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Aryl hydrocarbon receptor nuclear translocator (ARNT)/hypoxia inducible factor-1p8 (HIF-1B) has
emerged as a potential determinant of pancreatic B-cell dysfunction and type 2 diabetes in humans.
An 82% reduction in Arnt expression was observed in islets from type 2 diabetic donors as compared
to non-diabetic donors. However, few regulators of Arnt expression have been identified. Meanwhile,

Keywords: disruption of the clock components CLOCK and BMAL1 is known to result in hypoinsulinemia and
DBP diabetes, but the molecular details remain unclear. In this study, we identified a novel molecular connec-
gl}li\:)’l;(/HlF‘]B tion between Arnt and two clock-controlled output genes, albumin D-element binding protein (Dbp) and E4
E4BPA binding protein 4 (E4bp4).

By conducting gene expression studies using the islets of Wfs1/~ A”/a mice that develop severe diabe-
tes due to B-cell apoptosis, we demonstrated clock-related gene expressions to be altered in the diabetic
mice. Dbp mRNA decreased by 50%, E4bp4 mRNA increased by 50%, and Arnt mRNA decreased by 30% at
Zeitgever Time (ZT) 12. Mouse pancreatic islets exhibited oscillations of clock gene expressions. E4BP4, a
D-box negative regulator, oscillated anti-phase to DBP, a D-box positive regulator. We also found low-
amplitude circadian expression of Arnt mRNA, which peaked at ZT4. Over-expression of DBP raised both
mRNA and protein levels of ARNT in HEK293 and MING cell lines. Arnt promoter-driven luciferase repor-
ter assay in MING cells revealed that DBP increased Arnt promoter activity by 2.5-fold and that E4BP4
competitively inhibited its activation. In addition, on ChIP assay, DBP and E4BP4 directly bound to
D-box elements within the Arnt promoter in MING6 cells. These results suggest that in mouse pancreatic
islets mRNA expression of Arnt fluctuates significantly in a circadian manner and that the down-regulation
of Dbp and up-regulation E4bp4 contribute to direct suppression of Arnt expression in diabetes.

© 2013 Elsevier Inc. All rights reserved.
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1. Introduction

Circadian clocks are cell-autonomous molecular oscillators that
drive the rhythms of physiology and behavior. Complex circuitries
of transcriptional/post-translational regulatory loops allow organ-
isms to coordinate physiological processes in response to environ-
mental changes. In mammals, the central pacemaker is localized in
the suprachiasmatic nuclei of the hypothalamus, and is controlled
by transcriptional/translational feedback loops involving a set of
clock genes. However, many studies indicate that peripheral
molecular clocks exist in several organs, including the liver, pan-
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creas, kidney, muscle, and adipose tissue, where feeding/fasting
constitute the dominant clock-regulating signals for these tissues
[1-5]. Recently, disturbances in the regulation of circadian
rhythms have been implicated in the development of metabolic
disorders such as obesity and type 2 diabetes [6-8], and mice with
circadian clock function abnormalities have been reported to also
show abnormal glucose homeostasis [9-11]. The most convincing
evidence that clock function within the endocrine pancreas im-
pacts glucose homeostasis has emerged from recent studies in
mice with tissue-specific ablation of Bmall [12,13]. Despite normal
locomotor activity rhythms, pancreas-specific Bmall knockout
mice display more pronounced hyperglycemia than systemic Clock
mutant or Bmall knockout mice. While these studies have nar-
rowed clock function to the late stage of insulin secretion, the pre-
cise molecular details remain to be elucidated.

In peripheral tissues, a number of genes have been found to be
regulated downstream from the core clock components, which in-
clude transcription factors such as DBP and E4BP4. DBP and E4BP4
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are directly regulated by core clock genes, and activate and sup-
press, respectively, the transcriptional activities of further down-
stream output genes through the D-box [14]. The contribution of
the D-box regulatory loop remains relatively uncharacterized with
respect to cell-autonomous circadian oscillations and no islet-
specific genes, which have promoter elements interacting with
DBP and/or E4BP4, have been determined. A detailed understand-
ing of the roles of DBP and E4BP4 in the circadian rhythms of
B-cells and their impacts on the transcriptions of islet-specific
genes may provide insights into links between circadian rhythms
and diabetes.

ARNT/HIF-1B is a member of bHLH-PAS family and is considered
to be an obligate heterodimerization partner for other members of
this family, such as HIF-1a, HIF-2a, HIF-3a, and AhR [15]. Gene
expression profiling of diabetic human islets revealed that ARNT
and its possible target genes are markedly reduced [16]. Dimin-
ished glucose-stimulated insulin secretion in islets obtained from
B-cell specific Arnt deficient mice as well as in Arnt knockdown
MING cells serve as evidence for the importance of Arnt in B-cell
function. An elevated glucose concentration, in itself, has been
shown to be a negative regulator of ARNT expression in INS-1
(832/13) cells and primary mouse islets [17]. In addition, carbohy-
drate-responsive element-binding protein (ChREBP) has been
shown to bind both directly and glucose dependently to the ARNT
promoter in B-cells and to thereby down-regulate its transcription
[17]. Investigating other regulators of ARNT should provide new in-
sights into the mechanisms underlying ARNT-mediated B-cell
dysfunction.

In this report, we present evidence that ARNT is a direct target
of DBP and E4BP4. In the pancreatic islets, Dbp and E4bp4 mRNA
displayed robust circadian rhythms. In the islets of mildly obese
diabetic wfs1~/~ A”/a mice [18], decreased levels of Dbp and Arnt
mRNA were observed while the level of E4bp4 mRNA was in-
creased. Over-expression of DBP increased the expression of ARNT
by transactivating the Arnt promoter in cell lines. Furthermore,
Chromatin Immunoprecipitation in a pancreatic B-cell line demon-
strated that DBP and E4BP4 bound to the Arnt promoter region di-
rectly in vivo. Our results suggest that DBP- and E4BP4-mediated
ARNT dysregulation may lead to B-cell dysfunction and diabetes.

2. Material and methods
2.1. Animals

All experimental protocols were approved by the Ethics of Ani-
mal Experimentation Committee at Yamaguchi University School
of Medicine.

Ten week-old male mice were used for all experiments. The ani-
mals were housed in a temperature-controlled (24 °C £ 1 °C) room
under a 12-h light: 12-h dark cycle, Zeitgeber time (ZT) 0 was des-
ignated as lights on and ZT 12 as lights off. Generation and geno-
typing of Wfs1~/~ A¥/a mice were previously described in detail
[18].

2.2. Reagents

Mammalian expression constructs for DBP, E4BP4, and REV-ERBa
in pCMV-SPORT6 vector were purchased from ATCC (American
Type Culture Collection). The RORo or RORYy expression construct
was generated by amplifying full-length RORa or the RORy
fragment from MIN6 cDNA and inserting the fragments into the
pcDNA3 Vector (Promega, Madison, WI, USA). The Arnt luciferase
reporter construct was generated by amplifying ~2 kb of the Arnt
promoter fragment from mouse genomic DNA and inserting this
fragment into the pGL3-Basic Vector (Promega).

2.3. Isolation of islets from mice

C56BL/6] and Wfs1~/~ A’/a mouse Islets were isolated by ductal
collagenase digestion of the pancreas as described previously [19].

2.4. Cell culture and transfection

MING6 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) High Glucose with 15% fetal bovine serum
(FBS) at 37 °C under 5% CO,. Cells were plated in 6-well plates
overnight before co-transfection of the Arnt promoter luciferase re-
porter with either LacZ control or clock-related gene expression
constructs using Lipofectamine Plus (Life Technologies, Carlsbad,
CA, USA). Forty-eight hours post-transfection, cells were assayed
for luciferase activity using Dual-Luciferase Reporter Assay Sys-
tems (Promega). Luciferase activities were normalized to protein
content.

2.5. RNA isolation and real-time RT-PCR

MING cells were transfected with various circadian clock gene
expression constructs using Lipofectamine 2000 (Life Technolo-
gies). Forty-eight hours post-transfection, cells were harvested
and prepared for real-time RT-PCR. Total RNA was extracted from
MING cells using the RNeasy Mini Kit (Qiagen, Venlo, Netherlands).
Total RNA extraction from mouse islets was performed with both
Isogen and the RNeasy Mini Kit (Qiagen). cDNA was synthesized
with Superscriptll 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
ACt method and normalized to the value of the housekeeping gene,
Gapdh.

All primers were designed for mouse genes. Primer sequences
are listed below.

DBP forward: 5'-CTTTTGACCCTCGGAGACAC-3’

DBP reverse: 5'-ACCTCCGGCTCCAGTACTTC-3'

E4BP4 forward: 5'-GGAGCAGAACCACGATAACC-3’

E4BP4 reverse: 5'-TTCCCCAGTCTTCTTTCAGG-3'
REV-ERBa forward: 5'-CCCTGGACTCCAATAACAACACA-3'
REV-ERBa reverse: 5-GCCATTGGAGCTGTCACTGTAG-3’
ARNT forward: 5-AGATTTCACGTCACTCCAACC-3’

ARNT reverse: 5'-GGAAGAACGAGTCTTGGCTGT-3/
GAPDH forward: 5-AGTATGACTCCACTCACGGCAA-3’
GAPDH reverse: 5-TCTCGCTCCTGGAAGATGGT-3’

2.6. Immunoblotting

HEK293 cells were maintained in DMEM High Glucose with 10%
FBS at 37 °C under 5% CO,. Cells were transfected with various cir-
cadian clock gene expression constructs using Lipofectamine 2000
(Life Technologies). Forty-eight hours post-transfection, cells were
lysed for Western Blotting. Ten micrograms of protein samples
were separated by SDS-PAGE and transferred to nitrocellulose
membranes (GE Healthcare, Little Chalfont, UK). The membranes
were incubated with antibodies against ARNT (Becton Dickinson,
Franklin Lakes, NJ, USA), E4BP4 (Abcam, Cambridgs, UK), DBP (AVI-
VA Systems Biology, San Diego, CA), REV-ERBa (Abnova, Taipei
City, Taiwan) and oTubulin (Sigma-Aldrich, St.Louis, MO, USA).

2.7. Chromatin immunoprecipitation analysis (ChIP)
MING6 cells were cultured in a 10-cm dish until reaching 80%

confluence. Cells were fixed with 1% formaldehyde. An EZ-ChIP
chromatin immunoprecipitation kit (Merck Millipore, Billerica,
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MA, USA) was used to perform the ChIP assay. Cells were lysed and
sonicated. Immunoprecipitation was conducted at 4 °C overnight.
The ChIP reactions contained the following antibodies: rabbit IgG
(Santa Cruz Biotechnology, Dallas, TX, USA), acetyl histone H3
(Merck Millipore), E4BP4 (Abcam), DBP (AVIVA Systems Biology),
REV-ERBa (Abnova), RORa (Abcam), and RORy (Abcam). ChIP reac-
tions were washed and chromatin was eluted, according to the
manufacturer’s instructions. Chromatin was purified using PCR
clean up columns (Qiagen). PCR was performed using AmpliTaq
Gold PCR Master Mix (Life Technologies).

All primers were designed for mouse genes. Primer sequences
are listed below.

—2052/-1653 forward: 5'- AATTGTGTTCCAATACTCAGGTG-3'
—2052/—-1653 reverse: 5- CCTAACATCCCAAGATCCAATG-3'
—1576/-1187 forward: 5- CAGACTGACAACAAGCCAAAG-3'
—1576/—1187 reverse: 5'- ACTCAGGAGGCAGAGACTGG-3’
—1021/-604 forward: 5'- GACCTCTGCTTGCTCCAATC-3'
—1021/-604 reverse: 5- CCTCCAAAAGTGAGGTGTCC-3’
Mouse PCK forward: 5'- GAGTGACACCTCACAGCTGTGG-3'
Mouse PCK reverse: 5'- GGCAGGCCTTTGGATCATAGCC-3’

2.8. Statistical analysis

Results are expressed as means * SE. Differences between
means were evaluated using Student’s t test as appropriate. The
statistical significance of differences among more than two groups
was analyzed by ANOVA and Tukey’s post hoc comparisons. A 5%
level of probability was considered significant.

3. Results

Wfs1/~ mouse B-cells are susceptible to ER stress. When ER
stress is evoked in B-cells by introducing systemic insulin resis-
tance (Wfs1/~ A’/a mice), these mice develop selective p-cell loss
and severe insulin-deficient diabetes as early as 8 weeks of age
[18]. This B-cell loss is attributable to apoptosis. At the same time,
glucose-stimulated insulin secretion is markedly impaired in B-
cells from Wfs1~/~ mice. However, the precise molecular details
of pancreatic p-cell dysfunction in Wfs1/~ A’/a remain unknown.
To elucidate the mechanism of B-cell dysfunction in Wfs1~/~ Ay/a,
we performed microarray analyses. In the islets of Wfs1~/~ AY/a,
Dbp was decreased and E4bp4 was increased when compared to
Wfs1** A/a islets (data not shown). The microarray results indicate
the possible involvement of Dbp and E4bp4 in B-cell dysfunction in
Wfs1~/~ A/a. Dbp and E4bp4 are known to be clock output genes.
Therefore, we examined the circadian oscillations of Dbp and
E4bp4 in mouse pancreatic islets. C57BL/6] mice, kept under a
light-dark regimen, were killed at 4-h intervals to prepare
whole-cell mRNA from isolated islets. The relative expression lev-
els of the mRNA in isolated islets were quantified by real-time RT-
PCR. Dbp, E4bp4 and Rev-erboc mRNA displayed robust circadian
rhythms (Fig. 1A). The highest levels of Dbp and E4bp4 mRNA were
observed at ZT12 and ZTO0, and exhibited marked fluctuation with a
35-fold and a 10-fold peak/trough ratio, respectively. The rhythm
ratio was 27-fold for Rev-erboa, an important metabolic regulator,
expressed in a circadian manner in tissues such as the liver, adi-
pose tissue, muscle, and the pancreas (Fig. 1A). The structural sim-
ilarity of ARNT to core clock genes, BMAL1 and CLOCK, prompted
us to speculate that ARNT is a circadian clock-controlled gene.
The expression level of Arnt mRNA modestly, but significantly
(rhythm ratio 1.5-fold), fluctuated in a circadian manner with a
peak at ZT4 in pancreatic islets from wild-type mice (Fig. 1A).

We analyzed clock-related genes and Arnt expression levels in
islets of Wfs1~/~ AY/a at the dark-to-light (ZT0) and light-to-dark

(ZT12) transitions by real-time RT-PCR. At ZTO, Dbp, Rev-erba,
and Arnt mRNA levels decreased by 0.4-, 0.3-, and 0.5-fold, respec-
tively, in the Wfs1~/~ AY/a islets (Fig. 1B). At ZT12, Dbp, Rev-erba,
and Arnt mRNA levels significantly decreased by 0.4-, 0.5-, and
0.8-fold, respectively, in the Wfs1~/~ A%/a islets (Fig. 1B). At ZT12,
the E4bp4 mRNA level was significantly increased, by 1.6-fold, in
the Wfs1™/~ A%/a islets (Fig. 1B).

We then examined the effects of clock-related gene over-
expressions on Arnt expression in vitro to investigate the molecular
mechanisms underlying our observations in Wfs1~/~ A/a mice. The
endogenous ARNT protein expression level significantly increased,
approximately doubling, in HEK293 cells transiently transfected
with the DBP over-expression plasmid versus the control plasmid
(Fig. 2A and B). The expression level of endogenous Arnt mRNA sig-
nificantly increased, by approximately 1.2-fold, in MING6 cells tran-
siently transfected with the DBP over-expression plasmid versus
the control plasmid (Fig. 2C). Neither E4BP4 nor REV-ERBo over-
expression affected Arnt mRNA and protein levels in either cell line
(Fig. 2).

To further examine direct regulation of the Arnt gene by clock-
related genes, the luciferase reporter construct was co-transfected
with clock-related protein expression vectors in MING cells. The re-
porter construct was composed of a ~2 kb fragment of the Arnt
promoter that contains the putative D-box sites (-1932 to
—1912 and -1702 to —1691) and the RORE site (-1519 to
—1507). Relative luciferase activity was calculated based on the va-
lue of the LacZ group set as 1. DBP over-expression increased Arnt
promoter activity by 2.5-fold. E4BP4 and REV-ERBa abolished acti-
vation of the Arnt promoter by DBP. Arnt promoter activity was
unresponsive to either RORa or RORy (Fig. 3). These data con-
firmed both D-box sites and the RORE site within the Arnt pro-
moter to be functional elements.

The ChIP assay was performed in MIN6 cells to examine
whether clock-related genes were recruited to the Arnt promoter
in pancreatic B-cells. We used TFSEARCH to examine the Arnt pro-
moter and indeed located two putative D-box sites (D1: —1932 to
—1912 and D2: -1702 to —1691) and the RORE site (—1519 to
—1507) as shown in Fig. 4A. The locations of ChIP primers are also
presented (Fig. 4A). Employing ChIP analyses, we identified selec-
tive recruitments of DBP and E4BP4 to the D-box sites, and REV-
ERVo, RORa, and RORY to RORE site, as compared to the IgG and
mouse phosphoenolpyruvate carboxykinase (PCK) promoter con-
trols (Fig. 4B).

4. Discussion

Recent studies in humans and rodents have demonstrated that
clock genes are closely linked to obesity and diabetes [6-11]. For
instance, Clock and Bmall mutant islets show impaired insulin re-
lease in response to glucose [12,13]. Our results demonstrate that
the Arnt gene is a newly-recognized direct target gene of DBP, a
clock-controlled output gene, and may serve as a key player in con-
necting circadian rhythm abnormalities and pancreatic B-cell
dysfunction.

The Dbp mRNA expression level is reportedly decreased in the
hepatic and adipose tissues of obese, diabetic ob/ob mice [20].
However, daily mRNA expression profiles of pancreatic islets have
not yet been analyzed in diabetic mouse models including ob/ob
mice. Thus, Wfs1~/~A%/a could be the first model in which altered
expression levels of clock output genes were demonstrated in pan-
creatic islets.

Richardson et al. reported the diurnal changes in ARNT proteins
in multiple tissues from female Sprague-Dawley rats [21]. In their
study, two expression peaks were demonstrated at ZT5 and ZT22 in
the liver and lungs. In contrast, no apparent daily cycle of ARNT
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Fig. 1. Circadian expressions of Dbp, E4bp4, Rev-erbo. and Arnt in isolated islets are shown. The mRNA relative expression levels in isolated islets were quantified by real-time
RT-PCR (lights on ZTO, lights off ZT12). (A) Oscillations of Dbp, E4bp4, Rev-erba and Arnt in islets of C57BL/6] mice (mean + SE, n = 3 mice per time point, *P < 0.05; **P < 0.01).
Dbp cycled reaching its zenith around ZT12 and its nadir at ZTO. E4bp4 cycled anti-phase to Dbp. Rev-erbo cycled reaching its zenith around ZT10 and its nadir ZT0. Arnt mRNA
fluctuated markedly in a circadian manner with a peak at ZT4. The rhythm ratio was 1.5-fold. (B) The expression levels of Arnt, Dbp and Rev-erba were significantly decreased
in the Wfs1~/~ AY/a islets at ZTO and ZT12. At ZTO, the E4bp4 expression levels did not differ between Wfs1~/~ A’/a and control islets. At ZT12, the E4bp4 expression level was

significantly increased in the Wfs1/~ A”/a islets (mean * SE, n = 3-4 per time point, *P < 0.05; *P < 0.01).
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Fig. 2. ARNT expression was increased by DBP over-expression in HEK293 cells and MING cells. (A and B) HEK293 cells were transfected with clock-related gene expression
plasmids. Western blot analysis demonstrated the relative protein level of ARNT to be significantly increased by DBP over-expression (mean * SEM, n = 4, *P < 0.05). Neither
E4BP4 nor REV-ERBa over-expression changed the ARNT expression level. Over-expressions of DBP, E4BP4, and REV-ERBa, using their respective over-expression plasmids,
were confirmed. (C) MING6 cells were transfected with clock-related gene expression plasmid, and the Arnt mRNA level was analyzed by real-time RT-PCR. Arnt mRNA was

significantly increased only by DBP overexpression (mean * SE, n = 3, *P < 0.05).
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encoding clock-related genes in MING cells. The relative luciferase activities were calculated based on the value of the LacZ group set as 1. DBP over-expression activated the
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Fig. 4. Clock-related genes bound to the Arnt promoter in vivo. ChIP was performed to detect DBP, E4BP4, REV-ERBa, ROR-a, and ROR-vy binding to the mouse Arnt promoter in
MING cells. (A) Schematic diagram shows the putative binding sites (D1-box, D2-box, and RORE) within the 2 kb upstream of the transcription start site. Locations of the ChIP
primers are also shown. (B) Endogenous levels of DBP and E4BP4 can be detected at the mouse Arnt promoter region containing the identified putative D-box sites.
Endogenous levels of REV-ERBa, RORa, and RORY can be detected at the mouse Arnt promoter region containing the identified putative RORE site as well. IgG serves as a
negative control, whereas the input and acetyl-Histone H3 serve as positive controls. As a ChIP negative control, amplification of a promoter region of phosphoenolpyruvate
carboxykinase (PCK) was included in the experiment. Only the DNA input and acetyl-Histone H3 showed amplification (B, the lowest panel).

protein expression is observed in the spleen. These data also sug-
gest tissue-specific differences in ARNT protein oscillation. The dai-
ly cycle of ARNT expression in the pancreas has not yet been
reported. In our present study, the daily cycle of Arnt mRNA
expression was significant in mouse pancreatic islets, suggesting
that Arnt expression is at least partly governed by clock genes
(Fig. 1A). If Arnt expression were governable only by DBP and
E4BP4 among circadian related genes, Arnt should display a robust
circadian rhythm with high amplitude. In fact, the amplitude of cir-
cadian Arnt oscillation was obviously lower than those of clock

genes. Dbp-dependent circadian transactivation of the Arnt gene
appears to be exerted via not only the D-box but also other enhancer
elements including RORE interacting with REV-ERBo. REV-ERBa,
oscillating in the same phase as DBP, may negatively regulate
and fine-tune Arnt expression.

Few studies to date have investigated key regulators of ARNT in
pancreatic B cells [17,22]. Nordeen et al. first confirmed that ChREBP
bound to the Arnt promoter in a glucose concentration-dependent
manner, and decreased ARNT expression levels in INS-1 (823/13)
cells [17]. These in vitro studies may indicate that hyperglycemia
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suppresses ARNT expression in vivo. Gunton et al. examined Arnt
expression in isolated islets from ob/ob mice, db/db mice, and B-cell
-specific insulin receptor knockout mice (BIRKO). The first two mod-
els had hyperglycemia, but showed no significant changes in Arnt
expression [16]. Wfs1~/"A’/a mice also had hyperglycemia
(363 mg/dl versus 204 mg/dl in controls) at 10 weeks of age. These
invivo data do not suggest that a substantial decrease in Arnt expres-
sion is likely to be mediated solely by hyperglycemia in vivo.

Dror et al. showed that blocking Ca®* flux through the ryanodine
receptor (RyR) increased the expressions of ARNT and presenilin-1
in pancreatic p-cells [22]. In addition, they also found that ARNT is
downstream from presenilin-1 [22]. WFS1 functions as an endo-
plasmic reticulum (ER) calcium channel or as a regulator of ER cal-
cium channel activity and the defective insulin secretion
characteristic of Wfs1~/~ mice is accompanied by a reduced cellular
calcium response [19,23]. Given that blocking intracellular calcium
ion release channels can induce the expression of ARNT via prese-
nilin-1 up-regulation, an imbalance in ER homeostasis caused by
inactivation of WFS1 may have reduced Arnt expression.

In addition to the involvement of WFS1, we tested the possibil-
ity that DBP and E4BP4 directly regulate ARNT expression. Over-
expression of DBP increased ARNT expression in HEK293 cells
and MING cells (Fig. 2A and B). In MING cells, the effect was weaker
perhaps due to high expressions of endogenous ARNT and DBP.
Furthermore, transient transfection/reporter gene assay results
suggested that all three circadian-responsive elements were func-
tional in MING cells (Fig. 3). E4BP4 or REV-ERBa abolished the Arnt
promoter activation induced by DBP, but not basal promoter acti-
vation (Fig. 3). These findings suggest that, in B-cells, Arnt promoter
activity needs to be at the basal level to maintain p-cell function.
Furthermore, we identified DBP occupancy of the Arnt promoter
and therefore confirmed Arnt as a direct target of DBP (Fig. 4).

Clock mutant islets exhibit significant alterations in the expres-
sions of genes involved in post-transcriptional modification and
protein packaging [12,22]. While prior studies have narrowed clock
function to the late stage of insulin secretion, the precise molecular
details remain to be elucidated. Clock mutant islets also show de-
creased expression of Dbp during the light cycle [12]. Given our
findings, the impaired insulin secretion observed in Clock mutant
B-cells could in part be a consequence of decreased DBP expression
followed by decreased ARNT expression.

In summary, we uncovered a transcriptional pathway linking
ARNT, a critical metabolic regulator, with the circadian clock
through a circadian-controlled transcription factor, DBP. Our find-
ings point toward B-cell function as operating downstream from
the clock network, opening the possibility that the transcriptional
pathway linking ARNT with DBP may provide promising new tar-
gets for pharmacological control of glucose metabolism.
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