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Liver lipid metabolism is under intricate temporal control by both the circadian clock and feeding. The interplay
between these two mechanisms is not clear. Here we show that liver-specific depletion of nuclear receptors RORa
and RORy, key components of the molecular circadian clock, up-regulate expression of lipogenic genes only under
fed conditions at Zeitgeber time 22 (ZT22) but not under fasting conditions at ZT22 or ad libitum conditions at
ZT10. RORa/y controls circadian expression of Insig2, which keeps feeding-induced SREBP1c activation under
check. Loss of RORa/y causes overactivation of the SREBP-dependent lipogenic response to feeding, exacerbating
diet-induced hepatic steatosis. These findings thus establish ROR/INSIG2/SREBP as a molecular pathway by which
circadian clock components anticipatorily regulate lipogenic responses to feeding. This highlights the importance of
time of day as a consideration in the treatment of liver metabolic disorders.
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A molecular circadian clock related to the 24-h oscillation
of internal and environmental factors, including light/
dark cycles, time of food availability, temperature, and ac-
tivity/rest cycles, exists in most cells of nearly every liv-
ing organism (Bass and Takahashi 2010; Feng and Lazar
2012; Asher and Sassone-Corsi 2015). The master clock
in mammals is located in the suprachiasmatic nucleus
(SCN) of the hypothalamus, and many physiological pro-
cesses are subject to circadian oscillations, including lipid
and carbohydrate metabolism, hormone secretion, and
feeding behaviors (Eckel-Mahan and Sassone-Corsi 2013;
Liu et al. 2013; Adamovich et al. 2014). In the liver, the cir-
cadian clock is closely related to the rhythmicity of hepat-
ic metabolism (Lin et al. 2008; Tahara and Shibata 2016).
The autonomous rhythm of hepatocytes is entrained by
not only the hormonal and neuronal signals from the mas-
ter clock but also the nutrients and metabolites whose os-
cillation is in large part determined by feeding activity
(Kornmann et al. 2007; Feng and Lazar 2012). Misalign-
ment of peripheral clock and circadian behaviors, such
as feeding behavior, in the case of shiftwork, repeated jet
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lag, and night eating conditions has been associated
with increased incidence of metabolic disorders (Scheer
et al. 2009; Dibner and Schibler 2015).

At a molecular level, the cellular circadian clock is
maintained by a complex circuitry of transcriptional/
translational regulatory loops (Papazyan et al. 2016b). In
mammals, a positive limb is comprised of BMALI and
CLOCK, which activate transcription of PER and CRY
as well as the nuclear receptors Rev-erba and Rev-erbp
(Preitner et al. 2002). The Rev-erbs directly bind to the
Arntl (Bmall) gene to repress its transcription (Preitner
et al. 2002; Yin and Lazar 2005), and this is mitigated by
ROR nuclear receptors that compete for genomic binding
at sites containing a specific DNA sequence motif referred
to as the RORE (Giguere et al. 1994; Harding and Lazar
1995). In addition to their roles in the core clock mecha-
nism, Rev-erbs and RORs directly regulate metabolic
genes in a cell type-specific manner, in some cases at non-
overlapping sites due to tethered recruitment by tissue-
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specific transcription factors (Zhang et al. 2015). The cir-
cadian expression of Rev-erbs and RORy thus connects
the clock to tissue-specific metabolic outputs (Everett
and Lazar 2014; Cook et al. 2015).

ROR has three subtypes: RORa, RORB, and RORy. Only
RORa and RORYy are highly expressed in the liver, while
RORB is expressed mainly in the central nervous system
(Forman et al. 1994; Andre et al. 1998; Takeda et al.
2012). Studies of total body knockout mice reported that
both RORa- and RORy-deficient mice exhibited improved
insulin sensitivity and glucose tolerance with decreased
hepatic gluconeogenesis (Takeda et al. 2014a; Kadiri
et al. 2015). RORa-deficient mice, which suffer from
severe cerebellar defects and display a staggerer pheno-
type (Sidman et al. 1962; Dussault et al. 1998; Steinmayr
et al. 1998), also exhibited lower total body fat and were
resistant to age-induced white adipose tissue (WAT) and
brown adipose tissue (BAT) hypertrophy (Kang et al.
2011). It has also been reported that RORs regulate rhyth-
mic expression of several lipid metabolic genes, including
the Elovi3 and Cyp8b1, by enhancing their expression
around Zeitgeber time 20-4 (ZT20-ZT4) (Takeda et al.
2012, 2014b). However, studies of ROR regulation of he-
patic triglyceride levels are contradictory, with some re-
porting that RORa- and RORy-null mice had decreased
hepatic triglycerides and lipogenic gene expression (Lau
et al. 2008; Kang et al. 2011; Takeda et al. 2014b), while
another reported that RORa-null mice had increased liver
triglyceride accumulation and lipogenic gene expression
(Wada et al. 2008).

The reasons for these inconsistencies are unclear but
could pertain to experimental differences in the time of
day and feeding conditions under which the mice were
studied or the developmental effects of the gene deletions.
Here, to elucidate the hepatic functions of the RORs, we
conditionally knocked out RORa and RORy singly or
together in adult mouse livers. We found that the RORs
redundantly control lipid metabolism by regulating lipo-
genic gene expression. These effects were strong at
ZT22 (5:00 AM) in mice fed ad libidum but were not ob-
served at ZT10 or under fasting conditions and were de-
pendent on the induction of SREBP1c. Thus, the hepatic
metabolic role of ROR depends on the time of day and nu-
tritive status. These results demonstrate important con-
siderations in the interpretation of metabolic studies
and suggest that circadian rhythms should be taken into
account when contemplating therapeutic intervention
aimed at liver metabolism.

Results

RORa and RORy redundantly regulate clock
and metabolic genes

RORa and RORy were knocked out singly as well as to-
gether in livers by injecting hepatocyte targeted AAV-
TBG-Cre into Rora™, Rorc™ or double-floxed (LDKO
[liver-specific double-knockout]) mice (Zhang et al.
2015). The depletion of RORs was confirmed by quantita-
tive RT-PCR (qRT-PCR) (Fig. 1A,B) and Western blot
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(Supplemental Fig. S1A,B) when compared with control
floxed mice injected with AAV-TBG-GFP. Notably, while
the expression of clock genes Bmall and Npas2 was weak-
ly affected in single-knockout livers, it was down-regulat-
ed in ROR LDKO livers (Fig. 1C,D), suggesting redundant
function of gene regulation by RORa and RORy. To ex-
plore the functional roles of RORa and RORy in the mouse
liver, we compared the transcriptome of single-knockout
and double-knockout mouse livers using microarray anal-
ysis on mice sacrificed at ZT22 (5:00 AM), which is the
peak of RORy expression (Takeda et al. 2012). Although
very few genes were differentially expressed in single-
knockout livers, 299 genes were altered in ROR LDKO liv-
ers, with 170 genes down-regulated and 129 genes up-reg-
ulated (Fig. 1E; Supplemental Table S2). The down-
regulated genes are consistent with the canonical func-
tion of RORs as activators of gene expression and included
known ROR target genes, such as Bmall, Cryl, Npas2,
and Cyp8b1, which were enriched for circadian rhythm
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Figure 1. RORa and RORy redundantly regulate clock and met-
abolic genes. (A-D) Gene expression of Rora and Rorc (A,B) and
clock genes Bmall and Npas2 (C,D) in ROR single-knockout or
double-knockout livers at ZT22. Data are expressed as mean =+
SEM (*) P<0.05, Student’s t-test. n=4-5 per group. (E) Heat
map of the ROR single-knockout and double-knockout liver mi-
croarray analysis at ZT22. The color bar indicates the log, fold
change ratio of Cre/GFP. The cutoff used here was fold change
>1.3 with a 15% false discovery rate. (F) Gene ontology analysis
of the down-regulated genes and up-regulated genes in the ROR
LDKO livers at ZT22.
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pathways (Fig. 1F). The up-regulated genes, including
Fasn, Elovl6, and Acaca, were enriched for lipid and fatty
acid metabolism pathways (Fig. 1E,F). These results sug-
gested that RORs might be involved in the regulation of
hepatic lipid and fatty acid metabolism.

To further explore the functional redundancy of RORa
and RORy in the liver, we profiled and compared their cis-
trome by ChIP-seq (chromatin immunoprecipitation
[ChIP] combined with high-throughput sequencing) anal-
ysis. RORa and RORy ChIP-seq peaks were highly over-
lapping (Fig. 2A), and the genes near these sites were
enriched for drug metabolism and circadian rhythm
pathways (Fig. 2B). The specificity of the ChIP as well as
the efficiency of the knockout were confirmed by the
marked reduction in ChIP signal in the RORa and RORy
knockout livers (Fig. 2C,D). Screenshots of RORa and
RORy binding to target genes, including Bmall, Cryl,
and Cdknla, and loss of this binding in the knockouts
are shown in Figure 2E.
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Figure 2. Extensive correlation of liver RORa and RORy cis-
tromes. (A) Scatter plot of RORa and RORy ChIP-seq signals at
ZT22. All of the binding sites were filtered by the knockout sam-
ple (knockout/control >3). (B) Gene ontology analysis of the
genes closest to the overlapping binding sites. (C) Average profile
of RORa ChIP-seq signal in the control mouse livers and their
counterparts in the RORa LKO (liver-specific knockout) mouse
livers. (D) Average profile of RORy ChIP-seq signal in the control
mouse livers and their counterparts in the RORy LKO mouse liv-
ers. (E) Screenshot of the RORa- and RORy-binding sites near the
well-characterized target genes of RORs in the control samples
and knockout samples, including Bmall, Cry1, and Cdknla.
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Hepatocyte-specific deletion of ROR«a and RORy
up-regulates lipogenic genes specifically around
ZT22 to promote hepatosteatosis

We next investigated the ROR regulation of lipid metabol-
ic genes throughout the day by collecting mouse livers ev-
ery 4 h for a period of 24 h. Remarkably, the up-regulation
of metabolic genes in the ROR LDKO livers was restricted
to ZT18-ZT2 (Fig. 3A), indicating that their regulation by
RORSs was limited to this time frame. This increase in am-
plitude of lipogenic gene expression was associated with a
trend toward increased hepatic triglycerides at ZT22 in
ROR LDKO mice on a chow diet (Fig. 3B), but, when chal-
lenged with a high-fat diet, the mice lacking liver RORs
exhibited a marked increase in hepatic triglycerides at
ZT22 (Fig. 3C), which was confirmed by Oil Red O stain-
ing (Fig. 3D). Thus, the heightened amplitude of circadian
lipogenic gene expression in ROR LDKO livers predispos-
es the mice to hepatosteatosis.

Gene activation by RORa and RORy is more
commonly direct, while negative regulation tends
to be indirect

To better understand the mechanism of regulation of
genes differentially expressed in ROR LDKO mice, we per-
formed global run-on (GRO) followed by deep sequencing
(GRO-seq) to measure nascent transcription in livers of
control and ROR LDKO mice at ZT22. Measurement of
divergent RNA transcription at enhancers provided a
quantitative index of enhancer activity (Fang et al. 2014),
and differential analysis revealed 762 down-regulated en-
hancer RNAs (eRNAs) and 541 up-regulated eRNAs in
the RORLDKO (Fig. 4A). The down-regulated eRNAs like-
ly represent sites where RORs act in their classical activa-
tion mode. Indeed, the RORE motif was enriched at these
sites (Fig. 4B), as were motifs for glucocorticoid receptor
and STAT transcription factors, potentially due to collab-
orative interactions analogous to that between Rev-erba
and HNF6 (Ciofani et al. 2012; Zhang et al. 2015). Cross-
comparison of the differentially expressed eRNAs with
the RORa and RORy overlapping cistrome showed that
ROR binding is enriched near the down-regulated eRNAs
relative to the up-regulated eRNAs, (Fig. 4C), consistent
with the notion that these classically activated enhancers
are more likely to be direct binding sites for ROR. Down-
regulated eRNAs were also circadian, enriched around
phase ZT21-ZT24 (Fig. 4D). The lower expression of the
down-regulated eRNAs around phase ZT6-ZT12 is con-
sistent with the peak of expression of Rev-erba, which re-
presses these RORE-containing enhancers, including the
ones at clock genes such as Bmall and Npas2 (Fang et al.
2014).

We were particularly interested in the up-regulated en-
hancers, since lipogenic gene activation in the ROR
LDKO was likely an indirect consequence of losing gene
activation by RORs. The up-regulated eRNAs were en-
riched for E-boxes as well as the GATA motif (Fig. 4E),
with the E-box being notable as the binding site of
SREBPI1, the master regulator of lipogenesis (Horton
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Figure 3. Hepatocyte-specific deletion of RORa and RORy up-
regulates lipogenic genes specifically around ZT22, favoring hep-
atosteatosis. (A) mRNA expression of Fasn, Acly, Spot14, and
Acach over a 24-h period in control and ROR LDKO mouse liv-
ers. Data are expressed as mean = SEM. (*) P<0.05, Student’s t-
test. n =4-5 per group. Data are double-plotted for better visual-
ization. (B,C) Hepatic triglyceride measurement of the livers at
ZT22 from the control mice and ROR mutant mice fed a normal
chow diet (B) and after 6 wk on a high-fat diet (C). (mg/g) Milli-
grams of triglycerides per gram of liver weight. Data are ex-
pressed as mean + SEM. (*) P <0.05, Student’s t-test. n=4-5 per
group. (D) Oil Red O staining of livers from the control mice
and ROR LDKO mice fed for 6 wk on a high-fat diet at a magni-
fication of 200x. Bars, 100 pm.

2002; Jeon and Osborne 2012). Indeed, genomic binding of
ectopically expressed HA-SREBPlc (Papazyan et al.
2016a) was highly enriched at the up-regulated eRNAs rel-
ative to the down-regulated eRNAs (Fig. 4F), consistent
with the enrichment of the SREBP1 motif in the up-regu-
lated eRNAs, which suggested a role of SREBPI1 in the
ROR LDKO-induced eRNAs. Notably, the up-regulated
eRNAs were enriched around ZT15-ZT18, which is simi-
lar to the phase shown earlier for lipogenic gene induction
in the ROR LDKO (Fig. 4G).

ROR LDKO activates SREBP1 through repression
of Insig2 expression

The enrichment of SREBP1 motifs in the up-regulated
eRNAs in ROR LDKO livers prompted us to next investi-
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gate the activation status of lipogenic transcription factor
SREBPIc. Indeed, SREBP1 gene expression was increased
in the ROR LDKO around ZT22~ZT2 (Fig. 5A). Moreover,
the cleaved and active nuclear form of SREBPI1c was in-
duced at ZT22 in the ROR LDKO livers (Fig. 5B, quantita-
tion of replicates in C). Increased nuclear SREBP1c was
consistent with reduced expression of Insig2 (Fig. 5D),
which is a negative regulator of SREBP post-translational
cleavage and activation (Yabe et al. 2002). Indeed, Insig2
gene expression also displayed a circadian rhythm that
peaked around ZT22-ZT6, in phase with the ROR activi-
ty and anti-phase with the peak expression of lipogenic
genes, including Fasn, Acly, Spot14, and Acach (Fig. 3A;
Le Martelot et al. 2009). A further analysis of the different
isoforms of Insig2 transcripts revealed that Insig2a, which
is the predominant transcript in the liver and selectively
down-regulated by insulin (Yabe et al. 2003), was
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Figure 4. Gene activation by RORa and RORy is more common-
ly direct, while negative regulation tends to be indirect. (A) Scat-
ter plot of eRNA tag counts in control and ROR mutant mouse
livers. Differentially expressed eRNAs are marked by different
colors. (B) De novo motif analysis of the down-regulated eRNAs.
(C)RORa and RORy overlapping binding sites at the differentially
expressed eRNAs. (D) The fraction of eRNAs that are up-regulat-
ed in ROR LDKO livers in each circadian phase in the wild-type
mice as characterized previously (Fang et al. 2014). (E) De novo
motif analysis of the up-regulated eRNAs. (F) HA-nSREBPIc-
binding sites at the differentially expressed eRNAs. (G) The frac-
tion of eRNAs that are down-regulated in ROR LDKO livers in
each circadian phase in the wild-type mice as characterized previ-
ously (Fang et al. 2014).
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Figure 5. ROR LDKO activates SREBP1 through re-
pression of Insig2 expression. (A) mRNA expression
of Srebfl over a 24-h period in control and ROR
LDKO mouse livers. Data are expressed as mean =
SEM. (*) P<0.05, Student’s t-test. n=4 per group.
Data are double-plotted for better visualization. (B)
Western blot of the active form of nuclear SREBP1
and the loading control RAD21 in the livers of Rora®/
/Rorc™ mice injected with GFP (control) and Cre
(knockout) and harvested at ZT22 and ZT10. (C) Quan-
tification of the protein level shown in the Western
blot in B. SREBP1 protein level was normalized to the
loading control RAD21. Data are expressed as mean =
SEM. (*) P<0.05, Student’s t-test. n=3-4 per group.
(D) mRNA expression of Insig2 over a 24-h period in
control and ROR LDKO mouse livers. Data are ex-
pressed as mean + SEM. (*) P <0.05, Student’s t-test. n
=4 per group. Data are double-plotted for better visual-
ization. (E) mRNA expression of Insig2a over a 24-h pe-
riod in control and ROR LDKO mouse livers. Data are
expressed as mean = SEM. (*) P <0.05, Student’s t-test.
1 =4 per group. Data are double-plotted for better visu-
alization. (F) mRNA expression of Insig2b over a 24-h
period in control and ROR LDKO mouse livers. Data
are expressed as mean = SEM. (*) P<0.05, Student’s t-
test. n =4 per group. Data are double-plotted for better
visualization.
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significantly reduced around ZT22~ZT6 in ROR LDKO
livers, while Insig2b was slightly up-regulated (Fig. 5E,
F). Together, these data suggested that RORs directly reg-
ulate Insig2 expression to influence SREBP1c activation
around ZT22~ZT6.

Increased lipogenic gene expression in ROR LDKO
livers requires food intake

Feeding behavior is tightly regulated by the circadian
clock and has a robust rhythm, with higher food intake
during the active dark phase (ZT12-ZT24) as compared
with intake levels during the inactive light phase (ZTO-
ZT12) (Turek et al. 2005). In addition, feeding behavior
also induced activation of SREBP as well as the lipogenic
gene expression (Horton et al. 1998; Dentin et al. 2005).
To investigate whether the time-specific regulation of lip-
id metabolic genes by RORs was related to feeding status,
we compared the lipid metabolic phenotype of ROR
LDKO mice in either ad libitum feeding or 16-h fasted
conditions in mice fed a high-fat diet for 6 wk (Fig. 6A). In-
deed, the marked activation of SREBP1c and induction of
lipid metabolic genes in the ROR LDKO at ZT22 was al-
most completely abrogated under fasted conditions (Fig.
6B-H; Supplemental Fig. S2), although the regulation of
Insig2 expression of ROR was irrespective of feeding/fast-
ing status (Fig. 6I). Consistent with this, hepatic triglycer-
ides were increased in the ROR LDKO livers under ad
libitum feeding conditions, but the difference between
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control and ROR LDKO livers was abrogated in the fasting
state (Fig. 6]).

Activation of lipid metabolic genes in the ROR LDKO
requires SREBPIc

To test whether ROR LDKO-dependent induction of
lipogenic genes was occurring entirely through SREBP ac-
tivation, we generated mice lacking RORs and SREBP
cleavage-activating protein (SCAP), which is a protein
that stabilizes SREBPs and facilitates their cleavage
and activation (Hua et al. 1996). Although, SCAP/ROR
LTKO (liver-specific triple-knockout) livers had reduction
of Insig2 mRNA levels similar to that in ROR LDKO (Fig.
7A), lipogenic genes such as Fasn, Acly, and Scd1 were no
longer induced at ZT22 (Fig. 7B-D). Taken together, these
results demonstrate that SREBP1c is required for the lipo-
genic effects of ROR LDKO, and ROR likely directly con-
trols Insig2 expression to affect hepatic lipid metabolism
(Fig. 7E).

Discussion

Previous studies of RORa- or RORy-null mice have
suggested a role in the control of energy homeostasis
and the regulation of lipid and glucose metabolism. How-
ever, since the regulation of energy and metabolism ho-
meostasis is a complex process that involves multiple
interrelated pathways in many organs involving the
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endocrine, immune, and nervous systems as well as the
circadian clock and gut microbiome, it is difficult to deter-
mine whether the metabolic changes observed in ROR-de-
ficient mice are directly controlled by RORs or are a result
of systemic changes. Therefore, we used a liver-specific in-
ducible ROR LDKO mouse model to elucidate the tissue-
autonomous function of RORs in the adult mouse liver.
Previous reports on ROR regulation of liver metabolism
using the total body ROR-deficient mice have generated
contradicting results. Here, we showed that ROR regula-
tion of lipid metabolism varies depending on the time of
the day as well as the feeding conditions. Around ZT22,
when the mice were at the end of their feeding phase in
the dark, RORs repressed the lipid metabolic process
through inhibition of the SREBP pathway. However,

ROR regulation of liver lipid metabolism

around ZT10 or during fasting even at ZT22, the effect
of ROR LDKO on lipid metabolism was abolished. The
rhythmicity of ROR repression of lipogenic genes such
as Fasn and Acly fit well with the natural oscillation of
their expression in the control mice, where Fasn and
Acly mRNA levels peaked around ZT14-ZT18 and de-
creased rapidly at ZT22, at which time point RORs started
to induce Insig2 expression. In the absence of RORs, the
expression level of these lipogenic genes continued to
rise until ZT6. It is interesting that both RORs account
for these time-sensitive effects, yet only RORy expression
exhibits a high-amplitude circadian rhythm, whereas
RORa expression is minimally circadian (Takeda et al.
2012; Zhang et al. 2015). The redundancy of both a circa-
dian and noncircadian ROR subtype suggests that a
threshold level of ROR activity is required, with the oscil-
lation of RORy exceeding the threshold at specific times
of day. In addition, these findings highlight that, although
RORs and Rev-erbs compete for binding at overlapping
RORE-containing sites in clock genes, their binding and
regulatory function at metabolic genes frequently differ
due to differential recruitment requiring tissue-specific
factors (Zhang et al. 2015, 2016). In this context, it is not
surprising that lipid metabolism in the ROR knockout liv-
ers is not the phenotypic opposite of the lack of Rev-erbs.
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Figure 7. Activation of lipid metabolic genes in the ROR LDKO
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test. n = 4-6 per group. (E) Model depicting the hepatic circadian
clock fine-tuning the lipogenic response through ROR regulation
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Mechanistically, we found that loss of hepatic RORs led
to a marked induction of SREBP1c protein, most likely in-
duced by the reduction of Insig2 expression. A post-trans-
lational increase in cleaved SREBPIc is favored by loss of
circadian INSIG2 expression in the ROR LDKO livers. Of
note, ROR activation of Insig? is restricted between ZT22
and ZT6, suggesting that Insig2 might be repressed by
other factors outside this phase. Indeed, Rev-erba and its
associated nuclear corepressor (NCoR) and histone deace-
tylase 3 (HDAC3)-repressive complex have been reported
to repress Insig2 transcription between ZT10 and ZT14
(Le Martelot et al. 2009; Bugge et al. 2012; Papazyan
et al. 2016a), which might be the cause of the Insig2 ex-
pression trough in this phase. However, other lipid meta-
bolic genes are induced in an SREBPIlc-independent
manner in the HDAC3 knockout livers, which are stea-
totic (Feng et al. 2011; Sun et al. 2012; Papazyan et al.
2016a). In addition, cholesterol and cholesterol deriva-
tives have been cocrystallized with RORa and have been
suggested to be ROR ligands that regulate ROR activities
(Kojetin and Burris 2014; Santori et al. 2015). Interest-
ingly, SREBP is also a major regulator of cholesterol syn-
thesis, and its activity is inhibited by high levels of
cholesterol (Horton et al. 2002). Therefore, its suppression
by ROR might contribute to this negative feedback
mechanism.

In summary, our study delineated a redundant role of
RORs in regulating lipogenic metabolism at specific times
of day and only when the mice are eating. These results
highlight the importance of considering the time of day
in interpreting the effects of environmental or genetic ma-
nipulations and suggest that therapies directed at ROR
and other targets should be administered according to a
schedule that corresponds to their biological rhythms in
order to maximize the effectiveness and minimize the
side effects of the therapy. This is a particularly relevant
consideration in the treatment of nonalcoholic fatty liver
disease and steatohepatitis, which are highly prevalent in
association with the epidemics of obesity and diabetes
and whose progression to cirrhosis is already the third
most common indication for liver transplantation (Zezos
and Renner 2014).

Materials and methods

Animals

Rora™ mice were obtained from Mouse Clinical Institute/Insti-

tut Clinique de la Souris (MCI/ICS), and Rorc™" mice were ob-
tained from Jackson Laboratory. Scap floxed mice generated
previously (Matsuda et al. 2001) were backcrossed to the
C57BL/6] genetic background for at least seven to eight genera-
tions (T.F. Osborne). Mice were housed on a temperature-con-
trolled specific pathogen-free facility with 12:12-h light-dark
cycle (lights on at 07:00, lights off at 19:00). Experiments were car-
ried out on 8- to 20-wk-old male mice. The Penn Vector Core gen-
erated the AAV vectors (AAVS8-TBG-GFP for control and AAVS-
TBG-Cre for knockout). We injected each AAV vector intrave-
nously at 1.5 x 10! genome copies per mouse and characterized
the mice at 3-4 wk after AAV injection. All animal studies
were performed with an approved protocol from the University
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of Pennsylvania Perelman School of Medicine Institutional Ani-
mal Care and Use Committee.

Western blot

For Western blot, nuclear fractionation was performed to deter-
mine nSREBP1, RORa, and RORy levels in mouse livers as de-
scribed previously (Wan et al. 2011). Lysates were resolved in
4%-12% Bis-Tris NUPAGE gradient gels with MOPS running
buffer (Thermo Fisher Scientific). Proteins were transferred onto
polyvinylidene difluoride membranes and blotted with anti-
SREBP1 antibody from Abcam (ab3259), anti-RORa antibody
from Santa Cruz Biotechnology (sc-28612), anti-RORy antibody
from Abcam (ab78007), and anti-Rad21 antibody from Cell Sig-
naling Technology (43218).

Gene expression analysis

Total RNA was extracted from liver tissue using Trizol reagent
(Life Techologies) followed by RNeasy minikit (Qiagen). The
RNA was reverse-transcribed using the High-Capacity cDNA re-
verse transcription kit (Applied Biosystems) and analyzed by
gPCR. Gene expression was normalized to the mRNA levels of
the housekeeping gene Arbp and the level of the gene of interest
in the control samples.

gqPCR

qPCR was performed with Power SYBR Green PCR Mastermix
and the Prism 7500 instrument (Applied Biosystems), and analy-
sis was performed by the standard curve method. Primers used in
the qPCR are listed in Supplemental Table S1.

Microarray analysis

Microarray expression analyses of control versus ROR single LKO
(liver-specific knockout) and LDKO livers at ZT22 were per-
formed on livers from n = 4 mice per genotype. Total RNA was ex-
tracted from liver tissue using Trizol reagent (Life Techologies)
followed by RNeasy minikit (Qiagen). RNA from each liver was
individually processed with the Ambio WT expression kit and
GeneChIP WT terminal labeling and control kit (Affymetrix)
and hybridized to the Mouse Gene 2.0 ST arrays (Affymetrix). Ar-
ray images were captured on a GCS3000 laser scanner (Affyme-
trix) and analyzed by the Penn Microarray Core using the
Partek genomics suite. Subsequent data analysis was performed
using the oligo package in R-BioConductor (Huber et al. 2015).
Differentially regulated genes in the knockout were selected us-
ing a threshold of expression fold change >1.3 and false discovery
rate of 15%. Microarray data are available in Gene Expression
Omnibus (GSE101116).

GRO-seq

GRO-seq was performed using the control and ROR LDKO livers
at ZT22 following the protocol described previously (Fang et al.
2014). Briefly, nuclei were extracted from muscles using hypoton-
ic buffer. Nuclear run-on was performed in the presence of Br-
UTP followed by enrichment with anti-Br-UTP antibodies, re-
verse transcription, and library preparation. Run-on reactions
from four mice were pooled to make one sequencing library.
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GRO-seq data processing

GRO-seq sequencing reads were aligned to the mm9 genome us-
ing Bowtie version 0.12.7. Uniquely mapped reads were extended
to 150 base pairs (bp) in the 53’ direction and used for down-
stream analysis. eRNA identification and quantification were
performed according to previously established protocols (Fang
et al. 2014). eRNAs with a more than twofold change in ROR
LDKO livers than the control livers at ZT22 were considered dif-
ferentially expressed. For calculating number of peaks per eRNA
and number of eRNAs at each circadian time point, Bedtools in-
tersect function was used. eRNAs were extended to 1000 bp from
the center, and peaks/eRNAs overlapping at least 1 bp were con-
sidered overlapping.

ChIP

ChIP experiments were performed as described with minor
changes (Zhang et al. 2015). Mouse livers were harvested,
minced, and cross-linked in 1% formaldehyde for 20 min fol-
lowed by quenching with 1/20 vol of 2.5 M glycine solution for
5 min and two washes with 1x PBS. Nuclear extracts were pre-
pared by dounce homogenization in ChIP buffer (50 mM Tris-
HCI at pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100,
0.1% NaDOC). Chromatin fragmentation was performed by son-
ication in lysis buffer (50 mM Tris-HCL at pH 8.0, 0.1%SDS, 10
mM EDTA) using the Bioruptor (Diagenode). Proteins were im-
munoprecipitated in ChIP buffer using anti-RORa antibody
from Santa Cruz Biotechnology (sc-28612) and RORy antibody
from Santa Cruz Biotechnology (sc-28559), cross-linking was re-
versed overnight at 65°C in SDS buffer (50 mM Tris-HCL, 10
mM EDTA, 1% SDS at pH 8), and DNA isolated using phenol/
chloroform/isoamyl alcohol. Precipitated DNA was analyzed by
qPCR or high-throughput sequencing.

ChIP-seq

ChIP experiments were performed independently on liver sam-
ples from individual mice harvested at the indicated times.
DNA was amplified according to the ChIP-seq sample prepara-
tion guide provided by Illumina using adaptor oligo and primers
from Illumina, enzymes from New England Biolabs, and PCR pu-
rification kit and MinFlute kit from Qiagen. Deep sequencing
was performed by the Functional Genomics Core of the Penn Di-
abetes Research Center using an Illumina HiSeq2000, and se-
quences were obtained using the Solexa Analysis Pipeline.

ChIP-seq data processing

Sequencing reads of biological replicates were pooled and aligned
to the mm9 genome followed by peak calling as described previ-
ously (Zhang et al. 2015). Genome browser tracks of ChIP-seq
data were generated using HOMER version 4.7 (Heinz et al.
2010) and visualized in Integrative Genomics Viewer (Robinson
et al. 2011; Thorvaldsdottir et al. 2013). For the ROR cistrome
analysis, peaks >0.5 read per million (RPM) and at least three
times stronger than their counterparts in the LKO mouse livers
were used. The binding sites that were commonly bound by
RORa and RORy with less than twofold difference were consid-
ered ROR overlapping binding sites. All ChIP-seq peaks were an-
notated by HOMER using the mapping within 50 kb of gene
transcription start sites (TSSs). The pathway analysis of the
ROR overlapping sites was performed using the TSSs nearest to
the binding sites. Scatter plots and average profiles were created
using HOMER and R package. ChIP-seq data are available in
Gene Expression Omnibus (GSE101116).
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Hepatic triglyceride assay

Liver samples were homogenized in the TissueLyser (Qiagen)
with steel beads in tissue lysis buffer (140 mM NaCl, 50 mM
Tris, 1% Triton-X at pH 8.0). Triglyceride concentration in the ly-
sates was quantified using LiquiColor triglyceride procedure
number 2100 (Stanbio).

Oil Red O staining

Five-micrometer frozen sections were prepared from snap-frozen
liver tissues. The sections were stained with 0.5% Oil Red O in
propylene glycerol overnight for lipid and then in hematoxylin
for 5 sec. The procedures were performed by the Penn Digestive
Disease Center Morphology Core.

Statistics

Microsoft Excel was used for graphing and statistical tests. Error
bars represent the SEM, and statistical significance was deter-
mined by two-tailed type 2 t-test; a P-value of <0.05 was consid-
ered significant unless otherwise stated in the figure legends.

Accession number

ChIP-seq and microarray data have been deposited in the Gene
Expression Omnibus (GSE101116).
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