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InWfs1−/− Ay/a islets, in associationwith endoplasmic reticulum (ER) stress,D-site-binding protein (Dbp) expres-
sion decreased and Nuclear Factor IL-3 (Nfil3)/E4 Promoter-binding protein 4 (E4bp4) expression increased, lead-
ing to reduced DBP transcriptional activity. Similar alterationswere observedwith chemically-induced ER stress.
Transgenicmice expressing E4BP4 under the control of themouse insulin I gene promoter (MIP), inwhich E4BP4
inβ-cells is expected to competewithDBP for D-box, displayed remarkable glucose intolerancewith severely im-
paired insulin secretion. Basal ATP/ADP ratios in MIP-E4BP4 islets were elevated without the circadian oscilla-
tions observed in wild-type islets. Neither elevation of the ATP/ADP ratio nor an intracellular Ca2+ response
was observed after glucose stimulation. RNA expressions of genes involved in insulin secretion gradually increase
in wild-type islets early in the feeding period. In MIP-E4BP4 islets, however, these increases were not observed.
Thus, molecular clock output DBP transcriptional activity, susceptible to ER stress, plays pivotal roles in β-cell
priming for insulin release by regulating β-cell metabolism and gene expressions. Because ER stress is also in-
volved in the β-cell failure in more common Type-2 diabetes, understanding the currently identified ER stress-
associated mechanisms warrants novel therapeutic and preventive strategies for both rare form and common
diabetes.
© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Wolfram syndrome, caused by the WFS1 mutation and character-
ized by insulin-dependent diabetes mellitus and optic atrophy, is a pro-
totypical human endoplasmic reticulum (ER) disease (Akiyama et al.,
2009; Fonseca et al., 2005; Inoue et al., 1998; Ueda et al., 2005;
Yamada et al., 2006). Genetic mutations in pro-insulin genes or Unfold-
ed Protein Response (UPR) component genes also cause inherited dia-
betes accompanied by islet β-cell ER stress in both rodents and
humans (Delépine et al., 2000; Harding et al., 2000). In addition, recent
studies have suggested that glucotoxicity and lipotoxicity induce ER
stress responses resulting in β-cell failure (Pretty and Nolan, 2006;
Bachar et al., 2009). While the mechanism underlying the loss of β-
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cell function is still a matter of debate, ER stress is believed to contribute
to the onset and the progression of type-2 diabetes (T2DM).

T2DM is characterized by loss of β-cell function and mass, resulting
from interactions between genetic predisposition and various environ-
mental factors (Cornelis and Fu, 2012). One environmental condition
that is increasingly being recognized as a risk factor for T2DM is circadi-
an rhythmdisruption (Nilsson et al., 2004; Pan et al., 2011), and various
animal studies support the concept that clock genes have essential func-
tions in the endocrine pancreas (Marcheva et al., 2010; Perelis et al.,
2015). The correlation between circadian disruption and T2DM is partly
attributable to β-cell failure, though themechanisms remain largely un-
known. Clock mutant mice exhibited altered expressions of genes
known to regulate islet growth, survival, maturation, and proliferation
(Marcheva et al., 2010), and a recent study provided evidence that stim-
ulation of light-induced circadianmisalignment recapitulates themeta-
bolic and molecular defects observed in β-cell specific clock gene
mutants (Qian et al., 2013). Bmal1 deletion in β-cells also resulted in
failed metabolic adaptation to a high fat-diet, which was characterized
by hyperglycemia, glucose intolerance and loss of glucose-stimulated
insulin secretion (Rakshit et al., 2016). Our previous results indicated
that down-regulation of the albumin D-site-binding protein (Dbp) and
er the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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up-regulation of theNfil3 (Nuclear Factor IL-3)/E4 Promoter-binding pro-
tein 4 (E4bp4) contribute to direct suppression of Aryl hydrocarbon re-
ceptor nuclear translocator (ARNT) expression in the diabetic state
(Nakabayashi et al., 2013). β-cell failure caused by β-cell clock disrup-
tion could, at least in part, be a consequence of decreased DBP
transactivity followed by decreased expressions of genes involved in
β-cell secretory function and mass.

Sleep disturbances contribute to the risks of developing several dis-
eases including diabetes and obesity, and studies have demonstrated
that Bip, the negative regulator of the ER stress response, is up-regulated
in the cerebral cortex andhypothalamus following acute sleep loss/dep-
rivation (Mackiewicz et al., 2007; Cirelli and Tononi, 2004). However,
the molecular mechanisms linking circadian clock function with β-cell
ER stress remain unknown.

Wfs1−/− Ay/a is an animal model of Wolfram syndrome with mild
obesity. Herein,we demonstrated DBP transcriptional activity to be pro-
foundly reduced inWfs1−/− Ay/a islets and that similar alterations were
observed in ER stress-induced MIN6 cells and islets. Transgenic mice, in
which β-cells overexpressing E4BP4 would be expected to compete
with DBP for D-box, displayed remarkable β-cell failure associated
with sustained elevation of the basal ATP/ADP ratio and failure of this
ratio to rise in response to glucose stimulation. In addition, the expres-
sions of several genes linked to insulin secretion were suppressed. Our
findings clearly demonstrate the importance of clock genes in insulin
secretion, and ER stress may dysregulates these clock genes. ER stress
is involved inmany cellular processes including insulin secretion. Circa-
dian clocks have also recently been identified as playing pivotal roles in
pancreatic islet β-cell function. Herein, we set out to address the hy-
pothesis that β-cell circadian clock dysregulation is a critical component
of ER stress-induced β-cell failure. Elucidating the role of circadian
clocks in ER stress-induced β-cell failure may lead to the development
of novel tools for the prevention and treatment of diabetes.

2. Materials and Methods

2.1. Mouse Experiments

All experimental protocols were approved by the Ethics of Animal
Experimentation Committee at Yamaguchi University School of Medi-
cine. The animals were housed in a temperature-controlled (24 °C ± 1
°C) room under a 12-h light: 12-h dark cycle (LD12: 12). Zeitgeber
time (ZT) 0 was designated as lights on and ZT 12 as lights off. The
high-fat diet (rodent diet with 60% energy from fat; D12492) was pur-
chased from Research Diet (New Brunswick, NJ).

2.2. Cell Culture and Islet Culture

MIN6 cells were maintained as a monolayer in 25 mM glucose
Dulbecco's modified Eagle's medium complemented with 15% fetal
calf serum and 71.5-μM β-mercaptoethanol. The MIN6 cells used were
from 23 to 30 cell passages. MIN6 cells were equilibrated with 5% CO2

at 37 °C and supplementedwith 50mg/l streptomycin and 75mg/l pen-
icillin sulfate. Islets of Langerhans were isolated from C57BL/6 mice by
ductal perfusion with collagenase. The intact islets were handpicked
and maintained in RPMI medium supplemented with 10% fetal calf
serum for 24 h prior to the experiments.

2.3. Generation of Mouse Insulin I Gene Promoter – E4BP4 – Transgenic
Mice

The mouse insulin I gene promoter (MIP)-GFP-transgenic construct
was kindly provided by Dr. M. Hara, University of Chicago. The MIP-
E4BP4-transgenic construct was created by replacing GFP-cDNA with
mouse E4BP4 (mE4BP4)-cDNA (1744 bp; ATCC) at the XhoI site. The
12.2-kb MIP-mE4BP4-human growth hormone (hGH) fragment was
isolated from the vector by digestion of the plasmid construct with SfiI
and HindIII. The purified transgene DNA was microinjected into the
pronuclei of C57BL/6 mice by UNITECH Company (Chiba, Japan).
Genotyping was performed by PCR using DNA isolated from tail snips.
The resulting offspring were screened for transgene transmission by
PCR analysis and Southern hybridization. Two different mouse lines
were maintained and littermates were used in the experiments.

2.4. Western Blot Analysis

The nuclear proteins from isolated islets were extracted using the
NE-PER Nuclear and Cytoplasmic Extraction Reagent Kit (Pierce) ac-
cording to the manufacturer's instructions. Protein concentrations
were determined employing a BCA Kit (Pierce) according to the
manufacturer's instructions. Two to four micrograms of nuclear protein
samples were separated by SDS-PAGE and transferred to nitrocellulose
membranes (GE Healthcare). The membranes were then incubated
with antibodies. Antibodies against E4BP4 (sc-28,203) and LAMIN B
(sc-6216) were purchased from Santa Cruz Biotechnology.

2.5. RNA Isolation and Real-time RT-PCR

Total RNA extraction from MIN6 cells was performed with the
RNeasy Mini Kit (Qiagen). Total RNA extraction from mouse islets was
performed with both Isogen (Nippon Gene) and the RNeasy Mini Kit.
cDNA was synthesized with Superscript II Reverse Transcriptase (Life
Technologies) and subjected to real-time PCR using Power SYBR
Green PCR Master Mix (Life Technologies) on an ABI 7300 HT thermal
cycler (Life Technologies). The value of each cDNA was calculated
using the ΔCt method and normalized to the value of the housekeeping
gene, Gapdh. The sequences of the primers were as follows:

mDbp forward: 5′-CTTTTGACCCTCGGAGACAC-3′.
mDbp reverse: 5′-ACCTCCGGCTCCAGTACTTC-3′.
mNfil3/E4bp4 forward: 5′-GGAGCAGAACCACGATAACC-3′.
mNfil3/E4bp4 reverse: 5′-TTCCCCAGTCTTCTTTCAGG-3′.
mBmal1 forward: 5′-AACCTTCCCGCAGCTAACAG-3′.
mBmal1 reverse: 5′-AGTCCTCTTTGGGCCACCTT-3′.
mClock forward: 5′-TATTTGCAGGCACCAACATC-3′.
mClock reverse: 5′-TTGCGGAGGTGTAGACTGTG-3′.
mDdit3 forward: 5′-GGAGGTCTTCCTCAGATG-3′.
mDdit3 reverse: 5′-GGACGCAGGGTCAAGAGTAG-3′.
mSlc2a2 forward: 5′-AACATGATCTTCACGGCTGTC -3′.
mSlc2a2 reverse: 5′-AGATGGTGCAGAAAAACATGC -3′.
mIns1 forward: 5′-ACTGGAGCTGGGAGGAAGC -3′.
mIns1 reverse: 5′-GTCGAGGTGGGCCTTAGTTG -3′.
mIns2 forward: 5′-GCCCTAAGTGATCCGCTACAATC-3′.
mIns2 reverse: 5′-GCAGCACTGATCTACAATGCCAC -3′.
mRab37 forward: 5′-ATGGAGACCAGTGCCAAGAC -3′.
mRab37 reverse: 5′-AGTCTCGGATCTGGAAGCTG -3′.
mGapdh forward: 5′-AGTATGACTCCACTCACGGCAA-3′.
mGapdh reverse: 5′-TCTCGCTCCTGGAAGATGGT-3′.
mRev-erbα forward: 5′-CCCTGGACTCCAATAACAACACA-3′.
mRev-erbα reverse: 5′-GCCATTGGAGCTGTCACTGTAG-3′.
mCry1 forward: 5′- CAGCAGACTCACTCACTCAAGC-3′.
mCry1 reverse: 5′-GACACTCTGGGCATCCTCTTC -3′.
mCry2 forward: 5′-AAGCTGGGCCACTGGATAG-3′.
mCry2 reverse: 5′-TGCCTTTCTCCTCACTCTCG-3′.
mPer1 forward: 5′-ACAGCAGCCACGGTTCTC-3′.
mPer1 reverse: 5′-AGGATCTTGAACGCTGCTG-3′.
mPer2 forward: 5′-GAGCTCCGAGAGGTTCATCC-3′.
mPer2 reverse: 5′-TGCCTTTCTCCTCACTCTCG-3′.
mRab27a forward: 5′-GCCAACGGGACAAACATAAG-3′.
mRab27a reverse: 5′-AGCTGATCCGCAGAGGTATG-3′.
mRab27b forward: 5′-CGCAGCTACAGGACAGAATG-3′.
mRab27b reverse: 5′-TCCGGAACCTGTGTCTTCTC-3′.
mSirt1 forward: 5′-TTGACCTCCTCATTGTTATTGG-3′.
mSirt1 reverse: 5′-TGTAGATGAGGCAAAGGTTCC-3′.
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mUcp2 forward: 5′-ACTGTGCCCTTACCATGCTC-3′.
mUcp2 reverse: 5′-ACTACGTTCCAGGATCCCAAG-3′.

2.6. Glucose Test

Glucose tolerance tests were performed on 12-week-old male mice
fasted for 16 h. Glucosewas given orally by gavage (2 g/kg) or intraper-
itoneally (1 g/kg) at 0 min. Insulin tolerance tests were performed on
randomly fed male mice injected intraperitoneally with insulin (0.75
units/kg). Tail blood was collected at 0, 2, 15, 30, 60, 90, and 120 min,
and blood glucose concentrations were determined using ANTSENCE II
(Horiba Industry). Plasma insulin levels were measured by enzyme-
linked immunosorbent assay (Morinaga). Insulin tolerance tests were
performed on randomly fed male mice injected intraperitoneally with
insulin (0.75 units/kg). Tail blood was collected at 0, 30, 60, 90 and
120 min.

2.7. Assay of Insulin Secretion From Isolated Islets

Pancreatic islets were obtained from WT, TG-C, and TG-D mice at 8
or 9 weeks of age by collagenase digestion, as described previously
(Uchida et al., 2007). In brief, five size-matched islets were incubated
in 500 μl of Krebs-Ringer solutions containing glucose, KCl, carbachol,
or glibenclamide for 30 min. Insulin concentrations in supernatants of
the isolated islets were measured by enzyme-linked immunosorbent
assay (Morinaga).

2.8. Measurement of Cytoplasmic Ca2+ Concentration

Single β-cells were isolated from WT, TG-C, and TG-D mice at 8 or
9weeks of age and plated onto coverslips. Cytoplasmic Ca2+ concentra-
tions ([Ca2+]i) in β-cells were measured as previously reported (Yosida
et al., 2014; Dezaki et al., 2011). Briefly, β-cells were super-fused with
HEPES-added Krebs-Ringer bicarbonate buffer (HKRB) at 37 °C, and
[Ca2+]i was measured by dual-wavelength fura-2 microfluorometry
with excitation at 340/380 nm and emission at 510 nm. Fluorescence
ratio images were produced using an Aquacosmos system (Hamamatsu
Photonics). Cells used for single-cell experiments fulfilled the morpho-
logical and physiological criteria for insulin-positive β-cells, including
the diameter and responsiveness to glucose and KCl. Effects of KCl on
[Ca2+]I were investigated at the completion of recording.

2.9. Pancreatic Perfusion

Eight-week-old mice were fasted for 16 h and used in perfusion ex-
periments, which were performed as described previously (Miki et al.,
2005). Briefly, after anesthetization with sodium pentobarbital, the su-
perior mesenteric and renal arteries were ligated, and the aorta was
tied off just below the diaphragm. The perfusate was infused through
a catheter placed in the abdominal aorta and collected from the portal
vein. The perfusate was mixed with Krebs-Ringer bicarbonate HEPES
(KRBH) buffer supplemented with 4.6% dextran and 0.25% bovine
serum albumin and bubbled with a 95% O2–5% CO2 gas mixture. The
flow rate of the perfusate was set at 1 ml/min. KRBH buffer containing
2.8mM glucosewas perfused for 15min, following by KRBH buffer con-
taining 16.7 mM glucose for 45 min. During the perfusion period, the
mouse's body temperature was kept at 37 °C with normal saline.

2.10. Morphometric Analysis of β-cell Mass

Pancreata harvested from male mice at 24 weeks of age were dis-
sected, weighed, fixed, paraffin embedded, and sectioned. Five sections
from each mouse were immunostained for insulin. The β-cell area, de-
fined as the insulin–positive cell area, was quantified using image anal-
ysis software (Image J). Total β-cell mass was then assessed by
multiplying the ratio of the β-cell area to the total tissue area on the
entire section by pancreatic weight, as described previously (Maier et
al., 2010).
2.11. Pancreatic Insulin Content

The whole pancreas was dissected free of fat and other tissues im-
mediately after the mice were killed. The pancreata were extracted
employing the acid ethanol method (Ma et al., 2004).
2.12. Electron Microscopy

Tissue preparation and electron microscopy were performed as de-
scribed previously (Akiyama et al., 2009). In brief, WT or TG-C mice at
8–9 weeks of age were anesthetized with sodium pentobarbital
(65 mg/kg i.p.) and intracardially perfused with 2% glutaraldehyde
(vol./vol.) and 4% paraformaldehyde (vol./vol.) in 0.1 mol/l phosphate
buffer (pH7.4) containing 0.2% picric acid (vol./vol.). Pancreatic sections
(1 mm thick) were post-fixed with 1% OsO4 (wt/vol.), block-stained
with 2% uranyl acetate (wt/vol.), dehydrated, infiltratedwith propylene
oxide, placed in amixture of propylene oxide and epoxy resin (1:1), and
finally flat-embedded on siliconized glass slides in Epoxy resin. Ultra-
thin sections were double stained with uranyl acetate and lead citrate,
and then observed with a Hitachi H-7500 electron microscope (Hitachi
High-Technologies) operating at 80 kV.
2.13. Immunofluorescence

Harvesting and processing of adult mouse pancreatic tissues were
performed as previously described (Ohta et al., 2011). Antigen retrieval
was performed on tissue sections before staining. Thereafter, sections
were incubated overnight with the following primary antibodies: guin-
ea pig anti-insulin (1:4000; Sigma) and mouse anti-glucagon (1:4000;
Abcam). Coverslips were mounted in antifade solution containing
DAPI (Vectashield, Vecta Laboratories). The antigens were visualized
using the appropriate secondary antibody conjugated with Fluorescein
FITC and cyanine Cy3 (1:200; Jackson ImmunoResearch Laboratories).
All images were digitally acquired, without further processing. Digital
images were compiled using a BZ Analyzer (Keyence).
2.14. ATP/ADP Ratio Measurement

The ATP/ADP assay was performed with a BioVision apoSENSOR kit,
on 20 islets, ten minutes after the addition of 3 mM or 17 mM glucose.
Supernatant insulin levels were measured by enzyme-linked immuno-
sorbent assay (Morinaga). The basal ATP/ADP ratio was measured,
using 40 islets immediately after isolation.
2.15. ChIP-sequencing

ChIP sequences were determined using a ChIP kit from Millipore.
Briefly, freshly isolated pancreatic islets were pooled and treated with
1% formaldehyde to achieve cross-linking for 15 min at room tempera-
ture. Afterwashing, the isletsweredissolved in SDS lysis buffer containing
a proteinase inhibitor cocktail followed by sonication to shear chromatin.
Pre-cleared chromatin from2000 islets isolated fromTG-Cmicewas used
for ChIP sample incubation with 5 μg of rabbit anti-E4BP4 (sc-28,203;
Santa Cruz). After incubation, the immunoprecipitated chromatin DNA
was harvested, cross-link reversed, and purified. Chromatin DNA samples
were submitted to Takara Bio for sequence analysis processing using
Illumina GAII. The mapped tags for each sample were converted to a
browser extensible data (BED) file, detailing the genomic coordinate of
each tag. Summary files in the BED format were used for viewing in the
UCSC Genome Browser, and to generate screenshots.
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2.16. ChIP Assay

The ChIP assay was performed according to the manufacturer's in-
structions (ChIP assay kit; Millipore) to detect recruitment of RNA poly-
merase II (positive control), DBP, and E4BP4 to the regulatory elements
in mouse Ins1, Ins2, Slc2a2, and Rab37 genes. ChIP was performed on
DNA extracted from 2000 islets isolated from WT and TG-C mice. Nor-
mal rabbit IgG (sc-2027; Santa Cruz), rabbit anti-RNA polymerase II
(Millipore), rabbit anti-DBP antibody (AVIVA SYSTEM BIOLOGY), and
anti-E4BP4 (sc-28,203; Santa Cruz)were used for immunoprecipitation.
PCRwasperformed for 38–40 cycles of 30 s each at 95 °C for themelting,
56 °C for the annealing, and 72 °C for the extension steps. An aliquot of
the PCR product was fractionated on a 1.2% agarose gel containing
ethidium bromide for UV visualization. The sequences of the primers
were as follows:

mIns1 forward: 5′-TGCTCAGCCAAAGATGAAGA -3′.
mIns1 reverse: 5′-CTGCTTGCTGATGGTCTCTG -3′.
mIns2 forward: 5′-TGGCTCTCCTTGGGAACTTA -3′.
mIns2 reverse: 5′-TCTCATGGGGGAGAGAAATG -3′.
mSlc2a2 forward: 5′-TGAAGCTTGGGGATCATTTC-3′.
mSlc2a2 reverse: 5′-CCCAACAAGACCATCCTCTG-3′.
mRab37 forward: 5′-GTCAAGAGGGGGAAAATGCT-3′.
mRab37 reverse: 5′-CAGTCAGACCACTGCCGTTA-3′.

2.17. Microarray Analysis

Total cellular RNA was isolated from mice using ISOGEN (Nippon
Gene) and the RNeasy Kit (Qiagen). Labeling and hybridization to the
Affymetrix Mouse Genome 430 2.0 Array and the Affymetrix Mouse
Gene 1.0 ST Array were performed at, respectively, KURABO (Osaka,
Japan) and Bio Matrix Research (Chiba, Japan), following standard
Affymetrix procedures.

2.18. Statistical Analysis

Statistical analyseswere performed using Student's t-test orWelch's
t-test to compare experimental groups with the control group. Data are
presented as means ± SEM and differences were considered to be sta-
tistically significant at p b 0.05.

3. Results

3.1. Chronic ER Stress Attenuates DBP Transcriptional Activity Both In Vitro
and In Vivo

To newly identify mechanisms underlying the dysfunction affecting
β-cells in diabetic Wfs1−/− Ay/amice, we performed microarray analy-
ses and discovered a decrease in Dbp expression and an increase in
Nfil3/E4bp4 expression in Wfs1−/− Ay/a islets as compared to non-dia-
betic Ay/a islets (Akiyama et al., 2009; Nakabayashi et al., 2013). Ddit3
expression was up-regulated in Wfs1−/− Ay/a islets as compared to Ay/
a islets. No other clock genes, including Arntl (Bmal1), showed altered
expressions (Supplementary Fig. 1a). Real-timeRT-PCRwas used to val-
idate the microarray data. The Real time RT-PCR analysis of Wild type
(WT), Ay/a, Wfs1−/−, and Wfs1−/− Ay/a islets revealed that Dbp and
Nfil3/E4bp4 expression levels had decreased to one-third and increased
about three-fold, respectively, inWfs1−/− Ay/a as compared toWT islets
(Fig. 1a). MIN6 cells treated with 1 μM thapsigargin (TG) for 24 h
showed a marked decrease in Dbp mRNA and a marked increase in
Nfil3/E4bp4 mRNA. Meanwhile, Ddit3 mRNA increased 24-fold as com-
pared with the level in controls (Fig. 1b). Isolated islets treated with
0.5 μM TG for 24 h or 2 μg/ml tunicamycin (TM) showed very similar
changes in the expressions of clock genes and Ddit3 (Fig. 1c and d).
MIN6 cells treated with TG and isolated islets treated with TG or TM
showed increases in Bmal1, Clock, Per and Cry mRNAs, the exception
being Per3 mRNA (Fig. 1b–d and Supplementary Fig. 1b–d). The
BMAL1 and CLOCK gene products, through interactions with E-box reg-
ulatory sites, activate many circadian rhythm genes, including PER and
CRY. The PER:CRY complex translocates to the nucleus where it inhibits
the BMAL1:CLOCK heterodimer. Based on our current observations, we
were not able to determine whether ER stress increases or decreases E-
box dependent transcriptional activity. MIN6 cells treated with 0.2 μg/
ml H2O2 for 12 h showed no significant alterations in the expressions
of clock genes including Dbp and Nfil3/E4bp4 (data not shown). Overall,
andmost importantly, chronic ER stress clearly decreasesDBP transcrip-
tional activity in β-cells.

3.2. Transgenic Mice Expressing E4BP4 Under the Control of the Mouse In-
sulin I Gene Promoter Display Severely Impaired Insulin Secretion

To examine the role of DBP in β-cells, we generated transgenic mice
expressing E4BP4 under the control of the highly β-cell specific mouse
insulin I gene promoter (MIP) (Hara et al., 2006) (Supplementary Fig.
2a). We generated 2 lines of MIP-E4BP4 mice, TG-C and TG-D, which
have 10 and 3 transgene copies, respectively (Supplementary Fig. 2b).
Real-time RT-PCR confirmed 182- and 60-fold up-regulations of Nfil3/
E4bp4 mRNA in islets isolated from TG-C and TG-D mice at Zeitgeber
time (ZT) 12, respectively, and these increases were associated with
higher nuclear protein levels of E4BP4 (Fig. 2a and b).

Oral glucose tolerance tests (OGTT) revealed that both TG-C and TG-
D mice displayed remarkable glucose intolerance with severely im-
paired insulin secretion. Glucose excursion in TG-C mice was higher
than that in TG-D mice, indicating gene-dose dependent effects on the
severity of these phenotypes (Fig. 2c–f). To evaluate insulin secretory
capacity in vivo, we analyzed insulin secretion in the perfused pancreas.
Perfusion with 17 mM glucose elicited substantial insulin secretion in
WT mice. In contrast, TG-C and TG-D mice obviously had reduced and
delayed insulin secretion during perfusion with 16.8 mM glucose (Fig.
2g and h).

The insulin secretory function of MIP-E4BP4 islets was also evaluat-
ed by means of static incubation. Glucose-stimulated insulin release in
isolated islets was significantly reduced in TG-C and TG-D islets, where-
as there were no significant differences in KCl-induced insulin secretion
among the three groups. Insulin release stimulated by carbachol was
significantly increased in TG-C and TG-D islets. Insulin release triggered
by glibenclamide was significantly reduced in TG-C, but not in TG-D, is-
lets (Fig. 2i).

MIP-E4BP4micewere indistinguishable in bodyweight from control
littermates (data not shown). Blood glucose concentrationswere signif-
icantly higher in MIP-E4BP4 mice than in WT littermates, in the fed
state, until 20 weeks of age (Supplementary Fig. 2c). Although plasma
insulin concentrations in the fed state tended to be lower in TG-C
mice than in WT littermates, the difference was not statistically signifi-
cant (data not shown). Insulin tolerance tests revealed that TG-C mice
were more insulin sensitive than WT, but not TG-D, mice (Supplemen-
tary Fig. 2d). These findings clearly show impaired insulin secretion to
be the primary defect in MIP-E4BP4 mice.

3.3. An Increase in the Basal ATP/ADP Ratio in Islets Causes Impaired Insulin
Secretion in MIP-E4BP4 Mice

To further investigate the mechanisms underlying β-cell dysfunc-
tion in MIP-E4BP4 islets, we studied the observed changes in the glu-
cose-stimulated ATP/ADP ratio. While islets from WT mice displayed
an approximately 1.8-fold glucose-induced increase in the ATP/ADP
ratio, islets from TG-C mice lost all responsiveness, in association with
reduced glucose-stimulated insulin secretion (Fig. 3a). Basal ATP/ADP
ratios notably oscillated in a circadian manner inWT islets. Similar pat-
terns were seen when comparing changes in the basal ATP/ADP ratio
and changes in Nfil3/E4bp4 mRNA expression in islets, suggesting that
the basal ATP/ADP ratio oscillates in a phase opposite that of DBP tran-
scriptional activity. In contrast, in TG-C islets, the basal ATP/ADP ratio



Fig. 1. Attenuation of DBP transcriptional activity induced by chronic ER stress. (a) The Dbp and Nfil3/E4bp4 mRNA expression levels in Wfs1+/+ a/a, Wfs1+/+ Ay/a, Wfs1−/− a/a and
Wfs1−/− Ay/a islets at ZT12. Data are presented as relative expressions, and each point represents the mean + SEM (N = 3/group; ★★p b 0.01). (b–c) MIN6 cells (b) and mouse islets
(c) were incubated with thapsigargin at the indicated concentrations for 24 h and then subjected to real-time RT-PCR. Data are expressed relative to the values for cells incubated
without thapsigargin and are the means + SEM of six experiments. ★p b 0.05, ★★p b 0.01. (d) Mouse islets were incubated with tunicamycin at the indicated concentrations for 24 h
and then subjected to real-time RT-PCR. Data are expressed relative to the values for cells incubated without tunicamycin and are the means + SEM of six experiments. ★★p b 0.01.
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is markedly elevated and the oscillation pattern is altered in accordance
with changes in the E4BP4 expression level and oscillation (Fig. 3b).
Basal ATP/ADP ratios were found to be higher in TG-D and Wfs1−/−

Ay/a islets than inWT islets (Fig. 3c). Our results suggest that mitochon-
drial respiration has been altered and glucose-stimulated insulin release
could, at least in part, be inhibited by high basal ATP/ADP ratios in MIP-
E4BP4 and Wfs1−/− Ay/a islets. In support of this notion, the Ca2+ re-
sponses to glucose in β-cells from MIP-E4BP4 mice were also signifi-
cantly attenuated as compared with those observed in WT mice. The
Ca2+ response to KCl was intact (Fig. 3d–g). These results indicate the
important role of DBP and E4BP4 in insulin secretion affecting intracel-
lular metabolism, the ATP/ADP ratio, and the Ca2+ response to glucose.

Accumulating evidence indicates that NAD+-dependent deacetylase
sirtuin 1 (SIRT1) plays critical roles in regulating insulin secretion
(Moynihan et al., 2005; Bordone et al., 2006; Luu et al., 2013). In TG-C
islets, the expression of Sirt1 was decreased at ZT8 and the expression
of mitochondrial uncoupling protein 2 (Ucp2) was increased at ZT0
and ZT20, exhibiting modest circadian oscillations (Supplementary
Fig. 3a). In previous studies, itwas suggested that SIRT1 exerts beneficial
effects on insulin secretion by suppressing UCP2 expression and that a



Fig. 2. Impaired glucose tolerance and defective insulin secretion in MIP-E4BP4mice. (a) The Nfil3/E4bp4mRNA expression levels in islets of 8-week-oldWT (N= 6), TG-C (N= 7), and
TG-D (N=6)mice at ZT12. Data aremeans+SEM relative to the value ofWTmice. ★p b 0.05. (b) Immunoblot analysis of E4BP4 in islets isolated from8-week-oldWT (N=3), TG-C (N=
4), and TG-D (N=4)mice at ZT12. Data aremeans+ SEM relative to the value of TG-Dmice. ★p b 0.05. (c–d) Blood glucose concentrations of TG-C (WTN=9; TG-C N=8) (c) and TG-D
(WTN=6; TG-DN=7) (c)mice duringOGTT.Data aremeans±SEM. ★p b 0.05, ★★p b 0.01. (e–f) Serum insulin levels of TG-C (WTN=9; TG-CN=8) (e) and TG-D (WTN=6; TG-DN=7)
(F) mice during OGTT. Data are means ± SEM. ★p b 0.05, ★★p b 0.01. (g–h) Insulin secretion during pancreatic perfusion. Effects of a glucose increase on insulin secretion from the perfused
pancreases of TG-C (g) (WT n = 3; TG-C n = 5) and TG-D (h) (WT n = 5; TG-D n = 4) mice are shown. Data are means ± SEM. ★p b 0.05, ★★p b 0.01. (i) Insulin secretion in batch-
incubated pancreatic islets isolated from WT (open bars), TG-C (solid bars), and TG-D (gray bars) mice at 8 or 9 weeks of age. Data are means + SEM from at least 6 experiments.
NS, non-significant, ★p b 0.05, ★★p b 0.01 (WT versus TG-C or TG-D).

151Y. Ohta et al. / EBioMedicine 18 (2017) 146–156



Fig. 3. An increase in the basal ATP/ADP ratio in islets causes impaired insulin secretion in MIP-E4BP4 mice. (a) Fold change over the basal ATP/ADP ratio and simultaneously measured
insulin release in islets isolated fromWT and TG-Cmice at ZT12 after exposure to 3 and 17mMglucose concentrations. Data aremeans+SEM (N=5/per group; ★★p b 0.01). (b) The basal
ATP/ADP ratios in isolated islets during a 12 h light-dark cycle (at least four mice per time point) and real-time RT-PCR analysis of Nfil3/E4bp4 in isolated islets during this 12 h light-dark
cycle (n= 6 per time point). Data aremeans± SEM. ★p b 0.05, ★★p b 0.01 (left panel, ZT0 versus indicated time point; right panel,WT versus TG-C). (c) The basal ATP/ADP ratios in islets
isolated at ZT12 fromWT (N= 10), TG-C (N = 6), TG-D (N = 4), and Wfs1−/− Ay/a (N = 4) mice. Data are means + SEM. ★★p b 0.01 (WT versus TG-C, TG-D, orWfs1−/− Ay/a). (d–e)
Typical time courses showing intracellular Ca2+ during application of 16.8 mM glucose or 60 mM KCl in β-cells isolated from TG-C (d) or TG-D (e) islets. (f–g) Peak amplitudes
induced by 16.8 mM glucose (left panels) or 60 mM KCl (right panels) in β-cells isolated from TG-C (WT N = 4; TG-C N = 3) (f) or TG-D (WT N = 5; TG-D N = 5) (g) mice. Data are
means + SEM. NS, non-significant,★p b 0.05.
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decrease in β-cell SIRT1 expression impaired insulin secretion
(Moynihan et al., 2005). Damage to the SIRT1-UCP2 pathway might be
partially responsible for changes in the ATP/ADP ratio, and thereby ac-
count for the impaired glucose stimulated insulin secretion in TG-C
mice.

3.4. DBP and E4BP4 Directly Regulate the Transcription of Genes Linked to
Insulin Secretion in a Circadian Manner

TG-C islets showed significantly increased expression of Dbp RNA
only at ZT8 and Bmal1 mRNA only at ZT4. TG-C islets tended to show
increased expressions of Clock gene mRNAs during the daytime (Fig.
4a). The rhythms of Per1, Per2 and Rev.-erbα expressions in TG-C islets
were almost the same as those in WT islets, though the oscillation am-
plitudes of these gene expressions tended to be attenuated in TG-C islets
(Supplementary Fig. 3a).

In WT islets, mRNA expressions of genes involved in insulin secre-
tion (Slc2a2, Ins1, Ins2, and Rab37) (Ljubicic et al., 2013) exhibited circa-
dian oscillation. Starting around the beginning of the feeding period,
they gradually increased. This circadian oscillation was severely im-
paired in the TG-C islets (Fig. 4a). Similarly, the amplitude of Rab27a
(Wang et al., 2013), which displayed circadian rhythmicity similar to



Fig. 4. DBP and E4BP4 directly regulate the transcription of genes linked to insulin secretion. (a) Real-time PCR analysis of clock-controlled genes, Slc2a2, Ins1, Ins2 and Rab37, in isolated
islets during a 12 h light-dark cycle (N = 6 per time point). Data are means ± SEM. ★p b 0.05, ★★p b 0.01 (controls versus TG-C). (b) E4BP4 at the selected gene promoters in pancreatic
islets isolated from TG-C mice. UCSC genome browser images of E4BP4 profiles at Ins1, Ins2, Slc2a2 and Rab37 in TG-Cmice. Chromosome coordinates are indicated at the top. The plot in
themiddle shows the density of ChIP-seq readswith the peak score indicated on the Y-axis. The Ins1, Ins2, Slc2a2 and Rab37 genes are shown at the bottom. Red scale bars indicate 1 kb of
genome. (c) Schematicmodels depicting the circadian control of insulin release via regulation of the basal ATP/ADP ratio and the gene expressions of Slc2a2, Ins1, Ins2 and Rab37 in islets.
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that of Rab37, tended to be attenuated in TG-C islets (Supplementary
Fig. 3a). Microarray analysis of islets isolated at ZT8 revealed only the
Slc2a2 RNA level to be reduced among the genes directly involved in in-
sulin secretion in TG-Cmice (Supplementary Table 1).We further inves-
tigated, by employing E4BP4 chromatin immunoprecipitation
sequencing (ChIP-seq) using TG-C islets, whether E4BP4 overexpres-
sion directly affects the gene expressions involved in insulin secretion
(Ins1, Ins2, Slc2a2, and Rab37). Obvious E4BP4 enrichment in the Ins1
promoter region and slight enrichment in the Ins2, Slc2a2, and Rab37
promoter regionswas observed, suggesting that DBP and E4BP4 directly
regulate, at least to some degree, the expressions of genes involved in
insulin secretion (Fig. 4b). ChIP-PCR analysis of isolated islets from WT
and TG-C mice showed that over-expressed E4BP4 significantly com-
peted with DBP for binding to the regulatory regions of Ins1 and Ins2
(Supplementary Fig. 3b and c). Although not significant, similar trends
were observed in Slc2a2 and Rab37 (Supplementary Fig. 3b and c).
3.5. Decreased Insulin Content and Abnormal Islet Morphology in TG-C
Mice

Pancreatic insulin content and β-cell mass were decreased in TG-C
islets, but not in TG-D islets (Supplementary Fig. 2e and f), and this al-
terationwas associatedwith a smaller number of insulin granules (Sup-
plementary Fig. 2g), especially those located within 0.15 μm of the
plasmamembrane (PM) (data not shown). Differences in islet structure
were obvious in TG-C mice at 24 weeks of age (Supplementary Fig. 2h).
The ratio of β- to α-cells was significantly decreased (Supplementary
Fig. 2i), while the proportion of islets with α-cells in the center was
clearly increased, in TG-C mice (Supplementary Fig. 2j). Impaired insu-
lin release might, at least to some extent, be associated with the ob-
served changes in islet morphology and the reduced insulin content of
TG-C islets.
3.6. High Fat-diet Exerted a Gene-dosage-dependent Effect on β-cell Failure
in MIP-Nfil3/E4BP4 Mice

We further investigated the effects of high fat (HF)-diet-induced in-
sulin resistance on E4BP4 transgenic mice. Four-week-old MIP-E4BP4
and WT mice were fed a HF-diet for 8 weeks. MIP-E4BP4-HF mice
showed severely impaired glucose tolerance as compared to WT-HF
mice with marked impairment of insulin secretion (Supplementary
Fig. 4a). MIP-E4BP4-HF mice also had significantly higher non-fasting
glucose levels and tended to have lower insulin levels than WT mice
(Supplementary Fig. 4b). Pancreatic insulin content in TG-C-HF mice
was decreased by approximately 75% as compared to that in the HF-
diet fedWTmice (Supplementary Fig. 4c). Similarfindingswere obtain-
ed in TG-D-HFmice, although the difference did not reach statistical sig-
nificance (Supplementary Fig. 4c). The gene-dose effect was more
prominent with HF-diet feeding.
3.7. DBP Transcriptional Activity Contributes to the Circadian Difference in
Insulin Secretion in Mice

Glucose-stimulated insulin secretion is reportedly higher in the
morning than in the afternoon in humans (Sonnier et al., 2014). To in-
vestigate the relationship between DBP transcriptional activity and in-
sulin secretion in WT mice, oral glucose tolerance tests (OGTT) were
performed at ZT1 and at ZT13. The serum insulin response 2 min after
a glucose load, expressed as a percentage of the initial insulin level,
was significantly lower at ZT1 than at ZT13. Plasma glucose excursion
showed a difference at 30 min. These observations suggest a relation-
ship betweenDBP transcriptional activity and insulin secretion (Supple-
mentary Fig. 4d).
4. Discussion

Our results clearly demonstrate the pivotal roles of DBP and E4BP4
transcriptional activity in the regulation of insulin secretion, in connec-
tion with circadian regulation, and in ER stress responses.

The UPR is an essential component of β-cell protection from ER
stress. Interestingly, a circadian disruption, induced by phase advance-
ment, accelerated β-cell loss in diabetes-prone human islet amyloid
polypeptide transgenic rats, that are known to have ER stress (Gale et
al., 2011). The study by Gale and colleagues showed sleep deprivation
in mice to lead to ER stress affecting the entire pancreas, supporting
the notion that circadian disruption may worsen unresolved ER stress,
thereby producing β-cell dysfunction. On the other hand, our own ob-
servations suggest that circadian clock genes, especially DBP and
E4BP4, are regulated by ER stress in the context of β-cell failure (Fig.
4c). Thus, the circadian-ER stress connection might be bidirectional
and have significant implications for β-cell dysfunction. MIN6 cells
treated with TG and isolated islets treated with TG or TM showed in-
creases in Bmal1, Clock, Per and Cry mRNAs, the exception being Per3
mRNA (Fig. 1b–d and Supplementary Fig. 1b–d). However, whether
ER stress influences E-box dependent transcriptional activity remains
unclear.Dbp regulatory region has an E-box element. Therefore increase
of BMALl1 and CLOCK should basically increaseDbp expression. Accord-
ing to our observations, however, ER stress probably suppressesDbp ex-
pression without interaction of BMAL1 and CLOCK.

Surprisingly, in MIP-E4BP4 islets, the expression levels of Bmal1,
Clock, Per1, Per2, Dbp, and Rev.-erbα mRNA were not reduced at any of
the time points examined (Fig. 4a and Supplementary Fig. 3a). Clock
mutant and β-cell specific Bmal1 deficient mice showed complete dis-
ruption of rhythmic Dbp expression in islets (Marcheva et al., 2010;
Perelis et al., 2015). In addition, MIP-E4BP4 mice have a more distinct
phenotype than Clock mutant and β-cell specific Bmal1 deficient mice
(Marcheva et al., 2010; Perelis et al., 2015). These observations support
the premise that DBP and E4BP4 play a role in the pathway leading to β-
cell failure following circadian misalignment (Fig. 4c).

The mechanism whereby circadian misalignment in β-cells causes
β-cell failure has not been fully elucidated. However, at least two com-
ponents exist, i.e. secretorymachinery defects andmetabolic abnormal-
ities. Expressions of key molecules involved in insulin secretion and
regulation, such as Slc2a2 (Glut2) and Rab37, as well as insulin genes
were altered (Fig. 4a), alongwith isletmorphology/β-cell number (Sup-
plementary Fig. 2e–i). In addition, circadian rhythmicity of the cellular
ATP/ADP ratio was disrupted, with constitutive elevation of the basal
level, and the glucose-stimulated response was impaired (Fig. 4a and
b). It is well known that the ATP/ADP ratio is a critical signal connecting
glucose metabolism and insulin secretion in β-cells.

SIRT1 is well known to play a central role in the interplay between
the circadian clock and metabolism. In addition, in previous studies,
SIRT1 was also suggested to have beneficial effects on insulin secretion
and a decrease in β-cell SIRT1 expression was found to impair insulin
secretion by disrupting glucose sensing (Luu et al., 2013; Moynihan et
al., 2005). SIRT1 suppresses Ucp2 transcription by direct binding to the
Ucp2 promoter (Bordone et al., 2006). While some studies have linked
Sirt1 knockdown to increased Ucp2 (Moynihan et al., 2005; Bordone et
al., 2006), β-cell specific Sirt1 deficient mice showed no difference in
Ucp2 transcript levels as compared with controls (Luu et al., 2013). In
TG-C islets, overall expression of Sirt1 was decreased, and the expres-
sion of Ucp2 was increased (Supplementary Fig. 3a). Our findings,
along with those of previous studies, suggest limited positive associa-
tions among DBP transactivity, the SIRT1-UCP2 axis, and glucose-stimu-
lated insulin secretion depending on the expression levels of Sirt1 and
Ucp2, although this speculation needs to be experimentally tested.

Basically, circadian rhythms are recurrent patterns in numerous
physiological processes that have been documented even in plants
and cyanobacteria, in addition to animals, within a period of one day.
The ATP/ADP ratios in cyanobacterial cells and sunflower roots are
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actually higher in the dark than in the light and oscillate in a circadian
manner (Pattanayak et al., 2014; Knight and Weissman, 1982). In
mouse islets, the basal ATP/ADP ratio exhibits circadian oscillation asso-
ciatedwith overall DBP activity (Fig. 3b). Furthermore, a constitutive re-
duction in DBP activity abolished normal oscillation of the ATP/ADP
ratio, with sustained ATP/ADP elevation (Fig. 3b). Chronically exposing
rat pancreatic islets to leucine reduces glucose-stimulated insulin re-
lease associated with an increased basal ATP/ADP ratio in the presence
of a basal (2.8 mM) glucose concentration (Anello et al., 2001). Taking
these observations into consideration, loss of circadian rhythmicity
and a constitutively elevated basal ATP/ADP ratio might contribute to
the impaired glucose-stimulated insulin secretion in MIP-E4BP4 and
Wfs1−/− Ay/a mice.

There is a major difference between diurnal and nocturnal insulin
secretion in normal mice (Supplementary Fig. 4d), and also in humans
(Sonnier et al., 2014). In the circadian cycle, DBP transactivity is expect-
ed to be the strongest around the beginning of the active time of day
(mice: nighttime, humans: daytime). In general, an hour or so before
we awaken, body temperature increases, the gastrointestinal tract starts
moving again, and cellular metabolism accelerates to provide energy to
support the day's activities. Digestion/absorption systems also prepare
for the ingestion of breakfast based on the local time. At the same
time, pancreaticβ-cells probably prepare to secrete insulin. Our findings
suggest that DBP transcriptional activity is an essential component of
preparing β-cells to release insulin (Fig. 4c).

HF-diet feeding induces obesity and increases the risk of developing
metabolic disorders. However, time-restricted feeding of a HF-diet
without caloric reduction suppresses obesity and other metabolic dis-
eases (Hatori et al., 2012). Recently, time-restricted feeding was
shown to be effective for stabilizing and reversing the progression of
metabolic diseases including T2DM in mice (Chaix et al., 2014). These
remarkable effects of time-restricted feeding are probably due to fine-
tuning of circadian clocks. Our results suggest fine-tuning of DBP to be
absolutely critical for preventing metabolic diseases, especially in
terms of appropriate insulin responsiveness by pancreatic β-cells. Feed-
ing during the bathyphase of DBP transcriptional activity may underlie,
or at least contribute to, themetabolic dysfunctions observed in subjects
with a shiftwork schedule.

The primary defect in diabetes of Wolfram syndrome patients and
WFS1 deficient mice is insulin secretory failure. Both humans and
mice deficient in WFS1 have selective β-cell loss, possibly associated
with chronically elevated β-cell ER stress and dysregulated ER stress re-
sponses (Karasik et al., 1989; Riggs et al., 2005).β-cell functional abnor-
malities also include canonical impairment of glucose stimulated insulin
secretion (Hatanaka et al., 2011). It is well known that β-cell ER stress is
also involved in β-cell failure in common T2DM associated with
glucoliptoxicity and other mechanisms. In addition, variations in the
WFS1 gene are also shown to predispose a person to T2DM (Sandhu et
al., 2007). Therefore, although our findings are mostly from animal
models and with limitations, they would be relevant to humans. Modu-
lation of clock genes could be therapeutic strategies and greatly improve
treatment of Wolfram syndrome-associated diabetes and common
T2DM.
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