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Abstract

Endoplasmic reticulum (ER) stress and the consecutive activation of the Unfold-
ed Protein Response (UPR) contribute to the pathogenesis of several diseases
including diabetes, neurodegenerative diseases and inflammation. However, the
UPR also plays a crucial adaptive role in the acquisition and maintenance of the
phenotype of cells that secrete large amounts of proteins. After a brief overview
of this physiological role of the UPR in immunoglobulin-secreting plasmocytes
and pancreatic acinar cells, this chapter will mainly focus on insulin-secreting
pancreatic B-cells that play a critical role in glucose homeostasis. Upon their
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stimulation with glucose and other nutrients, these cells display a rise in mito-
chondrial metabolism, ATP production and Ca?" pumping in the ER, in parallel
to the stimulation of protein (preferentially proinsulin) biosynthesis. These meta-
bolic and functional features give rise to a peculiar pattern of acute regulation of
the UPR by nutrients. At low non-stimulatory glucose concentrations, when in-
tracellular ATP, [Ca®*] g and protein synthesis are low, the IRE1-XBP1 branch of
the UPR is at its lowest level of activation while the PERK-elF2a-ATF4 branch
of the UPR is maximally activated, with strong upregulation of Integrated Stress
Response (ISR) genes. Upon glucose stimulation, the rise in ATP and [Ca®"] .
leads to PERK-elF2a dephosphorylation, inhibition of the ISR and derepres-
sion of protein synthesis. Consequent activation of the IRE1-XBP1 branch of the
UPR upregulates the expression of chaperones, foldases, ER to Golgi transport
and ER-associated degradation machinery that help the B-cell coping with the
large increase in proinsulin biosynthesis. This opposite glucose regulation of the
PERK and IREI arms of the UPR is rapid and dynamic, suggesting its impor-
tance in the physiological adaptation of the B-cell to changes in nutrient supply.
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Abbreviations

Aatf Apoptosis Antagonizing Transcription Factor
Ach Acetylcholine

Akt Protein Kinase B

ATF3/4/6  Activating Transcription Factor 3/4/6

ADP Adenosine Diphosphate

AMP Adenosine Monophosphate

ATP Adenosine Triphosphate

BiP Immunoglobulin heavy chain-Binding Protein
Ca* Calcium

CHX cycloheximide

Ddit3 DNA damage inducible transcript 3

Dnajc3 DNAJ (Hsp40) homologue C3

EDEM ER Degradation Enhancer Mannosidase a-like
elF2a eukaryotic Initiation Factor-2a

EIF2AK3  elF2a kinase 3

ER Endoplasmic Reticulum

ERAD ER Associated Degradation

Erp44 Endoplasmic reticulum protein 44

FFA Free Fatty Acid

GADD34  Growth Arrest and DNA Damage protein 34
GLP1 Glucagon-like peptide 1
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GLUT2
GSIS
Fkbpl1
Herp
Hmox1
(h)IAPP
Hspal3
HSP90
IRE1
ISR
KATP
LPS
Mtla
mTOR
Nrf2
p38-MAPK
PDI
Pdiad
PERK

PP1
RIP
ROS
S1/2P
SERCA
TRAF2
Trb3
T2D
Ub
UPR
VDCC
WRS
XBP1

Glucose transporter 2

glucose-stimulated insulin secretion

FK506 binding protein 11
Hyperhomocysteinemia-induced ER stress responsive protein
heme oxygenase 1

(human) islet amyloid polypeptide

heat shock protein 13

heat shock protein 90 beta, member 1

Inositol Requiring Enzyme 1

Integrated Stress Response

K+-ATP-dependent channel
Lipopolysaccharide

metallothionein la

mammalian target of rapamycin

Nuclear factor-E2-related factor 2

p38- Mitogen Activated Protein Kinase

Protein Disulphide Isomerase

protein disulfide isomerase family A, member 4
double stranded RNA-activated protein kinase (PKR)—Ilike ER
Kinase

protein phosphatase 1

Regulated intramembrane proteolysis

Reactive Oxygen Species

Site 1/2 Protease

Sarco/Endoplasmic Reticulum Ca*" ATPase
Tumor necrosis factor receptor (TNFR) Associated Factor 2
Tribbles homologue 3

Type 2 Diabetes

Ubiquitin

Unfolded Protein Response

Voltage-Dependent Ca?* Channel
Wolcott-Rallison Syndrome

X-box Binding Protein 1

1 Introduction

The endoplasmic reticulum (ER) is not only the site of synthesis, posttranslational
modification and proper folding of proteins destined to the secretory pathway and
various intracellular compartments, but also an important intracellular Ca?" store
involved in signal transduction, and the site of sterol and lipid synthesis [1]. As de-
tailed in Chaps. 1 and 3, perturbation of one or more of these processes can trigger an
ER stress. Although alterations in lipid synthesis may affect the ER, much attention
has so far been focused on ER stress induced by disruption of protein folding [2].
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Correct folding of proteins is crucial for their proper biological function. This
is why the ER is equipped with a battery of ER-resident molecular chaperones and
foldases [1], and contains a high Ca’" concentration that ensures proper activity
of the latter [3—5]. However, any increase in ER client protein load (e.g. increased
secretory protein synthesis) or decrease in chaperone function (e.g. due to ER Ca?*
emptying [3, 6] or ATP depletion [7]) leads to an imbalance between folding de-
mand and folding capacity with accumulation of unfolded proteins in the ER. As a
consequence, a cellular adaptive response, the Unfolded Protein Response (UPR),
is activated that contributes to restoring ER homeostasis by three means: (i) rapid
and transient reduction in protein translation to attenuate ER load [8], (ii) upregula-
tion of the expression of ER-chaperones [9, 10] and increase in ER size [11, 12] to
improve the ER folding capacity of the cell, and (iii) activation of the ER-associated
degradation (ERAD) machinery [13, 14] and of autophagy [15] to enhance clear-
ance of misfolded proteins from the ER (Fig. 1).

The molecular pathways involved in the fine tuning of the UPR in mammalian
cells have been detailed in Chap. 3 of this book. For a correct understanding of this
chapter, however, it is useful to describe them as consisting of two main branches.
The first branch involves the unconventional splicing of X-box binding protein 1
(Xbpl) pre-mRNA by active Inositol requiring enzyme 1 (IRE1) endoribonuclease
(also known as ERN1) and subsequent increase in active XBP1s [16], as well as the
proteolytic activation of activating transcription factor 6 (ATF6) [17] (Fig. 1). Both
transcription factors stimulate the expression of Xbp1, chaperones, and components
of the ERAD machinery, thereby leading to improved folding capacity and degrada-
tion of unfolded proteins [9, 18-20] (Fig. 1).

The second branch of the UPR involves the phosphorylation of the a-subunit of
eukaryotic translation initiation factor 2 (eIF2c) on serine 51 by double-stranded
RNA-activated protein kinase (PKR)-like ER kinase (PERK also known as EI-
F2AK3). This is followed by rapid and transient reduction in general protein trans-
lation, together with a paradoxical increase in the translation of some rare tran-
scripts including activating transcription factor 4 (ATF4) [8, 21]. This leads to en-
hanced expression of ATF4-target genes including chaperones, several antioxidant
response genes like heme oxygenase 1 (Hmox1), and proapoptotic effectors such
as DNA damage inducible transcript 3 (Ddit3 also known as Chop or Chopl0),
activating transcription factor 3 (4#3), and tribbles homologue 3 (7rb3) [8, 22, 23]
(Fig. 1).

Noteworthy, elF2a can be phosphorylated independently from the UPR by ki-
nases other than PERK in response to other kinds of stress, including amino acid
starvation [24]. Consequently, an increase in ATF4 protein and the mRNA levels
of its target genes including Ddit3/Chop should not be considered as an indicator
of ER stress unless it is paralleled by PERK phosphorylation and/or the activation
of other UPR sensors, IRE1 and ATF6. Therefore, we will next refer to this arm
of the UPR by the term Integrated Stress Response (ISR) as suggested by Ma and
coll. [25].

Although the UPR mainly fulfills an adaptive function, failure of the ER stress
response to restore ER homeostasis triggers an apoptotic program that involves the
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Fig. 1 Schematic representation of the molecular mechanisms of UPR activation in response to
the accumulation of unfolded proteins in the ER. The UPR is orchestrated by three master ER
stress sensors: PERK, IRE1 and ATF6. In unstressed cells, these sensors are maintained inactive
through interaction of their ER luminal domain with the ER-resident chaperone BiP. Then, upon
ER stress, accumulation of unfolded proteins triggers their interaction with BiP and promotes
dissociation of the latter from PERK, IRE1 and ATF6 [132, 133]. In addition, it has been sug-
gested that BiP has an oligomeric state serving as a storage pool from which BiP is released when
unfolded proteins accumulate in the ER [134]. (/) PERK-elF2a-ATF4 branch of the UPR, also
referred to as the Integrated Stress Response for events from elF2o phosphorylation and down-
stream. (2) IRE1-XBP1 branch of the UPR. (3) Proteolytic activation of ATF6. Besides the ERAD
machinery (4), autophagy may also contribute to the clearance of misfolded proteins (5). The acti-
vation of autophagy by the UPR has been shown to depend on BiP and to require the protein kinase
activity of IRE1. Atf3: Activating transcription factor 3; ATF4: Activating transcription factor 4;
ATF6: Activating transcription factor 6; BiP: Binding Ig protein; Ddit3: DNA damage inducible
transcript 3; elF2a.: eukaryotic translation initiation factor 2a; EDEM: ER degradation enhancer,
mannosidase o-like; ERAD: endoplasmic reticulum associated degradation; IRE1: Inositol requir-
ing enzyme 1; PERK: double-stranded RNA activated protein kinase (PKR)-like ER kinase; RIP:
Regulated intramembrane proteolysis; S1/2P: Site 1/2 proteases; Ub: Ubiquitin; XBP1: X-box
binding protein 1

complex action of several not fully identified effectors. Among them, DDIT3 has
been shown to play a major role in the apoptotic response to chronic ER stress in
diverse cell types, including pancreatic B-cells [26-28]. The second major player
in ER stress-induced apoptosis is part of the IRE1 branch of the UPR. Activated
IRE1 has been shown to recruit the adapter protein tumor necrosis factor receptor-
associated factor 2 (TRAF2) which is released from the ER-localized procaspase
12 [29]. On the one hand, the complex IRE1-TRAF2 interacts with the apoptosis
signal-regulated kinase 1 which induces apoptosis via the activation of c-jun NH2-
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terminal kinase and p38-MAPK [30-33]. On the other hand, TRAF2 sequestration
by IRE1 promotes procaspase 12 oligomerization and subsequent processing [29,
34, 35]. In addition, it has been proposed that chronic ER stress may alter the speci-
ficity of the endoribonuclease (RNase) activity of IRE1, leading to the cleavage of
ER-associated mRNAs including that of preproinsulin and thereby, to the alteration
of the cell-differentiated phenotype and the promotion of apoptosis [36—40] (for de-
tailed description of the ER stress response and its signal transduction, see chaps. 1
and 2 of this book).

2 Physiological ER Stress Response

During the last decade, the ER stress pathway has emerged as an important con-
tributor to the pathogenesis of several diseases including diabetes [41-45], neuro-
degenerative diseases [46—49], inflammation [50-52] and cardiovascular diseases
[53-55] (see the following chapters for the role of ER stress under pathological
conditions). However, the UPR also plays a crucial adaptive role during terminal
differentiation of cells that secrete large amounts of proteins, including hepato-
cytes, thyrocytes, plasma B cells, exocrine pancreatic and salivary acinar cells,
and endocrine pancreatic B-cells, as well as in the maintenance of their differ-
entiated phenotype in adulthood [56—65]. In this chapter, we will first present a
brief overview of the physiological role of the UPR in immunoglobulin-secreting
plasmocytes and pancreatic acinar cells, and will next focus on insulin-secreting
B-cells that play a critical role in glucose homeostasis. We will also review data
suggesting the existence of two different types of physiological ER stress respons-
es in B-cells, depending on their energetic status, ER Ca®" content and level of
protein synthesis.

2.1 The Immunoglobulin-Secreting Plasma B Cells

The IRE1-XBP1 arm of the UPR plays a critical role during the transformation
of B lymphocytes in plasmocytes specialized in the secretion of large amounts of
immunoglobulins (Igs). Indeed, Xbp/-KO B cells were unable to differentiate and
secrete Igs [58]. Moreover, Xbp! mRNA splicing has been shown to be essential
for Ig synthesis during B cell differentiation. Thus, overexpression of spliced XBP1
(XBP1s) rescued plasma cell differentiation and restored Ig production in Xbpi-
KO B cells. Furthermore, XBP1s has been shown to be involved in interleukin-6
expression and secretion. Noteworthy, this cytokine is necessary for plasma cell
survival [66]. In agreement with these observations, B cells overexpressing a dom-
inant-negative mutant of IRE1 protein that prevents classical IRE1 signaling and
subsequent Xbp/ mRNA splicing, did not express B cell receptors and were de-
fective in Ig production upon lipopolysaccharide (LPS) stimulation. Interestingly,
infection of these cells by a retrovirus expressing XBP1s protein restored, and even



Physiological ER Stress: The Model of Insulin-Secreting Pancreatic 3-Cells 191

enhanced, the levels of secreted Ig [61]. Moreover, IRE1 conditional-KO mice ex-
pressing IRE1 only in extra-embryonic tissues displayed markedly reduced serum
Ig levels upon LPS stimulation [67]. The ATF6 arm of the UPR has also been shown
to be activated in differentiating B cells. However, whether and to what extent it is
required for Ig synthesis and secretion is unknown [68, 69]. Finally, UPR activation
in B lymphocytes has been shown to be accompanied by the upregulation of sev-
eral XBP1-ATF6-target genes including Ig-binding protein (BiP), ER degradation
enhancer mannosidase o-like (Edem), hyperhomocysteinemia-induced ER stress-
responsive protein (Herp) and DNAJ (Hsp40) homologue C3 (Dnajc3 also known
as p58'Ky [61, 69, 70].

In contrast with XBP1-ATF6-target genes, the ISR does not seem to play a sig-
nificant role in the process of B cell maturation and Ig synthesis. Thus, the ISR
genes Ddit3 and growth arrest and DNA-damage-inducible protein 34 (Gadd34)
were not induced during B cell differentiation [61, 69, 70]. Besides, fetal hemato-
poietic cells carrying a mutation in elF2o that prevents its phosphorylation were
able to give rise to mature B cells. The latter secreted normal amounts of Igs upon
stimulation [61]. Likewise, Perk-KO B cells did not present developmental or func-
tional defects [69]. Moreover, it has been proposed that PERK-mediated signaling
is repressed during plasma cell differentiation, consistent with the need to maintain
high rates of Ig synthesis upon LPS stimulation. Thus, B cell differentiation has
been shown to stimulate the expression of the cytosolic chaperone DNAJC3 [69,
70], a proposed negative regulator of PERK activity [71]. In addition, pretreatment
of a B cell line with LPS has been shown to block further induction of the down-
stream ATF4-target DDIT3 by classical pharmacological inducers of ER stress [70].

2.2 The Exocrine Pancreatic Acinar Cells

The ER stress signaling network has also been reported to play an important role in
the development and function of exocrine pancreatic acinar cells. The latter synthe-
size and secrete large quantities of digestive enzymes in the form of inactive pre-
cursors/zymogens. These cells present the highest rate of protein synthesis among
all human tissues and thereby, require an intact operative UPR. Indeed, pancreatic
acinar cells lacking the Xbp/ gene undergo important apoptosis during embryonic
development [56]. In addition, mutant mice neonates expressing Xbp! only in the
liver had a small pancreatic gland with sparse acini, the acinar cells of which con-
tained few zymogen granules and a poorly developed ER. These mutant pancreases
also presented reduced expression of several XBP1-target genes, including protein
disulfide isomerase (Pdi), Edem and Sec6]0., while presenting a marked increase
in the mRNA levels of Ddit3 in parallel with reduced expression of digestive en-
zymes [60]. These observations were extended by a recent report showing that Xbp 1
ablation in adult acinar cells induced important alterations in cell structure with
reduced cytoplasm and zymogen granules, as well as a poorly developed and dilated
ER. These cells also presented increased apoptosis in parallel to the stimulation of
elF20 phosphorylation, ATF6 activation, and enhanced expression of the proapop-
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totic effector Ddit3 [72]. Finally, it has been shown that the stimulation of isolated
rat acini, with physiological concentrations of secretagogues that do not cause cell
damage, stimulated amylase secretion in parallel to the upregulation of Xbp/ mRNA
splicing and BiP protein levels. On the other hand, PERK phosphorylation and in-
creased Ddit3 expression were only observed with the secretagogue that caused cell
damage [63]. Taken together, these observations highlight the fundamental role of
XBP1 in the maintenance of acinar cell function and integrity under physiological
conditions.

However, unlike B lymphocytes, PERK has also been shown to play an impor-
tant physiological role in acinar cells. Thus, Perk-KO mice displayed postnatal exo-
crine pancreatic insufficiency as evidenced by steatorrhea. Besides, exocrine cells
of these mutant mice presented altered ER morphology and increased apoptosis
[57]. These alterations have been suggested to stem from protein over-synthesis and
uncontrolled ER stress. However, a subsequent report has proposed that PERK was
essential for acinar cell viability, but was not required for normal protein synthesis
and secretion. Thus, protein synthesis in excised pancreatic lobules of mice lacking
Perk specifically in acinar cells and amylase secretion under basal or stimulated
conditions were similar to that in control littermates before the onset of massive cell
death. However, protein synthesis was markedly reduced in the pancreases of adult
mutant mice, likely as a consequence of the death of the majority of acinar cells
in these pancreases. Interestingly, these Perk-deficient acinar cells did not present
significant changes in the expression of BiP, Ddit3, or Xbp! mRNA splicing [73],
and displayed an overall normal morphology, in contrast with the initial study by
Harding and coll. [57]. Finally, it has been shown that 4¢/4 KO mice also exhibited
markedly reduced exocrine pancreas. However, this event was observed in the early
postnatal period as a consequence of hypotrophy and not cell death [73].

These examples illustrate the important and complex physiological roles of the
different ER stress signaling branches in the preservation of function and survival
of cells with a high protein secretory capacity. In the next sections of this chapter,
we will depict in detail our current knowledge about the role and the regulation of
physiological ER stress response in insulin-secreting pancreatic B-cells. The latter
are particularly sensitive to ER stress due to their high rate of proinsulin biosynthe-
sis in response to glucose stimulation [74—76].

3 The Model of Pancreatic -Cells: Metabolic Features
and Susceptibility to ER Stress

Pancreatic B-cells are the guardians of glucose homeostasis in mammalians. They
secrete insulin after meals to maintain glycemia within a narrow range. Glucose
is the main physiological regulator of B-cell function. This effect requires glucose
transport across the plasma membrane and its oxidation by glycolysis and the mi-
tochondrial Krebs cycle, thereby leading to an atypical rise in cytosolic ATP/ADP
ratio [77] (reviewed in [78]). The latter induces the closure of ATP-sensitive K*
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Fig. 2 Schematic representation of the triggering and amplifying pathways of the stimulation
of insulin secretion by glucose and other nutrients in pancreatic B-cells, and the mechanisms by
which pharmacological agents, hormones and neurotransmitters modulate insulin secretion. ACh:
Acetylcholine; FFA: Free fatty acid; GLP1: Glucagon-like peptide 1; GLUT2: Glucose transporter

2; K,;p: K*-ATP-dependent channel; ROS: Reactive oxygen species; VDCC: Voltage-dependent

Ca?" channel

channels, plasma membrane depolarization and opening of voltage-dependent Ca*
channels. The ensuing Ca?" influx induces a rise in cytosolic free Ca?* concentra-
tion ([Ca?']) that is the triggering signal for insulin secretion (triggering pathway
of glucose-stimulated insulin secretion (GSIS), Fig. 2) [79]. In addition, metabolic
coupling factors generated by glucose metabolism and intracellular messengers af-
fected by hormones and neurotransmitters such as glucagon-like peptide 1 and ace-
tylcholine can amplify the efficacy of Ca?" on insulin granule exocytosis (metabolic
and hormonal amplifying pathways of insulin secretion, Fig. 2) [79].

Besides increasing the ATP/ADP ratio and stimulating insulin secretion
[77, 80, 81], glucose acutely stimulates B-cell protein synthesis in a concentration-
dependent manner, with a preferential effect on proinsulin biosynthesis. As for
GSIS, the latter effect requires glucose metabolism. It is, however, independent
from changes in [Ca®'], [82-85]. Glucose modulates proinsulin biosynthesis in the
short-term through the stimulation of preproinsulin mRNA translation. This process
involves specific sequences in the 5’- and 3’-untranslated regions of the preproin-
sulin mRNA that favor translation of the latter over other mRNAs and confer its
stability [86, 87]. In addition, a selective recruitment of preproinsulin mRNA from
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a cytosolic pool to the ER occurs upon glucose stimulation [88, 89]. Glucose also
increases the rate of preproinsulin mRNA translation by modulating the activity of
translation initiation factors [90—92]. On the other hand, the glucose-dependent acti-
vation of the mammalian target of rapamycin (mTOR) pathway may also contribute
to proinsulin biosynthesis [93]. Then, in the long-term, glucose also regulates proin-
sulin biosynthesis by stimulating preproinsulin gene transcription [84, 87].

It has been shown in purified rat B-cells that glucose stimulation from 1 to
10 mmol/l (G1 to G10) increased total protein and proinsulin biosynthesis by 13-
and 25-fold, respectively. However, stimulation with higher glucose concentrations
did not further increase these rates. Interestingly, under basal condition, synthesized
proinsulin represented 13% of total protein synthesis while glucose stimulation in-
creased this percentage to ~50% [74]. Similarly, in purified human B-cells, glucose
stimulation from GO to G10 has been shown to increase total protein synthesis by
2-fold, and proinsulin biosynthesis by 6-fold. Proinsulin represented 7% of newly
formed proteins under basal condition, and 25% at G10. On the other hand, the
protein synthetic activity of insulin-negative islet cells was high irrespective of the
glucose concentration [76]. Besides, in isolated rat islets cultured in the presence
of increasing glucose concentrations, glucose stimulated total protein synthesis be-
tween G2 and G10 in parallel to the augmentation of the ATP/ADP ratio. This acti-
vation occurred at lower glucose concentration than the stimulation of insulin secre-
tion which is mainly observed between G5 and G30 [80, 94] (Fig. 3a—). Of note,
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G5 is just below the threshold concentration for the stimulation of insulin secretion
and G10 is the optimal glucose concentration for the maintenance of rat B-cell func-
tion and survival during prolonged culture in vitro. Thus, culture under either lower
or higher glucose concentration (vs. G10) is deleterious and triggers alterations in
function and gene expression, and leads to B-cell apoptosis if prolonged (reviewed
in [95] and [96])).

In parallel to the above described metabolic events, the acceleration of B-cell
metabolism upon stimulation with increasing glucose concentrations enhances ER
Ca®" uptake by sarcoendoplasmic reticulum Ca?*-ATPase (SERCA2B) between GO
and G10 in mouse B-cells (Fig. 3d) [97-100]. This effect likely results from the
double dependency of SERCA2B activity on ATP and Ca?" concentrations [101].
Interestingly, the ER Ca®" concentration ([Ca?']..) has been shown to play an im-
portant role in proper function of several ER-resident molecular chaperones and
foldases [3—5] and in the processing of proinsulin [102]. Thus, it is possible that
Ca®" pumping in the ER plays a role in the modulation of chaperone activity and
in the adaptation of the ER folding machinery to the important increase in protein
synthetic load triggered by glucose stimulation in B-cells.

Besides proinsulin, B-cells also synthesize islet amyloid polypeptide (IAPP), a
37-amino acid polypeptide of unclear physiological function, which is coexpressed
and cosecreted with insulin [103]. Human IAPP (hIAPP) has been shown to form
toxic oligomers in the secretory pathway and to alter B-cell function and survival
[104-106]. Its forced expression in rodent B-cells has been shown to induce an ER
stress, in parallel with the accumulation of polyubiquitinated proteins [107, 108].
Moreover, increased expression of hIAPP in rat $-cells has been shown to alter the
autophagy pathway, which also plays an important role in the clearance of mis-
folded proteins [109]. Therefore, the operative ERAD system and autophagy may
be critical for the clearance of hIAPP oligomers upon physiological stimulation of
human B-cells.

Altogether, these observations suggest that a constant and fine-tuned physiologi-
cal UPR is crucial to cope with the high rates of proinsulin biosynthesis, and, at
least in humans, with the degradation of hIAPP oligomers, in order to maintain the
functional B-cell mass.

4 Role of the ER Stress Signaling Pathway in the Maintenance
of the Functional p-Cell Mass

Pancreatic B-cells have been shown to express high levels of several UPR genes,
and both exaggerated activation and genetic disruption of various components of
this response trigger B-cell apoptosis and induce insulin-dependent diabetes mel-
litus in man and rodents. For instance, the Wolcott-Rallison Syndrome (WRS),
an early-infancy non-autoimmune insulin-dependent form of diabetes, has been
shown to stem from non-sense or frame-shift mutations of Perk [41, 42]. In addi-
tion, polymorphisms of the Perk gene have been associated with type 1 diabetes
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in an Indian population [110]. Interestingly, Perk-deficient mice showed a pheno-
type similar to human WRS: B-cells of these mice displayed enhanced glucose-
stimulated proinsulin biosynthesis and degenerated progressively after birth [57,
111], in agreement with the observed reduction of the B-cell mass in WRS patients
[112]. In addition, Perk deletion specifically in B-cells has been shown to reduce
ER to Golgi trafficking of proinsulin and to impair the ERAD machinery [113].
Similarly, the prevention of elF2a phosphorylation through a knock-in substitu-
tion of serine 51 by alanine, induced the alteration of glucose homeostasis and
diabetes in mice, in association with increased proinsulin biosynthesis, accumula-
tion of proinsulin in the ER, distention of the latter, oxidative stress, and B-cell
apoptosis [64, 114, 115]. It has been initially proposed that these alterations result
from the inability of these mutated/KO B-cells to appropriately attenuate protein
translation in response to glucose stimulation. Alternatively, it has been suggested
that PERK is required for insulin trafficking and quality control independently
from ER stress [113, 116]. Anyway, these observations demonstrate the important
role of the PERK branch of the UPR in B-cell physiology. However, excessive
activation of this branch, such as in type 2 diabetes (T2D), is deleterious and has
been shown to markedly alter the B-cell phenotype, particularly through increased
expression of DDIT3 [28] (see Chap. 9 of this book for the role of ER stress in
diabetes).

It has also been shown that /re/ conditional-KO mice were mildly hyperglyce-
mic, glucose intolerant and hypoinsulinemic. Interestingly, these mice displayed
normal pancreatic insulin content and normal islet morphology, suggesting a defect
in insulin secretion [67]. Concerning XBP1, although a primary report has shown
that the development of the endocrine pancreas was unaltered in mutant mice ex-
pressing Xbp! only in the liver [60], a recent report has demonstrated that mice
lacking Xbp1 specifically in B-cells present altered glucose homeostasis as a con-
sequence of the alteration of both B-cell function and survival [117]. In addition,
mice lacking Dnajc3 or Sec61o display a gradual onset of diabetes associated with
important B-cell loss [118, 119]. On the other hand, it has been demonstrated that
prolonged exposure of mouse islets to supraphysiological glucose levels leads to
hyperactivation of IRE1 [38]. The latter effect has been proposed to be involved
in the glucotoxic degradation of preproinsulin mRNA and subsequent reduction in
proinsulin biosynthesis [37, 38, 120]. Furthermore, Xbpls overexpression in dis-
persed rat islets has been shown to alter GSIS and islet cell viability [121].

Finally, polymorphisms in ATF6 have been associated with T2D in Pima Indians
and Dutch Caucasians [44, 122]. However, although mice lacking ATF6a and B
isoforms displayed a lethal embryonic phenotype, animals KO for one or another
isoform develop normally [10]. Thus, an experimental proof of a role of ATF6 in
B-cell function under physiological conditions is still missing.

There is thus ample evidence that the ER stress signaling pathway plays a critical
role in the preservation of the B-cell phenotype. In contrast, only a few studies have
tried to characterize the effect of acute physiological changes in nutrient availability
on the ER stress response in pancreatic -cells.
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a b c
Phosphorylated elF2alpha ISR response gene Xbp1 mRNA splicing
mRNA profile
[Glucose] [Glucose] [Glucose]

Fig.4 Schematic representation of the effects of increasing glucose concentrations on UPR mark-
ers in B-cells. a, the profile of e[F20. phosphorylation in MING6 cells in response to glucose stimula-
tion between 0 and 20 mmol/1 glucose. This schematic representation is based on data published in
[92] and [99]. b—c¢, profile of ISR gene mRNA levels (Ddit3 and Atf3) (b) and Xbp! mRNA splic-
ing (¢) in rat islets cultured in 2-30 mmol/l glucose. These schematic representations are based on
data published in [62] and [94]

5 Physiological Modulation of the ER Stress Response
by Glucose in Pancreatic f§-Cells

In B-cells as in other cell types, ER Ca?" emptying with the pharmacological agent
thapsigargin, ATP-depletion, or overexpression of mutated proteins that cannot fold
correctly, all trigger a strong ER stress with sustained activation of both the IRE1-
XBP1 and PERK-ATF4 arms of the UPR, followed by cell apoptosis. In contrast,
physiological changes in nutrient availability surprisingly exert distinct effects on the
two branches of the UPR in B-cells. Thus, in contrast with Xbp! mRNA splicing, XB-
P1s protein levels, and XBP1-target gene expression that are low at low glucose and
increase with glucose stimulation, the ISR is regulated in the opposite way, i.e. maxi-
mally activated at low glucose concentrations and rapidly decreased upon glucose
stimulation [62, 91, 92, 99, 123]. In the following paragraphs, we will first detail the
glucose regulation of each of these two branches of the UPR in rodent B-cells before
proposing a model that may explain these results and could be experimentally tested.

5.1 Modulation of the ISR

Several studies have shown that the ISR is maximally activated in rodent -cells
cultured in a low glucose concentration (0—2 mmol/l), as evidenced by increased
elF2o phosphorylation, ATF4 protein levels, and ATF4-target gene mRNA and
protein levels, and that the ISR is rapidly reduced by glucose in a concentration-
dependent manner (Figs. 4 and 5) [62, 94]. In agreement, it has been demonstrated
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in insulin-secreting MING6 cells that glucose, within the physiological range, dose-
dependently stimulates the dephosphorylation of PERK and elF2a in parallel with
the enhancement of total protein synthesis (Fig. 4) [91, 92, 99]. The dephosphoryla-
tion of elF2a has been shown to involve the activation of a protein phosphatase 1
(PP1)-related pathway [92]. Interestingly, an inverse relationship between elF2a
phosphorylation in pancreatic extracts and blood glucose concentration has also
been reported in vivo in fasting mice and mice that received an intraperitoneal glu-
cose load [111]. Recently, PERK-eIF2a activation at low glucose levels has been
shown to depend on the decrease in the energy status of the B-cell, the inhibition
of SERCA pumps, and subsequent Ca?" efflux from the ER [99, 123]. If the glu-
cose reduction in PERK-elF20o. phosphorylation likely contributes to the glucose
stimulation of protein synthesis, it is difficult to quantify the relative contribution of
this effect in comparison with that of the concomitant reduction of AMP-dependent
protein kinase activity and activation of mTOR.

Low glucose-activated ISR stimulates the expression of several pro-apoptotic
ATF4-target genes, including Ddit3, Atf3 and Trb3 [62, 94, 124] (Fig. 5). Besides,
we observed that high glucose stimulation from G10 to G30 slightly increased the
expression of these ATF4-target genes, giving rise to an asymmetric V-shaped ex-
pression profile (Fig. 4b). Noteworthy, this profile resembles that of rat islet cell
apoptosis, raising a possible link between ISR and the apoptosis of B-cells exposed
to extreme low or high glucose concentrations [62, 94, 96]. However, the activa-
tion of the PERK arm of the UPR at low glucose has also been suggested to play a
protective role in this cell type [99]. Such beneficial effect is unlikely to result from
the repression of protein synthesis since the latter has been demonstrated to induce
B-cell apoptosis [125]. Instead, PERK activation may act through the stimulation
of the expression of anti-apoptotic genes. One potential candidate is the apoptosis
antagonizing transcription factor (4atf), a novel ISR effector that has been shown
to promote B-cell survival under ER stress through transcriptional upregulation of
v-Akt murine thymoma viral oncogene homolog (A4kt1) gene [126]. Remarkably,
in a microarray study of glucose-induced changes in the transcriptome of cultured
rat islets, we found that Aatf was highly expressed in the presence of low glucose
(G2-GS5) and markedly reduced by glucose stimulation between G2 and G10 [94]
(Fig. 5). Alternatively, PERK has been shown to regulate the activity of nuclear fac-
tor erythroid derived 2 like 2 (NFE2L2, also known as NRF2). This transcription
factor, together with ATF4, drives the expression of several antioxidant response
genes, including metallothionein 1a (M¢/a) and Hmox1, and has been proposed as a
cytoprotective effector that opposes ER stress-induced redox imbalance (reviewed
in [127]). However, the upregulation of these genes at low glucose may just be a
marker of oxidative stress, as it has been demonstrated that culture of purified rat
B-cells and MING cells in a low glucose concentration triggers an oxidative stress
that can be abrogated by physiological stimulation with various nutrients including
glucose [128, 129]. Interestingly, we have shown that the expression of Nfe2l2,
Mtla and Hmoxl1 in rat islets is downregulated by glucose between G2 and G10
[94, 130] (Fig. 5).
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a b
Total protein systhesis Xbp1 mRNA Splicing

[Glucose] [Glucose]

Fig. 6 Schematic representation of the effects of cycloheximide (CHX) on glucose-induced
changes in rat islet total protein synthesis a and Xbp/ mRNA splicing b. Isolated rat islets were
cultured for 18 h in G2-30 without or with CHX 0.1 umol.I"!. Data are adapted from [62]

5.2 Modulation of the IRE1-XBP1 Branch of the UPR

Several studies indicate that physiological stimulation of pancreatic B-cells with
glucose and other nutrients acutely and dynamically modulates the UPR, and that
this effect may play a role in B-cell phenotypical plasticity and preservation of in-
sulin secretory response. Thus, we have previously demonstrated that stimulation
of isolated rat islets with glucose and other nutrients rapidly induces Xbp/ mRNA
splicing, a very specific and sensitive marker of IRE1 and UPR activation (Fig. 4c).
Interestingly, this effect was maximal only 2 h after glucose stimulation and was
rapidly reversed upon return to a non-stimulatory glucose concentration. This stim-
ulation of Xbp! mRNA splicing by glucose was concentration-dependent and par-
alleled the stimulation of insulin secretion, therefore presenting a shift to the right
compared with the stimulation of total protein synthesis.

The glucose stimulation of Xbp/ mRNA splicing was independent from Ca®"
influx and insulin secretion, as evidenced by the lack of effect of diazoxide, a phar-
macological opener of the K, , channels that prevents glucose-induced Ca®* in-
flux and insulin secretion in B-cells (Fig. 2). In contrast, it was prevented by low
concentrations of cycloheximide that inhibited the glucose-induced stimulation of
protein synthesis while preserving its basal level in G2 (Fig. 6). These observations
therefore suggest that the glucose activation of the UPR in pancreatic B-cells results
from the upregulation of protein synthesis and subsequent increase in ER synthetic
load [62].

The shift to the right of the glucose-dependence of Xbp/ mRNA splicing vs. total
protein synthesis may seem in contradiction with a causal link between both events
(Fig. 6). However, it is possible that the stimulation of Ca?" pumping into the ER
that occurs between G2 and G5, together with the increase in ATP synthesis (Fig. 3),
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enhances ER-resident chaperone function. This, in addition to the stimulation of
BiP expression via the PERK-ATF4 arm activated at low glucose [62], could be
sufficient to handle the synthetic load at these glucose concentrations.

On the other hand, although glucose stimulation beyond G10 did not further
enhance total protein synthesis, we observed a further increase in Xbp/ mRNA
splicing, XBP1s protein levels, and XBP1-target gene mRNA levels. One possible
explanation is that the slight activation of the PERK-ATF4 pathway at high glucose
levels represses protein translation (Fig. 4a). Indeed, it has been shown that mouse
islets carrying a Ser51Ala mutation of elF20 PERK phosphorylation site displayed
enhanced glucose-stimulation of total protein synthesis and proinsulin biosynthe-
sis in comparison with control islets [64]. Additionally, supraphysiological glucose
stimulation is accompanied by the activation of several glucotoxic pathways in-
cluding oxidative stress and hypoxia [96]. These conditions may worsen protein
misfolding by altering the ER redox status, and thereby hampering the formation
of the three disulfide bonds in proinsulin. Therefore, increased expression of fol-
dases, including several disulfide isomerases as well as components of the ERAD
pathway, may be required to preserve B-cell function under this condition (Fig. 5).

In agreement with these findings, it has also been shown that transient exposure
of mouse islets and INS-1 cells to high glucose levels induces IRE1 phosphoryla-
tion. Besides, the IRE1 signalling has been shown to be essential for proinsulin bio-
synthesis. Thus, IRE1 knockdown in INS-1 cells specifically inhibited proinsulin
biosynthesis. However, the glucose-dependent activation of IRE1 in this study was
not accompanied by Xbp! mRNA splicing, which is surprising [131]. Although one
can hypothesize that IRE1 may act through other targets, a fundamental physiologi-
cal role of XBP1 in the maintenance of functional B-cell mass has been recently
demonstrated in mice lacking Xbp! gene selectively in B-cells. These animals were
hyperglycaemic and glucose intolerant as a consequence of reduced -cell mass, re-
duced content in insulin secretory granules, and impaired GSIS. Further investiga-
tion in MIN6 B-cells revealed that XBP1 also plays a role in proinsulin processing
and maturation [117]. However, additional functional studies on isolated islets from
these mice are needed to determine the nature of the B-cell defect.

UPR activation in pancreatic B-cells is rapidly modulated by changes in the
ambient glucose concentration and has been shown to play a role in proinsulin bio-
synthesis and GSIS. Therefore, the dynamic nutrient challenge imposed to B-cells
by alternations of food intake and starvation may be paralleled by synchronous
changes in IRE1 activation and Xbp/ mRNA splicing. This could contribute to
the adaptation of the ER folding capacity to the fluctuations of protein synthesis
through the modulation of the expression of an array of genes. Indeed, we found
that glucose activates Xbp/ mRNA splicing and subsequently upregulates XBP1s
protein levels in parallel to an increase in the expression of several XBP1-target
genes, such as heat shock protein 90 beta, member 1 (Hsp90b! also known as
Grp94), Edem and BiP [62]. Further analysis of the transcriptome of rat islets cul-
tured under the same conditions allowed us to identify other UPR genes regulated
by glucose in B-cells, including the chaperones heat shock protein 13 (Hspal3) and
Dnajc3, foldases such as Pdi, endoplasmic reticulum protein 44 (Erp44), protein
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disulfide isomerase family A, member 4 (Pdia4) and FK506 binding protein 11
(Fkbp1l), genes involved in ER to Golgi transport, and components of the ERAD
pathway [94] (Fig. 5).

6 Conclusion

The ER stress signaling pathway plays a fundamental physiological role in the pres-
ervation of the phenotype of highly secretory cell types. This holds true for insulin-
secreting pancreatic B-cells that require an adequate UPR regulation to face the
important ER synthetic load enhanced by glucose stimulation. The latter exerts op-
posite effects on the IRE1-XBP1 and PERK branches of the UPR. These actions are
tightly related to the particular metabolic and functional features of B-cells. Thus,
in the presence of a non-stimulatory glucose concentration, mitochondrial metabo-
lism, ATP production, and insulin secretion are at basal levels. Under this situation,
the low SERCA pump activity and subsequent fall of [Ca*']., results in strong
PERK activation and ensuing elF2o phosphorylation. This ensures the repression
of global protein synthesis and the activation of a complex transcriptional program
including both pro-survival and pro-death effectors. The final outcome seems likely
to depend on the duration of exposure to low glucose. Under these conditions, the
activity of IRE1-XBP1 arm is maintained at basal level. On the other hand, glucose
stimulation acutely induces an acceleration of mitochondrial metabolism, a rise in
the ATP/ADP ratio, Ca?" influx and insulin secretion, in parallel to the enhance-
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ment of SERCA pump activity and subsequent rise in [Ca*"]_,. These events lead
to PERK dephosphorylation as well as the activation of PP1, thereby leading to
elF20a. dephosphorylation and derepression of protein synthesis. The ensuing im-
portant increase in client protein load in the ER triggers Xbp/ mRNA splicing and
upregulates the expression of several chaperones, including Dnajc3 which may ap-
ply an additional repression on the ISR pathway by inhibiting PERK kinase activity,
and components of the ERAD system. In addition, Ca?* pumping into the ER may
acutely modulate the activity of ER chaperones. These events ultimately lead to the
upregulation of the folding capacity of the ER and the degradation of misfolded
proteins (Fig. 7). Both IRE1-XBP1 and PERK arms of the UPR are rapidly and re-
versibly modulated by changes in the ambient glucose concentration. This complex
regulation is fundamental for the preservation of the B-cell secretory response and
glucose homeostasis of the organism.

Acknowledgments M.B. was Research Fellow and P.G. and J.C.J. are Research Director of the
Fonds de la Recherche Scientifique-FNRS, Brussels, Belgium.

References

1. Schroder M, Kaufman RJ (2005) ER stress and the unfolded protein response. Mutat Res
569:29-63

2. Schroder M (2008) Endoplasmic reticulum stress responses. Cell Mol Life Sci 65:862-894

3. Suzuki CK, Bonifacino JS, Lin AY, Davis MM, Klausner RD (1991) Regulating the retention
of T-cell receptor a chain variants within the endoplasmic reticulum: Ca>*-dependent associa-
tion with BiP. J Cell Biol 114:189-205

4. Corbett EF, Oikawa K, Francois P, Tessier DC, Kay C, Bergeron JJ, Thomas DY, Krause KH,
Michalak M (1999) Ca*" regulation of interactions between endoplasmic reticulum chaper-
ones. J Biol Chem 274:6203-6211

5. Gelebart P, Opas M, Michalak M (2005) Calreticulin, a Ca?*-binding chaperone of the endo-
plasmic reticulum. Int J Biochem Cell Biol 37:260-266

6. Lodish HF, Kong N, Wikstrom L (1992) Calcium is required for folding of newly made
subunits of the asialoglycoprotein receptor within the endoplasmic reticulum. J Biol Chem
267:12753-12760

7. Braakman I, Helenius J, Helenius A (1992) Role of ATP and disulphide bonds during protein
folding in the endoplasmic reticulum. Nature 356:260-262

8. Harding HP, Zhang Y, Ron D (1999) Protein translation and folding are coupled by an endo-
plasmic-reticulum-resident kinase. Nature 397:271-274

9. Lee AH, Iwakoshi NN, Glimcher, L. H. 2003. XBP-1 regulates a subset of endoplasmic re-
ticulum resident chaperone genes in the unfolded protein response. Mol Cell Biol 23: 7448—
7459

10. Yamamoto K, Sato T, Matsui T, Sato M, Okada T, Yoshida H, Harada A, Mori K (2007)
Transcriptional induction of mammalian ER quality control proteins is mediated by single or
combined action of ATF6alpha and XBP1. Dev Cell 13:365-376
11. Sriburi R, Jackowski S, Mori K, Brewer, JW (2004) XBP1: a link between the unfolded

protein response, lipid biosynthesis, and biogenesis of the endoplasmic reticulum. J Cell Biol
167:35-41



204

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

M. Bensellam et al.

Sriburi R, Bommiasamy H, Buldak GL, Robbins GR, Frank M, Jackowski S, Brewer JW
(2007) Coordinate regulation of phospholipid biosynthesis and secretory pathway gene ex-
pression in XBP-1(S)-induced endoplasmic reticulum biogenesis. J Biol Chem 282:7024—
7034

. Friedlander R, Jarosch E, Urban J, Volkwein C, Sommer T (2000) A regulatory link between

ER-associated protein degradation and the unfolded-protein response. Nat Cell Biol 2:379—
384

Goeckeler JL, Brodsky JL (2010) Molecular chaperones and substrate ubiquitination con-
trol the efficiency of endoplasmic reticulum-associated degradation. Diabetes Obes Metab
12(Suppl 2):32-38

Kaushik S, Singh R, Cuervo AM (2010) Autophagic pathways and metabolic stress. Diabetes
Obes Metab 12(Suppl 2):4-14

Calfon M, Zeng H, Urano F, Till JH, Hubbard SR, Harding HP, Clark SG, Ron D (2002) IRE1
couples endoplasmic reticulum load to secretory capacity by processing the XBP-1 mRNA.
Nature 415:92-96

Ye J, Rawson RB, Komuro R, Chen X, Dave UP, Prywes R, Brown MS, Goldstein JL (2000)
ER stress induces cleavage of membrane-bound ATF6 by the same proteases that process
SREBPs. Mol Cell 6:1355-1364

Yoshida H, Matsui T, Hosokawa N, Kaufman RJ, Nagata K, Mori K (2003) A time-dependent
phase shift in the mammalian unfolded protein response. Dev Cell 4:265-271

Hori O, Ichinoda F, Yamaguchi A, Tamatani T, Taniguchi M, Koyama Y, Katayama T, To-
hyama M, Stern DM, Ozawa K, Kitao Y, Ogawa S (2004) Role of Herp in the endoplasmic
reticulum stress response. Genes Cells 9:457-469

Douglas PM, Summers DW, Cyr DM (2009) Molecular chaperones antagonize proteotoxicity
by differentially modulating protein aggregation pathways. Prion 3:51-58

Lu PD, Harding HP, Ron D (2004) Translation reinitiation at alternative open reading frames
regulates gene expression in an integrated stress response. J Cell Biol 167:27-33

Harding HP, Novoa I, Zhang Y, Zeng H, Wek R, Schapira M, Ron D (2000) Regulated transla-
tion initiation controls stress-induced gene expression in mammalian cells. Mol Cell 6:1099—
1108

Ohoka N, Yoshii S, Hattori T, Onozaki K, Hayashi H (2005) TRB3, a novel ER stress-in-
ducible gene, is induced via ATF4-CHOP pathway and is involved in cell death. EMBO J
24:1243-1255

Harding HP, Zhang Y, Zeng H, Novoa I, Lu PD, Calfon M, Sadri N, Yun C, Popko B, Paules
R, Stojdl DF, Bell JC, Hettmann T, Leiden JM, Ron D (2003) An integrated stress response
regulates amino acid metabolism and resistance to oxidative stress. Mol Cell 11:619-633
Ma Y, Hendershot LM (2004) Herp is dually regulated by both the endoplasmic reticulum
stress-specific branch of the unfolded protein response and a branch that is shared with other
cellular stress pathways. J Biol Chem 279:13792—13799

Zinszner H, Kuroda M, Wang X, Batchvarova N, Lightfoot RT, Remotti H, Stevens JL, Ron
D (1998) CHOP is implicated in programmed cell death in response to impaired function of
the endoplasmic reticulum. Genes Dev 12:982-995

Silva RM, Ries V, Oo TF, Yarygina O, Jackson-Lewis V, Ryu EJ, Lu PD, Marciniak SJ, Ron
D, Przedborski S, Kholodilov N, Greene LA, Burke RE (2005) CHOP/GADD153 is a media-
tor of apoptotic death in substantia nigra dopamine neurons in an in vivo neurotoxin model of
parkinsonism. J Neurochem 95:974-986

Song B, Scheuner D, Ron D, Pennathur S, Kaufman RJ (2008) Chop deletion reduces oxida-
tive stress, improves b cell function, and promotes cell survival in multiple mouse models of
diabetes. J Clin Invest 118:3378-3389

Yoneda T, Imaizumi K, Oono K, Yui D, Gomi F, Katayama T, Tohyama M (2001) Activation
of caspase-12, an endoplastic reticulum (ER) resident caspase, through tumor necrosis factor



Physiological ER Stress: The Model of Insulin-Secreting Pancreatic 3-Cells 205

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

receptor-associated factor 2-dependent mechanism in response to the ER stress. J Biol Chem
276:13935-13940

Ichijo H, Nishida E, Irie K, Ten DP, Saitoh M, Moriguchi T, Takagi M, Matsumoto K, Mi-
yazono K, Gotoh Y (1997) Induction of apoptosis by ASK1, a mammalian MAPKKK that
activates SAPK/INK and p38 signaling pathways. Science. 275:90-94

Nishitoh H, Saitoh M, Mochida Y, Takeda K, Nakano H, Rothe M, Miyazono K, Ichijo H
(1998) ASK1 is essential for INK/SAPK activation by TRAF2. Mol Cell 2:389-395

Urano F, Wang X, Bertolotti A, Zhang Y, Chung P, Harding HP, Ron D (2000) Coupling of
stress in the ER to activation of JNK protein kinases by transmembrane protein kinase IRE1.
Science 287:664-666

Nishitoh H, Matsuzawa A, Tobiume K, Saegusa K, Takeda K, Inoue K, Hori S, Kakizuka A,
Ichijo H (2002) ASK1 is essential for endoplasmic reticulum stress-induced neuronal cell
death triggered by expanded polyglutamine repeats. Genes Dev 16:1345-1355

Nakagawa T, Zhu H, Morishima N, Li E, Xu J, Yankner BA, Yuan J (2000) Caspase-12 me-
diates endoplasmic-reticulum-specific apoptosis and cytotoxicity by amyloid-beta. Nature
403:98-103

Morishima N, Nakanishi K, Takenouchi H, Shibata T, Yasuhiko Y (2002) An endoplasmic
reticulum stress-specific caspase cascade in apoptosis. Cytochrome c-independent activation
of caspase-9 by caspase-12. J Biol Chem 277:34287-34294

Hollien J, Weissman JS (2006) Decay of endoplasmic reticulum-localized mRNAs during the
unfolded protein response. Science 313:104—107

Pirot P, Naamane N, Libert F, Magnusson NE, Orntoft TF, Cardozo AK, Eizirik DL (2007)
Global profiling of genes modified by endoplasmic reticulum stress in pancreatic beta cells
reveals the early degradation of insulin mRNAs. Diabetologia 50:1006—-1014

Lipson KL, Ghosh R, Urano F (2008) The role of IRE1a in the degradation of insulin mRNA
in pancreatic b-cells. PLoS ONE 3:e1648

Han D, Lerner AG, Vande WL, Upton JP, Xu W, Hagen A, Backes BJ, Oakes SA, Papa FR
(2009) IRE1a kinase activation modes control alternate endoribonuclease outputs to deter-
mine divergent cell fates. Cell 138:562—575

Hollien J, Lin JH, Li H, Stevens N, Walter P, Weissman JS (2009) Regulated Ire1-dependent
decay of messenger RNAs in mammalian cells. J Cell Biol 186:323-331

Delepine M, Nicolino M, Barrett T, Golamaully M, Lathrop GM, Julier C (2000) EIF2AK3,
encoding translation initiation factor 2-a kinase 3, is mutated in patients with Wolcott-Ralli-
son syndrome. Nat Genet 25:406—409

Senee V, Vattem KM, Delepine M, Rainbow LA, Haton C, Lecoq A, Shaw NJ, Robert JJ,
Rooman R, Diatloff-Zito C, Michaud JL, Bin-Abbas B, Taha D, Zabel B, Franceschini P, To-
paloglu AK, Lathrop GM, Barrett TG, Nicolino M, Wek RC, Julier C (2004) Wolcott-Rallison
Syndrome: clinical, genetic, and functional study of EIF2AK3 mutations and suggestion of
genetic heterogeneity. Diabetes 53:1876—1883

Hartman MG, Lu D, Kim ML, Kociba GJ, Shukri T, Buteau J, Wang X, Frankel WL, Gut-
tridge D, Prentki M, Grey ST, Ron D, Hai T (2004) Role for activating transcription factor 3
in stress-induced b-cell apoptosis. Mol Cell Biol 24:5721-5732

Thameem F, Farook VS, Bogardus C, Prochazka M (2006) Association of amino acid variants
in the activating transcription factor 6 gene (ATF6) on 19q21-q23 with type 2 diabetes in Pima
Indians. Diabetes 55:839-842

Laybutt DR, Preston AM, Akerfeldt MC, Kench JG, Busch AK, Biankin AV, Biden TJ (2007)
Endoplasmic reticulum stress contributes to beta cell apoptosis in type 2 diabetes. Diabetolo-
gia 50:752-763

Katayama T, Imaizumi K, Sato N, Miyoshi K, Kudo T, Hitomi J, Morihara T, Yoneda T, Gomi
F, Mori Y, Nakano Y, Takeda J, Tsuda T, [toyama Y, Murayama O, Takashima A, St George-
Hyslop P, Takeda M, Tohyama M (1999) Presenilin-1 mutations downregulate the signalling
pathway of the unfolded-protein response. Nat Cell Biol 1:479-485



206

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

M. Bensellam et al.

Shimura H, Hattori N, Kubo S, Mizuno Y, Asakawa S, Minoshima S, Shimizu N, Iwai K,
Chiba T, Tanaka K, Suzuki T (2000) Familial Parkinson disease gene product, parkin, is a
ubiquitin-protein ligase. Nat Genet 25:302-305

Hoozemans JJ, van Haastert ES, Eikelenboom P, de Vos RA, Rozemuller JM, Scheper W
(2007) Activation of the unfolded protein response in Parkinson’s disease. Biochem Biophys
Res Commun 354:707-711

Slodzinski H, Moran LB, Michael GJ, Wang B, Novoselov S, Cheetham ME, Pearce RK,
Graeber MB (2009) Homocysteine-induced endoplasmic reticulum protein (herp) is up-reg-
ulated in parkinsonian substantia nigra and present in the core of Lewy bodies. Clin Neuro-
pathol 28:333-343

Endo M, Mori M, Akira S, Gotoh T (2006) C/EBP homologous protein (CHOP) is crucial for
the induction of caspase-11 and the pathogenesis of lipopolysaccharide-induced inflamma-
tion. J Immunol 176:6245-6253

Hu P, Han Z, Couvillon AD, Kaufman RJ, Exton JH (2006) Autocrine tumor necrosis fac-
tor a links endoplasmic reticulum stress to the membrane death receptor pathway through
IREla-mediated NF-kB activation and down-regulation of TRAF?2 expression. Mol Cell Biol
26:3071-3084

Zhang K, Shen X, Wu J, Sakaki K, Saunders T, Rutkowski DT, Back SH, Kaufman RJ (2006)
Endoplasmic reticulum stress activates cleavage of CREBH to induce a systemic inflamma-
tory response. Cell 124:587-599

Okada K, Minamino T, Tsukamoto Y, Liao Y, Tsukamoto O, Takashima S, Hirata A, Fujita M,
Nagamachi Y, Nakatani T, Yutani C, Ozawa K, Ogawa S, Tomoike H, Hori M, Kitakaze M
(2004) Prolonged endoplasmic reticulum stress in hypertrophic and failing heart after aortic
constriction: possible contribution of endoplasmic reticulum stress to cardiac myocyte apop-
tosis. Circulation 110:705-712

Mao W, Fukuoka S, Iwai C, Liu J, Sharma VK, Sheu SS, Fu M, Liang CS (2007) Cardiomyo-
cyte apoptosis in autoimmune cardiomyopathy: mediated via endoplasmic reticulum stress
and exaggerated by norepinephrine. Am J Physiol Heart Circ Physiol 293:H1636-H1645
Myoishi M, Hao H, Minamino T, Watanabe K, Nishihira K, Hatakeyama K, Asada Y, Okada
K, Ishibashi-Ueda H, Gabbiani G, Bochaton-Piallat ML, Mochizuki N, Kitakaze M (2007)
Increased endoplasmic reticulum stress in atherosclerotic plaques associated with acute coro-
nary syndrome. Circulation 116:1226-1233

Reimold AM, Etkin A, Clauss I, Perkins A, Friend DS, Zhang J, Horton HF, Scott A, Orkin
SH, Byrne MC, Grusby MJ, Glimcher LH (2000) An essential role in liver development for
transcription factor XBP-1. Genes Dev 14:152—157

Harding HP, Zeng H, Zhang Y, Jungries R, Chung P, Plesken H, Sabatini DD, Ron D (2001)
Diabetes mellitus and exocrine pancreatic dysfunction in perk-/- mice reveals a role for trans-
lational control in secretory cell survival. Mol Cell 7:1153-1163

Reimold AM, Iwakoshi NN, Manis J, Vallabhajosyula P, Szomolanyi-Tsuda E, Gravallese
EM, Friend D, Grusby MJ, Alt F, Glimcher LH (2001) Plasma cell differentiation requires the
transcription factor XBP-1. Nature 412:300-307

Di Jeso B, Ulianich L, Pacifico F, Leonardi A, Vito P, Consiglio E, Formisano S, Arvan P
(2003) Folding of thyroglobulin in the calnexin/calreticulin pathway and its alteration by loss
of Ca?" from the endoplasmic reticulum. Biochem. J 370:449-458

Lee AH, Chu GC, Iwakoshi NN, Glimcher LH (2005) XBP-1 is required for biogenesis of
cellular secretory machinery of exocrine glands. EMBO J 24:4368—4380

Zhang K, Wong HN, Song B, Miller CN, Scheuner D, Kaufman RJ (2005) The unfolded
protein response sensor IRE1a is required at 2 distinct steps in B cell lymphopoiesis. J Clin
Invest 115:268-281

Elouil H, Bensellam M, Guiot Y, Vander Mierde D, Pascal SM, Schuit FC, Jonas JC (2007)
Acute nutrient regulation of the unfolded protein response and integrated stress response in
cultured rat pancreatic islets. Diabetologia 50:1442-1452



Physiological ER Stress: The Model of Insulin-Secreting Pancreatic 3-Cells 207

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

Kubisch CH, Logsdon CD (2007) Secretagogues differentially activate endoplasmic retic-
ulum stress responses in pancreatic acinar cells. Am J Physiol Gastrointest Liver Physiol
292:G1804-G1812

Back SH, Scheuner D, Han J, Song B, Ribick M, Wang J, Gildersleeve RD, Pennathur S,
Kaufman RJ (2009) Translation attenuation through elF2a phosphorylation prevents oxida-
tive stress and maintains the differentiated state in beta cells. Cell Metab 10:13-26

Christis C, Fullaondo A, Schildknegt D, Mkrtchian S, Heck AJ, Braakman I (2010) Regulated
increase in folding capacity prevents unfolded protein stress in the ER. J. Cell Sci 123:787—
794

Iwakoshi NN, Lee AH, Vallabhajosyula P, Otipoby KL, Rajewsky K, Glimcher LH (2003)
Plasma cell differentiation and the unfolded protein response intersect at the transcription
factor XBP-1. Nat immunol 4:321-329

Iwawaki T, Akai R, Kohno K (2010) IRE1a disruption causes histological abnormality of exo-
crine tissues, increase of blood glucose level, and decrease of serum immunoglobulin level.
PLoS ONE 5:¢13052

Gass JN, Gifford NM, Brewer JW (2002) Activation of an unfolded protein response during
differentiation of antibody-secreting B cells. J Biol Chem 277:49047-49054

Gass JN, Jiang HY, Wek RC, Brewer JW (2008) The unfolded protein response of B-lympho-
cytes: PERK-independent development of antibody-secreting cells. Mol Immunol 45:1035—
1043

MaY, Shimizu Y, Mann MJ, Jin Y, Hendershot LM (2010) Plasma cell differentiation initiates
a limited ER stress response by specifically suppressing the PERK-dependent branch of the
unfolded protein response. Cell Stress Chaperones 15:281-293

Yan W, Frank CL, Korth MJ, Sopher BL, Novoa I, Ron D, Katze MG (2002) Control of
PERK elF2a kinase activity by the endoplasmic reticulum stress-induced molecular chaper-
one P58IPK. Proc Natl Acad Sci USA 99:15920-15925

Hess DA, Humphrey SE, Ishibashi J, Damsz B, Lee AH, Glimcher LH, Konieczny SF (2011)
Extensive Pancreas Regeneration Following Acinar-Specific Disruption of Xbpl in Mice.
Gastroenterology 141(4):1463-1472

lida K, Li Y, McGrath BC, Frank A, Cavener DR (2007) PERK elF2 alpha kinase is required
to regulate the viability of the exocrine pancreas in mice. BMC. Cell Biol 8:38

Schuit FC, In’t Veld PA, Pipeleers DG (1988) Glucose stimulates proinsulin biosynthesis by a
dose-dependent recruitment of pancreatic beta cells. Proc Natl Acad Sci USA 85:3865-3869

Schuit FC, Kiekens R, Pipeleers DG (1991) Measuring the balance between insulin synthesis
and insulin release. Biochem Biophys Res Commun 178:1182-1187

Ling Z, Pipeleers DG (1996) Prolonged exposure of human beta cells to elevated glucose lev-
els results in sustained cellular activation leading to a loss of glucose regulation. J Clin Invest
98:2805-2812

Detimary P, Dejonghe S, Ling Z, Pipeleers D, Schuit F, Henquin JC (1998) The changes in
adenine nucleotides measured in glucose-stimulated rodent islets occur in b cells but not in a
cells and are also observed in human islets. J Biol Chem 273:33905-33908

Jitrapakdee S, Wutthisathapornchai A, Wallace JC, MacDonald MJ (2010) Regulation of in-
sulin secretion: role of mitochondrial signalling. Diabetologia 53:1019-1032

Henquin JC (2000) Triggering and amplifying pathways of regulation of insulin secretion by
glucose. Diabetes 49:1751-1760

Khaldi MZ, Guiot Y, Gilon P, Henquin JC, Jonas JC (2004) Increased glucose sensitivity of
both triggering and amplifying pathways of insulin secretion in rat islets cultured for 1 wk in
high glucose. Am J Physiol Endocrinol Metab 287:E207-E217

Henquin JC, Dufrane D, Nenquin M (2006) Nutrient control of insulin secretion in isolated
normal human islets. Diabetes 55:3470-3477

Ashcroft SJH (1980) Glucoreceptor mechanisms and the control of insulin release and bio-
synthesis. Diabetologia 18:5-15



208

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

M. Bensellam et al.

Alarcon C, Wicksteed B, Prentki M, Corkey BE, Rhodes CJ (2002) Succinate is a preferential
metabolic stimulus-coupling signal for glucose-induced proinsulin biosynthesis translation.
Diabetes 51:2496-2504

Wicksteed B, Alarcon C, Briaud I, Lingohr MK, Rhodes CJ (2003) Glucose-induced transla-
tional control of proinsulin biosynthesis is proportional to preproinsulin mRNA levels in islet
b-cells but not regulated via a positive feedback of secreted insulin. J Biol Chem 278:42080—
42090

Leibowitz G, Oprescu Al, Uckaya G, Gross DJ, Cerasi E, Kaiser N (2003) Insulin does not
mediate glucose stimulation of proinsulin biosynthesis. Diabetes 52:998—1003

Wicksteed B, Herbert TP, Alarcon C, Lingohr MK, Moss LG, Rhodes CJ (2001) Cooperativ-
ity between the preproinsulin mRNA untranslated regions is necessary for glucose-stimulated
translation. J Biol Chem 276:22553-22558

Tillmar L, Carlsson C, Welsh N (2002) Control of insulin mRNA stability in rat pancreatic
islets. Regulatory role of a 3’-untranslated region pyrimidine-rich sequence. J Biol Chem
277:1099-1106

Welsh M, Scherberg N, Gilmore R, Steiner DF (1986) Translational control of insulin bio-
synthesis. Evidence for regulation of elongation, initiation and signal-recognition-particle-
mediated translational arrest by glucose. Biochem J 235:459-467

Greenman IC, Gomez E, Moore, CE, Herbert TP (2005) The selective recruitment of mRNA
to the ER and an increase in initiation are important for glucose-stimulated proinsulin synthe-
sis in pancreatic b-cells. Biochem J 391:291-300

Gilligan M, Welsh GI, Flynn A, Bujalska I, Diggle TA, Denton RM, Proud CG, Docherty K
(1996) Glucose stimulates the activity of the guanine nucleotide-exchange factor elF-2B in
isolated rat islets of Langerhans. J Biol Chem 271 2121-2125

Gomez E, Powell ML, Greenman IC, Herbert TP (2004) Glucose-stimulated protein synthesis
in pancreatic b-cells parallels an increase in the availability of the translational ternary com-
plex (elF2-GTP.Met-tRNAi) and the dephosphorylation of elF2a. J Biol Chem 279:53937—
53946

VanderMierde D, Scheuner D, Quintens R, Patel R, Song B, Tsukamoto K, Beullens M,
Kaufman RJ, Bollen M, Schuit FC (2007) Glucose activates a protein phosphatase-1-medi-
ated signaling pathway to enhance overall translation in pancreatic b-cells. Endocrinology
148:609-617

McDaniel ML, Marshall CA, Pappan KL, Kwon G (2002) Metabolic and autocrine regulation
of the mammalian target of rapamycin by pancreatic b-cells. Diabetes 51:2877-2885
Bensellam M, Van Lommel L, Overbergh L, Schuit FC, Jonas JC (2009) Cluster analysis of
rat pancreatic islet gene mRNA levels after culture in low-, intermediate- and high-glucose
concentrations. Diabetologia 52:463-476

Hinke SA, Hellemans K, Schuit FC (2004) Plasticity of the b cell insulin secretory compe-
tence: preparing the pancreatic b cell for the next meal. J Physiol 558:369-380

Jonas JC, Bensellam M, Duprez J, Elouil H, Guiot Y, Pascal SM (2009) Glucose regulation
of islet stress responses and b-cell failure in type 2 diabetes. Diabetes Obes Metab 11(Suppl
4):65-81

Tengholm A, Hellman B, Gylfe E (1999) Glucose regulation of free Ca?" in the endoplasmic
reticulum of mouse pancreatic b cells. J Biol Chem 274:36883-36890

Varadi A, Rutter GA (2002) Dynamic imaging of endoplasmic reticulum Ca?" concentration
in insulin-secreting MIN6 Cells using recombinant targeted cameleons: roles of sarco(endo)
plasmic reticulum Ca?*-ATPase (SERCA)-2 and ryanodine receptors. Diabetes 51(Suppl
1):S190-S201

Moore CE, Omikorede O, Gomez E, Willars GB, Herbert TP (2011) PERK activation at low
glucose concentration is mediated by SERCA pump inhibition and confers preemptive cyto-
protection to pancreatic b-cells. Mol Endocrinol 25:315-326



Physiological ER Stress: The Model of Insulin-Secreting Pancreatic 3-Cells 209

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.
113.

114.

115.

Ravier MA, Daro D, Roma LP, Jonas JC, Cheng-Xue R, Schuit FC, Gilon P (2011) Mech-
anisms of control of the free Ca?* concentration in the endoplasmic reticulum of mouse
pancreatic b-cells: interplay with cell metabolism and [Ca®"]_ and role of SERCA2b and
SERCA3. Diabetes 60:2533-2545

Lytton J, Westlin M, Burk SE, Shull GE, MacLennan DH (1992) Functional comparisons
between isoforms of the sarcoplasmic or endoplasmic reticulum family of calcium pumps. J
Biol Chem 267:14483—14489

Guest PC, Bailyes EM, Hutton JC (1997) Endoplasmic reticulum Ca?* is important for the
proteolytic processing and intracellular transport of proinsulin in the pancreatic b-cell. Bio-
chem J 323(Pt 2):445-450

Clark A, Nilsson MR (2004) Islet amyloid: a complication of islet dysfunction or an aetio-
logical factor in Type 2 diabetes? Diabetologia 47:157—-169

Butler AE, Janson J, Soeller WC, Butler PC (2003) Increased b-cell apoptosis prevents adap-
tive increase in b-cell mass in mouse model of type 2 diabetes: evidence for role of islet
amyloid formation rather than direct action of amyloid. Diabetes 52:2304-2314

Marzban L, Tomas A, Becker TC, Rosenberg L, Oberholzer J, Fraser PE, Halban PA,
Verchere CB (2008) Small interfering RNA-mediated suppression of proislet amyloid poly-
peptide expression inhibits islet amyloid formation and enhances survival of human islets in
culture. Diabetes 57:3045-3055

Gurlo T, Ryazantsev S, Huang CJ, Yeh MW, Reber HA, Hines OJ, O’Brien TD, Glabe CG,
Butler PC (2010) Evidence for proteotoxicity in beta cells in type 2 diabetes: toxic islet
amyloid polypeptide oligomers form intracellularly in the secretory pathway. Am J Pathol
176:861-869

Huang CJ, Haataja L, Gurlo T, Butler AE, Wu X, Soeller WC, Butler PC (2007) Induction
of endoplasmic reticulum stress-induced beta-cell apoptosis and accumulation of polyu-
biquitinated proteins by human islet amyloid polypeptide. Am J Physiol Endocrinol Metab
293:E1656-E1662

Costes S, Huang CJ, Gurlo T, Daval M, Matveyenko AV, Rizza RA, Butler AE, Butler PC
(2011) b-cell dysfunctional ERAD/ubiquitin/proteasome system in type 2 diabetes mediated
by islet amyloid polypeptide-induced UCH-L1 deficiency. Diabetes 60:227-238

Rivera JF, Gurlo T, Daval M, Huang CJ, Matveyenko AV, Butler PC, Costes S (2011) Hu-
man-IAPP disrupts the autophagy/lysosomal pathway in pancreatic beta-cells: protective
role of p62-positive cytoplasmic inclusions. Cell Death Differ 18:415-426

Allotey RA, Mohan V, McDermott MF, Deepa R, Premalatha G, Hassan Z, Cassell PG,
North BV, Vaxillaire M, Mein CA, Swan DC, O’Grady E, Ramachandran A, Snehalatha C,
Sinnot PJ, Hemmatpour SK, Froguel P, Hitman GA (2004) The EIF2AK3 gene region and
type I diabetes in subjects from South India. Genes Immun 5:648-652

Zhang P, McGrath B, Li S, Frank A, Zambito F, Reinert J, Gannon M, Ma K, McNaughton
K, Cavener DR (2002) The PERK eukaryotic initiation factor 2 a kinase is required for the
development of the skeletal system, postnatal growth, and the function and viability of the
pancreas. Mol Cell Biol 22:3864-3874

Julier C, Nicolino M (2010) Wolcott-Rallison syndrome. Orphanet. J. Rare. Dis 5:29

Gupta S, McGrath B, Cavener DR (2010) PERK (EIF2AK3) regulates proinsulin trafficking
and quality control in the secretory pathway. Diabetes 59:1937-1947

Scheuner D, Song B, McEwen E, Liu C, Laybutt R, Gillespie P, Saunders T, Bonner-Weir S,
Kaufman RJ (2001) Translational control is required for the unfolded protein response and
in vivo glucose homeostasis. Mol Cell 7:1165-1176

Scheuner D, Mierde DV, Song B, Flamez D, Creemers JW, Tsukamoto K, Ribick M, Schuit
FC, Kaufman RJ (2005) Control of mRNA translation preserves endoplasmic reticulum
function in beta cells and maintains glucose homeostasis. Nat Med 11:757-764



210

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

M. Bensellam et al.

Zhang W, Feng D, LiY, lida K, McGrath B, Cavener DR (2006) PERK EIF2AK3 control of
pancreatic b cell differentiation and proliferation is required for postnatal glucose homeosta-
sis. Cell Metab 4:491-497

Lee AH, Heidtman K, Hotamisligil GS, Glimcher LH (2011) Dual and opposing roles of
the unfolded protein response regulated by IREla and XBP1 in proinsulin processing and
insulin secretion. Proc Natl Acad Sci USA 108:8885-8890

Ladiges WC, Knoblaugh SE, Morton JF, Korth MJ, Sopher BL, Baskin CR, MacAuley A,
Goodman AG, LeBoeuf RC, Katze MG (2005) Pancreatic b-cell failure and diabetes in mice
with a deletion mutation of the endoplasmic reticulum molecular chaperone gene P5S8IPK.
Diabetes 54:1074-1081

Lloyd DJ, Wheeler MC, Gekakis N (2010) A point mutation in Sec61al leads to diabetes and
hepatosteatosis in mice. Diabetes 59:460—470

Hetz C, Thielen P, Matus S, Nassif M, Court F, Kiffin R, Martinez G, Cuervo AM, Brown
RH, Glimcher LH (2009) XBP-1 deficiency in the nervous system protects against amyo-
trophic lateral sclerosis by increasing autophagy. Genes Dev 23:2294-2306

Allagnat F, Christulia F, Ortis F, Pirot P, Lortz S, Lenzen S, Eizirik DL, Cardozo AK (2010)
Sustained production of spliced X-box binding protein 1 (XBP1) induces pancreatic beta cell
dysfunction and apoptosis. Diabetologia 53:1120-1130

Meex SJ, van Greevenbroek MM, Ayoubi TA, Vlietinck R, van Vliet-Ostaptchouk JV, Hofk-
er MH, Vermeulen VM, Schalkwijk CG, Feskens EJ, Boer JM, Stehouwer CD, Van Der Kal-
len CJ, de Bruin TW (2007) Activating transcription factor 6 polymorphisms and haplotypes
are associated with impaired glucose homeostasis and type 2 diabetes in Dutch Caucasians.
J Clin Endocrinol Metab 92:2720-2725

Gomez E, Powell ML, Bevington A, Herbert TP (2008) A decrease in cellular energy status
stimulates PERK-dependent elF2a phosphorylation and regulates protein synthesis in pan-
creatic b-cells. Biochem J 410:485-493

Greenman IC, Gomez E, Moore CE, Herbert TP (2007) Distinct glucose-dependent stress
responses revealed by translational profiling in pancreatic b-cells. J Endocrinol 192:179-187
Hoorens A, Van de Casteele M, Kloppel G, Pipeleers DG (1996) Glucose promotes survival
of rat pancreatic b cells by activating synthesis of proteins which suppress a constitutive
apoptotic program. J Clin Invest 98:1568—-1574

Ishigaki S, Fonseca SG, Oslowski CM, Jurczyk A, Shearstone JR, Zhu LJ, Permutt MA,
Greiner DL, Bortell R, Urano F (2010) AATF mediates an antiapoptotic effect of the unfold-
ed protein response through transcriptional regulation of AKT1. Cell Death Differ 17:774—
786

Cullinan SB, Diehl JA (2006) Coordination of ER and oxidative stress signaling: the PERK/
Nrf2 signaling pathway. Int J Biochem Cell Biol 38:317-332

Martens GA, Cai Y, Hinke S, Stange G, Van de Casteele M, Pipeleers D (2005) Glucose sup-
presses superoxide generation in metabolically responsive pancreatic b cells. J Biol Chem
280:20389-20396

Hou N, Torii S, Saito N, Hosaka M, Takeuchi T (2008) Reactive oxygen species-mediated
pancreatic b-cell death is regulated by interactions between stress-activated protein kinases,
p38 and c-Jun N-terminal kinase, and mitogen-activated protein kinase phosphatases. Endo-
crinology 149:1654-1665

Jonas JC, Guiot Y, Rahier J, Henquin JC (2003) Haeme-oxygenase 1 expression in rat pan-
creatic b-cells is stimulated by supraphysiological glucose concentrations and by cyclic
AMP. Diabetologia 46:1234—1244

Lipson KL, Fonseca SG, Ishigaki S, Nguyen LX, Foss E, Bortell R, Rossini AA, Urano F
(2006) Regulation of insulin biosynthesis in pancreatic beta cells by an endoplasmic reticu-
lum-resident protein kinase IRE1. Cell Metab 4:245-254



Physiological ER Stress: The Model of Insulin-Secreting Pancreatic 3-Cells 211

132.

133.

134.

135.

Bertolotti A, Zhang Y, Hendershot LM, Harding HP, Ron D (2000) Dynamic interaction of
BiP and ER stress transducers in the unfolded-protein response. Nat Cell Biol 2:326-332
Shen J, Chen X, Hendershot L, Prywes R (2002) ER stress regulation of ATF6 localization
by dissociation of BiP/GRP78 binding and unmasking of Golgi localization signals. Dev
Cell 3:99-111

Gething MJ (1999) Role and regulation of the ER chaperone BiP. Semin Cell Dev Biol.
10:465-472

Dahlquist KD, Salomonis N, Vranizan K, Lawlor SC, Conklin BR (2002) GenMAPP, a new
tool for viewing and analyzing microarray data on biological pathways. Nat Genet 31:19-20



	Part I
	Cellular Responses to ER Stress
	Physiological ER Stress: The Model of Insulin-Secreting Pancreatic β-Cells
	1 Introduction
	2 Physiological ER Stress Response
	2.1 The Immunoglobulin-Secreting Plasma B Cells
	2.2 The Exocrine Pancreatic Acinar Cells

	3 The Model of Pancreatic β-Cells: Metabolic Features and Susceptibility to ER Stress
	4 Role of the ER Stress Signaling Pathway in the Maintenance of the Functional β-Cell Mass
	5 Physiological Modulation of the ER Stress Response by Glucose in Pancreatic β-Cells
	5.1 Modulation of the ISR
	5.2 Modulation of the IRE1-XBP1 Branch of the UPR

	6 Conclusion
	References






