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Abstract

The endoplasmic reticulum (ER) is a dynamic intracellular organelle with multiple functions
essential for cellular homeostasis, development, and stress responsiveness. In response to cellular
stress, a well-established signaling cascade, the unfolded protein response (UPR), is activated.
This intricate mechanism is an important means of reestablishing cellular homeostasis and
alleviating the inciting stress. Now, emerging evidence has demonstrated that the UPR influences
cellular metabolism through diverse mechanisms, including calcium and lipid transfer, raising the
prospect of involvement of these processes in the pathogenesis of disease, including
neurodegeneration, cancer, diabetes mellitus and cardiovascular disease. Here, we review the
distinct functions of the ER and UPR from a metabolic point of view, highlighting their
association with prevalent pathologies.

1. INTRODUCTION

Our understanding of cellular reticulum began in 1945 when it was first described as a “lace-
like” structure in the ground substance of cultured cells and examined in toto by electron
microscopy. The term “endoplasmic reticulum” (ER) was coined in 1952 by Porter &
Kallman to describe the observation of the preferential localization of vesicular elements in
the perinuclear region of the cytoplasm, known as endoplasm (Palade, 1956). Early studies
described two major types of membranous structures of ER, distinguishable by their
biochemical and morphologic properties and their sedimentation features. One type
corresponds to the tubular or “tadpole-like” structure recovered in the low-density fraction,
and the other to the spherical vesicles present in the high-density fraction (Heuson-Stiennon
et al., 1972).

The ER, although frequently associated with the cellular exo-endocytic pathway, is a
complex organelle in terms of both its structure and function (Fig. 5.1). It plays critical roles
in a wide range of processes, including (a) synthesis, folding, modification, and transport of
proteins; (b) synthesis and distribution of phospholipids and steroids; (c) storage of calcium
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ions within its lumen and their regulated release into the cytoplasm (Schröder, 2008).
Perturbations in any of these functions results in ER stress and aggregation of misfolded
proteins. ER stress has been observed during physiological conditions, such as nutrient
deprivation and the differentiation of type B lymphocytes into plasma cells, as well as in
pathological conditions, such as viral infection, ischemia/reperfusion and cardiomyocyte
hypertrophy.

2. STRUCTURE, FUNCTION AND DYNAMICS OF ENDOPLASMIC

RETICULUM

2.1. General Structure of Endoplasmic Reticulum

2.1.1. Rough ER Sheets and Smooth ER Tubules—A number of approaches have
established that the ER is a continuous compartment extending from nucleus to cytosol.
Based on its structure, the ER is classically subdivided in the ribosome-studded rough
endoplasmic reticulum (RER) and the ribosome-free smooth endoplasmic reticulum (SER)
(English et al., 2009). Cells that secrete large amounts of protein are rich in RER, while
steroid-synthesizing and muscle cells have abundant SER. In many cells, RER and SER do
not occupy spatially segregated regions; however, in some cells such as hepatocytes and
neurons, the smooth and rough portions of the ER occupy different cellular areas (Borgese et
al., 2006). The SER morphology differs from that of RER by its typically more complex,
tubular network and greater numbers of branch points. Xenobiotic-metabolizing enzymes
are also preferentially located in the SER (Orrenius and Ericsson, 1966).

A more contemporaneous classification divides the ER in three domains: the nuclear
envelope (NE), the sheet-like cisternae, and the polygonal array of tubules (Shibata et al.,
2006). The NE controls the flow of information between the cytoplasm and the nucleoplasm,
and consists of a double membrane enclosing a lumen. The NE surrounds the nucleus, with
the inner and outer membranes connected only at the nuclear pores, the former serving as a
scaffold for chromatin organization localized at the inner membrane (Dreier and Rapoport,
2000).

In yeast, there are more ribosomes in the cisternae than in the tubules, suggesting that either
cisternae are better suited for ribosome binding and/ or ribosome binding stabilizes cisternal
ER structure. In animal cells, the protein translocation machinery is also enriched in this
structure. For example, the expression of p180, a yeast ribosome-binding protein anchored
to the ER membrane, increases secretory activity. Moreover, ectopic expression of p180 in
nonsecretory mammalian cells induces biogenesis of RER membrane, while upon p180
knockdown, THP-1 secretory cells decrease biogenesis in the area occupied by RER
(Benyamini et al., 2009).

Reticular networks can be formed de novo in Xenopus egg extracts studied in vitro, in a
cytoskeleton-independent manner but dependent on energy and protein elements which
drive microsome fusion into tubule formation (Dreier and Rapoport, 2000). The integral
membrane protein Reticulon 4a (Rtn4a), a member of an ER membrane-localized protein
family, has been implicated in tubule formation. Consistent with this role, Rtn4a is absent in
sheets and NE, but enriched in ER tubules (Voeltz et al., 2006). The yeast protein, Yop1p,
and its mammalian ortholog, DP1, comprise another family of integral membrane proteins
that form oligomers on the tubular ER and are fundamental for tubule formation (Shibata et
al., 2008). Rtn4a expression generates more tubules, while Rtn4a depletion along with DP1/
Yop1 converts the peripheral ER into sheets (Voeltz et al., 2006).

In muscle cells, a variant of the ER, termed sarcoplasmic reticulum (SR) is present, whose
main function is to control calcium release for muscle contraction. In striated muscle, the
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plasma membrane forms long invaginations, called transverse tubules (T-tubules) that
penetrate into the cytoplasm. These structures insert between two terminal SR cisternae,
forming a triad. This highly organized T-tubule system is essential for rapid and precise
excitation–contraction coupling. Different proteins collaborate in T-tubule biogenesis, and in
the formation and maintenance of the triad in both cardiac and skeletal muscles: caveolae
are cell surface structures that initiate membrane invaginations, while the invagination and
tubulation processes are possible due to the participation of caveolin 3, amphiphysin 2 and
dysferlin among others. In addition, a number of proteins play important roles in stabilizing
the triad structure in skeletal muscle, including mitsugumins, junctophilins, myotubularin,
ryanodine receptor (RyR), and the dihydropyridine receptor (Cav1.1 calcium channel) (Al-
Qusairi and Laporte, 2011).

2.1.2. Nuclear Envelope—The NE is a highly specialized and selectively permeable
double membrane that surrounds the genetic material of the cell. Electron microscopic
analysis revealed early on that NE and ER form a continuous structure (Watson, 1955),
sharing some common components, while others, like nuclear pore-forming nucleoporins
(NUPs), are specific for the NE. Other important components are the transmembrane
proteins of the NE, which interact with laminin, a protein localized in the internal surface of
the NE, and with chromatin, thereby participating in anchorage of the genetic material and
in gene regulation. On the other hand, KASH domain-containing proteins are small
transmembrane proteins at the external face of the NE that associate with cytoskeletal
proteins, thus determining the shape and positioning of the NE (Hetzer, 2010).

The NE is a highly dynamic structure, which is modulated during different stages of the cell
cycle. In stage G2, the nucleus must duplicate its size by not only increasing its volume, but
also by duplicating its NE proteins; during mitosis, specifically in prophase, the NE
disintegrates. The processes that lead to dismantling of the NE are not fully understood,
however, these events are preceded by loss of NUPs and transfer of the NE proteins to the
mitotic ER. Following anaphase, NE restructuring occurs and terminates in complete
morphological and functional restructuring of the nucleus. Our understanding of the NE
restoration process is controversial, as there are two leading theories. The first suggests that
the NE is fragmented into small vesicles that are not degraded completely during mitosis
and subsequently merge to restructure the NE. The second theory proposes that the ER
differentiates into the NE, which is supported by the mitotic ER structure and enriched in
NE proteins (Hetzer, 2010).

2.1.3. Lipid-Raft-like Domains—Lipid rafts are cholesterol-rich plasma membrane
domains which may contain caveolin. Lipid-raft-like domains are defined as caveolin-free
plasma membrane regions enriched in cholesterol and members of the prohibitin domain-
containing protein family, such as KE04p and C8orf2. These proteins are essential for the
maintenance of lipid-raft-like structures. Although it is known that the ER has lower levels
of cholesterol and glycosphingolip-ids than the plasma membrane and other organelles, two
proteins homologous to KE04p and C8orf2, Erlin-1 and Erlin-2 (for ER lipid-raft protein),
are found in the ER, suggesting the existence of lipid-raft-like domains in the ER (Browman
et al., 2006).

Another protein involved in the maintenance of lipid-raft-like domains is the sigma-1
receptor chaperone (Sig-1R), a cholesterol-binding protein (Hayashi and Su, 2010). Sig-1R
is also involved in mitochondria–ER binding through microdomains enriched in cholesterol
and ceramides (Hayashi and Fujimoto, 2010), which form part of the mitochondria-
associated ER membrane (MAM) structure.
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2.2. Functions of Endoplasmic Reticulum

2.2.1. Protein Synthesis in Endoplasmic Reticulum—Proteins targeted to the ER
and other organelles or destined for secretion must be incorporated into the ER. Nascent
polypeptides possess a signal sequence in their N-termini that targets them to the ER. This
sequence is not conserved and generally contains hydrophobic amino acids in the core
region. This sequence is recognized by the signal recognition particle (SRP), consisting of
six polypeptides bound to a small RNA, which cycles between the cytoplasm and the ER
membrane. When the SRP recognizes and binds to the signal sequence of nascent
polypeptides, a pause in translation occurs. Then, the SRP–ribosome complex translocates
from the cytoplasm to the SER membrane and binds to the SRP Receptor (SR) (Corsi and
Schekman, 1996). Once this process is complete, the SRP and SR are released, and the
nascent polypeptide is translocated by the translocon complex (TC) formed by more than 25
polypeptides (Nikonov and Kreibich, 2003). The core of the TC is Sec61, a protein required
for the translocation of both secretory and membrane proteins. In mammals, Sec61 is a
complex formed by three subunits: Sec61α, Sec61β and Sec61γ. This complex possesses
ribosomal binding sites, and its structure forms a pore through which the polypeptide
traverses the membrane. The translocation-associated membrane protein (TRAM), another
integral membrane protein component of the TC is required for the translocation of some
precursors, like ppαF. The above-mentioned process is known as cotranslational
translocation; however, targeting to the ER can also occur posttranslationally. This event
occurs independently of SRP in both yeast and mammalian cells. In yeast, Sec62p, Sec63p,
Sec71p and Sec72p form a tetrameric protein complex that may function as a receptor in this
type of translocation process. Several chaperones are known to participate, including Sec61
(Wilkinson et al., 1997).

Another important part of protein synthesis is folding and proper assembly of the nascent
polypeptide. To accomplish this, the ER contains a variety of proteins that assist in the
process. Protein disulfide isomerase (PDI) and ERp57, for example, are thio-
oxidoreductases that catalyze disulfide bond formation by means of the oxidative capacity
provided by ER oxidoreduction 1 (ERO1). Glucose-regulated protein 78 (BiP or GRP78), a
chaperone of the heat-shock protein family, recognizes and stabilizes unfolded proteins, and
participates in posttranslational translocation (Ni and Lee, 2007). Another set of proteins is
responsible for folding quality control, a process that will be described later in the text.

2.2.2. Endoplasmic Reticulum and Calcium Homeostasis—Calcium is recognized
as one of the most important second messengers in the cell; it participates in a wide variety
of cellular processes, including protein synthesis, muscle contraction, gene expression,
secretion, cell cycle, metabolism and apoptosis (Coe and Michalak, 2009). Given its diverse
functions, intracellular free calcium concentrations are tightly regulated. In this respect, a
series of buffer proteins, pumps and carriers of calcium participate in this process, serving to
diminish or increase calcium concentrations according to cell requirements.

The ER is the principal organelle involved in calcium homeostasis, and in turn, many of its
diverse functions, like protein folding and glycosylation, are calcium-dependent by virtue of
the fact that the enzymes involved are calcium-dependent (Kuznetsov et al., 1992).
Cytoplasmic calcium regulation depends on the activity of a series of transporters in the ER
membrane. Sarcoplasmic/endoplasmic reticulum calcium-ATPase (SERCA) is a calcium
pump that imports calcium from the cytoplasm into the ER lumen, thereby maintaining low
cytoplasmic calcium levels (Strehler and Treiman, 2004). On the other hand, the RyR and
the inositol 1,4,5-trisphosphate receptor (IP3R) are calcium channels that release this ion
back into the cytoplasm (Marks, 2001; Zalk et al., 2007; Taylor and Tovey, 2010).
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2.2.2.1. Sarcoplasmic/Endoplasmic Reticulum Calcium-ATPase: SERCA is a type P
ATPase pump that transports two calcium ions in exchange of the hydrolysis of one ATP
molecule, functioning against a calcium gradient to restore luminal ER calcium levels
(Guerrero-Hernandez et al., 2010). Small proteins, such as phospholamban and sarcolipin,
modulate SERCA activity according to cellular requirements and/or extracellular signals
(Periasamy and Kalyanasundaram, 2007; Brini and Carafoli, 2009; Guerrero-Hernandez et
al., 2010).

Distinct genes code for the three different pumps, SERCA 1, 2 and 3, generating a total of
10 isoforms by alternative splicing. SERCA1 is expressed principally in skeletal muscle,
with two known isoforms, SERCA1a (adult) and SERCA1b (fetal). SERCA2a is mainly
expressed in cardiac and skeletal muscle, while SERCA2b and SERCA3 are present in
nonmuscle cells, the latter being the most ubiquitous of the isoforms (Periasamy and
Kalyanasundaram, 2007; Brini and Carafoli, 2009).

2.2.2.2. Ryanodine Receptor: RyR is an ER and SR calcium channel important for
regulation of calcium transients in excitable cells. Three isoforms of this receptor are known
to exist, RyR1, 2 and 3; RyR1 is mainly present in skeletal muscle, RyR2 in cardiac muscle,
and RyR3 in nerve fibers and in nonexcitable cells (Marks, 2001; Zalk et al., 2007).

RyR conductance is governed by several proteins, such as voltage-gated channels (Cav 1.1/
Cav 1.2 or dihydropyridine receptor), protein kinases (PKA and CaMKII), calcium-binding
proteins (Calmodulin and Calsequestrin) and the FKBP-12 and 12.6 proteins (Lanner et al.,
2010). Also, divalent cations, such as calcium and magnesium, and nucleotides, such as
ATP, are other important regulators of RyR (Lanner et al., 2010). In addition, RyRs possess
a series of sulfhydryl and cysteine groups sensitive to the redox state of the cell (Sun et al.,
2008; Donoso et al., 2011).

2.2.2.3. IP3R: The IP3R is a tetrameric protein that transports calcium from the ER into the
cytoplasm. It is responsible for calcium transients in nonexcitable cells, nuclear calcium
regulation and calcium transfer between ER and mitochondria (Taylor and Tovey, 2010).

The IP3R requires elevated calcium levels to be activated by its agonist, IP3. IP3 binds to
the IP3R at four sites in a cooperative manner. In parallel, calcium regulates IP3 function
through calcium-binding sites, which are different from those used for ion transport.
Depending on the calcium concentration, IP3Rs possess a two-phase response. Low amounts
of calcium increase the IP3R response, independent of IP3 levels. On the contrary, high
calcium concentrations have inhibitory effects on the channel (Taylor and Tovey, 2010).
Furthermore, the IP3R is modulated by covalent modifications, such as phosphorylation of
key residues by PKA, ERK and/or PKC (Patterson et al., 2004). Nucleotides, such as ATP
and NADH, also play an important role in channel modulation, linking the energetic needs
of the cell to IP3R activity (Patterson et al., 2004; Taylor and Tovey, 2010).

Finally, apoptotic proteins like caspase-3, calpains, and cytochrome c interact with and
regulate IP3Rs, thereby contributing to life or death decisions of the cell (Patterson et al.,
2004; Taylor et al., 2004).

2.2.2.4. Calcium Buffering: Calcium-binding chaperones, such as calreticulin and calnexin,
also play an important role in ER luminal calcium regulation. By sequestering free calcium,
chaperones work as ion buffers. Owing to the efficient actions of these proteins, the free
calcium concentration in the ER is only 50–500 μM, whereas the actual luminal calcium
concentration ranges around 2 mM (Coe and Michalak, 2009).
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Calreticulin, the glucose-regulated protein 94 (GRP94) and BiP/ GRP78 are the most
abundant calcium-binding chaperones in the ER. These proteins bind calcium with high
affinity in their C-terminal domain where they possess several calcium-binding sites
(Michalak et al., 2009). In the SR, the main chaperone responsible for calcium regulation is
the calreticulin homolog, calsequestrin, which is of great importance in muscle contraction,
not only because of its buffering capacity but also its ability to modulate RyR function
(Michalak et al., 2009).

2.2.3. Lipid Synthesis at Endoplasmic Reticulum—Lipids fulfill several functions
essential for cellular homeostasis. They are employed as a backup energy source, signaling
molecules, and as membrane components, among other functions. Cellular lipids are quite
heterogeneous, existing in the form of fatty acids, phospholipids, cholesterol, and
sphingolipids (Laplante and Sabatini, 2009). The ER plays an essential role in lipid
biogenesis, mainly in the synthesis of glycerophospholipids and sphingolipids, the major
components of biological membranes. ER enzymes such as glycerol-3-phosphate
acyltransferase-like and 1-acylglycerol-3-phosphate-O-acyltransferase transform glycerol
and fatty acids into phospholipid precursors, such as triglycerides and diacylglycerol
phosphate (DGP). In the ER lumen, DGP is dephosphorylated by phosphatidic acid
phosphatases to form diacylglycerol (DG), which is converted to phosphatidylcholine and
phosphatidylethanolamine. Phosphatidylinositol is synthesized in the ER by
phosphatidylinositol synthase, and derivatives with different levels of phosphorylation are
formed in the ER and play an important role in signaling and vesicle trafficking (Fagone and
Jackowski, 2009).

De novo synthesis of sphingolipids and ceramides begins in the cytoplasm. Then,
intermediates are generated in the ER and the process concludes in the Golgi apparatus and
nucleus. The coordinated action of serine palmitoyltransferase, 3-ketodihydrosphingosine
reductase and dihydroceramide synthase in the ER, convert serine and palmitoyl-CoA into
cell membrane components (Gault et al., 2010).

Cholesterol synthesized at the ER is important for cell function due to this molecule’s
structural role in membranes and as a precursor of various steroid hormones and bile salts.
The 3-hydroxy-3-methyl-glutaryl CoA reductase, found in the membrane of the ER,
participates in the first phase of cholesterol synthesis, which leads to the combination of
three molecules of acetyl-CoA to form mevalonate. Mevalonate is then transformed into 3-
isopentyl pyrophosphate. The condensation of six molecules of isopentyl pyrophosphate
gives rise to squalene, owing to the action of a series of transferases and squalene synthase.
Squalene is then cyclized by lanosterol cyclase, yielding lanosterol. After 19 reactions of
bond reduction and methyl-group elimination, catalyzed by various enzymes, cholesterol is
ultimately generated. Steroid hormones and bile acids are formed subsequently through the
action of other pathways (Jo and Debose-Boyd, 2010; Maxfield and van Meer, 2010).

2.3. Endoplasmic Reticulum Dynamics

The tubular structure of the ER is highly dynamic and undergoes constant morphological
remodeling. The cytoskeleton formed by microtubules (MTs), microfilaments and
intermediate filaments plays a crucial role in the organization and structure of the ER.
Treatment with depolymerizing agents reversibly and dramatically alters ER shape, causing
slow retraction from the periphery to the center of the cell. MT and ER are highly
interdependent structures. While the distribution of ER and MT are not identical, ER
elongation and MT polymerization are tightly connected. The maintenance of the ER
network requires the MT system (Terasaki et al., 1986). For example, the RER-specific
membrane protein, CLIMP-63, mediates the interaction between this organelle and MTs
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through its cytosolic domain, and is responsible for the restraining mobility of the TC
(Nikonov et al., 2007).

Two different mechanisms of ER tubule elongation along MT exist. The first, known as tip
attachment complex (TAC), involves STIM1, a single-pass membrane protein mainly
localized to the ER. This protein directly interacts with EB1, an MT-plus-end-binding
protein (Grigoriev et al., 2008). In the TAC mechanism, the ER membrane selectively
attaches to the growing end of an MT in regions where ER networks are dense and MT-plus
ends are abundant. This mechanism allows ER tubule stretching dependent on MT growth.
For the second, the Sliding mechanism, the tip of the ER tubules binds to an existing MT
shaft, forming a sliding attachment that moves toward the plus end of a MT (Waterman-
Storer and Salmon, 1998). This mechanism is faster and more prevalent than TAC,
occurring mainly in MT harboring acetylated α-tubulin (Friedman et al., 2010).

ER tubules are capable of fusion and fission/branching processes, fundamental for the
formation of the reticulated network (Anderson and Hetzer, 2007). It is known that ER
fusion requires GTP and a family of proteins called atlastins, which possess GTPase activity
and belong to the dynamin superfamily. In vertebrates, three isoforms are known, atlastin 1,
2, 3, and only one ortholog exists in invertebrates. Atlastins interact with different ER-
shaping proteins, and these interactions are required for the formation of ER junctions
(Barlowe, 2009; Farhan and Hauri, 2009; Hu et al., 2009). In Drosophila, depletion of
atlastin produces ER fragmentation, while its overexpression favors ER fusion. In vitro,
reconstitution of atlastin in liposomes promotes GTP-dependent fusion. Moreover, in
humans, atlastins take part in the formation of the reticulated network and membrane
remodeling (Hu et al., 2009; Muriel et al., 2009).

2.4. Contacts between ER and Other Organelles

Peripheral ER interacts with almost all cytoplasmic organelles. In this context, the ER forms
physical contacts with mitochondria, with important functional implications. In yeast, this
physical interaction is mediated by the ER–mitochondria encounter structure (ERMES),
formed by four components: the mitochondrial outer-membrane proteins Mdm10 and
Mdm34, the ER integral membrane protein Mmm1, and the cytosolic protein Mdm12
(Kornmann et al., 2009). In mammals, the contact sites are termed MAMs, and have a
composition that differs from that of the membranes of other organelles. For one, the MAMs
are enriched in cholesterol, which gives them a characteristic density and architecture
(Hayashi and Fujimoto, 2010). Structural proteins that compose the MAM, include
Mitofusin-2 (Mfn2), a GTPase protein present on the surface of both organelles that
connects the two by forming dimers (de Brito and Scorrano, 2008). Other components, such
as the sorting protein PACS2 or the GTPase Rab32, regulate MAM composition according
to cellular requirements (Myhill et al., 2008; Bui et al., 2010).

Given that the ER and mitochondria represent the cell’s main source and sink of calcium,
respectively (Berridge, 2002), it is not surprising that MAMs play a key role in calcium
homeostasis (Hayashi et al., 2009). These interorganelle contacts allow the formation of
microdomains of high calcium concentration at the surface of mitochondria, thereby
facilitating rapid ion uptake (Rizzuto et al., 1998). Proteins known to be involved in calcium
handling have been shown to be enriched in MAM. Examples here include IP3Rs (Mendes
et al., 2005; Szabadkai et al., 2006), the RyR (García-Pérez et al., 2008; Kopach et al.,
2008), the Sig-1R (Hayashi and Su, 2007), and perhaps even calnexin (Myhill et al., 2008),
emphasizing the intimate relationship between ER and mitochondria in regulating calcium
homeostasis (Mironov and Symonchuk, 2006). Conversely, calcium regulates relative
positioning of ER and mitochondria via the autocrine motility factor receptor (AMFR)
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(Wang et al., 2000), apparently another MAM-enriched protein (Registre et al., 2004; Goetz
and Nabi, 2006).

ER and mitochondrial dynamics are highly interrelated and their contacts are maintained in
spite of this dynamism. Recent data obtained in yeast demonstrate that the contacts are
conserved during mitochondrial fission. Moreover, fission itself can take place in the ER–
mitochondria junctions (Friedman et al., 2011).

Contacts between plasma membrane and ER have been described in several cell types. The
proteins STIM1 at the ER and ORAI1 at the plasma membrane regulate this interaction
when calcium is depleted (Toulmay and Prinz, 2011). Another important group of proteins
present in the ER–plasma membrane contacts is the Osh family. Osh3, for example,
localizes to the contacts according to the level of PI4P. High PI4P levels recruit and activate
Osh3 at contacts sites, leading to its interaction with VAP proteins in the ER and the
activation of phosphatases, such as Sac1 (Stefan et al., 2011).

The ER and Golgi apparatus are functionally linked as constituents of the secretory pathway;
however, direct physical contacts between the two organelles have been described, as well.
Ceramides produced in the ER are transported to the trans-Golgi to be converted to
sphingomyelin. In this case, appropriate trafficking requires the cytosolic protein CERT,
which interacts with VAP on the ER surface (Kawano et al., 2006). Another example of a
direct mechanism and contact between both organelles is the nonvesicular transport of
phosphatidylinositol and diacylglycerol, which also depends on VAP, and, in the case of
phosphatidylinositol, requires the Nir2 protein (Peretti et al., 2008).

As noted above, regulation of Ca2+ by the ER is a key component of cellular signaling,
adaptation and survival. Additionally, the ER has been implicated in a complex
communication system with other organelles, including the Golgi apparatus, the plasma
membrane, the nucleus, and mitochondria. The next sections of this review will focus on
these communication processes, particularly, on the ability of ER Ca2+ signals to modulate
cellular bioenergetics, thereby influencing cellular metabolism during stress and survival.

3. ER STRESS AND UNFOLDED PROTEIN RESPONSE

3.1. General Aspects of the UPR

Conditions that alter ER homeostasis and proper ER functioning generate a state known as
ER stress. Many different factors may lead to this state, which can be very detrimental to
cell integrity, due to accumulation of toxic, unfolded proteins within the ER lumen. For this
reason, restoring ER homeostasis is essential for cell survival. Cells subject to ER stress
activate a series of processes, which, if insufficient to alleviate the stress, lead to cell death.

The cellular response to ER stress is known as the unfolded protein response (UPR). In
principle, the UPR seeks to restore the normal functioning of the ER, using multiple
strategies acting in parallel and in series. For example, expression of ER chaperone proteins
increases to prevent protein aggregation and facilitate correct protein folding. Also, the
amount of protein in transit through the ER is reduced by temporary inhibition of protein
translation. Furthermore, ER volume increases by stimulating the synthesis of membrane
lipids. Finally, degradation of unfolded proteins increases by activating the process of
endoplasmic reticulum-associated protein degradation (ERAD).

During UPR, perturbations in ER homeostasis are sensed and transduced to the cytoplasm
and nucleus causing a compensatory response. Several ER stress sensors are involved, all of
which harbor luminal, transmembrane and cytoplasmic domains. Any increase in the
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concentration of misfolded proteins is detected by the luminal sensor domain and then
transduced to the cytoplasm and nucleus, through different signals (Fig. 5.2).

Three branches of UPR have been described: PERK, IRE1α, and activating transcription
factor (ATF6). In the rest of this chapter, we will review general aspects of the sensors and
their relationship to various aspects of cell metabolism.

3.2. ER Stress Sensors

3.2.1. IRE1 Pathway—The inositol-requiring enzyme-1 (IRE1) is the most highly
conserved branch of the UPR. It is an ER transmembrane protein that consists of an N-
terminal luminal sensor domain, a single transmembrane domain and a C-terminal cytosolic
effector region that manifests both kinase and endoribonuclease activity (Walter and Ron,
2011). The IRE1 pathway has been widely described by Peter Walter’s group in
Saccharomyces cerevisiae, who observed that it increases the expression of ER chaperones,
thereby enhancing cell viability during ER stress (Cox et al., 1993). IRE1 senses unfolded
proteins in the ER lumen, which induces receptor oligomerization and transphosphorylation
within the cytosolic effector region (Shamu and Walter, 1996). The cytosolic domain also
exhibits site-specific endoribonuclease activity that cleaves a small stem–loop structure from
splice junctions in the mRNA of the nuclear factor Hac1 (Sidrauski and Walter, 1997;
Gonzalez et al., 1999). Hac1 is a basic-leucine zipper (bZIP) transcription factor, which
binds to the promoter of UPR-regulated genes and is more resistant to ubiquitin-dependent
degradation when the IRE1-mediated splicing replaces its C-terminal (Cox and Walter,
1996).

Mammalian cells have two paralogs of IRE1, IRE1α and IRE1β, sharing structural
similarity but different functions. Under ER stress conditions, IRE1α catalyzes the splicing
of X-box-binding protein 1 (XBP1) mRNA, the mammalian ortholog of Hac1, while IRE1β
mediates the site-specific cleavage of 28S rRNA and translational attenuation (Tirasophon et
al., 1998; Iwawaki et al., 2001). XBP1 is not the only target of IRE1α. Surprisingly, IRE1α
controls its own expression by cleaving its own mRNA (Tirasophon et al., 2000); another 13
mRNA candidates of IRE1α cleavage have recently been identified (Oikawa et al., 2010).

The capacity of IRE1α to sense ER stress depends on its dissociation from BiP/GRP78 and
on its direct interaction with unfolded proteins. These two observations are incorporated into
the two-step model of IRE1α regulation, where initial dissociation of BiP/GRP78 from
IRE1α drives oligomerization, while subsequent binding to unfolded proteins leads to
IRE1α activation (Kimata et al., 2007; Pincus et al., 2010). A recent study suggests that
IRE1α also senses changes in membrane composition. Mutant IRE1α incapable of sensing
unfolded proteins is activated by depletion of the membrane lipid components and by
deletion of genes involved in lipid homeostasis (Promlek et al., 2011). Indeed, IRE1 gene
deletion confers auxotrophy for inositol, an important component of phospholipids in yeast
cells (Nikawa and Yamashita, 1992).

Other proteins also control the activation of IRE1α. Indeed, the pro-apoptotic Bcl-2 family
members Bax and Bak form a protein complex with the cytosolic domain of IRE1α,
essential for its activation (Hetz et al., 2006). Bax inhibitor 1 (BI-1), an ER-resident protein,
also forms a complex with IRE1α, decreasing its endoribonuclease activity (Lisbona et al.,
2009; Madeo and Kroemer, 2009).

When IRE1α is activated, the luminal ER stress signal is transduced to the cytoplasm,
activating various signaling pathways. One of these pathways is initiated by IRE1α-
mediated splicing of XBP1 mRNA, which generates a protein that differs from its unspliced
protein (XBP1u) in the C-terminal region (Yoshida et al., 2001). XBP1 is a potent
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transactivator that regulates genes involved in ER protein synthesis, folding, glycosylation,
ERAD, redox metabolism, autophagy, lipid biogenesis and vesicular trafficking (Walter and
Ron, 2011). XBP1u does not act directly as a transcription factor, but rather functions as
negative feedback regulator of XBP1 by sequestering the protein from the nucleus and
promoting its degradation by the proteasome (Yoshida et al., 2006). Moreover, a
hydrophobic patch in the XBP1u nascent peptide chain recruits its mRNA (attached to the
ribosome) to the ER membrane, where it is cleaved by IRE1α to produce pXBP1s
(Yanagitani et al., 2009).

IRE1α also activates JNK by recruiting the TNF receptor-associated adapter protein TRAF2
(Urano et al., 2000). This activation by ER stress requires the presence of MAP3K, ASK1
and ASK1-interacting protein-1 (AIP1), a transducer in the ASK1-JNK signaling pathway
(Nishitoh et al., 2002; Luo et al., 2008). JNK activation is associated with cell death (Kim et
al., 2006), and also promotes survival through the activation of c-Jun (Zhao et al., 2008;
Fuest et al., 2011), increased BiP/GRP78 and GRP94 expression (Shinkai et al., 2010), as
well as activation of autophagy after ER stress (Ogata et al., 2006). Similar to JNK, ER
stress induces activation of NF-κB, which is mediated by IRE1 and TRAF2 (Kaneko et al.,
2003). This activation of NF-κB controls the expression of manganese superoxide dismutase
(MnSOD), an antioxidant enzyme localized in the mitochondrial matrix (Kaneko et al.,
2004).

Important modulators of cell metabolism also regulate the IRE1α pathway. It was recently
described that both XBP1 splicing and JNK activation are controlled by the mTORC1
pathway, the major sensor of nutrient and energy availability in the cell (Ozcan et al., 2008;
Pfaffenbach et al., 2010; Kato et al., 2012). IRE1α is phosphorylated by PKA, controlling
glucagon-mediated expression of gluconeogenic genes (Mao et al., 2011). p85, a repressive
regulatory subunit of PI3K, also interacts with XBP1, increasing its nuclear translocation
and transcriptional activity (Park et al., 2010). IRE1α signaling is attenuated after prolonged
ER stress and this process is characterized by IRE1α cluster dissolution, IRE1α
dephosphorylation and a decline in endoribonuclease activity (Li et al., 2010; Rubio et al.,
2011). Additionally, the E3 ubiquitin ligase synoviolin increases IRE1α ubiquitination and
degradation in synovial fibroblasts (Gao et al., 2008).

3.2.2. PERK Pathway—The second ER stress transducer is PERK, first described in
mammalian pancreatic islet cells by Shi et al. This protein has a PEK-like catalytic domain,
which phosphorylates the α subunit of the eukaryotic translation initiation factor-2 (eIF2α)
(Shi et al., 1998). PERK possesses a luminal domain similar to that of IRE1, and a
cytoplasmic portion that manifests protein serine/threonine kinase activity. As such, PERK
is a member of the eIF2α kinase subfamily together with PKR, GCN2 and HRI (Harding et
al., 1999). PERK is conserved in all known metazoans, but is absent in the S. cerevisiae
genome. In Drosophila melanogaster, its homolog is DPERK (Pomar et al., 2003).

As mentioned, PERK is a type I transmembrane protein with a typical protein kinase
structure that includes a large C-terminal lobe and a smaller N-terminal lobe linked by a
short hinge loop. The C-terminal lobe is formed by a large activation loop, seven α-helices
and two short β-strands. The N-terminal lobe contains three α-helices and five β-strands. A
phosphate moiety was found in the electron density map at the position Thr980, and
phosphorylation at this site is thought to stabilize the activation loop and the eIF2α-binding
site in the αG helix (Cui et al., 2011).

When the UPR has not been activated, BiP/GRP78 is bound to the PERK luminal domain.
Upon unfolded protein accumulation, BiP/GRP78 dissociates from PERK, and the loss of
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this interaction correlates with the formation of high molecular mass complexes of activated
PERK. BiP/ GRP78 overexpression attenuates this activation (Bertolotti et al., 2000).

ER stress leads to an increase in PERK’s protein kinase activity and eIF2α phosphorylation,
which competitively binds to eIF2β, a guanine nucleotide-exchange factor. This results in
eIF2α-GDP to eIF2α-GTP exchange inhibition, the latter being a key component in the
formation of the active 43S translation-initiation complex (Dever, 2002). Therefore, the
PERK pathway inhibits general mRNA translation, decreasing global protein synthesis and
reducing the ER load. PERK also contributes to UPR transcriptional activation and in ER-
stressed PERK knockout cells, a characteristic decrease in mRNA responsible for normal
UPR is observed (Harding et al., 2003).

Gene expression in response to eIF2α phosphorylation is conserved among eukaryotes. The
transcription factor ATF4 is translationally induced because it has an upstream open reading
frame (ORF) in its 5′-untranslated region. This upstream ORF, which under normal
conditions, prevents translation of the true ATF4, is bypassed only when eIF2α is
phosphorylated, and therefore, ATF4 translation occurs (Harding et al., 2000). One favored
gene during this process is gadd153, also known as chop, an ER stress-induced proapoptotic
factor (Fawcett et al., 1999). Also, the Nrf2 transcription factor is a substrate of PERK. In
unstressed cells, Nrf2 is maintained in the cytoplasm by its association with Keap1. PERK-
mediated phosphorylation triggers dissociation of Nrf2/Keap1 complexes and inhibits their
reassociation, consequently causing Nrf2 nuclear import (Cullinan et al., 2003).

The entire range of PERK-dependent gene expression relies on eIF2α phosphorylation in
Ser51, which is blocked in the Ser51Ala eIF2α mutant (Lu et al., 2004). In addition to its
role in the ER stress, PERK plays an important role in activation of autophagy as a survival
mechanism during episodes of nutrient deprivation, hypoxia and radiation (Ogata et al.,
2006; Rouschop et al., 2010; Rzymski et al., 2010). These two functions allow PERK to
regulate growth and survival (Bi et al., 2005; Blais et al., 2006).

After restoring homeostasis, activated PERK is dephosphorylated (Bertolotti et al., 2000) by
mechanisms that remain to be determined. Also, active eIF2α is dephosphorylated by two
phosphatases that function independently, namely CReP, a constitutively expressed
phosphatase (Jousse et al., 2003), and GADD34, whose expression is induced by
phosphorylated eIF2α (Novoa et al., 2001). A HSP40 family member, P58(IPK), also
regulates PERK by binding to the kinase domain of the sensor and decreasing eIF2α
phosphorylation. This regulation affects the expression of its downstream targets, decreasing
the translation of the UPR target proteins BiP and CHOP. Moreover, P58(IPK) has also been
implicated in the inhibition of PERK autophosphorylation (Yan et al., 2002).

3.2.3. ATF6 Pathway and Novel-Related Sensors—There are several cAMP
response element (CRE)/ATF transcriptional factors inserted in the ER membrane regulating
multiples genes associated with the UPR. The best known of these proteins is ATF6, which,
together with PERK and IRE1, is the third major branch of the UPR.

The ATF6 transcription factor was until fairly recently considered a member of the protein
family associated with the regulation of genes with CRE sequences (Hai et al., 1989). This
90 kDa protein has a bZIP domain (Hai et al., 1989; Zhu et al., 1997) for DNA binding after
homo- or heterodimerization (Parker et al., 2001). Almost 10 years after initial description,
the transcriptional activity of ATF6 was linked for the first time to mammalian UPR,
because it was shown to bind to ER stress response elements (ERSE) in GRP promoter
regions (Yoshida et al., 1998). ATF6 is now known as a single-pass type 2 transmembrane
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ER protein that transmits stress signals directly from the ER to the nucleus and thereby
induces compensatory responses (Haze et al., 1999, 2001).

ATF6 has three structural domains, a luminal C-terminal, a transmembrane and a
cytoplasmic N-terminal domain. Two isoforms of ATF6 have been described, ATFα (90
kDa) and ATF6β/G13/CREB-RP (110 kDa). In the luminal domain, ATF6 has Golgi
localization sequences (GLS), two in the case of the ATF6α isoform (GLS1 and GLS2) and
one (GLS2) in the case of the ATF6β isoform (Shen et al., 2002). Under basal conditions,
ATF6 is retained in the ER via interaction with the chaperone BiP/GRP78 and calreticulin
(Breckenridge et al., 2003; Shen et al., 2005). During ER stress conditions, ATF6 is
transported on vesicles toward the Golgi apparatus (Schindler and Schekman, 2009), where
it is sequentially cleaved by the Site-1 and then Site-2 Proteases (S1P and S2P, respectively)
(Shen and Prywes, 2004). These intramembrane proteases were initially implicated in
cleavage of the transcription factor steroid regulatory element-binding protein (SREBP),
involved in lipid metabolism (Ye et al., 2000).

The N-terminal fragment of ATF6, p50ATF6, then translocates to the nucleus where it
recognizes its consensus sequences and promotes transcription of UPR genes, such as the
chaperones BiP/GRP78 and GRP94 (Yamamoto et al., 2004; Schröder and Kaufman, 2005;
Yamamoto et al., 2007), the transcription factors CHOP (Ma et al., 2002) and XBP1
(Yoshida et al., 2001), as well as other proteins such as p58IPK/DNAJC3 (van Huizen et al.,
2003), Herp (Kokame et al., 2001) and SERCA (Thuerauf et al., 2001). After the cleavage of
ATF6α/β by S1P and S2P, two fragments are generated from each isoform that translocate
to the nucleus (p50ATF6α and p60ATF6β, respectively) (Thuerauf et al., 2004). ATF6 also
plays a role in regulating ER volume increases in an XBP1-independent manner
(Bommiasamy et al., 2009) and potentiates cellular adaptation to chronic ER stress (Wu et
al., 2007). However, in ATF6α knockout mice, decreases in the basal expression of
chaperones were not detected during either embryonic or postnatal development (Wu et al.,
2007).

Interestingly, both ATF6 isoforms appear to play opposite roles in the UPR since ATF6β is
a transcriptional repressor of the ATF6α signal and, therefore, a negative regulator of this
branch of the UPR (Thuerauf et al., 2004). In contrast to ATF6β, ATF6α has a
transactivation domain (TAD) in its N-terminal region with high homology to the section
VN8 of the viral transcriptional factor VP16. This region was linked to an increase in the
transcriptional activity of ATF6α and its degradation via the ubiquitin–proteasome system
(Thuerauf et al., 2002). In vitro DNA interaction assays demonstrated that ATF6β binds to
the consensus sequence in the BiP/GRP78 promoter region and blocks ATF6α binding
(Thuerauf et al., 2007). Previous results have shown that ATF6β knockdown cells are more
sensitive to tunicamycin-induced ER stress (Thuerauf et al., 2004). During the UPR, ATF6β
levels regulate the intensity and the duration of responses to ATF6α, as well as
susceptibility to cell death (Thuerauf et al., 2007).

Recently, it was determined that the ATF6β repressor effect depends on glycosylation.
Nonglycosylated ATF6β is not cleaved and is retained in the ER membrane and, therefore,
cannot function as a repressor (Guan et al., 2009). ATF6α is considered a very potent, but
only transiently active transcription factor, as the increase in its transcriptional activity in
response to unfolded proteins increases its own degradation by the proteasome (Thuerauf et
al., 2002).

The subfamily of CREB3 transcription factors associate with ATF6 and function as sensors.
These sensors are differentially expressed in different cell types and vary in their ability to
initiate stress signals. At least five bZIP transcription factors related to ATF6 have been

Bravo et al. Page 12

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2013 May 29.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



described. These are CREB3/ Luman, CREB3L1/OASIS, CREB3L2/BBF2H7, CREB3L3/
CREBH and CREB3L4/CREB4/AIbZIP/Tisp40. For more detailed information, interested
readers are referred to two excellent recently published reviews (Asada et al., 2011; Chan et
al., 2011).

Briefly, CREB3/Luman is expressed in some cell types, such as monocytes and dendritic
cells. The mechanism and physiological conditions that lead to activation of this sensor are
not entirely clear, but it is known to participate in the expression of various genes involved
in the ERAD, like Herp (Liang et al., 2006) and EDEM (DenBoer et al., 2005). Luman has
been implicated in dendritic cell maturation, a process that is regulated by association with a
complex containing the proteins DC-STAMP and OS9 (Eleveld-Trancikova et al., 2010).
The transcriptional activity of Luman is regulated by differential interaction with the
cofactor HCF-1 (herpes simplex virus-related host cell factor 1) or LRP (Luman recruitment
factor), that favor or repress transcriptional activity, respectively (Audas et al., 2008).

On the other hand, OASIS/CREB3L1 is a transcription factor highly expressed in astrocytes
and osteoblasts, and like the rest of subfamily members, is located in the ER membrane
(Kondo et al., 2005). OASIS displays low homology with ATF6 in its luminal region but
was described as a target for S1P/S2P proteases in response to ER stress (Murakami et al.,
2006). OASIS-deficient mice suffer from severe osteopenia and spontaneous fractures
generated by decreased ColIaI expression (Murakami et al., 2009). CREB3L2/BBF2H7 is a
transcriptional factor analogous to OASIS that is highly expressed during the extension
phase of long bones in the chondrocytes of the proliferating zone of cartilage. In addition,
CREB3L2/ BBF2H7 is expressed in other tissues, such as the lung and nervous tissue
(Kondo et al., 2007). Sec23a, a protein required for the recruitment of Sec13/31 and other
components of the COPII vesicles, important for vesicle trafficking from ER to Golgi, is
controlled by CREB3L2 (Saito et al., 2009). CREB3L3/CREBH is expressed in hepatocytes
and is also cleaved by S1P/S2P proteases. This transcription factor is known to regulate the
expression of the gluconeogenic enzyme PEPCK in response to cyclic AMP and protein
kinase A (Asada et al., 2011). Finally, CREB3L4/ CREB4/AIbZIP/Tisp40 has been
associated, among other things, with male germ cell development and the ER stress response
during spermiogenesis (Adham et al., 2005).

3.3. Integral Response or Cross Talk between Different UPR Branches

ER stress sensors use different mechanisms and effectors to activate the UPR, but at some
points, the three pathways communicate. One example is the close relationship between the
IRE1α and ATF6 pathways. XBP1u not only functions as a negative regulator of XBP1 but
also targets the active form of ATF6 to the proteasome (Yoshida et al., 2009), while ATF6,
on the other hand, also controls the transcription of XBP1 (Yoshida et al., 2001).
Additionally, ATF6 heterodimerizes with XBP1 to promote degradation of ERAD
components (Yamamoto et al., 2007).

The PERK pathway is also linked to IRE1α and ATF6. Recently, a dominant negative form
of PERK was shown to activate ATF6 and XBP1 (Yamaguchi et al., 2008). However, in
another study, PERK was shown to facilitate both the synthesis and trafficking of ATF6
from the ER to the Golgi (Teske et al., 2011). All these studies underscore the notion that
individual branches of the UPR are connected in ways that permit generating integrated
responses to stress. Also, such connectivity explains the diverse defects associated with loss
of any one of the sensors.

The integrated responses elicited by the three ER stress sensors contribute to either
adaptation or death, but it remains unknown how each branch contributes to the final
biological effect. A number of studies have attempted to resolve this issue. For instance,
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IRE1 and ATF6 activities are attenuated by persistent ER stress, while PERK signaling is
not (Lin et al., 2007). Indeed, sustained PERK signaling impairs cell proliferation and
promotes apoptosis. By contrast, signaling via IRE1α for an equivalent period of time
enhances cell proliferation without promoting cell death (Lin et al., 2009), suggesting that
the differential activation of PERK and IRE1α may determine cell fate following ER stress.

4. ENDOPLASMIC RETICULUM AND PROTEIN DEGRADATION

4.1. Endoplasmic Reticulum Quality Control

One of the main functions of the ER is the synthesis of proteins targeted to the secretory
pathway. Proteins synthesized in the ER develop the appropriately folded native
conformation following posttranslational modifications such as N-glycosylation and the
formation of disulfide bonds. In order to export only correctly folded proteins, the ER is
home to a variety of chaperones which facilitate protein folding. At the same time, they
function as part of a quality-control system, which ensures that incompletely folded proteins
are retained in the ER or targeted to degradation if appropriate folding cannot be achieved
(Fig. 5.3).

The lectins calnexin and calreticulin play essential roles as chaperones in the ER quality-
control system. As previously mentioned, most nascent polypeptide chains in the ER are N-
glycosylated to facilitate the folding process (Schröder, 2008). Upon N-glycosylation, a
branched oligosaccharide is attached to an asparagine residue on the target protein, thereby
increasing the hydrophilicity of the nascent protein. Calnexin and calreticulin bind to
glycosylated substrates containing a terminal glucose residue and aid in protein folding by
inhibiting protein–protein aggregation. In addition, calnexin and calreticulin trap partially
folded or unfolded proteins in the ER (Hebert et al., 2005). While correctly folded proteins
are deglucosylated by glucosidase II, then released from calnexin and calreticulin and
exported to the Golgi apparatus, misfolded proteins are reglucosylated by the glycoprotein
glucosyltransferase and retained in the ER (Hebert and Molinari, 2007). Folding attempts
continue with each cycle of re/deglucosylation up until demannosylation occurs via α-
mannosidase I. Once demannosylated, glycoproteins become a weaker substrate for
glucosidase II and glucosyltransferase, thus preventing them from entering new cycles of
glucosylation (Hebert et al., 2005). Other lectins like EDEM work as acceptors for
terminally misfolded proteins accelerating the demannosylation process (Olivari et al.,
2006). Overexpression of EDEM greatly accelerates protein degradation while its
downregulation prolongs folding attempts and delays protein degradation (Molinari et al.,
2003). Altogether, the ER quality-control system ensures that correctly folded proteins leave
the ER while incorrectly or terminally misfolded proteins are retained in the ER and
degraded.

4.2. Misfolded Protein Degradation through ERAD and Autophagy

Terminally misfolded proteins can be degraded through two different pathways: The
ubiquitin–proteasome pathway named ERAD and the lysosomal pathway termed
macroautophagy (hereafter referred to as autophagy). The ERAD pathway consists in the
retrotranslocation, polyubiquitination and proteasomal degradation of misfolded proteins
from the ER (Meusser et al., 2005). Terminally misfolded proteins are translocated across
the ER membrane into the cytoplasm where they are covalently bound to ubiquitin through a
lysine residue. Attachment of multiple ubiquitins yields polyubiquitin chains, which are a
signal for degradation inside a cylinder-shaped protein complex, termed the proteasome.
Once inside the proteasome, the protein becomes a substrate for the multiple proteolytic
activities present, which degrade the target protein and recycle the polyubiquitin side chain
(Vembar and Brodsky, 2008). On the other hand, during autophagy, different molecular
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components such as proteins, lipids or even entire organelles are sequestered into double-
membrane vesicles, which then fuse with lysosomes, to allow the degradation of vesicle
contents (He and Klionsky, 2009).

Although ERAD has been described as the primary source for ER misfolded protein
degradation, recent reports have shown that autophagy is involved in the removal of certain
ER proteins such as α1-antitrypsin. These observations identified autophagy as an
alternative cellular strategy to eliminate unfolded proteins (Yorimitsu et al., 2006;Yorimitsu
and Klionsky, 2007).

4.2.1. ERAD—The exact mechanism by which ERAD substrates are retrotranslocated
across the ER membrane is still a matter of debate. Several proteins have been identified that
play an essential role in this process by creating a channel in the ER membrane that permits
retrograde transport of misfolded proteins back to the cytoplasm (Meusser et al., 2005). The
Sec61 complex has been proposed as a possible channel for protein retrotranslocation
(Wiertz et al., 1996) although this complex was first described as a channel through which
nascent polypeptides are imported into the ER (Mothes et al., 1994; Matlack et al., 1998).
Another possible candidate retrotranslocation channel is Derlin-1, which forms a complex
with the ubiquitin ligase Hrd-1 along with other adaptor proteins (Carvalho et al., 2010).
Derlin-1 has the ability to form structures that span the ER membrane, suggesting that this
protein may also function as a channel for ERAD retrotranslocation (Crawshaw et al., 2007).

Research in S. cerevisiae showed that protein substrates are recognized and degraded
differently, depending on whether their misfolded domain is cytosolic (ERAD-C),
transmembrane (ERAD-M) or luminal (ERAD-L) (Carvalho et al., 2006). While ERAD-C
substrates are rapidly degraded through the ubiquitin ligase Doa10p (Swanson et al., 2001),
ERAD-L and ERAD-M depend on the Hrd ubiquitin ligase complex for degradation
(Bordallo et al., 1998; Schäfer and Wolf, 2009). Studies in yeast using different glycosylated
and nonglycosylated degradation substrates identified the basic components of the Hrd
ubiquitin ligase complex and its adapter protein functions. The basic structure of this
complex is formed by the ubiquitin ligase Hrd1p, the substrate adapter protein Hrd3p, the
luminal substrate adapter proteins Der1p and Usa1p, the ubiquitin conjugating enzyme Ubc7
and the glycan substrate adapter Yos9p (Carvalho et al., 2006; Mehnert et al., 2010).
Different mammalian homologs of Hrd complex proteins have been identified by correlating
with functions in yeast (Mehnert et al., 2010). Among these mammalian homologs, Herp, an
ubiquitin-like ER membrane protein, has been recently found to regulate Hrd1-dependent
ubiquitination (Kokame et al., 2000; Kny et al., 2011). Recent studies have shown that Herp
is involved in regulating the degradation of multiple ER substrates such as immature
nicastrin and α-1 antitrypsin (Kny et al., 2011; Marutani et al., 2011).

Retrotranslocation across the ER membrane of misfolded, polyubiquitinated proteins is an
active process that requires ATP hydrolysis. The AAA-ATPase p97 and its adapter proteins
Ufd and Npl4 are necessary to generate the driving force required for misfolded protein
extraction (Ye et al., 2001). In mammalian cells, p97 binds Derlin-1 via VIMP and other
cofactors, thereby permitting recruitment of misfolded proteins to the ER membrane, their
export and proteasomal degradation in the cytoplasm (Ye et al., 2004).

4.2.2. Autophagy—Autophagy is induced by nutrient deprivation. The kinase AMPK
responds to low energy levels of the cell, by sensing the declining ATP/AMP ratios. Once
activated, AMPK phosphorylates mTOR, a master regulator of protein synthesis. mTOR
normally functions as a Ser/Thr kinase, which hyperphosphorylates Atg13, thereby
impeding the activation of autophagy. mTOR phosphorylation by AMPK reduces Atg13
phosphorylation, thus permitting its interaction with the kinase Atg1 and activation of a
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phosphorylation cascade that leads to the recruitment and activation of a series of Atg
proteins indispensable for autophagy induction (He and Klionsky, 2009; Jung et al., 2010).
Among the most important Atgs are LC3/Atg8 and Beclin-1/Atg6. Beclin-1 is part of a
protein complex termed PI3K-III, which is important for the nucleation, recruitment and
expansion of the double membrane that eventually sequesters the substrates destined for
degradation. In normal conditions, Beclin-1 interacts with its inhibitor Bcl-2. Beclin-1
dissociation from Bcl-2 is indispensable for PI3K-III function and autophagy activation
(Kang et al., 2011). During the autophagic pathway, LC3 is processed and attached to the
autophagosome membrane by conjugation with phosphatidylethanolamine (Klionsky et al.,
2007).

As indicated, recent work has shown that autophagy is induced under ER stress conditions to
protect cells against death (Ogata et al., 2006; Pankiv et al., 2007). Work in yeast, utilizing
classic ER stress inducers, such as DTT or tunicamycin, revealed that autophagy was
induced, as assessed by LC3 processing and Atg1 kinase activity (Yorimitsu et al., 2006;
Yorimitsu and Klionsky, 2007). This correlates with other work in which Hac1, an XBP1
yeast ortholog, induced important autophagy genes such as Atg5, Atg7 and Atg8 under ER
stress conditions (Bernales et al., 2006). Other studies in mammalian cells showed that
autophagy is a key component in the degradation of α1-antitrypsin retained inside the ER
(Teckman and Perlmutter, 2000). ER-mediated regulation of autophagy has been linked to
the PERK and IRE1 pathways. PERK phosphorylation of eIF2α is involved in Atg12
upregulation and LC3 conversion during polyglutamine aggregate-induced autophagy
(Kouroku et al., 2007). PERK phosphorylation of eIF2α is also involved in the degradation
of mutant dysferlin aggregates via LC3 conversion and autophagy (Fujita et al., 2007). Other
studies have implicated the IRE1 pathway in ER stress-induced autophagy. IRE1 recruits the
protein factor TRAF2, which activates JNK that phosphorylates Beclin-1, thereby allowing
dissociation from its repressor Bcl-2 (Ogata et al., 2006). ER calcium release is also thought
to participate in autophagy induction (Høyer-Hansen et al., 2007). CaMKKβ is activated by
ER stress-induced calcium release, and in turn activates AMPK, leading to the inhibition of
mTOR and induction of autophagy (Høyer-Hansen et al., 2007; Høyer-Hansen and Jäättelä,
2007).

4.2.3. Examples of ER Proteins Degraded by ERAD and/or Autophagy—

Supporting the notion that autophagy is as important as ERAD for degradation of terminally
misfolded ER proteins, recent studies have shown that dual degradation mechanisms exist
for certain proteins, such as α1-antitrypsin and mutant fibrinogen. Both mutant proteins
form aggregates in the ER, which, if not cleared, promote cell death. Recent studies have
shown that high levels of α1-antitrypsin or mutant fibrinogen can saturate the ERAD
pathway, leading to the accumulation of protein aggregates that must be cleared through the
autophagy pathway (Kruse et al., 2006a, 2006b). Another example where dual degradation
pathways are observed is dysferlin. While wild-type dysferlin is degraded through the
ERAD pathway, mutant dysferlin forms protein aggregates that impair ERAD and are
degraded through autophagy (Fujita et al., 2007). ERAD and autophagy also play a role in
serpin and procollagen degradation. ERAD seems to have a selective role in mutant
neuroserpin degradation, while autophagy degrades all forms of neuroserpins. Thus,
autophagy becomes an important clinical target since induction of this degradation pathway
could help to overcome the accumulation of mutant protein aggregates (Kroeger et al.,
2009). Autophagy degrades misfolded procollagen that accumulates as trimers, while the
misfolded procollagen monomers are degraded through the ERAD pathway (Ishida and
Nagata, 2009; Ishida et al., 2009). Interestingly, EDEM1, a protein involved in quality
control and ERAD, is also degraded through autophagy, suggesting that the ERAD pathway
may be regulated by autophagy (Le Fourn et al., 2009).
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4.3. ER-phagy

ER-phagy, as well as mitophagy and peroxiphagy, are organelle-specific autophagic
processes that degrade ER, mitochondria or peroxisomes, respectively. ER-phagy is a
specific process, which uses several autophagy genes induced by ER stress. Normally, ER
stress increases the volume of the ER in order to inhibit protein–protein aggregation. ER-
phagy is the sequestration of ER into double-membrane vesicles. Interestingly, both the
sequestered content and the vesicle-forming membranes are of ER origin, which suggests
that the ER engulfs itself in order for ER-phagy to proceed. Even though autophagy is a
degradation process in which the autophagosome fuses with the lysosome to permit
degradation of the autophagosome content, ER-phagy is not a degradation process since
mutants lacking vacuolar proteases are able to sequester the ER. Thus, the function of ER-
phagy seems to involve sequestering damaged portions of the ER, misfolded protein
aggregates that cannot be degraded by other means, as well as reducing the volume of the
ER once ER stress is over (Bernales et al., 2006, 2007).

In summary, secretory proteins and most integral membrane proteins enter into ER for
proper folding and covalent modifications to assemble into complexes of higher order. ER-
resident chaperones and other modifying enzymes assist proteins to achieve their active and
final, three-dimensional conformation. Only properly folded and assembled proteins are
allowed to exit the ER, thereby providing an exquisite quality-control mechanism that
maintains the fidelity of protein synthesis. The process is regulated at multiple levels
ensuring that ER folding capacity is not overwhelmed, thus maintaining ER homeostasis. At
the center of this regulation is the phylogenetically conserved process of the UPR, a key
signaling pathway that triggers comprehensive remodeling of the ER and the biosynthetic
pathway according to the different cellular needs. In parallel, autophagy is another important
degradation pathway normally induced by nutrient deprivation and more recently, under ER
stress conditions, to protect cells from death. Two reports (Bernales et al., 2006, 2007) that
describe the new process of ER-phagy provide direct evidence that the ER can serve as a
membrane source for autophagosome formation. Further, they indicate that this process
entails engulfment of the ER by itself, targeting the ER as the major organelle involved in
the regulation of cellular component degradation. As such, it plays an important role in
protein- and organelle-degradation functionality of the ER critical to homeostatic cellular
control.

5. UPR AND CELL METABOLISM

The main goal of the UPR is to restore the equilibrium between protein load and folding
capacity of the ER. From a metabolic point of view, protein folding in the ER is a
demanding process, due to its high-energy requirements (Fig. 5.4). For example, saccharides
are needed for the N-glycosylation of client proteins, reductive equivalents are consumed in
the formation of disulphide bonds and an appropriate supply of ATP is essential for calcium
accumulation in the ER and chaperone activity.

5.1. UPR-Mediated Regulation of Master Metabolic Switches

The best-known effect of UPR on cellular metabolism is the attenuation of general protein
translation via eIF2α phosphorylation. Such negative regulation not only reduces protein
load in the ER but also increases ATP availability for processes such as protein folding and
degradation.

As already mentioned, conditions of low nutrient supply are known to induce the UPR as
well as autophagy. The relationship between these two responses becomes clear considering
that nutrient deprivation increases protein misfolding, which is a potent trigger of both
processes. However, cross talk between the UPR and master metabolic regulators has
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received little attention until recently. AMPK has been shown to require the
endoribonuclease activity of IRE1 for nitric oxide-induced signaling (Meares et al., 2011).
Moreover, stimulation of the IRE1 endoribonuclease activity with the flavonoid quercetin
also engages IRE1-dependent AMPK activation. This signaling pathway is important for
maintaining cellular metabolism because it regulates the activity of critical proteins, such as
acetyl-CoA carboxylase, PGC-1α and mTORC1. This cooperative effect is of particular
interest in tissues with high metabolic activity, such as the heart. The AMPK activators
AICAR or metformin relieve hypoxia/reoxygenation injury, a process known to trigger
apoptosis in cardiomyocytes, by generating ER stress (Yeh et al., 2010). This response is
achieved by the concomitant decrease in proapoptotic branches of the UPR (CHOP and
caspase-12) while retaining an adaptive increase in BiP/GRP78 protein levels. Taken
together, this evidence suggests that AMPK signaling may cooperate with, or even be part of
the adaptive steps of UPR, by diminishing death-inducing irreparable damage. However,
many details of this complex cross talk process still need to be unraveled.

When ER stress is induced by increased protein load, instead of decreased nutrients, the role
of mTOR has been shown to be important. Such is the case for plasma cells, which secrete
large amounts of immunoglobulins when they are stimulated with LPS. These cells, upon
induction of ER stress, attenuate the mTOR pathway, leading to reduced protein synthesis.
This reduction is important for cellular adaptation as B cells with elevated mTOR activity
are prone to undergo apoptosis upon LPS stimulation (Goldfinger et al., 2011). A second
example that shows the preponderance of mTOR during ER stress has been established in a
rat model of minimal-change disease, which is characterized by podocyte ER stress-
dependent proteinuria. In this model, mTORC1 activation was shown to precede UPR,
leading to a decrease in the ATP/ADP ratio and activation of AMPK, presumably due to an
increase in energy-consuming processes, such as cell growth and proliferation. Pretreatment
with the mTORC1 inhibitor, everolimus, prevented the reduction in ATP levels, AMPK
activation and UPR, thus inhibiting proteinuria (Ito et al., 2011). Studies in tumor cells have
shown that constitutive activation of mTOR induces ER stress, which is part of a negative
feedback loop emerging from growth factor receptors upstream of mTOR (Ozcan et al.,
2008). On the other hand, during ER stress, mTORC1 triggers apoptosis by suppressing Akt
activity, and selectively inducing the IRE1-JNK pathway (Kato et al., 2011). These
observations highlight the delicate balance that exists between cellular energy sensing and
ER stress.

5.2. UPR Regulation of Lipid Metabolism

ER stress is known to stimulate lipogenesis through the UPR, thus providing lipids for ER
expansion, a hallmark of cellular adaptation. ER stress activates, for example, SREBP1
(Wang et al., 2005), as well as SREBP2 (Colgan et al., 2007), two master transcriptional
regulators of fatty acid and cholesterol biosynthesis. Relief of ER stress by overexpression
of BiP/GRP78 inhibits SREBP1 activation in the liver of ob/ob mice, highlighting the
importance of the UPR in the control of lipid metabolism (Kammoun et al., 2009).

As mentioned in previous sections, the IRE1/XBP1 pathway was first shown to be important
for the differentiation of highly secretory cells, such as antibody-secreting B cells. Likewise,
XBP1-deficient cells are reportedly deficient in adipogenic differentiation (Sha et al., 2009).
XBP1 was shown to be directly downstream the essential adipogenic factor C/EBPβ, and
splicing of this factor is indispensible for the development of the adipose phenotype. One
mechanism by which XBP1 promotes lipogenesis is through activation of enzymes of the
CDP-choline pathway, thus leading to increased phosphatidylcholine biosynthesis and ER
biogenesis (Sriburi et al., 2004, 2007). In the liver, the IRE1/XBP1 pathway directly
controls genes involved in fatty acid synthesis in response to carbohydrate diet, while
hepatic deletion of XBP1 causes hypocholesterolemia and hypotriglyceridemia (Lee et al.,
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2008). Furthermore, hepatocyte-specific IRE1 deletion predisposes mice to ER stress-
induced hepatosteatosis, suggesting that this UPR sensor is also important for intracellular
lipid secretion and accumulation (Zhang et al., 2011).

PERK has also been demonstrated to be important for lipogenic tissue development since
knockout mice have impaired mammary gland lipogenesis during pregnancy, which results
in reduced free fatty acid content of the milk (Bobrovnikova-Marjon et al., 2008). Loss of
PERK also resulted in a decrease in key lipogenic enzymes, such as stearyl-CoA
desaturase-1, fatty acid synthase and ATP citrate lyase, due to excessive activation of
SREBP1, the master regulator of lipid homeostasis within the cell. The PERK pathway is
also important for development of hepatosteatosis in mice fed a high-fat diet. Reduction of
eIF2α phosphorylation results in a lower expression of PPARγ and C/EBP, key
transcriptional regulators of lipid synthesis (Oyadomari et al., 2008).

On the other hand, ATF6 has also been implicated in lipid metabolism. ATF6 knockout
mice treated with tunicamycin develop hepatosteatosis to a higher degree than wild-type
mice. In these animals, a more pronounced decrease in the expression of genes related to
lipid handling, such as PGC1α, PPARα and SREBP1, is observed, which results in
increased lipid accumulation in the liver. However, unlike the other UPR pathways, ATF6
seems to be more important for fatty acid oxidation than lipid biosynthesis (Rutkowski et al.,
2008).

5.3. UPR Regulation of Carbohydrate Homeostasis

In rat liver, it was recently shown that physiological postprandial increases in glucose and
lipids cause ER stress (Boden et al., 2011), suggesting that the UPR may participate in
carbohydrate metabolism. FOXO1, a transcription factor that promotes hepatic
gluconeogenesis and inhibits glucose utilization (Zhang et al., 2006), is regulated by XBP1
in an ER stress response-independent manner (Zhou et al., 2011). Spliced XBP1 interacts
with FOXO1 to enhance proteasome-mediated degradation. This effect is observed even at
low levels of XBP1 that are unable to induce UPR-related genes. This evidence shows that
UPR sensors control carbohydrate metabolism and diminish glucose production.
Alternatively, another line of evidence links ER stress-induced JNK hyperactivation to
increased FOXO1 activity and increased hepatic gluconeogenesis (Lim et al., 2009). This
mechanism may be important for regulation of blood sugar during long periods of
hypoglycemia since this condition has been shown to induce ER stress in the liver, thereby
linking the UPR and glucose production (Gonzales et al., 2008). These contradictory results
suggest that the connection between UPR and hepatic glucose handling is complex and
further studies are required to fully dissect the details.

The pathological implications of UPR for glucose metabolism in different organs have been
extensively documented in recent years, due to its importance in understanding type 2
diabetes. This issue will be covered in the next section.

5.4. ER Stress-Modulated Mitochondrial Metabolism

While the role of the ER as a physiologically relevant calcium store is well established, a
similar role for mitochondria has been long debated. Calcium ions are known to be taken up
by mitochondria and to accumulate in the mitochondrial matrix (Deluca and Engstrom,
1961; Vasington and Murphy, 1962), but the relevance of this process remained unclear.
Moreover, evidence suggesting the existence of a low-affinity calcium uptake system
questioned the physiological relevance of mitochondria in calcium handling.

For many years, calcium accumulation and protection of the cell against calcium overload
was considered to be the only function of mitochondria in the control of intracellular
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calcium metabolism. However, this view was challenged by observations showing that the
activity of pyruvate, isocitrate and α-ketoglutarate dehydrogenases in permeabilized or
homogenized mitochondria was enhanced by calcium in a direct or an indirect manner
(McCormack et al., 1990; Carafoli, 2010). Interestingly, agonist-induced calcium release can
lead to improved mitochondrial function as evidenced by increased ATP production after
restoring normal mitochondrial calcium levels (Jouaville et al., 1999). Additionally, also
many other mitochondrial processes, such as fatty acid oxidation, amino acid catabolism,
F1-ATPase manganese superoxide dismutase activity, aspartate and glutamate carrier, as
well as the adenine-nucleotide translocase activity, are regulated by mitochondrial calcium
(McCormack et al., 1990; Hayashi et al., 2009). Moreover, Cárdenas et al. (2010) recently
showed that basal IP3R activity was required to control mitochondrial bioenergetics.
Absence of this calcium transfer results in enhanced phosphorylation of pyruvate
dehydrogenase and AMPK activation, which in turn activates autophagy as a prosurvival
response. Thus, constitutive IP3R-mediated calcium release to mitochondria is required for
efficient mitochondrial respiration and maintenance of normal cellular bioenergetics.

Work from our group performed in HeLa cells demonstrated that early stages of ER stress
increase physical coupling and calcium transfer from ER to mitochondria, leading to
augmented mitochondrial bioenergetics as a means of adaptive ATP production (Bravo et
al., 2011b). Physical coupling between ER and mitochondria is observed upon treatment
with different ER stressors (tunicamycin, brefeldin A and thapsigargin). However, it remains
unknown to what extent the UPR is involved in these events.

Additionally, a recent study performed in skeletal muscle showed that adaptation of muscle
fibers to acute exercise is mediated by the UPR. ATF6 is required for the recovery process,
involving the coactivation of PGC1α (Wu et al., 2011). Such cross talk between the UPR
and PGC1α is a potential mechanism that may explain how ER stress-mediated control of
mitochondrial metabolism is achieved, given the importance of PGC1α in mitochondrial
biogenesis and fatty acid oxidation (Koves et al., 2005; Safdar et al., 2011). Despite such
insights, the field of ER-modulated mitochondrial metabolism is still rather nascent, and
further studies are required to determine their relevance to the development of human
diseases. Some of these pathological implications will be discussed in the next and final
sections.

6. UPR AND PATHOLOGIES

Pathophysiological alterations in cellular calcium along with ER stress signaling are
hallmarks of a broad variety of pathologies such as type-2 diabetes mellitus (T2DM), insulin
resistance, cardiovascular diseases and Alzheimer disease (AD) (Kelley et al., 2002; Lim et
al., 2009). These pathologies are also characterized by a marked decrease in cellular
metabolism; however, the molecular mechanisms responsible for this dysfunction are not
fully understood. As discussed previously, alterations in the contacts between ER and
mitochondria, and more importantly, in calcium transfer between these two organelles,
could lead to mitochondrial dysfunction and the metabolic imbalance observed in these
diseases (Fig. 5.5). Moreover, recent studies have also linked ER–mitochondria
communication to cancer growth and progression. The influence of both organelle interplay
and UPR signaling on human pathologies will be discussed subsequently.

6.1. UPR and Diabetes

Diabetes mellitus (DM) is considered a multifactorial pathology and is associated with
obesity, dyslipidemia, endothelial dysfunction, inflammation and hypertension (Petersen and
Shulman, 2006). T2DM is one of the most common diseases in the developed world and it is
now considered as a global health burden (Zimmet et al., 2001). Peripheral insulin
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resistance, deregulated hepatic glucose production and inadequate insulin secretion
characterize T2DM. Furthermore, this disease involves defects in insulin signaling due to
reduced insulin receptor function and downstream phosphorylation events (Lee and White,
2004). Recent reports using genetically obese (ob/ ob) or high-fat diet (HFD)-induced obese
mice identified an increase in UPR markers in the liver and adipose tissues (Ozcan et al.,
2004). Moreover, elevated ER stress markers, such as GRP78, XBP1s, phosphorylated
eIF2a and JNK, are detected in the liver and adipose tissue of obese insulin-resistant
individuals (Boden et al., 2008). Additionally, JNK activation via UPR is associated with
insulin resistance via phosphorylation of IRS-1. Hotamisligil’s group described a causal link
between ER stress and the development of metabolic diseases like insulin resistance and
T2DM. Using different cell culture and mouse models, they showed that obesity causes ER
stress. Moreover, mice deficient in the XBP-1 protein develop insulin resistance,
demonstrating that ER stress is a central feature of peripheral insulin resistance and T2DM
at the molecular and cellular level (Ozcan et al., 2004). In another more recent study, XBP-1
was shown to interact with the transcription factor FOXO1, a key regulator of
gluconeogenesis, and promote its proteasomal degradation. Moreover, hepatic
overexpression of XBP-1 results in significantly reduced blood glucose levels and increased
glucose tolerance in mouse models of insulin resistance and type 1 and 2 diabetes. All these
changes are accompanied by a reduction in hepatic FoxO1, revealing that XBP-1 regulates
glucose homeostasis in response to ER stress (Zhou et al., 2011).

Enhanced gluconeogenesis is another important component of insulin resistance in T2DM.
Interestingly, the induction of acute ER stress results in reduced hepatic glucose output
mediated by ATF6 interaction with the CREB-regulated transcription coactivator 2
(CRTC2) that releases CREB, which regulates fasting gluconeogenesis (Wang et al., 2009c).
Moreover, in CRTC2-knockout animals, decreased fasting gluconeogenesis and improved
insulin sensitivity are observed upon diet-induced obesity (Wang et al., 2010). Additionally,
chronic ER stress also increases gluconeogenesis. Obese mice have lower levels of hepatic
ATF6 and XBP-1, which reduces the interaction of ATF6 with CRTC2, thereby favoring
upregulation of the gluconeogenesis program (Wang et al., 2009c). Furthermore, XBP-1
reduction contributes to enhanced JNK activation that triggers insulin resistance (Ozcan et
al., 2004).

PERK, the third branch of the UPR, acutely and chronically phosphorylates eIEF2α during
hepatic ER stress (Ozcan et al., 2004; Lin et al., 2007), increasing gluconeogenesis via the
translational activation of C/EBP. Additionally, the dephosphorylation of hepatic eIEF2α
improves insulin sensitivity in HFD mice (Oyadomari et al., 2008). eIF2α is also implicated
in hepatic lipogenesis. Thus, ATF6 knockout and chronic dephosphorylation of eIF2α in a
mouse model decrease C/EBP expression and downstream lipogenic transcription factor
activity (Oyadomari et al., 2008; Rutkowski et al., 2008). Finally, ER stress contributes to
hepatic fat accumulation through changes in the nuclear localization of SREBP1c by an
insulin-independent pathway (Kammoun et al., 2009).

During the development of T2DM, insulin production by β-cells is increased to compensate
for insulin resistance. This increase in insulin demand, together with increased fatty acid
levels and hyperglycemia, activates UPR in pancreatic cells (Cnop et al., 2005). Different
kinds of mutations are associated with diabetes. Missense mutations that interrupt disulphide
bridge formation and correct proinsulin folding cause neonatal diabetes (Støy et al., 2007;
Colombo et al., 2008). Moreover, mutations in several UPR genes, like eif 2ak3 (which
codes for PERK) and wsf1, are considered risk factors for the development of diabetes, in
the Wolcott–Rallison and Wolfram syndromes, respectively (Inoue et al., 1998) (Delépine et
al., 2000). Prolonged T2DM can activate the UPR by hyperglycemia. In contrast, free fatty
acids (FFA) may trigger ER stress early in diabetes. Several groups have demonstrated that

Bravo et al. Page 21

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2013 May 29.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



chronically high glucose levels cause ER stress (Wang et al., 2005; Lipson et al., 2006;
Elouil et al., 2007). For example, cultured rat pancreatic islets exposed to high glucose (30
mM) increase the mRNA levels of Grp78, Grp94, Edem and Chop (Elouil et al., 2007).
However, a study in MIN6 insulinoma cells exposed to low or high glucose failed to induce
the UPR response (Webb et al., 2000). Besides, high glucose levels are also associated with
an increased level of ROS and a reduction in β-cell function (Robertson, 2004; Robertson et
al., 2004). Although ROS can induce ER stress (Malhotra and Kaufman, 2007), they also
cause numerous other cellular effects.

As for hyperglycemia, elevated levels of FFA are also linked to obesity and contribute to the
development of T2DM (Robertson et al., 2004). Exposure of human islets to palmitate
induces ER stress and an NF-kB-mediated inflammatory response (Igoillo-Esteve et al.,
2010). Furthermore, the treatment of β-cells with palmitate causes ER distention and
activation of the three branches of the UPR. This activation may contribute to FFA-induced
β-cell death through CHOP upregulation and the activation of JNK as well as the caspase-12
cascade (Kharroubi et al., 2004), which rapidly degrades carboxypeptidase E, an enzyme
involved in the insulin processing. FFA also induces the depletion of ER calcium and
impedes protein trafficking by ceramide synthesis (Boslem et al., 2011). All these events
contribute to ER stress by the accumulation of unprocessed proinsulin molecules in the
secretory pathway (Jeffrey et al., 2008).

Finally, obesity and occidental diet are associated with elevated plasma levels of glucose
and FFA. Both factors contribute to the progression of T2DM by promoting pancreatic β-
cell death (Cunha et al., 2008, 2009). While CHOP has a proapoptotic effect in β-cells,
PERK antagonizes the apoptosis antagonizing transcription factor (AATF), which regulates
Akt1 (Ishigaki et al., 2010). Additionally, the upregulation of C/EBP sensitizes cells to
apoptosis (Matsuda et al., 2010). Although our understanding of how chronic ER stress
contributes to the development of diabetes is improving, further studies are needed to fully
appreciate the existing connections between UPR and the metabolic nodes regulated by
mTOR and AMPK, as well as how the drugs metformin and resveratrol affect ER stress.

6.2. UPR and Cardiovascular Diseases

6.2.1. Ischemia/Reperfusion—All three branches of the UPR are activated in ischemic
heart disease (Glembotski, 2007). In an in vitro model using HL-1 cells, exposure to 8 h of
hypoxia triggered phosphorylation of PERK and expression of CHOP (Perman et al., 2011).
Also, in rat neonatal cardiomyocytes, ischemia stimulated significant upregulation of BiP/
GRP78 and ATF6, as well as an increase in XBP1 splicing (Thuerauf et al., 2006). The
majority of these and other in vitro findings have been replicated in animal models and
clinical studies under various conditions (Thuerauf et al., 2006; Severino et al., 2007; Toko
et al., 2010; Perman et al., 2011). Studies in wild-type animals showed that ATF6
transcription was increased 6 h after ischemia (Perman et al., 2011). Alternatively, Thuerauf
et al. (2006) found that BiP/GRP78 levels were elevated even 4 days after ischemic injury in
cardiomyocytes.

Under ischemic conditions, the lack of oxygen and nutrients poses a serious threat to
cardiomyocyte viability. At the mechanistic level, insufficient ATP impairs disulfide bond
formation and fosters inappropriate calcium handling, both processes that have been
suggested to trigger UPR in heart. Disulfide bond formation is critical for folding of secreted
proteins, and the ER-resident chaperones involved, Ero1, PDI and ERp57, require oxygen as
a final electron acceptor for the serial redox reactions required for this process (Anelli and
Sitia, 2008). Correct glycosylation of membrane proteins is required for both trafficking and
proper biological function. Recent studies suggest that insufficient ATP availability affects
UDP-sugar formation and triggers ER stress by interfering with glycosylation. The sudden

Bravo et al. Page 22

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2013 May 29.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



drop in nutrient flux during ischemic heart disease leads rapidly to energy and ATP
shortage. Additionally, high calcium levels in the ER are required for chaperones such as
BiP/GRP78 to aid in protein folding. The pathological changes in ER calcium levels during
ischemia due to decreased SERCA2 activity can effectively stimulate ER stress (Liu et al.,
2011).

Although activation of the UPR in ischemic heart disease is well established, the precise
biological role of the UPR in this process remains unclear, since available evidence indicates
that activation of the UPR can be either beneficial or detrimental. Most studies have
attempted to address this question by evaluating activity of proapoptotic branches of the
UPR following genetic or pharmacological manipulation. For instance, studies with VLDL-
deficient rats established that protection of the heart from ischemic insult correlated with a
decrease in caspase activity and apoptotic cell death (Perman et al., 2011). Likewise, this
correlation was evident in a rat ischemia model where BiP/GRP78, CHOP and caspase-12
were evaluated (Song et al., 2011). These studies suggest that ER stress during ischemia
stimulates cell death, and inhibition of ER stress may ameliorate cardiomyopathy. However,
evidence for a beneficial role of the UPR in this process also exists (Thuerauf et al., 2006),
since in vitro and in vivo approaches using gain- and loss-of function approaches showed
that the UPR protects cardiomyocytes from cell death. While a detailed understanding of the
role of the UPR in ischemic heart disease remains to be established, an emerging concept is
that initial low levels of UPR appear to be beneficial and favor adaptive responses, whereas
persistent ER stress is detrimental for cell survival.

Reperfusion is the only means to terminate continuous lethal consequences of an ischemic
insult. This process, however, comes at a price as reperfusion has been shown to trigger
additional damage. Recently, the UPR has been implicated in ischemia reperfusion (IR)
(Groenendyk et al., 2010). All available evidence suggests the UPR is strongly activated
during IR (Minamino et al., 2010). In cultured cardiomyocytes exposed to conditions
simulating IR, significant activation of BiP/GRP78, CHOP, ATF6 and Xbp1s is observed
(Ngoh et al., 2009; Yeh et al., 2010). These in vitro observations have been corroborated in
vivo in mouse and rat models (Miyazaki et al., 2011; Tao et al., 2011).

Mechanistically, increased ROS levels observed upon reestablishing of oxygen and nutrient
supply, as well as rebooting mitochondrial energy production, are likely to stimulate the
UPR. Indeed, suppression of ROS production effectively eliminates IR injury and UPR
markers are dramatically decreased. Recent evidence suggested that ROS are an integral
component in some types of the UPR and contribute there to activating proapoptotic
pathways (Santos et al., 2009). UPR inducers can effectively increase ROS formation and
knockdown of the proapoptotic branches of the UPR is associated with a drop in ROS
levels.

As for the role of the UPR in IR, most studies to date propose models based on the
correlation observed using genetic and pharmacological strategies to improve cardiac
recovery following IR. While these data provide substantial support for the involvement of
the UPR in IR, conclusive results are hard to obtain. The increase in O-GlcNAc
modifications can inhibit IR-provoked cardiomyocyte death, which is associated with a
decrease in the UPR signaling (Ngoh et al., 2009). Similar results have been obtained using
AMPK activators and Apelin (Yeh et al., 2010; Tao et al., 2011). Moreover, recent studies
found that IR injury is significantly decreased in mice lacking CHOP (Miyazaki et al.,
2011). While these data point toward a detrimental role for UPR in IR injury, other findings
lead to alternative conclusions. Natarajan et al. (2009) found that prolyl hydroxylase
inhibition can attenuate IR injury, which may be mediated by UPR induction. Acute
induction of the UPR by brief exposure to a UPR inducer effectively protects the heart from
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IR insult (Petrovski et al., 2011). Studies using an inducible ATF6 overexpression model
discovered that UPR induction favors cardiomyocyte survival during IR, by reducing
necrosis and apoptosis (Martindale et al., 2006). More studies are warranted to define the
biological role of the UPR in IR of the heart.

In summary, despite all the genetic and pharmacological data that seek to establish a direct
correlation between IR, ER stress and UPR, a definitive conclusion is still lacking, mainly
due to recent results that point to the UPR as an adaptive response under these conditions
and not as a cell death pathway per se. Moreover, given the importance of the metabolic
changes observed during the development of IR injury, future studies should not only focus
on clarifying the metabolic regulation exerted by the ER, but also recognize the importance
of this organelle in the control of the cellular homeostasis and how this affects cellular
survival.

6.2.2. Cardiac Hypertrophy and Heart Failure—It has been widely reported that both
ER stress and UPR are activated in models where pressure or volume overload or
mechanical stress are used to induce hypertrophy and heart failure (Okada et al., 2004;
Groenendyk et al., 2010; Minamino et al., 2010; Sari et al., 2011). Initially, cardiac
hypertrophy is characterized as an adaptive response of the heart to overload. In general
terms, if the stress persists, contractile dysfunction ensues and the process is termed
pathological hypertrophy. However, if contractile function is not affected, the alterations
observed are considered as physiological hypertrophy. At the cellular level, hypertrophy is
characterized by an increase in the number and organization of sarcomeres, increased
protein synthesis and reexpression of genes typically observed in embryonic stages. In
addition, all these changes are accompanied by alterations in both calcium homeostasis and
metabolism, which, together with increased protein synthesis, can induce ER stress and
consequently trigger the UPR (Berridge, 2006; Abel and Doenst, 2011; Dickhout et al.,
2011; Ni et al., 2011).

Some studies report that during hypertrophy induced by pressure overload, there is an
increase in BiP/GRP78 synthesis and in the activation of the XBP1, IRE1α/TRAF2
pathways (Dickhout et al., 2011; Sari et al., 2011). Alternatively, activation of the fetal gene
expression program characteristic of hypertrophy can be altered by ATF6 and XBP-1 by
modulating the activation of key transcription factors characteristic of this disease, such as
MEF2C, NFAT and GATA (Groenendyk et al., 2010).

Moreover, considering that ATP is required not only for chaperone function but also IRE1
activation, changes in cellular energy metabolism may influence the development and
maintenance of the UPR (Burkart et al., 2011). During the onset of cardiac hypertrophy, it is
not clear whether changes in fatty acid metabolism and ATP levels occur in cardiomyocytes.
However, while studies of physiological hypertrophy suggest an increase in fatty acid
metabolism (Burelle et al., 2004; Strøm et al., 2005), this contrasts with the decrease
observed during pathological hypertrophy (van Bilsen et al., 2009; Doenst et al., 2010; Abel
and Doenst, 2011). However, these changes are still controversial since other studies suggest
that during pathological hypertrophy, there are no metabolic changes in cardiac cells
(Degens et al., 2006).

Thus, while at the onset cellular metabolism may remain unchanged and UPR may represent
part of a cellular adaptation process, persistent stress along with other unknown factors, such
as changes in energy levels, could induce a switch from protective ER stress signaling to cell
death.
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Thus, along with the activation of ER stress, both apoptosis and loss of cardiac function can
be observed in the progression from hypertrophy to heart failure. Indeed, ER stress is
involved in cardiotoxicity and progression of heart disease to heart failure (Groenendyk et
al., 2010; Minamino et al., 2010). Furthermore, cardiac dysfunction is generally associated
with a decrease in the cellular energy (Groenendyk et al., 2010; Schulz et al., 2010;
Dickhout et al., 2011; Ni et al., 2011).

While various studies report on activation of the UPR in both hypertrophied and failing
hearts, activation of proapoptotic CHOP-induced ER stress has only been reported for heart
failure or during transition from hypertrophy to failure. Also, for CHOP knockout mice,
decreased degrees of hypertrophy and cardiac dysfunction are observed after transverse
aortic constriction in comparison to wild-type animals (Okada et al., 2004; Minamino et al.,
2010). On the other hand, during pressure overload-induced ER stress, SREBP1c is
activated, which in turn induces the synthesis of triglycerides, while the activation of XBP-1
stimulates the synthesis of phosphatidylcholine. These observations, in conjunction with
reduced fatty acid oxidation that induces triglyceride accumulation in cardiomyocytes, may
contribute to lipotoxicity that has been described in the heart failure (Okada et al., 2004;
Groenendyk et al., 2010).

Clearly, further studies are required to clarify the relationship between induction of ER
stress in the heart, development of cardiac hypertrophy and progression to heart failure.
Similarly, the relationship between UPR induction and cardiac metabolism is an issue that
requires more attention to understand how contractile dysfunction and cell death ensue.

6.3. UPR and Neurodegeneration

In neurons and in several models of neurodegenerative diseases, calcium plays a critical role
as a second messenger, controlling synaptic function and cell viability. In basal cellular
conditions, ER calcium concentrations are close to 300 μM, whereas cytosolic calcium
concentrations usually range between 5 and 50 nM (Pozzan et al., 1994). Several key ER
chaperones require optimal calcium concentrations for their protein folding activity, pointing
to ER-calcium depletion as an important target in the folding and maturation of proteins and
as a key element in the development of some neurodegenerative diseases where the folding
capacity of the neurons is challenged (Corbett et al., 1999; Ashby and Tepikin, 2001).
Additionally, a sustained increase in the cytosolic calcium may also induce mitochondria-
mediated apoptosis via the activation of proteins like calcineurin or by an overload of
mitochondrial calcium (Wang et al., 1999). Moreover, recent findings correlate ER stress
with the control of mitochondrial function and metabolism through mechanisms involving
calcium transfer from the ER to mitochondria (Cárdenas et al., 2010; Troncoso et al., 2011;
Bravo et al., 2011a, 2011b). For all these reasons, regulation of the calcium concentration in
the cytosol and ER are critical for maintaining normal neuronal function and homeostasis.

One critical example is AD, one of the most common forms of dementia in developed
countries, where defects in calcium signaling due to altered ER (specifically MAM) function
could explain the well-known disturbances in calcium homeostasis and mitochondrial
deficits observed in this disease (Smith et al., 2005; Small, 2009; Yu et al., 2009), including
the enhanced IP3-mediated release of calcium in fibroblasts from patients with the sporadic
(SAD) (114) or the familial (FAD) form of the Alzheimer disease (Ito et al., 1994; Leissring
et al., 1999a, 1999b; Nelson et al., 2007). The majority of FAD cases are caused by point
mutations in the genes of two homologous proteins, presenilin 1 (PS1) and presenilin 2
(PS2), essential components of the γ-secretase complex responsible for the production of
the amyloid β peptides (Aβ) (Goedert and Spillantini, 2006) that mainly localize to at the
MAM surface (Schon and Area-Gomez, 2010). Accumulating evidence suggests that FAD is
linked to an imbalance of cellular calcium homeostasis (Bojarski et al., 2008; Mattson,

Bravo et al. Page 25

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2013 May 29.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



2010) and, in particular, the presenilins appear to play a key role in the control of calcium
concentration within the ER. In this way, it has been reported that several FAD-linked
presenilin mutants altered the expression or sensitivity of the RyR and the IP3R in different
models, including cell lines, neurons and brain microsomes (Mattson, 2010). In parallel, it
has also been proposed that the SERCA could be a target for presenilins, although opposite
regulatory effects have been reported in this respect (Green et al., 2008; Brunello et al.,
2009). Finally, Tu et al. reported that WT presenilins form low-conductance calcium leak
channels in the ER membrane (Tu et al., 2006; Nelson et al., 2007). These results favor the
“calcium overload” hypothesis for FAD, which proposes that the reduced ER calcium leak
caused by FAD-linked presenilin mutants results in increased ER-calcium concentrations
and exaggerated calcium release upon cell stimulation (LaFerla, 2002; Thinakaran and
Sisodia, 2006). However, among all these observations, the most important evidence for a
role of ER—and more specifically for MAM—in calcium dysregulation in AD is the finding
that PS1 and PS2 are able to directly interact with the IP3R, and that FAD-linked mutants
not only dramatically enhance the gating of the channel but also stimulate the production of
Aβ (Cheung et al., 2008, 2010). More recently and reinforcing the same concept, Zampese
et al. (2011), by directly measuring mitochondrial calcium dynamics, showed that PS2,
favors calcium transfer between ER and mitochondria, an effect that was reduced by PS2
downregulation and enhanced by the expression of PS2 mutants. However, how this transfer
may modulate mitochondrial function and neuronal metabolism is still a matter of debate.

Since mitochondria need to be strategically positioned at sites where metabolic demand is
high (Zenisek and Matthews, 2000; Li et al., 2004), a problem with calcium handling not
only would affect the control of the mitochondrial functioning (through an imbalance in the
control of the Krebs cycle enzymes) but also would provoke alterations in the calcium-
mediated mitochondrial movement along axons, triggering highly deleterious effects on
neuronal function in general, and on synaptic transmission in particular (as reported by
Stokin et al., 2005; Q. Wang et al., 2008, 2009a; 2009b). According to these data, it has been
proposed that a model of altered MAM function could provide a unifying hypothesis to
explain many of the features of the AD, including the elevated ratios of Aβ42/Aβ40 (via
changes in the content of cholesterol), hyperphosphorylation of tau (via changes in the
phospholipid metabolism) and aberrant mitochondrial dynamics, with retention of large
numbers of fragmented mitochondria in the perinuclear region of cells (via abnormal
calcium transport between ER and mitochondria) (Schon and Area-Gomez, 2010). Notably
all these metabolic and morphological features have been found in both FAD and SAD
(Wang et al., 2009b), pointing to the MAM hypothesis as a unifying explanation able to
relate previously unconnected phenotypes.

Another interesting example is the pathogenesis of prion disease (PrD) where several groups
have reported the occurrence of ER stress responses, including the activation of UPR
transcription factor XBP1 splicing (Hetz et al., 2008) as well as JNK and ERK (Steele et al.,
2007; Hetz et al., 2008). In Creutzfeldt–Jakob disease (CJD) patients and in some mouse
models, upregulation of several chaperones and foldases such as BiP/GRP78, GRP94 and
GRP58/ERp57 is observed, which suggests abnormal ER homeostasis (Yoo et al., 2002;
Hetz et al., 2003, 2005; Brown et al., 2005; Rane et al., 2008). These kinds of perturbations
lead to the generation of intermediary mis-folded forms of the cellular prion protein (PrPc)
increasing its susceptibility to convert into the PrP protease resistant form (PrPRES) in vitro
(Apodaca et al., 2006; Orsi et al., 2006). Moreover, recently, Hetz’s group described the
contribution of calcium as another element in the development of infectious and familial
PrD (Torres et al., 2010). Using purified PrPRES from the brain of scrapie-infected mice,
they evaluated its impact on ER stress responses and calcium homeostasis. They found that
the acute exposure of PrPRES to Neuro2a cells induces release of calcium from the ER and
ER stress, associated with the upregulation of several chaperones and foldases including
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ERp57, BiP/GRP78 and GRP94. Consistent with these results, cells chronically infected
with scrapie prions also display altered ER calcium levels. Additionally, scrapie-infected
cells are more susceptible to undergo ER stress-mediated cell death, associated with stronger
UPR activation after exposure to different ER stress-inducing agents (Torres et al., 2010).
The exact mechanisms involved in calcium disturbance and how this directly affects
neuronal metabolism remain to be determined.

As a last example, in the fatal neurodegenerative disease amyotrophic lateral sclerosis
(ALS), motor neurons degenerate with signs of organelle fragmentation, free radical
damage, mitochondrial calcium overload, impaired axonal transport and accumulation of
proteins in intracellular inclusion bodies (Grosskreutz et al., 2010). In ALS, chronic
excitotoxicity mediated by calcium-permeable AMPA-type glutamate receptors seems to
initiate a self-perpetuating process of intracellular calcium dysregulation with consecutive
ER calcium depletion and mitochondrial calcium overload. In this context, Berridge et al.
had postulated a model based on the chronic shift of calcium from the ER compartment to
mitochondria, inducing a long-term accumulation of misfolded proteins in the ER due to a
chronically low intraluminal calcium concentration (Berridge, 2002). Calcium seems to be
mobilized between the ER and mitochondria in a process called the “ER–mitochondria
calcium cycle” (ERMCC), which is driven by the synaptic excitatory input and electrical
activity in neurons rather than occurring spontaneously as in nonexcitable cells. Given the
hypothetical nature of this model, it can be speculated that reducing ER calcium release may
restore balance to the ERMCC, concomitant with a reduction in ER protein throughput and
increasing protein-folding fidelity. A different strategy could be to block the mitochondrial
uniporter and thereby prevent mitochondrial calcium overload but the effect of this on
overall cellular metabolism needs to be revisited.

As we can see from the previous examples, prolonged ER stress and mitochondrial
dysfunction is a key feature of a broad range of neurodegenerative diseases, suggesting that
disruption of the ER–mitochondrial axis may be responsible for the metabolic alterations
detected and associated with these diseases. Future studies should focus in the establishment
of a clear relationship between the metabolic regulation exerted by the ER on mitochondria
and how this connection might be related to other features of these diseases.

6.4. UPR and Cancer

Elevated proliferation rates of cancer cells observed during tumor development require
increased membrane and protein synthesis. These changes pose major challenges to the
molecular machinery within and associated with the ER. In this context, steps of adaptation
involving an increase in the ability to sustain adequate protein folding are essential. Cell
proliferation associated with tumor growth often takes place in hypoxia and conditions of
limited substrate availability (“starvation”). As one possibility, tumor cells adapt to this
“stressful” environment by activating the UPR and, in this scenario, an adaptive UPR
response favors tumor growth. Alternatively, however, a sizable body of literature is also
available indicating that enhancing the UPR may represent a mechanism to preclude tumor
progression. Both these facets must be taken into account in developing a better
understanding of how the UPR participates in oncogenesis and particularly how such
insights might be exploited in novel cancer therapies. In this section, we will focus the
discussion on such aspects.

6.4.1. UPR in Tumor Cell Survival—The ability to upregulate the UPR appears to be
essential for tumor survival (Bi et al., 2005). Indeed, the UPR has been implicated in
inflammation-induced oncogenesis through heat-shock proteins (Goldstein and Li, 2009).
Both the ATF6 and IRE1 branches induce BiP/ GRP78 expression in conditions of ER stress
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and this chaperone promotes ER homeostasis and resistance to apoptosis by interacting with
BIK and caspase-7 (Rao et al., 2002; Reddy et al., 2003; Fu et al., 2007). Conditional
ablation of BiP/GRP78 in prostate abolishes tumorigenesis in a PTEN-null mouse, where the
chaperone is critical for neovascularization during tumor growth and metastasis. Also, in a
transgene-induced breast cancer model, BiP/GRP78 was shown to favor tumor proliferation
and angiogenesis (Fu et al., 2008; Dong et al., 2011). The participation of BiP/GRP78 is also
suggested from other studies. In particular, a correlation between BiP/GRP78 expression and
cancer progression is observed in a number of other types of cancers, including gastric
carcinomas, melanoma, hepatocellular carcinoma and breast cancer (Shuda et al., 2003; Lee
et al., 2006; Daneshmand et al., 2007; Dong et al., 2008; Zheng et al., 2008; Zhuang et al.,
2009). Such elevated levels of BiP/GRP78 in tumor cells suggest that basal UPR levels are
increased and may contribute to decreased apoptosis. Taken together, currently available
data indicate that enhancing the UPR and BiP/GRP78 expression favors adaptation to the
hypoxic environment and tumor growth under these restrictive conditions. Moreover,
essentially as a corollary, recent preclinical studies have reported on the use of BiP/GRP78
inhibitors for cancer treatment (Backer et al., 2009).

6.4.1.1. IRE1-XBP1 Branch: Several lines of evidence suggest that the IRE1-XBP1 branch
of the UPR is essential for tumor cell survival under hypoxic conditions and maintenance of
malignancy (Romero-Ramirez et al., 2004). For instance, in XBP1-deficient cells, increased
apoptosis and decreased clonogenic survival are observed under hypoxic conditions. Upon
subcutaneous injection of immunodeficient mice with XBP1 knockout cells, decreased
tumor growth and higher sensitivity to hypoxia was observed in comparison to wild-type
controls (Romero-Ramirez et al., 2004). Furthermore, downregulation of XBP1 using
specific shRNA diminished blood vessel formation in tumors from mouse embryonic
fibroblast and fibrosarcoma cells and expression of the spliced form of XBP1 restored
angiogenesis in cells expressing dominant negative IRE1α (Romero-Ramirez et al., 2009).
The latter observations provide evidence linking successful angiogenesis to the IRE1-XBP1
branch in tumor cells. Moreover, in transgenic mice, expressing an XBP1-luciferase
construct as a reporter for ER stress and downstream responses relevant to the tumor
microenvironment, a positive correlation between XBP1-luciferase activity and tumor
growth rates was observed for several primary mammary tumor cells (Spiotto et al., 2010).
This branch is also implicated in transcriptional regulation of VEGF, an angiogenic factor
highly expressed in tumors (Plate et al., 1992) that protects them against ischemic injury and
plays a prominent role in sustaining tumor growth (Shweiki et al., 1992). VEGF mRNA
increases under conditions of ER stress, but when IRE1 is silenced by shRNA, VEGF
induction is decreased, resulting in the loss of blood vessels. These authors also
demonstrated that the two other branches (PERK, ATF6) independently regulate VEGF
expression and that inactivation of any one of these three pathways impairs VEGF
upregulation as a consequence of ER stress, suggesting that coordinated activation of all
three pathways is essential for increased VEGF expression (Ghosh et al., 2010).

6.4.1.2. PERK Branch: Activation of the PERK branch is considered an essential part of
the responses triggered in tumor cells required for survival in hypoxia. In tumors, PERK is
activated, phosphorylates eIF2α and thereby favors activation of ATF4 and NRF2,
transcription factors which promote cell survival by increasing autophagy and activating
antioxidant mechanisms. Initial evidence from a study in MEF cells expressing an eIF2α
mutant (S51A) that cannot be phosphorylated by PERK indicated that survival of such cells
under prolonged hypoxia was reduced (Bi et al., 2005). PERK ablation decreased tumor
growth rates in nude mice and in PERK knockout mice, reduced insulinoma formation and
vascularization were observed (Bi et al., 2005; Gupta et al., 2009). The ATF4 pathway is
also implicated in tumor adaptation in the response to hypoxia (Ye et al., 2010). One of
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these tumor adaptation responses is related to enhanced expression of VEGF, whereby
synthesis and processing in the ER for secretion (Ferrara and Davis-Smyth, 1997) are
increased in hypoxia by mechanisms involving the ATF4 pathway (Roybal et al., 2004). On
the other hand, secretion of de novo synthesized VEGF is controlled by a heat-shock protein
70 family molecular chaperone localized in the ER (ORP150), which is upregulated under
hypoxia (Ozawa et al., 2001). In addition, PERK participates in the survival of dormant
tumor cells found in small, chemotherapy resistant and asymptomatic tumors, via
mechanisms involving augmented expression of BiP/ GRP78, reduced protein synthesis and
exit from the cell cycle in the G1 phase (Ranganathan et al., 2006). Alternatively, PERK
facilitates survival of extracellular matrix (ECM)-detached cells by promoting autophagy,
ATP production and an antioxidant response in human mammary epithelial cells. This
mechanism may potentially be exploited by ECM-detached tumor cells in breast ductal
carcinoma in situ lesions (Avivar-Valderas et al., 2011). However, paradoxically, PERK
ablation was recently also shown to promote mammary tumorigenesis in aged mice through
increased ROS and DNA damage. In doing so, PERK ablation favors DNA mutation and
neoplastic growth (Bobrovnikova-Marjon et al., 2010).

6.4.1.3. ATF6 Branch: The role of the ATF6 branch in cancer has been poorly explored to
date, although indirect evidence exists indicating that ATF6α is an important modulator of
chronic ER stress. For instance, a complex between XBP1 and ATF6α that upregulates
ERAD components is detected in MEF cells (Yamamoto et al., 2007). This process must be
carefully regulated as cells degrade proteins whose synthesis consumes high levels of ATP.
Moreover, the ERAD pathway per se also requires large amounts of ATP. A second piece of
evidence implicating ATF6α as a key regulator in persistent ER stress was obtained using
cells from ATF6α knockout mice. There, reduced survival following long-term ER stress
correlated with lower levels of chaperones, such as BiP and GRP94 (Wu et al., 2007).
Indirect evidence implicating ATF6 is provided by studies identifying p50ATF6 within the
nucleus in moderately or poorly differentiated hepatocellular carcinomas (Shuda et al.,
2003). On the other hand, ATF6 activation is crucial to long-term survival of tumors by
augmenting resistance to chemotherapy, nutrient starvation and stress in quiescent squamous
carcinoma cells, where ATF6 increases Rheb expression, which in turn activates mTOR
activity in an Akt-independent manner (Schewe and Aguirre-Ghiso, 2008). Finally,
activation of the UPR, through PERK, IRE1α and ATF6, promotes VEGF expression and
subsequent initiation of the angiogenic program (Ghosh et al., 2010).

6.4.2. UPR as an Adaptive State in Cancer—Generally, normal, nonsecretory cells
are not subject to permanent ER stress and the UPR pathways exist in a quiescent state. In
contrast, tumor cells must adapt to hypoxia and a stressful environment, and do so in ways,
which require developing an adaptive UPR state. Although the precise molecular signals that
induce this state in tumor cells remain poorly defined, high ROS levels and protein synthesis
rates, which are prevalent in cancer cells, are likely to be involved. In normal mammalian
cells, considerable evidence is available indicating that excessive ER stress induces the
apoptotic program through CHOP and JNK activation (Zinszner et al., 1998; Hatai et al.,
2000). Additionally, mitochondrial calcium overload promotes apoptosis mediated by
ERO1α and BIM expression (Tabas and Ron, 2011). However, unlike normal cells, tumor
cells often become resistant to apoptosis either by increasing the expression of antiapoptotic
proteins or by reducing the function of proapoptotic factors. In an analogous manner, tumor
cells also modulate their UPR so as to favor proliferation, antioxidant responses, metabolic
plasticity and survival in conditions of hypoxia and nutrient starvation. Taken together, these
data suggest that during tumor development, cancer cells undergo an adaptive response that
facilitates their survival by downregulating components of the UPR response that are
utilized to provoke death in normal cells.
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6.4.3. ER–Mitochondria Connection—In addition to these ER-localized stimuli,
mitochondrial stress induced by calcium, nitric oxide or oligomycin is also known to
activate PERK (Lu et al., 2009; Silva et al., 2009; Bollo et al., 2010). Additionally, nitric
oxide induces mitochondrial calcium release and activation of calcium-dependent serine
protease, which cleaves p90ATF6 to yield p50ATF6. The later translocates to the nucleus
and promotes transcription of cytoprotective GRP78 (Xu et al., 2004). Thus, both
mitochondrial and ER stress can induce UPR activation. Moreover, it is important to bear in
mind that calcium shuttling between ER and mitochondria plays an important role in
regulating metabolism, autophagy and apoptosis. Available evidence indicates that as an
early response to ER stress, ER–mitochondria coupling, mitochondrial OXPHOS activation
and enhanced ATP synthesis are observed (Bravo et al., 2011a, 2011b). Several studies now
show that MAMs are involved in the transfer of calcium from ER to mitochondria and
proteins specifically localized in this compartment regulate this function. Moreover, loss-of-
function mutations of some proteins localized in MAMs promote cell proliferation and
desensitize cells to apoptotic stimuli (Chen et al., 2004; Simmen et al., 2005; Hayashi and
Su, 2007). Based on such observations, it has been proposed that in tumor cells, the
interaction between ER and mitochondria may be affected in a manner that alters the UPR
response.

PACS-2 is a protein involved in protein sorting that localizes to MAMs (Simmen et al.,
2005). Reduction or depletion of PACS-2 expression has been reported in cancer tissues
(Aslan et al., 2009). PACS-2 knockdown induces BiP/GRP78 expression and reduces the
capacity to undergo apoptosis in response to staurosporine, thapsigargin or anti-FAS
antibodies (Simmen et al., 2005). Sig-1R is a chaperone protein that is highly expressed in
several tumor cell lines (Aydar et al., 2006). Pharmacological agonists of Sig-1R function
promote resistance to apoptosis (Spruce et al., 2004). This protein is found in MAMs, where
it interacts with BiP/GRP78 (Hayashi and Su, 2007). Upon ER stress, Sig-1R dissociates
from BiP/GRP78 and promotes mitochondrial calcium uptake via the inositol triphosphate
receptor. Overexpression of Sig-1R counteracts ER stress-induced apoptosis (Hayashi and
Su, 2007). This protein may also play an important role in cancer progression. In
physiological conditions, Sig-1R induces mitochondrial calcium uptake, while its
overexpression results in resistance to apoptotic stimuli (Hayashi and Su, 2007). Mitofusin 2
(Mfn2) is involved in mitochondrial dynamics and fusion of the outer mitochondrial
membrane. Mfn2 is localized in MAMs, where it participates in the transfer of calcium
between ER and the mitochondria. Mfn2 loss-of-function increases ER and mitochondria
calcium levels but decreases mitochondrial calcium uptake (de Brito and Scorrano, 2008).
On the other hand, decreased levels of Mfn2 enhance proliferation while its overexpression
induces cell cycle arrest in rat vascular smooth muscle cells (Chen et al., 2004).

Available data suggest that ER–mitochondria coupling is essential to regulate proliferation
or apoptosis. In addition, proteins involved in ER morphology may also impact ER–
mitochondria coupling. A recent study revealed an interesting link between ER stress and
mitochondrial adaptation in an animal model of pulmonary arterial hypertension (PAH), a
pathology characterized by proliferation and resistance of smooth muscle cells to death
signals (Sutendra et al., 2011). These authors further demonstrated that NOGO-B, a
reticulon-4 isoform that participates in the formation and maintenance of ER shape,
regulates mitochondrial activity in hypoxia. NOGO-B protein levels are increased in smooth
muscle cells isolated from PAH patients subjected to hypoxia. NOGO-B upregulation under
those conditions is dependent upon ATF6 activity. In addition, NOGO-B upregulation leads
to the disruption of ER–mitochondria coupling. This loss causes a decrease in lipid and
calcium transfer from the ER to the mitochondria, which impairs mitochondrial OXPHOS,
and decreases Krebs cycle intermediates. Under these conditions, HIF-1α is activated and,
subsequently, the glycolytic and antiapoptotic programs. This report suggests that ER–
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mitochondria uncoupling promotes an adaptive metabolic response, similar to the Warburg
effect in proliferating cells. Based on this, one may hypothesize that alterations in the ER–
mitochondria coupling are important for adaptive ER responses to stress in cells exposed to
hypoxia or starvation, such as those found in tumor cells.

6.4.4. Therapeutic Strategies Based on Suppressing the UPR—Most of the time,
ER stress responses are not observed in normal cells, but in tumor cells, the opposite seems
to be the case. This difference between normal and tumor cells can be exploited to develop
drugs that target the UPR as anticancer agents. In this respect, two approaches have been
described: namely either stimulation of accumulation of misfolded proteins in the ER to
overcome UPR, or inhibition of adaptive and antiapoptotic pathways (Li et al., 2011). An
example within the first group is bortezomib, a proteasome inhibitor that has efficacy in
multiple myeloma (Obeng et al., 2006), as well as cytotoxic effects in breast, colorectal,
ovarian, pancreatic, lung and oral cancer cells (Sterz et al., 2008). Other chemical agents that
cause accumulation of misfolded proteins are the ERAD inhibitors. For instance,
Eeyarestatin I, an inhibitor of the ER-associated p97 ATPase required for ERAD (X. Wang
et al., 2008), has been shown to be cytotoxic for hepatocellular carcinoma (HepG2) cells
(Cross et al., 2009). Given the importance of chaperones in the UPR, the use of agents that
target ER chaperones as anticancer drugs, emerges as an interesting possibility. Indeed, the
HSP90 inhibitor 17AAG (17-allyamino-17-demethoxygeldanamycin) and radicicol activate
all three branches of UPR in human myeloma cells, inhibiting proliferation and increasing
the expression of BiP and GRP94 chaperones, thereby promoting caspase-dependent cell
death (Davenport et al., 2007). For versipelostatin, a BiP/GRP78 inhibitor, cytotoxicity
toward glucose-deprived tumor cells was observed, as well as inhibition of UPR in cell lines
derived from solid tumors, including human colon cancer HT29, fibrosarcoma HT1080, and
stomach cancer MKN47 cells (Park et al., 2004). Also, inhibiting the adaptive IRE1α/XBP1
pathway has been shown to result in antitumor activity. For example, irestatin an inhibitor of
XBP1s transcriptional activity reduces growth and survival of hypoxia-exposed myeloma
cells in vitro and in subcutaneous xenografts (Li et al., 2011).

6.4.5. UPR in Tumor Cell Death—Thus far, we have reviewed aspects of the UPR that
favor the survival of tumor cells. However, persistent or excessive ER stress is known to
trigger cell death, mainly apoptosis, by both mitochondria-dependent and -independent
pathways (Rao et al., 2002; Breckenridge et al., 2003).

6.4.5.1. IRE1-XBP1 Branch: The IRE1-XBP1 branch has been suggested to connect to
apoptosis by recruiting TRAF2, activating procaspase-4, and subsequently caspase-9 and
caspase-3, thereby triggering mitochondria-independent apoptosis (Wu and Kaufman, 2006).
Paraquat (N,N′-dimethyl-4,4′-bipyridinium dichloride), a widely used herbicide, induces
UPR, activating the IRE1/ASK1/JNK axis, leading to apoptosis in neuroblastoma SH-SY5Y
cells (Yang et al., 2009).

6.4.5.2. PERK Branch: The PERK branch can be activated during loss of adhesion and
regulate cellular fate. Inhibition of PERK signaling by the expression of two dominant
negative PERK mutants results in hyperproliferative MCF10A mammary epithelial cells. In
the same study, introduction of mutated PERK converted MCF10A cells into tumorigenic
cells after implantation in denuded mouse mammary fat pads (Sequeira et al., 2007).
Moreover, the PERK branch also regulates angiogenesis in response to hypoxia. Using
microarray analysis in K-ras transformed PERK−/− cells, Blais et al. (2006) demonstrated
that under hypoxic conditions, several proangiogenesis transcripts are less efficiently
translated, resulting in increased apoptosis, nonfunctional, irregularly structures blood
vessels and reduced microvessel density. The induction of UPR can sensitize tumor cells to
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cisplatin-induced death. Cisplatin is widely used to treat solid tumors and it is believed to
kill cells by binding to DNA and interfering with repair, thereby activating cell cycle arrest
and apoptosis (Pascoe and Roberts, 1974). However, cisplatin also efficiently induces UPR
and activates caspase-12 in a nucleus-independent manner in human melanoma and colon
cancer (HCY116) cytoplasts. In summary, the proapoptotic effects of cisplatin not related to
its ability to bind to DNA but may also be linked to effects on protein folding (Mandic et al.,
2003). Additionally, a correlation between UPR and sensitization to DNA-crosslinking
agents, such as carboplatin (Yamada et al., 1999), melphalan and BCNU (Chatterjee et al.,
1997), has been observed. The mechanisms underlying these observations are not clear but it
is tempting to speculate that the protein complexes required for DNA repair might be
adversely affected by changes in protein synthesis and degradation when UPR is triggered.

6.4.5.3. ATF6 Branch: During metastasis, tumor cells must detach from the ECM, which
frequently leads to anoikis. CHOP, a downstream effector in both the ATF6 and PERK
branches, is widely attributed proapoptotic functions (Zinszner et al., 1998). For instance,
CHOP is suggested to upregulate proapoptotic BCL2 family members, like BAK/BAD,
while downregulating antiapoptotic BCL2 and increasing reactive oxygen species (ROS),
which together favor cytochrome c release from mitochondria and trigger apoptosis (Ma and
Hendershot, 2004). ER stress conditions also promote calcium release from the ER to the
cytosol, thereby favoring activation of calpains, which then cleave and activate caspase-12
(Nakagawa and Yuan, 2000). Then, caspase-12 in turn cleaves and activates cytosolic
caspase-9, triggering apoptosis in a manner independent of cytochrome c release from
mitochondria.

In summary, UPR is crucial to malignant cell survival in the cytotoxic environment within a
tumor. These conditions activate UPR as an adaptive response that allows tumor cells to
persist. For this reason, the possibility of developing chemical agents that target some key
UPR components is an interesting therapeutic option. On the another hand, if ER stress
conditions prevail and cellular homeostasis cannot be reinstated, UPR can trigger apoptosis.
Indeed, as we have detailed here, UPR can sensitize tumor cells to certain anticancer agents.
However, given that in tumor cells protein expression and signaling are frequently altered in
ways that allow these cells to avoid apoptosis, we suspect that the balance is tilted toward
UPR as a prosurvival response. In any case, an integrated vision of the UPR in tumor cells is
essential to understand how this response contributes to the cancer growth.

7. CONCLUSION AND PERSPECTIVES

The ER is a fascinating organelle that plays a central role within the cell. This extremely
complex and heterogeneous cellular compartment spreads throughout the cytoplasm forming
various subdomains with diverse morphology and function. As such, the ER is a highly
dynamic structure that modulates organization according to cellular needs and participates in
protein synthesis, lipid metabolism, calcium handling, metabolic regulation and signaling.
All of the latter processes are essential to the cell, making the ER susceptible to a variety of
perturbations. The degree of complexity associated with optimal ER function positions this
organelle as the largest stress sensor of the cell and, therefore, a major contributing factor to
disease.

Under stress conditions, the ER induces the UPR, a well-known signaling cascade that acts
as an important regulator of cellular homeostasis. The UPR generates an integrated genetic
response that serves to re-establish homeostasis in the always-varying intracellular or
extracellular milieu. Failure to regain homeostasis causes the UPR to activate cell death
pathways. This dual role of the UPR has become an important target of study since failure in
its activation has been implicated in the onset of multiple pathologies.
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One emerging area of study is the ER’s ability to interact with other cellular organelles.
Contacts between cellular structures and compartments are important in cellular regulation,
especially of metabolism and apoptosis. The dynamic nature of various organelles makes
their interface susceptible to be remodeled depending on cellular homeostasis; however, this
is a topic that still requires more attention.

The properties of the ER determine the physiology of different organs, allowing them to
fulfill their normal functions. Sensing of nutrient levels, continuous calcium signaling,
protein aggregation and adaptation to ever-changing environments are processes in which
the ER plays a vital role. Despite the advances accomplished in the treatment of diabetes,
cardiovascular pathologies, neurodegeneration and cancer, many strategies based on ER
function are not yet fully understood and remain to be developed. Additional studies should
address the enormous therapeutic opportunities the ER holds.
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Fig 5.1. ER structure and general functions
Upper panel: The ER can be subdivided into three well-defined domains, the sheet-like ER,
the tubular ER and the nuclear envelope. The first one is characterized as being rich in
ribosomes, for which it received the name rough ER. Since the tubular ER contains fewer
ribosomes, it is commonly called smooth ER. Both the sheet-like and tubular ER are highly
dynamic and interconvert between each other constantly. Most studies suggest that the
tubular ER has the ability to fuse, elongate and branch dynamically inside the cell. Lower
panel: The ER fulfills diverse functions in the cell, like calcium homeostasis through the use
of a series of channels, pumps and buffer proteins. It is essential for lipid and protein
synthesis, as well as the quality control and degradation of proteins. Together with the Golgi
apparatus, it takes part in the process of cell trafficking, which is important for the export of
products from reticulum toward the outside of the cell. Finally, the ER also regulates the
function of other organelles, such as mitochondria through dynamic interaction zones called
MAM.
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Fig 5.2. ER stress signaling
Upper panel: In resting conditions, the stress sensors IRE1 and PERK and ATF6 interact
with Bip/GRP78. Accumulation of misfolded proteins in the ER lumen separates the
chaperone from each sensor. IRE1α and PERK activation involves oligomerization and
transphosphorylation of their cytosolic effector region. ATF6 activation, on the other hand,
requires its transport to the Golgi, where it is sequentially cleaved by S1P and S2P. A recent
model for IRE1α activation, involves an initial dissociation of BiP/GRP78 that drives sensor
oligomerization, while subsequent binding to unfolded proteins leads to activation. Lower
panel: The signaling engaged by the three sensors activates several transcription factors
(XBP1, ATF4, p50ATF6, NF-κ B, CHOP) and protein kinases (JNK, AKT), leading to the
establishment of a genetic program termed unfolded protein response. This adaptive
response involves chaperone induction, activation of degradation pathways like the
proteasome and autophagy, ER expansion and increased antioxidant defense. Also, the
PERK pathway inhibits general mRNA translation, through eIF2α phosphorylation. If the
cell does not reduce the mis-folded protein overload, apoptosis is triggered.
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Fig 5.3. Proteins synthesized in the ER are subject to a quality control system
The lectins, calnexin and calreticulin retain glycosylated proteins in the ER through re/
deglucosylation cycles until they reach their native conformation. Folded proteins are
exported through vesicle trafficking, while terminally misfolded proteins are degraded
through retrotranslocation and the ubiquitin–proteasome system or autophagy.
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Fig 5.4. The ER modulates important metabolic pathways during ER stress
PERK induces global attenuation in protein anabolism, and also favors lipid synthesis, both
effects via eIF2α phosphorylation. IRE1 cooperates with these responses and stimulates
mitochondrial biogenesis through the regulation of master metabolic switches, such as
PGC1α, mTOR, AMPK and FOXO1. ATF6, on the other hand, stimulates lipid utilization.
Calcium released by IP3R increases mitochondrial activity during ER stress, in order to
revert energy imbalance.
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Fig 5.5. ER and pathologies
ER stress and alterations in cellular calcium characterize diverse pathologies such as type-2
diabetes mellitus, insulin resistance, and some cardiovascular and neurodegenerative
diseases. These pathologies are also characterized by marked decrease in cellular
metabolism, which is accompanied with protein misfolding and aggregation, and some
characteristic hallmarks of UPR. However, the molecular mechanisms linking all these
processes are not yet fully understood.
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