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SUMMARY

The circadian clock operates as intrinsic time-keep-
ing machinery to preserve homeostasis in response
to the changing environment. While food is a known
zeitgeber for clocks in peripheral tissues, it remains
unclear how lack of food influences clock function.
We demonstrate that the transcriptional response
to fasting operates through molecular mechanisms
that are distinct from time-restricted feeding regi-
mens. First, fasting affects core clock genes and pro-
teins, resulting in blunted rhythmicity of BMAL1 and
REV-ERBa both in liver and skeletal muscle. Second,
fasting induces a switch in temporal gene expression
through dedicated fasting-sensitive transcription
factors such as GR, CREB, FOXO, TFEB, and PPARs.
Third, the rhythmic genomic response to fasting
is sustainable by prolonged fasting and reversible
by refeeding. Thus, fasting imposes specialized
dynamics of transcriptional coordination between
the clock and nutrient-sensitive pathways, thereby
achieving a switch to fasting-specific temporal
gene regulation.

INTRODUCTION

The mammalian circadian clock consists of a molecular machin-
ery that operates in all cells and is fine-tuned by environmental
cues to generate 24-hr rhythms in metabolism, physiology, and
behavior (Bass and Takahashi, 2010; Schibler and Sassone-
Corsi, 2002). The master pacemaker within the suprachiasmatic
nucleus (SCN) is reset by light, while peripheral oscillators can be
uncoupled from the SCN through food intake, highlighting the
significance of temporal nutrient availability (Asher and Sas-
sone-Corsi, 2015; Damiola et al., 2000; Stokkan et al., 2001).
Dietary regimens and time-restricted feeding have a profound
impact on the clock in metabolic tissues (Eckel-Mahan et al.,
2013; Hatori et al., 2012; Kohsaka et al., 2007; Mukheriji et al.,
2015; Tognini et al., 2017; Vollmers et al., 2009). Also, the clock
regulates metabolic genes in a tissue-specific fashion, empha-
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sizing the link between the circadian clock and metabolism
(Dyar et al., 2013; Nakahata et al., 2009; Ramsey et al., 2009;
Zhang et al., 2015). Although the circadian clock plays an impor-
tant role in rhythmic gene expression, time-restricted feeding re-
stores cyclic gene expression in arrhythmic Cry1~'~, Cry2~/~
mutant mice, suggesting that nutrient-responsive transcriptional
pathways contribute to the rhythmicity of circadian genes in a
clock-independent manner (Vollmers et al., 2009). Finally, while
evidence on how food intake is integrated into circadian tran-
scriptional regulation is accumulating (Asher and Sassone-Corsi,
2015), how lack of food operates on the clock remains virtually
unexplored.

Fasting is an adaptive state of metabolism when exogenous
nutrient intake is limited (Longo and Mattson, 2014). In mam-
mals, a drastic shift in metabolism takes place under low nutrient
availability. Skeletal muscles undergo protein breakdown and
provide amino acids for the liver to implement gluconeogenesis,
producing glucose to maintain appropriate blood glucose levels.
In parallel, the liver performs ketogenesis to supply ketone
bodies to other vital organs, including the brain, by harnessing
free fatty acids from adipose tissue (Longo and Mattson,
2014). Such metabolic shifts across different tissues are
achieved by fasting-induced transcription factors (TFs) such as
glucocorticoid receptor (GR), cyclic AMP responsive element
binding protein (CREB), forkhead box TF class O (FOXO),
TFEB, and peroxisome proliferator-activated receptors (PPARs)
(Goldstein and Hager, 2015). Recent studies suggest that a fast-
ing-mimicking diet and temporal feeding restriction have
numerous health benefits, despite comparable calorie intake
(Brandhorst et al., 2015; Hatori et al., 2012). Moreover, food re-
striction confers robustness to circadian rhythms, possibly
mediating the protective effects of fasting against diverse dis-
eases and aging (Hatori et al., 2012).

Although several studies have linked fasting to circadian
rhythms (Kawamoto et al., 2006; Shavlakadze et al., 2013; Sun
et al., 2015; Xie et al., 2016), it is still unclear how fasting im-
pinges on the clock and fasting-induced TFs. We show that fast-
ing affects daily rhythmic physiology by inducing various de novo
oscillatory genes, which are distinct from those responsive to
timed-feeding regimens. Fasting attenuates the rhythmicity of
brain and muscle Arnt-like protein-1 (BMAL1) post-translational
modification and REV-ERBa levels both in liver and skeletal

3299

OPEN

ACCESS
CellPress



mailto:psc@uci.edu
https://doi.org/10.1016/j.celrep.2018.11.077
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2018.11.077&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

OPEN

ACCESS
CellPress

A sample collection (liver, gastrocnemius muscle)

[ R

[ — e——
ZT0 ZT4 ZT8 ZT12 ZT16 ZT20 ZTO ZT4 ZT8 ZT12 ZT16 ZT20 ZTO

= Ad libitum Fed

’ = 24h Fasting
————————

B T D Liver (20,561)
FED FAST

(3153; 15.3%) (2146; 10.4%)

2|
W
= pu 2535 1528
> 3 = 3 (80.4%) (71.2%)
< <
o IS
g o 2 o
kS 8 ® 8
2 K 5 Nt E _ Amplitude
P § S 15 P<0.0001
3 @ ] -FED
S -3 < -3 g 10 —FAST
9 © > 5
Ite} o =
I\ 2 2
5 0
a 5 0 5 10
Fall Y 12 16 20 I 12 1620 Fall O 12 16 20 AN 12 1620 Log, Amp
C Musel F Muscle (20,561)
[Muscle FED FAST
FED FAST FED FAST (830; 4.0%) (3384; 16.5%)
— — — 279
a )
] <
o TN 551
£ £ o
> 3 > 29 (66.4%)
c c
o o
2 e 2 2
5 3 © S
= 2] = ] i
5 N 5 K G < Amplitude
8 o 15 P<0.0001
3 3 2 -FED
c -3 c -2.9 H 10
@ @ ) ~FAST
(o] (o] -s
7 g 3
® 2,
= — a 5 0 5
rall Y 12 16 20 I 12 1620 rall DI 12 16 20 [N 12 1620 Log, Amp
y .
FED only FAST only FED only FAST only
@ ZT1=83 ZT=85 2 100 27=8.6 1000 Z1=122
5 § o
53 200 5 60
@ @
2200 100 2 40
31 3 20
0 0 0
0 6 12 18 0 6 12 18 6 12 18
zT zT zT zT

Figure 1. Temporal Response to Fasting in Liver and Muscle

(A) Depiction of the experimental design for the 24-hr fasting and tissue collection at ZT0, ZT4, ZT8, ZT12, ZT16, and ZT20.

(B and C) RNA-seq generated heatmaps of cycling transcripts only in FED (left) or in FAST (right) in (B) liver and (C) skeletal muscle (JTK_CYCLE p < 0.01).
(D) Venn diagram indicates the number of oscillating transcripts in the liver.

(legend continued on next page)
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muscle, leading to repression and derepression of their target
genes, respectively. Also, specific classes of genes are tempo-
rally regulated by the clock and distinct fasting-sensitive TFs.
Furthermore, a number of genes are induced by fasting in a
BMAL1-dependent manner, so the clock modulates part of the
fasting response. Lastly, the response to fasting is sustained
during a 2-day period and reversed by refeeding. Thus, fasting
uncovers a previously unappreciated coordination between
the circadian clock and nutrient-sensing pathways leading to
different classes of temporal gene expression.

RESULTS

Temporal Response to Fasting

We used 8-week-old male C57BL/6 mice fed normal chow
ad libitum, subjected them to 24-hr fasting and then allowed re-
feeding for 24 hr. There was a reduction in oxygen consumption
(VO,), respiratory exchange ratio (RER), and energy expenditure
by fasting, which was completely abolished by refeeding (Fig-
ures STA-S1F). Notably, RER during fasting was lower than
the resting phase under ad libitum feeding, likely because mice
are still feeding during the resting phase (Figures S1G and
S1H). We then collected tissues every 4 hr from 24-hr fasted
mice (FAST) or control mice fed ad libitum (FED) (Figure 1A).
Body weight and epididymal white adipose tissue (€WAT) were
reduced remarkably after fasting, while serum levels of cortico-
sterone and B-hydroxybutyrate (3-OHB) were highly induced
by fasting (Figures S11-S1K).

RNA sequencing (RNA-seq) analysis revealed that approxi-
mately 15% of hepatic transcripts and 4% of muscle transcripts
were cyclic in FED mice (Hughes et al., 2010), which is consistent
with a previous report (Figures 1B-1G; Tables S1, S2, S3, and
S4) (Zhang et al., 2014). Of the rhythmic transcripts in FED
mice, approximately 80% and 66% of hepatic and muscle
genes, respectively, ceased oscillation after fasting (Figures 1D
and 1F). A number of genes, particularly in skeletal muscle,
gained oscillation after fasting, presumably reflecting a time-of-
the-day-specific response to fasting (Figures 1B-1G). The over-
all amplitude of hepatic oscillating genes in FAST mice was
dampened, whereas that of muscle genes was enhanced, as
compared to FED mice (Figures 1E and 1G). Phase analysis re-
vealed that the peak phase in skeletal muscle from FAST mice
was centered around zeitgeber time 12 (ZT12), while in liver it
was more evenly distributed (Figures 1H and 1l). Although
some genes remained rhythmic both in FED and FAST mice (Fig-
ures S2A and S2B), peak phases were redistributed after fasting
(Figures S2C and S2D). Thus, fasting elicits tissue-specific re-
sponses along the daily cycle.

Only a small portion of cyclic genes is common in liver and
skeletal muscle in any condition, manifesting tissue specificity
in rhythmic expression (Figures 2A, 2B, and S2E) (Masri and
Sassone-Corsi, 2010). Gene Ontology analyses revealed unique

biological processes enriched in a tissue-specific manner (Fig-
ures 2C and 2D). Notably, the electron transport chain was
highly enriched in FAST liver, in keeping with the role of mito-
chondrial oxidative metabolism under fasting (Lin et al., 2005).
Likewise, protein catabolic processes were enriched in FAST
muscle, a well-documented metabolic adaptation upon fasting
in the skeletal muscle (Milan et al., 2015). Circadian rhythm
was enriched in a group of genes oscillating in both tissues
and both conditions, underscoring the resilient nature of the
core clock (Figure S2F).

We next compared hepatic genes cycling under time-
restricted feeding (Vollmers et al., 2009) with genes oscillating
in FAST mice. Only a few genes are common to both groups,
indicating that the response to fasting is distinct from time-
restricted feeding (Figure 2E). Furthermore, we investigated
whether skeletal muscle from FAST mice shares transcriptional
signatures with the skeletal muscle from treadmill-exercised
mice (Perry et al., 2014). Approximately half of the exercise-
induced genes and exercise-repressed genes in skeletal muscle
were also induced and repressed, respectively, by fasting at
ZT12 (Figure 2F). Supporting this notion, locomotor activity dur-
ing fasting was enhanced particularly during the active phase
(Figures 2G-2I).

Post-transcriptional regulation plays an important role in
circadian gene expression in vivo. As Gene Ontology analysis
showed that RNA processing is enriched in cycling genes
upon fasting (Figure 2D), we implemented exon intron split
analysis (EISA) on our RNA-seq dataset to compare intronic
reads as a surrogate for precursor mRNA and exonic reads
for mature mRNA (Gaidatzis et al., 2015). A large number of
intronic and exonic transcripts displayed oscillatory expression
in liver and muscle (Figures S3A-S3D). Approximately 77% of
the cycling exonic transcripts in FED liver were oscillatory
only in exonic reads, in agreement with a previous analysis (Fig-
ure S3E) (Koike et al., 2012). This proportion appeared to be
conserved in FED skeletal muscle as well as in FAST liver
and skeletal muscle, stressing the importance of post-tran-
scriptional control (Figures S3F-S3H). We also focused on
groups of genes oscillating both in intronic and exonic regions,
and compared their peak phases to explore the delay in the
phase of exonic transcripts in comparison to that of intronic
transcripts. The lag of peak phase disappeared after fasting
in the liver, while becoming present after fasting in skeletal
muscle, which is suggestive of tissue-specific post-transcrip-
tional control upon fasting (Figures S3I-S3L).

Fasting Targets Core Clock Components

Differently from nutritional challenges (Eckel-Mahan et al., 2013;
Tognini et al., 2017), we reasoned that lack of food may have a
direct influence on core clock components. The expression of
BMAL1-target genes was significantly attenuated (Dbp, Nr1d1,
Bhlhe40, Per2, Per3), while REV-ERBa targets were derepressed

(E

(F

(G) Distribution of amplitude in oscillating transcripts in skeletal muscle.
(

Distribution of amplitude in oscillating transcripts in the liver.

Venn diagram indicates the number of oscillating transcripts in skeletal muscle.

H and I) Peak phase distribution of hepatic and muscle transcripts oscillating only in FED (left) and FAST (right) in (H) liver and (1) skeletal muscle.

Cell Reports 25, 3299-3314, December 18,2018 3301

OPEN

ACCESS
CellPress




OPEN

ACCESS
CellPress

A C FED only
Genes oscillating only in FED GO: Biological Process
Liver (2535) Muscle (551 ) macromolecule catabolic process+4 108
vitamin metabolic process - 22
coenzyme biosynthetic process - 21
modification-depend: protein bolic process - 88
modification-dependent macr tabolic process - 88
negativt_a regulation o_f nuc_leobase, n'ucleoside, h 20
nucleotide and nucleic acid metabolic process
gative regulation of nitrogen P tabolic process - 20
regulation of transcription from RNA polymerase Il promoter— 26
41 8 negative regulation of transcription from RNA polymerase Il promoter - 14
133 (75.9%) negative regulation of cellular biosynthetic process - 20
T T T T T T T
6 4 2 0 2 4 6
-Log,, P value
B D FAST only
Genes oscillating only in FAST GO: Biological Process
Liver (1528) Muscle (3105) generation of precursor metabolites and energy
electron transport chain—
protein localization -
protein transport-
1193 2770 of protein localization-
78.1%) (89.2%) RNAp.rocessing- I 146
macromolecule catabolic process - I 181
cellular macromolecule catabolic process - I 172
protein catabolic process - I 159
335 cellular protein catabolic process - Il 153
M
T T T 1 T T T T T 1
10 0 10 20 22 24 26 28 30

-Log,, P value

" ]

FAST TRF Up in Exercise Down in Exercise

(2146) (3127)

Up in Fasting Down in Fasting

2506 Vollmers, et al. 334 Perry, et a‘I. 392 387
PNAS Mol Endocrinol
(80.1%) 2000 (54.3%) 2014 (50.3%) || (49.7%)

Exercise only Exercise only

G — H I

FED M| A M ““I I‘ “"ﬂ 8 Locomotor Activity l Locomotor Activity
FasT il o ol M 2 50 =

c 6 ‘(ﬂ

= € 40

8 c:) ns/*xk[*
FED |y oMl hlulll > 4 FED S m FED
FasTh o 1 (ARG 2 ) ~FAST % 20 EFAST

(— | < < 10
FED | ., | l ‘m | li i IN Y 0
FasTh | (A M o 0 4 8 12 16 20 24 & &
zr vo9

Figure 2. Temporal Response to Fasting in Distinct Group of Tissue-Specific Genes

(A) Venn diagrams of hepatic and muscle cycling transcripts in FED.

(B) Venn diagrams of hepatic and muscle cycling transcripts in FAST.

(C) Gene Ontology analysis of top five biological processes enriched in rhythmic hepatic (blue) and muscle (red) genes only in FED, with the number of genes

indicated on the graph.
(legend continued on next page)
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both in liver and skeletal muscle (Arntl, Cry1, Npas2, Nfil3) (Fig-
ures 3A and 3B). The phosphorylation of BMAL1 displays robust
rhythmicity in FED mice and is associated with the active
transcription of target genes (Tamaru et al., 2009). Rhythmic
BMAL1 protein phosphorylation is significantly dampened in
FAST mice, both in liver and muscle, in keeping with the
decreased expression of BMAL1-target genes (Figures 3C-3F).
Furthermore, the rhythmic acetylation of hepatic BMAL1 was
mitigated in FAST mice, presumably as a result of the increased
deacetylation of BMAL1 by SIRT1 under fasting (Figure S4A)
(Nakahata et al., 2008). In addition, REV-ERBa and crypto-
chrome circadian regulator 1 (CRY1) levels in liver and muscle,
as well as hepatic PER2, were dampened in rhythmicity in
FAST mice (Figures 3C-3F).

Temporal Patterns of Fasting-Induced Differential Gene
Expression

Fasting results in the activation of several nutrient-sensing fac-
tors, such as GR, CREB, FOXO, TFEB, and PPARs (Settembre
and Ballabio, 2014). We examined the expression levels of these
regulators along the diurnal cycle in FED or FAST mice, both in
liver and muscle. By and large, fasting induces these TFs in
both tissues with distinct diurnal patterns, although some TFs
appear to be unaltered (Figures S4B-S4l). To decipher whether
fasting-induced changes in the core clock impinge on temporal
genome-wide expression in concert with fasting-sensitive TFs,
we examined available datasets (see Experimental Model and
Subject Details; Table S5). We analyzed gene targets for hepatic
BMAL1 (Koike et al., 2012; Yang et al., 2016), REV-ERBa (Fang
et al., 2014), and muscle BMAL1 (Dyar et al., 2013). In addition,
we analyzed the targets for hepatic GR (Frijters et al., 2010),
CREB (Ravnskjaer et al., 2013; Zhang et al., 2005), FOXO
(Haeusler et al., 2014), TFEB (Settembre et al., 2013), PPAR«
(Montagner et al., 2016), and for muscle GR (Kuo et al., 2012),
CREB (Pearen et al., 2009), FOXO (Milan et al., 2015), TFEB
(Mansueto et al., 2017), and PPARS (Gan et al., 2011). We also
paralleled muscle histone deacetylase 3 (HDACS3)-target genes
from muscle-specific Hdac3™'~ mice, since muscle HDAC3
is primarily regulated by REV-ERBa, while HDAC3 exerts
numerous REV-ERBa—independent actions (Hong et al., 2017).
Most fasting-sensitive TF liver targets correspond to genes
cycling in the FED condition, presumably because of the natu-
rally occurring feeding-fasting cycle in ad libitum feeding (Fig-
ure 4A). Furthermore, hepatic GR-, CREB-, and FOXO-target
genes oscillating in the FED condition were prone to peak at
ZT8-ZT12, which is consistent with the fasting phase in ad libi-
tum feeding (Figure 4B). Conversely, most fasting-sensitive TF
targets in the muscle parallel a higher number of oscillatory

genes in the FAST condition and peak sharply at ZT12, since
the response to fasting in skeletal muscle appears highly rhyth-
mic (Figures 1C, 4C, and 4D). Collectively, each fasting-respon-
sive TF may contribute to rhythmic transcription under ad libitum
feeding as well as the rhythmic response to fasting in a tissue-
specific and phase-specific manner.

BMAL1 phosphorylation and acetylation are high in FED mice,
indicating that BMAL 1-target genes should be highly expressed.
Similarly, REV-ERBua. levels decrease under fasting, predicting
that the expression of REV-ERBua-target genes may be higher
(Figures 3C-3F). We focused at ZT8 and ZT12, times when
BMAL1 and REV-ERBa activity is high, and carried out gene
set enrichment analysis (GSEA) to test whether the expression
of BMAL1 and REV-ERBa gene targets is actually higher in
FED and FAST mice, respectively, at their peaks. Hepatic
BMAL1 targets were significantly induced in FED mice at ZT8
(Figures 4E and S5A). Also, two-thirds of differentially expressed
BMAL1-target liver genes displayed higher expression in FED
mice at ZT8 and ZT12 (Figures 4F and S5B). Similarly, muscle
BMAL1-target genes were significantly enriched in FED mice
both at ZT8 and ZT12, and approximately 70% of differentially
expressed muscle BMAL1 targets also exhibited higher gene
expression in FED mice at both time points (Figures 4G, 4H,
S5C, and S5D). Notably, approximately 30% of differentially ex-
pressed BMAL1-target genes in both liver and muscle showed
higher expression under fasting. These groups of genes had a
significantly higher proportion of GR, CREB, FOXO, TFEB, he-
patic PPARa (or muscle PPARD) targets than those demon-
strating higher expression in FED mice, suggesting that a
subgroup of BMAL1 targets is also jointly regulated by fasting-
sensitive TFs (Figures 4F, 4H, S5B, and S5D). Of note, targets
of fasting-sensitive TFs are present among BMAL1-target genes
displaying higher expression in FED mice, which suggests that
fasting-sensitive TFs are also involved in activation during the
fed state.

Conversely, hepatic REV-ERBa. and muscle HDACS3-target
genes at ZT12 were significantly enriched in FAST mice,
and approximately 60% of differentially expressed REV-ERBa/
HDACS targets displayed higher gene expression in FAST mice
(Figures 41-4L). These REV-ERBa-HDAC3-target genes whose
expression is induced by fasting were proportionally more likely
to be GR, CREB, FOXO, TFEB, hepatic PPARa (or muscle
PPARSJ) targets. Among these fasting-sensitive TFs, PPARa
was particularly enriched in hepatic REV-ERBa—target genes,
in keeping with the central role of REV-ERBua. in lipid metabolism
(Figure S5E) (Bugge et al., 2012; Cho et al., 2012). In fact, meta-
bolic target genes of hepatic and muscle REV-ERBa-HDAC3
were derepressed under fasting (Figures S5F and S5G) (Hong

(D) Gene Ontology analysis of top five biological processes enriched in rhythmic hepatic (blue) and muscle (red) genes only in FAST, with the number of genes

indicated on the graph.

(E) Venn diagram of the number of hepatic cycling genes in fasting mice and in time-restricted fed mice (JTK_CYCLE p < 0.01) (Vollmers et al., 2009).

(F) Pie charts comparing genes induced in exercise (left) and repressed in exercise (right) (Perry et al., 2014) versus our fasting transcriptome at ZT12.

(G) Representative actograms from three individual mice under FED and FAST conditions.

(H) Locomotor activity under FED and FAST conditions. Mice under ad libitum normal chow for 24 hr were subsequently fasted for 24 hr. Arrow indicates time of

food removal.

(I) Locomotor activity during light and dark phases under FED and FAST conditions. Data are shown as means + SEMs (n = 16 biological replicates). *p < 0.05 and
****p < 0.0001 by two-way ANOVA (interaction/phase/group) with Bonferroni post hoc tests. ns, non-significant.
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Figure 3. The Circadian Clock Fails to Sustain Robust Rhythmicity under Fasting Conditions

(A and B) Expression profiles of core clock genes in (A) liver and (B) muscle. Transcripts were normalized to 18S rRNA and presented as means + SEMs (n =5
replicates per time point per group). ZTO0 is double plotted for visualization. *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001 by two-way ANOVA (interaction/

time/group) with Bonferroni post hoc tests.

(C and D) Core clock proteins in total lysates from liver (C) and muscle (D) of FED and FAST mice.

(E and F) Quantitation of the blot band density of the hepatic (E) and muscle (F) proteins presented as means + SEMs (n = 3 replicates per time point per group).

**p < 0.01, **p < 0.001, and ****p < 0.0001 by two-way ANOVA with Bonferroni post hoc tests.
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Figure 4. Temporal Pattern of Differential Gene Regulation by Clock and Fasting-Induced Transcription Factors

(A) Number of oscillating genes among GR, CREB, FOXO, TFEB, and PPARu targets in liver under FED, FAST, or both FED and FAST conditions.

(B) Peak phase distribution of liver fasting-sensitive transcription factor (TF) target genes oscillating only in FED (left) and FAST (right).

(C) Number of oscillating genes among GR, CREB, FOXO, TFEB, and PPARSJ targets in skeletal muscle under FED, FAST, or both FED and FAST conditions.
(D) Peak phase distribution of fasting-sensitive TF target genes in muscle oscillating only in FED (left) and FAST (right).

(E) Gene set enrichment analysis (GSEA) for hepatic BMAL1 target genes at ZT8 enriched in FED.

(F) Differentially expressed BMALA1 liver target genes at ZT8 illustrating fasting-sensitive TF coordinated regulation.

(legend continued on next page)
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et al., 2017; Zhang et al., 2015). REV-ERBua. interacts with hepa-
tocyte nuclear factor 6 (HNF®6) in liver (Zhang et al., 2016), and
several HNF6/REV-ERBuq. targets, including Apoa4 and Cd36,
were upregulated under fasting in the liver (Figure S5H). Notably,
hepatic Onecut1 (Hnf6) expression significantly declined upon
fasting, which could also expedite derepression of HNF6/REV-
ERBua. targets (Figure S5I). Thus, the attenuation of BMAL1 and
REV-ERBu by fasting mediates genome-wide changes in target
gene expression.

Coordination between Clock and Fasting-Sensitive TFs
Reveals Unique Classes of Responsive Genes

Fasting induces an enhancement in the expression of some
BMAL1-target genes, while it leads to the repression of others
both in liver and muscle. To discern how BMAL1 and fasting-
sensitive TFs coordinate transcription upon fasting, we classified
genes into three groups (Figures 5A and S6A-S6F):

o Class |: BMAL1-target genes whose expression is
repressed by fasting

o Class Il: BMAL1-target genes activated by fasting

o Class lll: non-BMAL1-target genes whose expression is
activated by fasting

The number of genes in each class was similar between ZT8
and ZT12 both in liver and muscle, although the number of class
Ill genes is much higher than the other groups (Figure 5B). To
examine whether this classification corresponds to transcrip-
tional mechanisms specific for each class, we performed chro-
matin immunoprecipitation (ChIP) followed by qPCR. BMALA1
was recruited less to class | genes such as Dbp, Per2, and
Nr1d1 (Rev-erba) under fasting conditions, consistent with he-
patic Dbp, Per2, and Nr1d1 gene expression (Figures 3A and
5C-5E). BMAL1 recruitment to class Il genes (e.g., Fkbp5,
Gpt2, Acot4, Cidec) was reduced by fasting, despite the
increased expression of those genes upon fasting (Figures 5F-
51). Similarly, BMAL1 recruitment to Per7 was decreased upon
fasting, despite Per1 induction upon fasting (Figure S6G). Induc-
tion of class Il genes or Per1 is achieved through GR, CREB, or
PPARGa, the recruitment of which was increased by fasting (Fig-
ures 5F-5| and S6G). Of note, fasting-induced genes are often
regulated simultaneously by multiple fasting TFs, which likely ac-
counts for Acot4 or Cidec induction by fasting, despite the
similar recruitment of PPARa at ZT8 (Goldstein and Hager,
2015). Recruitment of GR, CREB, and PPARug. to class Ill genes
(e.g., Got1, G6pc, Acot2) was also increased by fasting (Fig-
ure 5J-5L). Although BMAL1 is known to occupy the G6pc
genomic region, deletion of Bmal1 in the liver does not alter
G6pc gene expression, indicating that BMAL1 binding to the
G6pc site is unlikely to be functional and leading to the catego-

rization of G6pc as a non-BMAL1-target gene (Koike et al.,
2012; Yang et al., 2016).

Next, we investigated the role of the clock in fasting-induced
gene regulation in liver and muscle. We subjected Bmal1 =/~
mice and their wild-type (WT) littermates to 24-hr fasting
(FAST) or ad libitum feeding (FED) and harvested liver and
gastrocnemius muscle at ZT8, a time when BMAL1 recruitment
is at its peak (Figure S7A). Body weight loss under fasting was
comparable in both genotypes (Figures S7B and S7C). We
explored the expression of genes belonging to the three identi-
fied classes in fasted Bmal1~/~ mice. Expression of class | genes
such as Dbp, Nr1d1 (Rev-erba), and Per3 was abrogated by
Bmal1 ablation as expected (Figures 6A and 6B). Class Il genes
were activated by fasting in a BMAL1-dependent manner,
despite the decreased recruitment of BMAL1 to their promoters
under fasting (Figures 6C, 6D, and S7D). However, class Il genes
are activated by fasting in a BMAL1-independent fashion (Fig-
ures 6E, 6F, and S7E). To validate this notion, liver-specific
Tfeb™'~ (LiKO) mice were subjected to 24-hr fasting or fed ad /i-
bitum, and livers were collected at ZT8 (Figure S7F). While LiKO
mice displayed similar expressions of clock genes, including
class | in the liver, genes within classes Il and Il required TFEB
for gene activation (Figures S7G-S7J). Thus, clock and fasting-
sensitive TFs coordinate temporal gene transcription. We
confirmed that BMAL1 protein levels were abolished both in
Bmal1~'~ liver and skeletal muscle (Figure 6G-6J). Under fast-
ing, FOXO1 and GR expression in liver nuclear fraction and
PPARS and phosphorylated CREB (pCREB)/CREB expression
in skeletal muscle appeared higher in Bmal1~'~ mice (Figures
6l and 6K). Conversely, hepatic nuclear PPARa was lower in
Bmal1~'~ mice, presumably because it is a direct target of
BMAL1 (Oishi et al., 2005) (Figure 6K). Thus, the clock modulates
fasting-sensing pathways in a tissue-specific manner.

Response to Fasting Is Reversible by Refeeding

We next investigated whether the response to fasting is pre-
served for more than one daily cycle and whether it may be
reversible by refeeding. Tissues were collected at ZT8 and
ZT20 from 48-hr fasted mice (48h-FS), 24-hr fasted, and subse-
quently 24-hr refed (REFED) mice, or control mice fed ad libitum
with normal chow (FED) (Figure 7A). Body weight was reduced
by 48-hr fasting and regained by refeeding, while serum cortico-
sterone, free fatty acids, and B-OHB levels were highly induced
by 48-hr fasting and normalized by refeeding (Figures 7B, 7C,
S1, and S7K). As for the 24-hr fasting, 48-hr fasting attenuated
the expression of BMAL1 targets, whereas REV-ERBa-target
genes were derepressed both in liver and skeletal muscle at
ZT8, and both were reversed by refeeding (Figures 7D and 7E).
Forty-eight-hour fasting affected BMAL1 phosphorylation and
acetylation, as well as the levels of REV-ERBa protein, although

(G) GSEA for muscle BMAL1 target genes at ZT8 enriched in FED.

(H) Differentially expressed muscle BMALT1 target genes at ZT8 illustrating fasting-sensitive TF coordinated regulation.

() GSEA for hepatic REV-ERBua target genes at ZT12 enriched in FAST.

(J) Differentially expressed REV-ERBu. liver target genes at ZT12 illustrating fasting-sensitive TF coordinated regulation.

(K) GSEA for muscle HDACS target genes at ZT12 enriched in FAST.

(L) Differentially expressed HDAC3 muscle target genes at ZT12 illustrating fasting-sensitive TF coordinated regulation. Gene sets with a false discovery rate

(FDR) <0.25 are considered significantly enriched.
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Figure 5. Altered Recruitment of BMAL1 and Fasting-Induced TFs after Fasting

(A) Criteria for gene classification of BMAL1-target genes and differential gene expression after fasting.

(B) Number of genes identified for each class in liver and skeletal muscle at ZT8 (left) and ZT12 (right).

(C-E) Chromatin immunoprecipitation in liver for BMAL1 or immunoglobulin G (IgG) followed by RT-gPCR specific for class | genes (C) Dbp, (D) Per2, and
(E) Nr1d1 (Rev-erba).

(legend continued on next page)
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the ratio of phosphorylation or acetylation to the total BMAL1
protein abundance was comparable due to the reduced
BMAL1 expression by 48-hr fasting, especially in the liver. Re-
feeding basically restored the fed state profiles (Figures 7F,
7G, and S7L).

Finally, we explored whether the rhythmic transcriptional
response to 24-hr fasting is maintained for an extended cycle
of 24-hr fasting (Figures 1C and 1F). By and large, the cyclic
response was sustained under the 48-hr fasting condition, while
it was virtually lost by refeeding both in liver and skeletal muscle
(Figures 7H and 71). Overall, the transcriptional response to fast-
ing appeared to be sustainable by fasting per se and reversible
by refeeding.

DISCUSSION

Food intake is considered as a major zeitgeber for peripheral
clocks (Damiola et al., 2000; Stokkan et al., 2001; Vollmers
et al., 2009). We sought to test whether “lack of food” merely re-
flects “free-running” conditions as in the SCN under constant
darkness, or if it rather entrains a specific set of gene oscillations.
We demonstrated that a significant number of genes display
rhythmic response to fasting in a tissue-specific manner. Skel-
etal muscle gained almost twice as many newly oscillating genes
upon fasting as the liver, while this ratio is reversed in FED mice.
Of note, rhythmic transcriptional response to fasting appears
sustained for a prolonged period. Supporting this notion, serum
corticosterone, B-OHB, and hepatic Fgf21 expression displayed
rhythmic response to fasting (corticosterone peaking at ZT8-
ZT12, B-OHB and Fgf21 at ZT20; Figures 7C, 7H, S1K, and
S7K), while GR and PPARGa. recruitment is also cyclic (GR peak-
ing at ZT12, PPARa at ZT20; Figures 5F, 5H-5J, and 5L).
Conversely, only 20% and 34% of hepatic and muscle tran-
scripts in FED mice preserved their rhythmicity under fasting.
Among them, a fraction of the genes were cyclic and in phase
between FED and FAST (137 hepatic and 36 muscle genes,
respectively). Presumably, these genes are driven by tissue-
intrinsic clocks, SCN-derived signals, or a combination of both.
Thus, fasting appears to be a strong metabolic cue to entrain
rhythmic gene expression.

Our findings are consistent with previous studies (Kawamoto
et al., 2006; Shavlakadze et al., 2013; Sun et al., 2015; Xie
et al., 2016). Other reports present apparent differences that
could be explained by various factors (Mukherji et al., 2015;
Wouarin and Schibler, 1990). First, the clock in skeletal muscle ap-
pears to be more sensitive to fasting, resulting in larger changes
in gene and protein expression compared to the liver. The liver
response to fasting appears to display different degrees,
although always consistent in our analyses. Second, younger
mice are likely to be more susceptible to fasting; 8-week-old

mice displayed increased attenuation of clock genes and
proteins by fasting as compared to older mice (Figures 3, 6, 7,
and S7). Lastly, different housing environments could influence
mouse feeding behavior.

We staggered the starting times of fasting so that mice at any
time point have undergone the same length of 24-hr fasting. This
protocol is more appropriate than sequential time collection.
First, sequential time collection results in different lengths of fast-
ing. When starting fasting at ZTO for all animals and harvesting
tissues in a sequential manner, mice at ZTO would receive
24-hr fasting, while mice at ZT20 would receive 44-hr fasting.
Second, ad libitum-fed mice at ZT12 are not really “fasted.”
Our analysis of metabolic cages shows that even during the light
phase, mice engage in feeding activity, resulting in a significant
increase in oxygen consumption, RER, and energy expenditure
in comparison to fasted mice. Furthermore, if mice at ZT12
were fasted for 36 hr, then our transcriptome would have demon-
strated the expression of fasting-induced genes peaking at
ZT12, which was not the case (Figures 1B and 1C). Hepatic
PPARa or REV-ERBu targets are expressed at lower levels at
ZT12 (Figures S4D and S5F). Also, the feeding status of animals
is likely to vary from peak feeding, which may contribute to
rhythmicity. The experimental design used in the present study
appears to be most appropriate to assess the time-of-the-day-
specific response to fasting.

Fasting appears to be a suppressive signal for the circadian
clock. This may be partly accomplished by increased nicotin-
amide adenine dinucleotide-positive (NAD*) levels and subse-
quent enhanced sirtuin activity by fasting (Canto et al., 2010;
Rodgers et al., 2005), which hinders BMAL1 recruitment to
chromatin and gene activation (Masri et al., 2014; Nakahata
et al., 2008). Moreover, fasting could control clock protein trans-
lation, post-translational modifications, and degradation. Per?
activation upon fasting is somewhat reminiscent of the effect
elicited by light, although it is unclear whether Per? induction
by fasting contributes to the mitigation of BMAL1-dependent
activation (Shigeyoshi et al., 1997). Feeding or insulin induces
Per2, suggesting that a switch from fasting to feeding could
act as an entrainment signal by activating Per1 and Per2 (Sato
et al., 2014).

PPAR, CCAAT-enhancer-binding protein (C/EBP), GR, and
CREB motifs are particularly enriched in hepatic fasting-induced
enhancers (Goldstein et al., 2017). Moreover, CREB, FOX,
and GR motifs are enriched in hepatic DNase | hypersensitive
sites during the fasting phase of temporal feeding restric-
tion even in Bmal1 null mice (Sobel et al., 2017). Therefore, fast-
ing-sensitive TFs may work in concert or independently of
the circadian machinery. We thereby investigated how GR,
CREB, FOXO, TFEB, and PPARs may operate in concert with
BMAL1 upon fasting. Although the protein levels of some of

(F-1) Chromatin immunoprecipitation in liver for BMAL1, GR, CREB, PPARu, or IgG followed by RT-gPCR specific for class Il genes (F) Fkbp5, (G) Gpt2, (H) Acot4,

and (l) Cidec.

(J-L) Chromatin immunoprecipitation in liver for GR, CREB, PPARu, or IgG followed by RT-gPCR specific for class Ill genes (J) Got1, (K) G6pc, and (L) Acot2.
Data are presented as means + SEMs (n = 3-4 replicates per time point per group). Diagram above shows regions of amplification by primers designed for
analysis (arrows) and TSS (transcription start site). Gene expression profiles are shown next to ChIP-qgPCR data for visualization. Transcripts were normalized to
18S rRNA and presented as means + SEMs (n = 5 replicates per time point per group). ZTO is double plotted for visualization. *p < 0.05, **p < 0.01, **p < 0.001, and
****p < 0.0001 by two-way ANOVA (interaction/time/group) with Bonferroni post hoc tests.
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Figure 6. BMAL1 Modulates Fasting-Sensing Pathways
(A and B) Representative gene expression profiles of (A) hepatic and (B) muscle BMAL1-target genes repressed by fasting (class I) in WT and Bmal1~/~ mice
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(legend continued on next page)
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the fasting-induced TFs in FAST mice seemed comparable to
FED mice, the recruitment of TFs such as hepatic CREB and
PPARa was enhanced by fasting in a rhythmic manner. This
led to a classification of fasting-dependent genes based on their
differential gene expression. Our analysis revealed that there is a
group of genes whose expression is dually controlled by fasting-
sensitive TFs and BMAL1, both in liver and skeletal muscle.
BMAL1 appears to play a dominant role in the expression of
these genes in ad libitum fed condition, while fasting-responsive
TFs “take over” BMAL1 upon nutritional deprivation to achieve
highly efficient gene control. Notably, gene induction by fasting
is dependent on BMAL1, presumably because it may contribute
to a favorable chromatin state for the induction of class Il genes
by fasting-responsive TFs. Physiological fasting occurs at
approximately ZT8-ZT12, so that BMAL1 and fasting-respon-
sive TFs may cooperatively produce robust oscillation under
dark phase restricted feeding. While we did not test whether
BMAL1 and fasting-sensitive TFs physically interact, TFEB binds
E-box sequences, suggesting competition or synergistic tran-
scription (Settembre and Ballabio, 2014). Moreover, BMAL1
and feeding-responsive TFs such as sterol regulatory element
binding proteins (SREBPs) and farnesoid X receptor (FXR)
could cooperatively drive diurnal gene expression. The majority
of genes activated by fasting are non-BMAL1 targets, thus
oscillation is possible even without a functional clock (Vollmers
et al., 2009).

Post-transcriptional control plays an important role in circa-
dian gene expression (Fustin et al., 2013; Kojima et al., 2012;
Terajima et al., 2017). A number of distinct genes were cycling
only in exonic reads under fasting, indicating that nutrient-
sensing signals could control the RNA processing machinery.
RNA editing of Apob mRNA and the excretion of small-molecu-
lar-weight apolipoprotein B (ApoB) are suppressed after fasting,
although fasting does not affect the relative levels of Apob
mRNA, indicating that RNA editing could sense fasting signals
(Leighton et al., 1990). Fasting also alters circadian alternative
splicing and contributes to the temporal pattern of gene expres-
sion (McGlincy et al., 2012). Peroxisome proliferator-activated
receptor y co-activator 1o (PGC-10) interacts with components
of the RNA processing machinery, suggesting that PGC-1a.
could mediate the fasting signal to post-transcriptional gene
control (Monsalve et al., 2000). Since transcription and RNA
processing are tightly coupled (Bentley, 2014), it is tempting
to speculate that fasting-sensitive TFs such as PPARs
and FOXO also modulate post-transcriptional gene regulation
in the context of fasting by using co-activators and could
use them to bridge transcription with post-transcriptional
processes.

Our study shows that daily gene expression is highly respon-
sive to fasting through temporal coordination of the circadian
clock and fasting-sensitive TFs. This reorganization of gene

regulation by fasting could prime the genome to a more permis-
sive state to anticipate upcoming food intake and thereby drive
a new rhythmic cycle of gene expression. Therefore, optimal
fasting in a timed manner would be strategic to confer robust
circadian oscillation that ultimately benefits health and protects
against aging-associated diseases.
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(I) Fasting-responsive proteins in muscle total lysates from WT and Bmal7~/~ mice at ZT8 under FED and FAST conditions.

(J) Quantitation of muscle BMAL1 presented as means + SEMs (n = 3 biological replicates per group).

(K) Fasting-responsive proteins in hepatic nuclear extracts from WT and Bmal1~/~ mice at ZT8 under FED and FAST conditions. Transcript levels were normalized
to 18S rRNA and presented as means + SEMs (n = 4-5 replicates per genotype per group). *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001 by two-way

ANOVA with Bonferroni post hoc tests.
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Figure 7. Response to Fasting Is Reversible by

Refeeding

(A) Experimental design of 48-hr fasting and 24-hr fasting with 24-hr refeeding. Tissues were collected at ZT8 and ZT20.
(B) Body weight before and after ad libitum fed (FED), 48-hr fasting (48h FS), or 24-hr fasting with 24-hr refeeding (REFED).
(C) Serum corticosterone levels under FED, 48h-FS, and REFED conditions. Data are shown as means + SEMs (n = 3 replicates per time point per group).

(D and E) Gene expression profiles of (D) hepatic and (E) muscle core clock genes normalized to 18S rRNA and presented as means + SEMs (n = 3 replicates per

time point per group).

(legend continued on next page)
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http://software.broadinstitute.org/
gsea/index.jsp

https://david-d.ncifcrf.gov/

http://circadiomics.igb.uci.edu/
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Prism 7 GraphPad Software https://www.graphpad.com/
lllustrator CS6 Adobe Systems N/A

Excel 2011 Microsoft N/A

Other

Normal chow diet (Teklad global soy protein-free extruded) Envigo Cat# 2020X

CLAMS (Comprehensive Lab Animal Monitoring System) Columbus Instruments http://www.colinst.com/
Mini Mitter Philips Respironics N/A

Q125 Sonicator Qsonica Cat# Q125-110

CFX96 Touch Real-Time PCR Detection System Bio-Rad Laboratories N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Paolo
Sassone-Corsi (psc@uci.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Age-matched male C57BL/6 mice (the Jackson Laboratory), male Bmal1~'~ mice, and male liver-specific Tfeb™'~ (Tfeb LiKO) mice
were housed under a temperature-controlled, 12hr light/ 12hr dark schedule. Bmal?1~'~ mice and Tfeb LiKO mice were previously
described (Kondratov et al., 2006; Settembre et al., 2013). All animal experiments were performed in accordance with guidelines
of the Institutional Animal Care and Use Committee at the University of California, Irvine.

METHOD DETAILS

Fasting Schedule

Male C57BL/6 mice, male Bmal1~'~ mice, and male Tfeb LiKO mice were placed on a normal chow diet (2020X Teklad Global
Extruded Rodent Diet). For the 24-hr fasting experiments, C57BL/6 mice at 8 weeks of age, Bmal1 ™'~ mice at an average of
14.4 weeks of age, and Tfeb LiKO mice at an average of 18.5 weeks of age were randomly divided into an ad libitum fed group,
or a fasting group. The fasted mice were placed in new cages without food 24-hr before sacrifice to prevent eating remnants of
chow diet on the cage floor. For the 48-hr fasting and refeeding experiment, male wild-type mice to Bmal?~'~ mice at an average
of 14.9 weeks of age were randomly divided into ad libitum fed group, a fasting group, or a fasting with subsequent refeeding group.
All mice were individually housed 1 week prior to harvesting tissue.
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Metabolic Cage Analysis

Indirect calorimetry was carried out by negative-flow system cages Oxymax/CLAMS (Columbus Instruments). Feeding and lighting
conditions in metabolic cages were the same as those in the normal cages. Feeder counts less than 0 g or more than 0.8 g per 10 min
during ad libitum fed experiment were excluded from the study. Any feeder counts during the fasting experiment were regarded as
noise and treated as null since mice were restricted from any access of food.

Locomotor Activity Analysis

Mice were individually housed under 12hr light/ 12hr dark schedule. Locomotor activity was measured using optical beam motion
detection (Philips Respironics). Data were collected using the Minimitter VitalView 5.0 data acquisition software. Actograms and
activity profiles were computed using Clocklab software (Actimetrics).

RNA Extraction and Reverse Transcription

Total RNA was extracted from liver and skeletal muscle with TRIzol (Invitrogen), followed by precipitation with isopropanol
and ethanol. Complimentary DNA (cDNA) was obtained by reverse transcription of 1 ug RNA using iScript cDNA Synthesis Kit
(Bio-Rad Laboratories).

Protein Extraction and Western Blot

Whole cell extracts of liver and skeletal muscle were obtained as follows: frozen liver and skeletal muscle tissues were homogenized
in modified RIPA buffer (50 mM Tris-HCI [pH 8.0], 150 mM NaCl, 1% NP-40, 0.5% Sodium Deoxycholate, 0.1% SDS, 5 mM MgCl,,
and 1 mM PMSF) supplemented with Protease Inhibitor Cocktail (Roche), 1 mM DTT, 20 mM NaF, 1 mM Sodium Orthovanadate,
10 mM Nicotinamide, 330 nM Trichostatin A (T8552, Sigma). Samples were sonicated briefly, and centrifuged at 13200 rpm for
15 min at 4°C. Supernatants were stored as whole cell protein lysates. Nuclear extraction was carried out as follows: frozen liver tis-
sues were homogenized in 1.5 mL of buffer A (10 mM HEPES [pH 7.8], 25 mM KCI, 0.5 mM spermidine, 1 mM EGTA, 1 mM EDTA,
320 mM sucrose, 0.3% Triton X-100, and 0.5 mM PMSF) supplemented with the same inhibitors for homogenization of whole cell
extracts. Samples were centrifuged at 3300 rpm for 10 min at 4°C. Supernatants were stored as a cytoplasmic fraction. Pellets
were resuspended in 1.5 mL of buffer A with the inhibitors. Samples were then spun down at 2000 rpm for 10 min at 4°C, and pellets
were resuspended in 1 mL of low salt buffer (10 mM HEPES [pH 7.8], 25 mM KClI, 0.5 mM spermidine, 1 mM EGTA, 1 mM EDTA, 20%
Glycerol, and 0.5 mM PMSF) with the same inhibitors for homogenization. Samples were centrifuged at 2000 rpm for 10 min at 4°C,
and pellets were resuspended in 1 mL of low salt buffer with the inhibitors. Samples were further centrifuged at 2000 rpm for 5 min at
4°C, and pellets were resuspended in one volume (equal to the pellet size) of low salt buffer with the inhibitors. After measuring the
total volume, two volumes of high salt buffer (10 mM HEPES [pH 7.8], 525 mM KCI, 0.5 mM spermidine, 1 mM EGTA, 1 mM EDTA,
20% Glycerol, and 0.5 mM PMSF) with the same inhibitors for homogenization were added to samples, followed by mixture and in-
cubation for 1 h at 4°C. Samples were centrifuged at 12000 rpm for 20 min at 4°C, and supernatants were stored as nuclear fraction.
5-60 pg of protein lysates were separated on 6%-10% gels by SDS-PAGE, and transferred to nitrocellulose membranes. The mem-
branes were incubated with primary antibodies and peroxidase-conjugated secondary antibodies at 4°C, and visualized by chemi-
luminescent HRP substrate (WBKLS0500, EMD Millipore). The blots were developed with autoradiography films (HyBlot CL, Denville
Scientific). The films were scanned and densitometry was analyzed through Imaged software.

Chromatin Immunoprecipitation

Approximately 250 mg of frozen liver tissues were homogenized in 4 mL PBS containing Protease Inhibitor Cocktail (Roche), 20 mM
NaF, 0.5 mM PMSF, 10 mM Nicotinamide, and 330 nM Trichostatin A (T8552, Sigma). Liver homogenates were first cross-linked with
2 mM disuccinimidyl glutarate and 1 mM MgCl, for 30 min, and further cross-linked with 1% formaldehyde for 5 min at room tem-
perature. Cross-linking reaction was stopped by incubation with 125 mM glycine for 10 min. Samples were centrifuged at 1000 g for
5 min at 4°C, and pellets were resuspended in 4 mL PBS with the inhibitors. Samples were then centrifuged at 1000 g for 10 min at
4°C, and pellets were resuspended in 1 mL of cell lysis buffer (5 mM HEPES [pH 8.0], 85 mM KCl, 0.5% NP-40, and the same inhib-
itors for homogenization) and incubated on ice for 10 min. Samples were spun down at 3000 rpm for 5 min at 4°C, and pellets were
resuspended in 1 mL of SDS lysis buffer (50 mM Tris-HCI [pH 8.0], 10 mM EDTA [pH 8.0], 1% SDS, and the same inhibitors for ho-
mogenization) and incubated on ice for 20 min. Samples were sonicated with Bioruptor (Diagenode), and centrifuged at 13200 rpm
for 10 min at 4°C. Supernatants were diluted 1:4 in dilution buffer (50 mM Tris-HCI [pH 8.0], 167mM NacCl, 1.1% Triton X-100, 0.11%
Sodium Deoxycholate, and the same inhibitors for homogenization). 1 mL of chromatin samples were first pre-cleared with 50 pL
of 50% slurry, salmon sperm DNA-blocked Protein G Sepharose (P3296, Sigma-Aldrich) for 2 hr at 4°C. After removal of
Protein G Sepharose by quick centrifugation, samples were immunoprecipitated with antibodies overnight at 4°C. 50 uL of 50%
slurry Protein G Sepharose beads were then added to samples, followed by incubation for 3 hr at 4°C. The beads were washed
with 1ml of low-salt RIPA (50 mM Tris-HCI [pH 8.0], 150 mM NaCl, 1 mM EDTA [pH 8.0], 1% Triton X-100, 0.1% Sodium Deoxycho-
late, and 0.1% SDS), high-salt RIPA (50 mM Tris-HCI [pH 8.0], 500 mM NaCl, 1 mM EDTA [pH 8.0], 1% Triton X-100, 0.1% Sodium
Deoxycholate, and 0.1% SDS), LiCl wash (10 mM Tris-HCI [pH 8.0], 250 mM LiCl, 1 mM EDTA [pH 8.0], 0.5% NP-40, and 0.5%
Sodium Deoxycholate), and twice with TE wash (10 mM Tris-HCI [pH 8.0] and 1 mM EDTA [pH 8.0]) buffers. Samples were reverse
cross-linked with 200 pL of elution buffer (10 mM Tris-HCI [pH 8.0], 300 mM NaCl, 5 mM EDTA [pH 8.0], and 0.5% SDS) overnight at
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65°C, and subsequently treated with 2 pL of 2 mg/ml RNase A for 30 min at 37°C, and 1 uL of 10 mg/ml proteinase K for 1 hr at 55°C.
After adding 2 pL of 20 mg/ml glycogen, samples were extracted twice with 210 uL of phenol/chloroform/isoamyl alcohol. Finally,
DNA was precipitated with ethanol, and resuspended in TE wash buffer.

Quantitative real-time PCR analysis

cDNA and immunoprecipitated chromatin DNA were used for quantitative real-time PCR (RT-gPCR) using SsoAdvanced Universal
SYBR Green Supermix and CFX96 Detection System (Bio-Rad Laboratories). All gene expression was normalized to 18S Ribosomal
RNA. The sequences of primers used in RT-gPCR are listed in Table S6.

Antibodies

The antibodies used for western blots in this study are as follows. BMAL1 (ab93806, Abcam, 1:10000), Acetyl-BMAL1 (AB15396,
EMD Millipore, 1:1000), REV-ERBua. (#13418, Cell Signaling Technology, 1:1000), PER2 (PER21-A, Alpha Diagnostic International,
1:1000), CRY1 (A302-614A, Bethyl Laboratories, 1:2000), GR (#12041, Cell Signaling Technology, 1:2000), Phospho-CREB
(#9198, Cell Signaling Technology, 1:1000), CREB (#9197, Cell Signaling Technology, 1:1000), FOXO1 (#2880, Cell Signaling Tech-
nology, 1:1000), PPAR« (sc-9000, Santa Cruz Biotechnology, 1:1000), SIRT1 (07-131, EMD Millipore, 1:10000), PPARS (PA1-823A,
Thermo Fisher Scientific, 1:1000), TFEB (A303-673A, Bethyl Laboratories, 1:2000), ACTIN (ab3280, Abcam, 1:10000), «—TUBULIN
(T5168, SIGMA-ALDRICH, 1:10000), p84 (GTX70220, GeneTex, 1:10000), secondary antibodies (12-348 and AP160P, EMD
Millipore, 1:10000). The antibodies used for ChIP are as follows. BMAL1 (ab93806, Abcam, 2 ng), GR (#12041, Cell Signaling
Technology, 5 pl), CREB (sc-186 X, Santa Cruz Biotechnology, 10 ng), PPARe. (sc-9000 X, Santa Cruz Biotechnology, 8 ug), normal
rabbit IgG (sc-2027, Santa Cruz Biotechnology).

Serum Corticosterone quantitation
Serum levels of corticosterone was quantified using “Corticosterone ELISA Kit” (ADI-900-097, Enzo Life Sciences) according to
manufacturer’s instructions.

Serum free fatty acid quantitation
Serum levels of free fatty acid were determined using “Free Fatty Acid Quantitation Kit” (MAK044, SIGMA-ALDRICH) according to
manufacturer’s instructions.

B-Hydroxybutyrate quantitation
Serum levels of B-Hydroxybutyrate were measured using “B-Hydroxybutyrate LiquiColor Assay” (2440-058, EKF DIAGNOSTICS-
STANBIO) according to manufacturer’s instructions.

RNA sequencing

Total RNA extracted from liver and skeletal muscle as described previously was used for RNA sequencing (RNA-seq). Total RNA
was monitored for quality control using the Agilent Bioanalyzer Nano RNA chip and Nanodrop absorbance ratios for 260/280 nm
and 260/230 nm. Library construction was performed according to the lllumina TruSeq mRNA stranded protocol. The input quantity
for total RNA was 0.75 ug and mRNA was enriched using oligo dT magnetic beads. The enriched mRNA was chemically fragmented
for four minutes. First strand synthesis used random primers and reverse transcriptase to make cDNA. After second strand synthesis
the ds cDNA was cleaned using AMPure XP beads and the cDNA was end repaired and then the 3’ ends were adenylated. lllumina
barcoded adapters were ligated on the ends and the adaptor ligated fragments were enriched by nine cycles of PCR. The resulting
libraries were validated by gPCR and sized by Agilent Bioanalyzer DNA high sensitivity chip. The concentrations for the libraries
were normalized and then multiplexed together. The concentration for clustering on the flowcell was 12.75 pM. The 72 samples
were multiplexed into three libraries of 24 samples each, and sequenced on an lllumina HiSeq 2500 instrument during two single-
end 100 cycles sequencing runs by the Genomics High-Throughput Facility at the University of California, Irvine. The version of HiSeq
control software was HCS 2.2.58 with real time analysis software, RTA 1.18.64. Each library of 24 samples was sequenced between
four and five times on distinct flowcell lanes for a total of 13 flowcell lanes. The resulting sequencing data for each library were
post-processed and demultiplexed to produce FastQ files using lllumina software CASAVA 1.8.2. Reads failing lllumina’s standard
quality tests were not included in the FastQ files. The quality of the remaining sequences was further assessed using the PHRED
quality scores produced in real time during the base-calling step of the sequencing runs.

Short reads alignment to reference genome and transcriptome

The sequencing reads from each replicate in the experiment were separately aligned to the reference genome mm10 and corre-
sponding known splice junctions extracted from the RefSeq database using the short-read aligner ELAND v2e (lllumina). Reads
with a non-unique best match or with more than two mismatches with the reference sequences were discarded from the analyses.
The remaining uniquely aligned reads were used to estimate both mature RNA and precursor mRNA relative abundance in the next
steps of the analyses.
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Read counting methods

Gene expression results produced by standard RNA-seq analysis tools are obtained by normalizing the number of reads located
inside exonic regions of known genes. To compare the rhythmicity of the pre-mRNAs and mRNAs in our datasets, we implemented
the Exon Intron Split Analysis (EISA) method using a protocol similar to the one proposed by the authors of the EISA method
(Gaidatzis et al., 2015). All the components of this analysis were performed using programs specifically developed in-house. This
section describes the method used in these programs to decide if a read is exonic or intronic, based on the RefSeq gene annotations
available at the time of the analysis as well as the alignment results.

Exonic reads are detected following a common protocol. In brief, all isoforms of a given gene are merged together to create a single
meta-transcript for the gene, where each exonic position of the meta-transcript belongs to an exon of at least one gene isoform.
Similarly, the union of all the splice junctions in all the gene isoforms is used to detect the exonic reads. The resulting meta-transcripts
and splice junctions are further processed to discard any exonic position of a gene overlapped by any position of a different gene to
remove the corresponding ambiguities. 23,989 gene meta-transcripts were extracted following this protocol. Sequencing reads
located in the exons of a meta-transcript, or uniquely mapped to any of the splice junctions associated with the meta-transcript,
were considered exonic and therefore contributed to the estimate of the mRNA relative abundance for the corresponding gene in
each sample.

Intronic reads were detected following a protocol equivalent to the protocol reported in the EISA method (Gaidatzis et al., 2015).
Similar to the protocol reported above to detect exonic reads, all isoforms of a given gene are merged together to create a single
meta-transcript for the gene. A notable difference for the intronic positions of the curated meta-transcripts is that they belong to
the intersection of the introns of all the gene isoforms, instead of the union which is used in the exonic case. This protocol ensures
that there is no overlap between the exonic and intronic positions of the curated meta-transcripts. Intronic positions overlapped by
any position of a different gene were discarded, as in the exonic case. Genes with no intron and genes with no intron longer than
100 bp in the corresponding meta-transcripts were discarded. This protocol resulted in 19,433 gene meta-transcripts suitable
for the EISA analysis. Sequencing reads located in the introns of a meta-transcript were used to estimate the pre-mRNA relative
abundance for the corresponding gene.

Normalization and gene expression results

Reads Per Kilobase of exon model per Million mapped reads (RPKM) values are commonly used in RNA-seq experiments to quantify
the relative abundance of each mRNA in a sample and to perform differential gene expression analyses. The same metric can be used
to quantify the relative abundance of each pre-mRNA in a sample simply by replacing the size of the exons in the meta-transcripts by
the size of the introns in the meta-transcripts, and by replacing the exonic read counts by the intronic read counts in the calculation
(Gaidatzis et al., 2015).

In order to study the mRNA relative abundance in each sample, we first normalized the exonic read counts by the size of the exons
in the meta-transcripts and by the total number of exonic reads found in each sample for all 23,989 gene meta-transcripts extracted,
as described in the previous section. This first set of gene expression results is equivalent to the gene expression results of a standard
RNA-seq analysis. Since only 19,433 genes were found suitable for the EISA analysis, we then normalized both exonic and intronic
read counts considering only these 19,433 genes in the normalization procedure in order to remove the bias that would be introduced
by normalizing using a different set of genes. The first set of exonic expression results was used to further study the mRNA
abundance in each sample, as described in the next sections. In addition, comparisons between mRNA and pre-mRNA abundance
in each sample were performed using the second set of exonic expression results and the set of intronic expression results. The three
sets of gene expression results for each sample are available for download from the GEO database.

QUANTIFICATION AND STATISTICAL ANALYSIS

Bioinformatic Analysis

Time series of expression levels were then used to determine circadian behaviors of transcripts using JTK-CYCLE (Hughes et al.,
2010). Transcripts found with no expression in greater than six replicates were filtered before analysis of circadian behavior.
A gene with p < 0.01 was considered significantly rhythmic over the circadian cycle. Heatmaps of the rhythmic transcripts were
generated by R package ‘gplots’. Differential analysis of transcript expression levels between FED and FAST at a specific ZT was
done using Cyber-T (Kayala and Baldi, 2012), a differential analysis program using a Bayesian-regularized t test. Fold change (FC)
in the fasting study was calculated with RPKM values. Differential expression were determined with p < 0.05 in Bayes-regularized
ttest and FC > 1.3. Gene Set Enrichment Analysis was performed to determine whether or not a specific subset of genes are en-
riched either in FED or FAST mice (Subramanian et al., 2005). Gene sets with false discovery rate of less than 25% were considered
significantly enriched. The Database for Annotation, Visualization and Integrated Discovery (DAVID) pathway analysis tool was used
to identify gene ontology terms related to biological process (https://david-d.ncifcrf.gov/). Analysis was done using pipelines imple-
mented for the Circadiomics (Patel et al., 2012) database and web portal (circadiomics.ics.uci.edu) where all the transcriptomic data
associated with this work is publicly available.
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Analysis of Published Dataset

We obtained time-restricted fed, hepatic transcriptome by microarray (Vollimers et al., 2009) from GEO (GSE13060), hepatic BMAL1
ChIP-seq (Koike et al., 2012) from “Master peak lists for ChIP-seq experiments for BMAL1,” inducible Bmal1~~ liver transcriptome
by RNA-seq (Yang et al., 2016) from GEO (GSE70497), Rev-erba~'~ liver transcriptome by microarray and hepatic REV-ERBu.
GRO-seq (Fang et al., 2014) from “List of Differentially Expressed Genes Identified in Rev-erba™'~ Livers,” prednisolone-induced liver
transcriptome by microarray (Frijters et al., 2010) from GEO (GSE21048), cAMP (Zhang et al., 2005) and glucagon induced liver tran-
scriptome by microarray (Ravnskjaer et al., 2013) from “The lists of CAMP responsive genes from hepatocytes” (http://natural.salk.
edu/CREB/) and GEO (GSE47179), respectively, liver specific Foxo1,3,4~~ liver transcriptome by microarray (Haeusler et al., 2014)
from GEO (GSE60527), liver specific Ppara™~ liver transcriptome by microarray (Montagner et al., 2016) from GEO (GSE73299),
TFEB-overexpressed liver transcriptome by microarray (Settembre et al., 2013) from GEO (GSE35015), pre- and post-exercise
gastrocnemius muscle transcriptome by microarray (Perry et al., 2014) from GEO (GSE61712), muscle specific Bmal1 ~/~ tibialis ante-
rior muscle transcriptome by microarray (Dyar et al., 2013) from GEO (GSE43071), muscle specific Hdac3 ~/~ muscle transcriptome
by RNA-seq from “Differentially expressed genes from RNA-seq” (Hong et al., 2017), dexamethasone-treated C2C12 myotubes
transcriptome by microarray (Kuo et al., 2012) from GEO (GSE28840), cAMP induced muscle transcriptome by microarray (Pearen
et al., 2009) from GEO (GSE15793), muscle specific Foxo1,3,4~'~ muscle transcriptome by microarray (Milan et al., 2015) from GEO
(GSE52667), Ppard overexpressing muscle transcriptome by microarray (Gan et al., 2011) from GEO (GSE29055), and TFEB over-
expressed muscle transcriptome by microarray (Mansueto et al., 2017) from GEO (GSE62975). Calculation of FC in microarray
was carried out by logarithmic normalization unless already logarithmic-transformed. Differential expression was determined by
p < 0.05 in Bayes-regularized t test along with FC > 1.3 in RNA-seq and LogFC > 0.37 in microarray, except for Foxo1,3,4~'~ muscle
transcriptome where LogFC > 1.5 was applied because of a single replicate. Specifically, among the genes in master peak lists of
BMAL1 ChlIP-seq (Koike et al., 2012), differentially expressed genes with FC (WT/iKO) > 1.3 at CT8 and CT12 were selected as he-
patic BMAL1 target genes at ZT8 and ZT12, respectively (Yang et al., 2016). “Derepressed genes in Rev-erba™~“ among “List of
Differentially Expressed Genes Identified in Rev-erba™'~ Livers” were used as hepatic REV-ERBa. target genes (Fang et al., 2014).
Differentially expressed genes with LogFC (shNS, Glucagon/shNS, Control) > 0.37 were selected as glucagon induced genes in
the liver (GSE47179). “The lists of cAMP responsive genes from hepatocytes” were selected as cAMP induced genes in the liver
(Zhang et al., 2005). Genes included either in glucagon or cAMP induced genes in the liver were finally extracted as hepatic
CREB target genes. Likewise, we selected differentially expressed genes with LogFC (Prednisolone-treated WT/Vehicle-treated
WT) > 0.37 as hepatic GR target genes (GSE21048), with LogFC (WT-fasted/L-FoxO1,3,4 '~ -fasted) > 0.37 as hepatic FOXO target
genes (GSE60527), with LogFC (LWT_Fasted/PPARa-LKO_Fasted) > 0.37 as hepatic PPAR« target genes (GSE73299), with LogFC
(Injected/CTL) > 0.37 as hepatic TFEB target genes (GSE35015), with LogFC (WT post-exercise/WT pre-exercise) > 0.37 as exer-
cise-induced genes (GSE61712), with LogFC (WT pre-exercise/WT post-exercise) > 0.37 as exercise-repressed genes (GSE 61712),
with LogFC (Tibialis Anterior Muscle_Ctrl/Tibialis Anterior Muscle_mKO) > 0.37 at ZT8 and ZT12 as muscle BMAL1 target genes at
ZT8 and ZT12, respectively (GSE43071), with LogFC (myotube_Dex/myotube_ETOH) > 0.37 either at 6 hr or at 24 hr after treatment
as muscle GR target genes (GSE28840), with LogFC (Formoterol/Saline) > 0.37 either at 1 hr or at 4 hr after treatment as muscle
CREB target genes (GSE15793), with LogFC (wild-type, starved/Foxo 1,3,4 muscle specific knock-out, starved) > 1.5 as muscle
FOXO target genes (GSE52667), with LogFC (MCK-PPARb/Non-transgenic mouse) > 0.37 as muscle PPARS target genes
(GSE29055), and with LogFC (Injected/Control) > 0.37 as muscle TFEB target genes (GSE62975). Genes with FC (KO/WT) >1.3
among the “Differentially expressed genes from RNA-seq” was used as muscle REV-ERBa-HDACS3 target genes (Hong et al.,
2017). Genes with JTK-CYCLE p < 0.01 were extracted as rhythmic genes under time-restricted feeding (GSE13060). Latest version
of annotation files was downloaded from GEO and applied to microarray dataset. Updated version of gene symbol was obtained from
BioGPS to overlay fasting transcriptome data (https://biogps.org).

Other Statistical Analysis

Experimental data were presented as means + SEM. For some points, where the error bars are shorter than the height of the symbol,
the error bars were not drawn. The quantitation of enrichment in ChIP-gPCR was shown as relative recruitment, which was normal-
ized % input relative to the first replicate of WT at ZT0. Comparisons with two variables were analyzed by two-way ANOVA with
Bonferroni post hoc test (GraphPad Prism 7). Amplitude distribution of oscillating genes was analyzed by Mann-Whitney test.
Evaluation of phase lag between intron and exon was carried out by Wilcoxon Signed Rank Test. In gPCR for Tfeb LiKO and
ChIP-gPCR, any data more than 1.5 interquartile ranges above the third quartile or below the first quartile were defined as outliers
and excluded from the analysis. Graphs were depicted using Microsoft Excel, GraphPad Prism 7, and Adobe lllustrator CS6.

DATA AND SOFTWARE AVAILABILITY

The GEO accession number for the RNA-seq data reported in this paper is GSE107787.
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Figure S1
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Figure S1. Physical metabolic paradigms after 24-hr fasting and refeeding. Related to Figure 1.

(A and B) Metabolic cage analysis showing measured oxygen consumption (VO,) for mice under FED,
FAST, and REFED conditions and the average during the light and dark phases. (C and D) Metabolic
cage analysis showing respiratory exchange ratio (RER) calculated by VCO,/VO, for mice under FED,
FAST, and REFED conditions and the average during the light and dark phases. (E and F) Metabolic cage
analysis showing energy expenditure for mice under FED, FAST, and REFED conditions and the average
during the light and dark phases. (G and H) Metabolic cage analysis showing food intake and the total
amount consumed during the light and dark phases. Each parameter was recorded every 10 min over the
circadian cycle in wild-type male mice subject to normal chow diet in ad libitum for the first 24-hr,
subsequently to fasting for 24-hr, and lastly to refeeding for 24-hr. Data are shown as mean for the time
series, and as mean + SEM for the average (n=5 biological replicates). (I and J) Body weight of mice
before and after 24-hr fasting, and epididymal fat weight after 24-hr fasting at each time point. (K) Serum
corticosterone and 3-OHB levels from mice under FED and FAST conditions. Data are shown as mean +
SEM (n=5 biological replicates per time point per group). p <0.05, p<0.01, p<0.001,and ~ p<

0.0001 by two-way ANOVA (interaction/phase or time/group) with Bonferroni post-hoc tests.



Figure S2
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Figure S2. Hepatic and muscle circadian transcriptomes. Related to Figure 1.

(A and B) Heat maps show hepatic and muscle transcripts cycling both in FED and FAST (JTK_CYCLE
P <0.01). (C and D) Phase distributions showing the peak phase of hepatic and muscle genes oscillating
both in FED and FAST mice. The peak phase in FED is shown on the left panels, and FAST on the right
panels. Mean phases are indicated in the graphs. (E) Venn diagrams showing the number of hepatic and
muscle cycling transcripts both in FED and FAST. (F) Gene ontology analysis shows top biological
processes enriched in rhythmic genes in both FED and FAST in both liver and muscle, with the number

of genes indicated on the graph.
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Figure S3. Post-transcriptional control of temporal response to fasting. Related to Figures 1 and 2.
(A-D) Exon Intron Split Analysis was implemented using RNA-seq data from liver and skeletal muscle in
FED and FAST conditions. Heat maps show cycling transcripts only in intronic reads (left panels) or in
exonic reads (right panels) (JTK_CYCLE P < 0.01). (E-H) Venn diagrams indicate the number of
oscillating intronic and exonic transcripts in the liver and skeletal muscle in FED and FAST conditions.
(I-L) Graphs show the distribution of phase lags of exonic reads compared to intronic reads in the liver
and skeletal muscle in FED and FAST conditions. Wilcoxon Signed Rank Test was performed to

determine if there is a significant lag compared to theoretical median value (zero).
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Figure S4. Differential gene regulation by the clock and fasting sensing pathways in the liver and
skeletal muscle. Related to Figures 3 and 4.

(A) Representative immunoblots of hepatic SIRT1 and a-TUBULIN in whole cell lysates from FED and
FAST mice over the circadian cycle. (B and C) Gene expression profiles of hepatic Crebl, Nr3cl (GR),
Tfeb, and muscle Crebl measured by RNA-seq. Transcript levels were presented as mean + SEM (n=3
biological replicates per time point per group). ZTO0 is double plotted for visualization. (D and E) Gene
expression profiles of hepatic Ppara and Foxol, and muscle Ppard, Foxol, Nr3cl (GR), and Tfeb
measured by RT-qPCR. Transcript levels were normalized to 18S ribosomal RNA and presented as mean
+ SEM (n=5 biological replicates per time point per group). ZTO0 is double plotted for visualization. (F)
Representative immunoblots and of hepatic phospho-CREB (pCREB), CREB, FOXO1, PPARa, GR,
TFEB, and p84 in nuclear extracts from FED and FAST mice. (G) Quantitation of the blot band density
of the hepatic proteins presented as mean + SEM (n=3 biological replicates per time point per group).  p
<0.01 by two-way ANOV A with Bonferroni post-hoc tests. The upper band density of hepatic TFEB was
quantitated as phospho-TFEB (pTFEB). (H) Representative immunoblots of muscle pPCREB, CREB, GR,
TFEB, and ACTIN in whole cell lysates from FED and FAST mice. (I) Quantitation of the blot band

density of the muscle proteins presented as mean + SEM (n=3 biological replicates per time point per

group).
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Figure SS. Temporal pattern of differential gene regulation by BMAL1 and REV-ERBa under
fasting. Related to Figure 4.

(A) Gene set enrichment analysis (GSEA) for hepatic BMALI target genes at ZT12 enriched in FED. (B)
Differentially expressed BMALI target genes in the liver at ZT12 illustrating fasting-sensitive TF
coordinated regulation. (C) GSEA for muscle BMALI target genes at ZT12 enriched in FED. (D)
Differentially expressed BMALI target genes in the muscle at ZT12 illustrating fasting-sensitive TF
coordinated regulation. Gene sets with false discovery rate (FDR) < 0.25 are considered significantly
enriched. (E) The numbers of hepatic GR, CREB, FOXO, TFEB, and PPAR« target genes among the
hepatic REV-ERBa target genes expressed significantly higher in FAST mice. (F) Gene expression
profiles of hepatic REV-ERBa targets by RT-qPCR of FED and FAST mice. (G) Gene expression
profiles of muscle REV-ERBa/HDACS3 targets by RT-qPCR of FED and FAST mice. (H) Gene
expression profiles of hepatic HNF6/REV-ERBa targets by RT-qPCR of FED and FAST mice. (I) Gene
expression profile of hepatic Onecutl (Hnf6) by RT-qPCR of FED and FAST mice. Transcript levels
were measured by RT-qPCR, normalized to 18S ribosomal RNA, and presented as mean + SEM (n=5
biological replicates per time point per group). ZTO0 is double plotted for visualization. p < 0.05, p <

* sHokekok

0.01, "p<0.001, and "p < 0.0001 by two-way ANOVA with Bonferroni post-hoc tests.
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Figure S6. Differential gene regulation by clock and fasting responsive TFs. Related to Figure 5.

(A and B) Representative gene expression profiles of hepatic and muscle BMALI target genes repressed
by fasting (Class I). (C and D) Representative gene expression profiles of hepatic and muscle BMALI
target genes induced by fasting (Class II). (E and F) Representative gene expression profiles of hepatic
and muscle fasting-induced genes of non-BMAL1 targets (Class III). Transcript levels were normalized to
18S ribosomal RNA and presented as mean + SEM (n=5 biological replicates per time point per group).
ZT0 is double plotted for visualization. p < 0.05, “p < 0.01, "p <0.001, and ~"p < 0.0001 by two-way
ANOVA with Bonferroni post-hoc tests. (G) Chromatin immunoprecipitation in liver for BMAL1, CREB,
or IgG followed by RT-qPCR specific for Perl gene. Data are presented as mean + SEM (n=3~4
biological replicates per time point per group). Diagram above shows schematic representation of Per/
gene illustrating regions of amplification by primers designed for analysis (arrows). TSS denotes
transcription start site. Perl gene expression profile is also shown next to ChIP-qPCR data for
visualization. Transcript levels were normalized to 18S ribosomal RNA and presented as mean + SEM
(n=5 biological replicates per time point per group). ZT0 is double plotted for visualization. p < 0.05, " p
<0.01, "p <0.001, and “p < 0.0001 by two-way ANOVA (interaction/time/group) with Bonferroni

post-hoc tests.
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Figure S7. Differential gene regulation by clock and fasting responsive TFs, and temporal response
to fasting. Related to Figures 6 and 7.

(A) Hepatic and muscle gene expression of Arntl (Bmall) in WT and Bmall™" mice at ZT8. Transcript
levels were normalized to 18S ribosomal RNA and presented as mean + SEM (n=4~5 biological
replicates per genotype per group). (B) Body weight of WT and Bmall”™ mice before and after 24-hr
fasting. Data are shown as mean + SEM (n=4~5 biological replicates per genotype per group). (C) %
body weight loss after 24-hr fasting at ZT8. Data are shown as mean - SEM (n=4~5 biological replicates
per genotype per group). (D) Representative gene expression profiles of hepatic BMALL target genes
induced by fasting (Class IT) in WT and Bmall”™ mice at ZT8. (E) Representative gene expression profiles
of hepatic fasting-induced genes of non-BMALI targets (Class IIT) in WT and Bmall™ mice at ZT8. Data
are shown as mean + SEM (n=4~5 biological replicates per genotype per group). (F and G) Hepatic gene
expression of Tfeb and Arntl (Bmall) in WT and Tfeb LiKO (Tfeb™) mice at ZT8. (H) Representative
gene expression profiles of hepatic BMALI target genes repressed by fasting (Class I) in WT and Tfeb™
mice at ZT8. (I) Representative gene expression profiles of hepatic BMAL1 and TFEB target genes
induced by fasting (Class IT) in WT and Tfeb”” mice at ZT8. (J) Representative gene expression profiles
of hepatic TFEB-target, non-BMALI target genes induced by fasting (Class III) in WT and Tfeb” mice at
ZT8. Data are shown as mean + SEM (n=3~5 biological replicates per genotype per group). (K) Serum
free fatty acid (FFA) and B-OHB levels from mice under ad libitum fed (FED), 48-hr fasting (48h FS),
and 24-hr fasting with 24-hr refeeding (REFED) conditions. Data are shown as mean + SEM (n=3
biological replicates per time point per group). (L) Quantitation of the blot band density presented as
mean + SEM (n=3 biological replicates per group). p <0.05, p<0.01, p<0.001,and =~ p < 0.0001

by two-way ANOV A with Bonferroni post-hoc tests.
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