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Abstract As a pathological hallmark of type 2 diabetes mellitus (T2DM), islet amyloid is
formed by the aggregation of islet amyloid polypeptide (IAPP). Endoplasmic reticulum (ER)
stress interacts with IAPP aggregates and has been implicated in the pathogenesis of T2DM.
To examine the role of ER stress in T2DM, we cloned the hIAPP promoter and analyzed its pro-
moter activity in human b-cells. We found that ER stress significantly enhanced hIAPP promoter
activity and expression in human b-cells via triggering X-box binding protein 1 (XBP1) splicing.
We identified a binding site of XBP1 in the hIAPP promoter. Disruption of this binding site by
substitution or deletion mutagenesis significantly diminished the effects of ER stress on hIAPP
promoter activity. Blockade of XBP splicing by MKC3946 treatment inhibited ER stress-induced
hIAPP up-regulation and improved human b-cell survival and function. Our study uncovers a
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link between ER stress and IAPP at the transcriptional level and may provide novel insights into
the role of ER stress in IAPP cytotoxicity and the pathogenesis of T2DM.
ª 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Endoplasmic reticulum (ER) stress and the downstream
unfolded protein response (UPR) activation have been
linked to obesity and type 2 diabetes mellitus (T2DM)
development in mouse models,1 carving out a prominent
role for ER stress in T2DM pathogenesis.2 X-box binding
protein 1 (XBP1) was identified to be a stress-inducible
transcription factor that is ubiquitously expressed in adult
tissues.3 Under physiological conditions, expression of
unspliced XBP1 (XBP1u) in the cytoplasm is kept quite low,
given the instability and short half-life of the protein.
Under periods of ER stress, XBP1 transcription is enhanced,
resulting in increased XBP1 splicing by IRE1.4 In pancreatic
islet b-cells, an increase in XBP1 splicing leads to cell
apoptosis and decreased insulin secretion.5

Islet amyloid is a pathological hallmark of T2DM and
occurs in over 95% of T2DM patients.6 It is formed by the
aggregation of islet amyloid polypeptide (IAPP), which is
synthesized by the sequential cleavages of an 89-amino
acid preproIAPP (Fig. 1A). The mechanism underlying IAPP
aggregation is largely unknown; however, animal studies
have shown that overexpression of human IAPP (hIAPP)
leads to amyloid deposition,7 suggesting that the amount of
hIAPP produced and secreted by b-cells may play a role in
its amyloidogenesis.8 This idea is bolstered by the obser-
vation that suppression of endogenous hIAPP synthesis using
small interfering RNA (siRNA) can inhibit amyloid formation
and its cytotoxicity.9 Previous studies examining hIAPP gene
transcription have revealed complex promoter regulation
mechanisms. However, a pervading question remains of
how, or if, hIAPP transcription can be altered in pathogenic
states, especially within T2DM contexts.

In this brief report, we demonstrated that ER stress
significantly enhanced hIAPP promoter activity by inducing
XBP1 splicing. Disruption of the binding site or reduction of
spliced XBP1 significantly decreased hIAPP promoter activ-
ity and its expression, which improved human pancreatic b-
cell survival and function.
Materials and methods

Cloning and plasmids

Cloning primers for the human IAPP gene promoter were
designed with restriction sites for insertion into the multiple
cloning sites of the pGL3-basic vector (Promega). Promoter
fragments from �1618 base pairs (bp) upstream to þ450 bp
downstream of the transcription start site were PCR-ampli-
fied from HEK293 genomic DNA with the following primers:
forward: MluI-1618, 50-aatttggtctggtgttcaagcc; MluI-553, 50-
tacctagaataatccctaccacag; MluI-240, 50-ggcaaattcaaacttct-
gctgtg; MluI-163, 50-actgatgagttaatgtaataatgaccc; MluI-65,
50-tgcctgatgtcagagctgag; reverse: XhoIþ435, 50-ctgcaaagaa-
taatccagcac; XhoIþ450, 50-tgcttctcaaattttctgcaaaga. pIAPP-
luc �1007/þ435 was cloned by restriction enzyme digest of
the pIAPP-luc �1618/þ435 plasmid at a unique SmaI site.
Mutant constructs were generated with overlap extension
PCR using the following primers: 175Mut-Forward, 50-
cactgtgtatttgctgtcttaatatttactg; 175Mut-Reverse, 50- cag-
taaatattaagacagcaaatacacagtg; 175Del-Forward: 50- cactgt-
gtatttgcttaatatttactgatg; 175Del-Reverse: 50- catcagtaaa-
tattaagcaaatacacagtg. Cloning primers for expression plas-
mids were designed with restriction sites for insertion into
the multiple cloning site of the pcDNA4-mycHisA vector
(Promega). The following primers were used: XBP1u-myc,
HindIII-50-atggtggtggtggcagcc and XhoI-50- gttcattaatggcttc-
cagcttggct; XBP1s-myc, HindIII-50- atggtggtggtggcagcc and
XhoI-50-gacactaatcagctggggaaaga.
Cell culture and drug treatment

1.1B4 cells were purchased from SigmaeAldrich and
cultured in Roswell Park Memorial Institute (RPMI 1640)
medium supplemented with 10% FBS, 2 mM L-glutamine, 100
units penicillin, and 100 mg streptomycin (Invitrogen).
Tunicamycin (Sigma) was dissolved in dimethyl sulfoxide
(DMSO) at a stock concentration of 10 mg/mL and added at
a dilution of 1:1000 (10 mg/mL) to the cell culture medium
for 24 h to induce ER stress. Thapsigargin (MCE) was also
dissolved in DMSO at a stock concentration of 1 mM and
added at a dilution of 1:1000 (1 mM) to the cell culture
medium to induce ER stress. MKC3946 (TargetMol) was
dissolved in DMSO at a stock concentration of 10 mM and
was added at a dilution of 1:1000 (10 mM) to the cell me-
dium to inhibit XBP1 splicing.
Dual-luciferase reporter assay

Cells were seeded onto 24 well plates and co-transfected
with 500 ng luciferase plasmid and 1 ng Renilla luciferase
plasmid (pRL-CMV) to normalize for transfection efficiency.
For triple co-transfections, 250 ng of each plasmid and 1 ng
pRL-CMV were transfected. Firefly and Renilla luciferase
activities were sequentially assayed using the dual-lucif-
erase reporter system (Promega) with a luminometer
(Turner BioSystems TD-20/20). Firefly luciferase activity
was normalized to Renilla luciferase activity and expressed
as relative luciferase units (RLU).
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RT-PCR

Total RNA was extracted from 1.1B4 cells with TRI reagent
(Sigma). 1.0 mg of total RNA was synthesized into first strand
cDNA with the Thermoscript� RT-PCR system (Invitrogen).
The newly synthesized cDNAwas further amplified byTaqDNA
polymerase and products were resolved on 1%e2% agarose
gels. The following primers were used for RT-PCR: IAPP, 50-
cccattgaaagtcatcaggtgg and 50-tggatcccacgttggtagat; XBP1,
50- ccttgtagttgagaaccagg and 50-ggtccaagttgtccagaatgc;
GAPDH, 50- ggatttggtcgtattggg and 50- ggaagatggtgatgggatt;
Beta-actin, 50- ggacttcgagcaagagatgg and 50-gaagcatttgcg-
gtggag.

Immunoblot analysis

Cells were lysed in RIPA-DOC lysis buffer supplemented with
a complete Mini Protease Inhibitor Cocktail Tablet (Roche
Diagnostics). The samples were diluted in 4 � SDS-sample
buffer, boiled, and resolved on 8% or 10% tris-glycine SDS-
PAGE gels and transferred to Immobilon-FL PVDF mem-
branes. The membranes were blocked with 5% BSA, fol-
lowed by overnight incubation with primary antibodies at
4 �C. Rabbit anti-IRE1 (Proteintech) and anti-phospho-IRE1a
(Beyotime) polyclonal antibodies were used to detect total
IRE1 and phosphorylated IRE1 levels, respectively. CHOP
was detected by mouse anti-CHOP monoclonal antibody
(Cell Signaling). ATF4 was determined using rabbit anti-
ATF4 polyclonal antibody (Proteintech). The ratio of
cleaved (active) caspase 3/total caspase 3 was evaluated
using cleaved caspase 3 (Asp175) antibody and caspase 3
(D3R6Y) rabbit monoclonal antibody, respectively (Cell
Signaling). Internal control b-actin was analyzed using the
monoclonal antibody AC-15 (SigmaeAldrich). Internal con-
trol GADPH was analyzed using monoclonal antibody 14C10
(Cell Signaling). The blots were scanned using the Odyssey
Imager (LI-COR Bioscience).

Immunolabelling

Cells were incubated at 4 �C overnight with rabbit anti-IAPP
(1:200). They were then washed with PBS, incubated for 1 h
at room temperature with Texas red-conjugated anti-rabbit
(1:500), and counterstained with the nuclear dye DAPI
(Vector Laboratories). For TUNEL staining, cells were
incubated at 37 �C for 60 min with a TUNEL reaction
mixture (1:20; Roche Diagnostics).

Human IAPP (amylin) ELISA

Cell culture media were collected and prepared according
to the manufacturer’s instructions. The concentration of
human IAPP (amylin) was detected using the competitive
enzyme immunoassay technique (CEA812Hu-Cloud-Clone
Corp).

Glucose-stimulated insulin secretion

Cells were pre-incubated at 37 �C for 1 h in KRB buffer
containing 10 mmol/L HEPES (pH 7.4), 0.25% BSA (w/v), and
1.67 mmol/L glucose, followed by 1-h incubation in KRB
containing 1.67 mmol/L glucose (basal insulin release) and
another hour in KRB containing 16.7 mmol/L glucose
(stimulated insulin release). Cells were lysed in a buffer
containing 1 mol/L acetic acid/0.1% BSA (10 min, 100 �C).
Insulin levels were measured by a human-specific insulin
ELISA kit (Cloud-Clone Corp).

Statistical analysis

All statistical analyses were performed using GraphPad
Prism 7 software. All results and error bars are presented as
mean � standard error of the mean. For two-group com-
parisons, results were analyzed by a two-tailed student’s t-
test. For multiple-group comparisons, results were
analyzed by one-way analysis of variance (ANOVA) or two-
way ANOVA. Statistical significance was accepted when
P < 0.05.

Results

ER stress stimulated hIAPP biosynthesis and human
b-cell apoptosis

To examine the effect of ER stress on hIAPP biosynthesis
and secretion, tunicamycin or thapsigargin was applied to
human b-cell line 1.1 B4. Compared with cells treated with
DMSO as controls, cells treated with tunicamycin or thap-
sigargin had a profound increase in p-IRE1/t-IRE1 levels (4.4
folds and 6.9 folds, respectively) and CHOP levels (44.2
folds and 28.1 folds, respectively) (Fig. 1B), indicating the
successful activation of ER stress. As a stress-induced
transcription factor, activating transcription factor 4 (ATF4)
levels were also significantly elevated in the cells treated
with tunicamycin or thapsigargin (2.7 folds and 2.8 folds,
respectively) (Fig. 1B). More importantly, ER stress induced
by tunicamycin or thapsigargin treatment markedly
increased the levels of human IAPP to 134% � 7.39%
(P Z 0.0102) and 127% � 5.2% (P Z 0.0069), respectively
(Fig. 1C, D). These results demonstrated that tunicamycin-
induced ER stress increased hIAPP biosynthesis. To further
investigate whether these pathological processes affect
human b-cell viability and function, we examined caspase 3
activation and DNA fragmentation. Compared with the
controls, the ratio of cleaved (active form) caspase 3/total
caspase 3 in tunicamycin-treated or thapsigargin-treated
cells significantly increased with 5.4 folds and 2.2 folds,
respectively (Fig. 1B). The number of TUNEL-positive cells
was also markedly increased to 380.6% � 61.89% (P < 0.05)
(Fig. 1E) in tunicamycin-treated cells.

ER stress up-regulated hIAPP promoter activity

To examine whether ER stress-regulated IAPP vis its effect
on transcriptional activation, a 2053 bp of the hIAPP gene’s
50 flanking region spanning �1618 bp upstream of the
transcription start site and þ435 bp downstream of the
transcription start site was cloned into pGL3-basic (Fig. 2A).
Plasmid vector pGL3-basic contains a luciferase reporter
and lacks a eukaryotic promoter; expression of the firefly



Figure 1 The effect of tunicamycin and thapsigargin on hIAPP biosynthesis and human b-cell viability. (A) The schematic diagram
showing the processing of preproIAPP to mature IAPP. IAPP is first synthesized in the ER as an 89-amino acid preproIAPP. A 67-amino
acid proIAPP is subsequently formed after the removal of a 22-amino acid N-terminal signal peptide. ProIAPP (8 kDa) is further
cleaved in the Golgi by prohormone convertase 1/3 (PC1/3) followed by PC2-mediated cleavage of the N-terminus in the secretory
granules. Finally, the 37-amino acid mature IAPP is formed after C-terminal amidation by carboxypeptidase E (CPE) (B) 1.1B4
human b-cells were treated with 10 mg/mL tunicamycin, 1 mM thapsigargin or DMSO (controls) for 24 h. Cell lysates were resolved in
SDS-PAGE gels. p-IRE1 and t-IRE1were detected by rabbit anti-IRE1 (phosphor S724) and rabbit anti-IRE1 antibodies, respectively.
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luciferase protein is driven by any functional promoter
correctly inserted upstream of the gene.

Deletion constructs covering varying lengths of the 50

flanking region of the hIAPP gene were generated (Fig. 2B).
The �1618/þ450, �1618/þ435, and �1007/þ435 con-
structs had significantly low luciferase activity in human b-
cells (Fig. 2C). However, the �553 to þ435 fragment had
approximately ten-fold higher luciferase activity compared
with the empty vector (11.15 � 1.354 RLU, P < 0.0001). In
addition, removing 313 bp from the 50 end of the �553/
þ435 construct generated a �240/þ435 fragment, and this
construct had significant luciferase activity compared with
pGL3-basic (16.57 � 3.059 RLU, P < 0.0001) and with the
�553/þ435 construct (P Z 0.0461). Further deletion to
create a �163/þ435 construct abolished luciferase activity,
with a mean RLU of 4.994 � 0.3463 (P Z 0.1492), namely, a
four-fold drop in activity with deletion of only 77 nucleo-
tides from the 50 flanking region. A short �65/þ435
construct also had no significant luciferase activity
compared with pGL3-basic (2.427 � 0.5158 RLU,
P Z 0.9322). As expected, a þ435/�240 spanning fragment
which was cloned into the pGL3-basic vector in reverse
orientation had no promoter activity (0.05319 � 0.005577
RLU, P Z 0.9786).

To determine whether ER stress regulates hIAPP pro-
moter activity, human b-cell 1.1B4 cells were transfected
with hIAPP promoter construct �553/þ435 and treated
with tunicamycin. Tunicamycin treatment significantly
increased hIAPP promoter activity (9.113 � 1.115 RLU)
compared with DMSO treatment (6.168 � 0.2617 RLU,
P Z 0.0331) (Fig. 2D). To further identify the effect of ER
stress on hIAPP transcription, RT-PCR was then performed
to examine the mRNA levels. The level of hIAPP mRNA
expression was significantly increased in tunicamycin-
treated cells compared with DMSO controls (1.364 � 0.09
fold change, P Z 0.0161) (Fig. 2E).

ER stress-induced XBP1 splicing enhanced hIAPP
transcription

ER stress activates the UPR, which consists of three parallel
signaling pathways mediated by IRE1, PERK, and ATF6. The
most conserved branch of UPR is IRE1 activation leading to
the unconventional splicing of XBP1 mRNA to generate
spliced XBP1 (XBP1s). Although b-cells normally have a
basal level of XBP1 splicing due to its high secretory de-
mands, there was no evidence of XPB1 splicing in the DMSO-
treated cells. However, tunicamycin treatment for 24 h
CHOP expression was detected by mouse anti-CHOP monoclonal an
antibody. The ratio of cleaved (active) caspase 3/total caspase 3
caspase 3 (D3R6Y) rabbit monoclonal antibody, respectively. Inte
14C10 (Cell signaling). Quantification of protein expression w
mean � standard error of the mean of three independent experime
evaluations of hIAPP expressions were performed by ELISA (C) and
TUNEL staining. (D) The representative pictures with an original
representative pictures with an original magnification of X200. Scar
error of the mean of three independent experiments (n Z 3). TUNE
*P < 0.05 by student’s t-test. IAPP, islet amyloid polypeptide; IRE1,
ATF4, activating transcription factor 4.
successfully induced XBP1 mRNA splicing with increased
XBP1s mRNA expression (Fig. 3A).

Since ER stress can enhance the luciferase activity of the
hIAPP �553/þ435 promoter construct, we employed a
computational transcription factor search (PROMO) for this
50 flanking region. The PROMO results revealed a plethora of
putative binding sites for different transcription factors
such as Sp1, NFkB, and HIF-1. There are putative XBP1s
binding sites at position �226 to �221 bp (ATGACAC) and at
position �177 to �171 bp (GCTACGT) (Fig. 3B); thus, the
unspliced and spliced isoforms of XBP1 (XBP1u and XBP1s,
respectively) were co-transfected with hIAPP promoter
constructs in 1.1B4 cells to elucidate their effects on hIAPP
transcription. The shortest promoter construct, �65/þ435,
did not have a significant response to either XBP1u or XPB1s
overexpression compared with the empty vector control
(XBP1u: 1.071 � 0.034 fold change, P Z 0.9994; XBP1s:
3.123 � 0.214 fold change, P Z 0.3695) (Fig. 3C). Similarly,
the �163/þ435 construct co-transfected with either XBP1u
or XBP1s did not have significant differences in promoter
activity from the empty vector control (XBP1u:
1.07 � 0.042 fold change, P Z 0.9997; XBP1s: 4.076 � 0.09
fold change, P Z 0.5616). However, the �240/þ435 pro-
moter fragment displayed significantly increased luciferase
activity when co-transfected with XBP1s (60.303 � 12.526
fold change, P < 0.0001) but not with XBP1u (5.093 � 0.382
fold change, P Z 0.8030). The longer �1618/þ435
construct also had a significant increase in promoter ac-
tivity when co-transfected with XBP1s (31.778 � 7.825 fold
change, PZ 0.0003) but not with XBP1u (2.344 � 0.524 fold
change, P Z 0.9573) (Fig. 3C). XBP1u-myc, XBP1s-myc, or
an empty vector was then transfected separately into 1.1B4
cells for RT-PCR (Fig. 3D). XBP1s overexpression signifi-
cantly increased hIAPP mRNA compared with the empty
vector control after normalization to internal controls
(2.151 � 0.1697 fold change, P Z 0.0036), but XBP1u
overexpression did not (1.623 � 0.2249 fold change,
P Z 0.0753) (Fig. 3E). Taken together, these results suggest
that XBP1s rather than XBP1u significantly increases hIAPP
promoter activity and transcription.

To further confirm the effect of XBP1 on hIAPP promoter
activation, mutation and deletion constructs of the hIAPP
�240/þ435 promoter fragment were generated (Fig. 3F).
Mutating three nucleotides (ACG to GTC) of the binding site
decreased promoter activity in XBP1s-transfected 1.1B4
cells from 138.534 � 12.834 RLU to 107.342 � 6.322 RLU
(P Z 0.0032) (Fig. 3G). Deleting these nucleotides further
decreased promoter activity to 65.910 � 4.7 RLU
tibody. ATF4 was determined using rabbit anti-ATF4 polyclonal
was evaluated using cleaved caspase 3 (Asp175) antibody and
rnal control GADPH was analyzed using monoclonal antibody
as performed by ImageJ software. The values represent
nts (n Z 3). **P < 0.01, ****P < 0.0001 by student’s t-test. The
by immunostaining (D). (E) The DNA fragment was detected by
magnification of X400 (insert (white lines): X1000). (E) The
bar Z 100 mm. The results were expressed as mean � standard
L-positive (apoptotic) b-cells in each condition were quantified.
inositol requiring enzyme 1; CHOP, C/EBP homologous protein;



Figure 2 Tunicamycin enhances hIAPP transcription. (A) Schematic diagrams of cloned hIAPP promoter constructs, which consist
of 50 flanking regions with serial deletions inserted into the pGL3-basic vector. The arrows represent the transcription start site and
direction of transcription, and the numbers represent the 50 start and 3’ end points of each construct relative to the transcription
start site. (B) hIAPP promoter constructs were verified by restriction enzyme digest. Digested products were resolved on a 1%
agarose gel and were further confirmed by sequencing. (C) Promoter deletion plasmids were co-transfected with pRL-CMV into
1.1B4 cells. Firefly luciferase activity was measured after 24 h and was expressed in relative light units (RLU). Renilla luciferase
activity was used to normalize for transfection efficiency. EV, pGL3-basic empty vector control. The values represent
mean � standard error of the mean. n Z 4 independent experiments; *P < 0.05 by one-way ANOVA with post-hoc Tukey’s multiple
comparisons test. (D) 1.1B4 cells were co-transfected with pIAPP-luc �553/þ435 promoter fragment and pRL-CMV and treated with
either 10 mg/mL tunicamycin or DMSO (controls) for 24 h. The values represent mean � standard error of the mean of three in-
dependent experiments (n Z 3). *P < 0.05 by student’s t-test. (E) 1.1B4 cells were treated with either 10 mg/mL tunicamycin or
DMSO for 24 h and RT-PCR was performed to determine hIAPP transcript levels normalized to b-actin. Band intensities were
quantified by ImageJ software. n Z 3; *P < 0.05 by student’s t-test. IAPP, islet amyloid polypeptide.
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(P < 0.0001). In XBP1u-transfected 1.1B4 cells, neither the
mutant (8.125 � 0.423 RLU, P > 0.9999) nor deletion pro-
moter constructs (7.736 � 0.420 RLU, P > 0.9999) signifi-
cantly changed promoter activity compared with the �240/
þ435 construct (7.874 � 0.462 RLU) (Fig. 3G). More
importantly, we also found that the deletion of the binding
sites diminished the effect of ER stress on hIAPP promoter
activity. The �240/þ435 promoter construct with or
without mutation displayed a significant increase in pro-
moter activity in response to 24-h tunicamycin treatment
compared with DMSO (P Z 0.0428 and P Z 0.0221,
respectively) (Fig. 3H). However, tunicamycin treatment
had no significant effect on the activity of the deletion
construct (P Z 0.2985) (Fig. 3H), suggesting that the
deletion of the XBP1 binding site abolishes the effect of ER
stress on IAPP transcription.
Inhibition of XBP1 improved ER stress-induced b-
cell dysfunction

1.1B4 cells were treated with tunicamycin to induce ER
stress, which increased hIAPP expression to 122% � 2.52%
(P Z 0.0010) (Fig. 4A). We also examined b-cell function by
assessment of insulin response to the elevated glucose
level. After treatment with tunicamycin, human b-cells
secreted significantly less insulin in response to the
elevated glucose compared with the control cells
(57.97% � 1.95%, P Z 0.0017) (Fig. 4B). These findings
suggest that ER stress-induced hIAPP pathologies impair
human b-cell survival and function.

MKC3946 binds to the endoribonuclease domain of IRE1a
and therefore is widely used to block XBP1 mRNA splicing.10

MKC3946 was added to the culture media 1 h before
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tunicamycin treatment. MKC3946 treatment significantly
inhibited ER stress-induced hIAPP expressions in human b-
cells (110 � 2.82 vs. 122 � 2.52, P Z 0.0264) (Fig. 4A).
Figure 3 XBP1 up-regulates IAPP promoter activity. (A) 1.1B4 cel
24 h and RT-PCR was performed to detect XBP1 splicing. (B) The �2
binding sites. (C) hIAPP promoter constructs were co-transfected w
myc into 1.1B4 cells and assayed for luciferase activity 24 h later.
(RLU) and values were normalized to Renilla luciferase activity
mean � standard error of the mean. n Z 3 independent experim
comparisons test. 1.1B4 cells were transfected with either pcDNA4
was performed 24 h later to detect hIAPP mRNA expression normal
software. The values represent mean � sd (n Z 3). **P < 0.01 by on
(F) DNA sequences of the promoter fragment (top), mutation cons
fragments �240/þ435, mutant �240/þ435, and deletion �240/þ
mycHisA, XBP1u-myc, or XPB1s-myc plasmids into 1.1B4 cells. 24 h a
Plasmids were co-transfected with pRL-CMV into 1.1B4 cells for 12
for another 24 h before cells were harvested for luciferase assay.
(RLU) and values were normalized to Renilla luciferase activity
mean � standard error of the mean (n Z 3). *P < 0.05 by two-way A
box binding protein 1; hIAPP, human islet amyloid polypeptide.
Furthermore, MKC3946 treatment significantly improved
cell function to secrete more insulin in response to the
elevated glucose level compared with the cells treated only
ls were treated with either 10 mg/mL tunicamycin or DMSO for
40 to �1 region of the hIAPP promoter contains putative XBP1s
ith pRL-CMV and either pcDNA4-mycHisA, XBP1u-myc, or XBP1s-
Firefly luciferase activity was expressed in relative light units
to control for transfection efficiency. The values represent
ents; ****P < 0.0001 by one-way ANOVA with Tukey’s multiple
-mycHisA, XBP1u-myc, or XPB1s-myc plasmids (D) and RT-PCR
ized to GAPDH (E). Band intensities were quantified by ImageJ
e-way ANOVA with post-hoc Tukey’s multiple comparisons test.
truct (mut), and deletion construct (del). (G) hIAPP promoter
435 were co-transfected with pRL-CMV and either pcDNA4-
fter transfection, cells were harvested for luciferase assay. (H)
h before the addition of either DMSO or 10 mg/mL tunicamycin
Firefly luciferase activity was expressed in relative light units
to control for transfection efficiency. The values represent
NOVA with Sidak’s multiple comparisons test. XBP1s, spliced X-



Figure 4 Blockade of XBP1 splicing by MKC3946 inhibits endoplasmic reticulum (ER) stress-induced hIAPP expression and im-
proves b-cell dysfunction. (A) 1.1B4 cells were cultured with 10 mg/mL tunicamycin with or without MKC3946 treatment for 24 h.
Culture media was collected to measure hIAPP levels by ELISA. (B) b-cell function was assessed by measuring glucose-stimulated
(16.7 mmol/L) insulin secretion (GSIS). The results were expressed as mean � standard error of the mean (n Z 3). *P < 0.05,
**P < 0.01 by one-way ANOVA with post-hoc Tukey’s multiple comparisons test. (C) Schematic diagram of ER stress-induced hIAPP
up-regulation and aggregation. ER stress enhances hIAPP promoter activity and biosynthesis by the activation of XBP1 splicing. The
increased hIAPP level stimulates its aggregation, which may further amplify the ER stress to form a vicious circle, leading to b-cell
death and dysfunction, and T2DM development. ER, endoplasmic reticulum; XBP1s, spliced X-box binding protein 1; hIAPP, human
islet amyloid polypeptide; T2DM，type 2 diabetes mellitus.
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with tunicamycin (89.92 � 7.4 vs. 57.97 � 1.95, P Z 0.014)
(Fig. 4B). These data indicate that inhibition of XBP1
improved ER stress-induced b-cell dysfunction (Fig. 4C).
Discussion

In patients suffering from T2DM, the reduction of b-cell
area only occurs in islets with IAPP accumulation,11 sug-
gesting a significant pathological role for IAPP aggregation
in the development of T2DM. IAPP is mainly produced in
human pancreatic islet b-cells, and its promoter activity is
regulated by several factors implicated in T2DM, such as
hyperglycemia12 and fatty acids.13 In this study, we found
that tunicamycin and thapsigargin, ER stress inducers,
significantly increased hIAPP promoter activity and biosyn-
thesis. An XBP1s binding site was identified in the hIAPP
promoter at �177/�171 bp upstream of the transcription
start site, and overexpression of XBP1s but not XBP1u
significantly increased hIAPP transcription. Destruction of
this putative binding site diminished the effects of tunica-
mycin treatment on hIAPP promoter activity, suggesting a
key role for XBP1s in mediating hIAPP transcription induced
by ER stress.

Activation of the UPR is a major adaptive response to ER
stress through decreasing unfolded protein load. Out of the
three branches of the UPR, activation of IRE1 is the most
conserved.14 Activation of IRE1a leads to its autophos-
phorylation and homodimerization, which allows it to act as
an endoribonuclease to cleave its only known substrate, a
mRNA encoding XBP1.15 This unconventional splicing event
leads to the removal of a 26 nucleotide intron and produces
a spliced variant of XBP1 (XBP1s), which is a transcription
factor that can initiate the transcription of UPR target
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genes.4,16 As a transcription factor, XBP1s recognizes a few
different consensus sequences: a CCACG-box (GCCACG),
UPRE sequences (CGACGTGG and GTGACGTG), an ACGT
core (G(C/T) (C/G)ACGT), an ETS domain (CGGAAG), and a
CAAT-box (CCAATC).17 There are multiple predicted binding
sites for XBP1s on the hIAPP promoter, but given that our
�163 bp construct did not have a significant response to
XBP1s overexpression, the putative functional sites are
most likely between �240 and �163 bp. Within this region,
there are two potential binding sites, ATGACAC and
GCTACGT. Both sites have mismatched base pairs, but the
latter has the important ACGT-core intact. Mutating part of
the GCTACGT site significantly decreases the dramatic in-
crease in hIAPP promoter activity in response to XBP1s
overexpression. Deleting part of this site also diminishes
the modest increase in promoter activity induced by ER
stress. These results strongly indicate that XBP1s can
directly regulate hIAPP promoter activity through the
GCTACGT binding site. Both ATF4 and CHOP are also
involved in the UPR, which is activated in response to ER
stress. Thus, our results showed elevated levels of ATF4 and
CHOP in cells treated with tunicamycin and thapsigargin.
However, their roles in the IAPP production have not been
extensively studied. ATF4 can modulate the expression of
genes involved in lipid metabolism and oxidative stress,
which makes it possible that ATF4 may indirectly affect the
expression of genes involved in IAPP synthesis or secretion.
CHOP is involved in the regulation of cell viability in
response to prolonged or severe ER stress. Its involvement
in modulating ER stress-induced apoptosis or protein
degradation pathways may also indirectly influence IAPP
levels. We are interested in doing some related studies in
the future.

IAPP is known to regulate glucose homeostasis by influ-
encing insulin secretion from b cells18 and glucagon secre-
tion from a cells.19 However, overexpression of hIAPP leads
to its aggregation and islet amyloid deposition,7,20 which
induces islet b-cell death and dysfunction.21,22 Accordingly,
we treated human b-cells with MKC3946, an IRE1a endor-
ibonuclease domain inhibitor to block XPB1 mRNA splicing.
Reduction of spliced XBP1 by MKC3946 treatment signifi-
cantly inhibited ER stress-induced hIAPP expression and
improved b-cell dysfunction induced by ER stress.

ER stress has been considered a major mechanism of
hIAPP toxicity during T2DM.23 In islets from human or hIAPP
transgenic rodents, hIAPP oligomers induce b-cell apoptosis
mediated by ER stress.23,24 Deletion of CHOP, a major ER
stress marker in hIAPP transgenic mice successfully reduces
b-cell loss and defers diabetes development.25 In this study,
we discovered that ER stress enhanced hIAPP promoter
activity, at least in part through XBP1 splicing. This change
in hIAPP gene regulation also contributes to its biosynthesis
and cytotoxic activity showing the reduced human b-cell
survival and function. Our study revealed that ER stress may
be triggered in b-cells during T2DM in a vicious circle in
which ER stress will induce hIAPP pathology while the toxic
consequences may further amplify the ER stress (Fig. 4C).
Our novel findings will provide deep insights into the role of
ER stress in T2DM pathogenesis. Since the IRE1a-XBP1
pathway plays an important role in ER stress-induced hIAPP
up-regulation and aggregation, targeting and modulating
this pathway may be a promising approach for T2DM
therapy.
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