
Dual and opposing roles of the unfolded protein
response regulated by IRE1α and XBP1 in proinsulin
processing and insulin secretion
Ann-Hwee Leea,b,1, Keely Heidtmana, Gökhan S. Hotamisligilc, and Laurie H. Glimchera,b,d,1

aDepartment of Immunology and Infectious Diseases and cDepartment of Genetics and Complex Diseases, Harvard School of Public Health, Boston, MA 02115;
and bDepartment of Medicine and dRagon Institute of Massachusetts General Hospital, Massachusetts Institute of Technology, and Harvard University,
Harvard Medical School, Boston, MA 02115

Contributed by Laurie H. Glimcher, April 14, 2011 (sent for review April 4, 2011)

As a key regulator of the unfolded protein response, the tran-
scription factor XBP1 activates genes in protein secretory path-
ways and is required for the development of certain secretory
cells. To elucidate the function of XBP1 in pancreatic β-cells, we
generated β-cell-specific XBP1 mutant mice. Xbp1f/f;RIP-cre mice
displayed modest hyperglycemia and glucose intolerance resulting
from decreased insulin secretion from β-cells. Ablation of XBP1
markedly decreased the number of insulin granules in β-cells,
impaired proinsulin processing, increased the serum proinsulin:
insulin ratio, blunted glucose-stimulated insulin secretion, and
inhibited cell proliferation. Notably, XBP1 deficiency not only com-
promised the endoplasmic reticulum stress response in β-cells but
also caused constitutive hyperactivation of its upstream activator,
IRE1α, which could degrade a subset of mRNAs encoding proinsulin-
processing enzymes. Hence, the combined effects of XBP1 defi-
ciency on the canonical unfolded protein response and its negative
feedback activation of IRE1α caused β-cell dysfunction in XBP1
mutant mice. These results demonstrate that IRE1α has dual and
opposing roles in β-cells, and that a precisely regulated feedback
circuit involving IRE1α and its product XBP1s is required to achieve
optimal insulin secretion and glucose control.
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XBP1 is a transcription factor that plays a crucial role in the
development of professional secretory cells (1, 2). As a key

component of the unfolded protein response (UPR), XBP1 is
activated by disturbances in endoplasmic reticulum (ER) pro-
tein-folding homeostasis (3, 4). In response to upstream signals,
XBP1 mRNA undergoes an unconventional splicing by the ER
transmembrane endoribonuclease IRE1 which ultimately gen-
erates the potent transcriptional transactivator XBP1s (1, 3).
XBP1s promotes ER biogenesis and activates the expression of
ER chaperone genes that are required for the folding and traf-
ficking of secretory cargo proteins (5–7). Consistent with its
critical role in facilitating protein secretion, XBP1 deficiency
impairs the development of professional secretory cells such
as plasma B cells, pancreatic acinar cells, and intestinal Paneth
cells (8–11).
Insulin synthesis and secretion from pancreatic β-cells are

dynamically regulated by environmental changes that may im-
pose burdens on the islet cell. It has been suggested that the
UPR plays a protective role in the adaptation of the β-cell to
increased insulin production (12, 13). UPR pathways mediated
by IRE1/XBP1 and ATF6 have been implicated in insulin se-
cretion and β-cell survival, but their in vivo functions in β-cells
are not fully understood (14–18).
Here we show that β-cell proliferation, proinsulin processing,

and insulin secretion are impaired in mutant mice lacking XBP1
selectively in β-cells. Whereas impaired direct transcriptional
activation of secretory pathway genes by loss of XBP1 partly
accounted for abnormalities in the mutant mice, we provide
evidence for an indirect mechanism involving IRE1α-mediated

degradation of proinsulin-processing gene mRNAs as well.
These studies demonstrate that a precisely regulated feedback
circuit involving IRE1α and its product XBP1s is required to
achieve optimal glucose control. This rheostat relies on achieving
optimal levels of XBP1s protein to fine-tune the insulin secretory
function of β-cells.

Results
Xbp1 Deletion in β-Cells Causes Hyperglycemia and Glucose
Intolerance. Deletion of Xbp1 in β-cells was achieved by cross-
ing Xbp1flox mice (19) with RIP-cre transgenic mice that express
cre recombinase under the control of the rat insulin gene pro-
moter. Xbp1f/f;RIP-cre mice displayed slightly elevated blood
glucose levels compared with littermate WT and heterozygous
Xbp1f/+;RIP-cre mice (Fig. 1A). In accordance with increased
blood glucose levels, serum insulin levels were slightly lower in
Xbp1f/f;RIP-cre mice (Fig. 1B), indicating that XBP1-deficient
β-cells secrete insufficient amounts of insulin to maintain normal
glucose levels. Blood glucose and insulin levels were not altered
in heterozygous Xbp1f/+;RIP-cre mice (Fig. 1 A and B). The
modest hyperglycemic phenotype of Xbp1f/f;RIP-cre mice was
maintained up to 16 wk of age (Fig. 1C). Glucose homeostasis
was further assessed by glucose tolerance tests (GTT), which
demonstrated impaired glucose clearance in both male and fe-
male Xbp1f/f;RIP-cre mice (Fig. 1D). Glucose tolerance in
Xbp1f/+;RIP-cre mice was indistinguishable from WT, indicating
that glucose homeostasis was not significantly affected by Xbp1
heterozygosity or by cre expression in β-cells. Notably, adminis-
tration of insulin to Xbp1f/f;RIP-cre mice effectively lowered
blood glucose, indicating that insulin signaling and sensitivity in
peripheral tissues were not altered by the absence of XBP1 in
β-cells (Fig. 1E).
Akita mice carrying the C96Y mutation in the Ins2 gene have

been widely used as an animal model for ER stress in pancreatic
β-cells (20, 21). The C96Y mutation disrupts a disulfide bond in
the insulin molecule, leading to the degradation of the misfolded
proinsulin protein and the compromise of ER function (20, 22).
To determine whether XBP1 had any protective role in β-cells
against the ER stress caused by the misfolded insulin, we gen-
erated Xbp1f/f;Ins2+/Akita;RIP-cre mice that are deficient for
Xbp1 and produce C96Y mutant insulin. As expected, Xbp1-
sufficient Akita mice (Xbp1f/f;Ins2+/Akita) developed progressive
hyperglycemia both in males and females (Fig. S1). Notably,
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blood glucose level was markedly increased in XBP1-deficient
Akita mice (Xbp1f/f;Ins2+/Akita;RIP-cre) compared with the
control XBP1-sufficient mice, suggesting that XBP1 plays a pro-
tective role in preserving protein-folding homeostasis in stressed
β-cells.

Loss of β-Cells and Decreased Pancreatic Insulin Content in XBP1-
Deficient Mice. Hyperglycemia and glucose intolerance in Xbp1f/f;
RIP-cre mice in the absence of a detectable alteration in sys-
temic insulin sensitivity strongly suggested a defect in insulin
production from XBP1-deficient pancreatic β-cells. Histological
analysis of pancreatic sections revealed that islet area was di-
minished in Xbp1f/f;RIP-cre mice by ∼50% (Fig. 2A). Pancreatic
insulin content was also decreased in Xbp1f/f;RIP-cre mice,
consistent with β-cell insufficiency (Fig. 2B). TUNEL and active
caspase 3 staining revealed no difference in β-cell apoptosis
between WT and Xbp1f/f;RIP-cre mice. In contrast, BrdU in-
corporation into β-cells was significantly decreased in Xbp1f/f;
RIP-cre mice (Fig. 2C), suggesting that impaired proliferation
contributed to the reduced islet mass in Xbp1f/f;RIP-cre mice.
Xbp1f/f;RIP-cre islets frequently displayed morphological ab-
normalities, including disorganization of islet structure, indistinct
separation of islets from exocrine pancreatic tissue (Fig. 2 D and
E), and peri-islet fibrosis (Fig. 2 F and G). Immunofluorescent
staining of pancreatic sections revealed decreased abundance of
insulin-producing β-cells and diminished insulin fluorescence
intensity per cell in Xbp1f/f;RIP-cre mice (Fig. 2 H and I and Fig.
S2). In addition, XBP1-deficient β-cells displayed a diffuse lo-
calization pattern of the Glut2 glucose transporter protein both
in the cytosol and in the plasma membrane compared with the
localized plasma membrane immunofluorescence in the WT
control, suggesting that XBP1 is required for normal Glut2
trafficking to the plasma membrane (Fig. 2 J and K).
Ultrastructural analysis by transmission electron microscopy

(TEM) revealed that XBP1-deficient β-cells contained fewer
insulin granules than WT β-cells (Fig. 2 L and M). Further, ER
distension and mitochondrial swelling were evident in most
β-cells but not in α-cells of Xbp1f/f;RIP-cre mice (Fig. 2 N and O
and Fig. S3). Electron lucent insulin granules were readily ob-

served in XBP1-deficient β-cells (Fig. 2O and Fig. S3), similar to
what we had previously observed in β-cells of newborn XBP1
germ-line knockout mice rescued by transgenic expression of
XBP1 in the liver (10). These data suggest that XBP1 is essential
for the biogenesis of insulin secretory granules and the mainte-
nance of ER and mitochondrial integrity in β-cells.

XBP1 Is Required for Glucose-Stimulated Insulin Secretion and
Proinsulin Processing. To further evaluate the role of XBP1 in in-
sulin secretion from β-cells, we measured insulin secretion from
control and Xbp1f/f;RIP-cre mice following a bolus glucose ad-
ministration (Fig. 3A). Heterozygous Xbp1f/+;RIP-cre mice were
used as controls to avoid potential nonspecific effects of cre ex-
pression in β-cells. Glucose administration markedly increased se-
rum insulin levels in controlmicewithin 2min, and these levels were
maintained for up to 30 min (Fig. 3A). In contrast, glucose-stimu-
lated insulin secretion was severely reduced in Xbp1f/f;RIP-cre
mice, indicating that XBP1 plays an important role in this process.
To examine the role of XBP1 in insulin secretion at the cel-

lular level in an alternative system, we silenced XBP1 mRNA in
Min6 insulinoma cells by stably expressing an XBP1-specific
shRNA (Fig. 3B). It was notable that Min6 cells expressed sig-
nificant amounts of XBP1s protein at baseline even in the ab-
sence of chemical ER stress inducers. Stimulation of control
Min6 cells with high glucose increased insulin secretion by ap-
proximately threefold (Fig. 3C). Consistent with the defective
insulin secretion observed in Xbp1f/f;RIP-cre mice in response to
a bolus glucose injection, glucose-stimulated insulin secretion
was markedly blunted in XBP1 knockdown Min6 cells (Fig. 3C),
indicating that XBP1 is required for optimal insulin secretion
from β-cells.
Insulin is synthesized as a precursor form that undergoes a

series of maturation steps that involve proteolytic cleavage and
disulfide-bond formation (23, 24). Given the importance of XBP1
in cellular secretory function in many cell types (9, 10, 25, 26), we
asked whether XBP1 also plays a role in proinsulin maturation
in β-cells and measured the ratio of serum proinsulin to total
insulin levels. WT mice displayed very low proinsulin:insulin ra-
tios, indicating efficient insulin maturation in normal β-cells (Fig.
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Fig. 1. β-cell-specific deletion of Xbp1 causes hyperglycemia and glucose intolerance in mice. (A) Blood glucose and (B) serum insulin levels were measured
after fasting mice for 6 h. Each dot represents an individual male mouse (7-wk-old). (C) Fed-state blood glucose levels of WT and β-cell-specific Xbp1 knockout
(Xbp1f/f;RIP-cre) mice were measured along the time course. n = 6–8 male mice per group. Values represent means ± SEM. (D) GTTs were performed on 7- to 8-
wk-old mice. n = 6–8 mice per group. (E) ITT was performed on 16-wk-old male mice. n = 5–7 mice per group. *P < 0.05; ***P < 0.001.
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3D). In contrast, serum proinsulin:insulin ratios were increased
by approximately fourfold in Xbp1f/f;RIP-cre mice. The increase
in proinsulin concentration mainly accounted for the increase in
proinsulin:insulin ratios in Xbp1f/f;RIP-cre mice (Fig. 3D Right).
Taken together, these results demonstrate that XBP1 deficiency
impairs proinsulin processing and/or folding of mature insulin,
resulting in increased secretion of proinsulin at the expense of
mature insulin.
Proinsulin processing and secretion were also monitored in

Min6 insulinoma cells that expressed control luciferase or XBP1-
specific shRNAs in pulse-chase experiments (Fig. 3E). In both
control and XBP1 knockdown cells, radiolabeled proinsulin was
gradually converted to mature insulin, which was then secreted
into the media together with unprocessed proinsulin (Fig. 3E).
Interestingly, XBP1 knockdown or overexpression of dominant-

negative XBP1 markedly diminished the accumulation of radi-
olabeled mature insulin but not proinsulin in the culture super-
natant, increasing the ratio of secreted proinsulin to insulin (Fig.
3E and Fig. S4A).
We hypothesized that XBP1 deficiency perturbed protein-

folding homeostasis in the ER, leading to inefficient insulin
processing in β-cells. To test this hypothesis, we added phar-
macological drugs that interfere with ER protein folding after
pulse labeling and examined proinsulin processing and secretion
(Fig. S4B). The addition of tunicamycin or thapsigargin to inhibit
protein glycosylation in the ER or deplete ER calcium stores
during chase periods resulted in a marked increase of both in-
tracellular and secreted proinsulin. In contrast, the amount of
secreted mature insulin was decreased by tunicamycin or thap-
sigargin treatment (Fig. S4B), suggesting that perturbed ER
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function impaired efficient proinsulin processing, leading to an
increase in proinsulin:insulin ratio in the culture media.

XBP1 Is Required for the Expression of Genes in the Insulin Secretory
Pathway. We have demonstrated that XBP1 deficiency results in
feedback activation of IRE1α in certain cell types (9, 11, 19).
Interestingly, recent studies demonstrated that IRE1α can cleave
certain mRNAs for degradation, a process termed “IRE1-
mediated degradation” (17, 27, 28). Notably, insulin mRNA was
shown to be cleaved for degradation by IRE1α at multiple sites
(17, 27). IRE1α phosphorylation was significantly induced in
Min6 cells transfected with XBP1 shRNA, demonstrating that
the feedback regulation of IRE1α by XBP1 also occurs in β-cells
(Fig. 4A). Thus, the deletion of the Xbp1 gene in β-cells results in
both XBP1 deficiency and IRE1α hyperactivation.
To investigate the effects of both the direct transcriptional

activation of target genes by XBP1 and the indirect effect of
XBP1 loss on IRE1α hyperactivation in β-cells, we examined the
expression of classical UPR genes as well as genes involved in
insulin secretory pathways in Min6 cells transiently transfected
with XBP1 siRNA (Fig. S5A) or in stable cell lines expressing
XBP1 shRNA (Fig. 4B). Unfortunately, isolation of primary
islets from Xbp1f/f;RIP-cre mice was unsuccessful, yielding only
small amounts (<10% of WT control) of minute islets associated
with residual exocrine tissue (Fig. S5B), likely due to the struc-
tural abnormalities of the mutant islets (Fig. 2C), hence pre-
cluding gene expression analysis in primary cells. XBP1 mRNA
levels were only slightly decreased in the KO islets compared

with the WT control, likely due to the presence of a very small
number of XBP1-deficient β-cells and the consequent enrich-
ment of non-β-cells, or the contamination of WT β-cells that
failed to undergo cre recombination. XBP1 knockdown down-
regulated ER chaperone genes such as BiP (Hspa5), ERdj4
(Dnajb9), and p58IPK (Dnajc3), which have been documented as
direct XBP1 targets (5), and decreased ER/Golgi dimensions,
consistent with the role of XBP1 in ER membrane biogenesis
(Fig. 4B and Fig. S5 A and C) (6, 7). Interestingly, Ins1 and
a number of genes involved in the insulin secretory pathway, such
as PC1, PC2, CPE, and synaptophysin (Syp), were also down-
regulated in XBP1 knockdown cells (Fig. 4B and Fig. S5A).
Decreased expression of CPE was also observed in β-cells of
Xbp1f/f;RIP-cre mice by immunostaining (Fig. S5D), suggesting
that the in vitro system recapitulated in vivo events. Surprisingly,
we failed to demonstrate specific binding of XBP1 to PC1, PC2,
CPE, or Ins1 promoters in chromatin immunoprecipitation
(ChIP) assays (Fig. S5E), suggesting that XBP1 did not directly
regulate these genes. In addition, IRE1α siRNA did not reduce
PC1, PC2, or CPE mRNA levels, despite efficiently decreased
XBP1s and its direct targets, BiP and ERdj4 (Fig. S4F). We
tested whether XBP1 indirectly regulated these via mRNA
degradation by activated IRE1α, as demonstrated previously for
Ins1 mRNA (17, 27). Indeed, cotransfection of IRE1α with
plasmids expressing Ins1, PC1, PC2, or CPE significantly reduced
the mRNA levels of these genes compared with an inactive
mutant IRE1α (Fig. 4C). To investigate the specific cleavage of
these mRNAs by IRE1α, we incubated the total RNA from Min6
cells with recombinant IRE1α protein and examined the cleav-
age of each mRNA species by Northern blot (Fig. 4D). IRE1α
efficiently cleaved XBP1 mRNA. IRE1α also cleaved insulin,
PC1, PC2, and CPE mRNAs, albeit at low efficiency, decreasing
the full-length mRNAs and/or generating small amounts of
cleaved mRNAs (Fig. 4D).

Discussion
Here we report the occurrence of hyperglycemia and islet cell loss
in adult mice lacking XBP1 selectively in β-cells of the pancreas.
Biochemical analysis revealed two mechanisms by which XBP1
deficiency led to this phenotype. XBP1 deficiency not only com-
promised the canonical ER stress response in β-cells but also
caused constitutive hyperactivation of its upstream activator
IRE1α, allowing degradation of a subset of mRNAs encoding
insulin secretory pathway genes. It remains to be determined to
what extent IRE1α hyperactivation versus loss of XBP1s trans-
activation contributes to the impaired proliferation and insulin
secretory function of XBP1-deficient β-cells.
Pancreatic β-cells require the UPR signaling pathways regu-

lated by IRE1/XBP1 and PERK/eIF2α for proliferation, survival,
and insulin secretion. Whereas XBP1 inactivation impaired the
postnatal insulin secretory function of β-cells, PERK appears to
be essential at the embryonic or neonatal stage of development
for the viability of β-cells, but not at the adult stage (29). Further,
PERK deletion or eIF2α mutation did not cause any measurable
activation of the other UPR branches in β-cells (13, 29), sug-
gesting that PERK/eIF2α might have a unique function in the
β-cell which is distinct from its function in relieving ER stress.
Nonetheless, regulated eIF2α phosphorylation is critical for
β-cell survival and insulin secretion in adults, as an inducible
mutation at the eIF2α phosphorylation target site caused dra-
matic loss of β-cells within a few weeks, highlighting the impor-
tance of other eIF2α kinases in β-cells (13). Notably, inactivation
of XBP1 (this report) or blockade of eIF2α phosphorylation
caused similar cellular structural abnormalities, such as ER dis-
tension and mitochondrial swelling, and reduced insulin con-
tents, suggesting overlapping functions regulated by these two
UPR signaling pathways (13). XBP1 also displays a remarkable
similarity to ATF6α, another key UPR transcription factor, in
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dicated 32P-labeled probes. The asterisks indicate cleavage products.
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DNA binding specificity, and can form heterodimers with
ATF6α, suggesting that they might work cooperatively (5, 30).
Although ablation of ATF6α did not cause any overt abnor-
malities in mice (30, 31), it will be interesting to determine
whether XBP1 and ATF6α have compensatory roles in β-cells
and other secretory cells in vivo.
Although both IRE1α and XBP1 deficiencies ablate the active

transcription factor XBP1s, there are also fundamental differ-
ences between these two. First, XBP1 deficiency can cause
feedback activation of IRE1α (9, 11, 19), which could result in
the hyperactivation of IRE1α’s “XBP1-independent” functions
such as insulin mRNA degradation (17, 27). Second, IRE1α
deficiency does not ablate XBP1u protein encoded by the
unspliced XBP1 mRNA. Although XBP1u is unstable and has no
transactivation ability (32, 33), it might have distinct, yet-to-be
explored functions. In line with this possibility, recent studies
demonstrated that the phenotypes of IRE1α and XBP1 KO mice
are not identical, suggesting the presence of unique functions
specific to each gene (18). However, it is unclear to what extent
these XBP1-independent functions of IRE1α contribute to the
viability and insulin secretory function of β-cells. It is important
to note that the cleavage of proinsulin-processing enzyme
mRNAs requires higher IRE1α activity than XBP1 splicing (Fig.
4E), suggesting that the former would occur only when IRE1α is
hyperactivated. The physiological and pathological conditions
that activate IRE1α leading to IRE1-mediated mRNA degra-
dation need to be defined, but it is conceivable that IRE1α would
modulate β-cell function depending on the severity of the ER
stress signal received (27).
The proinsulin:insulin ratio is increased in type 2 diabetes and

in populations at high risk for developing the disease (34–38).
One explanation put forth is that the increased secretory demand
on β-cells under these conditions might result in the secretion of
incompletely processed proinsulin (39, 40). One scenario is that
the increased secretory demand in the setting of chronic hyper-
glycemia induces ER stress, as recently demonstrated by signs of
UPR activation in β-cells of diabetic humans and mice (41, 42).
Hence, it is conceivable that disturbance of ER folding capacity
and/or XBP1 function could predispose individuals to diabetes,
especially in the setting of insulin resistance, which would
markedly increase the demand on β-cell secretory function (43).
The regulatory mechanisms of insulin secretion in β-cells are

also conserved in other endocrine and neuroendocrine cells that
secrete peptide hormones and neuropeptides (44). CPE and
prohormone convertases also function in the biogenesis of se-
cretory granules in neurons and the secretion of neuropeptides
(45). XBP1 KO mice did not display any overt neurological
defects (46), although it has been reported that axonal growth of
developing neurons requires XBP1 (47). The possible role of

XBP1 in the regulation of secretory pathways in other cell types,
including neurons, awaits further investigation.

Materials and Methods
GTT, insulin tolerance test (ITT), and Glucose-Stimulated Insulin Secretion
Assays. For GTT and glucose-stimulated insulin secretion assays, mice were
fasted for 16 h with free access to water and then injected i.p. with glucose at
2 g/kg of body weight. Blood glucose concentrations weremeasured using an
Ascensia Breeze glucometer (Bayer). Plasma insulin concentrations were
determined using an Ultra Sensitive Rat Insulin ELISA Kit (Crystal Chem). For
ITT, mice were fasted for 6 h and injected i.p. with 0.75 units/kg body weight
of human insulin (Eli Lilly).

Pancreatic Insulin Content and Plasma Proinsulin Assay. Insulin was extracted
from pancreata by homogenizing the tissue in acidified ethanol. After re-
moving insoluble materials, insulin levels in pancreas extracts were measured
by ELISA as above. Serum proinsulin levels were measured using an ELISA kit
(ALPCO Diagnostics).

Histological Analysis. Details of histological analysis are provided in SI
Materials and Methods. For immunohistochemistry, we used guinea pig anti-
insulin (4011-01; Linco), rabbit anti-glucagon (AB932; Chemicon), mouse
anti-CPE (610758; BD Biosciences), rabbit anti-Glut2 (07-1402; Millipore), and
mouse anti-BrdU (Bu20a; Biolegend). For the β-cell proliferation assay, BrdU
(Sigma) was administered to 4-wk-old male mice i.p. at 50 mg/kg 24 h
before sacrifice.

Cell Culture and Pulse-Chase Experiments. Min6 cells were cultured in DMEM/
high glucose supplemented with 15% FBS, nonessential amino acids, 50 μM
β-mercaptoethanol, and penicillin/streptomycin. After starvation in methio-
nine/cysteine-free medium for 30 min, cells were labeled with [35S]methio-
nine/cysteine (PerkinElmer) for 30 min, as described previously (19). Cells and
culture supernatants were harvested after chase in cold media and insulin was
immunoprecipitated using an anti-insulin monoclonal antibody (I1208; Sigma).
Tricine gels (10%) (Invitrogen) were used to resolve 35S-labeled insulin species.
Densitometry was performed using a PhosphorImager (Bio-Rad).

RNA Isolation and Quantitative RT-PCR. Total RNAs were isolated using TRIzol
(Invitrogen) and treated with DNase I (Ambion). cDNA synthesis, SYBR Green-
based real-time PCR, and ChIP assays were performed as described previously
(19). Primer sequences are shown in Table S1.

RNA Cleavage Assay. Detailed methods are provided in SI Materials and
Methods. Total RNA isolated from Min6 cells was incubated with the cyto-
plasmic domain of human IRE1α and subjected to Northern blot analysis.
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