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Abstract

The global obesity epidemic is associated with a series of health threatening diseases including
type 2 diabetes. Accumulating evidence suggest that the physiology and homeostasis of the
endoplasmic reticulum (ER) is intimately involved in the underlying mechanisms linking obesity
and diabetes. Specifically, recent studies indicate a critical role for the inositol-requiring enzyme
la (IREla)/X-box binding protein 1 (XBP1) pathway, the most conserved branch of the unfolded
protein response (UPR), in glucose and lipid metabolism as well as insulin function. Focusing on
the IRE1a-XBP1 pathway, here we review recent advances in our understanding of the role of the
UPR in obesity and obesity-associated metabolic disorders.

Obesity and ER stress

The prevalence of obesity, likely due to a global shift towards consumption of energy-dense
foods and a sedentary lifestyle, is now considered to be a major worldwide health threat
associated with increased risk of cardiovascular disease, type 2 diabetes, musculoskeletal
disorders, and cancers [1]. Addressing the mechanisms underlying these pathologies will be
central in the development of new therapeutic approaches for the treatment of these
conditions.

Extensive research has greatly increased our understanding of the mechanisms linking
obesity to these pathologies. One emerging mechanism involves the endoplasmic reticulum
(ER), a vast membranous network that maintains Ca2* homeostasis and is responsible for
the folding, modification, assembly, and trafficking of membrane and secretory proteins [2].
A number of physiological and pathological conditions including folding-defective
mutations, viral infection, energy depletion and hypoxia may interfere with protein
maturation and trafficking processes within the ER lumen and lead to accumulation of
unfolded or misfolded proteins, a cellular condition defined as ER stress [2, 3]. However,
the exact nature of the stimuli culminating in ER stress in obesity and type 2 diabetes
remains vague.

To alleviate ER stress and ensure protein folding fidelity, the ER elicits an elaborate
adaptive response by initiating several signal transduction cascades collectively known as
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the unfolded protein response (UPR). First characterized in yeast, UPR is mediated by a
single signaling pathway initiated by a type | transmembrane ER protein IRE1p [3].
However, mammalian UPR has evolved to be governed by three major signaling cascades
initiated by three ER transmembrane protein sensors, IRE1a, PKR-like ER kinase (PERK),
and activating transcription factor 6 (ATF6) (Figure 1). The overall outcome of UPR is
reduced protein load, increased ER folding capacity and enhanced ER-associated protein
degradation (ERAD) to restore ER homeostasis. However, if these mechanisms of
adaptation and survival are insufficient to relieve ER stress, UPR induces cellular apoptosis

[3].

Under stress-free conditions, IRE1a is associated with heat shock protein 5 (Hspa5/BiP/
Grp78, hereafter GRP78) and maintained in a repressed state. Upon ER stress, GRP78
dissociation allows for IRE1a activation via dimerization and trans-autophosphorylation.
Activated IRE1a possesses site-specific endoribonuclease (RNase) activity at the carboxyl
end of its cytoplasmic domain, which splices 26 nucleotides from the mRNA encoding X-
box-binding protein 1 (Xbp1). This unique non-conventional splicing event occurs outside of
the nucleus, resulting in a translational frameshift and the generation of a 371 amino-acid
isoform, XBP1s (XBP1 spliced) with potent activity as a basic region leucine zipper (bZIP)
transcription factor [3]. The XBP1s protein functions by translocating into the nucleus to
initiate transcriptional programs that upregulate a broad spectrum of UPR-associated genes
involved in protein entry into the ER, protein folding, ERAD, and ER biogenesis, as well as
non-UPR related genes associated with adipogenesis, lipid metabolism, and inflammation
(Figure 1).

The link between ER stress and metabolism has been suggested to underlie the pathogenesis
of obesity-related complications, particularly insulin resistance and type 2 diabetes [2].
Indeed, recent studies suggest that the IRE1a-XBP1 pathway may influence metabolism
directly by regulating metabolic gene expression or indirectly via cross-talk with
inflammatory and stress signaling pathways [2]. As its role in pancreatic pcells and type 1
diabetes has been reviewed recently [4, 5], here we focus on the role of the IRE1a-XBP1
pathway in obesity and metabolic disorders, an increasingly complex but exciting field.

ER homeostasis and metabolic diseases

Several lines of evidence support an intimate relationship between disruption of ER
homeostasis, UPR activation, and obesity-associated metabolic diseases [2]. First, Xbp1*/~
mice exhibit increased ER stress coupled with impaired glucose and insulin tolerance upon
high fat diet (HFD)-induced obesity [6]. Accordingly, reducing ER stress by administration
of chemical chaperones improves insulin sensitivity of obese mice [7]. Moreover,
manipulations of ER chaperones affect glucose homeostasis. For example, overexpression of
oxygen-regulated protein 150 (ORP150), an ER chaperone activated during UPR, improves
glucose tolerance and enhances insulin receptor signaling in db/db mice, whereas
haploinsufficiency or liver-specific knockdown of ORP150 results in impaired glucose
tolerance and decreased insulin signaling [8, 9]. Similarly, overexpression of the ER
chaperone GRP78 in the liver of obese mice inhibits the activation of sterol regulatory
element binding protein (SREBP)-1c, an important lipogenic factor, suppresses hepatic
steatosis, and increases insulin signaling [10]. Surprisingly, Grp78*/~ mice on HFD also
show improved insulin sensitivity, likely due to a compensatory increase in other ER
chaperones that can enhance overall ER homeostasis and improve metabolic parameters
[11]. In addition to the IRE1a-XBP1 pathway, phosphorylation of elF2a on serine 51, a key
downstream event of the PERK pathway, upregulates protein translation of CCAAT
enhancer binding protein o (C/EBPa) and C/EBP, and contributes to liver glucose
production and hepatic steatosis in obesity and diabetes [12]. In the central nervous system,
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elevated ER stress contributes to insulin and leptin resistance in the hypothalamus of obese
mice [13, 14]. Finally, UPR signaling has been linked to autophagy, which may promote cell
survival by eliminating aggregating proteins and damaged organelles in stressed cells [15-
17]. Indeed, defective autophagy in obesity elevates ER stress and promotes insulin
resistance [18]. Taken together, these studies provide evidence linking ER dysfunction with
the pathogenesis of metabolic disorders.

However, this paradigm likely represents an oversimplification. First, in ER stress
transgenic reporter mice on HFD, increased Xbpl mRNA splicing is detected in the liver,
but not in adipose tissue or muscle [19], pointing to a tissue-specific effect. Moreover,
protein levels of both full length and active forms of ATF6 are reduced in hepatocytes of ob/
ob mice, suggesting differential regulation of this pathway, although the authors suggest that
this effect is likely due to persistent and chronic ER stress in obesity [20]. Finally, it remains
unclear how XBP1 haploinsufficiency in Xbp1*/~ cells or mice causes ER stress [6] as
Xbp1 7~ hepatocytes do not exhibit overt ER stress activation or altered ER ultrastructure
[21]. Together, these data imply that during obesity, UPR activation is differentially
regulated in a tissue-specific manner, which may provide an explanation for some of the
inconsistencies in this field.

Regulation of the IRE1la-XBP1 pathway

To fully understand the function of the IRE1a-XBP1 pathway in metabolic diseases and
harness components of this pathway as potential targets, it is essential to understand the
underlying mechanisms regulating this pathway. Indeed, recent studies have shown that the
IREla-XBP1 pathway can be regulated at multiple levels.

One level of regulation occurs at the level of the sensor IRE1a. It is generally accepted that
Xbpl mRNA is the only specific substrate for IRE1a in vivo [3, 22]. However, several recent
studies showed that the endoribonuclease activity of IRE1o may also promote the
degradation of mMRNAs encoding a subset of ER or secretory proteins prone to misfolding
[23-26] (Figure 1). Although the precise molecular mechanism is unclear, a recent in vitro
study identified a consensus RNA sequence critical for IRE1a-mediated cleavage [25],
providing a possible mechanism for this mMRNA decay. Interestingly, while the splicing of
Xbpl mRNA can be induced merely by artificial dimerization of IRE1a, IREla-dependent
mMRNA decay requires ER stress-dependent signals [26], suggesting that distinct
mechanisms underlie these two functions of IRE1a. In light of our recent findings that
IRE1a is constitutively active albeit at low levels in various cell and tissue types [27], an
interesting and important question is whether IRE1a activity under physiological conditions
is sufficient to mediate mMRNA decay. Addressing this question will address the
physiological relevance of these events (Box 1).

BOX 1
Outstanding Questions
1. What activates ER stress under physiological or pathological conditions?

Bioactive lipids perturb ER homeostasis and activate UPR in various cell types, including
macrophages [71, 72]. It remains unclear whether lipids may serve as activating signals
for ER stress in vivo in obesity. If so, it will be interesting to identify the target cells or
tissues and to delineate their downstream signaling cascade. The prevailing notion of
extra-ER activation of UPR sensors requires more direct evidence examining the effect of
these nutrients on the ultrastructure, microenvironment, and folding capacity of ER.

2. Which disease conditions are associated with ER stress and IREla activation?
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ER stress has been implicated in over 50 human diseases. Whether ER stress is truly
associated with all these diseases and what role ER stress plays in the development of
these diseases are important questions. Several studies have suggested that XBP1s-
mediated ER expansion acts as a “pre-emptive strike” to counter future possible
disruptions in ER homeostasis. We believe this may represent a more general adaptation
strategy for cells to avoid the induction of ER stress response. On the other hand, cells
that cope with ER stress in the development of certain diseases, especially chronic ones
such as obesity and the metabolic syndrome, may have adapted to ER stress while those
that fail to adapt may have been cleared from the system via apoptosis. Therefore,
employing and developing more sensitive assays to quantitate and visualize ER stress
during the development of these diseases may answer this question (Box 1).

3. Can IRE1le be selectively activated by ER stress-independent mechanisms in
vivo?

This selective activating mechanism is very interesting and should be tested more
extensively in other cell types and under more physiological stimuli. If successful, this
may allow the development of IRE1a- and XBP-1 specific agonists or antagonists.

4. What is the physiological relevance of IREla-mediated mRNA decay?

Although IRELa has been shown to splice mRNAs other than Xbp1, the question remains
whether these splicing events are directly mediated by IRE1a or by IRE1la-interacting
RNase. More importantly, what is the physiological relevance and biological significance
of these events? Answers to these questions will provide key insights into IREla
function.

5. What is the biological significance of IREla- and XBP1s-interacting proteins?

Although several proteins are recognized as part of the IRE1a interactome”, their
physiological relevance has not yet been elucidated in vivo. The identification of
additional proteins and components in the IRE1a-XBP1 signaling axis may reveal novel
functions for IRE1a and XBP1s and provide insights into the regulatory mechanisms
underlying IRE1a-XBP1 activation.

6. What are the tissue- and cell type-specific functions of IRE1a-XBP1s in the
pathogenesis of obesity and diabetes?

Recent studies in mouse models have provided key insights into the function of IRE1la-
XBP1 in hepatic lipid metabolism, glucose production, and macrophage inflammation.
Its physiological role in other tissues, such as adipose tissue and muscle, remains unclear.

The resolution of these issues will be of paramount importance to our understanding of
how ER stress and its related pathways contribute to the pathogenesis of metabolic
syndrome and other diseases.

In addition to regulation at the level of RNase activity, a number of IRELla-interacting
proteins, collectively termed the “IRE1a interactome”, can modulate IRELlo function [28].
This interactome includes the proapoptotic B-cell lymphoma 2 (BCL2) family members
BCL2-associated X protein (BAX) and BCL2-antagonist/killer (BAK), apoptosis signal-
regulating kinase 1 (ASK1)-interacting protein 1 (AlP1), tumor necrosis factor (TNF)
receptor-associated factor 2 (TRAF2), BAX inhibitor-1 (BI-1), and receptor for activated C-
kinase 1 (RACK1), that differentially regulate IRE1a phosphorylation and activity. BAX/
BAK and AIP1 are required for the optimal activation of IRE1a [29] (Figure 2). Conversely,
the ER transmembrane protein Bl-1 negatively regulates IRE1a activation and downstream
Xbpl mRNA splicing [30, 31], whereas RACKZ1 inhibits glucose-stimulated IRE1a
activation in pancreatic  cells by recruiting protein phosphatase 2 (PP2A) to de-
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phosphorylate IRE1a [32]. Given the complexity of IRE1a regulation, we speculate that
additional interacting proteins will be identified and that the “interactome” will collectively
mediate IRE1a function in a cell type-specific manner.

A second level of regulation occurs at the effector level, which encompasses gene
expression, posttranslational modifications, and/or intracellular localization of XBP1. Most
notably, transcriptional induction of Xbpl mRNA has been suggested to be an important
mechanism in regulating ER homeostasis in multiple biological processes including B cell
differentiation [33-35], adipogenesis [36], myogenesis [35, 37], and thyroglobulin
production [38]. Due to the basal activity of IRE1a [27], Xbpl mRNA induction translates to
elevations in XBP1s protein levels, which may serve to fine-tune ER homeostasis. A similar
phenomenon has been observed in yeast and termed as “Super-UPR” [39]. Thus, we
speculate that the cell has evolutionarily adapted this mechanism to accommodate various
cellular differentiation processes, without activation of ER stress. This model may represent
a fundamental mechanism for the cell to maintain ER homeostasis and prepare for fluxes in
protein load while avoiding elicitation of an overt UPR.

In addition, XBP1s activity can be modulated by posttranslational modifications including
small ubiquitin-like modifier (SUMO) [40] and acetylation/deacetylation [41, 42]. Two
SUMOylation events occur at the transactivation domain of XBP1s to reduce its
transcriptional activity while acetylation of XBP1s by p300 has the opposite effect. As most
studies were carried out in cell culture models, the physiological relevance of these
modifications in metabolism remains to be elucidated. Finally, the activity of XBP1s may be
regulated at the level of nuclear entry by association with p85a. and p85, two regulatory
subunits of phosphoinositide 3-kinase (P13K) [43, 44]. These recent developments are
certainly exciting as they shed light on potential therapeutic approaches that can target the
IRE1a-XBP1 pathway. Nonetheless, the physiological and pathological relevance of these
regulatory events in the context of obesity and metabolic diseases warrants further studies
(Box 1).

The IREla-XBP1 pathway in inflammation

Obesity is a chronic low-grade inflammatory disorder [2]. UPR signaling, in addition to its
canonical role in alleviating ER stress, has recently been shown to be involved in
inflammation. Activation of inflammatory signaling cascades, such as the c-Jun N-terminal
kinase (JNK) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«xB)
pathways, is suggested to play a causal role in the development and pathogenesis of obesity-
associated insulin resistance [45-47].

It has been proposed that IRE1a-dependent activation of INK and NF-xB integrates UPR
with inflammation (Figure 2). In response to ER stress, activated IRELa recruits adaptor
protein TRAF2, leading to activation of the JINK pathway [48, 49]. Activated JNK is
responsible for the transcriptional induction of many inflammatory genes through
phosphorylation and activation of the transcription factor activator protein 1 (AP1) [50]. In
addition, the IRE1a-TRAF2 complex may also recruit and activate Ik B kinase (IKK), which
phosphorylates kB, leading to its degradation and the nuclear translocation and activation of
NF-«xB [51]. ER stress-induced NF-«B activation and production of the inflammatory
cytokine TNF-a are impaired in IRE1a-deficient mouse embryonic fibroblasts (MEFs) [51].
Thus, IRE1a may regulate the status of inflammation in response to ER stress. It should be
noted, however, that the physiological relevance and importance of these signaling cascades
have not been well characterized in vivo.

ER stress may also be linked to inflammation and metabolic disorders through activation of
Toll-like receptors (TLR) in obesity, possibly by excess fatty acids [52, 53]. Activation of
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TLR2 and TLR4 engages the IRE1a-XBP1 pathway in macrophages, which is required for
mounting an optimal response to bacterial infections and sustained expression of a subset of
inflammatory cytokines including interleukin-6 (IL-6) and TNFa [54] (Figure 2). IREla
activation by TLR agonists is distinct from canonical ER stress, as the PERK and ATF6
pathways are unaffected. The signaling from TLRs to IRE1a requires adaptor proteins
including TRAF6 and the activity of an NADPH oxidase NOX2, an enzyme known to
mediate TLR-induced reactive oxygen species (ROS) production in macrophages [55].
Intriguingly, TLR2/4 mediated activation of the IRE1a-XBP1 pathway does not induce
classic UPR genes such as Erdj4 or Pdi [54], suggesting a signaling-dependent and cell
type-specific role of XBP1. In addition, a C. elegans study instead points to an important
and conserved role of XBP1 in host protection during development as XBP1 deficiency
leads to disruption of ER morphology and larval lethality in response to bacterial infection
[56]. Given the role of inflammation in the development of metabolic diseases [53], further
studies investigating the impact of TLR-mediated IRE1a-XBP1 activation in the context of
obesity-associated disorders are warranted.

The IREla-XBP1 pathway in glucose homeostasis

Our current understanding of the IRE1a-XBP1 pathway as a link between obesity, insulin
resistance, and type 2 diabetes centers on the IRE1a-JNK signaling axis [48, 57] (Figure 3).
IRELa phosphorylation and JNK activity are significantly increased in both the liver and
adipose tissue of obese mice [7, 57]. Subsequently, the IRE1a-JNK signaling axis attenuates
insulin signaling by mediating serine phosphorylation of IRS-1 at residue 307 (Ser307) [57,
58]. Supporting the role of IRE1a activation in elevating JNK activity and attenuating
insulin signaling, XBP1s overexpression in MEF cells suppresses ER-stress-induced JNK
activation and increases activating tyrosine phosphorylation of insulin-receptor substrate 1
(IRS-1); as expected, XBP1 deficient cells show opposite effects [57]. Furthermore,
Xbp1*/~ mice exhibit increased ER stress and more severe insulin resistance upon HFD-
induced obesity [57], presumably due to IRE1a-JNK activation. Thus, this current model
links the IRE1a-XBP1 pathway to insulin resistance via the INK-IRS1 signaling axis.

Nonetheless, the IRE1a-JNK signaling axis may not be all-inclusive. First, although whole-
body JNK1 deficiency in mice results in improved insulin sensitivity and enhanced insulin
receptor signaling in obese mice [45], hepatic JNK1 is required to maintain insulin
sensitivity and prevent hepatic steatosis [59], and JINK1 in hematopoietic cells of adipose
tissue promotes insulin resistance [60, 61]. These findings indicate tissue- and cell type-
specific functions of JNK1 in obesity and insulin resistance. Furthermore, a recent study
demonstrates that IRS-1 Ser307Ala knock-in mice exhibit increased insulin resistance upon
HFD-induced obesity, suggesting that p-Ser307 of IRS-1 does not attenuate, but rather
improves insulin sensitivity [62]. Thus, the molecular mechanisms underlying IRE1a
signaling in obesity and insulin resistance remain elusive and warrant further studies.

Intriguingly, a recent study suggests that XBP1s affects glucose homeostasis in obese mice
by regulating a gluconeogenic transcription factor FoxO1 [66]. XBP1s overexpression
promotes the ubiquitination and degradation of FoxOL1 in hepatocytes of ob/ob mice, which
may account for improved glucose homeostasis independent of insulin signaling. In
addition, XBP1s deficiency in the liver leads to FoxO1 accumulation and glucose
intolerance in HFD mice [66]. This study unveils an unexpected function of hepatic XBP1s
in improving glucose homeostasis in obese mice independent of its canonical UPR role and
hence, raises questions as to the roles served by XBP1s in other important metabolic organs,
such as adipose tissue and central neuron system.
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Insulin signaling has also been implicated in modulating UPR by regulating the nuclear
translocation of XBP1s [43, 44] (Figure 3). Insulin stimulation disrupts the heterodimer
formed by p85a and p85p, which subsequently interacts with XBP1s to facilitate its nuclear
translocation independent of PI3K catalytic activity [43]. Accordingly, p85a deficiency in
fibroblasts or mouse liver leads to decreased nuclear XBP1s levels and blunts UPR
induction upon ER stress [44]. Interestingly, the interaction between p85 and XBP1s is
disrupted in insulin resistant ob/ob mice, leading to defects in the nuclear entry of XBP1s
and elevated ER stress during feeding [43]. Overexpression of p85a or p85f in the liver
significantly increases nuclear translocation of XBP1s and improves glucose tolerance in ob/
ob mice [43]. Thus, insulin resistance and ER stress may participate in a vicious cycle in
obesity that contributes to the development of metabolic disorders. However, the purported
link between XBP1-p85 and insulin sensitivity seems inconsistent with previous reports
showing that liver-specific disruption of p85a improves systemic glucose tolerance and
insulin sensitivity in both lean and HFD-induced obese mice [63, 64]. Moreover, the liver of
ob/ob mice expressed increased nuclear XBP1s protein levels, conflicting with the model
that nuclear entry of XBP1s is defective in obesity [10]. Future studies are required to
delineate the interplay between the IRE1a-XBP1 pathway and insulin signaling.

The IREla-XBP1 pathway in lipid metabolism

The IRE1a-XBP1 pathway also integrates with signaling networks that control lipid
metabolism. Indeed, XBP1s regulates phospholipid biosynthesis and ER biogenesis, and
thus controls ER expansion and the secretory capacity of cells [34, 65].

In hepatocytes, XBP1s regulates hepatic lipogenesis by directly binding to the promoters
and activating the expression of a subset of lipogenic genes including stearoyl coenzyme A
(CoA) desaturase 1 (SCD1), diacylglycerol acetyltransferase 2 (DGAT?2), and acetyl CoA
carboxylase 2 (ACC2) [21]. Consequently, XBP1 deficiency specifically in the postnatal
liver of mice results in reduced de novo lipid biosynthesis [21]. Accordingly, mice with a
hepatocyte-specific deletion of Irela exhibit downregulation of many genes involved in
lipid metabolism in the liver, such as peroxisome proliferator-activated receptor o (PPAR«),
PPAR-coactivator a (PGC-1a), and C/EBPa, when exposed to ER stress [66]. Given the
close relationship between lipid metabolism and hepatic steatosis, the role of IRE1a-XBP1
in the liver under other disease settings such as obesity and type 2 diabetes requires further
study.

Interestingly, hepatic lipid metabolism and ER stress signaling may intersect with circadian
regulation. A recent study suggests that the IRE1a-XBP1 pathway is activated rhythmically
every 12 h in the liver, and considered as a secondary clock controlled by the canonical
circadian clock [67]. Perturbation of this rhythm is associated with dysregulated hepatic
lipid metabolism [67]. However, it remains unclear whether the circadian clock controls
genomic recruitment of XBP1s to its target genes. In light of a recent study showing the
circadian-dependent involvement of histone deacetylase 3 (HDAC3) in regulating hepatic
lipid metabolism [68], it will be interesting to delineate whether XBP1s and HDACS3 are
functionally related.

We recently showed that XBP1-deficient pre-adipocytes and MEF cells exhibit profound
defects in adipocyte differentiation [36]. During adipogenesis, Xbpl1 expression is induced
by the upstream adipogenic transcription factor, CCAAT enhancer binding protein  (C/
EBPp). Through the basal RNase activity of IRE1a, XBP1s subsequently binds to the
promoter of and activates a master adipogenic factor C/EBPa [36]. Thus, the IRE1a-XBP1
pathway exerts a crucial role in regulating in vitro adipogenesis by integrating XBP1 into
the adipogenic transcriptional cascade. Consistent with our finding, a study showed that the
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fat depot is absent in XBP1-deficient neonates rescued with hepatic XBP1 overexpression
[69]. Interestingly, although several known XBP1 target genes, such Erdj4 and P58ipk, are
upregulated during adipogenesis, their expression is XBP1-independent [36].

Taken together, these studies suggest that the IRE1a-XBP1 pathway is intimately involved
in lipid metabolism in the liver and adipose tissue. More genomic studies will be essential in
understanding the mechanism by which XBP1s regulates gene expression required for lipid
metabolism and ER homeostasis under different conditions.

Concluding remarks

The recognition that obesity is associated with ER stress and that activation of UPR,
particularly the IRE1a-XBP1 pathway, regulates the pathogenesis of obesity-associated
insulin resistance and type 2 diabetes has extended our appreciation of the importance of ER
homeostasis as well as the etiology of metabolic syndrome. Our current understanding of the
mechanism by which the IRE1a-XBP1 pathway regulates glucose homeostasis may allow
for the development of therapies targeting this pathway for obesity and diabetes. For
example, given the glucose-lowering and insulin-sensitizing effects of XBP1s under obese
conditions, small molecules targeting IRE1a RNase activity, Xbpl gene transcription or
XBP1s transcriptional activity may have therapeutic implications in treating these diseases.
Future discoveries on the novel molecular mechanisms underlying UPR-related energy
homeostasis may facilitate the design of more efficacious therapeutic strategies (Box 1).
However, the key to this endeavor will be the development of improved and more sensitive
tools and methods to detect sensor activation and to quantitate the levels of ER stress (Box
2), which will allow for an accurate assessment of drug efficacy in different tissues.

BOX 2

Visualizing and Quantitating Physiological ER Stress

Although there is little doubt about the role and significance of ER stress in the field of 8
cell biology, the area of ER stress in health and diseases has become progressively more
complex since its discovery two decades ago. The traditional methods of inducing and
measuring ER stress have several intrinsic problems including but not limited to
integration of non-ER stress pathways into the classical ER stress pathways, the mild
nature of physiological ER stress relative to the strong UPR induced pharmacologically,
and a cell s high adaptability to ER stress and its propensity to maintain ER homeaostasis.
These inherent problems may necessitate careful reinterpretation of results from earlier
studies linking ER stress to certain diseases and may address some of the inconsistencies
observed from various studies, some described herein.

We recently optimized a Phos-tag-based Western blot system that has significantly
improved the detection, visualization and quantitation of the activation of IRE1a and
PERK [27, 36, 70]. This method allows for a quantitative assessment of the levels of ER
stress by quantitating the percent of phosphorylated IRE1a protein levels out of total
IRE1a. Indeed, we have used this method to detect and quantitate IRE1a activation under
different physiological conditions including adipogenesis [36], accumulation of
misfolded proteins, ad libitum feeding conditions in various mouse tissues, and the
fasting-refeeding cycle in the pancreas [27]. Recently, this method was also used to
visualize IRE1a activation in macrophages following TLR agonist stimulation such as
LPS [54]. As this Phos-tag-based method is direct, sensitive, and provides a complete
view of the phosphorylation status of two UPR sensors, we believe that it has potential
applications in the analyses of physiological and pathological UPR and diagnosis of ER-
associated diseases.
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nce its initial characterization as a key UPR signaling pathway, many novel roles of the

IRE1a-XBP1 pathway in inflammation and lipid metabolism, unrelated to their canonical

fu
fu

nctions in UPR, have been described and more are likely to be discovered. How these
nctions modulate insulin action and energy metabolism in vivo remains to be explored.

Currently, the IRE1a-XBP1 pathway can be manipulated at multiple levels including IRE1a

ac

tivation by its interacting proteins, transcriptional Xbpl induction, XBP1s nuclear

translocation, and XBP1s post-translational modifications. Whether and how these
regulations contribute to the function of the IRE1a-XBP1 pathway in regulating insulin
signaling is worth future investigations.
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Figure 1.

Three major UPR pathways in mammals are shown. Homeostatic alterations in the ER result
in accumulation of unfolded or misfolded proteins, which induce dissociation of BiP and
subsequently allows for activation of three ER membrane sensors: (a) IREla, (b) PERK and
(c) ATF6. (a) IRE1a undergoes dimerization or oligomerization, and trans-
autophosphorylation, activating its cytosolic endoribonuclease activity. IRE1a then removes
a 26-base intron from Xbpl mRNA to generate a potent transcription factor XBP1s (XBP1
spliced) that translocates into the nucleus and regulates a diverse array of genes. In addition,
activated IRE1o may selectively degrade certain mRNAs. (b) Activated PERK
phosphorylates Ser51 on the translation initiation factor elF2a to attenuate global
translation, but also preferentially upregulates the translation of selected MRNAs including
ATF4, C/EBPa, and C/EBPp. ATF4 activates the expression of UPR target genes involved
in amino acid biosynthesis, the anti-oxidant response, and apoptosis, whereas C/EBPa and
C/EBPS activates genes regulating glucose production and lipogenesis in the liver. (c)
Activated ATF6 translocates to the Golgi, where it is cleaved by the proteases S1P/S2P,
yielding the mature transcription factor ATF6(N), which activates the transcription of UPR
target genes.
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Figure 2.

The IRE1a-XBP1 pathway in inflammation. (a) In macrophages, upon ligand activation,
TLR2/TLRA4 recruits adaptor proteins including TRAF6 and induces NOX2-dependent
production of ROS, which leads to IRE1a activation. Subsequently, XBP1s induces
transcription of inflammatory cytokines, such as Tnf and 11-6. The recruitment of adapter
proteins to IRE1a, such as BAX/BAK and AIP1, seems to be important for optimal
activation of IRELa, and for Xbpl mRNA splicing and JNK activation. (b) In response to
ER stress, the cytoplasmic domain of IRE1e forms a complex containing TRAF2 and
triggers the activation of ASK1/JNK, which subsequently phosphorylates AP1. (c) The
IREla-TRAF2 complex interacts with and activates IKK, which IKK initiates the
degradation of 1kB by phosphorylation, leading to nuclear entry of NF-xB. Activated AP1
and NF-xB then induce the transcription of genes involved in inflammation.
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Figure 3.

The IRE1a-XBP1 pathway in glucose homeostasis. (a) ER stress triggers IRE1a-dependent
JNK activation, which leads to Ser307 phosphorylation of IRS protein to promote insulin
resistance. (b) In hepatocytes, the regulatory subunits of PI3K, p85a and p85k, form
heterodimers that dissociate upon insulin stimulation and interact with XBP1s to facilitate its
nuclear translocation. Nuclear XBP1s then induces the expression of UPR target genes
including chaperones and ERAD components, and improves insulin sensitivity. (c) In
addition, nuclear XBP1s promotes glucose tolerance in the liver by interacting with FoxO1,
a transcription factor governing gluconeogenesis, to induce its proteosomal degradation.
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