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Abstract

Topic: The role of ER stress and the Unfolded Protein Response in obesity
associated type 2 diabetes

Author: Omotola Omikorede

Pancreatic B-cell dysfunction plays a central role in the pathogenesis of type 2
diabetes. This dysfunction is characterised by secretory defects in the B-cells and the
loss of B-cell mass, at least in part secondary to increased B-cell apoptosis. Although
the mechanisms through which B-cell dysfunction develops are unclear, accumulating
evidence suggests that elevated levels of circulating free fatty acids (FFAs) as can occur
under conditions of obesity, play a role in the pathogenesis of type 2 diabetes. It has
been suggested that endoplasmic reticulum (ER) stress and the resulting unfolded
protein response (UPR) play a role in FFA induced B-cell dysfunction. This thesis was
aimed at investigating the role of obesity induced ER stress in the development of B-
cell dysfunction in type 2 diabetes.

The UPR was induced in MIN6 B-cells in response to both the saturated fatty acid (FA)
palmitate, and unsaturated fatty acid oleate. Palmitate however induced a more
marked ER stress response in comparison to oleate. Although both FAs induced ER
stress, only palmitate evoked apoptosis in the B-cells, indicative of the differential
signalling by unsaturated and saturated fatty acids. ER stress and evidence of
functional adaptation was also observed in islets obtained from Zucker and Zucker
diabetic fatty (ZDF) rodent models of obesity. The development of B-cell dysfunction in
the progression from obesity to obesity associated type 2 diabetes in the ZDF rats was
however not accompanied by a further increase in ER stress markers. This suggests
that ER stress signalling does not play a significant role in the development of B-cell
dysfunction.

In conclusion, the studies outlined in this thesis demonstrate that ER stress is induced
in in vitro and in vivo models of B-cell lipotoxicity. It is however apparent, that ER
stress does not contribute significantly to B-cell dysfunction and perhaps, only plays a
small insignificant role in B-cell apoptosis in the pathogenesis of type 2 diabetes. It is
hypothesised, that B-cell dysfunction develops in type 2 diabetes as a result of the
inability of the B-cell to mount an additive UPR in response to ER stress.
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CHAPTER 1




Chapter 1: Introduction

1.1 Background

The regulation of blood glucose levels is chiefly under the control of hormone secreting
cells which exist as clusters of small glands known as the Islets of Langerhans in the
pancreas. Of this cluster of cells, the B-cells in rodents make up 65-80% of cells in the
islets of Langerhans and secrete insulin into the hepatic portal vein through the
pancreatic veins. Both insulin and glucagon hormones function to maintain
physiological glucose levels in the blood by exerting opposing effects. Glucagon
secretion from a-cells is induced in the absence of dietary glucose to maintain fuel
availability and blood glucose levels. While it has no effect on muscular tissue, its
principal sites of action are the liver and adipose tissues. Glucagon stimulates the
release of glucose into the bloodstream by causing the liver to convert stored glycogen
into glucose in a process known as glycogenolysis. It also stimulates gluconeogenesis,
the synthesis of glucose from amino acids and other non-carbohydrate precursors.
During fasting, glucagon also stimulates lipolysis, a process which involves the
breakdown of fatty acids from adipose tissue. Glycerol released during lipolysis serves
as a source of carbon for gluconeogenesis while released fatty acids are used as fuel
and are oxidised to CO, and H,0 by various tissues thereby reducing their utilisation of
glucose as a fuel source. In contrast, increasing levels of glucose and/or nutrients such
as free fatty acids (FFAs) in the blood, which may occur after the ingestion of food,
stimulate the secretion of insulin to facilitate the metabolism and uptake of glucose by
peripheral tissues. In addition to ingestion, insulin secretion may also be stimulated by
high levels of circulating FFAs in the blood, which may occur as a result of obesity.
Insulin is a major anabolic hormone which promotes the storage of nutrients in the
body. Its effects include the conversion of glucose to glycogen for storage in the liver
and muscular tissues, conversion of glucose to triacylglycerols in the liver and storage
in adipose tissue, and the uptake of amino acids and synthesis of protein in muscular
tissue. The opposing effects of insulin and glucagon maintain blood glucose at

approximately 5mM (80-100 mg/dL) under basal conditions.
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Figure 1.1 Regulation of plasma glucose homeostasis. Blood plasma glucose
homeostasis is maintained by the opposing effects of insulin and glucagon. An increase
in plasma glucose concentrations results in the secretion of insulin from the pancreatic
B-cells, and a resultant lowering of plasma glucose concentrations. A decrease in blood
plasma glucose below ‘normal’ levels results in the secretion of the glucagon hormone
from pancreatic a-cells and a resultant increase in plasma glucose concentrations

through the induction of gluconeogenesis in the liver.
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1.2 The Pancreatic B-cell

The pancreas is comprised of endocrine and exocrine tissue and is located behind and
below the stomach. The pancreas is predominantly made up of the exocrine glands
which secrete digestive enzymes into the small intestine. By comparison, the
endocrine glands make up a small portion (approximately 1-2%) of the total pancreas
mass and are made up of clusters of highly vascularised secretory cells collectively
known as the Islets of Langerhans. The islets of Langerhans are dispersed throughout
the exocrine tissue are made up of four main cell types which secrete different
hormones directly into the bloodstream. Alpha (a)-cells secrete glucagon to stimulate
an increase in blood glucose, B-cells secrete insulin to stimulate the uptake of glucose
from the blood, 6-cells secrete somatostatin, and PP cells secrete pancreatic

polypeptide.

The pancreatic B-cells make up 65-80% of the cells in the islets of Langerhans in
rodents and 50-60% of islets in humans (Cabrera, Berman et al. 2006). B-cells are
chiefly responsible for the adequate synthesis and secretion of insulin in response to
increases in the blood glucose levels and other nutrients such as fatty acids (McGarry,
Dobbins 1999). The B-cell is exquisitely sensitive to glucose and as a result, even small
changes in blood glucose levels can evoke large effects on the secretion of insulin.
Circulating insulin can stimulate glucose uptake in peripheral tissue and inhibits liver
glucose production amongst other functions. As mentioned above, insulin secretion

from the B-cells may be stimulated both by glucose and FFAs.
1.2.1 Glucose stimulated insulin secretion (GSIS) i  n the pancreatic B-cell

In order to stimulate the secretion of insulin, glucose is transported into the B-cell by a
non-insulin dependent glucose transporter GLUT2 in rodents and by both GLUT1 and
GLUT2 in humans. Glucose is immediately phosphorylated by hexokinase IV
(glucokinase) which inhibits its exit from the cell (Matschinsky 1996). In the cytosol,
one phosphorylated glucose molecule (glucose-6-phosphate) is glycolytically
metabolised to generate 2 molecules of pyruvate and ATP each in a process known as

glycolysis. Pyruvate is transported into the mitochondria where it undergoes
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conversion by oxidative decarboxylation into acetyl CoA (Henquin, Ravier et al. 2003).
The oxidative decarboxylation of pyruvate is facilitated by a pyruvate dehydrogenase
complex which possesses high activity within the pancreatic B-cell in comparison to
other mammalian cell types (Newsholme, Keane et al. 2007). Acetyl CoA undergoes
condensation with oxaloacetate in the mitochondria to generate citrate which enters
into the citric acid cycle (TCA/Krebs cycle) and results in the production of NADH and
FADH, (Henquin, Ravier et al. 2003). These metabolic processes which occur on the
entry of glucose into the cell are geared towards enhancing the citric acid cycle and the
generation of NADH and FADH, which enter into oxidative phosphorylation for the
efficient production of ATP. An increase in the ATP/ADP ratio within the cell triggers
the closure of ATP-sensitive K™ channels, depolarisation of the plasma membrane and
the influx of Ca®" which stimulates the fusion of insulin-containing exocytotic vesicles
with the plasma membrane and the secretion of insulin into the bloodstream (Figure
1.2). This process of K arp-dependent insulin secretion occurs rapidly in response to an
increase in blood glucose and has been termed the ‘first phase’ or the ‘triggering

pathway’ of insulin secretion.

The second phase of glucose stimulated insulin secretion (GSIS) is independent of Karp
channel regulation and instead, augments the secretory response to the increased
intracellular Ca®" induced by the closure of the K'arp channels in the first phase
(Gembal, Gilon et al. 1992, Sato, Anello et al. 1999). Thus, both phases of insulin
secretion are synergistic and therefore not strictly independent (Henquin 2000).
Evidence for insulin secretion independent of the K'arp channel was published in
studies in which mice lacking functional K'are channels were still able to secrete insulin
in response to glucose although defects in glucose metabolism were reported (Miki,

Nagashima et al. 1998, Seghers, Nakazaki et al. 2000).
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FIGURE 1.2 Model of glucose-stimulated insulin secretion in B-cells. Glucose is
transported into the cell by the GLUT2 glucose transporter. Subsequent glucose
metabolism results in the conversion of glucose into pyruvate which enters into the
tricarboxylic (TCA) cycle. This results in the generation of reducing equivalents which
are transferred into the electron (e’) chain, the hyperpolarisation of the mitochondrial
membrane, and the generation of ATP. Subsequent closure of K'arp channels leads to
the depolarisation of the cell membrane and the opening of voltage gated ca®
channels and as a result, an increase in intracellular Ca** levels. The influx of Ca*'
triggers insulin exocytosis from the B-cell. Adapted from (Guay, Madiraju et al. 2007).
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1.2.2 Fatty acid stimulated insulin secretion inth e pancreatic B-cell

Saturated long-chain free fatty acids (FFAs) have been shown to stimulate the
secretion of insulin at both normal and elevated blood glucose levels (Pelkonen,
Miettinen et al. 1968, Crespin, Greenough et al. 1969). In addition, endogenous fatty
acid derived signalling molecules produced as a result of the lipolysis of intracellular
TAG and phospholipid stores can also stimulate insulin secretion (Prentki, Joly et al.
2002). Long chain FFAs may be transported into the cell by free diffusion without the
requirement for a molecular transporter (Hamilton, Kamp 1999). At normal or low
glucose levels, FFAs, which are converted into acyl CoA on the outer mitochondrial
membrane, are transported into the inner mitochondrial membrane by carnitine
palmitoyl transferase 1 (CPT1). Inside the mitochondria, acyl CoA undergoes a series of
oxidation, hydrolysis and thiolysis steps to generate NADH and FADH, which enter into
oxidative phosphorylation to generate ATP (Nolan, Madiraju et al. 2006). The increase
in ATP/ADP ratio in the cell results in the stimulation of insulin secretion into the
bloodstream as previously described. FFAs have also been proposed to modulate
insulin secretion by interacting with a membrane-bound G-protein coupled receptor

GPR40 (Itoh, Kawamata et al. 2003, Alquier, Peyot et al. 2009).

The stimulation of insulin secretion by fatty acids at high glucose concentrations is
mediated through a separate mechanism. At high levels of glucose, the cell possesses a
high ATP/ADP ratio which induces the inhibition of AMP-activated kinase (AMPK) and
the subsequent activation of acetyl CoA carboxylase (ACC). ACC catalyses the
conversion of glucose derived acetyl CoA into malonyl CoA, an enzyme which inhibits
CPT1 activity. A decline in the activity of CPT1 results in the inhibition of acyl CoA
translocation into the mitochondria and as a result, cytosolic accumulation (Nolan,
Madiraju et al. 2006). Increased cytosolic levels of acyl CoA and other FFA derivatives
including phosphatidate and diacylglycerol (DAG) stimulates the elevation of
intracellular Ca** and changes in the acylation states of key proteins involved in the
regulation of ion channel activity and insulin exocytosis (Prentki, Joly et al. 2002). Long
chain acyl CoA may also stimulate the secretion of insulin by directly facilitating the

fusion of insulin-secretory granules with the B-cell plasma membrane (Prentki, Joly et
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al. 2002). The stimulation of insulin secretion by FFAs in the presence of high glucose

levels serves to potentiate GSIS.
1.2.3 Insulin signalling in insulin responsive tiss ues

To facilitate the uptake of glucose and other nutrients from the blood, insulin binds to
the insulin receptor present on insulin sensitive tissues such as muscle and adipose
tissue, including the B-cell. The insulin receptor is made up of two extracellular A
subunits and two transmembrane B subunits which are held together by disulphide
bonds. The binding of insulin to the extracellular domain of the receptor induces a
conformational change which results in the autophosphorylation of several tyrosine
residues present on the intracellular B subunits. The active insulin receptor
phosphorylates tyrosine residues on insulin receptor substrates (IRS-1, IRS-2 and IRS-3)
on their phosphotyrosine-binding (PTB) domains. Phosphorylated IRS proteins
associate with the p85 regulatory subunit of the phosphoinositide 3-kinase (PI3K)
through its Src homology 2 (SH2) domain to facilitate the activation of its p110
catalytic subunit. Once activated, the catalytic subunit of PI3K phosphorylates
phosphatidylinositol (4,5) bisphosphate (PIP2) resulting in the formation of
phosphatidylinositol-3,4,5-trisphosphate (PIP3). PIP3 formation stimulates the activity
of PIP3-dependent kinase 1 (PDK1) which functions to activate the serine kinase
protein kinase B (PKB/Akt). PKB in turn induces the deactivation of glycogen synthase
kinase 3 (GSK-3) resulting in the activation of glycogen synthase and thus glycogen
synthesis from glucose. Through this mechanism of insulin binding to its receptor and
the induction of a series of biochemical reactions in the cell, excess glucose, fatty acids
and amino acids in the blood are taken up into the liver, adipose and muscle tissues
where they are stored in the form of glycogen, lipids and proteins respectively.
Signalling downstream of the insulin receptor also stimulates several phosphorylation
and dephosphorylation cascades resulting in nuclear events, ion transport and protein

synthesis and degradation.
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FIGURE 1.3 Insulin signalling system. The binding of insulin to its receptor results in
the autophosphorylation of tyrosine residues on the intracellular domains of the
insulin receptor (IR) and the subsequent phosphorylation of tyrosine residues on IRS
proteins. Phosphorylation of IRS proteins results in the activation of a signalling
cascade culminating in glycogen synthesis from glucose taken up into the cell through
GLUT2 transport. Insulin signalling also leads to the activation of diverse signalling
events which include protein synthesis, lipid synthesis and the inhibition of
gluconeogenesis.
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1.3 The Endoplasmic Reticulum

On nutrient induced stimulation of insulin secretion in B-cells, there is a concomitant
activation of the insulin biosynthetic machinery to maintain the insulin secretory
capacity of the B-cell. As a result of this tight coupling, proinsulin biosynthesis accounts
for approximately 50% of the total protein synthesis in the B-cell (Schuit et al. 1988).
The endoplasmic reticulum (ER) of the eukaryotic cell is a closed internal compartment
which forms a continuous membrane network (Palade 1956) in the cytosol. The ER is
classed as the first organelle in the secretory pathway of eukaryotic cells (Schroder
2008) with approximately a third of all cellular proteins translocated into the ER lumen
(Kanapin, Batalov et al. 2003). Protein synthesis takes place at the endoplasmic
reticulum which is particularly highly developed in the B-cell to facilitate the efficient
synthesis of insulin to match the demand in response to constant changes in blood
glucose and FFA levels. As a result of constant demand, the processes involved in the
synthesis of insulin from the ER and the secretion from the B-cell are highly regulated
at every step. Membrane and secretory proteins such as insulin are synthesised on the
cytosolic surface of the ER and undergo conformational changes under a rigorous
quality control system within the lumen of the ER before export to target organelles

within the cell.
1.3.1 Protein Synthesis

The ER functions mainly as the site for membrane and secretory protein synthesis.
Translation of these proteins from messenger RNA (mRNA) is facilitated by ribosomes
present on the cytosolic surface of the ER (Adesnik, Lande et al. 1976, Lande, Adesnik
et al. 1975). The resultant polypeptide chain possesses a signal sequence which is
recognised by a cotranslationally synthesised signal recognition particle (SRP) in the
cytosol (Lande, Adesnik et al. 1975, Kurzchalia, Wiedmann et al. 1986, Nagai, Oubridge
et al. 2003). The associated SRP is recognised by an ER membrane localised SRP
receptor which facilitates the dissociation of the SRP and targets the ribosome-
polypeptide chain complex to the membrane embedded Sec61 complex (Walter,
Johnson 1994, Jungnickel, Rapoport 1995). The first step in insulin synthesis is the

translation of insulin mRNA as a single chain precursor known as preproinsulin. After
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association with a SRP and association with an SRP receptor on the ER membrane,
preproinsulin is translocated into the lumen of the ER through the Sec61 complex. On
entry into the ER, the signal peptide is cleaved from preproinsulin to generate
proinsulin (Orci, 1982). The Sec61 complex is a heterotrimeric complex of membrane
proteins which form a pore in the membrane of the ER (Matlack, Mothes et al. 1998).
The association of the ribosome-polypeptide chain complex with the Sec61 complex on
the membrane of the ER results in the translocation of newly translated proteins from
the cytosol into the lumen of the ER (Pilon, Romisch et al. 1998). Protein translocation
into the ER lumen has also been suggested to be assisted by the luminal Hsp70
chaperone protein, BiP/GRP78, through additional gating of the Sec61 pore (Hamman,
Hendershot et al. 1998).

1.3.2 Protein folding and post-translational modifi cations

The second major function of the ER is the folding and post—translational modification
of newly synthesised polypeptide chains into their native conformation. Proteins are
translocated into the ER lumen in an unfolded conformation which is characterised by
higher numbers of hydrophobic patches than the native conformation (Stevens, Argon
1999). Protein folding is initially driven by the internalisation of hydrophobic amino
acid residues into the core of the protein to provide a stable framework for
subsequent protein folding steps (Gething, Sambrook 1992). The folding of proteins
and post-translational modifications are catalysed in highly ordered steps by specific
enzymes and chaperone proteins within the ER lumen. Protein post-translational
modifications within the ER lumen include N-linked glycosylation and formation of

disulphide bonds.
1.3.2.1 Oxidative protein folding

The formation (oxidation), breakdown (reduction) and isomerisation of disulphide
bonds between cysteine residues in newly synthesised proteins is catalysed by thiol
oxidoreductases (Ellgaard, Ruddock 2005). ER oxidoreductases include ERp57, ERp72,
ERp5 and PDIs (protein disulphide isomerases) which are the best characterised

(Mazzarella, Srinivasan et al. 1990, Ferrari, Soling 1999). PDIs are characterised by
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several thioredoxin-like domains and catalytic domains with a characteristic CXXC
amino acid motif (C is cysteine, X is any amino acid) containing two-redox active
cysteines (Ellgaard, Ruddock 2005). Many PDIs also possess chaperone protein activity
and have also been described to function as holdases for unfolded proteins within the
ER lumen (Hayano, Hirose et al. 1995). Most redox-active PDIs possess two activities,
an oxidase activity for the formation of disulphide bonds, and a disulphide isomerase
activity (Schroder 2008). Most proteins that enter into the secretory pathway
frequently require the formation of disulphide bonds for their maturation, stability
and/or function (Malhotra, Kaufman 2007). Thus, newly translocated proinsulin
undergoes oxidation within the ER lumen to facilitate the formation of three
intramolecular disulphide bonds between the A- and B-chain components. To facilitate
continued oxidase activity, PDI is re-oxidised by the flavin adenine dinucleotide (FAD)-
dependent oxidases Erolp/ERO1-La, ERO1-LB and Erv2p (Sevier, Kaiser 2002). The
activity of these enzymes results in the terminal transfer of electrons to molecular
oxygen resulting in the formation of reactive oxygen species (ROS). Oxidative protein
folding in the ER is reported to be responsible for ~25% of all ROS generated in

eukaryotic cells (Tu, Weissman 2004, Haynes, Titus et al. 2004).
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Figure 1.4 Insulin biosynthesis and conversion. Schematic diagram showing the
enzymatic conversion of preproinsulin to proinsulin and then to native insulin. The
insulin mRNA is translated as a single chain precursor known as preproinsulin and
directed into the ER lumen by the signal sequence. In the ER, the signal sequence is
cleaved off and disulphide bonds are formed, giving rise to proinsulin which is
transported to the Golgi apparatus and packaged into large dense core vesicles (LCDV).
The C-peptide is cleaved off giving rise to mature insulin. (Adapted from (Araki,
Oyadomari et al. 2003)).

In vitro protein folding experiments suggest a quasi-stochastic mechanism that
superimposes the formation and isomerisation of disulphide bonds over
conformational protein folding in the ER (Welker, Wedemeyer et al. 2001). Protein
folding into native conformations is catalysed by chaperone proteins which are

subdivided into three separate chaperone protein systems.
1.3.2.2 HSP70 class chaperone proteins

HSP70 class ER-resident molecular chaperones such as binding protein/glucose
regulated protein 78 (BiP/GRP78) (Gething 1999) and oxygen-regulated protein 150kD
(ORP150/HYOU1) (Saris, Holkeri et al. 1997) constitute the first class of chaperone
proteins. HSP70 class chaperones are characterised by a conserved ~44-kDa N-terminal
adenosine triphosphatase (ATPase) domain and a conserved -15-kDa C-terminal

substrate binding domain (Gething 1999). These chaperones exist in adenosine
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diphosphate (ADP-) and ATP-bound states and cycle through rounds of ATP hydrolysis
and ADP-ATP exchange which is required for protein folding by inducing
conformational changes in the unfolded proteins (Gething 1999, Hendershot, Wei et
al. 1996). In an inactive state, HSP70 chaperones including BiP form stable dimeric and
oligomeric complexes (Blond-Elguindi, Fourie et al. 1993, Freiden, Gaut et al. 1992).
Substrate binding to HSP70 class chaperones stimulates the ATPase activity of the
chaperones and the ability to cycle between an ATP- and ADP-bound state confers
significantly different binding affinity for their substrate proteins (Gething 1999,
Wegele, Muller et al. 2004). HSP70 class chaperones actively promote protein folding
and have a higher affinity for completely unfolded or unstructured polypeptide chains
in the ADP-bound form (Gething 1999). Chaperones which actively promote protein
folding are referred to as chaperone foldases (Winter, Jakob 2004). The ATP hydrolysis
and ADP-ATP exchange of HSP70 chaperones are stimulated by the activity of co-
chaperones (Schroder 2008). Dnal-like/HSP40 co-chaperones such as ERdj3, ERdj4,
ERdj5 and Sec63p stimulate the ATPase activity of the chaperone proteins and increase
the stability of the chaperone-substrate complex (Misselwitz, Staeck et al. 1998,
Schroder, Kaufman 2006, Shen, Hendershot 2005, Dong, Bridges et al. 2008). The
regulation of HSP70 chaperone activity through the action of co-chaperones is the

basis for ATP-consumption in protein folding (Schroder 2008).
1.3.2.3 HSP90 class chaperone proteins

The HSP90 class ER-resident chaperone, GRP94 makes up the second class of
chaperones involved in protein folding within the ER lumen (Argon, Simen 1999). The
chaperone protein is made up of an N-terminal regulatory and nucleotide binding
domain, a charged region, a central imperfect basic leucine zipper (bZIP) domain and a
substrate binding and dimerisation C-terminal domain (Schroder 2008, Argon, Simen
1999, Dutta, Inouye 2000). Despite its identified ATPase activity (Dollins, Warren et al.
2007, Frey, Leskovar et al. 2007, Obermann, Sondermann et al. 1998), no co-
chaperones have been shown to regulate the ATPase activity of GRP94. GRP94 has a
higher affinity than other chaperone proteins for partially folded substrates. It

therefore acts after BiP in the protein folding process (Argon, Simen 1999). GRP94 has
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also been described as a holdase, a chaperone which binds to unfolded proteins but
does not undergo substrate binding-release cycles such as the HSP70 chaperones.
Holdases bind to and present the unfolded substrates to foldases, PDIs and PPIs which
function to direct substrate folding (Winter, Jakob 2004). The dissociation of GRP94
with its substrate is triggered by the structural maturation of the substrate mediated
by other chaperone proteins. GRP94 therefore functions as a chaperone buffer

through its holdase activity under conditions of ER stress.
1.3.2.4 Lectin chaperones

The lectin chaperones make up the third arm of the protein folding machinery within
the ER. These chaperones include calnexin (Bergeron, Brenner et al. 1994) and
calreticulin (Bergeron, Brenner et al. 1994, Michalak, Corbett et al. 1999) and form the
quality control (QC) system within the ER. The lectin chaperones specifically promote
the folding of glycosylated proteins within the ER Ilumen by binding to
monoglycosylated glycans present on the unfolded proteins (Ellgaard, Helenius 2003).
Monoglycosylated glycans are produced by a series of steps which induce the addition
of a hydrophilic oligosaccharide to a newly synthesised protein molecule. The
oligosaccharide is initially generated on the cytoplasmic surface of the ER and is then
flipped into the ER lumen through the activity of a bidirectional flippase (Hirschberg,
Snider 1987). The attachment of the nascent oligosaccharide to the protein within the
ER lumen is catalysed by the translocon associated enzyme, OST (oligosaccharyl
transferase) which attaches the carbohydrate to the asparagines (N) amino acid in the
amino-acid sequence NXS/T (asparagine-X-serine/threonine) by the formation of an N-
glycosidic bond. The attached oligosaccharide is composed of GlcsMangGIcNAc, in a
flexible three-branched structure with the branches labelled A, B and C where Glc is
glucose, Man is Mannose and GlcNac is N-acetylglucosamine. The attachment of the
oligosaccharide to the protein is followed by the cleavage of glucose residues by the
action of two enzymes: glucosidase | and Il. Glucosidase | induces the specific cleavage
of the terminal glucose residue from the A chain while glucosidase Il removes the next
two glucose residues from the same chain. The removal of the initial two glucose

residues induces the recognition of the N-glycosylated protein by the lectin
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chaperones which regulate the correct folding of most N-linked glycoproteins within
the ER (Helenius, Aebi 2004). Once the correct folded protein conformation is
achieved, the third glucose is cleaved from the protein by glucosidase Il causing the
protein to be released from the QC system and transported out of the ER
(Groenendyk, Michalak 2005). The premature cleavage of the last glucose residue or
misfolding of the protein results in recognition of the protein by another member of
the QC system, the enzyme GT (UDP-glucose glycoprotein glucosyltransferase). This
enzyme replaces the removed glucose with a new glucose residue thereby allowing the
binding of the QC chaperones to facilitate protein folding (Parodi 2000). The ER QC
system thus functions to prevent the export of misfolded or unfolded glycoproteins
and non-glycosylated proteins from the ER (Ellgaard, Helenius 2003, Johnson, Michalak
et al. 2001).
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FIGURE 1.5 Chaperone protein folding system. Nascent, unfolded polypeptides enter
the ER co-translationally through the Sec61 translocation complex and engage in ATP-

consuming BiP.ATP-ADP hydrolysis cycles which assist the initial folding of the
polypeptide chain. Partially folded proteins may be transferred to the calnexin folding
cycle or to the HSP90 chaperone GRP94 which assists in protein folding in association

with the chaperone activity of PDI. Folding in the calnexin cycle consumes ATP,

because of the consumption of UDP-D-glucose in this cycle. When proteins are no

longer recognised as being unfolded by any of the chaperone systems, and do not

carry specific retention or retrieval signals, they are exported from the ER. Glc, D-

glucose; P;, inorganic phosphate. Adapted from (Schroder 2008).
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1.3.3 Endoplasmic reticulum associated degradation (ERAD)

Despite the highly organised system for protein synthesis and post-translational
modifications, some proteins do not achieve their native conformation within the ER
lumen. This may occur as result of a mutation or lack of sufficient energy within the
cell to drive the cycles of chaperone mediated protein folding (Marciniak, Ron 2006).
The cell has therefore developed a mechanism for the removal of such proteins known
as ER-associated degradation (ERAD).The ERAD pathway is constitutively active under
basal conditions in order to protect cells against the build up of unfolded or misfolded
proteins. The degradative capacity is however increased after a lag period of 30-90 min
after an increase in protein synthesis, when the levels of unfolded/terminally
misfolded proteins may be at their highest (Lippincott-Schwartz, Bonifacino et al.
1988). This time lag is proposed to be regulated by the activity of ER mannosidase | at
least for the degradation of unfolded/misfolded glycoproteins. Mannosidase | removes
mannose residues from N-linked glycans thereby making them inaccessible to the
lectin chaperones and thus, marking them for degradation (de Virgilio, Kitzmuller et al.
1999, Jakob, Burda et al. 1998). Mannosidase | overexpression has been shown to
enhance ERAD in HEK 293 cells (Hosokawa, Tremblay et al. 2003). In addition to
mannosidase |, ER degradation-enhancing a-mannosidase-like protein (EDEM), a stress
inducible but catalytically inactive homolog of mannosidase |, has also been shown to
interact with misfolded glycoproteins to mediate their extraction from the ER lumen
(Molinari, Calanca et al. 2003, Eriksson, Vago et al. 2004). The removal of misfolded
proteins from the ER lumen requires translocation into the cytosol where such
proteins are subsequently degraded. While the path(s) through which translocation
occurs is not entirely clear, the Sec61 complex has been suggested to function
bidirectionally for both the initial translocation of nascent polypeptides and
retrotranslocation of misfolded proteins to and from the ER lumen respectively (Zhou,
Schekman 1999, Plemper, Bohmler et al. 1997). A new complex made up of derlin 1,
valocin-containing protein-interacting membrane protein (VIMP) which is a p97
interacting protein, and the cytosolic ATPase p97 has also been implicated in the
retrotranslocation of major histocompatibility complex (MHC) class | molecules from

the ER lumen (Ye, Shibata et al. 2004, Lilley, Ploegh 2004). On entry into the cytosol,
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misfolded proteins initially undergo polyubiquitination and subsequent degradation by
the 26S proteasome (Meusser, Hirsch et al. 2005, Gardner, Shearer et al. 2001,

Hampton, Gardner et al. 1996).

In addition to ERAD, autophagy has been described as an alternative pathway for the
degradation of unfolded/misfolded proteins in the ER. During autophagy, cells engulf
parts of the cytoplasm and organelles and fuse with lysosomes where the engulfed
particles are degraded by acid hydrolases (Yorimitsu, Klionsky 2007). The accumulation
of unfolded/misfolded proteins in the secretory pathway has been reported to trigger
the formation of ER sub-compartments such as Russell bodies (Valetti, Grossi et al.
1991), BiP bodies (Hobman, Zhao et al. 1998), ER-associated compartments and
proliferation of stacked ER cisternae (Cox, Chapman et al. 1997). These compartments
are enriched in aggregates made up of misfolded/unfolded proteins complexed with
chaperone proteins such as BiP (Cox, Chapman et al. 1997, Nishikawa, Hirata et al.

1994), calnexin and calreticulin (Kamhi-Nesher, Shenkman et al. 2001).
1.3.4 Calcium storage

The ER also functions as an intracellular Ca®* storage compartment in higher
eukaryotes. Cellular Ca®* homeostasis is especially important in the regulation of
protein folding within the ER (Berridge 2002). The influx and efflux of Ca* from the ER
is controlled by three ubiquitously expressed transmembrane proteins namely the
ryanodine receptor (RyR) which is involved in Ca** release from the ER (Fill, Copello
2002), the inositol 1,4,5-trisphosphate receptor (IPsR) which also releases Ca** from
the ER (Nadif Kasri et al. 2002) and the sarcoplasmic/endoplasmic reticulum Ca*'
ATPase (SERCA) 1-3 (Vangheluwe, Raeymaekers et al. 2005). The influx of Ca** from the
cytoplasm into the ER is primarily controlled by the pumping action of the SERCA
pumps (Schroder 2008). The SERCA pumps maintain a free Ca®* concentration of
approximately 1-2mM in the ER by pumping Ca® against a Ca’' concentration gradient
resulting in ATP hydrolysis (Vangheluwe, Raeymaekers et al. 2005). The SERCA pump
can also operate in the reverse manner resulting in ATP synthesis. The ability of the ER
to store and release Ca®" confers an important role in the activation of a wide range of

cellular processes including organogenesis, transcriptional activity, stress responses
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and apoptosis (Berridge 2002). ER Ca?* homeostasis also controls transcriptional and
translational cascades which regulate the chaperones responsible for protein folding
within the ER (Groenendyk, Michalak 2005). One of such is the lectin chaperone,
calreticulin. Calreticulin has been determined to bind Ca®* (Johnson, Michalak et al.
2001) and as a result, has been discovered to be involved in several processes which
include cellular Ca®* homeostasis such as the uptake of Ca?* into the ER by the SERCA
(Camacho, Lechleiter 1995), Ca®* storage within the ER (Nakamura, Zuppini et al. 2001)
and Ca’' release from the ER (Mesaeli, Nakamura et al. 1999). The regulation of Ca**

within the ER is also important for the efficient secretion of insulin from the B-cell.
1.3.5 Lipid and sterol biosynthesis

Finally, the ER is also involved in the biosynthesis of unsaturated fatty acids, sterols
and phospholipids (Kent 1995, Chang, Chang et al. 2006). The synthesis of cholesterol
and fatty acids is regulated by a family of type Il transmembrane transcription factors
known as sterol regulatory element binding proteins (SREBPs) resident on the ER
membrane (Chang, Chang et al. 2006). SREBP-1C mainly regulates fatty acid synthesis
while SREBP-2 regulates cholesterol synthesis. When cholesterol levels are high,
SREBPs are localised to the ER membrane in a complex with the cytosolic domain of
another ER membrane protein known as SREBP cleavage-activating protein (SCAP).
SCAP possesses a transmembrane sterol-sensing domain with which it binds to an ER
membrane protein, INSIG (Bengoechea-Alonso, Ericsson 2007). Under conditions of
high cholesterol levels, cholesterol is esterified in the ER membrane with unsaturated
FAs (Miyazaki, Ntambi 2003) by acyl CoA: cholesterol acyltransferase 1 (ACAT1)
(Chang, Chang et al. 2006). Cholesterol esters are therefore stored in the cell as lipid
droplets (Chang, Chang et al. 2006). A depletion of cholesterol or unsaturated FA levels
results in the dissociation of the interaction between SCAP and INSIG which in turn
facilitates the translocation of the SREBP-SCAP complex to the Golgi complex within
the cell (Ye, Rawson et al. 2000). Free INSIG is ubiquitinated and degraded by the 26S
proteasome (Bengoechea-Alonso, Ericsson 2007); while SREBP undergoes proteolytic
cleavage by the Golgi resident site-1 and site -2 proteases to generate a functional

SREBP transcription factor (Bengoechea-Alonso, Ericsson 2007, Horton, Goldstein et al.
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2002). SREBP is translocated into the nucleus where it induces the transcription of
genes involved in the biosynthesis of cholesterol, triacylglycerols and phospholipids,

saturated and unsaturated fatty acids.

1.4 ER stress

Perturbation of the major functions of the ER such as protein folding, Ca* storage or
the synthesis of lipids and sterols results in the accumulation of unfolded proteins
within the ER lumen (Schroder 2008). Depletion of ER Ca®* results in impaired protein
folding (Lodish, Kong et al. 1992), retention of unfolded proteins in the ER lumen, and
a subsequent disruption of ER to Golgi transport and chaperone function (Lodish, Kong
1990; Suzuki, Bonifacino et al. 1991). Other conditions under which unfolded proteins
may accumulate in the ER include an abnormal increase in the synthesis of secretory
proteins, expression of misfolded proteins, DNA damage, viral infections and nutrient
deprivation (Schréder, Kaufman 2005). When the ER client load exceeds the protein
folding capacity as a result of misfolded protein accumulation, ER stress is induced. In
the case of insulin, mutations in the insulin gene or the failure of proinsulin to achieve
the correct conformations may result in its accumulation in the ER lumen and ER stress
in the B-cell. To protect against ER stress, the eukaryotic cell possesses a well
conserved and elaborate signalling pathway termed the Unfolded Protein Response
(UPR). The UPR functions as a multifaceted strategy to protect the integrity of the ER

and the associated functionality of the secretory pathway.
1.4.1 Sensing ER stress

The detection of ER stress and the subsequent activation of the UPR is initiated by
three distinct ER transmembrane sensors; inositol-requiring protein-1 (IRE1), protein
kinase RNA (PKR)-like ER kinase (PERK) and activating transcription factor-6 (ATF6).
IRE1 and PERK are type 1 transmembrane proteins with ER luminal stress sensing
domains which regulate their protein kinase activity by functioning as ER-stress
regulated di- and oligomerisation domains (Shamu, Walter 1996, Liu, Schroder et al.
2000). This functional luminal domain is highly conserved with a small but significant

homology in IRE1 and PERK (Liu, Schroder et al. 2000). ATF6, a type Il transmembrane
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bZIP transcription factor, also possesses an ER luminal domain which serves as an ER-
stress regulated retention motif at the ER membrane (Chen, Shen et al. 2002). Under
unstressed conditions, the luminal ER stress sensing domains are associated with the
ER chaperone BiP/GRP78, an interaction which retains the transducer proteins in an
inactive conformation (Bertolotti, Zhang et al. 2000, Liu, Xu et al. 2003). Activation of
the UPR transducer proteins in response to ER stress has been suggested to occur via

two possible mechanisms as outlined below.
1.4.1.1 The competition model of ER stress detectio n

Under ER stress conditions induced by the accumulation of unfolded/misfolded
proteins, it is proposed that BiP/GRP78 may preferentially bind to the accumulated
proteins thereby dissociating with the transducer proteins and allowing their activation
in a model described as the competition model (Bertolotti, Zhang et al. 2000).
Consistent with this model are reports in which an increase in the expression of
secretory proteins resulted in the induction of BiP expression (Dorner, Wasley et al.
1989, Watowich, Morimoto et al. 1991) and the increased efficiency of BiP induction
by slowly folding proteins which formed longer associations with BiP than rapidly
folding proteins (Watowich, Morimoto et al. 1991, Gething, McCammon et al.
1986).The dissociation of BiP/GRP78 from ATF6 under ER stress conditions also
coincides with the release of the transcription factor from the ER to the Golgi

apparatus (Shen, Chen et al. 2002).
1.4.1.2 The ligand binding model of ER stress detec  tion

An alternative model for ER stress detection suggests that the dissociation of BiP from
the stress sensor domains may not be the sole mechanism for the detection of
unfolded proteins and activation of the transducers. The deletion of the BiP binding
domain in yeast Irelp did not affect the ER stress-sensing and signalling ability of Irelp
(Kimata, Oikawa et al. 2004). In another study, an alpha helical groove structurally
similar to the peptide binding domains of major histocompatibility complexes (MHCs)
was identified in yeast Irelp (Credle, Finer-Moore et al. 2005). The authors of this

study suggested that direct binding of unfolded proteins occurred in this groove as
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mutation of side chains facing into the groove resulted in reduced UPR response
(Credle, Finer-Moore et al. 2005). A study by Zhou et al., however suggested that the
corresponding groove in human IRE1 is too narrow and of the wrong orientation to

facilitate an interaction with unfolded proteins (Zhou, Liu et al. 2006).

Irrespective of the mode of ER stress detection, the induction of the UPR through the
activation of the transducer proteins results in the attenuation of global protein
synthesis within the cell to reduce the protein load within the ER, a paradoxical
increase in the translation of a specific set of mRNAs, and the transcriptional
upregulation of specific genes involved in protein folding and ERAD in an attempt to
alleviate ER stress. The upregulation of transcription factors in response to ER stress
results in the activation of different subsets of UPR genes which modulate diverse and
temporally distinct responses to ER stress. These signals are transmitted by diverse

signalling pathways activated by the three proximal ER stress sensor proteins.
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Figure 1.6 Schematic representations of the three ER stress transducer proteins:
IRE1, PERK and ATF6. Transducer proteins are kept in an inactive conformation under
basal conditions by their association with BiP via the BiP binding regions shown in bold
lines. ATF6 possesses a Golgi localisation sequence (GLS), shown in faint line. Stress
sensor domains are localised within the lumen of the ER, while the serine/threonine
kinase domains of IRE1 and PERK are localised in the cytosol. IRE1 possesses an
additional RNase domain with endoribonuclease activity. ATF6 possesses a basic
leucine zipper domain on the cytosolic domain. COOH: carboxyl terminus; NH2: amino
terminus; TM: transmembrane domain. Adapted from (Kohno 2007).
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1.5 The Unfolded Protein Response

1.5.1 IREZ1 signalling

IRE1 is a bifunctional type | transmembrane serine/threonine (Ser/Thr) protein kinase
and site-specific endonuclease (RNAse) (Mori, Ma et al. 1993, Sidrauski, Walter 1997)
and is highly conserved with known homologues in plants (Koizumi, Matrinez et al.
2001), C. elegans (Shen, Ellis et al. 2001), Drosophila (Plongthongkum, Kullawong et al.
2007) and mammals (Liu, Schréder et al. 2000, Wang, Harding et al. 1998). IRE1 was
first identified as Irelp in yeast (Mori, Ma et al. 1993, Welihinda, Kaufman 1996) and
has been found to occur in two forms in mammalian cells: IRE1a which is ubiquitously
expressed and IRE1B which is expressed only in intestinal epithelial cells (Wang,
Harding et al. 1998, Tirasophon, Welihinda et al. 1998). The ER luminal N-terminal
domain functions both as a stress sensor and dimerisation domain (Liu, Schréder et al.
2000, Zhou, Liu et al. 2006) while the cytosolic domain contains protein kinase and
endoribonuclease activity (Shamu, Walter 1996, Sidrauski, Walter 1997). Under basal
conditions, the transducer protein exists as an inactive monomer on the ER membrane
and is retained at the ER by a luminal interaction with BiP/GRP78 (Bertolotti, Zhang et
al. 2000). Detection of ER stress, which may occur through previously described
mechanisms, results in the dissociation of BiP/GRP78 from the transducer protein
thereby allowing for its activation (Liu, Schréder et al. 2000, Bertolotti, Zhang et al.
2000). IRE1 activation occurs as a result of spontaneous homodimerisation of the ER
luminal domains and the subsequent induction of the kinase and RNase activity
through the autophosphorylation of the cytosolic domains (Liu, Xu et al. 2003).
Activated IRE1 therefore functions both as a kinase and an endoribonuclease under ER

stress conditions.
1.5.1.1 IRE1 induced XBP1 splicing

Irelp functions as the sole ER stress sensor in the yeast Saccharomyces cerevisiae.
Irelp dimerisation in response to ER stress results in the activation of the
endonuclease activity in the cytosolic domain, which induces the unconventional

splicing of a 252-nucleotide intron from mRNA encoding the bZIP transcription factor,
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Haclp (Sidrauski, Walter 1997, Gonzalez, Sidrauski et al. 1999, Kawahara, Yanagi et al.
1998). The HACI mRNA is constitutively expressed but only becomes spliced in
response to ER stress (Cox, Walter 1996, Kawahara, Yanagi et al. 1997). Irelp mediated
cleavage of the intron at two specific sites on the 1.4-kb precursor HACI mRNA
(Sidrauski, Walter 1997) yields exon termini which are joined by the tRNA ligase Rlglp
(Sidrauski, Cox et al. 1996) to yield a 1.2-kb mature HACI mRNA (Kawahara, Yanagi et
al. 1998). As a result of unconventional splicing, a frameshift in HACI mRNA results in
the translation of the Haclp C-terminal domain which functions as a potent
transcription factor with a transcription-activation domain (Kawahara, Yanagi et al.
1998, Cox, Walter 1996). The transcription factor binds to promoter UPR elements
(UPREs) within the nucleus to induce the transcriptional upregulation of >380 genes
which make up >5% of all yeast genes (Travers, Patil et al. 2000). The upregulated

genes encode proteins which function to alleviate ER stress within the cell.

In metazoans, IRE1 is activated in response to ER stress through the same mechanism
of BiP/GRP78 dissociation, homodimerisation of the Iuminal domains and
autophosphorylation of the cytosolic domains as occurs in yeast (Tirasophon,
Welihinda et al. 1998). Activated metazoan IRE1 also possesses endonuclease activity
and therefore induces the unconventional splicing of the X-box binding protein 1
(XBP1) mRNA (Calfon, Zeng et al. 2002) in a manner reminiscent of HACI mRNA
splicing in yeast. Endonucleolytic splicing of the XBP1 mRNA results in the removal of a
26-nucleotide intron and the introduction of a frameshift in the XBP1 mRNA (Yoshida,
Matsui et al. 2001). The resultant spliced XBP1 mRNA encodes a potent transcription
factor with an alternative C-terminus known as spliced XBP1 (XBP1s), a functional
homologue to Haclp in yeast (Yoshida, Matsui et al. 2001, Lee, Tirasophon et al. 2002).
XBP1s is translocated into the nucleus where it binds to the cis-acting ER stress
response elements (ERSE) in cooperation with a constitutively expressed transcription
factor nuclear factor Y (NF-Y), to activate the transcription of a subset of UPR target
genes which include ER chaperones and folding factors (Lee, Iwakoshi et al. 2003), and
factors involved in ER membrane biogenesis (Sriburi, Jackowski et al. 2004). XBP1 also

binds to the unfolded protein response element (UPRE) independent of NF-Y to induce
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the specific transcription of ERAD factors such as EDEM (Travers, Patil et al. 2000, Lee,
Iwakoshi et al. 2003, Friedlander, Jarosch et al. 2000).

1.5.1.2 IRE1 induced degradation of a subset of nas  cent mRNAs

In addition to the splicing of XBP1, activated IRE1 also functions to degrade ER-
targeted mRNAs in an XBP1 independent manner thereby decreasing client protein
load within the ER (Hollien, Weissman 2006, Pirot, Naamane et al. 2007). In addition to
ER targeted mRNAs, activated IRE1 has also been reported to induce the cleavage of
the 26S ribosomal RNA subunit (lIwawaki, Hosoda et al. 2001) thereby playing a role in

translational repression in response to ER stress.

The activation of IRE1 in response to ER stress, the downstream upregulation of the
UPR target genes (Travers, Patil et al. 2000, Lee, Iwakoshi et al. 2003) and the
degradation of mMRNAs encoding ER targeted proteins are thus adaptive mechanisms
developed by eukaryotic cells to alleviate ER stress within the cell. The unspliced form
of XBP1 (XBP1us), an inactive transcription factor, is also translated in stressed cells
and has been suggested to act as a negative feedback regulator of IRE1 signalling by

binding to and targeting XBP1s for degradation (Yoshida, Oku et al. 2006).
1.5.2 PERK signalling

The protein kinase-like ER kinase (PERK) is a type 1 ER transmembrane protein which
functions as the second transducer of the UPR and is highly expressed in professional
secretory cells in which ER stress may be anticipated (Kincaid, Cooper 2007, Shi,
Vattem et al. 1998, Harding, Zhang et al. 1999). PERK exists as a monomer at the ER
membrane and is kept in an inactive conformation through its association with the ER
resident chaperone protein, BiP/GRP78 (Bertolotti, Zhang et al. 2000). The ER luminal
sensor domain of the PERK protein bears homology with the IRE1p luminal domain in
yeast and both domains have been shown to be functionally interchangeable (Liu,
Schroder et al. 2000). ER stress as a result of protein accumulation, induces
dissociation of BiP/GRP78 from PERK thus permitting dimerisation and trans-
autophosphorylation of the cytosolic domains (Bertolotti, Zhang et al. 2000). PERK

autophosphorylation results in the activation of the cytosolic kinase domain and the
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subsequent phosphorylation of specific PERK substrates within the cell (Marciniak,

Garcia-Bonilla et al. 2006).
1.5.2.1 PERK phosphorylation of elF2 a

Activation of the cytosolic kinase domain within PERK primarily results in the
phosphorylation of a serine residue in position 51 (Ser-51) on the a-subunit of the
eukaryotic translation initiation factor-2 (elF2a) (Harding, Zhang et al. 1999). elF2 is a
heterotrimeric GTP-binding protein which initiates protein translation by recruiting the
initiator methionyl tRNA (Met-tRNAI) to the mRNA via the 40S ribosomal subunit. The
initiation of translation results in GTP hydrolysis and the release of an inactive elF2-
GDP complex. Regeneration of the active elF2-GTP complex requires the activity of
elF2B, a heteropentamer which functions as a guanine-nucleotide exchange factor
(GEF) for elF2a (Gomez, Mohammad et al. 2002). The phosphorylated form of elF2a
(p-elF2a) acts as a competitive inhibitor of elF2B binding to the inactive elF2-GDP
complex thus blocking elF2 recycling and inhibiting translation in the process (Proud
2007). PERK induced elF2a phosphorylation therefore results in the inhibition of the
global translation rate within the cell thereby reducing the protein client load within
the ER lumen in an attempt to alleviate ER stress (Harding, Zhang et al. 1999,
Marciniak, Garcia-Bonilla et al. 2006). In spite of the inhibition of global protein
translation as a result of PERK mediated elF2a phosphorylation, the activating
transcription factor 4 (ATF4) mRNA is known to undergo a paradoxical translational
upregulation under conditions of ER stress (Harding, Novoa et al. 2000b, Lu, Harding et
al. 2004). The ATF4 mRNA escapes translational repression by encoding two upstream
open reading frames (UORFs) in its 5’ untranslated region (UTR), of which the second
ORF is out of frame and overlaps with the ATF4 start codon (Vattem, Wek 2004).
Under basal conditions, ribosomes scanning downstream of the first uORF (UORF1)
reinitiate at the second uORF (UORF2) thereby missing the ATF4 start codon and thus,
preventing ATF4 translation. ER stress conditions however, favour the reinitiation of
translation at the ATF4 start codon resulting in the upregulation of ATF4 expression
(Marciniak, Ron 2006, Rasheva, Domingos 2009). ATF4 is subsequently translocated

into the nucleus where it induces the transcriptional upregulation of genes encoding
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proteins involved in amino acid import, glutathione biosynthesis and resistance to
oxidative stress (Heather, Yuhong et al. 2003). Thus, the translational upregulation of
ATF4 functions to upregulate the expression of UPR target genes which would
otherwise be repressed as a result of elF2a phosphorylation. ATF4 also induces the
expression of pro-apoptotic genes including the CCAAT/enhancer binding protein
(C/EBP) homologous protein (CHOP) and ATF3 (Pirot, Ortis et al. 2007, Jiang, Wek et al.
2004). Growth arrest and damage inducible gene (GADD) 34 is also induced by ATF4
and functions in a negative feedback loop to induce recovery from translational
repression (Novoa, Zeng et al. 2001, Connor, Weiser et al. 2001). GADD34 relieves
global translational attenuation in the cell by forming a complex with the catalytic
subunit of the Ser/Thr protein phosphatase (PP) 1c thereby directing its activity to the
dephosphorylation of elF2a (Connor, Weiser et al. 2001). In addition to GADD34
directed dephosphorylation of elF2a, a constitutive repressor of elF2a
phosphorylation (CreP) also inhibits elF2a phosphorylation in mammalian cells (Jousse,
Oyadomari et al. 2003). CreP is constitutively expressed while the expression of
GADD34 is significantly induced under conditions of ER stress (Jousse, Oyadomari et al.
2003). Modulation of PERK function has also been suggested to be mediated by the co-

PK-which binds to the kinase domain of PERK to inhibit its

chaperone protein p58
activity (Yan, Frank et al. 2002, van Huizen, Martindale et al. 2003). A subsequent study
however determined that p58°* functions mainly as a chaperone protein due to its
predominant localisation in the ER lumen (Rutkowski, Kang et al. 2007). Thus, the
stress induced expression of GADD34 downstream of ATF4 appears to be central to the

reversal of translational attenuation in the UPR (Novoa, Zeng et al. 2001, Brush, Weiser

et al. 2003, Ma, Hendershot 2003).

Global translational repression in response to ER stress is also induced by a similar
mechanism in yeast. In response to stress conditions such as amino acid starvation, the
kinase Gen2p phosphorylates elF2a thereby inhibiting protein synthesis and inducing
the upregulation of Gen4dp, a homologue of ATF4 (Dever, Feng et al. 1992, Natarajan,
Meyer et al. 2001). Similar to the mechanism of ATF4 upregulation, the expression of
GCN4 is induced under stress conditions as a result of the presence of short ORFs
within the GCN4 mRNA (Patil, Li et al. 2004). The expression of Gcndp in association
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with its activator Gen2p, and Haclp which is expressed as a consequence of ER stress
induced IRE1 activation are all required for the upregulation of the majority of UPR
target genes under stress conditions in yeast (Natarajan, Meyer et al. 2001, Patil, Li et

al. 2004).

In addition to ER stress, elF2a may also be phosphorylated in response to other cellular
stresses. elF2a phosphorylation may be induced by the activation of four kinases
which respond to distinctive stress signals within the cell. The elF2a kinases possess
strong similarity in their catalytic domains but possess distinct regulatory domains
which confer specificity on the type of stress they respond to (Dever, Dar et al. 2006).
As outlined above, PERK is activated in response to ER stress. The protein kinase
repressor (PKR) is activated by double stranded RNA produced during viral infection
and induces translational repression and apoptosis in virally infected cells (de Haro,
Mendez et al. 1996). The activation of general control nonrepressed 2 (GCN2), another
elF2a kinase, is cytoprotective and occurs in response to the presence of uncharged
tRNAs to adapt cells to amino acid deprivation (Natarajan, Meyer et al. 2001, Zhang,
McGrath et al. 2002b). The heme-regulated elF2a kinase (HRI) is activated in response
to stress induced by the presence of free globins in iron-deficient vertebrates (Han, Yu
et al. 2001). Although the upstream stress signals that activate the elF2a kinases are
distinct, the phosphorylation of elF2a on serine 51 and the subsequent downstream
effects are common to all the stress pathways resulting in the term integrated stress

response (ISR) (Harding, Calfon et al. 2002, Ron 2002).
1.5.2.2 PERK phosphorylation of Nrf2

The activation of PERK in response to ER stress also leads to the phosphorylation of
nuclear factor (erythroid-derived 2)-like 2 (Nrf2), the second known substrate of PERK
(Cullinan, Zhang et al. 2003). Nrf2 is a cap 'n’ collar bZIP transcription factor which is
maintained in inactive cytoplasmic complexes through its association with a
cytoskeletal anchor, Keap1 (Moi, Chan et al. 1994, Itoh, Wakabayashi et al. 1999). PERK
dependent Nrf2 phosphorylation results in the dissociation of Nrf2 from the
cytoplasmic complex and induces the nuclear import of the transcription factor

(Cullinan, Zhang et al. 2003). Nrf2 induces the transcription of genes containing the
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antioxidant response element (ARE) as a heterodimer with other bZIP transcription
factors such as ATF4 (Heather, Yuhong et al. 2003, He, Gong et al. 2001), c-JUN, JUN-B
and JUN-D (Venugopal 1998). Indeed, oxidative stress has been reported to induce the
dissociation of the Nrf2-Keapl complex via an uncharacterised mechanism (Itoh,
Wakabayashi et al. 1999). The phosphorylation and nuclear translocation of Nrf2 is
reportedly independent of elF2a phosphorylation and is believed to be a protective
response to ER stress signals as the deletion of the transcription factor was found to be

detrimental to cell survival (Cullinan, Diehl 2004).

Thus, ER stress induced PERK activation results in the propagation of downstream
signals which aim to repress global translation and induce the upregulation of factors

which function to alleviate ER stress within the ER lumen thereby protecting the cell.
1.5.3 ATF6 signalling

The activating transcription factor 6 (ATF6) is the third transducer of ER stress signals
and is ubiquitously expressed in metazoans and higher eukaryotes (Haze, Okada et al.
2001). ATF6 is a 90-kDa type Il transmembrane protein with an ER luminal sensor
domain which interacts with the chaperone protein BiP/GRP78 to facilitate ER
retention (Chen, Shen et al. 2002). It is suggested that the disulphide and glycosylation
status of ATF6 also mediates retention of the protein at the ER (Hong, Luo et al. 2004,
Nadanaka, Okada et al. 2007). Indeed, the glycosylated form of ATF6 interacts with the
lectin chaperone calreticulin on the ER luminal sensor domain thereby retaining the
transcription factor at the ER (Hong, Luo et al. 2004). The cytosolic domain of ATF6
contains a basic-leucine zipper motif (bZIP) (Figure 1.6). Under ER stress conditions,
ATF6 undergoes dissociation from BiP/GRP78 as previously described resulting in the
unveiling of Golgi localisation signals (GLS) on the luminal domain of the protein (Shen,
Chen et al. 2002). The association of ATF6 with calreticulin is also weakened under ER
stress conditions as underglycosylated forms of ATF6 which may occur under ER stress
conditions do not interact with calreticulin (Hong, Luo et al. 2004). Dissociation from
interactions with chaperone proteins within the ER lumen results in release of ATF6
from the ER and translocation to the Golgi apparatus. At the Golgi, ATF6 is sequentially

cleaved by Golgi resident site-1 protease (S1P) and S2P, resulting in the release of the
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cytosolic domain of ATF6 as a functional 50-kDa transcription factor (Ye, Rawson et al.
2000, Shen, Prywes 2004). The potent transcription factor is translocated into the
nucleus where it binds to the ER stress response element (ERSE) CCAAT(N)9CCACG
(Yoshida, Haze et al. 1998) in genes encoding a wide range of ER chaperone proteins
including lectin and HSP-70 class chaperones thereby increasing the protein folding
capacity within the ER lumen (Yoshida, Haze et al. 1998, Okada, Yoshida et al. 2002).
ATF6 has been shown to induce chaperone protein expression in cooperation with
XBP1s, the transcription factor expressed downstream of IRE1 signalling (Yamamoto,
Sato et al. 2007). ATF6 also induces the expression of XBP1 mRNA thereby supplying
more substrate for IRE1 induced XBP1 splicing (Lee, Tirasophon et al. 2002). The
activation of ATF6 in response to ER stress is therefore a protective signalling pathway
designed to alleviate ER stress through the upregulation of chaperones and

components of the ERAD machinery.

Following the discovery of ATF6, several other tissue specific ER transmembrane
proteins which undergo similar translocation to the Golgi and cleavage by S1 and S2
proteases under ER stress conditions have been identified. These include OASIS which
is expressed in astrocytes (Kondo, Murakami et al. 2005), Tisp40, a spermatid specific
bZIP transcription factor (Nagamori, Yabuta et al. 2005) and CREBH which is activated
to induce an inflammatory response (Zhang, Shen et al. 2006). While the exact roles
played by these proteins have not been fully elucidated, OASIS has been implicated in
ER stress signalling in astrocytes (Kondo, Murakami et al. 2005) while CREBH has been
shown to undergo translocation and proteolysis during ER stress in the liver (Zhang,

Shen et al. 2006).

The induction of multiple UPR signals through the activation of the three ER stress
transducers serves to restore homeostatic balance by the reduction of protein load
and the upregulation of folding capacity within the ER lumen. The initial response to ER
stress is the global attenuation of translation mediated by PERK phosphorylation of
elF2a. This signal immediately relieves the ER lumen of the entry of more client protein

load. Following PERK activation, activated ATF6 induces the transcription of ER
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chaperone proteins and foldases thereby increasing protein folding capacity in the ER.
The upregulation of chaperone proteins in response to IRE1 signalling is believed to be
delayed in comparison to ATF6 as the production of the active XBP1 transcription
factor requires splicing and translation (Yoshida, Matsui et al. 2001). Activation of UPR
signalling in response to ER stress also serves to upregulate the ERAD machinery. The
ERAD machinery is constitutively active in healthy cells to facilitate the removal of
terminally misfolded/unfolded proteins within the ER lumen (Travers, Patil et al. 2000,
Friedlander, Jarosch et al. 2000). Upregulation of ERAD components such as EDEM and
derlin, which are induced by XBP1 in response to ER stress, increases the capacity for
the removal of terminally unfolded/misfolded proteins thus relieving stress in the ER
(Lee, lwakoshi et al. 2003, Yoshida, Matsui et al. 2003, Oda, Okada et al. 2006). The
concerted efforts of PERK, IRE1 and ATF6 are therefore designed to protect the cell
from ER stress which may occur in cells during physiological processes such as protein

folding in the endoplasmic reticulum.
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Figure 1.7 UPR signalling pathways in mammalian cells. The UPR is mediated by the
activity of three ER resident transmembrane proteins (IRE1, PERK, and ATF6) which act
in concert to regulate the UPR through their respective signalling cascades. All three
proximal sensors are kept in an inactive conformation under basal conditions through
their association with the ER resident chaperone protein, BiP. When unfolded proteins
accumulate in the ER, BiP dissociates from the transducer proteins thereby permitting
their activation. PERK is activated by dimerisation and phosphorylation, and
phosphorylates elF2a thereby inhibiting global protein translation. Phosphorylated
elF2a selectively promotes the translation of ATF4 which induces the expression of
UPR target genes. IRE1 activation through dimerisation and phosphorylation results in
the activation of its endoribonuclease activity and the splicing of XBP1 mRNA.
Translation of spliced XBP1 mRNA results in the production of a transcription factor
which upregulates target genes via the ERSE and UPR promoters. ATF6 activation
involves translocation to the Golgi where it undergoes proteolytic cleavage by S1P and
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S2P to generate an active 50-kDa transcription factor which upregulates the expression
of target genes. Adapted from (Kitamura 2008).
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1.5.4 The UPR in physiology
1.5.4.1 Adaptation of B-cell function to physiological demand

Dietary composition has changed dramatically in the last 25 years to favour energy-
dense and saturated fat-enriched diets (Hill 2006). New diets coupled with commonly
sedentary lifestyles of the 21* century have resulted in a disproportionate increase in
the incidence of obesity and insulin resistance. As a result, the B-cell is constantly faced
with the demand for nutrient-induced insulin synthesis which can be increased up to
five fold in response to increased blood glucose levels (Goodge, Hutton 2000). To cope
with varying demands for insulin synthesis under physiological conditions, the B-cell
utilizes the UPR mechanism to balance the increase in protein synthesis with the
protein folding capacity within the ER lumen. As a result of this, chaperone proteins
such as BiP/GRP78, GRP94 and HYOU1 as well as the transducer proteins IRE1 and
PERK are highly expressed in B-cells (Harding, Zeng et al. 2001, Kobayashi, Ogawa et al.
2000, Oyadomari, Takeda et al. 2001). Steady-state elF2a phosphorylation in B-cells
under physiological conditions exists as a result of the activation of PERK in response
to an increase in protein load coupled with the subsequent dephosphorylation of
elF2a by the GADD34-PP1c complex (Novoa, Zeng et al. 2001, Brush, Weiser et al.
2003). An increase in glucose has been shown to acutely activate PERK and the
subsequent phosphorylation of elF2a (Gomez, Powell et al. 2008). The rapid (within 15
min) dephosphorylation of elF2a stimulates the translation of insulin in response to
glucose in B-cells (Vander Mierde, Scheuner et al. 2007). By this cycle of
phosphorylation and dephosphorylation, PERK participates in the B-cell response to
changes in blood glucose or nutrient levels under physiological conditions. IREla is
also activated in B-cells in response to transient exposure to high glucose (Lipson K.L.,
Fonseca S.G et al. 2006). The phosphorylation and subsequent activation of IREla in
response to glucose occurs independently of BiP dissociation and XBP1 splicing and
requires the metabolism of glucose to stimulate insulin biosynthesis. The involvement
of acute IRE1a activation in glucose stimulated insulin biosynthesis was demonstrated
in a study in which the inhibition of IRE1la signalling by small interfering RNA resulted

in the inhibition of insulin biosynthesis (Lipson K.L., Fonseca S.G et al. 2006). The acute
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activation of PERK and IRE1 in the physiological response to increasing blood glucose
and nutrient levels suggest that the early activation of some of the UPR components
plays a role in the regulation of proinsulin and protein synthesis and in adapting the ER

chaperone capacity to cope with the demand for protein synthesis.
1.5.4.2 Adaptation of B-cell mass to physiological demand

In addition to the activation of the UPR mechanism, the B-cell also attempts to
compensate for increased metabolic load or obesity-associated insulin resistance by
increasing its mass through hyperplasia and thus, an increase in its secretory capacity.
Insulin resistance is defined by a state of decreased sensitivity to insulin and decreased
efficiency of insulin signal transduction in peripheral tissues resulting in chronic
hyperglycaemia. Elevated blood glucose levels signal the requirement for increased
insulin secretion and synthesis from the B-cell and have been suggested to modulate
the increase in B-cell mass. Indeed, in vivo experiments have shown that glucose
infusion in rats and mice resulted in an increase in B-cell mass (Bernard, Berthault et al.
1999; Paris, Bernard-Kargar et al. 2003; Alonso, Yokoe et al. 2007). Glucose mediated
cell proliferation has also been reported in a study in INS-1 cells (Hlgl, White et al.
1998). The signalling pathways through which glucose induces an increase in B-cell
mass are not entirely clear. Several mechanisms have been proposed including the
activation of the insulin receptor and the downstream activation of PKB/Akt signalling
which serves a role in B-cell proliferation (Bernal-Mizrachi, Wen et al. 2001, Tuttle, Gill
et al. 2001). The effect of insulin receptor signalling on B-cell mass has been assessed
in separate studies. Insulin infusion in mice was shown to induce B-cell proliferation
and an increase in B-cell mass (Paris, Bernard-Kargar et al. 2003). MIN6 cells with an
80% knockdown of the insulin receptor were also reported to show reduced
proliferation (Ohsugi, Cras-Méneur et al. 2005). These studies suggest that glucose
induced insulin stimulates B-cell proliferation to cope with physiological demand.
Glucose has also been suggested to induce the activation of the mTOR signalling
pathway by increasing the intracellular levels of ATP and the subsequent inactivation

of AMPK. The mTOR signalling pathway has been shown to be an important regulator
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of B-cell mass and proliferation (Heit, Apelqvist et al. 2006, Jhala, Canettieri et al.

2003).

1.6 ER stress and apoptosis

Despite the adaptive signals transmitted by the proximal sensors under ER stress
conditions, the activation of the UPR may sometimes prove insufficient to restore
homeostatic balance within the ER (Eizirik, Cardozo et al. 2008). Chronic unresolved ER
stress results in the progressive accumulation of unfolded/misfolded proteins in the ER
lumen and consequently, gross disruption of ER homeostasis which culminates in cell
death. Cell death occurs through an organised process known as apoptosis. Apoptosis
is a process of programmed cellular suicide composed of a complex of synchronised
factors which interact in a tightly controlled and genetically regulated manner
(Groenendyk, Michalak 2005). Apoptosis is employed by healthy organisms to remove
damaged or unwanted cells and thus plays an important role in tissue homeostasis,
development and defence against pathogens (Danial, Korsmeyer 2004, Meier, Finch et
al. 2000, Siegel, Muppidi et al. 2003). Apoptosis also plays an important role in the
pathogenesis of human diseases with its inhibition resulting in disease states such as
cancers and autoimmune disorders (Green, Evan 2002). The augmentation of
apoptosis could also result in the development of diseases such as Alzheimer’s,

Parkinson’s and diabetes (Mattson 2000).
1.6.1 Apoptotic signalling

Apoptosis is stimulated by intrinsic or extrinsic signals as well as pathological cellular
signals, all of which culminate in the activation of cysteine proteases known as
caspases (Siegel, Muppidi et al. 2003, Strasser, O'Connor et al. 2000). Caspases are
cysteine-dependent aspartate-specific proteases which contain a highly conserved
pentapeptide active site (QACRG) (Groenendyk, Michalak 2005). Caspases are split into
two functional groups: the initiator caspases made up of caspase-2, -8, -9, -10 and -12
and effector/executioner caspases made up of caspase-3, -6 and -7 (Nicholson,
Thornberry 1997, Nakagawa, Yuan 2000, Denault, Salvesen 2002). As a result of their

role in apoptotic signalling, caspases are initially produced in the cell as inactive
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zymogens or pro-enzymes which require cleavage for their activation. The activation of
a caspase cascade involves the initial cleavage of an initiator caspase followed by
subsequent activation of several caspases and culminating in the cleavage and
activation of an effector caspase. Activated effector caspases induce apoptosis by
acting directly on cellular components such as the cytoskeleton (Kluck, Bossy-Wetzel et
al. 1997), and ion transporters (Remillard, Yuan 2004) to induce apoptosis (Slee, Adrain
et al. 1999). The importance of caspases in cell survival has been studied in mouse
models with a deficiency in caspase-3 and caspase-9 resulting in embryonic lethality as
a result of insufficient brain development (Kuida, Zheng et al. 1996, Kuida, Haydar et
al. 1998). Caspase activation is mediated by signals which emanate from both the

extrinsic and intrinsic apoptotic pathways.
1.6.1.1 The extrinsic apoptotic pathway

In the extrinsic apoptotic signalling pathway, death receptors such as the tumor
necrosis factor receptor (TNFR) and the Fas receptor (FasR) recruit an initiator caspase
such as caspase-8 to their cytoplasmic domain (Ashkenazi 2002). On ligand binding to
the death receptor, an adaptor protein such as tumor necrosis factor receptor
associated death domain (TRADD) or Fas associated death domain (FADD) protein is
recruited resulting in the proximity induced dimerisation and activation of the initiator
caspase (Donepudi, Sweeney et al. 2003, Boatright, Renatus et al. 2003). The activation
of an initiator caspase results in the activation of a caspase cleavage and activation
cascade which culminates in the activation of an effector caspase to induce apoptotic

signals.
1.6.1.2 The intrinsic apoptotic pathway

An intrinsic stimulus of apoptosis is induced by pathological cellular signals such as
DNA damage. This pathway involves the mitochondria, caspases and the BCL-2 family
of proteins. The BCL-2 family of proteins is made up of both pro- and anti-apoptotic
members. The anti-apoptotic members include BCL-2, BCL-yx,, BCL-w and MCL-1
(Schroder 2008). The pro-apoptotic family members are subdivided into three classes,

the multidomain members such as BAX, BAK and BCL-xs, single BCL-2 homology 3
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(BH3) domain-only proteins such as BIM, BAD, BID, PUMA and NOXA (Karst, Li 2007,
Hacker, Weber 2007) and proteins with a less well conserved BH3 domain called BNIPs
(Zhang, Cheung et al. 2003). Anti-apoptotic BCL-2 proteins are bound to the pro-
apoptotic BID and BIM under basal conditions to inhibit their activity (Morishima,
Nakanishi et al. 2004). In the direct binding model, apoptotic stimuli induce the
transcriptional induction, post-translational modification and decreased synthesis of
anti-apoptotic BCL-2 family members (Karst, Li 2007, Hacker, Weber 2007), resulting in
the release of BIM and BID from their inhibitory interaction with the anti-apoptotic
family members. Released BIM and BID, bind to and directly activate BAK and BAX
thereby stimulating the induction of apoptosis (Hacker, Weber 2007). In the
displacement model, BAK and BAX are sequestered at the mitochondria by the anti-
apoptotic MCL1 and BCL-x.. In response to apoptotic stimuli, activated BH-3 only
proteins displace BAK and BAX from MCL1 and BCL-x, thereby stimulating their
activation (Karst, Li 2007, Hacker, Weber 2007). Once acti