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X-box binding protein 1 (XBP1) is a unique basic region leucine zipper (bZIP) transcription factor whose active
form is generated by a nonconventional splicing reaction upon disruption of homeostasis in the endoplasmic
reticulum (ER) and activation of the unfolded protein response (UPR). XBP1, first identified as a key regulator
of major histocompatibility complex (MHC) class II gene expression in B cells, represents the most conserved
signaling component of UPR and is critical for cell fate determination in response to ER stress. Here we review
recent advances in our understanding of this multifaceted transcription factor in health and diseases.
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INTRODUCTION

X-box binding protein 1 (XBP1) was initially dis-
covered as a transcription factor critical in the regula-
tion of human MHC class II gene expression in the
early 1990s. Approximately a decade later in 2001—
2002, three reports demonstrated unequivocally that
XBP1 was the long sought-after mammalian homo-
logue of HACI in yeast, a key transcription factor
that orchestrates the unfolded protein response
(UPR).

UPR, an essential arm of the quality control system
designed to reestablish endoplasmic reticulum (ER)
homeostasis, is initiated by the activation of three
major sensors at the ER membrane: inositol-requiring
enzyme 1 (IRE1), PKR-like-ER kinase (PERK), and
activating transcription factor 6 (ATF6) (Fig. 1). Ac-
tivation of UPR leads to the induction of chaperones
and ER-associated degradation (ERAD) components
as well as global translational attenuation and induc-
tion of apoptosis (if stress persists). As the activation

of these three signaling pathways under pharmaco-
logical and pathophysiological conditions have been
reviewed recently (40,51,73,99), we will focus pri-
marily on the biology and role of the IRE1-XBP1
pathway in diseases as well as explore potential
mechanisms to manipulate this transcription factor in
therapeutic settings.

THE BIOLOGY OF XBP1
The Discovery of XBPI

The human XBP1 gene was discovered and char-
acterized in 1990 as a basic region leucine zipper
(bZIP) transcription factor present in B cells that in-
teracted specifically with the conserved X2 boxes lo-
cated in the promoters of MHC class II genes (53).
XBP1 formed a stable functional heterodimer with c-
fos that was critical for the expression of hXBP1 tar-
get genes (61). Further analysis of the XBP1 pro-
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Figure 1. Three major UPR pathways in metazoans. Misfolded proteins or homeostatic alterations in the ER activate three ER-resident
sensors: IREla, PERK, and ATF6. Key players in each pathway are highlighted. Among the three branches, the IRE10.—XBP1 pathway,
the focus of this review, is the most evolutionarily conserved. IREla mediates Xbp/u mRNA splicing to generate a potent transcription
factor XBP1s (the spliced form of XBP1). XBP1s regulates a diverse array of genes involved in ER homeostasis, adipogenesis, lipogenesis,
and cell survival. In addition, activation of IREla may lead to phosphorylation of JNK and hence influence the outcome of inflammatory

response.

moter revealed multiple regulatory cis elements, in-
cluding a motif identical to the X2 sites bound by
XBP1 (66,69). In situ hybridization studies revealed
ubiquitous expression of XBP1 in adult tissues as
well as in fetal exocrine glands and osteoblasts (12).
Importantly, mice with germline XBP1 knockout
died in utero from severe liver or heart hypoplasia
and apoptosis (55,67).

Linking XBP1 to UPR

In 1993, two laboratories independently reported
that communication between the ER and nucleus,
termed UPR, was mediated by an ER transmembrane
kinase ERNI/IRE1 (14,56). Subsequent work in
yeast demonstrated that in addition to a kinase do-
main, IRE1 possessed endoribonuclease activity and

Hacl was the substrate (15). IRE1 activation led to
splicing of the mRNA of Haclu (uninduced) to gen-
erate Hacli (induced) (82). Hacli mRNA encoded a
potent transcription factor responsible for the upregu-
lation of many genes involved in protein folding,
degradation, and trafficking (92). XBP1 was later
identified as the mammalian homolog of HAC1 (6,
48,100).

In metazoans, the IRE1a—XBP1 pathway is the
most highly conserved and is critical for ER biogene-
sis and the secretory capacity of cells. Similar to
yeast IRE1, metazoan IREla, a type I transmem-
brane protein, oligomerizes upon ER stress, resulting
in increased activity of both its cytosolic kinase and
endoribonuclease domains. Once activated, IREla
splices 26 nucleotides from the Xbp/u mRNA (un-
spliced), leading to a frameshift and the generation of
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XBP1s (spliced) that contains a C-terminal transacti-
vation domain absent from XBPlu (6,48,100) (Fig.
2). Although XBP1u is very unstable, the longer half-
life of XBP1ls (~22 min vs. ~11 min for XBP1u)
allows it to translocate into the nucleus and transcrip-
tionally activate its target genes (Figs. 1 and 2).
From an evolutionary perspective, the presence of
eukaryotic genes with overlapping reading frames
such as Xbplu and Xbpls presents an intriguing but
puzzling question. Using comparative approaches, the
Xbplu coding sequence (CDS) was observed to be
strongly conserved and both the unspliced and
spliced CDS had similar nonsynonymous substitution
rates, providing evidence for a functional role for
XBP1u (58). In the current model, XBP1u negatively
regulates XBP1s transcriptional activity and hence
UPR signaling (46,101). However, this model was
challenged by the observation that overexpression of
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stabilized XBP1u increased the expression of XBP1s
targets (89), implying a much more complicated role
of XBP1lu in UPR signaling. Indeed, a recent study
showed that XBP1u recruited its own mRNA to the
ER membrane for efficient IRE1a-mediated splicing
(97). Thus, although the precise function of XBPlu
remains elusive, it does appear to have a biphasic role
in UPR initiation and resolution.

Transcriptional Regulation of Xbpl Expression

In addition to the well-characterized Xbpl mRNA
splicing event, accumulating evidence suggested that
transcriptional regulation of Xbpl gene expression
might also play an important role with profound patho-
logical and therapeutic implications. Indeed, several
recent studies have shown that the Xbpl proximal
promoter serves as a target for various tissue-specific
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Figure 2. Comparison of XBP1u and XBP1s proteins. (A) The domain comparison of XBP1u and XBP1s proteins. Number refers to amino
acid position of mouse proteins. DBD, DNA binding domain; TAD, transactivation domain. (B) Western blot of XBP1 in nuclear extract of
mouse pancreatic lysates. Note the positions of endogenous XBP1u and XBP1s proteins. (C) Western blot of XBP1s in nuclear extract of
mouse macrophage RAW 264.7 cells treated with 300 nM thapsigargin (Tg) for 2 h. Cells were stably expressing either XBP1 RNAi or
control RNAi. Lamin, a loading control. (D) Sequence alignment of XBP1s from different species. DBD, underlined; SUMOylation lysine

(K) sites, K276 and K297; XBP1s unique sequence, arrow.
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and developmentally regulated transcription factors,
contributing to the temporal- and spatial-specific ex-
pression of XBP1.

As the role of XBP1 in plasma cell differentiation
was unraveled, studies demonstrated that Xbpl
mRNA was induced by interleukin (IL)-6 in human
multiple myeloma cells (96) and IL-4 in primary B
cells (33). B lymphocyte-induced maturation protein,
encoded by Prdml gene (BLIMP1) and interferon
regulatory factor 4 (IRF4) are two major transcription
factors critical for Xbpl expression and plasma cell
differentiation. Microarray studies placed BLIMP1
upstream of XBP1 but as BLIMP1 acts as a transcrip-
tional repressor, mechanistic questions arose as to
how BLIMPI1 induced Xbpl expression (79,80). It
was discovered that BLIMPI repressed paired box
gene 5/B cell lineage-specific activator protein (BSAP/
PAXS), a known repressor of Xbp! in B cells (69,79).
IRF4 is an interferon (IFN)-regulatory family mem-
ber that is expressed in B cells committed to the
plasma cell lineage and required for plasmacytoid
differentiation (41). XBP1s induction was ablated in
IRF4-deficient cells, but BLIMP1 expression was un-
affected, suggesting that IRF4 acted upstream of
XBP1 in a nonredundant manner. Furthermore, other
adaptive immune responses such as effector CD8* T-
cell differentiation and macrophage activation upreg-
ulated Xbpl expression through IL-2 (38) and the
ligand for Toll-like receptor 4 (TLR4), lipopolysac-
charide (LPS), respectively (54,71).

Various other factors contributing to the regulation
of Xbpl gene expression are emerging as well. Ge-
nome-wide analysis studies identified a putative
binding site for C/EBPJ in the proximal promoter of
Xbpl (49). Accordingly, C/EBPB was shown to di-
rectly regulate XBP1 expression in 3T3-L1 preadipo-
cytes (78). Two myogenic transcription factors, MyoD
and myogenin, were also shown to directly regulate
Xbpl expression (4). In addition, Xbpl gene expres-
sion was regulated by ATF6 as well as itself, result-
ing in a positive feedback loop during UPR activation
(100). Indeed, a human polymorphism in the proxi-
mal promoter of Xbpl (—116C-G) that disrupts the
putative binding site for XBP1s correlates with an
increased risk for bipolar disorder (37). Furthermore,
parathyroid hormone played a role in regulating Xbp 1
expression during osteoblast differentiation (103). Fi-
nally, a recent study identified XBP1 as a highly
enriched white adipose gene that was repressed by
PR domain containing 16 (PRDM16), a brown fat-
specific transcriptional activator (36,77).

Thus, although IRElo-mediated splicing of Xbpl
mRNA is the most well-characterized regulatory
mechanism for this transcription factor, its mRNA
expression is also tightly controlled by various fac-
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tors in a highly dynamic manner. As UPR is constitu-
tively active at a basal level (1,81,98), regulation
through either induction or repression of Xbpl ex-
pression may serve to fine tune ER homeostasis. In-
deed, a similar situation has been identified in yeast
and termed as “super-UPR” (44). Therefore, identify-
ing novel regulators of XBP1 at the transcriptional
level may provide insight into the role of “super-
UPR” and may aid in the design and development of
therapeutic strategies targeting human ER-associated
disorders.

Posttranslational Modification of XBP1

Posttranslational modifications regulate the biolog-
ical activity of many transcription factors. We re-
cently showed that XBP1s was negatively modulated
by small ubiquitin-like modifier (SUMO) (10), a tran-
sient regulatory mechanism involved in many cellular
processes including transcriptional regulation, DNA
damage, and signal transduction (24,74). XBP1s pro-
tein was SUMOylated at two conserved lysine resi-
dues located within the transactivation domain (Fig.
2D). Ablation of these SUMOylation events enhanced
the transcriptional activity of XBP1s. In line with our
study, a recent genome-wide analysis of SUMO2
modification during heat shock response also identi-
fied XBP1s as a target of SUMO2 (21). Thus, these
results revealed a previously unexpected role for
SUMO in the regulation of UPR activation and ER
homeostasis. The role of other posttranslational mod-
ifications on XBP1 function and activity, especially
phosphorylation, has yet to be studied.

XBPI-Mediated Transcriptional Events

XBP1 was reported to bind to cAMP-responsive
elements (CRE) sites in the promoters of MHC class
II genes (11). Further studies were performed validat-
ing that XBP1 did indeed preferentially bind to CRE-
like elements in which the core “ACGT” was highly
conserved (11). To identify transcriptional networks
regulated by XBP1, ChIP-on-chip arrays showed that
XBP1 was constitutively bound to a subset of genes
involved in ER homeostasis including folding, traf-
ficking, and ERAD (1), confirming the presence of a
low level of basal or constitutive UPR (81). In most
genes, XBP1 binding occurred within 200 bp of tran-
scriptional start sites (1). In support of previous re-
ports (11), XBP1 did indeed bind to the core
“ACGT” element under physiological conditions, but
XBP1 targets were also enriched in additional distinct
motifs including UPR element (UPRE) and CCACG
box (1).

As XBP1 is involved in various facets of biology,
it is not surprising that its targets are also extremely
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diverse (1). Canonical XBP1 targets in UPR signal-
ing include ER chaperones and components of ERAD
including ER degradation enhance mannosidase alpha-
like 1 (EDEM1), Dnal/Hsp40 homolog subfamily B
member 9 (ERDJ4/DNAJBY), and DnalJ/Hsp40 ho-
molog subfamily C member 3 (P58IPK/DNAIJC3).
Additional tissue-specific XBP1 targets that have
been identified include IL-6 in plasma cells, C/EBPa
in adipocytes, lipogenic genes in hepatocytes, proin-
flammatory cytokines in macrophages (see below),
and Mistl in myocytes. XBP1 was also enriched on
the promoters of genes involved in a number of UPR-
unrelated processes including glycolysis, gluconeo-
genesis, lipid metabolism, and DNA replication and
repair (1). The biological relevance of these bindings
requires further investigations.

THE ROLE OF XBP1 IN HEALTH
AND DISEASES

This section highlights and addresses recent re-
ports on the relevance and importance of the IRElo—
XBP1 pathway in multiple pathophysiological condi-
tions such as pathogen defense and immunity, obesity
and type 2 diabetes, circadian rhythm regulation, can-
cer, and neurodegeneration and aging.

XBP1 in Adaptive Immunity

XBP1 is required for plasma cell differentiation
(68), but does not influence memory B cell commit-
ment (90,91). XBP1-deficient B cells exhibited nor-
mal proliferation and activation, but expressed de-
creased levels of J chain, a component required for
Ig assembly. Consequently, these animals were more
susceptible to infections, but restoration of XBPls
expression rescued Ig production (68). Furthermore,
Xbpl mRNA splicing (i.e., IRElo activity) was at-
tenuated in mice lacking Ig heavy chains, suggesting
that IREla activity and UPR was modulated and
induced by Ig synthesis and production (33,104).
XBP1-mediated ER expansion was required for adop-
tion of a “professional secretory cell” phenotype
characteristic of plasma cells (80) (Fig. 3). In addi-
tion, XBP1s induced the expression of terminal dif-
ferentiation factor IL-6 in splenic B cells (33). Thus,
XBP1 in professional secretory cells may have
evolved additional functions allowing these cells to
respond to ‘physiological” UPR (80).

In contrast to previous reports (19,20,33,104), a
more recent study reported that Xbp/ induction was
independent of differentiation as B cells lacking IgM
still maintained Xbp1 activation. This discovery sug-
gested that Xbpl activation may be required for nor-
mal plasma cell differentiation rather than as a conse-
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quence of massive Ig synthesis and secretion (30).
Furthermore, Tirosh et al. (88) showed that while
XBP1 was required for IgM synthesis and secretion,
glycoprotein degradation was unaffected by loss of
XBP1. Hence, the timing and mechanism of UPR and
XBP1 activation during plasma cell differentiation re-
main an interesting and open question.

XBP1 in Innate Immunity

The IRE10.—XBP1 signaling pathway of UPR is
also critical for the development and survival of an-
other immune population, dendritic cells (DCs). Loss
of XBPI in DCs reduced IFN-o production upon
stimulation with CpG, an agonist of TLR2, and ren-
dered cells prone to ER stress-induced or differentia-
tion-associated cell death (34). Indeed, both conven-
tional and plasmacytoid DCs in XBPI-deficient
animals exhibited decreased survival at basal levels
and in response to TLR signaling. Conversely, forced
expression of XBPls enhanced DC development
(34).

Most recently, XBP1 was shown to have a critical
role in regulating the expression of key proinflamma-
tory cytokines in macrophages (54). Both TLR2 and
TLR4 signaling specifically activated the IRElo—
XBP1 branch, which in turn increased the expression
and secretion of IL-6, tumor necrosis factor-o (TNF-
o), and IFN-B without inducing canonical UPR
genes. Mice with macrophage-specific deficiency of
XBP1 exhibited increased bacterial burden postinfec-
tion (54). The function of XBP1 in innate immunity
seemed to be highly conserved as similar observa-
tions were made in worms; XBP1-deficient worms
were hypersensitive to pathogen infection (70).
Therefore, XBP1 plays a critical and protective role
in both innate and adaptive immunity. This is not sur-
prising given that the RNase domain of IRE1, both o
and P, shares unique homology with RNase L (87), a
critical component of the antiviral system that cleaves
single-stranded RNA (84).

XBP1 in Inflammatory Bowel Disease (IBD)

In line with the role of the IRE1a—XBP1 pathway
in immunity, XBP1 has been implicated in IBD, a
common chronic human disorder. Mice with specific
Xbpl deletion in intestinal epithelial cells were more
susceptible to developing spontaneous small intesti-
nal enteritis (39). Patients with Crohn’s disease and
ulcerative colitis, two forms of IBD, exhibited de-
creased XBPIs levels. In addition, several genome-
wide linkage studies hinted at an association between
IBD and a region of the genome physically close to
the Xbpl gene (2,23,94) and the IRE1P gene (5,31).
Moreover, deep sequencing identified novel rare sin-
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Figure 3. XBP1 in B cell differentiation to plasma cells. LPS and IL-4 stimulate the expression of Xbp/ mRNA and lead to the elevation
of XBP1s protein in activated B cells (A). XBP1s is responsible for expanding the ER capacity in preparation for upcoming waves of
immunoglobulin (Ig) biosynthesis in preplasmablasts (B). In fully differentiated plasma cells, ER capacity reaches a new set point of
homeostasis to accommodate Ig biosynthesis (C). The question of whether and when UPR activation occurs during this process remains

open.

gle nucleotide polymorphisms in Xbpl that, along
with other environmental and genetic risk factors,
might confer susceptibility to IBD (39). Further sup-
porting a key role of XBPI in IBD, loss of IRE1p,
the isoform expressed predominantly in the gastroin-
stestinal track, resulted in hypersensitivity to dextran
sodium sulfate (DSS)-induced colitis in mice (3). It
is quite interesting that IREla expression alone in
intestinal epithelial cells failed to protect IRE13 an-
imals from induced colitis. Thus, these studies sug-
gested that the IRE1B—XBP1 pathway likely played
an important role in the pathogenesis of IBD.

XBP1 in Obesity and Insulin Resistance

ER stress, particularly the IRE1o—XBP1 branch,
has been implicated in obesity-induced insulin resis-
tance and type 2 diabetes (62—64,105). Initial reports
demonstrated a link between IREla. activation and
JNK-dependent inhibitory serine phosphorylation of
insulin receptor substrate 1 (IRS-1) at serine 307
(Ser307) (63,93). In line with the role of IREla acti-
vation in attenuating insulin signaling, XBP1s over-
expression in mouse embryonic fibroblast (MEF)
cells suppressed ER-stress-induced JNK activation
and IRS-1 phosphorylation on Ser307, whereas XBP1+~
tissues showed opposite effects (63). Furthermore,
XBP1*~ mice exhibited increased ER stress and more
severe insulin resistance upon high-fat diet (HFD)-

induced obesity accompanied with elevated p-Ser307
on IRS1 (63). Conversely, reduction of ER stress via
the administration of chemical chaperones such as 4-
phenyl butyric acid (PBA) and tauroursodeoxycholic
acid (TUDCA) attenuated phosphorylation of IRS1 at
Ser307 and improved the insulin sensitivity of obese
animals (64). More recently, it was shown that com-
promised insulin signaling during obesity might de-
crease the levels of functional nuclear XBP1s in the
liver of obese mice (65). The interaction between the
heterodimer p85a and p85f, the regulatory subunits
of phosphoinositide 3-kinase (PI3K) and XBP1 was
disrupted in obese animals, leading to defects in the
nuclear entry of XBP1s and elevated ER stress. Over-
expression of p85c. or p85B in the liver improved
glucose tolerance in obese animals (65). Hence, ER
stress has been proposed to be a prime culprit in link-
ing obesity with insulin resistance (29).

Several studies, however, have suggested that this
model may not be all-inclusive. First, liver-specific
XBP1-null mice failed to exhibit overt changes in ER
ultrastructure or activation of two other UPR braches
PERK and ATF6 (47). This is in line with another
report showing that Xbp/ expression and the active
form of ATF6 were reduced in the hepatocytes of
obese mice, indicative of decreased ER stress (95).
Furthermore, ER stress was not detectable in white
adipose tissues upon 12 weeks HFD in XBP1-splic-
ing reporter mice (102), questioning the notion that
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ER stress in adipose tissues played a causal role in
obesity-associated insulin resistance. Moreover, a re-
cent study demonstrated that p-Ser307 of IRS1 was
not critical for the development of insulin resistance,
but rather promoted insulin sensitivity in mice (13).
The IRS1 Ser307Ala knockin mice exhibited in-
creased insulin resistance upon HFD-induced obesity.
Finally, liver-specific disruption of p850. improved
systemic glucose tolerance and insulin sensitivity in
both lean and obese mice while overexpression of
p85a in the liver had the opposite effect (85,86).
Hence, the role of ER stress and the IRE1a—XBP1
pathway in obesity and diabetes warrants further
studies.

XBP1 has also been implicated in hepatic lipid me-
tabolism and adipocyte differentiation. Using hepato-
cyte-specific conditional XBP1 knockout mice, it was
shown that XBP1-deficient hepatocytes exhibited re-
duced de novo lipid biosynthesis (47). XBP1 played
an unexpected role in regulating hepatic lipogenesis
by directly binding to the promoters of key lipogenic
factors including diacylglycerol acetyltransferase 2
(DGAT?2), stearoyl-CoA reductase 1 (SCDI1), and
acetyl-CoA carboxylase (ACC2) (47). In addition, we
recently showed that XBP1-deficient preadipocytes
and MEF cells showed dramatic defects in adipogen-
esis as XBP1s interacted with the promoter of Cebpa.,
a master regulator of adipogenesis, and activated its
expression (78) (Fig. 4). Thus, XBP1 played a critical
regulatory role during adipogenesis by integrating
into the transcriptional cascade underlying adipo-
genic differentiation. This finding was consistent
with reports of an absence of fat depot in XBP1-
neonates rescued with hepatic XBP1s overexpression
(45).

XBP1 in Circadian Rhythm

Circadian rhythms allow organisms to synchronize
environmental inputs such as light and nutrient avail-
ability with biological processes with a periodicity of
24 h (42). In 1972, Chedid and Nair (8) showed that
the morphology and amount of hepatic smooth ER
structures were regulated by a diurnal rhythm, which
coincided with the rhythmic patterns of drug-metabo-
lizing enzymes in the ER membranes. A recent study,
the first to examine the relationship between UPR ac-
tivation and the circadian clock, showed that the
IREla—XBP1 pathway was activated rhythmically
every 12 h in the liver and influenced hepatic lipid
metabolism (16). Animals lacking a functional circa-
dian clock exhibited constitutive activation of the
IREla—XBP1 pathway, which was proposed to be
responsible for asynchronous expression of enzymes
involved in liver metabolism and leading to perturbed
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lipid metabolism and triglyceride accumulation in the
liver (16). It remains unclear how the IREl1a—XBP1
pathway fits into the canonical clock network of tran-
scriptional and translational feedback loops.

XBP1 in Cancer

Genome-wide profiling along with association
studies demonstrated that XBP1 expression was in-
duced in a variety of cancers including lymphoid ma-
lignancies such as multiple myeloma and acute my-
eloid leukemia (17,35,50,57) as well as breast cancers
(18,22,43). Moreover, multiple myeloma cells with
overexpression of superoxide dismutase (SOD2), an
enzyme that eliminates free superoxide radicals, ex-
hibited decreased proliferation correlated with de-
creased Xbpl expression (32). In support of a direct
role for XBPI in tumorigenesis, the loss of XBP1
was shown to severely inhibit tumor growth (72). In-
deed, transformed cells with XBP1 deficiency were
more sensitized to hypoxia and underwent apoptosis,
implicating XBP1 as a survival factor (72). In addi-
tion, mice with ectopic expression of XBP1s in B
cells exhibited enhanced B cell proliferative potential
along with development of multiple myeloma that re-
capitulated many critical aspects of the human disease
(7). Finally, it was shown that XBP1 was activated in
primary mammary tumors with its expression corre-
lating with enhanced tumor growth (83).

Thus, the role of XBP1 as a survival factor deems
it a very attractive therapeutic target. However, UPR
can also initiate apoptosis in the face of persistent
ER stress. A study demonstrated that acute myeloid
leukemia (AML) patients with UPR activation actu-
ally merited better prognosis as indicated by lower
relapse rates, and better overall and disease-free sur-
vival (76). Therefore, to fully understand the involve-
ment of XBP1 in cancer development and progres-
sion, future studies that can carefully monitor UPR
activation and delineate the respective roles of all
three UPR branches are required.

XBP1 in Neurodegeneration and Aging

The role of XBPI in neurodegeneration remains
controversial and appears to be disease-specific.
Toxic intracellular protein aggregates, one of the pri-
mary underlying causes of neurodegenerative pathol-
ogies, induce ER stress and activate UPR (52). In-
deed, cellular and animal models of Huntington’s
(59,60) and Parkinson’s (28) diseases are reportedly
associated with activation of the IRE1o—XBP1 path-
way. However, it remains unclear whether UPR acti-
vation in these models represents a direct cause of the
diseases or a secondary effect associated with tissue
damage.
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Figure 4. Simplified schematic outline of IREla—XBP1-mediated signaling cascades during B cell differentiation, adipogenesis, and myo-
genesis. The key transcription factors (regulators) that are responsible for Xbpl mRNA induction, XBP1s targets, and physiological effects

of the signaling cascades are shown for each event.

XBP1 occupancy was observed on the promoters
of genes linked to neurodegenerative pathologies in-
cluding Alzheimer’s disease (1), although the rele-
vance of these events remains speculative. Ectopic
expression of XBP1s played a protective role in cells
against chemical-induced cell death and significantly
attenuated the degeneration of dopaminergic neurons
in a mouse model of Parkinson’s disease (75). In con-
trast, SODI1 transgenic mice with XBP1 deficiency
specifically in the nervous system were more resis-
tant to the development of familial amyotrophic lat-
eral sclerosis (ALS) (27). These animals exhibited in-
creased macroautophagy concomitant with reduced
accumulation of mutant SOD1, providing further evi-
dence on an intimate link between UPR and autoph-
agy. In contrast, XBP1 did not appear to influence
prion pathogenesis as loss of XBP1 had no effect on
prion aggregation, neuronal survival, or overall ani-
mal survival (26). Consistently, many UPR markers
were unaffected in the brains of prion-infected
XBP1-deficient mice when compared to the wild-
type cohort (26).

Recent studies have implicated the IREI-XBP1
pathway in aging in worms (9,25). First, loss of hy-
poxia inducible factor 1 (HIF1) extended life span in
part via the activation of the IRE1 pathway. Defects
in IRE1 signaling significantly reduced the life span
of the long-lived hifl loss-of-function mutant (9).
This effect appeared to be IRE1 specific as a PERK
deletion mutant had no effect. A similar observation
was recently reported in insulin/IGF-1 pathway mu-
tant worms (25). Loss of IRE1 or XBP1 shortened
the life span of long-lived daf-2 mutants to a much
lesser extent than in wild-type worms, suggesting that
the effect of XBP1 on life span may depend on one
of these factors in the insulin/IGF-1 pathway. None-
theless, IRE1 activity and Xbpls mRNA were unex-
pectedly very low in the daf-2 mutant, indicative of
improved overall ER homeostasis. Mechanistically, it
was proposed that XBP1 might regulate the expres-
sion of a conserved Zn-finger protein downstream of
Xbpl (DOX-1) in a DAF-16/FOXO-dependent man-
ner. The effect of IRE1I-XBP1 in the aging process
of higher organisms merits further studies.
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CONCLUDING REMARKS

The role of XBP1 as a critical transcription factor
and mediator of UPR signaling has been very well
documented in the literature, but in addition to this
vital role, the history of XBP1 discovery as well as
recent insights into immune regulation has demon-
strated that it is also required for various aspects of
immunity including B cell and effector CD8* T-cell
differentiation, dendritic cell survival, and TLR-induced
macrophage responses. In addition, SNPs in the
hXBP1 gene rendered individuals susceptible to IBD.
Collectively, reports on XBP1 in immunity have re-
vealed novel roles for this transcription factor in both
innate and adaptive immune responses although inter-
estingly, none are directly related to the function of
MHC class II genes. Thus, increased understanding
of the molecular actions and transcriptional networks
regulated by XBP1 in immune cells may aid in the
development of potential therapeutics targeting im-
mune disorders.

Given its unique regulatory mechanisms and short
half-life, the XBP1 protein has been touted as an im-
portant regulator that can quickly integrate transient
environmental cues with downstream gene activation.
Indeed, XBP1 is important for differentiation in vari-
ous cell types including myocytes, adipocytes, and
plasma cells. Of note, it is interesting to compare the
roles of XBP1 in these differentiation events, all of
which involve complex regulatory circuits (Fig. 4).
From these insights, the IREla—XBP1 branch of
UPR appears to be acting as a key component of a
differentiation switch to control diverse cellular fates.
One outstanding question remaining from these stud-
ies is whether the signals responsible for activating
XBPI in these various developmental processes arise
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from accumulation of unfolded proteins in the ER lu-
men or from ER-independent differentiation signals.

As disease progression is normally manifested as a
collective outcome involving many tissues and sig-
naling pathways, simply using downstream targets of
UPR signaling to assess the status of ER stress and
UPR activation is unlikely to be sufficient and may
not be reliable in certain pathophysiological settings.
Cross-talk among various signaling pathways (e.g.,
insulin and TLR) and other stress responses (e.g.,
amino acid starvation) may confound assessment of
ER stress and UPR activation, thus making it critical
to assess ER stress and UPR activation at the level
of UPR sensors (98). Moreover, as XBP1 activity is
regulated at multiple levels, XBP1 may modulate ER
homeostasis independently of classical UPR activa-
tion. Therefore, it is highly conceivable that these su-
per-UPR-like events may be critical for maintenance
of ER homeostasis under physiological conditions to
circumvent the deleterious consequences of prolonged
UPR activation. As ER stress has been implicated in
an increasing number of human diseases (40,99),
novel methods to assess and accurately quantitate
UPR sensor activation and ER stress under physio-
logical and pathological conditions will be instrumen-
tal to the future of the field and its therapeutic impli-
cations.
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