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ABSTRACT

Autophagy is a highly conserved intracellular degradation system, and recently was shown to display
circadian rhythms in mice. The mechanisms underlying circadian regulation of autophagy, however, are
still unclear. Here, we observed that numbers of autophagosomes and autolysosomes exhibit daily
rhythms in the zebrafish liver, and cebpb/(c/ebpp) and various autophagy genes are rhythmically expressed
in zebrafish larvae but significantly upregulated in per1b and TALEN-generated nrid1/rev-erbo. mutant fish,
indicating that both Per1b and Nr1d1 play critical roles in autophagy rhythms. Luciferase reporter and
ChIP assays show that the circadian clock directly regulates autophagy genes through Nr1d1, and also
regulates transcription of cebpb through Per1b. We also found that fasting leads to altered expression of
both circadian clock genes and autophagy genes in zebrafish adult peripheral organs. Further,
transcriptome analysis reveals multiple functions of Nr1d1 in zebrafish. Taken together, these findings
provide evidence for how the circadian clock regulates autophagy, imply that nutritional signaling affects
both circadian regulation and autophagy activities in peripheral organs, and shed light on how circadian
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gene mutations act through autophagy to contribute to common metabolic diseases such as obesity.

Introduction

Virtually all organisms from cyanobacteria to mammals pos-
sess the circadian clock that allows for them to anticipate
environmental changes and coordinate their behavior and
physiology."” The mammalian master clock in the suprachias-
matic nucleus (SCN) coordinates and synchronizes peripheral
oscillators in most tissues and organs.” In both SCN neurons
and peripheral tissues and organs, the circadian clock exerts
its regulatory role through 2 highly conserved negative feed-
back loops. The bHLH-PAS transcriptional factors CLOCK
and ARNTII/BMALI, formed as a heterodimer, bind to the
cis element E/E’-box (CACGT[G/T]/CANNTG) in the pro-
moter regions of their target genes including PER/PERIOD
and CRY/CRYPTOCHROME and activate their expression.*
PER and CRY, formed as the other heterodimer, translocate
to the nucleus and inhibit E/E’-box-mediated transcription by
interacting with the CLOCK-ARNTI1/BMALI heterodimer,
fulfilling the negative feedback loop.” In addition, 2 subfami-
lies of nuclear hormone receptors, NR1D/Rev-erbs (NR1D1/
Rev-erba and NR1D2/Rev-erb8) and NR1F/RORs (NR1F1/
RORA/RORw, NRI1F2/RORB/RORB and NRI1F3/RORC/
RORYy), either repress or activate gene transcription through
competing to bind to RORE motifs (RGGTCA/
RGGTCACTRGGTCA) in the promoter regions of their

downstream genes, constituting the second feedback loop of
circadian regulation.*”

Autophagy is an evolutionarily conserved process in eukaryotes
by which the cytoplasmic cargo is sequestered inside double-mem-
brane vesicles and delivered to the lysosome for degradation.® This
process not only removes misfolded proteins and damaged organ-
elles but also is an adaptive response for providing nutrients and
energy under various stresses.” The ATG1/ULK1 complex is an
essential positive regulator in autophagy initiation."®'" In mice, the
mechanistic target of rapamycin (serine/threonine kinase) complex
1 (MTORC1) phosphorylates the ULK1 protein and inhibits
autophagy initiation when nutrients are abundant."” Genetic dis-
ruption of autophagy genes promotes tumorigenesis and accumu-
lation of ubiquitinated protein aggregates.'’

Autophagic vacuoles vary daily in rat tissues, and tran-
scription factor CEBPB has recently been found to link auto-
phagy to the circadian clock and maintain nutrient homeostasis
in mice.'® The nuclear receptor NRID1/Rev-erba, highly
expressed in the liver and adipose tissue, plays regulatory roles
in adipogenesis, macrophage inflammatory response, and lipid,
bile acid and glucose metabolism.*'”'? Heme involved in cellu-
lar redox balance and mitochondrial respiration is the endoge-
nous ligand for NRID1***' NRIDI deficiency results in
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reduced mitochondrial content and oxidative function as well
as altered autophagy activities in skeletal muscle of mice.”?
However, the molecular mechanisms underlying circadian regu-
lation of autophagy rhythms are still not elucidated.

The zebrafish (Danio rerio) is an attractive model for study-
ing the circadian clock and autophagy.*** Zebrafish as a diur-
nal species display robust daily changes in physiology and
behavior, for instance, zebrafish locomotor activities peak dur-
ing the daytime but their melatonin production peaks during
the nighttime, reminiscent of humans.*” Using various genetic
tools including TALEN (transcription activator-like effector
nucleases),”*?° a number of zebrafish circadian mutants have
been generated for dissecting molecular genetic pathways
underlying their time-keeping mechanisms.’*** Zebrafish’s
optical clarity of embryos, external development, and the
related versatile transgenic, mutational and imaging tools have
made them become important for studying vertebrate autoph-
agy.”>>> Whether zebrafish autophagy displays daily rhythms
as well as possible underlying regulatory mechanisms, however,
have not been investigated to date.

In this study, we found that autophagy displays robust circa-
dian rhythms in the zebrafish liver and larvae, and autophagy
genes and autophagy activities are markedly upregulated and
lose rhythmicity in both TALEN-generated nrldI mutant fish
and viral insertional perlb mutant fish,*® suggesting that both
Nrldl and Perlb are critical for maintaining autophagy
rhythms in zebrafish. We revealed that both E-box-mediated
and RORE-mediated transcriptional regulatory mechanisms
contribute to circadian regulation of autophagy rhythms.
Nrldl is also essential for the zebrafish circadian clock, as evi-
denced by altered expression of core circadian clock genes and
disrupted locomotor rhythms in nrldI mutant fish. In addition,
our transcriptome analysis reveals extensive roles of Nr1dl in
numerous life processes. These findings ascertain circadian
roles in autophagy, define Nr1d1’s essential functions in zebra-
fish circadian regulation, and provide insights into how circa-
dian misalignment derived from mutations of circadian clock
genes such as nrldl likely contributes to common metabolic
diseases such as obesity.

Results
Autophagy rhythms in zebrafish

To determine autophagy rhythmicity in zebrafish, we used
transmission electron microscopy (TEM) to examine autopha-
gosome and autolysosome numbers in the zebrafish liver at
time-of-day-specific points.>* We observed that numbers of
autopahgosomes and autolysosomes display robust oscillations,
peaking at ZT 0 (Zeitgeber Time), tapering off during the day
and rising again during the night, suggesting autophagosome/
autolysosome rhythms in zebrafish (Fig. 1A and B). Next, we
examined expression patterns of autophagy genes and auto-
phagy-related genes in larvae through quantitative RT-PCR
and JTK-CYCLE analyses.” Results show that atgda (autophagy
related 4A, cysteine peptidase), atp6vid (ATPase, H' transport-
ing, lysosomal V1 subunit D), becnl/beclinl (beclin 1, autophagy
related), ulkla/ulklb (unc-51 like autophagy activating kinase
la/b), bnip3 (BCL2/ adenovirus EIB interacting protein 3),
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gabarapa (GABA(A) receptor-associated protein a), and
mapllc3b (microtubule-associated protein 1 light chain 3 B),
which are involved in the autophagosome initiation, nucleation,
elongation, fusion, induction, substrate targeting, and degrada-
tion, are all rhythmically expressed in zebrafish larvae under
LD (Light/Dark) condition with statistical significance (9.605 <
Fi1,24 < 521 .855, one-way ANOVA, P < 0.001) (Fig. 1C and
S1A), suggesting that transcription of autophagy and auto-
phagy-related genes is regulated by the circadian clock and
development in larvae.*® Like autophagosomes and autolyso-
somes in the liver, these autophagy or autophagy-related genes
peak at ZT 0, trough during the day and rise up in the night
(Fig. 1C). We also analyzed the expression patterns of these
autophagy genes in the adult zebrafish liver. Results show that
these genes are downregulated after the morning feeding but
upregulated in the night with statistical significance (17.501 <
Fi124 < 351 .503, one-way ANOVA, P < 0.001) (Fig. 1D and
S1B). In addition, we observed that autophagy or autophagy-
related genes show 2 peaks during daytime compared with
nighttime, likely due to scheduled feedings,*® suggesting that
the circadian clock and nutritional signals both affect their
transcription in the adult zebrafish liver. We also examined
expression of several core circadian clock genes including
perlb, nrldl, clockb/clocklb and arntlib/bmallb, and found
that these 4 circadian clock genes all display rhythmic expres-
sion in zebrafish larvae on LD conditions (Fig. S1F), implicat-
ing that the circadian clock may play a role in regulating
rhythmic expression of these autophagy and autophagy-related
genes in zebrafish.

Mapllc3b is a zebrafish ortholog of yeast Atg8 that under-
goes conjugation to phosphatidylethanolamine upon auto-
phagy induction.”* The unconjugated LC3 (LC3-1) is localized
in the cytosol, whereas the lipid-conjugated form (LC3-II)
resides on the phagophore and autophagosome membrane.**’
SQSTM1/p62 (sequestosome 1) is a protein that interacts with
LC3 and delivers autophagy cargos for liposomal degradation.*®
Western blotting assays show that Mapllc3b-II displays obvi-
ous oscillations in zebrafish larvae under the LD condition, sug-
gesting that autophagy fluxes are regulated by the circadian
clock (Fig. SIC, S1D and SI1E). However, Sqstml does not
show daily changes (Fig. S1C, S1D and SIE), likely affected by
developmental regulation in zebrafish.”” Together, these results
suggest that the autophagy activities, as evidenced by the num-
bers of autophagosomes and autolysosomes, the expression
patterns of autophagy or autophagy-related genes and the con-
version ratio of Mapllc3b-I to Mapllc3b-II, display robust
daily rhythms in the zebrafish larvae and liver.

Generation of zebrafish nrid1 mutants

We used an on-line TALEN design web site (https://tale-nt.cac.
cornell.edu/) to design a pair of TALEN arms targeting the sec-
ond exon of zebrafish nridl, and the targeted fragment harbors
a Bsll enzyme site for evaluating mutagenesis efficiency and
subsequent mutant identification (Fig. 2A).*° We employed the
“unit assembly” method to construct the 2 nridi TALEN
arms.*' Capped mRNAs of these 2 TALEN arms were comi-
croinjected into one-cell stage zebrafish embryos at a concen-
tration of 250 pg each. To evaluate the mutagenesis efficiency, a
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Figure 1. Autophagy rhythms in zebrafish. (A) Transmission electron micrograph of the zebrafish liver sections at ZT 0, ZT 6, ZT 12 and ZT 18. The scale bar in the bottom left cor-
ner of ZT 0 panel represents one micron. High magnification in the right low corners highlights a cytosolic region. Note the presence of double-membrane autophagosomes and
autolysosomes (red arrowhead). (B) Quantification of autophagosome and autolysosome abundance in (A). Data represent mean =+ s.e. ** P < 0.01. The Student t test was con-
ducted. (C) RT-PCR analysis of expression of map1lc3b, bnip3, atpévid, becn1, ulkla and ulk1b in zebrafish larvae from 72 hpf to 96 hpf. Zebrafish were maintained at 14 h light
and 10 h dark condition. Approximately 50 zebrafish larvae were pooled for each time point. (D) RT-PCR analysis of expression of map1lc3b, bnip3, atpévid, becni, ulkla and
ulk1b in zebrafish livers. Livers from 5 adult zebrafish were pooled for each time point. The mRNA expression levels were analyzed by the JTK-CYCLE method. ADJ.P for adjusted
minimal P values (%, P < 0.05; ***, P < 0.001), AMP for amplitude. One-way ANOVA was conducted (***, P < 0 .001). Data represent mean = s.d. of the 3 independent
experiments.
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Figure 2. Generation of zebrafish nr1d1 mutants. (A) Diagram of the TALEN target fragment in zebrafish nrid1. The left and right TALEN arms are underlined; the TALEN
spacer containing a Bsll restriction enzyme site (in red) is in small case. (B) Examine TALEN efficiencies by gel analysis. The nrid1 target fragment was amplified by PCR
from genomic DNAs of approximately 10 embryos microinjected with capped mRNAs of nr1d7 TALEN left and right arms at a concentration of 300 pg each, and digested
with Bsll. Mutagenesis efficiencies were estimated by the ratios of the uncleaved bands and the sum of the cleaved bands and the uncleaved bands quantified with soft-
ware ImagelJ. WT, wild type; M, marker. (C) Two mutated fish lines were identified with DNA sequencing. One has a 7-bp deletion, the other has a 124-bp insertion and a
2-bp deletion, and both lead to frame shift mutations resulting in truncated proteins. (D) The predicted truncated Nr1d1 proteins induced by TALEN. The 2 truncated

Nr1d1 proteins each have only 57 amino acids.

430-bp (base pair) fragment containing the TALEN-targeted
site was PCR amplified with DNAs extracted from injected and
uninjected control embryos (10 each). Enzymatic digestion of
the PCR-amplified fragment with BslI estimated approximately
33% of mutagenesis frequency (Fig. 2B). Siblings of TALEN-
injected F, embryos were raised to adulthood, and then out-
crossed with wild type to produce F;s. Enzymatic and DNA
sequencing analyses of the targeted fragment PCR-amplified
from F, fin-clipped DNAs identified 2 types of heritable muta-
tions: one has a 7-bp deletion and the other a 122 bp (+124,
—2) insertion; both induce frame shift mutations resulting in a
truncated peptide of 57 AA (Fig. 2C and 2D). The homozygous
mutant fish with the 7-bp deletion were used for most of the
subsequent experiments.

Altered expression of key circadian clock genes and
disrupted locomotor activities in nrid1 mutant zebrafish

Locomotor activities of zebrafish larvae exhibit robust circadian
rhythmicity and peak during the subjective day.*” We per-
formed locomotor experiments for the nrldl mutant and wild-
type larvae from 5 d postfertilization (dpf) to 7 dpf. Under LD
conditions, nridl larvae display significantly increased locomo-
tor activities compared with wild type (Fig. 3A and 3B). Indeed,

the amplitude of nr1dl mutant larvae increases more than 40%
during the whole duration of a 24-h day and night (Fig. 3E).
Under the DD (dark/dark) condition, nr1dl larvae also display
increased amplitude, though much dampened, approximately
half-an-hour phase delay and 0.25-h shortened period com-
pared with wild types (Fig. 3C, 3D and 3F). Altered behaviors
of nrldl mutant fish are consistent with nrldI knockout mice
that display mania-like behavior.*’

We also examined expression patterns of core circadian
clock genes in nrldl mutant larvae under DD condition.
Both arntllb/bmallb and arntl2/bmal2 are significantly
upregulated in nrldl mutant larvae (1845.768 < Fy,s <
3435 .709, 2-way ANOVA, P < 0 .001), consistent with our
previous study exhibiting that Nrldl represses arntllb/
bmallb transcription through RORE (Fig. 31).>> Moreover,
perla is also significantly upregulated (Fg,s= 2006.444,
2-way ANOVA, P < 0 .001), crylaa, and perlb are signifi-
cantly downregulated (106.233 < Fg,3 < 206 .737, 2-way
ANOVA, P < 0.001), and crylab, per2, and per3 are phase-
delayed (146.821 < Fg 53 < 1619 .126, 2-way ANOVA, P <0
.001), in nrldl mutant larvae (Fig. 3I), even though they still
maintain rhythmicity (Fig. 3I). Together, these results sug-
gest that Nr1d1 plays an essential role in regulating circadian
clock genes and behavior in zebrafish.
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Figure 3. Disrupted rhythms of locomotor activities and altered expression of key circadian clock genes in homozygous nrid1 mutant zebrafish. (A, C) The locomotor
assays of nr1d1 mutant and wild-type larvae from 4 dpf to 7 dpf under LD (A) and DD (C) conditions. nr1d7 mutants, n = 48; wild types, n = 48. (B, D) Heat maps repre-
sent the total swimming or resting area of a wild-type or nrid1 mutant larva in each well under LD (B) and DD (D). The spatial bin size is 10X10 mm (see scale on the
right). The red colors represent more resting activities of the larvae, and the blue color more locomotor activities of the larvae. nr1d7 mutant larvae (bottom) swim more
of the perimeter in the well compared with wild types (top). (E) The average swimming distances of single wild-type and nr1d7 larva during one day. The upper dot box
indicates the swimming distance of single larva in the day, and the bottom box the swimming distance of single larva in the night. Data represent mean =+ s.d. (***, P <
0.001). (F) Histogram of the average period of wild-type and nrid1 larvae. Data represent mean=s.d. (¥, P < 0 .05). (G) Histogram of the average swimming distances of
wild-type and nr1d1 larva during the 3 d. Data represent mean =+ s.d. (*, P <0.05). (H) Histogram of the average phase during the 3 d. Data represent mean=s.d. **p
< 0.01) (I) Altered expression of key circadian clock genes amtlb/bmal1b, amtl2/bmal2, crylaa, crylab, per1b, per2, and per3 in nrid1 mutant fish under DD condition
shown by gRT-PCR analyses. The mRNA expression levels were analyzed by the JTK-CYCLE method. ADJ.P for adjusted minimal P-values (***, P < 0.001), AMP for ampli-
tude. Two-way ANOVA with the Tukey post hoc test was conducted (***, P <0.001). Approximately 50 zebrafish larvae were pooled for each time point. Data represent
mean = s.d. of the 3 independent experiments.
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Figure 4. Disrupted autophagy activities and altered expression of autophagy genes in nrid1 mutant zebrafish. (A) Zebrafish larval autolysosomes were estimated by
expression of mCherry-Map1lc3b at 56 hpf. The scale bar in the lower left of the wild-type panel represents 100 microns. The right upper panels show high magnification
highlighting a hindbrain region in both wild-type and nr1d7 mutant larva labeled with mCherry-Map1lc3b. (B) Transmission electron micrograph of wild-type and nrid1
mutant liver sections at ZT 0. The scale bar in the lower left of the wild-type panel represents one micron. (C) Quantification of autolysosomes in (A), calculated manually.
(D) Quantification of autophagosome abundance in (B) with software ImageJ. The figure represents one of the 3 independent sets of samples. Data represent mean =+ s.d.
(**, P<0.01). The Student t test was conducted, (**, P < 0.01). (E) RT-PCR analysis of autophagy genes in nr1d1 (—7bp or 4124,-2bp) mutant zebrafish at different time
points under DD condition. Zebrafish larvae were raised under light/dark (14 h/10 h) condition for the first 3 dpf, and then placed under constant darkness condition.
Approximately 50 zebrafish larvae were pooled for each time point. The mRNA expression levels were analyzed by the JTK-CYCLE method. ADJ.P for adjusted minimal p-
values (*, P < 0.05; ***, P < 0.001), AMP for amplitude. Two-way ANOVA with the Tukey post hoc test was conducted (*, P < 0.05; **, P < 0.01).
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Rhythmic expression of autophagy genes suggests that tran-
scriptional regulation plays an important role in driving cyclic
autophagy. The molecular components of autophagy have been
extensively investigated,”*> and previous studies show that
clock-controlled transcription factors CEBPB and FOXO3 play
important roles in regulating transcription of autophagy genes in
mice.'**® However, how the circadian clock regulates cebpb and
whether the circadian clock directly regulates autophagy genes
are still not clear. To underscore circadian regulation, we exam-
ined expression of autophagy and autophagy-related genes in
nrldl mutant and wild-type larvae under DD condition.*>*”*®
Here, qRT-PCR analyses show that map1lc3b and gabarapa are
significantly upregulated in nrldl mutants (0.964 < Fy; 43 < 58
517, 2-way ANOVA, P < 0.001) (Fig. 4E). Meanwhile, signifi-
cantly upregulated atp6vid mRNA level (Fy; 4= 138.475, 2-way
ANOVA, P < 0 .001) suggests that more autophagosomes fuse
with lysosomes, forming autolysosomes in nrldl mutants
(Fig. 4E). Likewise, other autophagy genes or autophagy-related
genes including atg4a, atgdd, becnl, and bnip3 are also signifi-
cantly upregulated (38.545 < Fj; 45 < 162 .689, 2-way ANOVA,
P < 0.001); in particular, JTK-CYCLE analysis showed all these
genes lose rhythmicity in nrldl mutants compared with the
wild-type zebrafish (Fig. 4E). As a second internal nonrhythmic
gene, tubalb (tubulin, «1b) expression is not rhythmic in wild-
type and nrldl mutant larvae (ADJ.P (P > 0.05), WT = 1.356,
nrldl = 1.384), and has no significant changes between wild-
type and nrldl mutant larvae (P = 0.972) (Fig. S3D). Moreover,
similar to what observed in the nrldl (—7bp) mutant line,
mapllc3b, ulkla and atg4a are also significantly upregulated in
the other nrldI (+124,-2 bp) mutant line (35.367 < Fj; 45 < 141
612, 2-way ANOVA, P < 0.001) (Fig. 4E), further corroborat-
ing that altered expression of these autophagy genes and autoph-
agy-related genes is resulted from loss of Nr1d1 function.

gqRT-PCR and JTK-CYCLE analyses also show that cebpb is
rhythmically expressed in zebrafish with statistical significance
(F1148 = 153.434, 2-way ANOVA, P < 0 .001) (Fig. 5A), and
its expression of autophagy genes and autophagy-related genes
map1lc3b, gabarapa, atp6vld, atgda, atgdd, becnl, bnip3, ulkla
and ulk1b are all significantly upregulated without rhythmicity
in perlb mutant zebrafish (36.824 < F); 4 < 570 .718, 2-way
ANOVA, P < 0 .001) (Fig. 5A),”° suggesting that Perlb also
plays a regulatory role in expression of cebpb, autophagy genes
and autophagy-related genes.

Regulation of cebpb, autophagy genes and autophagy-
related genes by the circadian clock

We observed that the zebrafish cebpb promoter region harbors
several E-boxes and E’-boxes (Fig. 5C). Luciferase reporter
assays show that activities of the zebrafish cebpb promoter are
enhanced by Clocka/Clockla and Arntllb/Bmallb but
repressed by Crylab (Fig. 5B). ChIP assays show that Arntl1b/
Bmallb binds to the second E’-box in the zebrafish cebpb pro-
moter region (Fig. 5D). Together, these results indicate that
cebpb is regulated directly by the circadian clock via E’-box in
zebrafish. Thus, it is likely that the circadian clock regulates
autophagy rhythms via direct control of transcription factor
cebpb that in turn regulates autophagy genes and autophagy-
related genes.'

We also observed motifs including E-box, RORE, RevDR2,
CCAAT (cebpb binding) motif in approximately 2, 500-bp pro-
moter regions of these autophagy and autophagy-related genes
in zebrafish,”**** suggesting transcription of these autophagy
genes and autophagy-related genes may be regulated directly
by the circadian clock components (Fig. S2).

Altered patterns of ulkla and ulklb in nrldl or perlb
mutants led us to hypothesize that ulkI transcription might be
regulated directly by the circadian clock. As shown by luciferase
assays, while Clocka/Clockla and Arntllb/Bmallb have no
effects on ulkla promoter activities (Fig. S6F), Nr1d1 or Roraa
can repress or activate ulkla in a dosage-dependent manner
(Fig. 6C). We observed 2 canonical RORE motifs in the ulkla
promoter (Fig. 6A). Luciferase assays show that deleting either
ROREI or RORE2 or both significantly reduces the ulkla pro-
moter activities, indicating that ulkla is regulated directly by
Nr1d1 through RORE in vitro (Fig. 6C). To further investigate
the possible role of Rev-DR2, we generated a construct wherein
the Rev-DR2 motif and the 2 RORE motifs were all deleted.
Results show that ulkla promoter activities are significantly
reduced but still not completely abolished compared with both
RORE site deleted ulkla promoter (Fig. 6C), suggesting that an
unknown motif or motifs play certain regulatory roles in ulkla
transcription. ChIP assays show that Nrldl binds directly to
the RORE sites in the ulkla promoter in vivo (Fig. 6B), indicat-
ing that Nr1d1 directly regulates ulkla in zebrafish. In addition,
we also found that another autophagy-related gene atp6vid is a
direct target of Nrldl, as evidenced by luciferase reporter and
ChIP assays (Fig. S3B and S3C). Together, these results demon-
strate that Nrldl directly regulates autophagy genes and
autophagy-related genes in zebrafish.

Pharmacological activation of Nr1d1 functions in zebrafish

A previous study showed that GSK4112, a Nrldl agonist, can
increase the repressive efficiency of Nrldl through competing
with the ligand heme.”' We treated zebrafish larvae with 20 ©M
GSK4112 and observed that arntlla/bmalla and arntl1b/bmallb
are both downregulated in GSK4112-treated fish, indicating that
GSK4112 can enhance the repressive efficiency of Nrldl in
zebrafish larvae (Fig. S6A). Moreover, to evaluate effects of
pharmacological treatment on expression of autophagy or
autophagy-related genes, we performed qRT-PCR experiment
and found that autophagy genes ulkla, ulklb, and atg4d, and
autophagy-related genes bnip3 and atp6vld are all downregu-
lated in GSK4112-treated fish (Fig. S6B). In addition, injecting
capped nrldl mRNAs could rescue expression of these autoph-
agy genes in nrldl mutants (Fig. S6B). We also examined
protein levels of autophagy markers, Mapllc3b and Sqstml, in
nrld]l mutant and pharmacologically treated wild-type zebrafish
larvae at different time points. Results show that Map1lc3b and
Sgstml are significantly upregulated in nrldl mutants but no
significant changes of Map1lc3b and Sqstm1 in GSK4112-treated
wild-type fish (Fig. S6C, 6D and 6E), even though Map1lc3b and
Sgstml are antiphasic in zebrafish larvae (Fig. S1C, D and E).
Thus, GSK4112 treatment can affect transcription but not trans-
lation of autophagy and autophagy genes in zebrafish. These
results further support that rhythmic expression of autophagy
genes are under control of Nr1d1 in zebrafish.
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Figure 5. Upregulation of autophagy genes in per1b mutants and cebpb is controlled by the circadian clock in zberafish. (A) Upregulation of autophagy genes in zebrafish
per1b mutant larvae under DD, shown by qRT-PCR analysis. The mRNA expression levels were analyzed by the JTK-CYCLE method. ADJ.P for adjusted minimal p-values (*,

P<0.05*

** P < 0.001), AMP for amplitude. Two-way ANOVA with the Tukey post hoc test was conducted (*, P < 0.05; **, P < 0.01). (B) Luciferase reporter assays.

Activities of the cebpb promoter are enhanced by cotransfection with Clocka/Clock1a and arntl1b but repressed by Crylab. The cebpb-pGL4, Clocka/Clock1a-pcDNA3.1,
Arntl1b/Bmal1b-pcDNA3.1 and Crylab-pcDNA3.1 plasmids were transfected at the concentration of 100 ng/ul each. Data represent mean = s.d. (**, P < 0.01). The Stu-
dent t test was applied. (C) Diagram of the cebpb promoter containing multiple E-boxes and E'-boxes. (D) ChIP assays. Arntl1b/Bmal1b binds to the E-boxes in the cebpb

promoter.

Effects of fasting and loss of Nr1d1 on expression of
circadian clock genes, and autophagy and autophagy-
related genes in peripheral organs

Previous studies showed that nridl is expressed extensively in
zebrafish tissues/organs and nutritional signals can affect zebra-
fish circadian behavior.>*>*> However, whether nutritional
signaling or loss of Nrldl affects the circadian clock or auto-
phagy in peripheral organs has not yet been investigated in
zebrafish. We first examined expression patterns of core circa-
dian genes in the liver of fed nrldl mutants, fasted nrldl
mutants, fed wild-type and fasted wild-type fish. Results show
that arntl1b/bmallb, clocka/clockla, crylab and perlb are all
significantly upregulated in the nrldIl mutant group in compar-
ison with the wild-type control (57.125 < Fj; 43 <4270 .745,

2-way ANOVA, P < 0 .001); and expression of both clocka/
clockla is significantly higher in fasted wild types than the
fed wild-type control (Fji48 = 224.366, 2-way ANOVA,
P < 0 .001), and even higher in fasted nrldl mutant group
than the fed nridl mutant group (F),4 = 157.281, 2-way
ANOVA, P <0.001) (Fig. 7A); suggesting that both nutritional
signals and nrldI contribute to the zebrafish liver clock.

We then examined several key autophagy and autophagy-
related genes in the brain, the liver, the heart, the eye and the
intestine of fed nrldl mutant, fasted nrldl mutant, fed wild-
type and fasted wild-type fish (Fig. 7B and Fig. S3A). Consistent
with what observed in the wild-type liver, these autophagy or
autophagy-related genes still display 2 peaks in one day’s
cycling in the zebrafish heart, eye, brain and intestinal organs,
suggesting synergistic regulation of their transcription by the
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Figure 6. ulkla is regulated directly by Nr1d1 (A) Schematic of the wild-type and site-directed mutagenized 2,000-bp zebrafish ulk7a promoter. (B) ChIP assays. Nr1d1
binds to the RORE in the ulkla promoter. (C) ulk7a is regulated directly by Nr1d1 through RORE, as shown by luciferase reporter assays. The wild-type ulkTa promoter
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were cotransfected with Nr1d1 and/or Roraa, respectively. Luciferase activities were normalized by cotransfected pcDNA3.1; mean values of wild-type promoter activities
in empty vector-transfected cells were set to 1. For the dose-dependent assays, the concentration of nrid7 -pcDNA3.1 and roraa-pcDNA3.1 were 100 ng/ul, 200 ng/ul,
300 ng/ul, respectively. Data represent mean = s.d. of the 3 independent experiments (**, P < 0.01). The Student t test was applied.

nutrition status and the circadian clock. Autophagy and
autophagy-related genes ulkla, atp6vld, atg4a, maplic3b,
bnip3 and ulk1b were significantly upregulated in the brain of
the fasted wild-type group in comparison with those of fed wild
types (23.193 < Fy 45 < 99 .003, 2-way ANOVA, P < 0.001),
and also in those of the fasted nrIdI mutant group in compari-
son with those of the fed nridl mutant group (30.418 < Fj 45
< 41025 .151, 2-way ANOVA, P < 0 .001) (Fig. 7B and
Fig. S3A), indicating fasting can upregulate these genes in the
brain. Meanwhile, cebpb has only a modest increase in the brain
of the fasted wild-type group compared with fed wild types
(Fi148 = 15.588, 2-way ANOVA, P < 0 .001) (Fig. 7B and
Fig. S3A). In the liver, ulkla, atp6vld, atg4a, becnl, bnip3 and
ulk1b still maintain rhythmicity in fed nridl mutant and fasted
nrldl mutant groups (659.009 < F 43 < 1468 .932, 2-way
ANOVA, P < 0.001), indicating that robustness of autophagy
rhythms in the zebrafish liver (Fig. 7B and Fig. S3A). Interest-
ingly, we found that in the heart, loss of Nr1d1 results in a rela-
tively low levels of expression changes of most autophagy and
autophagy-related genes (23.348<F,; 5 < 929 .824, 2-way
ANOVA, P < 0.001), but fasting wild-type fish leads to signifi-
cant upregulation of the majority of these genes (22.885 <
Fi148 < 560 429, 2-way ANOVA, P < 0 .001) (Fig. 7B and
Fig. S3A), suggesting that autophagy activities in the heart are
contingent more upon nutritional status. However, fasting
nrldl mutant fish leads to significant downregulation of most
autophagy and autophagy-related genes (15.386 < Fj;43 <
1080 .438, 2-way ANOVA, P < 0 .001) (Fig. 7B and S3A). In
the zebrafish eye, fasted wild-type (117.605 < Fj;45 < 1179

.692, 2-way ANOVA, P < 0 .001) and fed nridl mutant fish
(95.442 < Fj145 < 318 .904, 2-way ANOVA, P < 0.001) and
loss of Nr1d1 (25.283 < Fy; 45 < 230 .818, 2-way ANOVA, P <
0 .001) all significantly upregulate cebpb (F;;45 = 29.459,
17.588, 18.038, 2-way ANOVA, P < 0 .001) and most auto-
phagy and autophagy-related genes (Fig. 7B and Fig. S3A),
implicating that nutritional signal, Cebpb and Nr1dl may act
together to regulate autophagy and autophagy-related genes in
the zebrafish eye. For the intestine, we observed significant
downregulation of autophagy and autophagy-related genes in
fasted wild-type (30.852 < F; 43 < 230 .350, 2-way ANOVA, P
< 0.001), fed nrldl mutant (48.069 < Fy; 45 < 308 .333, 2-way
ANOVA, P < 0.001) and fasted nrldl mutant groups (36.827
< Fi148 < 310 .199, 2-way ANOVA, P < 0 .001) compared
with the fed wild-type group; surprisingly, autophagy and
autophagy-related genes still maintain rhythmicity in the fasted
nrldl mutant group (Fig. 7B, 7C and Fig. S3A). As shown in a
heatmap comparing ADJ.P (JTK-CYCLE) values of these
autophagy and autophagy-related genes in wild-type-fed, wild-
type-fasted, nrldi-fed and nrldl-fasted groups (Fig. 7C), ulkla
is rhythmically expressed in most cases but gabarap and
mapllc3b show rhythmic expression only in a few cases. We
also compared correlation coeffiencies (R) of P values derived
from 2-way ANOVA of these autophagy and autophagy-related
genes in different organs in terms of wild-type-fed vs wild-type-
fasted, wild-type-fed vs nridi-fed, wild-type-fasted vs nridl-
fasted, and nridi-fed vs nridl- fasted, and found that more
than 92% of them show statistical differences (Fig. 7D). These
data indicated that autophagy and autophagy-related genes,
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Figure 7. Effects of fasting and loss of Nr1d1 on expression of autophagy genes and circadian clock genes. (A) qRT-PCR analysis of core circadian clock genes in the liver of
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and circadian clock genes display distinct rhythmic expression
patterns in different organs, which are all significantly dis-
rupted in fasted wild-type, fasted nrldl mutant and fed nridl
mutant fishes (Fig. 7A-D and Fig. S3A).

Nr1d1 also contributes to stress response, metabolism,
signal transduction and post-translational modification

To examine possible effects of Nr1d1 on other life processes, we
conducted transcriptome sequencing (RNA-seq) analysis of
nrldl mutant and wild-type fish, and uncovered 975 differen-
tially expressed genes (DEGs) at CT2 and 1, 360 DEGs at CT14
(2 < P < 5) (Fig. 8A). Clustering analysis shows more upregu-
lated genes than downregulated genes in nrldl mutant fish at
the indicated time points (Fig. 8B), likely because Nr1d1 acts as
a transcription repressor in zebrafish.”> Through gene Ontology
(GO) classification, we found that DEGs are enriched for the
binding, catalytic activity in molecular functions, and metabolic
process, biological regulation, developmental process, immune
system and rhythmic process in biological processes (Figs. S4A
and S5A). For the Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis, we found that the MAPK signaling pathway
shows the highest numbers of DEGs (13 at CT2 and 29 at
CT12). While at CT2, we found a large number of DEGs
involved in metabolism pathways like purine, pyrimidine, ste-
roid and cytochrome P450; at CT12, DEGs trend to distribute
in ribosome processing, the calcium signaling pathway, the
insulin signaling pathway and oxidative phosphorylation
(Figs. S4B and S5B). Further, we reconfirmed transcriptome
analysis results by qRT-PCR and found upregulation of atgl0
(autophagy), ucp3 (brown adipose tissue metabolism), rbp4
(adipose tissue metabolism), slc5al and wdr3 (signal transduc-
tion), exosc3 (RNA processing), gbgtll4 (immune response),
gria3a (neurotransmission) and ddx46 (posttranslational modi-
fication); and downregulation of urod (heme biosynthesis),
fnlb (cell function) and gsk3b (energy metabolism) in nridl
mutants (Fig. 8C and 8D). In addition, we performed the JC-1
staining experiment,”* and found that the ratio of Red/Green is
significantly decreased in nrldl mutants, implying the low
mitochondrial content in nrldl mutants (Fig. 8E and F). We
also observed that ppargcla is significantly downregulated in
nrldl mutants (Fy; 48 = 244.142, 2-way ANOVA, P < 0.001)
(Fig. 8G). Together, our transcriptome and qRT-PCR analyses
suggest that Nr1d1 also contributes to numerous life processes
including stress response, metabolism, signal transduction and
post-translational modification in zebrafish.

Discussion

In this study, we demonstrate that zebrafish autophagy activi-
ties including autophagosome and autolysosome numbers,
expression of autophagy or autophagy-related genes and
Mapllc3b protein all display robust daily rhythms in the larvae
and liver (Fig. 1 and S1). We employed TALEN, a versatile
genome-editing tool, to generate mutant lines for nuclear hor-
mone receptor gene nrldl (Fig. 2). We found that autophagy
activities including autophagosome and autolysosome num-
bers, expression of autophagy or autophagy-related genes and
Mapllc3b protein are all upregulated in nrld1 mutant zebrafish

(Fig. 4A and S6C), suggesting that Nr1d1l plays a role in regu-
lating zebrafish autophagy rhythms. Consistent with a previous
mouse study,'® we also show that transcription factor cebpb is
rhythmically expressed in zebrafish but its expression and
expression of autophagy or autophagy-related genes are all
upregulated in a circadian mutant per1b,”® suggesting that
Perbl also acts to regulate zebrafish autophagy rhythms.

The circadian clock modulates autophagy rhythms
in zebrafish

We found that the circadian clock exerts its regulatory role in
autophagy rhythms in 2 ways: one is that the Clock-Arntll/
Bmal heterodimer binds to the E-Boxes to regulate transcrip-
tion of cebpb that in turn controls transcription of autophagy
and autophagy-related genes, the other is that Nr1d1 and Roraa
binds to the RORE motifs to directly regulate transcription of
autophagy and autophagy-related genes (Fig. 8F).

To support this notion, we found several Cebpb-binding
motifs in promoter regions of a number of autophagy or
autophagy-related genes (Fig. S2), and luciferase reporter and
ChIP assays indicate that cebpb is a circadian clock-controlled
gene in zebrafish (Fig. 5B and 5D), providing clear evidence for
how the circadian clock regulates cebpb.'® We also observed
RORE motifs in promoter regions of a number of autophagy
and autophagy-related genes (Fig. S2). In particular, luciferase
reporter assays show that ulkla is activated by Roraa but
repressed by Nr1dl via competing to bind to 2 RORE motifs in
the ulkla promoter in vitro (Fig. 6C); ChIP assays show that
Nr1dl binds to 2 RORE motifs in the ulkla and atp6vld pro-
moters in vivo (Fig. 6B Fig. S3B and S3C); thus indicating a
direct role of Nr1dl in regulation autophagy rhythms. Further
evidence shows that Nr1d1 acts to regulate rhythmic expression
of autophagy and autophagy-related genes in zebrafish periph-
eral organs such as the liver, the brain and the heart in a tissue
and organ-specific manner (Fig. 7A). We found that most
autophagy and autophagy-related genes are upregulated and
maintain rhythmicity in the brain of the nridl mutant (Fig. 7B,
7D and Fig. S3A). However, cebpb is barely altered, implicating
that upregulation of autophagy activities might be resulted
from loss of Nrldl rather than Cebpb (Fig. 7B, 7D and
Fig. S3A). For the heart, fasting, rather than loss of Nr1d1, sig-
nificantly upregulates expression of autophagy and autophagy
genes (Fig. 7B, 7D and Fig. S3A). Unsurprisingly, nutritional
signaling affects both the zebrafish circadian clock and auto-
phagy rhythms in the liver and cebpb is also upregulated in the
nrld]l mutant (Fig. 7B, 7D and Fig. S3A), indicating that the
zebrafish liver and the mouse liver display similar autophagy
regulatory mechanisms via the circadian clock and Cebpb.'**
Intriguingly, most of these autophagy and autophagy-related
genes maintain strong rhythmicity in the liver regardless of
nutritional stress and circadian dysregulation (Fig. 7C), impli-
cating that autophagy rhythms are robust in the zebrafish liver.
In contrast, most of these autophagy and autophagy-related
genes lose their rhythmicity in the eye and heart in nridI-fed
and nrldl-fasted groups (Fig. 7C), suggesting that both the cir-
cadian clock and normal nutritional status are required for
cycling autophagy activities. Even though how the E-Box-medi-
ated and RORE-mediated transcription processes may



AUTOPHAGY 1303

A c
CT14 CT2 Gene Ensembl 1D Fold- change WT vs nr1d1”
1360 975 CT3 CTi4
atg10 ENSDARG00000040149 -1.58092226 -1.22291725
uep3 ENSDARG00000091209 -2.016662608 e
slc5at ENSDARG00000013871 -1.15190236 -1.336364716
rbp4 ENSD. 7505 -1.011448897 -1.14601916
wdr3 ENSDARG00000011079 - - -1.171595001
exoscd ENSD 20187 -1.068463766
gbgt1l4 ENSDARG00000068503 - == -1.01720023
8 3 7 5 2 3 4 52 fn1b ENSDARG00000006526 -1.025916174 e
ddx46 ENSD. 39 -1.207194673 -1.040466192
urod ENSDARG00000006818 1.388453079
gria3a ENSD 32737 1.046293343
gsk3b ENSDARG00000052468 1.171514671
D 3. =WT = nr1dt*
* %
B 2.5
2 s
>
0 2 2 -
<C
B Z15
g
-4 g
a £ 14
— [
(4

TR DN RO D N
(R P @Q *\6‘ *.05'5' 0}'\\ Q
e

S 2
o> @
'65999\(’ \) r,‘,“

NN

o
&

Wild-type

nrid1”

Green

Red

Merge

WT nrid1” WT nrid1”
CT14 CT2

F = G — wr — nr1dt* H _
s4s APM-0.193 Nutritional signals ... Thecircadian
o 2 __ 4 36hpt 0.944  AMP=0.149 clock
= @
< 151 S | BB
g E
3 o5 E
s 03 = l /
@
g -+ - cTo 'd 25
WT nrid1 o4 Autophag

rhythms

Figure 8. Transcriptome analysis and a model for circadian regulation of autophagy. (A) Numbers of differentially expressed genes (DEGs) in nr1d1 mutant fish at CT2 and
CT12, revealed by transcriptome analysis. (B) Histogram of 523 DEGs in nr1d1 mutant fish shared between CT12 and CT2. Red colors represent upregulation, green colors
downregulation. (C) List of genes with significant fold-changes, revealed by transcriptome analysis. The fold-changes were calculated by values of WT vs. nr1d1/rev-erba.
Genes with positive values were downregulated in the nr1d7 mutant, and those with negative values upregulated. (D) Upregulated genes atg10, ucp3, slc5al, rbp4, wdr3,
exosc3, gbgt1l4, fn1b and ddx46 and downregulated genes urod, gria3a and gsk3b, revealed by transcriptome analysis, are reconfirmed by independent qRT-PCR analysis.
Three independent experiments were performed. Data represent mean = s.d. (E) JC-1 staining assays. Mitochondria with low membrane potential are in green and mito-
chondria with high membrane potential in red. (F) Relative Red/Green ratio was quantified by ImageJ. Data represent mean=s.d. of the 3 independent experiments. **,
P < 0.01. The Student t test was applied. (G) qRT-PCR analysis of ppargcia in nrid1 mutants under DD condition. The mRNA expression pattern was analysis by JTK-CYCLE
method. ADJ.P for adjusted minimal P-values (*, P < 0 .05), AMP for amplitude. Two-way ANOVA with the Tukey post hoc test was conducted (***, P < 0.001). (H) A
model for circadian regulation of autophagy in zebrafish. Transcription factor cebpb is regulated by the Clock-Arntl/Bmal heterodimer and induces autophagy rhythms in
zebrafish and mice, while Nr1d1 directly controls autophagy genes through RORE. Further, nutritional signals can affect both autophagy and circadian rhythms in
zebrafish.
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coordinate to regulate autophagy rhythms needs to be investi-
gated in the future, these 2 circadian regulatory mechanisms
unambiguously play important roles in generation and mainte-
nance of autophagy rhythms in zebrafish (Fig. 8G).

Nr1d1 is essential for the zebrafish circadian clock

We found that under LD condition, nrldl mutant fish display
hyperactivity, similar to the phenotypes of zebrafish perlb null
mutant but completely different from the zebrafish per2 mutant
(Figs. 3A, 3B and 3E).’>** Under DD conditions, nrld] mutant
fish show half-an-hour phase delay and 0.25-h shortened period,
the perlb mutant fish show 2-h phase advance and half-hour
shortened period,” and per2 mutant fish show 2-h phase delay
and 1.5-h lengthened period.”* However, nrldl knockout mice
also display a 0.5-h shortened period under DD condition and
mania-like behaviors.*> Thus, Nr1d1 plays a conserved but dis-
tinct role in maintaining zebrafish locomotor rhythms.

We also found that arntll/bmal genes are significantly upre-
gulated in nrldl mutant fish, suggesting a key regulatory role
of Nr1d1 in arntl/bmal transcription, consistent with previous
results (Fig. 3G).”>> Both crylaa and crylab are downregu-
lated in nrldl mutant zebrafish larvae (Fig. 3G), which is at
odds with a previous report of upregulation of Cryl and Cry2
in the nr1d1 knockout mouse liver,”” suggesting different roles
of Nrldl in regulating Cry genes in zebrafish and mice. Fur-
ther, we found that in the zebrafish liver, fasting upregulates
arntllb/bmallb and clocka/clockla, while perlb, crylab and
nrldl are phase-shifted (Fig. 7A). Thus, the disrupted locomo-
tor rhythms and the altered expression of circadian clock genes
we observed in the nrld]l mutant fish indicate that Nr1d1 is an
indispensable component in the zebrafish circadian clock.

Extensive roles of Nr1d1 by transcriptome analysis

Previous studies have revealed multiple functions of NR1D1 in
mice.”>****>” Here, our transcriptome analysis shows that
DEGs of nr1dl mutant zebrafish are involved in numerous life
processes including autophagy, stress response, metabolism,
and signal transduction (Figs. S4, S5 and Table S3). For
instance, atgl0 (autophagy-related 10 homolog) and exoc3 (exo-
cyst complex component 3) (Fig. 8D), involved in autophagy sig-
naling pathway or endoplasmic reticulum stress-induced
autophagy,”® are significantly upregulated in nr1d1 mutant fish.
For stress response, we observed significant upregulation of
DNA repair genes including 6-4 photolyase, ddb2 (damage-spe-
cific DNA binding protein 2) and rbp4 (retinol binding protein
4, plasma) (Fig. 8D and Table S3), and heat shock gene serpinbl
(serine protease inhibitor, clade b (ovalbumin), member I),
implicating the pathway for DNA repair of UV-induced dam-
ages or entrainment of the circadian clock by temperature are
both disrupted in the nr1d1 mutant fish.**** A large number of
DEGs such as ucp3 (uncoupling protein 3), gsk3b (glycogen
synthase kinase 3 ), urod (uroporphyrinogen decarboxylase),
cyp27a7 (cytochrome P450, family 27, subfamily A, polypeptide
7), and gbgt1l4 (globoside «-1,3-N-acetylgalactosaminyltransfer-
ase 1, like 4) (Fig. 8D and Table S3), involved in thermogenic,
energy metabolism, heme synthesis, oxidoreductase activity
and immune response, are all altered, implicating metabolic

roles of Nr1d1 in zebrafish.2>%%>%” Further, as mitochondrial
activities are intimately related with autophagy activities,” low
mitochondrial activities and contents as revealed by JC-1 stain-
ing, and downregulation of ppargcla expression in nrldl
mutant fish (Fig. 8E, 8F and 8G), suggesting that Nrldl is
essential for maintaining zebrafish autophagy rhythms and
altered autophagy activities in nrldl mutant in turn results in
off-balance of the cellular mitochondrial energy.22 In addition,
gria3a (glutamate receptor, ionotropic, AMPA 3a), slc5al (solute
carrier family 5 (sodium/glucose cotransporter), member 1), fnlb
(fibronectin 1b) and wdr3 (WD repeat domain 3), involved in
signal transduction or cellular functions, also are disrupted in
nrldl mutant zebrafish (Fig. 8D and Table $3).°*7° Even
though the exact mechanisms underlying how nridl regulates
these genes need detailed investigation in the future, our tran-
scriptome analysis reveals that in addition to circadian and
autophagy functions, zebrafish Nrldl contributes extensively
to numerous life processes, setting the stage for investigation of
its novel functions in the future.

In summary, our study provides, for the first time, clear evi-
dence of how the circadian clock regulates autophagy rhythms,
i.e., both E-box-mediated and RORE-mediated transcriptional
regulatory mechanisms underlie circadian regulation of
autophagy rhythms. Expression of autophagy genes and pro-
teins and the number of mature autolysosomes are all upregu-
lated without rhythmicity in perlb and TALEN-generated
nrld]l mutant fish, suggesting Perlb and Nrld1 are critical for
maintaining autophagy rhythms. Disruption of expression of
core circadian clock genes and circadian behaviors in nridI
mutant indicates that Nrld1 is also essential for the zebrafish
circadian clock. Fasting results in altered expression of both cir-
cadian clock genes and autophagy genes in zebrafish adult
peripheral organs. Further, transcriptome analysis implicates
extensive roles of Nrldl in numerous life processes. Because
altered autophagy changes normal triglyceride hydrolysis in
lipid droplets and causes lipid metabolism disorders,' our study
implicates that dysregulated autophagy derived from circadian
misalighment or mutations of circadian clock genes such as
nrldl likely contributes to common metabolic diseases such as
obesity.

Materials and methods
Animals

Wild-type AB strain zebrafish (Danio rerio), nrldl, perlb
mutant zebrafish were maintained on a 14 h/10 h light/dark
cycle at the Soochow University Zebrafish Facility according to
standard protocols. Embryos were collected from group crosses
of 2 males and 2 females. All animal protocols were approved
by the Soochow University Animal Ethics and Use Committee.

TALEN construction, mRNA synthesis and microinjection

The right and left arms of TALEN targeting nrldl were
designed using a web-tool “TALEN-NT’,** and constructed
using the ‘unit assembly’ method with Sharkey-AS and
Sharkey-R forms of FokI cleavage domains as described previ-
ously.* Capped mRNAs of the TALEN expression vectors



were in vitro transcribed with Sp6 mMACHINE Kit (Thermo
Fisher, AM1340), and microinjected in pair into one-cell zebra-
fish embryos at a concentration of 250 pg.

Mutagenesis frequencies and identification
of nr1d1 mutants

The microinjected embryos were maintained in E3 medium
(5 mM Na(l, 0.17 mM KCI, 0.33 mM CacCl,, 0.33 mM MgSO,)
at 28.5°C. The survival rate of injected embryos was recorded
at 1 d post fertilization (Table S2). Genomic DNAs were
extracted from approximately 10 embryos at 2 dpf. A 426-bp
DNA fragment containing the nrldl target fragment was
amplified by PCR (Primers used are listed in Table S1), and
digested using BslI (Ncol). Estimated mutagenesis frequencies
were calculated by software ImageJ as described previously.”*
The uncleaved bands were cloned into pMD 19T vector
(Takara, D102C) for sequencing analysis. To identify the germ-
line-transmitted mutations, the injected founder embryos were
raised to adulthood and then outcrossed with wild types. Geno-
mic DNAs were extracted from 8 F; embryos each cross, and
analyzed via PCR amplification and sequencing as described
above. Siblings of the F; embryos that carry heritable mutations
were raised to adulthood and individual F, fish was reidentified
via PCR amplification and sequencing with fin-clipped DNAs.
Two nrld1-null mutation lines were established.

Behavioral analysis for zebrafish

Locomotor activity analysis was performed as described previ-
ously with modifications.”> After the fourth d postfertilization,
zebrafish larvae were placed into each well of 96-well plate sin-
gly. Locomotor activities of larvae were monitored and
recorded for 4 consecutive d (14 h light and 10 h dark for LD
or 24 h dark for DD) using an automate video-tracking system
(Noldus, DanioVision, Wageningen, Netherlands). Locomotor
activities were recorded from d 5 to d 8 postfertilization as the
total distance moved by one larva during 10-min time dura-
tion. Data are presented as a moving average distance for each
group (N = 48). The period length of each larval locomotor
trace was retrieved. Statistical analysis of period length differ-
ences between the treatment groups was performed with one-
way analysis of variance (ANOVA) followed by the Dunnett
post-hoc test comparing each sample group with the control

group.

RNA extraction and quantitative real-time PCR

Total RNAs were extracted from approximately 50 larvae of
homozygous nrldl mutants or wild types at 4-h intervals from
72 to 96 h postfertilization (hpf) under LD or 96 to 120 hpf
under DD, and adult organs (brain, liver, heart, eyes and testis,
at least 5 fish for each sample) under the LD using TriZol (Invi-
trogen, 15596018). Quantitative real-time PCR (Thermo Fisher,
StepOnePlus, 437660, Waltham, USA) was performed in ABI
thermal profiles with the SYBR green detection system (Takara,
RR420A) and a thermal profile of 40 cycles of 95°C, 10 s, 60°C,
30 s. Data represent mean =+ s .d. of the 3 independent experi-
ments. All primers used were listed in Table SI.
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DNaA site-directed mutagenesis and vector constructs

Mutagenized DNA vectors were constructed by PCR-based
site-directed mutagenesis. PCR was performed with KOD plus
DNA polymerase (TOYOBO, KOD-201). A Dpnl (NEB,
R0176) restriction enzyme-treated PCR product was trans-
formed into E. coli. Positive clones were randomly selected and
verified by sequencing. A 2,000-bp fragment of the zebrafish
ulkla promoter region containing 2 RORE motifs and one
Rev-DR2 motif was isolated and cloned into the luciferase
reporter containing pGL 4.17 vector (Promega, 9PIE672),
cloned into pcDNA 3.1 vector (Invitrogen, V790-20) or the
pcDNA 3.1-FLAG vector (Addgene, 20011; deposited by Ste-
phen Smale). All DNA constructs were confirmed by DNA
sequencing. The primers used are listed in Table S1.

Protein extraction and western blotting

Total proteins of zebrafish embryos were extracted with the tis-
sue lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 2 mM
EDTA, 1% NP-40, Thermo Fisher, 28324) and protein inhibi-
tors (Roche, 04693116001) and then separated in 12% sodium
dodecyl sulfate-PAGE gel. Western blotting was performed fol-
lowing the CST (Cell Signaling Technology) western blotting
instruction. Protein bands were then transferred to a nitrocellu-
lose member and incubated with desired antibodies as follows:
Anti-mouse LC3B antibody (Cell Signaling Technology, 4108),
SQSTM1/p62 (Cell Signaling Technology, 5114), anti-zebrafish
Tubal antibody (Cell Signaling Technology, 2148) at a dilution
of 1:1, 000 and then blocking with secondary antibodies at a
dilution of 1:3, 000. Chemiluminescence Detection Kit (Biologi-
cal Industries, 20-500-120) visualized the membranes. Tubal
was used as a loading control. Data represent mean =+ s .d. of
the 3 independent studies.

Transmission electron microscopy (TEM)

Zebrafish liver samples were fixed in 2.5 % glutaraldehyde
buffer and embedded for 24 h, and their TEM images were
acquired with a transmission electron microscope (Hitachi, H-
600, Tokyo, Japan) at the Soochow University Electron Micros-
copy Core Facility. Autophagosome and autolysosome num-
bers were counted manually, and the cytoplasmic areas were
quantified with software Image].

JC-1 staining

JC-1 mitochondrial membrane potential dye (MesGen Biotech-
nology, MG9621) was dissolved in DMSO to the concentration
of 200 uM. Zebrafish larvae at 56 hpf were incubated with
10 uM of JC-1 dye at 37°C for 30 min. Three independent
treatments were conducted. The JC-1 dye-stained larvae were
photographed with a microscope (Olympus confocal micro-
scope system, FV1200, Tokyo, Japan).

Cell transfection and luciferase reporter assay

A 2,129-bp zebrafish cebpb promoter fragment or a 1,999-bp zebra-
fish ulkla promoter fragment was PCR amplified and cloned into
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pGL4.17 vector (Promega, 9PIE672), respectively. Human embry-
onic kindey (HEK) 293T cells were cultured in DMEM containing
10% serum and penicillin-streptomycin in a 24-well plate. Trans-
fection was done with Lipofectamine 2000 (Invitrogen, 11668027)
according the manufacturer’s instructions. Luciferase reporter
assays were performed with a Dual-Report assay system (Promega,
E1980). 100 ng each of cebpb-luc, ulkla-luc, clocka/clockla,
arntllb/bmallb and crylab were used; for the dosage-dependent
experiment, 100, 200 and 300 ng of nr1dI or roraa, were used. The
total DNA amounts were equalized by pcDNA 3.1 vector. Three
independent experiments were conducted for each assay.

Chromatin immunoprecipation (ChIP) assays

ChIP assays were performed with Chromatin Immuno-precipita-
tion Assay Kit (Millipore, 17-295). For the Arntllb ChIP assay,
the larvae were collected at 120 hpf and 132 hpf; for the FLAG-
Nrldl ChIP assay, the microinjected larvae were collected at
72 hpf and 84 hpf. The larval samples were cross-linked in 2%
formaldehyde for 10 min, and then fractionated with protein A
Agarose (EMDmillipore, 16-157). Chromatin lysates were
immunoprecipitated with Arntllb antibodies (Abgent, custom-
ized, peptide PSSQLTQSPESDR) or negative control mouse IgG
(Invitrogen, 10400C) in the presence of protein A Agarose-
salmon sperm DNA (50% Slurry, EMDmillipore, 16-157).%
Then DNA was purified using a purification kit (OMEGA,
D2500) and subsequently analyzed by qRT-PCR using primers
flanking the predicted binding sites in the promoter regions. Pri-
mers used for the ChIP assay are listed in Table S1.

Pharmacological treatment

GSK4112 (Sigma, G0673) were dissolved in DMSO at concen-
trations of 100 M or 50 uM, respectively. Zebrafish larvae at
72 hpf and 84 hpf were incubated in 20 uM of GSK4112 for
24 h at 28.5°C, respectively. Three independent treatments for
each drug were performed.

Restricting feeding experiment

Four-mo-old wild-type and nrldl mutant zebrafish were
starved for 2 consecutive wk for the restricting feeding experi-
ment as previously described.”” The brains, the livers, the
hearts, the eyes, and the intestines of at least 5 males each from
the nrldl mutant, fasted nrldl mutant, fasted wild-type and
wild-type fish were then dissected out at 12 time points with
4-h interval for 2 consecutive days for RNA extraction and
qRT-PCR analysis. At least 3 independent experiments were
done for each time point under examination.

Deep sequencing-based transcriptome analysis of nr1d1
mutant fish

1. RNA quantification and qualification. Total RNAs from
2 stages, 122 hpf (CT2) and 134 hpf (CT14) were used. RNAs
were examined on 1% agarose gels, purity and concentrations
was checked with a Nanodrop 2000 spectrophotometer
(Thermo Fisher, Waltham, USA). 2. Library preparation for
sequencing. A total amount of 3 ug RNA per sample was used

for the RNA sample preparations. Sequencing libraries were
generated using NEBNext— Ultra™ RNA Library Prep Kit
(NEB, USA) following the manufacturer’s instructions. 3. Clus-
tering and sequencing. Clustering of the index-coded samples
was performed on a cBot Cluster Generation System using Tru-
Seq PE Cluster Kit (Illumia, PE-401-3001) according to the
manufacturer’s instructions. After clustering, the library prepa-
rations were sequenced on an Illumina Hiseq 2000 platform. 4.
Quality control. We used Perl scripts for removing the adapter
for clean reads, calculated the Q20, Q30, GC-content, duplica-
tion data and then generated the Raw reads. All the following
analyses were based on clean data with high quality. 5. Tran-
scriptome assembly. Transcriptome assembly was performed
according to the protocol described previously.”* 6. Gene func-
tional annotation. For the Gene Ontology (GO) enrichment
analysis, the differentially expressed genes (DEGs) was imple-
mented by the GOseq R packages based Wallonia noncentral
hyper-geometric distribution;” For the Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis, we used KOBAS soft-
ware to test the statistical enrichment of DEGs in KEGG path-
ways to predict and classify functions of the assembled
sequences (Mao et al, 2005).”° 7. Quantification of gene expres-
sion levels. Gene expression levels were estimated by RSEM for
each RNA sample.”

Heatmaps

For the behavior assays, heatmaps were constructed by an
automated video-tracking system software EthoVision XT10
(Noldus, DanioVision, Wageningen, Netherlands). For the
AD]J.P values and correlation efficiencies in different organs of
wild-type-fed, wild-type fasted, nridi-fed and nrldl fasted,
heatmaps were made with custom scripts and implemented in
R.

Statistical analysis

Values are means =+ s.d. of the indicated number of measure-
ments. Statistical significance was determined using the 2-tailed
unpaired Student ¢ test or one-way ANOVA or 2-way ANOVA
with a significance of P < 0 .05. In particular, multivariate
experiments (e.g., time points and mutants) were analyzed
using 2-way ANOVA with the Tukey post hoc test. A repeated-
measure adjustment was employed when appropriate (e.g.,
daily onset profiles). An F test was used to assess the differences
in variability to circadian-mutant shifts or time points between
genotypes. For the JTK-CYCLE analysis, each parameter was
recorded and analyzed as previously described by R*. All statis-
tical analyses were performed using SPSS 16.0 software.

Abbreviations

atgda autophagy-related 4 homolog A

atp6vld ATPase H" transporting V1 subunit D

becnl/beclinl myosin-like BCL2 interacting protein

bnip3 BCL2/adenovirus E1B interacting protein 3

arntl/bmal brain and muscle aryl hydrocarbon receptor
nuclear translocator (ARNT)-like

CCGs circadian controlled genes



clock clock circadian regulator

ChIP chromatin immunoprecipitation

cry cryptochrome circadian clock

DD dark/dark

DEGs differentially expressed genes

gabarapa GABA(A) receptor-associated protein a

gsk4112 agonist of nr1dl

period period circadian clock

LD light/dark

Mapllc3b microtubule-associated protein 1 light chain
3B

RT-PCR reverse transcriptase-polymerase chain reaction

ppargcla/pgcla  peroxisome proliferator-activated receptor
gamma, coactivator 1 «

Sqstm1/p62 sequestosome 1

TALEN transcription activator-like effector nucleases

TEM transmission electron microscopy

Ulkl unc-51 like autophagy activating kinase 1
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