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Circadian rhythm-related genes: implication in autoimmunity
and type 1 diabetes
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Recent gene association and functional studies have proven the implication of several circadian rhythm-related genes in diabetes. Diabetes has been
related to variation in central circadian regulation and peripheral oscillation. Different transcriptional regulators have been identified. Circadian genes are
clearly implicated in metabolic pathways, pancreatic function and in type 2 diabetes. Much less evidence has been shown for the link between circadian
regulation and type 1 diabetes. The hypothesis that circadian genes are involved in type 1 diabetes is reinforced by findings that the immune system
undergoes circadian variation and that several autoimmune diseases are associated with circadian genes. Recent findings in the non-obese diabetic
mouse model pinpoint to specific mechanisms controlling type 1 diabetes by the clock-related gene Arntl2 in the immune system.
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Circadian Genes and Diabetes
There is growing evidence about the implication of the circa-
dian rhythm in diabetes development [1]. Studies in mice have
shown that the disruption of circadian rhythms can acceler-
ate diabetes and 𝛽-cell loss [2]. In humans a link between the
central circadian rhythm regulation and glucose homeostasis
has been suggested by findings such as the polymorphism in
MTNR1B, encoding the melatonin receptor 1B, that increases
the risk for type 2 diabetes [3].

Transcription and translation of core clock components
circadian locomotor output cycles kaput (CLOCK), aryl hydro-
carbon receptor nuclear translocator-like 1 (ARNTL1), aryl
hydrocarbon receptor nuclear translocator-like 2 (ARNTL2),
period circadian proteins (PER1, PER2, PER3) and Cryp-
tochromes (CRY1 and CRY2) play a pivotal role in rhythm
generation in the suprachiasmatic nucleus, which is the site
of the master circadian oscillator in mammals, but also in the
control of peripheral oscillations.

The direct relation of CLOCK-related genes in diabetes has
already been shown [4]. ARNTL1, which is also called brain and
muscle ARNT-like 1 (BMAL1) or member of PAS superfamily
3 (MOP3), has been genetically linked to hypertension and type
2 diabetes in humans [5]. Knockout mice for Arntl1 and Clock
exhibited a role for the 𝛽-cell clock in coordinating insulin
secretion with the sleep-wake cycle, and revealed that ablation
of the pancreatic clock can trigger the onset of diabetes mellitus
[6]. The major circadian pacemaker ARNTL1 has in addition
been associated with susceptibility to gestational diabetes mel-
litus [7]. CRY, another component of the core clock, is required
for the regulation of inflammatory cytokines via the NF-kappaB
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pathway [8]. Absence of this key circadian clock component
leads to the activation of this signalling system and elevated lev-
els of inflammatory molecules in the body. Low-grade constant
inflammation could be the underlying cause of chronic dis-
eases such as diabetes. Further examples of the involvement of
CLOCK-related genes include the PER3 length polymorphism
discovered in patients with type 2 diabetes mellitus [9].

Other homologous genes of the family of basic helix-loop-
helix transcription factors, such as the dioxin-receptor
encoding gene AHR [10], ARNT [11] have been associ-
ated with diabetes. The Aryl Hydrocarbon Receptor (AHR) is a
cytosolic transcription factor that is normally inactive, bound
to several co-chaperones. Upon ligand binding to chemicals
such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), the
chaperones dissociate resulting in AHR translocating into the
nucleus and dimerizing with ARNT (AhR Nuclear Translo-
cator), leading to changes in gene transcription. Activation
of the AHR has long been known to cause immunotoxicity,
including thymic involution. More recent data suggested a role
for the AHR in regulatory T-cell (Treg) and T-helper 17 (Th17)
cell development [12,13]. Activation of the aryl hydrocarbon
receptor by the dioxin TCDD prevents diabetes in NOD mice
and increases Foxp3+ regulatory T cells in pancreatic lymph
nodes [10].

The aryl hydrocarbon receptor nuclear translocator (ARNT)
gene is a positional and functional candidate for type 2 dia-
betes [14]. Using oligonucleotide microarrays and real-time
PCR of pancreatic islets isolated from humans with type 2 dia-
betes versus normal glucose-tolerant controls, a 90% decrease
in expression of the transcription factor ARNT, also called
Hypoxia Inducible Factor 1 𝛽 (HIF1𝛽), has been identified.
ARNT knockout mice exhibited abnormal glucose tolerance,
impaired insulin secretion, and changes in islet gene expres-
sion that mimicked those in human diabetic islets. These data
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suggested an important role for decreased ARNT and altered
gene expression in the impaired islet function of human type 2
diabetes. ARNT regulates many 𝛽-cell genes, insulin secretion
and glucose tolerance [11].

Taken together, the present data suggest a strong link
between diabetes and the circadian rhythm via a number of
different gene pathways, including those that implicate insulin
metabolism and immune regulation.

“Present data suggest a strong link between the
circadian rhythm and diabetes. Studies performed
in the 1960s and 1970s indicated that the immune
system undergoes circadian variation, and many
other examples have been published since.”

Circadian Genes and the Immune System
Studies performed in the 1960s and 1970s had already indicated
that the reaction of the immune system to pathogens undergoes
circadian variation (reviewed in Ref. [15]). These early studies
also showed circadian variation of specific immune cell types
and their activity, for example the variation of mitotic activity
and cell degeneration in the mouse thymus over a period of 24 h
[16,17]. Many other examples have been published since, some
of which concern highly specific immune functions. Recent
studies showed for example that Th17 differentiation is con-
trolled by the circadian clock [18], that the circadian gene
Bmal1 regulates diurnal oscillations of Ly6C(hi) inflammatory
monocytes [19], or that the circadian clock protein CRY regu-
lates the expression of proinflammatory cytokines [8].

In this context, it does not seem surprising that autoimmune
disease is influenced by the circadian rhythm. This observa-
tion has particularly been made in rheumatoid arthritis, where
patients suffer more from stiffness and pain in the morning
than during other times of the day. This phenomenon has been
attributed to the circadian regulation of cytokines (reviewed in
Ref. [20]). Although the link has not been made as strongly for
human type 1 diabetes, the hypothesis of circadian genes being
involved in the disease appears rather justified.

The ARNTL2 Gene
The ARNTL2 (aryl hydrocarbon receptor nuclear
translocator-like 2) gene is also known as BMAL2 (brain and
muscle ARNT-like 2), PASD9 (PAS domain-containing protein
9), MOP9 (member of PAS protein 9) or CLIF (Cycle-like fac-
tor). The cloning of ARNTL2 has been described by Hogenesch
et al. [21] under the name MOP9, by Maemura et al. [22] under
the name CLIF, and by Okano et al. [23] and Ikeda et al. [24]
under the name BMAL2.

By searching a human EST database for sequences similar
to BMAL1 (ARNTL), followed by PCR performed on foetal
brain cDNA and RACE using adult brain cDNA, Ikeda et al.
[24] cloned the ARNTL2 gene, which they called BMAL2.
The deduced 551-amino acid protein had an N-terminal
bHLH domain, followed by PASA and PASB domains and a

long C-terminal sequence. Ikeda et al. identified two putative
nuclear localization signals near the N terminus. BMAL2
shared 52% amino acid identity with zebrafish Bmal2 and
49% identity with human BMAL1. By Northern blot analysis
BMAL2 transcripts of 7.0 and 8.0 kb were detected in adult
liver and foetal brain. A 2.2-kb BMAL2 transcript was also
detected in adult liver. The authors detected no expression in
adult heart, brain, pancreas, placenta, lung, liver and kidney. A
fluorescence-tagged BMAL2 protein located predominantly in
the nucleus of transfected HEK293 cells.

Hogenesch [21] mapped the gene to human chromosome
12p11.22–11.23. They described the fact that MOP9 dis-
plays significant homology to the Drosophila circadian factor
CYCLE and the mammalian ortholog MOP3/BMAL1. MOP9
was found to form a transcriptionally active heterodimer with
the circadian CLOCK protein, the structurally related MOP4,
and hypoxia-inducible factors, such as HIF1alpha. They con-
firmed that MOP9 was expressed in several brain regions
such as the thalamus, hypothalamus and amygdala. Like
CLOCK, MOP9 expression was found in the suprachiasmatic
nucleus.

Using the endothelial PAS domain-containing protein 1
(EPAS1) as bait in a yeast 2-hybrid screen of a human umbil-
ical vein endothelial cell cDNA library, Maemura et al. [22]
also cloned ARNTL2, which they called CLIF. The deduced
602-amino acid protein contained a bHLH/PAS domain and
shares 44.1% identity with drosophila cycle and 44.9% identity
with human BMAL1. It differed from the BMAL2 protein
reported by Ikeda et al. [24] at its N terminus. Northern blot
analysis detected widespread and variable expression of CLIF
transcripts of 8, 6, 2.4 and 2.2 kb. Highest CLIF expression was
detected in brain and placenta. In situ hybridization revealed
expression of CLIF transcripts in endothelial cells of human
heart, lung and kidney and in endothelial cells and neurons of
brain.

The plasminogen activator inhibitor-1 (PAI-1) is the major
physiologic inhibitor of tissue-type plasminogen activator in
plasma, and is elevated in a variety of clinical situations that
are associated with increased risk of ischemic cardiovascular
events. Maemura et al. [22] showed that in endothelial cells,
CLIF formed a heterodimer with CLOCK and upregulated the
plasminogen activator inhibitor-1 (PAI-1) gene through E-box
sites. PER2 and CRY1 inhibited the PAI-1 promoter activation
by the CLOCK:CLIF heterodimer. These results suggested that
CLIF regulates the circadian oscillation of PAI-1 gene expres-
sion in endothelial cells. Schoenhard et al. further studied this
interaction [25]. They described that the CLOCK:BMAL1 and
CLOCK:BMAL2 heterodimers made additive contributions to
PAI-1 gene transcription. The abilities of these heterodimers to
activate gene expression differed by twofold. The susceptibilities
of these circadian activators to inhibition by PER and CRY pro-
teins were, however, found to be equivalent and redox indepen-
dent. Schoenhard et al. hypothesized that the different BMAL1
and BMAL2 spatiotemporal distributions allowed intrinsic cir-
cadian clocks to modulate the amplitudes of their oscilla-
tors while they maintained circadian periodicity. In this way,
the fundamental circadian clock components were thought to
drive circadian variation in PAI-1 expression, which in turn
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could then influence the pathogenesis of acute atherothrom-
botic events.

Takeda et al. [26] described the regulation of thrombo-
modulin (TM) by the CLOCK:BMAL2 dimer. Again, this
confirmed that cardiovascular diseases are closely related to
circadian rhythm under control of an internal biological clock
mechanism.

The studies showed that the human ARNTL2 gene
encodes a basic helix-loop-helix (bHLH)/PAS domain
transcription factor with a probably ubiquitous expression
pattern and with strong expression in the brain. Strikingly,
the studies showed multiple splice variants of the gene
transcript [27].

“The human clock-related ARNTL2 gene encodes
a basic helix-loop-helix (bHLH)/PAS domain
transcription factor and its transcript exhibits an
ubiquitous expression pattern with multiple splice
variants.”

Apart from being potentially involved in transcriptional reg-
ulation, ARNTL2 has been found to control cellular prolifer-
ation. Overexpression of antisense ARNTL2 RNA in human
293EBNA cells resulted in reduced cell cycle time, increased
plating efficiency in soft agar, diminished TNF-alpha-induced
increment of CPP32/caspase-3 activity, and a reduced propor-
tion of cells in the G2 phase with a concomitantly increased
proportion of cells in the S phase [28]. The authors concluded
that the frequent downregulation of ARNTL2 is related to hep-
atocellular carcinoma (HCC).

Okano et al. [23] cloned cDNAs encoding mouse and rat
Bmal2 (mBmal2 and rBmal2) from mouse midbrain and rat-1
fibroblast cells, respectively. Their phylogenetic analysis sug-
gested that vertebrate Bmal1 and Bmal2 genes were gener-
ated by a single gene duplication of an ancestral Bmal gene, a
vertebrate ortholog of dCyc gene. The authors described that
BMAL2 proteins have diverged about 20-fold more rapidly
than BMAL1 proteins after the duplication, suggesting an
as-yet-unidentified function conserved in BMAL1 but not in
BMAL2. mBmal2 mRNA was constitutively expressed through-
out the day under light–dark cycle in the mouse hypothala-
mus containing suprachiasmatic nucleus. Sasaki et al. [29] used
murine NIH3T3 cells and showed that, like in humans, [25]
the BMAL2-CLOCK activity was inhibited by PER2 point-
ing to a negative and positive role of BMAL2 in circadian
transcription.

Arntl2 is considered as a paralog to Arntl, and both are
homologs of the Drosophila gene Cycle. Further homologs were
isolated in several other species such as fish [30] and birds
[23,31,32]. Large-scale sequencing projects identified Arntl2
homologs in lizards (Anolis carolinensis) and the tropical clawed
frog (Xenopus tropicalis).

ARNTL2 Expression and Disease
Genetic drifts in ARNTL2 polymorphisms have been described
in the human population leading to variation in the circadian

rhythm regulation [33]. The murine ARNTL2 can rescue
many ARNTL1 functions in the suprachiasmatic nucleus
[34], but also essential functions of ARNTL1 in controlling
obesity and type 2 diabetes [35]. The ARNTL2 gene has been
associated with a number of human diseases. ARNTL2 is a
candidate for many human brain disorders including anxiety
disorders [36], Parkinson disease [37], alcohol use disorders
[38] and bipolar disorder [39]. The gene has been described
as a candidate in cancer, for example kidney cancer [40],
colorectal cancer [41] and HCC [28]. Finally, ARNTL2 has also
been described as being related to rheumatoid arthritis [42].
The study showed that throughout the ex vivo experiments
ARNTL2 and NPAS2 were the most affected clock genes in
human immune-inflammatory conditions and that the molec-
ular machinery controlling the circadian rhythm is disturbed
in rheumatoid arthritis patients.

Arntl2 is a Candidate Gene for Type 1 Diabetes
The Arntl2 gene has been discovered as a candidate gene for
type 1 diabetes within the Idd6 locus of the non-obese dia-
betic (NOD) mouse [43]. The gene is downregulated in NOD
mice compared to that of other non-diabetic mouse strains,
and numerous polymorphisms between these strains have been
discovered [44]. Further functional studies confirmed the can-
didate gene and showed that ARNTL2 controls proliferation of
peripheral CD4(+) T cells and diabetes development [45,46]. It
has also been shown that ARNTL2 binds to the promoter of the
interleukin-21 (Il-21) gene, which itself controls the prolifera-
tion of immune cells [47]. Il-21 is located in the type 1 diabetes
locus Idd3 [48]. The interaction is absent in the NOD mouse but
present in non-diabetic mouse strains (C57BL/6, C3H/HeJ).
This leads to an upregulation of Il-21 in the NOD mouse.
ARNTL2 appears to control Il-21 expression without interac-
tion with other circadian factors such as CLOCK or BMAL1
(Figure 1) [49]. These data point to a novel mechanism control-
ling type 1 diabetes development independent of other known
regulatory pathways. Interestingly, IL-21 has also been associ-
ated to human type 1 diabetes [50], and recent findings con-
firmed that IL-21 producing cells [51] are increased in type 1
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Figure 1. Current model for the Il-21 regulation by ARNTL2. ARNTL2
expressed from C3H alleles can bind to the Il-21 promoter and inhibits
transcription but not RNA polymerase II binding. The NOD-derived pro-
tein cannot bind, leading to high transcriptional levels of Il-21, increased
numbers of IL-21 producing cells, and finally to increased numbers of T
cells and Th17 cells.
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diabetes patients. These data provide some indications that the
ARNTL2 pathway could be conserved between the two species.

“The Arntl2 gene has been discovered as a
candidate gene for type 1 diabetes within the Idd6
locus of the non-obese diabetic (NOD) mouse.
ARNTL2 regulates interleukin-21 transcription in
CD4+ T cells. IL-21 is a cytokine involved in type 1
diabetes development.”

Conflict of Interest
The authors declare no conflicts of interest.

Acknowledgements
The authors acknowledge financial support of their work by
Laboratoire d’Excellence Revive (Investissement d’Avenir;
ANR-10-LABX-73), EFSD/JDRF/Novo Nordisk Programme,
CORDDIM and by recurrent funding from the CNRS,
INSERM and Institut Pasteur.

References
1. Feng D, Lazar MA. Clocks, metabolism, and the epigenome. Mol Cell 2012; 47:

158–167.

2. Gale JE, Cox HI, Qian J, Block GD, Colwell CS, Matveyenko AV. Disruption of
circadian rhythms accelerates development of diabetes through pancreatic
beta-cell loss and dysfunction. J Biol Rhythms 2011; 26: 423–433.

3. Bouatia-Naji N, Bonnefond A, Cavalcanti-Proenca C et al. A variant near
MTNR1B is associated with increased fasting plasma glucose levels and type
2 diabetes risk. Nat Genet 2009; 41: 89–94.

4. Ko CH, Takahashi JS. Molecular components of the mammalian circadian clock.
Hum Mol Genet 2006; 15: R271–R277.

5. Woon PY, Kaisaki PJ, Braganca J et al. Aryl hydrocarbon receptor nuclear
translocator-like (BMAL1) is associated with susceptibility to hypertension and
type 2 diabetes. Proc Natl Acad Sci U S A 2007; 104: 14412–14417.

6. Marcheva B, Ramsey KM, Buhr ED et al. Disruption of the clock components
CLOCK and BMAL1 leads to hypoinsulinaemia and diabetes. Nature 2010; 466:
627–631.

7. Pappa KI, Gazouli M, Anastasiou E, Iliodromiti Z, Antsaklis A, Anagnou NP. The
major circadian pacemaker ARNT-like protein-1 (BMAL1) is associated with
susceptibility to gestational diabetes mellitus. Diabetes Res Clin Pract 2013; 99:
151–157.

8. Narasimamurthy R, Hatori M, Nayak SK, Liu F, Panda S, Verma IM. Circadian clock
protein cryptochrome regulates the expression of proinflammatory cytokines.
Proc Natl Acad Sci U S A 2012; 109: 12662–12667.

9. Karthikeyan R, Marimuthu G, Sooriyakumar M et al. Per3 length polymorphism
in patients with type 2 diabetes mellitus. Horm Mol Biol Clin Investig 2014; 18:
145–149.

10. Kerkvliet NI, Steppan LB, Vorachek W et al. Activation of aryl hydrocarbon
receptor by TCDD prevents diabetes in NOD mice and increases Foxp3+ T cells
in pancreatic lymph nodes. Immunotherapy 2009; 1: 539–547.

11. Gunton JE, Kulkarni RN, Yim S et al. Loss of ARNT/HIF1beta mediates altered
gene expression and pancreatic-islet dysfunction in human type 2 diabetes.
Cell 2005; 122: 337–349.

12. Quintana FJ, Basso AS, Iglesias AH et al. Control of T(reg) and T(H)17 cell
differentiation by the aryl hydrocarbon receptor. Nature 2008; 453: 65–71.

13. Veldhoen M, Hirota K, Westendorf AM et al. The aryl hydrocarbon receptor links
TH17-cell-mediated autoimmunity to environmental toxins. Nature 2008; 453:
106–109.

14. Das SK, Sharma NK, Chu WS, Wang H, Elbein SC. Aryl hydrocarbon receptor
nuclear translocator (ARNT) gene as a positional and functional candidate
for type 2 diabetes and prediabetic intermediate traits: Mutation detection,
case–control studies, and gene expression analysis. BMC Med Genet 2008;
9: 16.

15. Curtis AM, Bellet MM, Sassone-Corsi P, O’Neill LA. Circadian clock proteins and
immunity. Immunity 2014; 40: 178–186.

16. Kirk H. Mitotic activity and cell degeneration in the mouse thymus over a period
of 24 hrs. Z Zellforsch Mikrosk Anat 1972; 129: 188–195.

17. Alvarez JD, Sehgal A. The thymus is similar to the testis in its pattern of circadian
clock gene expression. J Biol Rhythms 2005; 20: 111–121.

18. Yu X, Rollins D, Ruhn KA et al. TH17 cell differentiation is regulated by the
circadian clock. Science 2013; 342: 727–730.

19. Nguyen KD, Fentress SJ, Qiu Y, Yun K, Cox JS, Chawla A. Circadian gene Bmal1
regulates diurnal oscillations of Ly6C(hi) inflammatory monocytes. Science
2013; 341: 1483–1488.

20. Gibbs JE, Ray DW. The role of the circadian clock in rheumatoid arthritis.
Arthritis Res Ther 2013; 15: 205.

21. Hogenesch JB, Gu YZ, Moran SM et al. The basic helix-loop-helix-PAS protein
MOP9 is a brain-specific heterodimeric partner of circadian and hypoxia factors.
J Neurosci 2000; 20: RC83.

22. Maemura K, de la Monte SM, Chin MT et al. CLIF, a novel cycle-like factor,
regulates the circadian oscillation of plasminogen activator inhibitor-1 gene
expression. J Biol Chem 2000; 275: 36847–36851.

23. Okano T, Sasaki M, Fukada Y. Cloning of mouse BMAL2 and its daily expression
profile in the suprachiasmatic nucleus: a remarkable acceleration of Bmal2
sequence divergence after Bmal gene duplication. Neurosci Lett 2001; 300:
111–114.

24. Ikeda M, Yu W, Hirai M et al. cDNA cloning of a novel bHLH-PAS transcription
factor superfamily gene, BMAL2: its mRNA expression, subcellular distribution,
and chromosomal localization. Biochem Biophys Res Commun 2000; 275:
493–502.

25. Schoenhard JA, Smith LH, Painter CA, Eren M, Johnson CH, Vaughan DE.
Regulation of the PAI-1 promoter by circadian clock components: differential
activation by BMAL1 and BMAL2. J Mol Cell Cardiol 2003; 35: 473–481.

26. Takeda N, Maemura K, Horie S et al. Thrombomodulin is a clock-controlled gene
in vascular endothelial cells. J Biol Chem 2007; 282: 32561–32567.

27. Schoenhard JA, Eren M, Johnson CH, Vaughan DE. Alternative splicing yields
novel BMAL2 variants: tissue distribution and functional characterization. Am
J Physiol Cell Physiol 2002; 283: C103–C114.

28. Yeh CT, Lu SC, Tseng IC et al. Antisense overexpression of BMAL2 enhances cell
proliferation. Oncogene 2003; 22: 5306–5314.

29. Sasaki M, Yoshitane H, Du NH, Okano T, Fukada Y. Preferential inhibition of
BMAL2-CLOCK activity by PER2 reemphasizes its negative role and a posi-
tive role of BMAL2 in the circadian transcription. J Biol Chem 2009; 284:
25149–25159.

30. Cermakian N, Whitmore D, Foulkes NS, Sassone-Corsi P. Asynchronous oscil-
lations of two zebrafish CLOCK partners reveal differential clock control and
function. Proc Natl Acad Sci U S A 2000; 97: 4339–4344.

31. Lazado CC, Kumaratunga HP, Nagasawa K, Babiak I, Caipang CM, Fernandes JM.
In vitro and ex vivo models indicate that the molecular clock in fast skeletal
muscle of Atlantic cod is not autonomous. Mol Biol Rep 2014; 41: 6679–6689.

32. Lazado CC, Kumaratunga HP, Nagasawa K, Babiak I, Giannetto A, Fernandes JM.
Daily rhythmicity of clock gene transcripts in atlantic cod fast skeletal muscle.
PLoS One 2014; 9: e99172.

Volume 17 Suppl. 1 September 2015 doi:10.1111/dom.12525 137



review article DIABETES, OBESITY AND METABOLISM

33. Ciarleglio CM, Ryckman KK, Servick SV et al. Genetic differences in human
circadian clock genes among worldwide populations. J Biol Rhythms 2008; 23:
330–340.

34. Shi SQ, Ansari TS, McGuinness OP, Wasserman DH, Johnson CH. Circa-
dian disruption leads to insulin resistance and obesity. Curr Biol 2013; 23:
372–381.

35. Shi S, Hida A, McGuinness OP, Wasserman DH, Yamazaki S, Johnson CH.
Circadian clock gene Bmal1 is not essential; functional replacement with its
paralog, Bmal2. Curr Biol 2010; 20: 316–321.

36. Partonen T. Clock gene variants in mood and anxiety disorders. J Neural Transm
2012; 119: 1133–1145.

37. Ding H, Liu S, Yuan Y, Lin Q, Chan P, Cai Y. Decreased expression of Bmal2 in
patients with Parkinson’s disease. Neurosci Lett 2011; 499: 186–188.

38. Kovanen L, Saarikoski ST, Haukka J et al. Circadian clock gene polymorphisms
in alcohol use disorders and alcohol consumption. Alcohol Alcohol 2010; 45:
303–311.

39. Shi J, Wittke-Thompson JK, Badner JA et al. Clock genes may influence bipolar
disorder susceptibility and dysfunctional circadian rhythm. Am J Med Genet B
Neuropsychiatr Genet 2008; 147B: 1047–1055.

40. Mazzoccoli G, Piepoli A, Carella M et al. Altered expression of the clock gene
machinery in kidney cancer patients. Biomed Pharmacother 2012; 66: 175–179.

41. Mazzoccoli G, Pazienza V, Panza A et al. ARNTL2 and SERPINE1: potential
biomarkers for tumor aggressiveness in colorectal cancer. J Cancer Res Clin
Oncol 2012; 138: 501–511.

42. Kouri VP, Olkkonen J, Kaivosoja E et al. Circadian timekeeping is disturbed in
rheumatoid arthritis at molecular level. PLoS One 2013; 8: e54049.

43. Hung MS, Avner P, Rogner UC. Identification of the transcription factor ARNTL2
as a candidate gene for the type 1 diabetes locus Idd6. Hum Mol Genet 2006;
15: 2732–2742.

44. Steward CA, Gonzalez JM, Trevanion S et al. The non-obese diabetic mouse
sequence, annotation and variation resource: an aid for investigating type 1
diabetes. Database (Oxford) 2013; 2013: bat032.

45. He CX, Avner P, Boitard C, Rogner UC. Downregulation of the circadian rhythm
related gene Arntl2 suppresses diabetes protection in Idd6 NOD.C3H congenic
mice. Clin Exp Pharmacol Physiol 2010; 37: 1154–1158.

46. He CX, Prevot N, Boitard C, Avner P, Rogner UC. Inhibition of type 1 diabetes by
upregulation of the circadian rhythm-related aryl hydrocarbon receptor nuclear
translocator-like 2. Immunogenetics 2010; 62: 585–592.

47. Spolski R, Kashyap M, Robinson C, Yu Z, Leonard WJ. IL-21 signaling is critical
for the development of type I diabetes in the NOD mouse. Proc Natl Acad Sci
U S A 2008; 105: 14028–14033.

48. McGuire HM, Vogelzang A, Hill N, Flodstrom-Tullberg M, Sprent J, King C. Loss
of parity between IL-2 and IL-21 in the NOD Idd3 locus. Proc Natl Acad Sci U S A
2009; 106: 19438–19443.

49. Lebailly B, He C, Rogner UC. Linking the circadian rhythm gene Arntl2 to
interleukin 21 expression in type 1 diabetes. Diabetes 2014; 63: 2148–2157.

50. Asano K, Ikegami H, Fujisawa T et al. The gene for human IL-21 and genetic
susceptibility to type 1 diabetes in the Japanese. Ann N Y Acad Sci 2006; 1079:
47–50.

51. Ferreira RC, Simons HZ, Thompson WS et al. IL-21 production by CD4(+)
effector T cells and frequency of circulating follicular helper T cells are increased
in type 1 diabetes patients. Diabetologia 2015; 58: 781–790.

138 Lebailly et al. Volume 17 Suppl. 1 September 2015


