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REV-ERB in GABAergic neurons controls
diurnal hepaticinsulin sensitivity

https://doi.org/10.1038/s41586-021-03358-w
Received: 17 June 2020

Accepted: 12 February 2021

Published online: 24 March 2021

Guolian Ding"?3", Xin Li®'°, Xinguo Hou
Yanlin He®’, Jia Song?, Jing Wang*, Paul Basil®, Wenbo Li?, Sichong Qian®, Pradip Saha®2,
Jinbang Wang*, Chen Cui*, Tingting Yang®?, Kexin Zou'?, Younghun Han®,

Christopher I. Amos®, Yong Xu®%, Li Chen*™ & Zheng Sun®2™

41°, Wenjun Zhou®'°, Yingyun Gong>®, Fuqiang Liu®,

M Check for updates

Systemic insulin sensitivity shows a diurnal rhythm with a peak upon waking* The

molecular mechanism that underlies this temporal patternis unclear. Here we show
that the nuclear receptors REV-ERB-a and REV-ERB-f3 (referred to here as ‘REV-ERB’) in
the GABAergic (y-aminobutyric acid-producing) neurons in the suprachiasmatic
nucleus (SCN) (SCN“*BA neurons) control the diurnal rhythm of insulin-mediated
suppression of hepatic glucose production in mice, without affecting diurnal eating
orlocomotor behaviours during regular light-dark cycles. REV-ERB regulates the
rhythmic expression of genes that are involved in neurotransmission in the SCN, and
modulates the oscillatory firing activity of SCN*®** neurons. Chemogenetic
stimulation of SCN®*®** neurons at waking leads to glucose intolerance, whereas
restoration of the temporal pattern of either SCN“*BA neuron firing or REV-ERB
expression rescues the time-dependent glucose metabolic phenotype caused by
REV-ERB depletion. Inindividuals with diabetes, anincreased level of blood glucose
after waking is a defining feature of the ‘extended dawn phenomenon™*, Patients with
type 2 diabetes with the extended dawn phenomenon exhibit a differential temporal
pattern of expression of REV-ERB genes compared to patients with type 2 diabetes
who do not have the extended dawn phenomenon. These findings provide
mechanisticinsights into how the central circadian clock regulates the diurnal rhythm
of hepaticinsulin sensitivity, with implications for our understanding of the extended
dawn phenomenonintype 2 diabetes.

REV-ERB-a and REV-ERB-f3 (also known as NR1D1and NR1D2, respec-
tively) constitute a key druggable component of the circadian clock
machinery. REV-ERB-a is the primary form and is highly enriched in
the SCN, which is mainly composed of GABAergic neurons’ (Fig. 1a).
REV-ERB-a and REV-ERB-f3 display a robust diurnal rhythm in the
SCN, with peak expression at Zeitgeber time (ZT)6-9° (Extended Data
Fig.1a). To assess the function of REV-ERB-a.and REV-ERB-f3in GABAe-
rgic neurons, we generated mice with a GABAergic-neuron-specific
knockout of REV-ERB-a and REV-ERB-f3 (hereafter, knockout mice) by
crossbreeding Nr1d1*Nr1d2"** double-floxed mice”® with Vgat-ires-cre
(vgat-cre) mice. The REV-ERB-« allele generates a truncated protein
without a DNA-binding domain® upon Cre recombination and, there-
fore, could lead to a functionally hypomorphic knockout and/or have
effects on transcription that areindependent of DNA binding. vgat-cre
mice alone, or floxed mice that were not crossbred with vgat-cremice,
served as wild-type controls. Knockout mice were born at aMendelian
ratio and did not show any developmental defects. They displayed
anormal diurnal rhythm of wheel-running activities under regular

12-h light/12-h dark (light-dark) conditions (Fig. 1b, Extended Data
Fig.1b-f). Under constant darkness, knockout mice showed a shorter
period but maintained overall rhythmicity (Extended Data Fig. 1g-j).
Knockout mice also exhibited normal diurnal patterns of food intake
(Fig. 1c, d, Supplementary Table 1), total daily food intake (Extended
DataFig. 2a) and body weight (Fig. 1e) on a chow diet in regular light-
dark conditions.

Knockout mice showed ZT-dependent abnormalities in glucose
metabolism, with a slight impairment of glucose tolerance at ZTO-2
(Fig.1f), normal glucose tolerance at ZT6-8 (Fig. 1g) and robust impair-
ment at ZT12-14 (Fig. 1h). The differential glucose intolerance pheno-
type of knockout mice between ZT6-8 and ZT12-14 was not affected
by differential fasting severities (Extended Data Fig. 2b, c) and was not
associated with different basal glucose levels (Extended Data Fig. 2d).
Knockout mice did not show an altered rhythmicity in their levels of
bloodinsulin or glucagon (Extended Data Fig. 2e, f), but had different
levels of corticosterone, glucagon-like peptide 1and growth hormone at
certain ZTs, compared to wild-type mice (Extended Data Fig. 2g-i). The

'Obstetrics and Gynecology Hospital, Institute of Reproduction and Development, Fudan University, Shanghai, China. 2Shanghai Key Laboratory of Embryo Original Diseases, Shanghai, China.
3Department of Medicine, Division of Diabetes, Endocrinology and Metabolism, Baylor College of Medicine, Houston, TX, USA. “Department of Endocrinology, Qilu Hospital of Shandong
University, Jinan, China. *Department of Endocrinology and Metabolism, The First Affiliated Hospital of Nanjing Medical University, Nanjing, China. ®USDA/ARS Children’s Nutrition Research
Center, Department of Pediatrics, Baylor College of Medicine, Houston, TX, USA. "Laboratory of Brain Glycemia and Metabolism Control, Pennington Biomedical Research Center, Baton Rouge,
LA, USA. ®Department of Molecular and Cellular Biology, Baylor College of Medicine, Houston, TX, USA. °Department of Medicine, Section of Epidemiology and Population Sciences, Baylor
College of Medicine, Houston, TX, USA. °These authors contributed equally: Guolian Ding, Xin Li, Xinguo Hou, Wenjun Zhou. ®e-mail: chenli3@medmail.com.cn; zheng.sun@bcm.edu

Nature | Vol 592 | 29 April 2021 | 763


https://doi.org/10.1038/s41586-021-03358-w
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-021-03358-w&domain=pdf
mailto:chenli3@medmail.com.cn
mailto:zheng.sun@bcm.edu

Article

REV-ERB-a.

b

e

Fig.1|REV-ERBin GABAergic neuronsregulates
rhythmichepaticinsulinsensitivity.a, RNAscope
analysis of REV-ERB-a gene expressionin
3-month-old mice at ZT6-9.Scale bars, 500 pm.
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ZT-dependent glucose-tolerance phenotype in knockout mice was not
caused by the vgat-cremouse line (Extended Data Fig. 2j, k). Knockout
mice showed a normal increase of blood insulin levels after a glucose
injection at ZT12-14 (Fig. 1i), suggesting impaired insulin sensitivity.

Insulin clamp revealed anotable reductionin the glucose infusionrate
inknockout mice compared towild-type mice at ZT12-14 and to alesser
degreeatZT0-2,butnotat ZT6-8 (Fig.1j, Extended DataFig. 21-0), pro-
viding evidence of ZT-dependent insulin resistance in knockout mice.
The low glucose infusion rate in knockout mice at ZT12-14 was mainly
drivenby a highrate of hepatic glucose production (Fig.1k), and not by
alow glucose disposal rate (Fig. 11). By contrast, the low glucose infu-
sionratein knockout mice at ZTO-2 was caused by both a high hepatic
glucose production rate and a low glucose disposal rate, which prob-
ably accounts for the different shapes of blood glucose curves during
glucose-tolerance tests (GTTs) at ZTO-2 versus ZT12-14 in knockout
mice. Notably, wild-type mice showed diurnal rhythms in systemic
insulin sensitivity (Fig. 1j), hepatic sensitivity to insulin-mediated sup-
pression of glucose production (Fig. 1k) and basal hepatic glucose
production (Fig. 1m). All three rhythms peaked at waking (ZT12-14).
The insulin sensitivity rhythm—but not the basal glucose production
rhythm—was disrupted in knockout mice. These data show that neural
REV-ERB hasan essential role in regulating the hepaticinsulin sensitivity
rhythm, independent of eating behaviours or basal glucose production.

In line with the glucose phenotype that was observed on a normal
chow diet, knockout mice on a high-fat diet (HFD) displayed increased
glucose intolerance and dampened responses to insulin at ZT12-14
(Extended Data Fig.3a-e). Knockout mice also showed amore marked
increase in blood glucose levels than wild-type mice ina mouse model
of diabetes induced by the combination of HFD and streptozotocin
(Extended Data Fig. 3f-i).

REV-ERB regulates the firing of SCN°*® neurons

Quantitative PCR with reverse transcription (RT-qPCR) analyses at
ZT6—atime point corresponding to the peak level of REV-ERB expres-
sion—revealed that the most prominent differences in the expres-
sion of clock genes Bmall (also known as Arntl) and Npas2 between
knockout and wild-type mice occurred in the SCN, as compared to the
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liver and other brain regions (Extended Data Fig. 4 a-i). Whole-cell
patch-clamp recordings showed that the firing activity of SCN®BA
neurons in knockout mice was higher than that in wild-type mice at
ZT12-14 and was also slightly increased at ZTO-2, but there was no
difference between knockout and wild-type mice at ZT6-8 (Fig. 2a, b,
Extended DataFig.5a). The temporal pattern of differencesinthefiring
activity of SCN®*®* neurons between knockout and wild-type mice aligns
wellwith the glucose phenotype (Fig.1). The high firing activity at ZT12-
14 inknockout versus wild-type mice was mainly associated with a higher
amplitude of miniature excitatory postsynaptic currents (mEPSCs), with
less change in the frequency of mEPSCs (Fig. 2c, d, Extended Data Fig. 5b)
orinthe frequency or amplitude of miniature inhibitory postsynaptic
currents (mIPSCs) between knockout and wild-type mice (Fig. 2e, f,
Extended DataFig. 5c). These data suggest that a change in postsynaptic
excitatory neurotransmission is a potential mechanism for the differ-
ence in SCN®® firing activity between knockout and wild-type mice,
although other mechanisms cannot be excluded.

RNA sequencing (RNA-seq) identified differentially expressed genes
(knockout versus wild type) in the SCN at ZT12-14 (Fig. 2g). These
differentially expressed genes were enriched for genes that encode
cell-surface proteins related to neurotransmission (Fig. 2g). For exam-
ple, Rgsi6 (regulator of G-protein signalling 16) is required for circa-
dian production of cyclic AMP in the SCN®. Notably, 13 out of the top
30 upregulated genes belongto the Takusan gene family. Members of
this poorly annotated gene family encode proteins that are known to
increase the amplitude of mEPSCs'™. Rgs16 and several other genes of
the Takusan family are known to have oscillatory patterns of expres-
sion®" with a peak at ZTO-6 (Extended Data Fig. 5d, ), immediately
preceding the peak expression of REV-ERB at ZT6-9 (Extended Data
Fig. 5f, g). RT-qPCR confirmed the disrupted rhythmicity of expression
of Rgs16 and the Takusan gene a7-Takusan (GmI10406) in knockout
versus wild-type mice (Fig. 2h-k, Extended DataFig. Sh-k, Supplemen-
tary Table 2). REV-ERB can suppressits own transcription’?, leading to
artificially upregulated REV-ERB gene expressionin the knockout mice
when the primers do not spanthe floxed exons (Extended Data Fig. 5h, i).
In situ hybridization confirmed that the rhythmicity of Rgs16 and the
Takusan gene Gm3500 in the SCN was disrupted in knockout mice
(Extended Data Fig. 51-0). Chromatin immunoprecipitation revealed



a Owr [Jxo P ¢ CJwr  [Jko 9
c
* SE
e s _ 80 -1
N £ < ° og‘
9 2 - ®» = 2 60 o ° =€
s RIS  F Q9 o u 8]
® 64 % & % € &g 404 @ [ o B L[ )
s o e [5 2 2 ° 4 £
2, J HE 8 £ S 20 o %5
i 2 | e | = S a8
ol . ] | o 0 : : 83
0-2 6-8  12-14 0-2 6-8 12-14 &2
ZT (h) ZT (h) 72
T® Sfip5
d 15, OWr ko € [Jwr [JKo f o Owr ko & i
: N Gm3500
= .z .. = | — LOC100861615
0T 124 ¢ ¢ . o 2100 o Lol o . Gm3488
oh I 2 ¢ 0% o g o . . > Gm3383
@2 s ok &3 3 g2 : H Gm10406
45 o B e g E] T2 o [ Joo] | £5 M AR s E
£3 06 o | o| €S 50 | |ee ES 14 |e > 8 Gm5795
g E o Pl P 2 g |l SR [ c Gm3264
£ L ls s, =Lk g gmggga
™ T T T T ™ T T m. 7
0-2 6-8 12-14 0-2 6-8 0-2 6-8  12-14 E 4930555G01Rik
ZT (h) ZT (h) ZT (h) Gm3636
h R R Gg1o4gg
m57¢
J Gm10406 Chordc1
o Hsph1
5 10 £< gortgts);
< < < o najl
% § 4 % 8 g§ Micall2
o
3 E 3 E 6 = Emiz[ T1]
° 5 b Finb
2 Z 2 Z 4 £ Pla2g4e
kS Sl 3 2 3 o
2 it
o o 0 o 0 % Prp2
s Dgke
Fold change == —
-1 0 1

Fig.2|REV-ERB regulates the diurnal rhythm of activity of SCNCABA
neurons. a, b, Spontaneousfiring frequency (a) and resting membrane (RM)
potential (b) of SCN®*®* neurons in 4-month-old mice (n=12-17 neurons).
¢,d, Amplitude (c) and frequency (d) of mEPSCs in SCN*®A neurons in
4-month-old mice (n=10-15neurons). e, f, Amplitude (e) and frequency (f) of
mIPSCsin SCN®** neuronsin4-month-old mice (n=110or12 neurons).

g, Differentially expressed genes (DEGs) inknockout versus wild-type mice
identified by RNA-seq of the SCN of 4-month-old mice at ZT12-14.

that REV-ERB-a binds near to these genes in a temporal pattern that is
consistent with the levels of REV-ERB-ain the hypothalamus (Extended
DataFig.5p, q). These datasuggest that therisein REV-ERB levelslatein
the day accounts for the repression of Rgs16 and Takusan gene expres-
sionintheearly stages of the night, althoughindirect regulatory mech-
anisms cannot be excluded. Overexpression of Rgs16 or a7-Takusan
(Gm10406) in SCN**® neurons reduced glucose tolerance and impaired
glucose responsestoinsulinat ZT12-14, buttoalesser degreeatZT6-8
(Extended DataFig. 6a-f). The expression level and the temporal pattern
ofthe exogenous Rgs16 or Takusan genes need to be further fine-tuned
tofully address whether they are the de facto cause of the glucose phe-
notype. These results nonethelessindicate that Rgs16 and/or members
of the Takusan family have arole in glucose metabolism.

SCN“**A firing regulates glucose metabolism

We next investigated how the firing activity of SCN®®A neurons per se
regulates glucose metabolism. The engineered G-protein-coupled
receptor hM3Dq can activate neurons in response to clozapine-N-oxide
(CNO). CNO injection in mice expressing hM3Dq at the SCN®®* neu-
rons caused glucose intolerance at ZT12-14 (Fig. 3a, b, Extended Data
Fig.7a, b). The effect was not observed at ZT12-14 in the absence of
CNO (Fig.3c), or at ZT6-8 in the presence of CNO when the baseline
firing activity was already high (Fig. 3d). These results suggest that
hyperactivity of SCN*®* neuronsis sufficient to cause glucose intoler-
ance at waking.

Conversely, chemogenetic suppression of SC neurons with
hM4Diblunted the difference between knockout and wild-type mice
at ZT12-14 in glucose tolerance and pyruvate tolerance (Fig. 3e-h,
Extended DataFig. 7c, d). Knockout mice did not differ from wild-type
micein GTTs at ZT6-8, regardless of CNO (Extended Data Fig. 7e, f).
These results suggest that hyperactivity of SCN“*®* neurons at ZT12-14
isrequired for glucose intolerance and for increased hepatic glucose
production in knockout mice. Therefore, the decrease in SCN*BA

NGABA

LOC100861615is also knownas Gm3411.Fold change referstolog,-transformed
fold change in gene expressionin knockout versus wild-type mice. h-k, RT-
qPCR analysis of the mRNA levels of Nrid1 (REV-ERB-«) (h), Nrid2 (REV-ERB-f)
(i), Rgs16 (j) and Gm10406 (a7-Takusan) (k) in the SCN of 4-month-old mice
(n=6mice). Primers for Nrldl and Nrld2 span the floxed exons. Dataare

mean s.e.m.*P<0.05by two-way ANOVA or two-sided t-test. Statistical details
areinSupplementary Table1.

neuron firing activity in wild-type mice at waking promotes glucose
tolerance, probably in anticipation of upcoming feeding behaviours.

REV-ERB rhythmicity regulates metabolism

To address whether the glucose phenotype of knockout miceis due to
developmental disruption or clock-independent functions of REV-ERB,
we performedinducible re-expression of REV-ERB-a (iREV-ERB) in adult
mice specifically in SCN®®A neurons (Fig. 3i, Extended Data Fig. 8a, b).
Injection of doxycyclineled to robust re-expression of REV-ERB-a after
9 h, followed by a substantial decline after 21 h (Fig. 3j). By timing the
injection of doxycycline, we were able to control the oscillatory pat-
tern of exogenous REV-ERB to be either in-phase or anti-phase with the
endogenous REV-ERB. The in-phase re-expressionimproved glucose tol-
eranceinknockout mice at ZT12-14 (Fig. 3k), but had no significant effect
at ZT6-8 (Extended Data Fig. 8c). Injection of doxycycline 24 h before
GTTsat ZT12-14 (Fig. 31) or 12 h before GTTs at ZT6-8 (Extended Data
Fig.8d) had no effect onglucose tolerance. Re-expression of REV-ERB-a
alsosuppressed the expression of Rgs16 and Gm10406 (a7-Takusan) in
the SCN at ZT12-14 (Extended Data Fig. 8e). Collectively, these results
demonstrate that the oscillatory temporal pattern of REV-ERB expres-
sion in SCN®*® neurons is critical for systemic glucose metabolism.

Circadian clock and the extended dawn phenomenon

The glucose intolerance observed in knockout mice at waking resem-
bles the ‘dawn phenomenon’—an increase in the levels of blood
glucose in the early morning, which affects about 50% of patients with
diabetes®. The dawn phenomenon has mostly beenstudied in type 1dia-
betes, and was attributed to waning levels of exogenous insulin at night
in patients withtype 1diabetes™™. The altered sensitivity to insulinin our
mouse model suggests that disruption of the circadian clock might be
particularly related to the dawn phenomenonintype2 diabetes. A promi-
nent feature of the dawn phenomenon is persistent hyperglycaemia
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ZT12-14 (saline)

Fig.3|The rhythmicity of SCN®*®* neural activity and REV-ERB expression
regulates rhythmic glucose metabolism. a, Expression of hM3Dq in SCNB4
neurons after bilateral stereotaxicinjection of adeno-associated virus (AAV)
expressing hM3Dq (Methods). Blue, DAPI; red, mCherry. Scale bar, 100 pm.
b-d, GTTsin control (mCherry)-and hM3Dq-injected 3-4-month-old wild-type
miceatZT12-14 treated with CNO (b), ZT12-14 treated with saline (c) or ZT6-8
treated with CNO (d) (n=11mice). e, f, GTTs in 3-4-month-old wild-type (n=12)
and knockout (n=14) mice that were bilaterally injected with AAV expressing
hM4Diatthe SCN and treated with saline (e) or CNO (f). g, h, Pyruvate-tolerance

after breakfast, whichis known as the ‘extended dawn phenomenon™*,
Knockout mice exhibited glucose intolerance in the absence of fast-
ing hyperglycaemia, which suggests that circadian disruption con-
tributes to the extended dawn phenomenon. To address whether the
extended dawn phenomenon in type 2 diabetes is associated with the
disrupted circadian clock, we used continuous glucose monitoring
(CGM) (Extended DataFig. 9) to study hospitalized patients with type 2
diabetes whose blood glucose levels were already under control through
afixed medication regimen. Patients with the Somogyi phenomenon or
who hadirregular patterns of sleep or meals before hospitalization were
excluded (Supplementary Table 3). The dawn phenomenon was defined
by the absolute increment from the lowest level of glucose during the
nightto the values before or after breakfast (Fig. 4a, b, Methods). There
were no differences in age, body mass index, medication use or times
of meals or sleeping during hospitalization between patients with and
without the dawn phenomenon (Supplementary Tables 4-6), and no

ZT12-14 (CNO) ZT6-8 (CNO) e ZT12-14 (saline) f ZT12-14 (CNO)
* 500 £ 500 * £ 500 ~ WT + hM4Di
. T 400 T 400 T 400 —=- KO + hM4Di
o o o
£300 £ 300 £ 300
g 200 8 200 & 200
1004~ WT + mCherry 1004— WT + mCherry S 1004 ™ WT + mCherry S 1004 = WT + hM4Di S 100
WT + hM3Dg ~= WT + hM3Dg 5} ~- WT + hM3Dg 15} o= KO + hiaDi 5}
30 60 90 120 0 30 60 90 120 30 60 90 120 0 30 60 90 120 0 30 60 90 120
Time (min) Time (min) Time (min) Time (min) Time (min)
i R
ZT12-14 (saline) LoxPs LoxPs 9h k 1
—14 (saline) ZT12-14 (CNO)
300 ; » ‘ after 600 ZT1 2-14 (dox ZT0) 00, ZT12-14(dox ZT12)
5 G Dox T =
2 200 ( re & 400 & 400
£ > 4 g : g
1% Q Q
8100 , 100¥ o ; 2 200 2 200
a - K‘g::kﬂ"ﬁg: - \Ii\g::m:g: Dox . \4 / 21h § = KO + control § ~*= KO + control
I A . . , | A . i X after & ol KO+IREV-ERB | & ol KO+IREV-ERB .
0 30 60 9 120 0 30 60 90 120 @ REV-ERB-Flag | Dox 0 30 60 9 120 0 30 60 90 120
Time (min) Time (min)

Time (min) Time (min)

tests (PTTs) in hM4Di-injected 4-month-old wild-type (n = 6) and knockout
(n=7) micetreated withsaline (g) or CNO (h).i, AAV vectors forinducible
re-expression of REV-ERB-a. j, Immunostaining for Flag-tagged REV-ERB-a 9 h
and 21hafterinjection of doxycycline (Dox). Blue, DAPI; red, Flag. Scalebars,
200 pm.k, GTTin3-month-old mice at ZT12-14,12 h after injection of
doxycyclineatZTO (n=9 mice).l, GTTin3.5-month-old mice at ZT12-14,24 h
afterinjection of doxycyclineat ZT12 (n=9 mice). Dataare mean*s.e.m.
*P<0.05by two-way ANOVA or two-sided t-test. Statistical details are in
Supplementary Table1.

differences in the circulating levels of cortisol, insulin and melatonin
(Fig.4c-e). Patients with the dawn phenomenon exhibited a significant
increaseinthelevels of growth hormonein the early morning (Fig. 4f).
There was no difference in sleep duration, breathing, blood oxygen
or heart rate, except that patients with the dawn phenomenon woke
up less during sleep and had less-severe central sleep apnoea (Sup-
plementary Table 5). The temporal pattern of expression of circadian
clockgenesintheblood andin other peripheral tissues correlates well
with biomarkers of the central clock and responds rapidly to entrain-
ing signals in humans®™'. Therefore, we inferred the molecular clock
functionality through an RT-qPCR analysis of peripheral blood mono-
nuclear cells (PBMCs). The mRNA levels of NR1D1and NR1ID2 (encoding
REV-ERB-a and REV-ERB-J3, respectively) were significantly different
between patients with and without the dawn phenomenon (Fig. 4g, h).
BMAL1 (alsoknownas ARNTL) also showed atrend towards significance,
whereas PER2 and PER3 showed no difference between patients with

Fig.4|Thedawn phenomenonis associated with altered expression of
REV-ERB. a,b, CGM data from patients with type 2 diabetes over a24-h period
(a) and at different times before and after breakfast (b) (n =16 patients without
the dawn phenomenon (DP-); n=11patients with the dawn phenomenon
(DP+)). c-f, Oscillation of the levels of cortisol (c), insulin (d), melatonin (e) and
growth hormone (f) in patients with type 2 diabetes (n=16 DP—; n=11DP+).
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g-1, RT-qPCR analysis of the mRNA levels of NR1DI (g), NR1ID2 (h), PER2 (i), PER3
(j), CLOCK (k) and BMAL1 (1) in PBMCs collected at the indicated times. Data
were normalized to the average value of all time points for each patient
(n=12DP-;n=10DP+).Dataare mean *s.e.m.*P<0.05by two-way
repeated-measures ANOVA with Holm-Sidak’s test. Statistical detailsarein
Supplementary Table1.



and without the dawn phenomenon (Fig. 4i-1). These data suggest that
disruption of themolecular clockis associated with the extended dawn
phenomenonintype 2 diabetes.

Discussion

Our work suggests that the increase of REV-ERB in SCN®*®* neurons in
thelatesleep cycle contributes toareductionin the firing rate of SCN¢*#
neurons uponwaking, whichincreases insulin sensitivity by enhancing
theinsulin-mediated suppression of hepatic glucose production. This
modelis supported by severallines of evidence: (1) depletion of REV-ERB
inGABAergic neurons causes glucoseintolerance, particularly at waking;
(2) depletion of REV-ERB disrupts the diurnal rhythm of SCN®®A neuron
firing and insulin sensitivity, and affects hepatic glucose production but
notblood glucose disposal; (3) chemogenetic manipulation of SCNABA
neuron firing canmimic or rescue the glucose intolerance that is caused
by REV-ERB depletion; and (4) inducible re-expression of REV-ERB in
knockout mice—only at the correct phase—rescues glucoseintolerance
at waking. This diurnal regulation of insulin sensitivity isindependent
of eating or locomotor behaviours. In line with our findings, systemic
insulin sensitivity, particularly insulin-mediated suppression of hepatic
glucose production, was shown to peak at waking'2 Surgical lesion of
the SCN or pharmacological silencing of SCN neural activity caneither
improve glucose tolerance” orimpair insulin-mediated suppression of
hepatic glucose production'®”. The specificity and duration of these
manipulations, as well as the timing of the assay, may contribute to the
discrepancy. How sub-SCN populations of neurons contribute to the
glucose phenotype warrants further investigation.

There seem to be two opposing actions at play in normal chrono-
physiology. On the one hand, basal glucose production peaks around
waking?® %, to prevent hypoglycaemia during sleep and to provide
fuel for the neurocognitive and locomotor activities that ensue after
waking. Onthe other hand, hepatic sensitivity to insulin-mediated sup-
pression of glucose production also peaks at waking'?, in anticipation
of the upcoming intake of food, so as to efficiently assimilate dietary
nutrients for replenishing the energy reservoir that dwindles during
sleep. These two mechanisms, combined with oscillatoryinsulinlevels,
keep blood glucose levels stable throughout the day in healthy individu-
als. A prominent increase in hepatic glucose production in the morn-
ing is associated with type 2 diabetes*?*. Here we show that the SCN
circadian clock regulates the rhythm of hepaticinsulin sensitivity. The
association of changesin REV-ERB expression with the extended dawn
phenomenon suggests that the clock-mediated anticipatory regulation
of hepaticinsulin sensitivity may account for the uncontrolled rise of
hepatic glucose production at waking and the pathogenesis of type 2
diabetes with the extended dawn phenomenon.

Our patch-clamp datasuggest that the firing rhythmicity of SCN¢A8
neuronsis dependent on REV-ERB. REV-ERB-regulated genes—such as
Rgs16 and members of the Takusan family—have a diurnal expression
rhythmand can modulate synapticactivity®°, which might regulate the
amplitude of mEPSCs. GABA can have excitatory roles in the SCN* %
and might contribute to the higher spontaneous firing frequency in
knockout mice at higher mEPSC amplitudes, given theintra-SCN con-
nections between SCN®*®* neurons.

The extended dawn phenomenonin the patientsin our study is unlikely
to be due to the waning effects of medications because (1) blood glucose
levels were controlled with a fixed medication regimen throughout the
study; (2) oral antidiabetic drugs do not affect the dawn phenomenon*;and
(3) the extended dawn phenomenon was not associated with changes in
insulinlevels. Itisintriguing that REV-ERBwas upregulated inhuman PBMCs
in the afternoon, rather than being downregulated in the morning. One
potential explanationis that the disrupted function of REV-ERB could lead
to the upregulation of its own gene transcription owing to negative feed-
back. The opposite phases between nocturnal mice and diurnal humans
in clock outputs could be another contributing factor. It is unclear what

caused the disrupted REV-ERB rhythmicity in patients with the extended
dawn phenomenon. Insummary, our findings revealaREV-ERB-mediated,
SCN®A-dependent pathway that underlies the diurnal rhythm of hepatic
insulinsensitivity in mice, with potential applications for further studying
the extended dawn phenomenonin type 2 diabetes in humans.
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Methods

Mice

Mice with floxed alleles at the NridI and Nr1d2 (REV-ERB-a and
REV-ERB-B) loci (Nr1d1*">** and Nr1d2"*""***) were obtained from
PHENOMIN-ICS (Institut Clinique de la Souris, llIkirch-Graffenstaden;
http://www.phenomin.fr/), as previously reported”®. vgat-cre mice?
and Rosa26-tdTomato® mice were obtained from The Jackson Labora-
tory. All mice were of the C57BL/6 genetic background. Female mice
showed a more robust and reproducible phenotype during the initial
characterization of the metabolic phenotype. Therefore, we used
female mice for all experiments. The age of the mice is shown in the
figure legends. Littermate Nr1d1*"** and Nr1d2""/°*" mice were used
as the wild-type control for most studies unless otherwise indicated.
vgat-cre mice or Rosa-CAG-LSL-tdTomato-WPRE;vgat-cre (tdTomato/
vgat-cre) mice were used as wild-type controls for electrophysiology,
chemogenetics, REV-ERB re-expression rescue and RGS16 and Takusan
overexpressionstudies, asindicated in the figure legends. All ugat-cre
mice used are heterozygous for the creallele. Normal chow dietis com-
posed of 23% kcal from protein, 14.8% kcal from fat and 62.1% kcal from
carbohydrates (3002906-203, PicoLab). HFD is composed of 20% from
protein, 60% from fatand 20% kcal from carbohydrates, with a total of
5.21 kcal g energy density (D12492, Research Diet). Four mice were
housedineach cage at room temperature (21 °C) and 40% humidity in
al2h-light/12-h dark (light-dark, 07:00 light on, 19:00 light off) condi-
tion with free access to water and food for all experiments except for
the wheel-running experiment under constant darkness. Some mice
were housedinareverse light-dark schedule (07:00 light off, 19:00 light
on) for more than two weeks for convenience for the experimenters to
analyse the phenotype in the dark cycle. In this case, the experiments
were performed under dim red light to minimize the effects of the
light on the central circadian clock. Wheel running was conducted in
circadian cabinets (Actimetrics) for 10 days in light-dark conditions
followed by constant darkness for another 10 days. The actogram,
chi-square periodogram, phase angle and period length were generated
and analysed by ClockLab software (Actimetrics). The phase angle of
entrainment reflects the difference between the onset of activity and
theonset of the dark period. It was determined by performingalinear
regression of activity onset for the first eight daysin constant darkness
and extrapolating this line to the last day of the light-dark cycle®.
Mice were group-housed except temporary single housing during
the wheel-running experiment or the post-surgery recovery period.
Mice of the same age and genotypes were randomized into different
surgery groups or treatment groups. Streptozotocin was solubilized
infreshly made 0.1mmoll™”sodium citrate buffer (pH 4.5) at4 mg ml™
andintraperitoneally injected at 40 mg kg™ for 5 consecutive days. All of
the animal procedures were reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC) of Baylor College of Medicine.

Metabolic testing and insulin clamp

For GTTsand PTTs, mice were handled daily for aweek before the test
to allow them to get used to the handling to minimize stress. On the
day of the test, mice fasted for 6 hfor GTT or 8 h for PTT. Baseline blood
glucose levels were taken using a glucometer (OneTouch Ultra2) from
tail bleeding, followed immediately by intraperitoneal injection of
glucose (1.5 or 2.5 g per kg body weight) or pyruvate (2 g per kg body
weight). Blood glucose levels at 15,30, 60, 90 and 120 min after injec-
tion were monitored using the glucometer. Tests at ZT12-14 were
performed under dimred light. Seruminsulin, glucagon, corticoster-
one, glucagon-like peptide 1 (GLP-1) and growth hormone levels were
measured using the ultra-sensitive mouse insulin ELISA kit (90080,
Crystal Chem), glucagon ELISA kit (10-1281-01, Mercodia), corticoster-
one ELISAkit (ADI-900-097, Enzo Life Sciences), mouse GLP-1ELISA kit
(81508, Crystal Chem) and growth hormone ELISA kit (EZRMGH-45K,
Sigma), respectively. For insulin clamp, mice were catheterized at a

single jugular vein and were allowed to recover for a week. Human
insulin was infused at 2.5 mU kg™ min™ into unrestrained mice, and
blood glucose levels were maintained between 120-140 mg dI™ by
infusing 20% glucose at various rates. *H-glucose was used to trace
hepatic glucose production. The clamp assay lasts about two hours
fromthe start of the insulin infusion to the end. Tests at ZT12-14 were
performed under dimred light.

Virus, stereotaxic injection and chemogenetics

We integrated the flip-excision (FLEX) system® with the Tet-ON sys-
tem* to achieve inducible re-expression of REV-ERB-a specifically
in SCN“*®A neurons. AAV-TRE-Flag-REV-ERB-o and AAV-FLEX-rtTAM2
plasmids were constructed based on the pAAV-FLEX-GFP plasmid
(Addgene 28304, from E. Boyden), pMA3211 (Addgene 46879)*, and
FUW-M2rtTA (Addgene 20342)**. Adult knockout mice were co-injected
with AAV-FLEX-rtTAM2 and AAV-TRE-Flag-REV-ERB-a for inducible
REV-ERB re-expression (iREV-ERB) at the SCN bilaterally. As the control,
knockout mice were co-injected with the rtTAM2 vector and anempty
vector. For overexpressing RGS16 and a7-Takusan, the ORF clones for
Rgs16 (NM_002928.4) and Gm10406 were purchased from GenScript
and cloned into the pAAV-FLEX plasmid to generate AAV-FLEX-RGS16-
2A-GFP or AAV-FLEX-a7-Takusan-2A-GFP. The AAV vector expressing
GFPalone served as the control vector. The recombinant AAV virus was
pseudotyped with an AAV9 serotype and injected at the SCN bilater-
ally in adult mice. For chemogenetic studies, we used the designer
receptorsexclusively activated by designer drugs (DREADDs) tool with
engineered G-protein-coupled receptors to activate or silence specific
neurons inresponse to CNO*. For chemogenetic activation, we injected
AAV-hSyn-FLEX-hM3Dg-mCherry*® into the SCN of adult vgat-cre
(wild-type) mice with AAV-hSyn-FLEX-mCherry as the control. We
performed GTTs at 120 min after intraperitoneal injection of CNO. For
chemogenetic suppression, weinjected AAV-hSyn-FLEX-hM4Di* at the
SCN of adult knockout mice. vgat-cre (wild-type) miceinjected withthe
same hM4Di vector served as the control. AAV5-FLEX-hM4Di-mCherry
and AAVS5-FLEX-mCherry were obtained from B. Roth® through the
Vector Core at the University of Northern Carolina at Chapel Hill. AAV5-
FLEX-hM3Dq-mCherry was obtained from Addgene (44361-AAV-5)%.
All virus was titred at around 10" GC ml™. For stereotaxic injection,
adult mice were anaesthetized with ketamine and xylazine (100 mg
kg"'and10 mgkg™), and the head was fixed on the surgery platform by
astereotaxic system (Stoelting). Ablur hole was drilled on each side of
the skull (posterior 0.00 mm and lateral 0.14 mmto the bregma; depth
6.00 mm for the SCN), and 200 nl of each virus per side per mouse was
injected. Mice were allowed to recover from surgery for at least two
weeks before tests. The accurate injection was validated in each mouse
by post-mortem histological examination. Mis-injected mice were
excluded from the final data analysis. Mice that did not recover to their
pre-surgery body weight were also excluded. For doxycycline-induced
REV-ERB-a re-expression, Dox was intraperitoneally. injected at
30 mg kg™. For chemogenetic manipulation, mice were intraperito-
neally injected with1mgkg ' CNO at 2 hbefore theinjection of glucose
or pyruvate during GTT or PTT analyses.

Histology

Mice were anaesthetized for transcardiac perfusion with cold PBS and
4% paraformaldehyde. Overnight post-fixed brains wereimmersedin
30% sucrose, embedded in optimal cutting temperature compound
(OCT) and frozen in precooled isopentane. Coronal brain sections
(around 12 pm) were prepared on the Leica CM1850 cryostat slicer. The
coronalsections corresponding to bregma-0.34 mmto-0.70 mmwere
collected. REV-ERB-a (Nr1dI) and Rgs16 were assayed using RNAscope
following the standard protocol from ACD with minor modifications.
Inbrief, brain sections were rinsed with PBS to remove OCT. The brain
sections were incubated at 60 °C for 30 min. Then the brain sections
were post-fixed in 4% PFA at 4 °C for 15 min. After the post-fixation,



the brain sections were dried in ethanol. The brain sections were then
incubated with hydrogen peroxide at room temperature for 10 min.
The sections were rinsed for 2 min three times in distilled water, and
thenthebrainsections wereretrieved in RNAscope 1x target retrieval
reagentat100 °Cfor5Smin. Theslides were thenrinsed in distilled water
for 2 min three times and re-dried in 100% alcohol for storage. The
pretreated brain sections were incubated with protease Ill for 30 min
at 40 °C. The protease Il was removed, and the brain sections were
rinsed in distilled water for 2 min three times. The brain sections were
hybridized with the mixed probes of Nr1d1 (ACD, 529151-C2), Rgs16
(ACD, 539201) and Vgat (also known as Slc32al) (ACD, 319191-C3) for
2hat40 °C. After that, the brain sections were rinsed for 2 min three
times in wash buffer to remove the excessive probes. The RNAscope
Multiplex FL v2 Amplwas added to the brain sections and incubated at
40 °Cto amplify the signal for one probe. The brain sections were rinsed
with wash buffer after 30 min. After the incubation of Ampl, the other
two probes were amplified by Amp2 and Amp3 under the same condi-
tion. The probe signals were detected using the RNAscope Multiplex
Fluorescent Detection Reagents V2 (ACD 323110). The in situ hybridi-
zation analysis of a-Takusan was performed with a probe for Takusan
Gm3500 (Supplementary Table 2). For detecting the re-expression of
Flag-REV-ERB-a in the SCN, the brain sections were incubated with
rat anti-Flag antibodies (Novus, nbp1-06712ss, dilution 1:50) at 4 °C
overnight. The sections were then washed three times in PBS at room
temperature and furtherincubated with goat anti-rat antibodies tagged
with a fluorescence dye (Abcam, A-21247, dilution 1:1,000) for 1 h at
room temperature. These sections were then washed three times in
PBSatroomtemperature, counterstained with Hoechst and sealed with
the coverslip. Theimmunofluorescence of brain sectionsis viewed and
captured with the Zeiss Axioimager M2m microscope and processed by
ImageJ software. For quantifying the expression of Rgs16 and Takusan
Gm3500, the counts of the signal dot in each cell within the SCN were
measured by Image]J software. At least 40 neurons were counted for
each mouse, and the averaged number from those cells represents
the expression intensity for each mouse. The results were calculated
as counts per cell. AStudent’s two-tailed ¢-test was used to analyse the
quantification data.

Electrophysiology

Whole-cell patch-clamp recordings were performed on tdTomato-
labelled GABAergic neurons from the SCN of tdTomato/vgat-cre
(wild-type) or Nrid1*""**Nr1d2"*"x-td Tomato-vgat-cre (knockout)
mice. Mice of 8-12 weeks old were deeply anaesthetized withisoflurane
and transcardially perfused with a modified ice-cold sucrose-based
cutting solution (pH 7.3) containing 10 mM NaCl, 25 mM NaHCO,,
195 mM sucrose, 5 mM glucose, 2.5 mM KCl, 1.25 mM NaH,PO,, 2 mM
sodium pyruvate, 0.5 mM CaCl,and 7mM MgCl,, bubbled continuously
with 95% O, and 5% CO,*. The mice were then decapitated, and the
entire brain was removed and immediately submerged in the cutting
solution. Slices (250 um) were cut with aMicrom HM 650V vibratome
(Thermo Fisher Scientific). Three brain slices were obtained for each
mouse, and recordings were made at levels throughout this brain
region. The slices were recovered for 1 h at 34 °C and then maintained
atroom temperature in artificial cerebrospinal fluid (aCSF, pH 7.3)
containing 126 mM NaCl, 2.5 mMKCl, 2.4 mM CaCl,, 1.2 mM NaH,PO,,
1.2mMMgCl,, 11.1 mM glucose and 21.4 mM NaHCO, saturated with 95%
0,and 5% CO, before recording. Slices were transferred to arecording
chamber and allowed to equilibrate for atleast 10 min before recording.
The slices were perfused at 34 °C in oxygenated aCSF at a flow rate of
1.8-2mImin’. tdTomato-labelled neurons were visualized using epif-
luorescence and IR-DICimaging on an upright microscope (Eclipse FN-1,
Nikon) equipped with a moveable stage (MP-285, Sutter Instrument).
Patch pipettes with resistances of 3-5MQ were filled with intracellular
solution (pH 7.3) containing 128 mM potassium gluconate, 10 mM KCl,
10 MM HEPES, 0.1mM EGTA, 2 mM MgCl,, 0.05mM (Na),GTP, and 0.05

mM (Mg)ATP. Recordings were made using aMultiClamp 700B ampli-
fier (Axon Instruments), sampled using Digidata 1440A and analysed
offline with pClamp 10.3 software (Axon Instruments). Series resist-
ance was monitored during the recording, and the values were gener-
ally lower than10 MQ and were not compensated. The liquid junction
potential was +12.5 mV, and was corrected after the experiment. Data
were excluded if the series resistance increased markedly during the
experiment or without overshoot for the action potential. Currents
were amplified, filtered at 1 kHz and digitized at 20 kHz. The current
clamp was engaged to test neural firing frequency and resting mem-
brane potential. The values for resting membrane potential and firing
frequency were averaged within 2-min bins. For the mEPSC recordings,
the internal recording solution contained 125 mM CsCH,S0,, 10 mM
CsCl,5mMNacCl,2mM MgCl,, 1mMEGTA, 10 mM HEPES, 5mM (Mg)ATP,
and 0.3mM (Na),GTP (pH 7.3 with NaOH)*. The mEPSCs were recorded
inwhole-cell voltage-clamp mode by holding the membrane potential at
V,=-60mVinthepresence of 1uM TTX, 50 uM bicuculline. The mIPSC
recordings were recorded in whole-cell voltage-clamp mode by holding
the membrane potential at V;,=-70 mV. The CsCl-based pipette solution
contains 140mM CsCl, 10mM HEPES, 5mM MgCl,, ImM BAPTA, 5mM
(Mg)ATP, and 0.3mM (Na),GTP (pH 7.30 adjusted with NaOH; 295 mOsm
kg™). The mIPSCs were recorded in the presence of 1uM tetrodotoxin
(TTX), 30 uM D-AP5, and 30 pM cyanquixaline (CNQX)*°. The mIPSC
frequency showed a difference betweenZT6 and ZT12 in wild-type mice,
whichis in line with the sIPSC results of a previous study*.. Frequency
and peak amplitude were measured using the Mini Analysis program
(Synaptosoft). Multiple single neurons were recorded from 3-4 mice
ineach group and were pooled for statistical analysis.

Isolation of sub-hypothalamic brain regions, RT-qPCR,
chromatinimmunoprecipitation-qPCR and RNA-seq
Forisolation of sub-hypothalamic brain regions from tdTomato-vgat-cre
(wild-type) or Nr1d1"*" < Nr1d2"""*tdTomato-vgat-cre mice were
anaesthetized with CO, and decapitated. Brains were immediately
embedded in OCT and snap-frozen at —80 °C. Coronal brain sections
of 100 pm were prepared on the Leica CM1850 cryostat slicer. Coronal
slices containing the SCN and other sub-hypothalamic regions were
collected. The SCN was recognized by tdTomato fluorescence under
aLeica DMi8inverted microscope and isolated using a 26G needle on
al-mlsyringe. Isolated sub-hypothalamic brain regions were imme-
diately putinto al.5-ml microcentrifuge tube containing 1 ml TRl rea-
gent (Molecular Research Center), and the tissue was sheared through
needles with 30 strokes. RNA extraction and RT-qPCR analyses were
processed using the RNeasy Mini Kit (Qiagen), High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems), PowerUp SYBR Green
Master Mix (Thermo Fisher Scientific) and QuantStudio 6 instrument
(Thermo Fisher Scientific). Standard curves were generated by series
dilution of pooled RNA samples. The relative value for each gene was
normalized to the 18S RNA of the same sample. Primer pairs flank-
ing or not flanking the floxed regions were used for Nr1d1 and Nr1d2.
Given the sequence homology among Takusan members, the primer
pair for a7-Takusan is not necessarily specific to a7-Takusan. There-
fore, fold-changes can be underestimated. For one chromatin immu-
noprecipitation (ChIP) reaction, whole hypothalami from five mice
were isolated and pulverized together in liquid nitrogen, followed by
cross-linking in formaldehyde and sonication in lysis buffer contain-
ing 1% SDS. The sample was then diluted to 0.1% SDS and subjected to
immunoprecipitation with REV-ERB-a.antibody (Abcam ab56754, 4 ug
per ChIP reaction). ChIP results were presented as the enrichment per-
centage after normalizing to the total input. Negative control primers
target agene desertregiononmouse chromosome17 (catalogue 71012,
Active Motif). Primer sequences for RT-qPCR and ChIP-qPCR were
summarized in Supplementary Table 2. For RNA-seq, an equal amount
of SCN RNA from two mice was pooled for one sample. RNA-seq was
performed using total RNA extracted from the SCN (n=3 samples for
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eachgenotype) with a total of 50 million reads, PE100, for each sample
onthe BGISEQ-500 platform. Raw sequence reads from each biological
replicate of total RNA were first aligned to the UCSC mm10 genome
with TopHat v.2.1.0 using default parameters*. Then, HTSeq was used
to obtainread counts fromthe aligned reads*. Finally, DESeq2 (v.1.8.2)
was used tonormalized the read counts and perform differential gene
analysis*. Significantly differentially expressed genes were identified
based on 5% false discovery rate (FDR) threshold.

Recruitment of patients

This study was conducted on a total of 27 patients with type 2 diabetes
recruited among hospitalized patients fromJanuary 2018 to October
2019. Patients diagnosed with type 2 diabetes at the time of admission
into the hospital according to the World Health Organization (WHO)
criteria (1999) were considered for this study, whereas patients with
other types of diabetes were excluded (Supplementary Table 3). We
also excluded patients with a variety of complications, irregular diet or
sleep timesrecently, or who were currently on medications that could
confound data interpretation (Supplementary Table 3). The study
started four days after the patients were admitted into the hospital.
When the study was started, the blood glucose levels were under con-
trolusing afixed medication regimen, with fasting glucose 90-180 mg
dI'and postprandial glucose below 288 mg dI™. Patients who met the
criteria and agreed to participate in the study underwent CGM for
2-3 days. CGM data were compared with fingertip glucometer read-
ings at multiple times throughout the day to assess CGM performance.
Apredefined exclusion criterion was that patients with fewer thanthree
matched measurements in a day or a correlation coefficient of less
than 0.79 would be excluded (Supplementary Table 3). Patients with
night-time hypoglycaemiawere also excluded to avoid the confound-
ing Somogyi effect (Supplementary Table 3). All procedures involving
human participants were reviewed and approved by the Ethics Com-
mittee of the Qilu Hospital at Shandong University. Informed consent
was obtained from all participants.

Clinical investigations

The study was started an average of four days after the patients were
hospitalized. Patients had standard meals provided exclusively by
the hospital during the study. All patients had a similar breakfast time
(around 07:00) and sleep time (lights offat around 22:00) throughout
the hospitalization. Participants underwent CGM for three consecu-
tive days using the iPro2 Professional CGM system (Medtronic). The
sensorswereinserted by healthcare professionals and fixed properly.
The system automatically measured the blood glucose every 10 s and
stored an average every 5 min. The mean absolute relative difference
(MARD) isthe average of the absolute error between all CGM values and
matched reference values and is used to assess the performance of CGM
systems*. The CGM readings had an average correlation coefficient
of 0.95 and MARD of less than 8% with fingertip blood glucose read-
ings (Extended Data Fig. 9). Sleep and activity were monitored using a
watch-style wearable activity tracker (Xiaomi Mi Band 2) in the entire
study using the built-in software (Supplementary Table 4). Patients
recruited after October 2018 were additionally monitored in parallel for
sleep and breath by the cardiopulmonary coupling-polysomnography
system (CPC-PSG) on the last day of the study (Supplementary
Table 5). We define the dawn phenomenon as the absolute increment
from the nocturnal glucose nadir to the pre- or post-breakfast val-
ues (Apre-breakfast > 30 mg dI™ or Apost-breakfast > 60 mg dI™) on
any day during CGM. Blood samples were collected every 6 h (07:00,
13:00,19:00 and 01.00) for hormone measurements and gene expres-
sion analysis on the second day during CGM. CGM data from the sec-
ond day during CGM were used to compile the final CGM results for
direct correlation with hormone measurements and gene expression
data, and to avoid bias due to insertion or removal of the sensors.
The serum cortisol, growth hormone and insulin were detected by

chemiluminescence analysis (UniCel DxI 800 Access 2 Immunoassay
System, Beckman Coulter; ADVIA Centaur XPT, Siemens). Melatonin
was detected by high-performance liquid chromatography-tandem
mass spectrometry (HPLC-MS/MS, AB SCIEX Triple Quad 4500MD, AB
Sciex). The blood monocytes were extracted from fresh blood using
Ficoll Histopague-1077 (Sigma), frozenin liquid nitrogen and stored at
-80 °C.RNA extraction and RT-qPCR were processed using a RNeasy
MiniKit (Qiagen), PrimeScript RT reagent Kit (Takara), PowerUp SYBR
Green Master Mix (Thermo Fisher Scientific) and LightCycler480Il
instrument (Roche). The RNA quality was assessed by a NanoDrop
spectrophotometer (Thermo Fisher Scientific). Blood samples with
poor-quality RNA were excluded from the final data analysis. Standard
curves were generated by series dilution of pooled RNA samples. The
relative value for each gene was normalized to the 18S RNA of the same
sample as the housekeeping control. Primer sequences are summarized
inSupplementary Table 2.

Statistical analysis

Statistical analyses were performed using SPSS (v.21.0, IBM). No statisti-
calmethods were used to pre-determine sample size. Instead, sample
sizes were determined based on previous publications**™!. Normality
was tested by the Shapiro-Wilk test (n <10) or D’Agostino-Pearson
omnibus test (n>10). For non-normal data or data with nonequivalent
variances, the comparisons between two or multiple groups were tested
with the Mann-Whitney test or the Kruskal-Wallis test, respectively.
All tests were two-sided. All measurements were taken from distinct
biological samples (mice or humans). Most comparisons between two
groups were analysed using atwo-sided unpaired ¢-test. Food intake and
body weight with multiple time points were analysed with a one-way
repeated-measures ANOVA with Tukey’s post-hoc test. Multi-group
data, such asinsulin clamp, electrophysiological data, and gene expres-
siondata, were analysed with atwo-way ANOVA with Fisher’s least sig-
nificant difference test or Tukey’s post-hoc test. Kinetic tests, such as
GTTs, insulin-tolerance tests (ITTs), PTTs or hormone levels at multiple
time points, were analysed with a two-way repeated-measures ANOVA
with Holm-Sidak’s multiple comparisons test. CGM data, hormone
levels and gene expression in samples from humans were analysed by
two-way repeated-measures ANOVA with Holm-Sidak’s test or by the
mixed-effects model SAS PROC MIXED (SAS v.9.4) with similar results.
The minimum level for significance was set at P< 0.05. Mice of the same
genotype were randomized into different groups of treatment or sur-
gery procedures. Most mouse experiments were performed at least
twice usingindependentbiological samples or distinct cohorts of mice,
except the RNA-seq studies that were performed once. All histology
studies were repeated twice with similar results. Experimenters were
blinded to the genotype or injection but were not blinded to CNO or
doxycycline treatment. Data were excluded using the pre-established
criteria. Mice were excluded before metabolic tests if they showed
distress, infection, bleeding or anorexia due to surgery. Mice were
excluded from final data analyses of metabolic tests if they showed
mis-injection at post-mortem examination. Human RNA samples were
excluded if the extracted RNA was of poor quality or quantity. Sta-
tistical details for results with significant results are summarized in
Supplementary Table 1.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The data that support the findings of this study are freely available
fromthe corresponding authors uponrequest. RNA-seq data are avail-
able at the Gene Expression Omnibus (GEO) with the accession code
GSE150840. Source data are provided with this paper.
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Extended DataFig.1|Behavioural characterization ofknockout mice.
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Statistical detailsare in Supplementary Table1.
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Extended DataFig.2|Metabolic characterization of knockout miceona
normal chowdiet. a, Daily food intake in three-month-old micein home cages
(n=4cagesacross 20 days). b, ¢, Food intake measured by the comprehensive
laboratory animal monitoring system (CLAMS) inthe 6 h (b) or12 h (c) before
GTTanalyses at four months old (n=5 mice). Box plot centre lines, box limits
and whiskersrepresent the median, quartiles and minimum and maximum
values, respectively. d, Blood glucose levels in four-month-old mice (n=14
wild-type mice; n=10 knockout mice). e, Seruminsulin levels (n=10 mice per
group).f,Blood glucagonlevels (n=12 mice per group). g, Blood corticosterone

levels (n=11mice per group). h, Blood GLP-1levels (n=12 wild-type mice; n=10
knockout mice). i, Blood growth hormone (GH) levels (n =11 wild-type mice;
n=12knockout mice).j, k, GTTsin five-month-old mice at ZT6-8 (j) or ZT12-14
(k), withvgat-cre mice serving as the wild-type control (n=7 mice). 1, Body
weight for clamp analyses at five months old (n =4 mice). m, n, Blood glucose
levels (m) and glucose infusion rate (n) during clamp analyses (n=4 mice).

o, Hyperinsulinaemia-mediated suppression of hepatic glucose productionin
the clamp analyses (n=4 mice). Dataare mean £s.e.m.*P<0.05 by two-way
ANOVA or two-sided t-test. Statistical details arein Supplementary Table 1.
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Extended DataFig. 3 | Metabolic characterization of knockout miceona
high-fatdiet. a, Body weight on HFD. HFD started at 10 months (n =12 mice).

of streptozotocin (STZ) six weeks after HFD. g, h, Body weight (g) and blood
glucoselevels (h) at ZT10 after STZ injection (n=12mice). i, Blood glucose

b, GTTsat ZT6-8 after two weekson HFD (n=12mice).c, GTTsat ZT12-14 after
threeweekson HFD (n=12mice).d, ITTsat ZT6-8 after four weekson HFD
(n=12mice). e, ITTsat ZT12-14 after five weeks on HFD (n=12 mice). f, Injection

levelsat theindicated ZTs two weeks after STZ injection, n=12 mice. Dataare
meants.e.m.*P<0.05bytwo-way ANOVA or two-sided t-test. Statistical details
areinSupplementary Table1.
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Extended DataFig. 4 |Gene expression analysis of different brainregions.
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Pomc) (e)) for brainregionsisolated from both wild-type and knockout mice at
ZTé6 atthe age of three months (n=12 mice). Box plot centre lines, box limits and

whiskers represent the median, quartiles and minimum and maximum values,
respectively. f-i, RT-qPCR analysis comparing mRNA expression of Nr1d1 (f),
Nrld2(g), Bmall (h) and Npas2 (i) in wild-type and knockout mice at ZT6 at the
age of three months (n =6 mice). Dataare mean +s.e.m.*P<0.05 by two-way
ANOVA or two-sided t-test. Statistical details arein Supplementary Table 1.
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Extended DataFig. 5|See next page for caption.
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Extended DataFig. 5|Electrophysiological and molecular
characterization of knockout mice. a-c, Brainslice patch-clamp
representative traces for spontaneous firing (a), mEPSCs (b) and mIPSCs (c) at
ZT12-14.d-g, Temporal pattern of expression of Rgs16 (d), a7-Takusan
(Gm10406) (e), Nr1d1 (f) and Nr1d2 (g) in the hypothalamus in light-dark
conditions from CircaDB (http://circadb.hogeneschlab.org). h-k, RT-qPCR
analysis of the mRNA levels of Nrld1 (h), Nrid2 (i), Bmall (j) and Npas2 (k) in the
SCN ofthree-month-old mice (n=6 mice). Primers for Nrld1 and Nrid2 did not
spanthe floxed exons.l, RNAscope of Rgsl6 at the SCN in wild-type and
knockout mice at theindicated ZTs. Scale bars, 100 pum. m, Quantification of
Rgsl6 staining (n=5wild-type mice at ZT4; n=3knockout miceatZT4;n=4
wild-type or knockout mice at ZT16). n, Insitu hybridization analysis of Takusan

Gm3500 staining. Scale bars, 25 pm. o, Quantification of in situ hybridization
analysis of Takusan Gm3500 (n=4 wild-type mice at ZT4; n= 6 wild-type mice at
ZT16; n=3knockout miceat ZT4 or ZT16). p, Genome browser views of
transcriptionstartsites (green arrows) and nearby AGGTCA elements (red
arrows) for theindicated genes on GRCm38. q, ChIP-qPCR analysis of Nrid1in
the hypothalamus of three-month-old wild-type miceat ZT9 and ZT21-the
peak and the trough of REV-ERB-acexpression, respectively (n=4 samples).
Hypothalamifrom five mice were pooled as one sample. The negative control
primers targetagene desertregion onchromosome 17. The primer sequences
of ChIP-qPCR assays are in Supplementary Table 6. Dataare mean +s.e.m.
*P<0.05by two-way ANOVA or two-sided t-test. Statistical details are in
Supplementary Table1.
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GFPfluorescence signals.Scalebar,200 pum.b-e, GTTs (b,c) and ITTs (d, e) at by two-way ANOVA followed by Holm-Sidak’s test. Statistical details arein
theindicated ZTsin four-month-old vgat-cre mice injected with AAV-FLEX Supplementary Table1.

vectors encoding GFP, RGS16 or a7-Takusan (n=7 mice). f, Body weight of
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Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
/N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

El A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
/N Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XOX 0O OO0 000F%

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  ClockLab software (Actimetrics), ImageJ software, pClamp 10.3 software

Data analysis SPSS (V.21.0, IBM)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The data that support the findings of this study are available from the corresponding author upon request. RNA-seq data are available in GEO (GSE150840) with the
accession token "mtsvucgaphcnnwy". It will be released to the public.
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Field-specific reporting
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to pre-determine sample sizes. Instead, sample sizes were determined based on previous publications
(PMID: 29335605, 26928064, 26237367, 26098212, 28667669, 29853627).
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Data exclusions | Data were excluded using the pre-established criteria. Animals were excluded before glucose tolerance test (GTT) or pyruvate tolerance test
(PTT) if they showed distress, infection, bleeding, or anorexia due to surgery (Extended Fig 2j-k, 3b-e). Animals were excluded from final data
analyses of GTT or PTT if they showed mis-injection at postmortem examination (Fig 3b-h and Extended Fig 6b-f). Human RNA samples were
excluded in RT-qPCR experiment if the extracted RNA is of poor quality or quantity (Fig 4g-1).

Replication All animal experiments were performed at least twice using independent biological samples or distinct cohorts of mice, except the RNA-seq
studies that were performed once. All replications were successful.

Randomization  Mice of the same age and genotypes were randomized into different surgery groups or treatment groups. In human study, patients with type
2 diabetes were allocated into two groups according to with or without the extend dawn phenomenon (DP). DP is defined by the absolute
increment from the nocturnal glucose nadir to the pre- or post-breakfast values (‘Apre-breakfast’ > 30 mg/dL or ‘Apost-breakfast’ > 60 mg/dL)
in any day during continuous glucose monitoring (CGM). Patients were pre-screened to exclude covariates that could complicate the data
interpretation (Extended Table 1). Other covariates were not controlled.

Blinding Experimenters were blinded to the genotype or injection information in animal studies. RT-gPCR analyses in human samples were done by
experimenters blinded to the samples.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
|Z Antibodies |Z |:| ChiIP-seq
|:| Eukaryotic cell lines |Z |:| Flow cytometry
|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging

|Z Animals and other organisms
|Z Human research participants
|:| Clinical data

|:| Dual use research of concern

XXOOX X[ s

Antibodies

Antibodies used rat anti-Flag antibodies (nbp1-06712ss), goat anti-rat antibodies (Abcam, A-21247), Rev-erba antibody (catalog # ab56754, Abcam).

Validation Non-injected brain samples showed no signals in immunostaining, which validates the specificity of the anti-Flag and anti-rat
antibodies for immunofluorescence assays. Western blot with the Rev-erba antibody in cultured cells with Rev-erba knockdown and
multiple mouse tissues harvested at different times of the day showed the expected protein levels of Rev-erba at the correct
molecular weight, which validated the specificity of the Rev-erba antibody.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Rev-erbaloxP/loxP and Rev-erbBloxP/loxP mice were described before (PMID: 22460952, 26044300). VGAT-Cre mice and Rosa26-
tdTomato mice were obtained from JAX. All mice were C57BL/6 genetic background. Female mice at the age of 2-8 months were
used for all experiments.




Wild animals The study did not involve wild animals.
Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight All the animal procedures were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of Baylor
College of Medicine.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics A total of 27 patients were recruited among hospitalized patients. Patients were of both sexes at the age of 25-70 years.

Participants were diagnosed as T2D at the time of admission into the hospital according to the WHO criteria were considered
for this study.
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Recruitment Patients with other types of diabetes were excluded. We also excluded patients with a variety of complications, irregular diet
or sleep times recently, or currently on medications that could confound data interpretation. The study started after 4 days
since the patients were admitted into the hospital. When the study was started, the blood glucose levels were under control
using a fixed medication regimen, with fasting glucose 90-180 mg/dL and postprandial glucose <288 mg/dL. Patients who

met the criteria and agreed to participate in the study underwent continuous glucose monitoring. We are not aware of self-
selection bias or other bias.

Ethics oversight All of the procedures involved in the human participants were reviewed and approved by the Ethics Committee of Qilu
Hospital of Shandong University in China.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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