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Autophagy is a tightly regulated self-digestion system. As in other cell types, autophagy plays an essential
role in the homeostasis of pancreatic beta cells. However, the mechanisms involved in the deterioration
of beta cell function caused by autophagic failure have not yet been fully elucidated. To gain insight into
its mechanisms, we compared the protein expression of islets from beta cell-specific Atg7-deficient mice

Keywords: (Atg7”P!" mice) and their controls (Atg7"f mice). Liquid chromatography/mass spectrometry after 1-
;\Umphasyb . dimensional electrophoresis identified the increased expression of ERp57/GRP58 in islets isolated from
E;’;g;a“c eta cells Atg72P<ell mice compared with those from Atg7" mice. The expression level of ERp57 was also elevated
Apoptosis in rat insulinoma INS-1 cells by inducible knock-down of the atg7-gene. In Atg7 knock-down INS-1 cells,

the suppression of ERp57 expression by siRNA resulted in an increase in the level of cleaved Caspase-3
protein and a decrease in the number of live cells. Furthermore, cell cycle analyses demonstrated that
the suppressed expression of ERp57 increased the sub-G1 population. These data reveal that increased
expression of ERp57 may contribute to the protection from beta cell death caused by autophagic failure.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Type 2 diabetes mellitus is characterized by insulin resistance
and pancreatic beta cell dysfunction. During the development of
type 2 diabetes, pancreatic beta cells initially compensate for the
insulin resistance, however, beta cells gradually become unable
to compensate for this insulin resistance, because of the inade-
quate expansion of beta cell mass and inadequate insulin secretion
[1-3]. Therefore, to gain insight into the pathogenesis of type 2 dia-

Abbreviations: Atg72%<¢!' mice, beta-cell-specific Atg7-deficient (RIP-Cre+:Atg7-
flox/flox) mice; Atg7”f mice, Atg7flox/flox mice; LC3, microtubule-associated
protein-1 light chain 3; LC-MS, liquid chromatography/mass spectrometry; PDI,
protein disulfide isomerase; RIP-Cre, Rat Insulin Promoter-driven Cre recombinase;
UPR, unfolded protein response.
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betes, elucidating the mechanisms of beta cell failure is one of the
most important research themes.

Autophagy is an intracellular process that plays crucial roles in
cellular homeostasis through the degradation and recycling of
organelles. Since this process is essential for protein quality con-
trol, impairment of autophagy causes structural and functional
abnormalities in a variety of cells including pancreatic beta cells
[4-9]. Beta-cell-specific Atg7-deficient mice (Atg7*f<¢!! mice)
showed increased apoptosis and decreased proliferation of beta
cells, thus resulting in the reduction of beta-cell mass, hypoinsulin-
emia and hyperglycemia [8,9]. These results clearly demonstrated
that autophagy is indispensable for maintaining the structure,
mass and function of beta cells. In addition, we recently reported
that expression of p62, a specific substrate of autophagy, is
increased in the islets of db/db mice and patients with type 2 dia-
betes mellitus [10]. These data suggest that autophagic failure in
beta cells is involved in the pathogenesis of beta cells in type 2 dia-
betes mellitus.
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Beta cells show a high biosynthesis rate of proinsulin, which
forms a complex tertiary structure containing three disulfide bonds
[11,12]. The correct folding of proinsulin is easily disturbed by
inflammatory reactions and oxidative stress in beta cells [13].
Thus, it has been conceived that beta cells are easily exposed to
ER stress, and an increase in ER stress is associated with beta cell
dysfunction in type 2 diabetes [13,14]. As a protective system
against ER stress, autophagy is induced by ER stress and contrib-
utes to the improvement of cell survival by eliminating damaged
organelles [15]. According to a recent study, treatment with rapa-
mycin, an autophagy enhancer prevented beta-cell apoptosis and
improved hyperglycemia in Akita mice, in which beta cells are
genetically exposed to enhanced ER stress [16]. In addition, the
islets isolated from Atg72®" mice show enhanced thapsigargin-
induced cell death and an impaired unfolded protein response
(UPR) [8,9]. These data suggest that autophagic failure in beta cells
renders them susceptible to cell death caused by ER stress.

ERp57/GRP58 is a member of the protein disulfide isomerase
(PDI) family. Whereas ERp57 is present in many subcellular loca-
tions and potentially has diverse functions, it is mainly localized
in the ER and supports the proper folding of glycoproteins, by
forming complexes with calreticulin and calnexin. However, regu-
lation of the expression of ERp57 and its role in islets associated
with autophagic failure have not yet been investigated. In this
study, we found that the expression of ERp57 was enhanced in
the islets isolated from Atg74% ¢! mice. Accordingly, we investi-
gated the role of ERp57 in the survival of beta cells with autophagic
failure.

2. Materials and methods
2.1. Animals and isolation of islets

The study protocol was reviewed and approved by the Animal
Care and Use Committee of Juntendo University. All mice were
housed in specific pathogen-free barrier facilities, maintained
under a 12 h light/dark cycle, and fed standard rodent food (Orien-
tal Yeast Co., Tokyo, Japan) and water ad libitum. We used the Rat
Insulin Promoter-driven Cre recombinase (RIP-Cre) to delete the
ATG7 gene in a pancreatic beta cell-specific manner. The generation
of Atg7flox/+ mice was described previously [5]. We crossed RIP-
Cre+:Atg7flox/flox mice with Atg7flox/flox (Atg7f mice) mice to
generate Atg7"" mice and RIP-Cre+:Atg7flox/flox mice (Atg74f-cell
mice). Pancreatic islets were isolated from Atg7*f<¢!! and Atg7%f
mice at the age of 11-12 weeks, by the collagenase digestion
method as described previously [17].

2.2. Electrophoresis and silver stain

The isolated islets were lysed in lysis buffer (20 mM Tris-HCl
[pH 7.5], 1 mM ethylenediaminetetraacetic acid [EDTA], 140 mM
NacCl, 1% Nonidet P-40 [NP-40], 1 mM Na3VO,4, 1 mM phenylmeth-
ylsulfonyl fluoride [PMSF], 50 mM NaF, and 10 pl/ml proteinase
cocktail [Sigma, St. Louis, MO]). Ten micrograms of the cell lysates
were separated by 1-dimensional SDS-PAGE with 5-15% gradient
gels. Then, the gels were stained with a PlusOne Silver Staining
Kit (GE Healthcare Life Sciences, Uppsala, Sweden) and soaked in
the fixing solution (30% ethanol/10% glacial acetic acid) for
30 min, in the sensitizing solution (30% ethanol/4% sodium thiosul-
phate [5% w/v]/sodium acetate 17 g) for 30 min, in the silver solu-
tion (10% silver nitrate solution [2.5% w/v]) for 20 min and in the
developing solution (sodium carbonate 6.25 g/0.4% formaldehyde
[37% w/v]) for 2-5 min, and finally in the stop solution (1.46%
EDTA-Na) for 10 min. The gels were preserved in a solution con-
taining 30% ethanol/4.6% glycerol (87% w/w).

2.3. In-gel digestion of protein samples

The proteins separated on 1-dimensional SDS-PAGE were sub-
jected to gel digestion as described previously [18,19]. Briefly,
bands were excised manually using a razor blade, placed in micro-
tubes, washed with H,0 (10 min, 37 °C, 5 times), and destained in
100 ul of a working solution (30 mM potassium ferricya-
nide:100 mM sodium thiosulfate =1:1) for 10 min at 37 °C until
colorless. Gels were dehydrated in 100 ml CH5CN in a microtube
for 10 min at 37 °C and in a MicroVac MV-100 (Tomy, Tokyo, Japan)
for 5 min. The dried residue was rehydrated by adding 50 pl of
0.001% trypsin (Promega, Madison, WI) in 100 mM ammonium
bicarbonate (pH 8.5) and incubated overnight at 37 °C. The incuba-
tion mixture in the microtube was centrifuged, and the residue
was extracted with 50% CH3CN and 0.1% trifluoroacetic acid, and
centrifuged again. The residue was further extracted with 15% iso-
propyl alcohol, 20% formic acid, 25% CH3CN, 40% H,0, and finally
with 80% CH5CN. The supernatant and all extracts were dried in
a single microtube, and the residue was dissolved in 5-10 pl of
0.1% formic acid. Aliquots were used for peptide identification by
mass spectrometry.

2.4. Liquid chromatography/mass spectrometry (LC-MS) analysis and
protein identification

The digested peptides were analyzed using a nano-flow LC-MS
system with a direct nano-flow LC system (DiNa; KYA Technolo-
gies, Hachioji, Japan) and an LTQ Orbitrap XL ETD mass spectrom-
eter (Thermo Fisher Scientific Inc., Waltham, MA). The samples
were injected into a nano LC Column C18 RP chromatograph
(0.1 mm, inner diameter x 100 mm, KYA Technologies) and eluted
with 0.1% formic acid (solvent A) and 0.1% formic acid in 90% CH5_
CN (solvent B) using a program of 0% solvent B for 30 min, a gradi-
ent of 1.45%/min for 55 min, 100% solvent B for 10 min, and a flow
rate of 300 nl/min. The eluted peptides were introduced online into
the mass spectrometer. Data were searched against the UniPortKB/
SwissProt (ver. 2014. 4) database using the Mascot search engine
(Matrix Science Inc, Boston, MA).

2.5. Cell culture and immunoblot analyses

Tetracycline-inducible Atg7 knock-down INS-1 (Atg7KD INS-1)
cells that we recently established [10] were cultured in RPMI
1640 medium supplemented with 10% fetal calf serum. To delete
the Atg7 gene, INS-1 cells were cultured with 2 pg/ml tetracycline
for 72 h. To analyze the accumulation of microtubule-associated
protein-1 light chain 3 (LC3)-II, 10 pg/ml pepstatin A (Nacalai tes-
que, Tokyo, Japan) and 10 pg/ml E64d (Peptide Institute Inc.,
Minoh, Japan) were added to the culture medium at 2 h before har-
vesting of the cells. Immunoblot analyses using islet cell extracts
and cell extracts from Atg7KD INS-1 cells were performed as
described previously [17]. An anti-LC3 antibody from Sigma
Aldrich Japan (Tokyo, Japan), an anti-p62 antibody from PROGEN
(Heidelberg, Germany), an anti-Atg7 antibody prepared as
described previously [20], an anti-ERp57 antibody from Cell Signal-
ing Technology Japan (Tokyo, Japan), an anti-Caspase-3 from Cell
Signaling Technology Japan, an anti-cleaved Caspase-3 antibody
from Cell Signaling Technology Japan, and an anti-GAPDH antibody
from Cell Signaling Technology Japan were used and the amount of
the proteins were quantified with a Fuji LAS 3000 system (Fuji
Film, Tokyo, Japan).

2.6. Silencing of ERp57 using siRNA

Gene expression of ERp57 was suppressed by the siRNA method
using Stealth RNAI® (Life Technology Japan, Tokyo, Japan). The siR-
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NA sequence used were as follows; siERp57-1: CCUAGGACUG
CCGAUGGAAUUGUCA siERp57-2: CCUUCUCCAUAUGAAGUCAAG
GGUU, siERp57-3: GAUUCCUGUUGUGGCUAU-CAGAACU. Two
nanograms of siRNA was introduced into 2.0 x 10° Atg7KD INS-1
cells via nucleofection with a Nucleofector II (Lonza Japan, Tokyo,
Japan) using Solution V/program T-20 as described in the instruc-
tion manual. As a negative control, transfection with an irrelevant
siRNA (Invitrogen USA, Cat. No. 12935-300) was performed.

2.7. Live-cell count and sub-G1 analyses

After treatment with or without tetracycline, Atg7KD INS-1
cells were seeded at 2.0 x 10° cells/well in a 24-well plate. After
culturing for 72 h, cells were transfected with siRNA for ERp57 or
the control siRNA. After the Atg7KD INS-1 cells were cultured for
another 3 days, they were washed with PBS and treated with Tryp-
sin-EDTA for a few minutes. Then, after the addition of culture
medium containing fetal bovine serum, the cells were harvested,
centrifuged and then re-suspended in 350 pl PBS to count the
number of live cells, or in 350 pl propidium iodine solution
(50 pl/ml) with 4 mM Na-citrate, 450 pl/ml RNase and 0.1% Triton
X and incubated for 10 min for sub-G1 analysis. Regarding the live-
cell count, after trypan blue staining, the number of cells negative
for trypan blue were counted automatically using a Countess auto-
matic cell counter (Life Technologies). Regarding the sub-G1 anal-
yses, 50 ul NaCl (1.5 M) was added to the mixtures and then
incubated for 10 min. These samples were subjected to DNA con-
tent analyses using a FACSort flow cytometer (Becton Dickinson,
Franklin Lakes, NJ). The number of cells belonging to sub-G1 was
counted automatically. Sub-G1 populations were calculated as
the number of cells belonging to sub-G1 divided by the total num-
ber of cells.

2.8. Data analyses

Results are presented as means + SEM. Statistical differences
between the 2 groups were calculated by the unpaired Student’s
t-test or Mann-Whitney U-test as appropriate, and between more
than 3 groups by non-repeated ANOVA with the Bonferroni’s post
hoc test. A p value less than 0.05 was considered to indicate a sta-
tistically significant difference between the groups.

3. Results
3.1. ERp57 expression is increased in Atg74P%! islets

To search for molecules that play roles in the deterioration of
beta cells upon autophagic failure, we compared the protein
expression patterns of islets isolated from Atg7“% " mice with
those from the control Atg7"" mice by 1-dimensional electrophore-
sis with silver staining (Fig. 1A). We identified 6 bands that are
more intense in the lanes of Atg72% <! islets compared with
Atg7"f islets. We isolated these 6 bands and subjected them to
LC-MS, and identified several peptides derived from several pro-
teins (Supplemental Table 1). Among them, we focused on ERp57
(GRP58/PDIA3), ERp59, carboxypeptidase E and protein disulfide-
isomerase A4, and investigated their protein expression in the
islets of both Atg7*f-*®' mice and Atg7"" mice. Whereas the expres-
sion of ERp59, carboxypeptidase E and protein disulfide-isomerase
A4 were comparable between Atg72P<!l islets and Atg7f islets
(data not shown), the expression of ERp57 was significantly
increased in the Atg72%<e! jslets (Fig. 1B).
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Fig. 1. Identification of ERp57 as a protein with increased expression in Atg74F-ce!
islets. (A) One-dimensional electrophoresis pattern of whole-cell lysates from Atg7"
f(C1-3) and Atg74P<e!! (K1-3) islets. The bands excised from the gel and analyzed
for LC-MS are shown as numbers. (B) Protein expression levels of ERp57 in Atg7"
and Atg72F<ell jslets. Representative results (left panel) and quantification of
protein expression (right panel). Data are means + SEM of 6 independent experi-
ments. #p <0.01.

3.2. ERp57 expression is increased in Atg7 knock-down INS-1 cells

In Atg74P<e!! jslets, autophagic failure is theoretically present
from before birth. Thus, the increased expression of ERp57 could
be a result of systemic metabolic changes elicited by autophagic
failure in the Atg72PF<e!l islets. To investigate whether these
changes are cell-autonomous effects, we assessed the expression
of ERp57 in the tetracycline-inducible Atg7KD INS-1 cells. In this
cell line, the expression of Atg7 was decreased by approximately
90% after treatment with tetracycline for 72 h [10]. We found that
the expression of ERp57 was increased in the tetracycline-treated
Atg7KD INS-1 cells compared with tetracycline non-treated
Atg7KD INS-1 cells (Fig. 2). These data suggest that the increased
expression of ERp57 in the islets of Atg7*%<¢!! mice might be due
to cell-autonomous effects.

3.3. ERp57 demonstrates protective effects against apoptotic cell death
in beta cells with autophagic failure

To investigate the role of ERp57 in beta cells with autophagic
failure, we treated Atg7KD INS-1 cells with or without tetracycline
and then transfected them with 3 kinds of ERp57-targeted siRNAs
to reduce the expression of ERp57. The transfection of all siRNAs
for ERp57 (siERp57-1,2,3) reduced the expression of ERp57 effec-
tively in both tetracycline-treated and non-treated Atg7KD INS-1
cells compared with non-targeting (NT) siRNA transfected cells



22 E. Yamamoto et al./Biochemical and Biophysical Research Communications 453 (2014) 19-24

#
2.5 i
0
2 2
o
Tetracycline () (+) '% 15
ERpS7 e 5 1
N~
GAPDH e e ‘]
r 05
L
0

Tetracycline () (+)

Fig. 2. Deletion of Atg7 increases the expression of ERp57 in Atg7KD INS-1 cells.
Protein levels of ERp57 in Atg7KD INS-1 cells treated with or without tetracycline.
Representative results (left panel) and quantification of protein expression (right
panel). Data are means = SEM of 6 independent experiments. #p < 0.01 vs. tetracy-
cline-treated Atg7KD INS-1 cells.

(Fig. 3A). Live-cell count analyses showed that the reduced expres-
sion of both Atg7 and ERp57 significantly reduced the cell viability
of these cells. ERp57 suppression at least by siER57-2 and siERp57-
3 on reduced expression of Atg7 in INS-1 cells further reduced cell
viability (Fig. 3B).

In beta cells, autophagic failure enhances apoptosis [10]. There-
fore, we investigated the effect of ERp57 depletion on apoptosis in

A

Tetracycline (-) (+)

beta cells. Tetracycline-treated Atg7KD INS-1 cells induced cleaved
Caspase-3 protein that represents the early state of apoptosis more
than tetracycline non-treated cells. The suppression of ERp57 fur-
ther increased the levels of cleaved Caspase-3 (Fig. 3C and D). Fur-
thermore, sub-G1 analyses to detect cells in the late stage of the
apoptosis process showed that suppression of ERp57 did not alter
the sub-G1 population in non-treated Atg7KD INS-1 cells, and that
the sub-G1 population was comparable between tetracycline-trea-
ted and non-treated Atg7KD INS-1 cells. However, suppression of
ERp57 increased the sub-G1 population only in tetracycline-trea-
ted Atg7KD INS-1 cells (Fig. 4A and B).

4. Discussion

Autophagy is regarded as an essential mechanism to maintain
cell homeostasis by degrading and recycling old organelles and
unfolded proteins. Indeed, the accumulation of disorganized mito-
chondria and ubiquitinated proteins was observed together with
impaired beta cell function in the islets of Atg7**<°!! mice [8]. As
a first step towards elucidating the mechanism of beta cell dys-
function upon autophagic failure, we searched for proteins that
play roles in beta cells with autophagic failure, and identified
ERp57 as a protein with higher expression levels in Atg74<*! jslets
compared with control islets. The increased expression of ERp57
was also observed in Atg7 knock-down INS-1 cells, suggesting that
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Fig. 3. Reduction of ERp57 further enhances cleaved Caspase-3 in tetracycline-treated Atg7KD INS-1 cells. (A) Representative results of the expression of ERp57 in
tetracycline-treated and non-treated Atg7KD INS-1 cells transfected with a non-targeting siRNA (NT) or 3 kinds of ERp57-targeting siRNA (siERp57-1,2,3). (B) Relative
number of live cells in tetracycline non-treated and treated Atg7KD INS-1 cells treated with NT-siRNA or siERp57s (siERp57-1,2,3). (C) Representative results of
immunoblotting using an anti-cleaved Caspase-3 antibody. (D) Quantification of the protein expression of cleaved Caspase-3. Data are means + SEM of 12 independent
experiments. *p < 0.001 vs. tetracycline non-treated Atg7KD INS-1 cells with NT, 'p < 0.001 vs. tetracycline-treated Atg7KD INS-1 cells with NT, 'p < 0.001 vs. tetracycline-
treated Atg7KD INS-1 cells with NT and siERp57-1, '7p < 0.001 vs. tetracycline-treated Atg7KD INS-1 cells with NT and siERp57-2.
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Fig. 4. Reduction of ERp57 further enhances sub-G1 cells in tetracycline-treated
Atg7KD INS-1 cells. (A) Representative results of sub-G1 analyses (B) and
quantification of the area under the curve (AUC) of the sub-G1 population. Data
are means + SEM of 10 independent experiments. 'p < 0.001 vs. tetracycline-treated
Atg7KD INS-1 cells with NT, p < 0.001 vs. tetracycline-treated Atg7KD INS-1 cells
with NT and siERp57-1, "'p < 0.001 vs. tetracycline-treated Atg7KD INS-1 cells with
NT and siERp57-2.

the increased ERp57 expression by autophagic failure is regulated
in a cell-autonomous manner. Furthermore, suppression of ERp57
in Atg7 knock-down INS-1 cells elicits an increase in the expres-
sion of cleaved Caspase 3, an increase in the sub-G1 population,
and a decrease in live cells. These data suggest that ERp57 plays
protective roles against apoptosis in autophagy-deficient beta cells.

Although the regulation of ERp57 expression is not fully eluci-
dated, we found that the expression of ERp57 is increased by auto-
phagic failure in beta cells. Whereas the expression of ERp57 was
reportedly increased by different stress-inducing agents, Murray
et al. reported that this response was robust following the UPR
[21]. With regard to the UPR in beta cells with autophagic failure,
we as well as Quan et al. identified a compromised UPR response in

beta cells with autophagic failure [10,22]. Thus, it is possible that
the compromised UPR induced by autophagic failure may be
involved in the mechanism of increased ERp57 expression.

Here, we found that ERp57 may have protective roles against
apoptosis in autophagy-deficient beta cells. Previous data also
demonstrated that ERp57 plays a protective role against apoptosis
in cancer cells treated with agents that increase ER stress [23,24].
In addition, it has been shown that prion replication is accompa-
nied by the increased expression of ERp57, and the damage caused
by prions is inversely related to the amount of ERp57 [25]. Further-
more, ERp57 plays a protective role by preventing the self-associ-
ation of the amyloid-B peptide that is involved in Alzheimer’s
disease as the main component of the amyloid plaques found in
the brains of Alzheimer’s disease patients [26]. Although the mech-
anisms of cell protection against apoptosis by the increased
expression of ERp57 are not clear, accumulated data support that
ERp57 plays a protective role against apoptotic cell death.

In conclusion, we found the increased expression of ERp57 in
autophagy-deficient beta cells and identified its protective role
against beta cell apoptosis due to autophagic failure. Considering
that the levels of autophagy are insufficient in islets with type 2
diabetes mellitus, ERp57 could be a new target for the develop-
ment of new drugs for the treatment of type 2 diabetes mellitus.
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