
Calcium Efflux From the Endoplasmic Reticulum

Leads to �-Cell Death

Takashi Hara,* Jana Mahadevan,* Kohsuke Kanekura, Mariko Hara, Simin Lu,

and Fumihiko Urano

Department of Medicine (T.H., J.M., K.K., M.H., S.L., F.U.), Division of Endocrinology, Metabolism, and

Lipid Research, and Department of Pathology and Immunology (F.U.), Washington University School of

Medicine, St Louis, Missouri 63110; and Cardiovascular-Metabolics Research Laboratories (T.H.), Daiichi

Sankyo Co, Ltd, Tokyo 103-8426, Japan

It has been established that intracellular calcium homeostasis is critical for survival and function of

pancreatic �-cells. However, the role of endoplasmic reticulum (ER) calcium homeostasis in �-cell

survival and death is not clear. Here we show that ER calcium depletion plays a critical role in �-cell

death. Various pathological conditions associated with �-cell death, including ER stress, oxidative

stress, palmitate, and chronic high glucose, decreased ER calcium levels and sarcoendoplasmic

reticulum Ca2�-ATPase 2b expression, leading to �-cell death. Ectopic expression of mutant insulin

and genetic ablation of WFS1, a causative gene for Wolfram syndrome, also decreased ER calcium

levels and induced �-cell death. Hyperactivation of calpain-2, a calcium-dependent proapoptotic

protease, was detected in �-cells undergoing ER calcium depletion. Ectopic expression of sarco-

endoplasmic reticulum Ca2�-ATPase 2b, as well as pioglitazone and rapamycin treatment, could

prevent calcium efflux from the ER and mitigate �-cell death under various stress conditions. Our

results reveal a critical role of ER calcium depletion in �-cell death and indicate that identification

of pathways and chemical compounds restoring ER calcium levels will lead to novel therapeutic

modalities and pharmacological interventions for type 1 and type 2 diabetes and other ER-related

diseases including Wolfram syndrome. (Endocrinology 155: 758–768, 2014)

Calcium (Ca2�) is involved in diverse physiological pro-
cesses including muscle contraction, insulin secretion,

neurotransmitter release, blood clotting, bone mineraliza-
tion, and signal transduction (1). Endoplasmic reticulum
(ER) stores and pumps Ca2� and serves as the major
source of Ca2� for signal transduction (1, 2). Ca2� ho-
meostasis in the ER is maintained by the sarcoendoplasmic
reticulum Ca2�-ATPase (SERCA) family of proteins,
Ca2� ATPases that pump Ca2� into the ER, and the gated
Ca2� channels, inositol triphosphate (IP3) receptors and
ryanodine receptors that release Ca2� from the ER (3, 4).
Although the loss of Ca2� in the ER has been proposed to
play a role in disease states (2, 5, 6), its role in �-cell death
in diabetes is still not clear.

Increasing evidence indicates that ER malfunction
plays a critical role in �-cell death in type 1 and type 2

diabetes as well as in genetic forms of diabetes including
Wolfram syndrome. It has been proposed that ER dys-
function in �-cells triggers autoimmunity during the onset
and progression of type 1 diabetes (7, 8). In addition, a
number of cytokines have been shown to be important for
the development of type 1 diabetes at the level of the ER
in �-cells (5, 9, 10). Development of type 2 diabetes mel-
litus has long been linked to increased body mass index
(BMI) and obesity. In accordance with this, recent evi-
dence has shown that circulating free fatty acids (FFA), in
particular longer-chain saturated FFAs such as palmitate,
causes ER dysfunction in pancreatic �-cells (11–13). ER
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dysfunction has been shown to play important roles in
genetic forms of diabetes including Wolfram syndrome
and permanent neonatal diabetes. Juvenile-onset diabetes
mellitus and optical atrophy are the characteristic clinical
manifestations of Wolfram syndrome (14). In this condi-
tion, pancreatic �-cells are selectively destroyed as a con-
sequence of mutations in the WFS1 gene, which encodes
an ER transmembrane protein (15). It has been shown that
WFS1 mutations can cause dysregulation of ER homeo-
stasis (16, 17). ER dysfunction is also involved in �-cell
death in patients with permanent neonatal diabetes who
have mutations in the preproinsulin (INS) gene (18, 19). A
number of new preproinsulin gene mutations associated
with monogenic diabetes have been discovered and termed
mutant INS-gene-induced diabetes of youth (MIDY) (18–
20). It has been shown that expression of MIDY mutations
causes ER dysfunction (21).

These findings prompted us to test the possibility that
ER is at the intersection of calcium homeostasis and �-cell
death. Here we show that regulation of calcium efflux
from the ER plays a critical role in �-cell survival and
death.

Materials and Methods

Reagents
Glucose, 2-deoxy-glucose, palmitic acid, oleic acid, dithio-

threitol, H2O2, thapsigargin, tauroursodeoxycholic acid (TUDCA),
cycloheximide, and pioglitazone were obtained from Sigma. Sa-
lubrinal was obtained from Calbiochem (EMD Biosciences).
Fluo-4 calcium indicator and propidium iodide were obtained
from Invitrogen. A caspase3/7 detection kit and a dual-luciferase
assay kit were purchased from Promega. Anti-SERCA2b anti-
body, antispectrin antibody, antiglyceraldehyde-3-phosphate
dehydrogenase (GAPDH) antibody, and anti-Wolfram syn-
drome 1 (WFS1) antibody were purchased from Santa Cruz Bio-
technology, Millipore, Cell Signaling Technology, and Protein-
tech, respectively. Human islet amyloid polypeptide (IAPP) and
mouse IAPP were purchased from Bachem.

Plasmids
Calcium-sensing cameleon D1ER was generously gifted from

Dr Amy Palmer (University of Colorado, Boulder, Colorado)
and the pcDNA3.1 plasmid containing human SERCA2b was
gifted from Dr Jonathan Lytton (University of Calgary, Calgary,
Canada). Human insulin gene was amplified from pancreas
mRNA and A24D mutation was generated by a mutagenesis kit
from TOYOBO Biochemicals. WFS1 and the mutants were also
constructed by the same methods.

Cell culture
INS-1 832/13 cells were cultured in the RPMI 1640 contain-

ing 10% fetal bovine serum (FBS), penicillin and streptomycin,
sodium pyruvate and �-mercaptoethanol. Human embryonic
kidney (HEK)-293 cells were cultured in DMEM containing

10% FBS and penicillin and streptomycin. Primary humans islets
obtained from Prodo were plated onto a six-well plate precoated
with laminin V produced by 804G cells and cultured in CMRL
medium supplemented with FBS, nonessential amino acids, so-
dium pyruvate, and antibiotics. For transient transfection, Li-
pofectamine 2000 (Invitrogen) was used according to the man-
ufacturer’s protocol. For establishing stable cell lines, cells were
transduced with lentivirus and selected either by puromycin or
cell sorting by a fluorescent marker.

Primary islets
Pancreatic islets from db/db mice (7 wk old, male) were iso-

lated by pancreatic duct injection of 1000 U/mL of collagenase
solution followed by digestion at 37°C for 15 minutes with mild
shaking. Islets were washed several times with Hanks’ balanced
salt solution, separated from acinar cells on a discontinuous Fi-
coll 400 gradient, viewed under a dissecting microscope, and
hand selected. Human islets from diabetic and control subjects
were obtained from Prodo Laboratories.

Preparation of fatty acids
Palmitate and oleate were conjugated with BSA by soaping

each fatty acid to sodium hydroxide and mixing with BSA. A
20-mM solution of each fatty acid in 0.01 M NaOH was incu-
bated at 70°C for 30 minutes and then mixed with 5% BSA in
PBS in a 1:3 volume ratio. Each solution was diluted with 10%
FBS-RPMI 1640 medium to the designated concentration.

Fluorescence-activated cell sorting (FACS) analyses
For flow cytometry analyses, INS-1 832/13 or HEK293 ex-

pressing D1ER cameleon were plated onto 12-well plates,
treated with each compound for the indicated times, and then
harvested by trypsinization. After washing with PBS, cells were
resuspended in the Hanks’ buffered salt solution. Flow cytom-
etry analyses were performed with LSRII (BD) at the FACS core
facility of Washington University School of Medicine. For mea-
suring dead cells, propidium iodide (Invitrogen) was used ac-
cording to manufacturer’s protocols. The results were analyzed
by FlowJo version 7.6.3 (Tree Star).

Quantitative real-time PCR
Total RNA was extracted by RNeasy kits (QIAGEN). RT-

PCR was performed using ImPromII (Promega) reverse tran-
scriptase, and quantitative PCR was performed with Bio-Rad
Laboratories iQ5 using SYBR green dye.

Plate reader
The fluorescence resonance energy transfer (FRET) ratio of

the calcium sensor measured by the excitation spectra 434 nm
and emission spectra 530 nm/477 nm were determined by Ini-
finite M1000 (Tecan). INS-1 832/13 cells were plated onto a
96-well plate at 100 000 cells/well and pretreated with various
compounds or treated together with thapsigargin, and then the
fluorescence was measured after 5 hours.

Statistical analyses
Percentage of positive cells (y) was measured as a proportion

of positive cells among all green fluorescent protein-positive cells
treated. Frequently arcsine [�(y)] transformation is applied to
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the raw data to homogenize the variance before further data
analysis. Therefore, all the analyses for percentage of positive
cells were performed on transformed data. A set of predeter-
mined contrasts were performed in the framework of one-way
ANOVA in R.

Results

To monitor ER calcium levels ([Ca2�]er) in cells, we used
ER-localized calcium sensor, D1ER, containing a calcium-
binding calmodulin domain between two fluorescent pro-
teins, cyan fluorescent protein (CFP) and yellow fluores-
cent protein (YFP) (22). The calmodulin domain binds
Ca2� and brings CFP and YFP into close proximity, which
results in the FRET from the CFP to the YFP (Figure 1A).
The FRET signal allows ratiometric measurements of free
[Ca2�]er and the changes in [Ca2�]er using FRET to CFP
ratio. To test whether this system works in the pancreatic
�-cell line, the FRET to CFP ratio was measured in INS-1
832/13 cells stably expressing D1ER by FACS. We con-
firmed that D1ER was localized to the ER (Figure 1B). The
treatment of these cells with EGTA, a Ca2� chelating
agent, after the membrane permeabilization by digitonin
caused the minimum value of the FRET to CFP ratio,
whereasCaCl2 treatment togetherwithdigitonin led to the
maximum value of FRET to CFP ratio (Figure 1C). We
categorized cells that had a FRET to CFP ratio lower than
0.8 as ER calcium-depleted cells. The FRET to CFP ratio
was decreased in INS-1 832/13 cells by thapsigargin, an
inhibitor for SERCA in a dose-dependent manner (Figure
1D). Rates of ER calcium-depleted cells increased in INS-1
832/13 cells by thapsigargin treatment in a dose-depen-
dent manner (Figure 1E). Thapsigargin treatment also in-
duced cell death in a dose-dependent manner (Figure 1F).

To study the relationship between ER calcium deple-
tion, ER stress, and cell death, we measured expression
levels of two ER stress markers, CCAAT/enhancer-bind-
ing protein homologous protein (CHOP) and immuno-
globin heavy-chain-binding protein (BiP), in these cells.
Expression levels of CHOP and BiP significantly increased
with 30 nM thapsigargin (Figure 1, G and H), which was
consistent with the strong induction of cell death (Figure
1F). These results suggest that there is a threshold of ER
calcium concentration that leads to ER stress-mediated
cell death. We also monitored ER calcium levels in INS-1
832/13 cells at multiple time points and confirmed that
these cells were not undergoing ER calcium fluctuations
(Figure 1G). Collectively these results indicate that the
FRET to CFP ratio can be used for real-time live moni-
toring of [Ca2�]er of �-cells.

High circulating glucose and FFAs play a role in �-cell
dysfunction and death during the progression of diabetes

(23). Therefore, we studied the effects of chronic high glu-
cose and FFAs on [Ca2�]er in �-cells using the ER calcium
sensor. As expected, the rate of ER calcium-depleted cells
was increased by chronic high glucose in a time-dependent
manner in INS-1 832/13 cells stably expressing D1ER
(Figure 2, A and B). Chronic high glucose treatment also
induced caspase-3/7 activation, reflecting cell death (Fig-
ure 2C). It has been shown that glucose metabolism plays
a role in �-cell dysfunction mediated by chronic high glu-
cose, raising the possibility that inhibition of glucose me-
tabolism could prevent the decrease in [Ca2�]er. As we
predicted, treatment of INS-1 832/13 cells by chronic high
glucose together with 2-deoxyglucose, an inhibitor of glu-
cose metabolism, could block the ER calcium depletion
(Figure 2D). Palmitate treatment also increased the rate of
ER calcium-depleted INS-1 832/13 cells in a time-depen-
dent manner (Figure 2E). It has been established that high
glucose exacerbates palmitate-induced �-cell dysfunction
(24–27), which prompted us to measure [Ca2�]er in INS-1
832/13 cells treated with palmitate and high glucose. As
expected, high glucose enhanced ER calcium depletion
mediated by palmitate (Figure 2F), leading to an increase
in cytoplasmic calcium levels ([Ca2�]cyt) (Figure 2G). In
contrast, oleic acid, which has been shown to be protective
against palmitate-induced �-cell dysfunction (25), signif-
icantly decreased the rate of ER calcium-depleted cells and
suppressed cell death induced by palmitate (Figure 2, F
and H). The baseline [Ca2�]cyt was higher in the cells
treated with palmitate and palmitate � high glucose than
in untreated cells, indicating that palmitate and palmi-
tate � high glucose induce efflux of ER calcium (Figure
2G). Other �-cell stressors such as human islet amyloid
polypeptide (Figure 2I), ER stress inducer dithiothreitol
(Figure 2J), oxidative stress inducer hydrogen peroxide
(Figure 2J), and a cocktail of cytokines consisting of IL-1�,
TNF�, and interferon-� (IFN-�) (Figure 2K) also in-
creased the rates of ER calcium-depleted cells. Collectively
these results indicate that agentsperturbing �-cell function
generally decrease [Ca2�]er.

Next we tested whether genetic factors inducing
�-cell death could decrease ER [Ca2�]er. Insulin A24D
(INS A24D) mutation is known to cause �-cell death in
some patients with MIDY (28). The A24D mutation is
located at the signal sequence cleavage site of human
insulin, shows impaired cleavage of signal peptide, and
is retained in the ER (29) (Figure 3A), raising the pos-
sibility that expression mutant INS A24D decreases
[Ca2�]er. Protein expression of proinsulin produced
from INS A24D mutant looked higher than that of wild-
type because the A24D mutant could not be efficiently
processed and accumulated in �-cells (Figure 3B, left
bottom panel). We confirmed that mRNA expression of
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Figure 1. ER calcium sensor monitors ER calcium depletion induced by thpasigargin. A, A schematic representation of the ER calcium sensor (D1ER). The

CFP and venus units of calcium sensor are connected by a calcium-sensitive domain consisting of modified calmodulin. Under high-calcium condition,

upon binding calcium the calcium-sensitive domain undergoes a conformational change that brings the fluorescent protein domains into close proximity.

The resulting FRET signal allows ratiometric measurements of free ER luminal calcium. Under low-calcium condition, calcium dissociates from calcium-

sensitive domain and reduces the FRET signal. B, Confocal imaging of INS-1 832/13 cells stably expressing D1ER (left upper panel). ER was visualized by

DsRed-ER tracker (Life Technologies) (middle upper panel). A merged image is shown in the right upper panel. The colocalization fluorescence intensity of

both D1ER and DsRed are shown (right upper panel). Representative line scans show the fluorescence intensity of D1ER and DsRed-ER tracker. C, FACS

analysis of INS-1 832/13 cells stably expressing D1ER untreated, treated with 4 mM EGTA together with 25 �M digitonin (DG), or treated with 10 mM

CaCl2 together with 25 �M DG. The x-axis indicates the FRET to CFP ratio and the y-axis indicates the cell population. We categorized cells that had a

FRET to CFP ratio lower than 0.8 as ER calcium-depleted cells (n � 3); values are mean � SEM. *, P � .05; **, P � .01; ***, P � .001. D–F, FACS analysis

of INS1 832/13 cells expressing D1ER treated with various concentrations of thapsigargin for 24 hours. The FRET to CFP ratio (D), the rates of ER calcium-

depleted cells (E), and the rates of cell death measured by CytoTox-Fluor (Promega) (F) are shown (n � 3); values are mean � SEM. *, P � .05; **, P �

.01; ***, P � .001. G and H, Expression levels of CHOP (G) and BiP (H) mRNA in INS-1 832/13 cells stably expressing D1ER treated with various concentrations

of thapsigargin (TG) for 24 hours (n � 3); values are mean � SEM. ***, P � .001. I, FACS analysis of INS-1 832/13 cells stably expressing D1ER treated with 10

nM thapsigargin (TG) for 2, 4, 6, and 8 hours. The rates of ER calcium-depleted cells are shown (n � 3); values are mean � SE. ***, P � .001.
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INS A24D was comparable with that of wild-type (Fig-
ure 3B, right panel). Ectopic expression of INS A24D in
INS-1 832/13 cells significantly increased the rate of ER
calcium-depleted cells and cell death (Figure 3B, left
upper panel, and Figure 3, C and D). The rates of ER
calcium-depleted cells were increased by ectopic expres-
sion of INS A24D in a dose-dependent manner (Figure
3C). We therefore considered the possibility that dec-
rement of ER-retained INS A24D could prevent the de-
crease in [Ca2�]er. To test this idea, we treated INS-1
cells expressing INS A24D with chemical compounds
that could potentially reduce ER-retained INS A24D.

As we predicted, treatment of these cells with a chemical
chaperone, TUDCA, as well as translation inhibitors,
cycloheximide and salubrinal, prevented ER calcium
depletion and cell death in INS-1 832/13 cells express-
ing INS A24D (Figure 3E).

Loss of function of the WFS1 gene causes �-cell death
in Wolfram syndrome, an autosomal recessive disorder
characterized by juvenile-onset diabetes and early-onset
neurodegeneration (15). It has been shown that �-cell
death in Wolfram syndrome is associated with ER stress
(16, 17, 30–32), raising the possibility that loss of function
of the WFS1 gene leads to ER calcium depletion. RNA

Figure 2. �-Cell stressors induce ER calcium depletion. A, Rates of ER calcium-depleted INS-1 832/13 cells treated with indicated concentrations

of glucose for 48 hours. B and C, Rates of ER calcium-depleted cells (B) and cell death (C) in INS-1 832/13 cells treated with 25 mM glucose (HG)

for the indicated periods of time. D, Rates of ER calcium-depleted cells in INS1 832/13 treated with or without 25 mM 2-deoxyglucose (2DG)

together with 25 mM high glucose (HG) for 48 hours. E, Rates of ER calcium-depleted INS-1 832/13 cells untreated or treated with 0.5 mM

palmitic acid for the indicated periods of time. F, Rates of ER calcium-depleted INS-1 832/13 cells untreated (BSA) or treated with 0.5 mM oleic

acid (OA), 0.5 mM palmitic acid (PA), 0.5 mM palmitic acid combined with high glucose (PA�HG), or 0.5 mM palmitic acid combined with 0.5

mM oleic acid (PA�OA) for 24 hours. G, Cytosolic calcium levels in INS1 832/13 cells untreated (UT) or treated with 0.5 mM palmitic acid (PA) or

0.5 mM palmitic acid together with high glucose (PA�HG) for 24 hours. The calcium efflux from the ER was induced by 3 �M thapsigargin at time

0 (arrow), and the calcium level was determined by Fluo-4 staining. H, Rates of cell death in INS-1 832/13 cells untreated (UT) or treated with 0.5

mM palmitic acid (PA), 0.5 mM oleic acid (OA), or both (PA�OA) were determined by propidium iodide staining. I, Rates of ER calcium-depleted

INS-1 832/13 cells untreated (UT) or treated with freshly dissolved 10 �M human IAPP (hIAPP) or mouse IAPP (mIAPP) for 24 hours. J, Rates of ER

calcium-depleted INS1 832/13 cells untreated (UT) or treated with 1 mM dithiothreitol or 1 mM H2O2 for 1 hour. K, Rates of ER calcium-depleted

INS-1 GC cells untreated or treated with cytokines (100 ng/mL IL1-�, 100 ng/mL TNF�, and 100 ng/mL IFN-�) for 24 hours. All values are means �

SEM (n � 3). *, P � .05; **, P � .01; ***, P � .001.
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Figure 3. Genetic factors involved in �-cell death induce ER calcium depletion. A, Schematic structure of A24D mutant preproinsulin. SP, signal

peptide. B, Rates of ER calcium-depleted INS-1 832/13 cells and INS-1 832/13 cells ectopically expressing wild-type (WT) or mutant A24D (A24D)

preproinsulin by a doxycycline (DOX)-inducible system (2 �g/mL of DOX for 48 hours) (left, upper panel). Protein expression levels of endogenous

and ectopically expressed wild-type or mutant preproinsulin and proinsulin are shown (left, lower panel). Expression levels of WT or A24D

preproinsulin mRNA levels after the DOX treatment (right panel). C, Rates of calcium-depleted INS-1 832/13 cells expressing different amounts of

mutant A24D preproinsulin induced by indicated concentrations of doxycycline (DOX). Protein expression levels of preproinsulin and proinsulin,

and GAPDH are shown in the middle and bottom panels, respectively. D, Rates of cell death in INS-1 832/13 cells ectopically expressing A24D

doi: 10.1210/en.2013-1519 endo.endojournals.org 763
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interference-mediated knockdown of WFS1 in INS-1
832/13 cells increased the rate of ER-calcium depleted
cells under ER stress or high-glucose conditions as ex-
pected (Figure 3H). Short hairpin RNA (shRNA)-medi-
ated knockdown of WFS1 in HEK293 cells also increased
the rate of ER calcium-depleted cells under normal and ER
stress conditions (Figure 3I) and increased the cytosolic
calcium concentrations (Figure 3J). This, in turn, in-
creased expression levels of a proapoptotic molecule,
CHOP (Figure 3K), leading to cell death (Figure 3L).

To further study the relationship between ER calcium
levels and the disease causing mutations of the WFS1 gene,
we cloned different WFS1 mutants, R611H, P724L,
G695V, and ins483fs/ter544 ,seen in patients with Wol-
fram syndrome (15) (Figure 3M). In addition to these au-
tosomal recessive mutants, we also cloned an autosomal
dominant mutant of WFS1, H313Y (33) (Figure 3M). Pro-
tein and mRNA expression levels of these WFS1 mutants
are shown in Figure 3N. Although mRNA expression lev-
els of these mutants were comparable, protein expression
levels were slightly different between each mutant. Ectopic
expression of WFS1 H313Y strongly activated the ER
stress response element reporter (Figure 3O), raising the
possibility that WFS1 H313Y causes ER stress through ER

calcium depletion. To test this possibility, we measured
the rates of ER calcium-depleted cells in HEK293 cells
expressing WFS1 H313Y, wild-type WFS1, or an auto-
somal recessive WFS1 mutant, P724L. As we expected, the
rate of ER calcium-depleted cells was increased by ectopic
expression of WFS1 H313Y (Figure 3P). Collectively these
results indicate that genetic factors involved in �-cell death
can cause ER calcium depletion.

ER calcium depletion can lead to an increase in
[Ca2�]cyt. It has been suggested that an increase in
[Ca2�]cyt activates a calcium-dependent proapoptotic
protease, calpain-2, leading to �-cell death in type 2 dia-
betes (34–36). This prompted us to examine calpain-2
activation levels in stressed �-cells. To evaluate calpain-2
activation levels, we measured the cleavage of �II-spectrin,
a substrate for calpain-2. Calpain-2 was activated in INS-1
832/13 cells treated with palmitate together with high glu-
cose (Figure 4A), islets from db/db mice (Figure 4B), and
human islets from persons with diabetes (Figure 4C), sug-

Figure 4. Calpain-2 activation in ER calcium-depleted �-cells. A,

Cleaved spectrin levels in INS-1 832/13 cells were untreated or treated

with 0.5 M palmitic acid (PA) together with 25 mM glucose (HG) for

24 hours. B, Cleaved spectrin levels in primary islets isolated from the

age-matched B6 and db/db mice (male, 7 wk old). C, Cleaved spectrin

level in human islets from nondiabetic and diabetic subjects. The islets

were untreated or treated with palmitic acid (PA) together with 25 mM

glucose (HG) for 24 hours.

Figure 3 (Continued). preproinsulin by a doxycycline inducible

system. E, Rates of ER calcium-depleted INS-1 832/13 cells expressing

D1ER calcium sensor and doxycycline-inducible A24D mutant insulin

treated with or without doxycycline together with 1 mM TUDCA, 25

�M salburinal (SB), or 1 �M cycloheximide (CHX) for 24 hours (left

panel). Caspase-3/7 activation levels in these cells are shown in the

right panel. F, Rates of ER calcium-depleted INS-1 832/13 cells

transfected with control scramble small interfering RNA (siRNA) or

siRNA directed against WFS1 and then untreated or treated with 10

nM thapsigargin (TG) for 24 hours or 25 mM high glucose (HG; 25

mM) for 48 hours. G, Rates of ER calcium-depleted HEK293 cells

transduced with lentivirus expressing control scramble shRNA or

shRNA directed against WFS1 and then untreated or treated with 10

nM thapsigargin (TG) for 24 hours. H, Cytosolic calcium levels of

HEK293 cells transduced with lentivirus expressing control scramble

shRNA or shRNA directed against WFS1. Calcium levels were

determined by Fluo-4 staining. I, Expression levels of CHOP mRNA in

HEK293 cells transduced with lentivirus expressing control scramble

shRNA or shRNA directed against WFS1 and then untreated or treated

with 10 nM thapsigargin (TG) for 24 hours. J, Rates of cell death in

HEK293 cells transduced with lentivirus expressing control scramble

shRNA or shRNA directed against WFS1. K, Schematic representation

of WFS1 protein showing mutations used in this study. L, Expression

levels of ectopically expressed wild-type, H313Y, R611H, P724L,

G695V, and Ter544 WFS1 mRNA (upper panel) and protein (middle

panel) in HEK293 cells. GAPDH protein expression is shown in the

bottom panel. M, Luciferase reporter assays in HEK293 cells

transfected with the ER stress response element (ERSE) reporter

together with control, wild-type WFS1, and mutant WFS1 expression

plasmids. N, Rates of ER calcium-depleted INS1 832/13 cells

transfected with control (pcDNA, empty expression plasmid), wild-type

WFS1, H313Y WFS1, or P724L WFS1 expression plasmids and then

treated with 10 nM thapsigargin for 24 hours. All values are means �

SEM (n � 3). *, P � .05; **, P � .01; ***, P � .001.
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Figure 5. SERCA2b down-regulation and ER calcium depletion in disease states, and pharmacological intervention of ER calcium depletion. A,

Expression levels of SERCA2b mRNA and protein in INS1 832/13 cells untreated (UT) or treated with high glucose (HG), and in INS1 GC cells

untreated (UT) or treated with cytokines (100 ng/mL IL1-�, 100 ng/mL TNF�, and 100 ng/mL IFN-�) for 48 hours. B, Expression levels of SERCA2b

mRNA and protein in mouse primary islets isolated from control B6 or db/db mice (7 wk old, n � 6). C, Expression levels of SERCA2b mRNA and

protein in human primary islets from normal (41 y old female with a BMI of 35.5 kg/m2, no history of diabetes; glycosylated hemoglobin is 5.3)

and diabetic (32 y old male, with a BMI of 28.2 kg/m2; glycosylated hemoglobin is 6.9%; not on any medications) donors. D, Expression levels of

SERCA2b and BiP in INS-1 832/13 cells transfected with control scramble small interfering RNA (siRNA) or siRNA directed against SERCA2b. E,

Rates of ER calcium-depleted INS1 832/13 cells transfected with control scramble small interfering RNA (siRNA) or siRNA directed against SERCA2b

and then treated with 11 mM (UT) or 25 mM glucose (HG) for 48 hours. F, Cytosolic calcium levels determined by Fluo-4 staining in INS-1 832/13
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gesting that ER calcium depletion can lead to activation of
calcium-dependent cell death pathways in the cytoplasm.

One of the genes required for ER calcium homeostasis
is SERCA2b (5), raising the possibility that ER calcium
depletion by environmental and genetic perturbants of
�-cellsmightoccur throughdown-regulationofSERCA2b.To
test this idea, we first measured expression levels of
SERCA2b in INS1 832/13 cells treated with chronic high-
glucose (Figure 5A, left panel), INS1 GC cells treated with
a cocktail of cytokines consisting of IL-1�, TNF�, and
IFN-� (Figure 5A, right panel), primary islets from db/db
mice (Figure 5B), and human islets from persons with type
2 diabetes (Figure 5C). Expression levels of SERCA2b
were decreased in these cells as compared with control
cells. RNA interference-mediated knockdown of SERCA2b in
INS1 832/13 cells significantly increased the expression of
BiP, a well-known ER stress marker (Figure 5D), rate of
ER calcium-depleted cells (Figure 5E), levels of resting
[Ca2�]cyt (Figure 5F), and rate of cell death (Figure 5G)
under normal conditions. The depletion of ER calcium by
SERCA2b knockdown was enhanced by chronic high-glu-
cose treatment (Figure 5E). These results strongly suggest
that calcium efflux from the ER in �-cells may occur
through the down-regulation of SERCA2b, raising the
possibility that SERCA2b overexpression might be ben-
eficial for maintaining ER calcium homeostasis under
various stress conditions. To test this idea, we overex-
pressed SERCA2b in �-cells and monitored ER calcium
homeostasis and cell death. As we expected, ectopic
expression of SERCA2b could prevent ER calcium de-
pletion and cell death caused by chronic high glucose
treatment in �-cells (Figure 5, H and I). SERCA2b over-

expression also protected �-cells from ER stress-medi-
ated cell death (Figure 5I).

The above results allowed us to draw the conclusion
that �-cell perturbants induce calcium efflux from the ER,
leading to cell death. This conclusion prompted us to ask
whether chemical compounds blocking calcium efflux
from the ER were able to prevent ER calcium depletion
and �-cell death. Among the Food and Drug Administra-
tion-approved drugs we tested, pioglitazone and rapamy-
cin could prevent ER calcium depletion mediated by
thpasigargin (Figure 5J). The treatment of INS1 832/13
cells with pioglitazone and rapamycin could prevent ER
stress-mediated cell death (Figure 5K). Collectively, these
results indicate that blocking calcium efflux from the ER
could prevent �-cell death.

Discussion

It is well established that abnormal calcium levels in the
cytosol are associated with disease states. However, the
role of calcium depletion in the ER has not been exten-
sively studied. The results presented here show that mul-
tiple conditions perturbing �-cell functions, including ER
stress, oxidative stress, palmitate, and chronic high glu-
cose, decrease ER calcium levels, leading to �-cell death.
Genetic factors involved in �-cell death also cause ER cal-
cium depletion (Figure 5L).

Previous studies have shown that SERCA2b expression
is decreased in primary islets and �-cell lines under various
disease states (5, 37). We have found that chronic high
glucose decreases SERCA2b expression in �-cells. We
have also shown that SERCA2b expression is decreased in
islets from db/db mice and persons with type 2 diabetes,
which was consistent with the previous report (37). Pi-
oglitazone has been reported to increase SERCA2b ex-
pression levels in �-cells (37). We found that the piogli-
tazone can partially restore ER calcium levels under ER
stress conditions. Our results combined with previous
findings enable us to propose that molecular pathways
regulating SERCA2b expression are attractive targets for
preventing �-cell death in diabetes.

Opposing SERCA2b that pumps calcium into the ER,
IP3 and ryanodine receptors mediate the release of calcium
from the ER (1). Our results raise the possibility that dys-
regulation of IP3 receptors and ryanodine receptors may
precipitate �-cell death (Figure 5L). It has been shown that
rapamycin inhibits IP3-mediated calcium release (38).
Our results indicate that rapamycin can prevent ER cal-
cium depletion and cell death mediated by ER stress. Mod-
ulation of IP3 receptor activity by rapamycin could be a
novel therapeutic strategy for diseases related to ER dys-

Figure 5 (Continued). transfected with control scramble small

interfering RNA (siRNA) or siRNA directed against Serca2b. G, Rates of

cell death determined by propidium iodide staining in INS-1 832/13

cells transfected with control scramble small interfering RNA (siRNA) or

siRNA directed against Serca2b for 72 hours. H, Rates of ER calcium-

depleted INS-1 832/13 cells transfected with control empty expression

plasmid (pcDNA) or expression plasmid for SERCA2b and then

untreated in 11 mM glucose media (UT) or treated with 25 mM high

glucose (HG). Protein expression levels of SERCA2b and GAPDH are

shown in the lower panels. I, Apoptosis assays of INS-1 832/13 cells

expressing doxycycline (DOX)-inducible SERCA2b treated (�) or

untreated (�) with 2 �g/mL of DOX for 48 hours and then untreated

in 11 mM glucose (UT), treated with 25 mM high glucose (HG), or

treated with 10 nM thapsigargin for 24 hours. Apoptosis was

monitored by caspase-3/7 activation levels. Protein expression levels of

SERCA2b and GAPDH are shown in the lower panels. J and K, Rates of

ER calcium-depleted (J) and apoptotic (K) INS-1 832/13 cells untreated

(UT) or pretreated with 10uM pioglitazone (PIO) or 300 nM rapamycin

(RPM) for the first 24 hours and then treated with 10 nM thapsigargin

for the next 24 hours. Apoptosis was monitored by caspase-3/7

activation levels. All values are means � SEM (n � 3). *, P � .05;

**, P � .01; ***, P � .001. L, Scheme of cell death mediated by ER

calcium depletion.
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function. Antiapoptotic Bcl-2 was reported to regulate IP3
receptor activity (39). However, the mechanism by which
Bcl-2 regulates IP3 receptor activation is not clear. Our
observations indicate that WFS1 regulates calcium efflux
from the ER. Thus, it is possible that WFS1 or regulators
of WFS1, inositol requiring-1, and PKR-like ER kinase
may be involved in the regulation of IP3 receptor activa-
tion thorough the interaction with Bcl-2 (17, 40, 41).

Our results suggest that ER calcium depletion with sub-
sequent increase in cytoplasmic calcium concentration can
trigger calpain-2 activation, leading to �-cell death. It has
been previously described that calpain 2 plays a key role in
ER stress-mediated cell death through the activation of
caspase-12 and c-Jun N-terminal kinase (35, 42). Calpain
hyperactivation has been observed in �-cells of patients
with type 2 diabetes and the brain samples of patients with
Alzheimer’s disease (34, 43). Thus, calpain-2 and its
downstream signaling molecules, including caspase-12
and c-Jun N-terminal kinase, could be attractive targets
for preventing �-cell death in diabetes and neuronal cell
death in neurodegenerative diseases. Pharmacological
modulation of ER calcium channels such the IP3 receptors
and the ryanodine receptors or ER ATPase pumps,
SERCAs, may have a beneficial effect in the survival of
�-cells through the suppression of calpain-2. Our results
suggest that rapamycin and pioglitazone can prevent cal-
cium efflux from the ER and ER stress-mediated �-cell
death by suppressing IP3 receptor and enhancing SERCA
activation, respectively. Collectively our results indicate
that identification of pathways and chemical compounds
restoring ER calcium levels in disease states will lead to
novel therapeutic modalities and pharmacological inter-
ventions for diabetes and other ER-related diseases in-
cluding Wolfram syndrome.
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