER proteins rather
than by damaging DNA. All these findings suggest that
induction of CHOP is more responsive to ER stress than is
DNA damage.

Transcriptional Regulation of CHOP

Expression of CHOP is mainly regulated at the transcriptional
level. Recent microarray studies revealed that CHOP is one of
highest inducible genes during ER stress.®® ER stress
response consists of the transcriptional upregulation program,
which is conducted by three distinct types of ER stress
transducers localized on the ER membrane, PKR-like
endoplasmic reticulum kinase (PERK), activating transcrip-
tion factor 6« (ATF6a and ATF63) and Ire1f and Ire1f. Three
transcription factors, ATF4, pATF65(N) and pATF65(N), and
x-box binding protein-1 (XBP-1), were identified to be down-
stream effectors of these signaling pathways. BiP works as a
sensor of unfolded proteins in the ER and regulates the
activation of these ER stress transducers.33* All transducers
contain a lumenal domain to which BiP can bind. Under
normal conditions, BiP binds to the lumenal domains of Ire1q,
Ire1f and PERK, and prevents their homodimerization
transport to the Golgi apparatus. Under ER stress conditions,
BiP binds to unfolded proteins and thereby renders each
transducer to activate. Activated PERK phosphorylates Ser51
on eukaryotic initiation factor-2¢ (elF2x) and blocks the
binding of the initiator Met-tRNA to the ribosome by inhibiting
the turnover of elF2B. As the frequency of the AUG initiation
codon recognition is reduced, the general translation is
attenuated. However, ATF4 mRNA is efficiently translated
under these conditions because of its small upstream open-
reading frames (UORF) within the 5 untranslated region,
called ‘UORF bypass scanning system’. ATF4 can bind both
the consensus ATF/CRE element sequence 5'-TGACGTCA-
3 and the amino-acid-regulatory element (AARE) core
sequence 5-ATTGCATCA-3'. BiP-free pATF6x(p) and
pATF6p(p) are transported to the Golgi apparatus and
cleaved by Site-1 protease and Site-2 protease.®® The
released N-terminal cytosolic domain (pATF6«(N) and
pPATF6((N)) are transported into the nucleus. pATF6u«(N)
and pATF6p(N) contain a bZIP domain and bind to the ER
stress response element (ERSE) consensus sequence 5'-
CCAAT-No-CCACG-3' as a homo- or heterodimer interacting
with NF-Y trimer.%®%” Activated Ire1o and Ire1f cleave the
substrate precursor XBP-1 mRNA to mature XBP-1 mRNA by
their endoribonuclease activity present in their cytosolic
domains.®*~*° XBP-1 splicing removes a 26-nucleotide intron,
which switches the open reading frames to yield its bZIP and
transactivation domain. Only the spliced form of XBP-1 has
potential transcription activity and can bind both the ERSE
and the unfolded protein response element (UPRE) sequence
5-TGACGTGG-3' in interaction with NF-Y 234! Furthermore,
XBP-1 mRNA is induced first by ATF6, and thereafter by XBP-
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1 carrying the ERSE in its promoter, which can efficiently cope
with ER stress by positive feedback.363®

As shown in Figure 3, the human CHOP promoter contains
at least two ERSE motifs and one AARE motif. Two ERSE
(CHOP ERSE-1 and CHOP ERSE-2) are located in opposite
directions with a 9bp overlap.3®*? These sequences are
highly homologous with other ERSEs identified in the
promoters of the BiP, GRP94, PDI and calreticulin (CRT)
genes.®*3 CHOP AARE was identified to be an essential motif
for amino-acid activation of the CHOP promoter.** This
sequence has weak homology with C/EBP- and ATF-binding
sites. ATF2 and ATF4 were shown to be involved in the
amino-acid regulation of CHOP. While overexpression of
pATF6¢(N) induces the expression of CHOP, the induction of
ATF4 and CHOP by ER stress is nearly completely attenuated
in PERK null cells and elF2::55' cells. These results suggest
that the PERK/elF2q signaling pathway plays an essential role
in the induction of CHOP in ER stress, and is dominant over
that of the ATF6 and Ire1/XBP-1 signaling pathways.*®*
However, in order to achieve maximal induction of CHOP, the
presence of all these signaling pathways is required.®> On
leucine starvation, ATF2 was reported to play an essential role
in the expression of CHOP, when ATF2 null cell lines and an
ATF2 dominant-negative mutant were used.** During ar-
senite-induced stress, ATF3 represses, while ATF4 activates,
the expression of CHOP through time-dependent changes in
the binding to the AARE.*~*° ATF2 and ATF3 were reported

Accumulation of unfolded proteins in ER
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Figure 3 Mechanism of transcriptional induction of CHOP in ER stress. Under
ER stress conditions, BiP binds to unfolded proteins and thereby renders each
ER stress transducers including PERK, ATF6 and Ire1 to be activated. Activated
PERK phosphorylates elF2«, which results in translational induction of ATF4.
BiP-free pATF6(p) is transported to the Golgi apparatus and pATF8(N) is
released by proteolysis. Activated Ire1 cleaves XBP-1 mRNA precursor to mature
XBP-1 mRNA by unique splicing. XBP-1 mRNA precursor is also upregulated by
pATF6(N). On ER stress, the transcriptional induction of CHOP is regulated at
least by four cis-acting elements, AARE1, AARE2, ERSE1 and ERSE2. ATF4,
pATF6(N) and XBP-1 are known to activate transcription of CHOP. ATF4 binds to
AARE1 and AARE2. ATF2 and ATF3 can bind to the CHOP AARE. However, the
role of ATF2 and ATF3 in induction of CHOP during ER stress is unclear. Both
pATF6(N) and XBP-1 bind to the CACG part of ERSE1 and ERSE2. NF-Y
constitutively binds to the CCAAR part of ERSE1 and ERSE2
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to be induced under hypoxia, which induces ER stress.*”-°

Therefore, they may also regulate the expression of CHOP in
ER stress.

Post-transcriptional Regulation of CHOP

In addition to transcriptional regulation, the expression of
CHOP is also regulated by mRNA stability. 5'°*The 5'-
untranslated region (5'UTR) of CHOP mRNA contains highly
conserved UORF sequences among humans, mouse and
hamster.>®5* This CHOP uORF, which is present between
+1 and + 170 in the human CHOP 5’UTR, was shown to
repress the translation of CHOP.5%%* Under ER stress
conditions, CHOP protein undergoes phosphorylation of
Ser78 and Ser81 by the p38 MAP kinase family.2%2” Studies
making use of the inhibition of p38 MAP kinase by SB20580,
overexpression of p38 MAP kinase and mutation of phos-
phorylation sites indicate that the phosphorylation enhances
transcriptional activation and elicits a maximal apoptotic effect
of CHOP.232627 MAPKKK ASK1, which is required for
activation of JNK by Ire1 during ER stress, can also activate
the p38 pathway.'®®® ASK1 null cells are resistant to ER
stress-induced apoptosis.'® Therefore, it may be worthwhile
to see if ASK1 is involved in the phosphorylation of CHOP in
ER stress.

Downstream of CHOP in ER
Stress-induced Apoptosis

Overexpression of CHOP and microinjection of CHOP protein
have been reported to lead to cell cycle arrest and/or
apoptosis.?327:28:56.57.Qyerexpression of BiP attenuates the
induction of CHOP in ER stress and reduces ER stress-
induced apoptosis.>" CHOP ™~ mice exhibit reduced apopto-
sis in response to ER stress.%¢%8%° Thus, CHOP plays an
important role in ER stress-induced apoptosis. Concerning
the downstream of CHOP in the apoptosis pathway, cells
lacking CHOP’s major dimerization partner C/EBPf are also
resistant to ER stress-induced apoptosis, suggesting that
CHOP works as a transcriptional factor that regulates genes
involved in either survival or death.® Using representative
difference analysis, Ron and colleagues found three target
genes of CHOP that they referred to as DOCs (for down-
stream of CHOP).5>6" DOC1 is a stress-inducible form of
carbonic anhydrase VI, which is predicted to increase the
proton concentration and to decrease intracellular pH. DOC4
is a homologue of Tenm/Odz, which might function in
signaling at compartment boundaries. DOCB6 is a homologue
of the actin-binding proteins villin and gelsolin, and is
implicated in changes in the actin cytoskeleton during
apoptosis. However, none is directly linked to either survival
or death.

On the other hand, overexpression of CHOP leads to
decrease in Bcl-2 protein and overexpression of Bcl-2 blocks
CHOP-induced apoptosis.2>%2 Splenic lymphocytes from
CHOP'~ mice are relatively resistant to LPS-induced
apoptosis, which is associated with increased Bax and Bak
mRNAs and decreased Bcl-2 mRNA (S Oyadomari et al.,
unpublished observation). Furthermore, overexpression of
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CHOP leads to translocation of Bax protein from the cytosol to
the mitochondria.®®® Thus, CHOP-mediated death signal is
finally transmitted to the mitochondria, which functions as an
integrator and amplifier of the death pathway. It is to be noted
that cells from Bax '~ Bak ™~ mice are resistant to apoptosis
induced by ER stress; hence, Bax and Bak may function as
executioners in ER stress-mediated apoptosis.2? Whether or
not CHOP affects the Bcl-2 protein family directly or indirectly
is unknown.

Induction of CHOP was reported to perturb the cellular
redox state by depletion of cellular glutathione.®? Cells lacking
CHOP’s dominant transactivator ATF4 were seen to affect
antioxidative genes including those linked to glutathione
synthesis and to amino-acid transport.’® Protein secretion
results in the net loss of reducing equivalents by consuming
cysteine to form disulfide bonds in the ER. In addition, ER
stress is predicted to enhance both a loss of reduced
glutathione and amino-acid insufficiency. Whether or not
CHOP regulates antioxidative target genes downstream of
ATF4 is being given attention.

It is also possible that CHOP-mediated apoptosis occurs
through a nontranscriptional mechanism such as protein—
protein interactions. For example, C/EBP« was shown to elicit
an antiproliferative effect by protein—protein interactions
completely distinct from its role as a transcription factor.
Namely, C/EBPu directly interacts with CDK2 and CDK4, and
causes cell growth arrest by inactivating these kinases
through proteasome-dependent degradation.®%* In addition,
Zip kinase, which mediates apoptosis, was identified as an
ATF4-interacting protein.65 Therefore, search for an effector
molecule of apoptosis which interacts with CHOP may be
interesting. Thus, compared with the great progress in
understanding the upstream of CHOP induction, the down-
stream of CHOP awaits further study.

Role of CHOP-mediated Apoptosis in
Normal Cell Growth and Differentiation

Although CHOP "~ cells are resistant to ER stress-mediated
apoptosis, CHOP~~ mice have a normal development and
normal fertility,5¢-58 properties similar to those of caspase 12~/
~and ASK1~/~ cells and mice. Thus CHOP is dispensable for
organogenesis and development, probably because of
redundancy of the apoptosis pathway. In contrast, the
phenotype of CHOP~'~ mice differs markedly from those of
Ireta’~, XBP-1"'~, PERK~ and elF2x°*'* knockin
mice.'8:4045.66-68 1015,~/= and XBP-1~'~ mice, which can
induce ER chaperones upon ER stress, are embryonic
lethal. 84966 XBP-1~/~ livers show hypoplasia with numerous
apoptotic hepatocytes, and XBP-1~~ B cells fail to differ-
entiate to plasma cells.®%° PERK~'~ and elF20°%'” knockin
mice have progressive pancreatic f-cell dysfunction due to
increased apoptosis of the cells.*>%7¢8 |t should be noted that
cells from PERK ™~ and elF245%'* knockin mice are highly
susceptible to ER stress; yet they are incapable of inducing
CHOP upon ER stress.*®>*67° Therefore, ER stress occurs
under physiological conditions and the ER stress response
plays an essential role in cell growth and differentiation.
However, the role of ER stress-mediated apoptosis in this



process is not clear, because of the redundancy of the ER
stress-mediated apoptosis pathway. Upregulation of CHOP
was observed during certain stages of differentiation of B
cells, erythroids and keratinocytes.”'"”? Under certain condi-
tions, CHOP~/~ mice have splenomegaly at least partly due to
reduced apoptosis of B cells (S Oyadomari, unpublished
observation). One could examine the role of ER stress-
mediated apoptosis in development by generating double or
triple knockout mice for the CHOP, caspase-12 and ASK1
genes.

Role of CHOP-mediated Apoptosis in
Disease

Apoptosis plays an important role in maintaining tissue
homeostasis. Accumulated evidence suggests that dysregu-
lation of apoptosis is involved in the pathogenesis of a number
of human diseases. Enhanced apoptosis may cause neuro-
degenerative disease, diabetes and acquired immune defi-
ciency syndrome through cell loss. On the other hand,
impaired apoptosis has been implicated in cancer and
autoimmune disease. Here we briefly summarize what is
known of the role of CHOP in the development of several
diseases.

Diabetes

Diabetes is characterized by hyperglycemia due to reduced
insulin secretion and impaired insulin action.. Excessive loss
of -cells is known to be a cause of diabetes, and apoptosis is
the main mode of pancreatic f-cell death in the development
of diabetes.”® One of the characteristic features of -cells is a
highly developed ER to secrete insulin. Ire1o and PERK are
expressed at high levels in pancreatic f-cells, probably
reflecting a high participation of the cells in protein secretion.
In mice genetically inactivated for the PERK-elF2« pathway
and in humans lacking PERK, revealed f-cells are the most
susceptible to ER stress.'"*7® PERK™~ mice develop
progressive apoptosis in their f-cells and show marked
hyperglycemia from 4 weeks of age.’”®® Mutations in the
PERK gene were identified, in patients with Wolcott-Rallison
syndrome, as an autosomal recessive disease with severe
infant diabetes due to pancreatic hypoplasia and a reduced
number of f-cells.”””® elF2:°%'" knockin mice have more
severe f3-cell deficiency as seen in 16.5-18.5 embryos, and
die within 18 h after birth due to hypoglycemia associated with
defective gluconeogenesis.*® The different phenotype be-
tween PERK™~ mice and elF2x¢5%'* knockin mice are
probably due to partially redundant elF2« kinases such as
GCN2. Therefore, f-cells undergo ER stress even under
physiological conditions and disturbance in the ER stress
response leads to apoptosis.

Diabetes is classified into two types according to the
etiological process. Type | diabetes is characterized by islet
cell destruction mainly due to autoimmune and inflammatory
processes. Type Il diabetes is characterized by a combination
of defects in insulin secretion and action. Nitric oxide (NO) has
been implicated in f-cell failure in type | diabetes. NO is
produced by inflammatory cytokines, such as interleukin-1p
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(IL-1p), tumor necrosis factor-o (TNF-2) and interferon-y
(IFN-y).”® The p-cell is known to be highly susceptible to
NO. It can induce DNA damage, and leads to necrosis or
apoptosis through the poly (ADP-ribose) polymerase (PARP)
pathway or the p53 pathway, respectively (Figure 4a).
However, the different susceptibility of various cell types
toward NO cannot be explained by DNA damage. Studies on
islet cells lacking PARP and p53-negative cells suggested an
apoptosis pathway distinct from the DNA damage path-
way.®%8" We found that NO causes ER stress by depleting ER
Ca’" stores and leads to apoptosis in S-cells via CHOP
induction (Figure 4a).%® Maintenance of Ca® ™ homeostasis in
the ER is essential for protein folding. Molecular components
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Figure 4 (a) Pathways of NO-induced cell death. Excessive NO leads to cell
death through DNA damage or ER stress. DNA damage causes cell death via the
apoptosis pathway mediated by activation of p53 or via the necrosis pathway
mediated by activation of PARP, which results in depletion of NAD * and ATP.
While high amounts of NO cause DNA damage, lower amounts of NO cause ER
stress without DNA damage in some cell tg/pes such as pancreatic f-cell, which
has developed ER. NO depletes ER Ca“ ™, which results in accumulation of
unfolded proteins in the ER, and leads to apoptosis via induction of CHOP and
activation of JNK and caspase-12. (b) Mechanism of ER stress-mediated f-cell
apoptosis in Akita mouse. In wild-type mouse, preproinsulin is processed to
proinsulin by cleavage of signal peptide and by formation of disulfide bonds
between (a) and (b) chains in the ER. In Akita mouse, a missense mutation
(Cys96Tyr) in the insulin 2 gene disrupts a disulfide bond and induces a drastic
conformational change of this molecule. Mutant insulin may be degraded by the
ERAD pathway, causes ER stress in -cells and leads to apoptosis
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of ER Ca2* homeostasis consist of pumps for Ca®* uptake
(SERCAs), Ca®*-binding proteins and channels for Ca®*
release, including inositol 1,4,5-triphosphate receptors and
ryanodine receptors. NO was reported to activate ryanodine
receptors or to inhibit SERCA activity by protein nitration.82-84
Overexpression of calreticulin, which is a major Ca® ™ -binding
protein in the ER, prevents f-cells from NO-mediated
apoptosis.®® It should be noted that the expression of
SERCA2b and calreticulin is induced by ER stress, which
means thatincreased ER Ca® ™ stores are likely to be required
to adapt ER stress conditions. Furthermore, DNA microarray
analysis showed that CHOP is induced by IL-18 plus IFN-y in
primary rat $-cells.®®

In type Il diabetes, impaired insulin action, which is often
associated with obesity and physical inactivity, is a major
factor in progression of the disease, but hyperglycemia occurs
only when f-cells fail to compensate for the increased
demand for insulin secretion. Overload of -cells in conditions
such as hyperglycemia, obesity and long-term treatment with
sulfonylureas leads to f-cell dysfunction and to apoptosis
through a process referred as ‘f-cell exhaustion’. We
hypothesized that an imbalance between the demand for
insulin secretion and the secretion capacity of f-cells causes
ER stress and leads to apoptosis. We addressed this
hypothesis using the Akita diabetic mouse which has a
mutation in the insulin 2 gene (Ins2) (Cys96Tyr), and is
characterized by progressive hyperglycemia with reduced /-
cell mass but without insulitis or obesity.®688 This mutation
disrupts a disulfide bond in proinsulin between the A and B
chains, and is expected to induce a drastic conformational
change of this molecule (Figure 4b). Mutant insulin is not
secreted and is presumably degraded. However, the pheno-
type of Akita mouse is not only due to the loss of insulin, but
rather due to gain of function, because single Ins1 or Ins2
knockout mice do not develop diabetes.®® We found that
disruption of the CHOP gene markedly delayed the onset of
disease in heterozygous Akita mice.>® This indicates that
progressive hyperglycemia in Akita mice is caused by f-cell
apoptosis through CHOP induction. Since disruption of the
CHOP gene cannot delay the onset of disease in homozygous
Akita mice, it is obvious that other pathway(s) are involved in
this process. However, our results suggest that the block of at
least one of the apoptosis pathways can modulate the
development of disease. Although the /ns2°°6Y mutation
was only identified in the mouse, other mutation(s) may cause
diabetes through ER stress-mediated apoptosis. It is tempting
to speculate that a long-term and low-level ER stress causes
apoptosis in -cells via CHOP and leads to diabetes.

Brain ischemia

Depletion of glucose, oxygen and ER Ca2*, which is a
characteristic feature of tissue ischemia, is strongly asso-
ciated with ER stress. Protein aggregation in the ER after focal
brain ischemia and reperfusion was observed using electron
microscopy analysis.®® These aggregates persist in vulner-
able neurons but not in resistant ones. Global translational
attenuation, a key response in the pathogenesis of neuronal
cell injury, is caused by phosphorylation of elF2x via the
activation of PERK.®! These findings strongly suggest that ER
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stress is induced by brain ischemia and reperfusion. Induction
of CHOP mRNA was observed in the rat hippocampus
subjected to global cerebral ischemia.®>% NO has been
implicated in the pathophysiology of brain ischemia. NO
causes the depletion of ER Ca®* and induces CHOP mRNA
in primary neuronal cultures as well as in pancreatic f-
cells.%%°* Consistent with this result, pretreatment with an NO
synthase inhibitor could restore ER Ca®* after brain
ischemia, and mice lacking the inducible NO synthase gene
had a decreased susceptibility to ischemia.®*°® Furthermore,
we recently found that CHOP~~ mice have smaller infarcts
than wild-type animals subjected to bilateral carotid artery
occlusion.®®® Since acute neuronal cell death in the ischemic
core region is mostly due to necrosis, we speculate that ER
stress-mediated apoptosis in vulnerable neurons contributes
to delayed cell death or to neurodegeneration in the penumbra
of focal ischemia. CHOP can be an important target for
therapeutic intervention to prevent secondary progression of
ischemic brain injuries.

Neurodegenerative disease

Neurodegenerative diseases have an underlying similarity in
progressive neuronal dysfunction and neuronal cell death.
Protein misfolding has been implicated in the pathogenesis,
for example, the accumulation of misfolded proteins such as
p-amyloid, o-synuclein and huntingtin is apparently asso-
ciated with selective neuronal cell death in Alzheimer’s,
Parkinson’s and Huntington’s diseases, respectively. Muta-
tions in presenilin-1, which increase the production of f-
amyloid, were shown to increase CHOP protein, using
presenilin-1 mutant knockin mice.®” Increased CHOP was
suggested to contribute to the pathogenesis of presenilin-1
mutations by sensitizing neuronal cells to apoptosis.®”
However, concerning the role of presenilin-1 in the ER stress
pathway, the question of whether or not presenilin-1 muta-
tions downregulate induction of BiP and CHOP is still being
debated.®®®® Therefore, it remains to be studied whether
CHOP induction and ER stress-mediated apoptosis occur in
the development of Alzheimer's disease. Several studies
indicate that oxidative damages may have an important role in
the development of Parkinson’s disease. Recent studies
using serial analysis of gene expression (SAGE) and DNA
microarray analysis revealed that genes involved in ER stress
including the CHOP gene are induced by a Parkinsonism-
inducing neurotoxin 6-hydroxydopamine, which forms free
radicals.’®®'°! Since NO plays an important role in dopami-
nergic neurodegeneration induced by another dopaminergic
neurodegeneration neurotoxin 1-methyl-4-phenyl-1,2,3,6-tet-
rahydropyridine (MPTP), it is worth determining if disruption of
the CHOP gene prevents neuronal cells from MPTP-induced
apoptosis.'® Several lines of evidence suggested a link
between dysfunction of the ERAD system and the pathogen-
esis of Parkinson’s and polyglutamine disease. Mutation of
parkin, thatis an E3 ubiquitin ligase, is one of the major causes
of familial Parkinson’s disease.'® Parkin is induced by ER
stress, and overexpression of parkin confers resistance to
both ER stress and mutant a-synuclein-induced toxicity. 1041
Furthermore, accumulation of polyglutamine-containing pro-
teins was found to cause ER stress, presumably due to



saturation of the cytosolic protein degradation system.'®
These findings suggest that mutations in the parkin gene or
expression of pathogenic polyglutamine proteins in neurons
inhibit degradation of misfolded proteins, cause ER stress and
lead to ER stress-mediated apoptosis. Therefore, CHOP-
mediated apoptosis may also be involved in the development
of Parkinson’s disease and polyglutamine disease.

Concluding Remarks

Since the discovery of ER stress in the late 1980s, knowledge
of how ER can sense stress and respond to it has
accumulated. The importance of ER stress response in
human health and disease is now widely accepted. On the
other hand, research on ER stress-induced apoptosis has just
begun. CHOP is the first identified protein that mediates ER
stress-induced apoptosis and much is known on the roles of
this molecule in apoptosis. Nevertheless, it remains little
known how CHOP induces apoptosis.

Since induction of CHOP is involved in the development of
various diseases, CHOP-targeted therapies may be useful for
these diseases. For instance, suppression of CHOP by RNA
interference, decoy oligodeoxynucleotides or drug inhibitors
could have a significant therapeutic potential to modulate type
| diabetes, brain ischemia and others. On the other hand,
overexpression of CHOP may represent a new class of
anticancer therapy. Since induction of BiP has been observed
in a variety of tumor cells, overexpression of CHOP directed
by the BiP promoter may be used as a highly specific therapy
for cancer. Further studies on CHOP-mediated apoptosis will
provide a basis for new therapeutic approaches to diseases
associated with ER stress.
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