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Abstract

Circadian rhythms have evolved to anticipate metabolic needs across the 24-hour light/dark cycle.
This is accomplished by circadian expression of metabolic genes orchestrated by transcription
factors through chromatin remodeling and histone modifications. Our recent genome-wide study
on histone deacetylase 3 (HDACS3) in mouse liver provides novel insights into the molecular link
between circadian rhythm and hepatic de novo lipogenesis. We found that liver-specific knockout
of HDAC3 in adult mouse display severe hepatic steatosis associated with enhanced de novo
lipogenesis and increased expression of lipogenic genes. Genome-wide analysis (ChIP-seq)
revealed a pronounced circadian pattern of HDAC3 occupancy on genes involved in lipid
metabolism, which is inversely related to histone acetylation and RNA polymerase Il recruitment
at these sites. The cistromes of HDAC3 and its binding partner, nuclear receptor co-repressor
(NCoR), significantly overlap with that of Rev-erba, a nuclear receptor directly involved in the
core circadian machinery. Knockout of Rev-erba in mouse also leads to hepatic steatosis and
enhanced de novo lipogenesis. Collectively, these data suggest that the circadian epigenomic
remodeling controlled by HDACS3, and largely directed by Rev-erba, is essential for homeostasis
of the lipogenic process in liver.

INTRODUCTION

Living organisms on Earth have a circadian clock built in by evolution through millions of
years of living in a light/dark cycle of 24 hours, which allows anticipation of metabolic
needs in a feedforward manner, rather than mere response to environment in a feedback way
(Arble et al. 2010; Bass and Takahashi 2010; Huang et al. 2011). This is accomplished by
coordinating circadian expression of genes involved in metabolism. Transcriptome profiling
revealed that about 2—-15% of all expressed genes are circadian, most of which participate in
energy and xenobiotics metabolism, highlighting the inherent link between circadian rhythm
and metabolism (Panda et al. 2002; Hughes et al. 2009; Asher and Schibler 2011).

The circadian expression of metabolic genes is dictated directly or indirectly by the core
circadian clock machinery composed of several transcription factors and cofactors that form
autoregulatory negative feedback loops through both transcriptional and posttranslational
mechanisms (Green et al. 2008). In mammals, there is a central circadian clock residing in
the central nervous system and multiple peripheral circadian clocks in peripheral tissues
such as liver, heart, lung, adipose and pancreas. Although composed of similar molecular
components, the central clock is mainly entrained by light, while the peripheral clocks
receive systemic signals independently from both the central clock and other inputs such as
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feeding behavior (Green et al. 2008). Most rhythmic genes in liver rely on the liver
peripheral clock rather than the central clock for the establishment of their circadian rhythm
(Kornmann et al. 2007).

Disruption of circadian rhythm causes metabolic derangement, a notion supported by several
lines of evidence from studies on both humans and animals. Epidemiology studies have
found higher incidence of metabolic derangements such as obesity, diabetes and
cardiovascular diseases in shift workers (De Bacquer et al. 2009; Scheer et al. 2009;
Pietroiusti et al. 2010). Likewise, daytime feeding of nocturnal animals or simulation of shift
work results in metabolic disorders (Arble et al. 2010; Salgado-Delgado et al. 2010).
Genome-wide association studies (GWAS) have found association between metabolic
derangement and genes Bmall and Clock that constitute the core circadian clock
machinery). Animals bearing mutations or deletions on these genes also display
abnormalities in carbohydrate and lipid metabolism (Turek et al. 2005; Lamia et al. 2008;
Yang et al. 2009; Zhang et al. 2010; Marcheva et al. 2010).

Transcriptional regulation plays a central role in circadian rhythm, as most circadian genes
characterized so far show circadian rhythm at the transcriptional level and the core circadian
clock machinery is mainly composed of transcription activators and repressors.
Transcriptional activation and repression is a complex biological process involving
extensive epigenomic remodeling that leads to chromatin relaxation or condensation so that
genomic DNA can be accessed by or restrained from the general transcription machinery.
Covalent modifications on chromatin histones at different sites through phosphorylation,
acetylation and methylation either alone or in combination, guide such remodeling processes
in a language-like manner termed “histone code” (Strahl and Allis 2000; Berger 2007; Lee
et al. 2010).

Histone acetylation at the promoter regions of circadian genes were found to fluctuate
during the light/dark cycle in parallel with rhythmic expression of these genes, suggesting a
role of histone acetylation in regulating the circadian rhythm (Crosio et al. 2000; Etchegaray
et al. 2003; Curtis et al. 2004; Yoshihisa Naruse et al. 2004). Histone acetylation levels are
controlled by the opposing actions of histone acetyltransferases (HATS) and histone
deacetylases (HDACs). HATs and HDACs usually function as part of large multiprotein
coactivator and corepressor complexes, and are recruited to active and silent genes
respectively by sequence-specific DNA binding proteins. Clock, the founding member of the
molecular clock machinery, was shown to have intrinsic HAT activity (Doi et al. 2006). And
SIRT1, aclass 11l HDAC, was found to interact with Clock and regulate and the amplitude
of the circadian rhythm (Nakahata et al. 2008). Previous work from our lab has suggested
that HDACS3 plays an important role in the maintenance of normal circadian rhythm in
peripheral tissues (Alenghat et al. 2006).

HDAC3, AN EPIGENOMIC MODIFIER THAT KEEPS HEPATIC LIPOGENESIS

IN CHECK

HDACS3 is the third HDAC identified in mammals by sequence homology to previously
identified HDAC1 and HDAC?2 (Yang et al. 1997). Biochemical purification studies by our
laboratory and others have established that HDACS3 exists in transcription co-repressor
complexes containing two homologous proteins: nuclear receptor co-repressor (NCoR) and
silencing mediator for retinoid and thyroid receptors (SMRT) (Guenther et al. 2000; Li et al.
2000; Wen et al. 2000). As their names suggest, NCoR and SMRT are recruited to the
chromatin by several nuclear hormone receptors and are responsible for transcriptional
repression of these nuclear receptors under unliganded conditions. HDAC3 is the primary
deacetylase in the NCoR/SMRT complex (Fischle et al. 2002). Moreover, enzymatic activity
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of HDACS3 is not fully activated until it binds to the deacetylase activating domain (DAD) of
NCoR or SMRT (Guenther et al. 2001). Mice bearing a point mutation in NCoR DAD
domain (N-DADmM) that disrupts NCoR-HDACS3 interaction exhibit abnormal energy
expenditure and a phase shift in the circadian expression of several metabolic genes in
peripheral tissues, thus accentuating the important function of HDAC3 in metabolism and
circadian rhythm (Alenghat et al. 2006).

To further characterize tissue-specific functions of HDAC3, we have generated C57BL/6J
mice with HDAC3 exon 4 to 7 flanked by loxP sites (HDAC3 mice). Liver-specific
deletion of HDAC3 in adult mice was accomplished by intravenous injection of recombinant
adenovirus-associated virus expressing Cre recombinase under a hepatocyte-specific
thyroxin-binding globulin (TBG) promoter. Efficient liver-specific deletion of HDAC3 was
confirmed at 1-week post-injection (Feng et al. 2011). At 2-weeks post-injection, the liver
was significantly enlarged with massive accumulation of neutral lipid (Fig. 1A). Hepatic
triglyceride content was increased 2—3 fold at 1-week post-injection and 5-10 fold at 2-
weeks post-injection (Fig. 1B and data not shown).

Enhanced fatty acid synthesis is associated with hepatic steatosis (Browning and Horton
2004). To test whether HDACS3 deletion enhances de novo lipogenesis, deuterated water was
used as a tracer and newly synthesized 2H-labeled hepatic palmitate in HDAC3f mice at 1-
week after AAV injection was analyzed by gas chromatography-electron impact ionization
mass spectrometry (GC/MS). Hepatic de novo lipogenesis rate was significantly increased
when HDAC3 was deleted (Fig. 1C), suggesting that HDAC3 suppressed lipogenesis.
Transcriptome analysis by microarray showed that many lipid metabolic genes are
upregulated in liver in the absence of HDAC3. Among the most prominently upregulated
genes are those encoding key enzymes in lipogenesis such as fatty acid elongases (Elovls),
stearoyl-CoA desaturase 1 (Scdl), fatty acid synthase (Fasn), acetyl-CoA carboxylase beta
(Acach), and glycerol-3-phosphate acyltransferase 1, mitochondrial (Gpam) (Fig. 1D).
These findings are consistent with a previous report on development of fatty liver in mice
when hepatic HDAC3 is deleted in utero (Knutson et al. 2008). Thus, HDAC3 is an
epigenomic modifier that keeps hepatic lipogenesis in check under normal physiological
conditions.

CHROMATIN OCCUPANCY OF HDACS3 IS CIRCADIAN AND ANTI-PHASE TO
HEPATIC LIPOGENESIS

Hepatic lipogenesis is enhanced during feeding to allow conversion of excess nutrient
metabolites to lipid for secretion from the liver and storage at the adipose tissue. Conversely,
hepatic lipogenesis is suppressed during fasting when there are neither substrates nor
metabolic needs for such processes. In nocturnal animals, feeding happens at night and
fasting occurs during the day. Therefore hepatic lipogenesis shall presumably have a
circadian pattern that is active at night and quiescent during the day. Indeed, metabolic flux
tracing studies have clearly showed such pattern of circadian rhythm in hepatic lipogenesis
in mice and rats, which is illustrated in Fig. 2A (Kimura et al. 1970; Hems et al. 1975;
Cornish and Cawthorne 1978; Cincotta and Meier 1984).

More interestingly, and less obviously, transcription of hepatic lipogenic genes such as
multiple Elovls, Gpam, Fasn, acetyl-Coenzyme A carboxylase a (Acaca), and ATP-citrate
lyase also display the same pattern of circadian rhythm, as illustrated in Fig. 2A (Zardoya et
al. 1994; Panda et al. 2002; Brolinson et al. 2008; Hughes et al. 2009). This seems to suggest
that the body has the ability to anticipate metabolic need by coordinately upregulating
lipogenic enzymes during peak feeding times when they are most needed, while suppressing
them during fasting period when they are not needed.
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What is the molecular switch underlying this circadian rhythm? Given the ability of HDAC3
to both modify the epigenome and suppress hepatic lipogenesis, we set out to test if HDAC3
occupancy on the genome is circadian. Chromatin immunoprecipitation with an HDAC3-
specific antibody was performed in mouse liver during the day at ZT10 (“Zeitgeber time”
marks the light/dark cycle; light on at ZTO, light off at ZT12) and at night at ZT22, followed
by massively parallel DNA sequencing (ChlP-seq). HDACS3 displays a prominent rhythmic
occupancy on the genome with a zenith during the day and a nadir at night, as evidenced by
both total number of binding sites (14578 sites during the day versus 120 sites at night) and
average signal intensity at the center of the sites (1.6 signal per million total reads [RPM]
during the day versus 0.4 RPM at night) (Feng et al. 2011). HDAC3 binding was enriched
on genes involved in lipid metabolism, especially fatty acid synthesis, such as Gpam, Scdl
and Elovl5 (Fig. 2B). The circadian occupancy of HDACS is inversely associated with the
genome-wide histone acetylation and RNA polymerase Il recruitment at the same sites,
suggesting that HDACS3 orchestrate a circadian epigenomic remodeling that leads to
transcriptional repression of hepatic lipogenic genes during the day but allows
transcriptional activation of these genes at night (Fig. 2B). Loss of this circadian rhythm
results in constitutively high levels of expression of lipogenic genes that promote fatty acid
synthesis and thus the hepatic steatosis found in HDAC3-liver specific knockout mice.

REV-ERBa REGULATES CIRCADIAN RECRUITMENT OF HDAC3 TO THE

GENOME

What is the DNA-sequence specific transcription factor(s) that dictate circadian recruitment
of HDAC3 to the genome? Motif analysis showed that the most enriched motif among all
HDACS3 binding sites is AGGTCA, a sequence known to be bound by many nuclear
hormone receptors (Yang et al. 2007). Among all nuclear receptors, Rev-erba and p are core
members of the circadian clock machinery (Fig. 3A). Rev-erba and B are direct target genes
of Clock/Bmall and can in turn repress transcription of Clock/Bmall. Rev-erb-mediated
transcriptional repression of Clock/Bmall and Per/Cry-mediated posttranslational inhibition
of Clock/Bmall are the two negative feedback loops within the core circadian clock
machinery (Fig. 3A) (Preitner et al. 2002; Asher and Schibler 2011). Rev-erb proteins
exhibit prominent circadian expression in mouse liver that is in-phase with genomic
recruitment of HDACS3 (Balsalobre et al. 1998; Preitner et al. 2002).

Previous work from our laboratory has revealed that Rev-erba recruits NCoR/HDACS3 to
the Bmall promoter in cultured liver cells and that HDACS3 is required for transcriptional
repression of Bmall by Rev-erba (Yin and Lazar 2005). It is perceivable that Rev-erba may
be responsible for the circadian chromatin recruitment of HDAC3 in liver on a genome-wide
scale. To test this hypothesis, ChIP-seq experiments were performed with antibodies specific
for Rev-erba and NCoR in mouse liver at ZT10 and ZT22. As expected, there is a robust
circadian rhythm in genome occupancy of Rev-erba and NCoR that is in phase with
HDACS3 binding (Fig. 3B). The genomic binding sites of Rev-erba significantly overlap
with those of HDAC3 and NCoR, especially on genes involved in fatty acid synthesis (Fig.
3B). More importantly, a close correlation exists between signal intensities of Rev-erba
binding and those of NCoR/HDACS3 at the same sites (Fig. 3C), and the circadian HDAC3
binding at several sites are lost in Rev-erba null mice (Feng et al. 2011). Taken together,
these data strongly support the notion that Rev-erba recruits NCoR and HDACS to the
genome and thus accounts for the circadian rhythmicity of their genomic occupancy.

If the circadian rhythm of HDAC3 occupancy on the genome is critical for keeping hepatic
lipogenesis in check in the light cycle, loss of this rhythm in Rev-erba null mice would
promote hepatic de novo lipogenesis and precipitate hepatic steatosis in a similar manner as
was found in the HDAC3 deficient liver. Indeed, Rev-erba null mice display elevated
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intracellular lipid content in liver (Fig. 4A) and the hepatic triglyceride levels are nearly two
fold higher than control wild-type mice (Fig. 4B). Isotope tracing studies showed that
hepatic de novo lipogenesis is elevated in the light cycle in Rev-erba null mice (Feng et al.
2011), indicating that the circadian epigenomic remodeling events dictated by Rev-erba/
NCoR/HDACS3 is important in suppression of hepatic lipogenesis in the light cycle.

CONCLUSIONS AND PERSPECTIVES

In mammals, there is a circadian rhythm of hepatic lipogenesis activity that increases in the
feeding/active phase and decreases in the fasting/sleep phase. The ability to anticipate
metabolic needs are accomplished by coordinated upregulation of hepatic lipogenic genes in
the dark cycle and downregulation in the light cycle in nocturnal animals. Here we show that
circadian expression of hepatic lipogenic genes is orchestrated by HDAC3 through rhythmic
epigenomic remodeling and histone deacetylation. Rev-erba, a core component of the
circadian clock, is largely responsible for circadian recruitment of HDAC3 and NCoR to the
genome. Loss of the circadian epigenomic remodeling in either HDAC3 knockout or Rev-
erba. knockout mouse liver results in abnormally elevated hepatic de novo lipogenesis in the
light cycle that leads to hepatic steatosis. Our findings provide possible molecular
explanation of the higher incidence of lipid metabolism derangements observed in shifting
workers (De Bacquer et al. 2009; Esquirol et al. 2009; Pietroiusti et al. 2010) and the
association between fatty liver diseases and genetic variations in the Clock gene in humans
(Sookoian et al. 2007; Scott et al. 2008).

Deletion of HDAC3 from mouse liver results in 5-10-fold increase of hepatic triglyceride
content, while knockout of Rev-erba results in only a 2-fold increase. The relatively modest
steatosis in Rev-erba knockout mice implies that other transcription factor(s), such as Rev-
erbp, may contribute to chromatin recruitment of HDAC3 to repress expression of lipogenic
genes. It is also possible that long-term whole-body knockout of Rev-erba may foster
compensatory responses that ameliorate the hepatic steatosis phenotype. Recent genome-
wide studies have revealed that different transcription factors have unexpectedly high
frequency of chromatin co-occupancy, suggesting the existence of extensive cooperative
crosstalk between transcription factors in epigenomic remodeling (Lefterova et al. 2008;
Nielsen et al. 2008; MacArthur et al. 2009; He et al. 2011; Siersbak et al. 2011). It will be
of great interest to understand how Rev-erba/NCoR/HDAC3-mediated epigenomic
remodeling can influence the activity of other transcription factors involved in lipogenesis
such as the sterol regulatory element-binding proteins (SREBPs) and peroxisome
proliferator-activated receptor -y (PPARY).

Many small molecules that can manipulate activities of both HATs and HDACs are being
developed as potential “epigenetic drugs” and some have shown promise in clinical studies
in treatment of various diseases such as cancer (Carafa et al. 2011; Rekowski and Giannis
2010). The present study suggests potential side effects of these small molecules due to
disruption of circadian rhythm and derangement of metabolism. In line with this notion,
HDAC inhibitors have been shown to alter expression of circadian genes (Repouskou et al.
2010; Sanchis-Segura et al. 2009). On the other hand, these epigenetic drugs could also be
useful in manipulating the circadian rhythm in a beneficial way (Perreau-Lenz et al. 2007).
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Figure 1.

HDACS3 suppresses hepatic lipogenesis. (A) Oil Red O staining of neutral lipid in liver from
12-week-old HDAC3f mice 2weeks after intravenous injection of adenovirus-associated
virus (AAV) expressing either green fluorescence protein (GFP) or Cre recombinase under a
hepatocyte-specific thyroxin-binding globulin (TBG) promoter. (B) Hepatic triglyceride
(TG) levels were measured by enzymatic colorimetric assay. Error bars indicate S.E.M. * P
< 0.05. (C) Hepatic de novo lipogenesis (DNL) rate was measured in 12-week-old
HDAC3"f mice 1 week after injection with AAV-Cre in the light cycle, by tracing synthesis
of 2H-labeled hepatic palmitate from 2H,0 injected intraperitoneally. Error bars indicate
S.E.M. * P <0.05. (D) Transcription of genes (in red) involved in fatty acid synthesis was
upregulated in the light cycle in liver from HDAC3™ mice at 1 week after AAV-cre
injection. Cs, citrate synthase; Acach, acetyl-CoA carboxylase 2; Fasn, fatty acid synthase;
Elovl, fatty acid elongase; Scd1, stearoyl-CoA desaturase 1; Gpam, glycerol-3-phosphate
acyltransferase 1, mitochondrial; Acss, acyl-CoA synthetase; CD36, fatty acid translocase.
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Figure 2.

Chromatin occupancy of HDACS3 is circadian in anti-phase to hepatic lipogenesis. (A)

Page 11

Hepatic lipogenesis and expression of lipogenic genes is circadian with a zenith in the night

cycle and a nadir in the light cycle in nocturnal animals such as mouse and rat. ZT:

Zeitgeber time that marks the light/dark cycle -- light on at ZTO0, light off at ZT12. (B)

Circadian rhythm of hepatic HDAC3 chromatin occupancy on lipogenic genes is inversely

associated with rhythmic acetylation at lysine 9 on histone 3 (acH3K9) and RNA
polymerase 1l (Pol I1) recruitment. Deletion of HDAC3 causes constitutive histone

acetylation. Occupancy of HDAC3, acH3K9, and Pol Il on the genome was determined by
ChlP-seq and viewed by the UCSC genome browser. The y-axis indicates relative signal

intensities that were normalized to reads per million (rpm) and put into the same scale
between ZT10 and ZT22 for the same factor for easy comparison. Gpam, glycerol-3-
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phosphate acyltransferase 1, mitochondrial; Elovl5, fatty acid elongase 5; Scd1, stearoyl-
CoA desaturase 1.
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Figure 3.

Rev-erba controls circadian recruitment of HDAC3 to the genome. (A) The core molecular
circadian clock machinery. Clock/Bmall heterodimer transcriptionally activate Period (Per
1, 2, 3), Cryptochrome (Cry 1, 2), and Rev-erba &p. Per and Cry interferes with the activity
of Clock/Bmall proteins, while Rev-erb represses transcription of Clock/Bmall genes. (B)
Circadian occupancy of HDAC3, NCoR, and Rev-erba on hepatic lipogenic genes as
viewed by the UCSC genome browser. Gpam, glycerol-3-phosphate acyltransferase 1,
mitochondrial; Elovl5, fatty acid elongase 5; Scdl, stearoyl-CoA desaturase 1. (C) For all
sites occupied by Rev-erba at ZT10 in mouse liver, ChlP-seq signal intensities for Rev-
erba, NCoR, and HDAC3 were normalized to reads per million (rpm) and computed as log2
of the ratio of ChIP rpm to input rpm. To analyze the 3-way correlation of binding affinities
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of the 3 factors, scatter plot with HDAC3 and NCoR signal intensities was color-coded by
the quartile of signal intensity for Rev-erba..
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Figure4.

Loss of Rev-erba-mediated circadian rhythm enhanced hepatic lipogenesis. (A) Oil Red O
staining of neutral lipid in livers from 9-week-old Rev-erba knockout (KO) mice and
control wild-type mice. (B) Hepatic triglyceride (TG) levels were measured by enzymatic
colorimetric assay. Error bars indicate S.E.M. * P < 0.05.
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