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Circadian clocks maintain whole-body metabolic homeostasis by coordinating rhythmic gene expression in multiple tissues.

Core clock regulators sustain their own oscillation and confer expression rhythmicity on clock-controlled genes (CCGs). Our

unbiased examination of enhancer RNA (eRNA) transcription around the clock in mouse liver identified functional enhancers

of circadian genes driven by phase-specific transcription factors (TFs). Rev-erba emerged as a primary driver of circadian

enhancers, leading to oscillating gene expression in opposite phases through direct and indirect regulation. Among Rev-erba

target genes were core clock components and metabolic CCGs. Oscillation of clock genes was enforced by direct competition

between Rev-erba and RORa for binding to cognate motifs in the genome, whereas metabolic CCGs were governed by

recruitment of the NCoR/HDAC3 complex to enhancers where Rev-erba is tethered by tissue-specific TFs. The DNA

sequence–mediated competition between Rev-erba and RORa ensures consistent clock control across all tissues. In contrast,

the tethered binding mechanism is tissue-specific and thus allows Rev-erba to dictate an epigenomic rhythm tailored to the

specific need of that tissue. Therefore, discrete modes of recruitment allow Rev-erba to link the clock to cell-specific

functions, including metabolism.

Circadian rhythm evolved in living organisms through

millions of years of adaptation to the near-24-h light–

dark cycles on the earth. In mammals, a central clock

residing in the suprachiasmatic nucleus (SCN) of the hy-

pothalamus senses light as the primary zeitgeber and

synchronizes clocks in peripheral tissues such as liver,

heart, and adipose (Ko and Takahashi 2006; Mohawk

et al. 2012). Peripheral clocks coordinate expression of

clock-controlled genes (CCGs) in a feed-forward manner

to anticipate physiological needs (Bass and Takahashi

2010; Huang et al. 2011). People with disrupted circadian

rhythm, frequently observed in shift workers, are exposed

to higher risk of metabolic derangements such as obesity,

diabetes, and cardiovascular diseases (De Bacquer et al.

2009; Scheer et al. 2009; Pietroiusti et al. 2010).

Rev-erba is a member of the nuclear receptor (NR)

superfamily and a key component of the molecular clock

in mammals (Mangelsdorf et al. 1995; Ko and Takahashi

2006). It binds DNA in a sequence-specific manner, rec-

ognizing RORE and RevDR2 motifs that are composed of

classical NR half-site AGGTCA and an A/T-rich 50 flank

(Harding and Lazar 1993). Lacking the classical NR tran-

scriptional activation domain at its carboxyl terminus,

Rev-erba functions as a transcriptional repressor mainly

through interacting with NR corepressor NCoR (Downes

et al. 1996; Zamir et al. 1996). NCoR is in a tight complex

with histone deacetylase 3 (HDAC3) (Guenther et al.

2001; Yoon et al. 2003), and Rev-erba recruits both to

the genome where it represses gene expression at least in

part through histone deacetylation and chromatin conden-

sation (Feng et al. 2011). RAR-related orphan receptors

(RORs) are transcriptional activators and recognize the

same DNA targets as of Rev-erba (Forman et al. 1994;

Giguère et al. 1994). In addition to active recruitment of

NCoR/HDAC3, in vitro studies have suggested that Rev-

erba also represses gene expression by competing with

RORs for binding to shared elements (Takeda et al. 2012).

Rev-erba is a central component of the clock ma-

chinery, paired with the Bmal1/Clock heterodimer in a

feedback loop. Genetic ablation of Rev-erba in mice

shortened the period of locomotor activity in the constant

darkness (Preitner et al. 2002), whereas disruption of both

Rev-erba and Rev-erbb, the paralog of Rev-erba, abro-

gated circadian gene expression in mouse embryonic fi-

broblasts and rendered wheel running behavior of adult

mice arrhythmic (Bugge et al. 2012; Cho et al. 2012).

Besides its function in driving the clock, Rev-erba also

maintains metabolic homeostasis in multiple tissues. In

liver, Rev-erba regulates cholesterol, bile acid, and lipid

metabolism (Duez et al. 2008; Le Martelot et al. 2009),

and Rev-erba null mice developed hepatic steatosis

(Feng et al. 2011). In brown adipose tissue (BAT), Rev-

erba controls thermogenesis by regulating expression of

uncoupling protein 1 (UCP1), and mice genetically lack-

ing Rev-erba were resistant to the cold challenge (Ger-

hart-Hines et al. 2013). Rev-erba was also suggested to

regulate differentiation and mitochondria content in mus-

cle cells (Downes et al. 1995; Woldt et al. 2013), insulin

production and glucagon secretion in pancreas (Vieira

et al. 2012), and inflammatory pathways in macrophages

(Gibbs et al. 2012). Thus Rev-erba is a critical transcrip-

tional regulator for both metabolism and the clock.
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Several transcription activators and suppressors form

the positive and negative limb of the molecular clock.

They dictate the transcription machinery at opposite times

of the day and convey transcriptional rhythmicity from

the clock to the CCGs (Asher and Schibler 2011). In

contrast to the well-studied clock structure, regulatory

hierarchy of CCGs remains poorly understood. Recent

studies using high-throughput DNA sequencing technol-

ogies unveiled a dynamic epigenomic landscape in circa-

dian mouse liver, where vigorous chromatin remodeling

was observed at tens of thousands genomic loci near

thousands of circadian genes, shedding new light on the

regulatory machinery of the circadian transcriptome

(Koike et al. 2012; Menet et al. 2012). However, the ex-

ploration toward the precise regulatory hierarchy of the

circadian transcriptome has just begun.

A recent study discovered short noncoding RNA tran-

scripts produced by RNA polymerase II (Pol II) at en-

hancers, named eRNAs (Kim et al. 2010). It has been

suggested that eRNA transcript bears regulatory functions

in stabilizing the transcription machinery at gene promot-

ers, either in cis or in trans (Li et al. 2013; Melo et al. 2013;

Mousavi et al. 2013). Although it is uncertain to what

extent eRNAs possess regulatory functions, several lines

of evidence has pointed to the notion that eRNA transcrip-

tion is coupled with that of its target genes, likely because

of close proximity of enhancers and promoters brought

together by chromatin looping (Hah et al. 2013; Li et al.

2013). Therefore, eRNA transcription is considered as a

measurement of transcriptional activity that is conveyed

from an enhancer to its target genes (Lam et al. 2014).

We set out to address questions as to how the uniquely

phased molecular clock confers multiphasic oscillations

on hepatic CCGs, and how tissue-specific metabolic func-

tions are coupled to the clock. eRNA transcription in

mouse liver was detected and quantified using global

run-on sequencing (GRO-seq) (Core et al. 2008), and

active enhancers were identified using an unbiased

method. Analysis of dynamic eRNA transcription re-

vealed phase-specific oscillators of circadian CCGs,

among which Rev-erba emerged as a predominate cir-

cadian regulator that governs nearly half of the circadian

transcriptome in liver (Fang et al. 2014). Cistromic anal-

ysis in different mouse models revealed distinct mecha-

nisms of Rev-erba in regulating metabolism and the

clock. Direct competition between Rev-erba and RORa

at cognate binding sites drives oscillation of clock

genes, whereas NCoR/HDAC3-mediated epigenomic

remodeling, directed by Rev-erba in a DNA-binding

domain (DBD)–independent manner, orchestrates meta-

bolic CCGs in liver (Zhang et al. 2015).

Rev-erba DRIVES RHYTHMIC GENE

EXPRESSION AT MANY CIRCADIAN

ENHANCERS

GRO-seq was performed on mouse livers collected

every 3 h throughout the 24-h light–dark cycle to obtain

an unbiased view of active transcription at gene bodies as

well as enhancers in liver. About 11% of the liver tran-

scriptome was rhythmically transcribed, consistent with

previous studies using other methods (Koike et al. 2012;

Menet et al. 2012). We also identified thousands of

eRNAs at sites that were highly enriched for epigenomic

enhancer signatures such as H3K4me1, H3K27ac, and

Pol II localization. Analysis of the dynamics of eRNA

transcription revealed that �30% of enhancers were rhy-

thmically transcribed. Remarkably, genes close to circa-

dian enhancers showed rhythmic average transcription

that was in phase with the eRNA expression, suggesting

that rhythmic hepatic transcriptome is driven by circadian

enhancers (Fang et al. 2014).

Although the core clock has one active and one repres-

sive state, the phases of CCGs span the entire 24-h cycle.

To investigate the molecular hierarchy dictating multi-

phasic gene expression in liver, we clustered circadian

enhancers into eight phase groups at 3-h intervals. Motif

analysis identified cell type–determining factors, such as

HNF4, HNF6, and FOXA1, constitutively enriched in all

phase groups. In addition, E-box, D-box, and Rev-DR2/
RORE motifs were predominantly enriched in circadian

enhancers phasing in ZT6-9, ZT9-15, and ZT18-24, re-

spectively. Concordantly, binding of BMAL1/CLOCK,

E4BP4, and Rev-erba/RORawere most prominent in the

corresponding enhancer group, suggesting that circadian

enhancers were separately controlled by primary phase-

specific oscillators (Fang et al. 2014).

Although phases of circadian genes distributed evenly

across the 24-h cycle, circadian enhancers were overrep-

resented in the dark phases. Indeed, 42% of enhancers

reached their peak activities between ZT18 and ZT24,

consistent with the previously reported global increase

of H3K27 acetylation in the darkness (Koike et al.

2012). The majority of the genes phased at ZT18-24

were derepressed in Rev-erba knockout (KO) mice at

ZT10 when Rev-erba is normally highly expressed and

suppresses transcription at the maximum level, suggesting

that circadian repression by Rev-erba is the major de-

terminant of their cyclic expression. Indeed, chroma-

tin immunoprecipitation sequencing (ChIP-seq) analysis

showed that binding of Rev-erbawas markedlyenriched at

in-phase circadian enhancers relative to other enhancers.

In concordance, eRNA transcription at in-phase enhancers

was markedly derepressed in the Rev-erba KO mice,

whereas it was barely changed at out-of-phase and arrhyth-

mic enhancers. Thus, Rev-erba governs rhythmic expres-

sion of dark-phase genes at in-phase circadian enhancers.

Interestingly, genome-wide analysis revealed that func-

tional subset of Rev-erba cistrome that controls circadian

genes in liver accounts for ,10% of the total Rev-erba

binding sites near circadian genes. Thus Rev-erba main-

tains liver circadian transcriptome using a small fraction of

the cistrome, and analysis of eRNA transcription provides

an excellent reflection of the “active” Rev-erba cistrome.

Besides direct Rev-erba target genes that were dere-

pressed by Rev-erba KO, a substantial set of genes were

paradoxically down-regulated in the KO animals at ZT10,

raising the possibility that they were regulated indirectly

through another suppressor. Interestingly, these genes
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tended to be rhythmically expressed in phases ZT9-15,

roughly antiphase to the direct targets of Rev-erba. Anal-

ysis of correlated eRNAs in the vicinity of those genes

revealed overrepresented D-box motif. E4BP4, a tran-

scription repressor and D-box family member, is normally

highly expressed around ZT22 and silenced by Rev-erba

at ZT10. Binding of E4BP4 on the genome was markedly

increased in the Rev-erba KO mice at ZT10, consistent

with down-regulated expression of ZT9-15 genes. These

results suggest that Rev-erba indirectly controls circadian

expression of ZT9-15 genes through E4BP4. Together,

Rev-erba directly and indirectly orchestrates nearly half

of the circadian transcriptome in liver, accentuating its

important role in coordinating circadian liver functions.

Rev-erbs AND RORs COORDINATE

THE CLOCK BY COMPETING AT

COGNATE SITES

Although RORs and Rev-erbs recognize the same mo-

tifs, they have opposing transcriptional activities and in

vitro studies have suggested that the expression of a com-

mon target is determined by the outcome of the competi-

tion between the two factors (Liu et al. 2008; Takeda et al.

2012). Comparing gene expression changes in livers of

RORa/g double knockout mice at ZT22 (when ROR ex-

pression is normally high) with gene expression in Rev-

erba knockout mice at ZT10 (when Rev-erba expression

is highest), we found several examples of common targets

of Rev-erba and RORs (Zhang et al. 2015). Among the

common targets, clock genes such as Bmal1, Cry1, and

Npas2 were overrepresented, consistent with the notion

that RORs and Rev-erbs are core clock regulators (Ko

and Takahashi 2006). RORa occupancy increased at these

genes in the absence of Rev-erba and decreased when

Rev-erbawas overexpressed in liver, demonstrating com-

petition between Rev-erba and RORa at these clock gene

regulatory sites in vivo. At these sites, HDAC3 ablation

only modestly increased gene expression at ZT10 and

barely affected the rhythmicity of those genes, suggesting

that direct competition between Rev-erba and RORa is

the primary force of clock oscillation in liver (Zhang et al.

2015).

The molecular clock operates in a variety of tissues,

suggesting that competition between Rev-erba and RORs

near clock genes might be consistent across tissues. In-

deed, common binding sites of Rev-erba among multiple

tissues are evolutionarily conserved (Fig. 1A) and highly

Figure 1. Tissue-specific Rev-erba cistromes. (A) Average phastCons score for 2-kb windows centered at common and tissue-specific
Rev-erba binding sites in liver, brain, and epididymal white adipose tissue (eWAT). (B) Density of RevDR2 motif (average motifs per
peak per bin) in 2-kb windows centered at common and tissue-specific Rev-erba binding sites. (C ) Density of RORE motif in 2-kb
windows of Rev-erba binding sites. (D) Pie chart represents the total Rev-erba cistrome identified in three tissues. Sizes of tissue-
specific cistrome and shared cistrome across tissues are shown. Clock genes within 50 kb of 183 common Rev-erba binding sites
(black) are listed on the bottom.
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enriched for the RevDR2 and RORE motifs where

Rev-erba and RORa compete (Fig. 1B,C). Furthermore,

clock genes such as Bmal1, Cry1, and Npas2 were all

bound by those common Rev-erba sites (Fig. 1D), sug-

gesting that direct competition between Rev-erba and

RORa is a universal mechanism of clock oscillation in

all tissues.

Rev-erba REGULATES LIPID METABOLIC

GENES THROUGH ACTIVE REPRESSION

AT TETHERED SITES

Although the binding sites at clock genes were common

to the Rev-erba cistromes in liver, WAT, and brain, the

vast majority of binding sites were tissue-specific (Fig.

1D). Moreover, in the liver, the vast majority of Rev-

erba target genes, as detected by derepressed expression

in Rev-erba KO mice, were unaffected by deletion of

RORs, suggesting that competition between RORs and

Rev-erba plays a highly restricted role that does not ex-

plain the function of Rev-erba at the majority of CCGs

that it regulates.

RevDR2 and RORE motifs were less enriched in tis-

sue-specific sites than at clock genes (Fig. 1B,C), sug-

gesting that other TFs may be involved in the recruitment

of Rev-erba to the genome. In agreement, although

RevDR2 and RORE were the most differentially en-

riched motifs in ZT18-24 eRNAs (Fang et al. 2014),

more than half of the active Rev-erba cistrome producing

ZT18-24 eRNAs lacked the RevDR2 and RORE motifs

but contained constitutive motifs of circadian enhancers

in liver (Fig. 2A). RevDR2 and RORE motifs were en-

riched in direct Rev-erba binding sites that diminished in

the absence of the DBD (Zhang et al. 2015). The enrich-

ment of constitutive motifs in Rev-erba sites that were

unaffected by the DBD deletion suggests several candi-

date factors that might recruit Rev-erba to the genome

(Fig. 2B).

Base pair resolution of the liver Rev-erba cistrome using

ChIP-exonuclease followed by high-throughput sequencing

(ChIP-exo) (Rhee and Pugh 2011) revealed many Rev-erba

binding sites centered at the binding motif of HNF6, a liver

determination factor. Rev-erba functioned as a repressor of

rhythmic eRNAs at these sites, which were also bound by

Rev-erba corepressor HDAC3 (Zhang et al. 2015). More-

over, HNF6 and Rev-erba colocalized at these sites, and

Rev-erba binding was abolished or severely attenuated by

genetic disruption of the HNF6 motif. Reciprocally, the

DBD of Rev-erba was not required for binding to the ma-

jority of these sites (Zhang et al. 2015). Thus, HNF6 medi-

ated DBD-independent binding of Rev-erba at liver-

specific bind sites.

Genes near these binding sites were enriched in hepatic

metabolic functions, including lipid metabolism, sug-

gesting that tethered binding may allow Rev-erba to exert

regulatory control on tissue-specific, metabolic genes.

Indeed, many of the Rev-erba target genes enriched in

hepatic metabolic functions were not derepressed by

the loss of the DBD. Further, whereas the absence of

Rev-erba leads to fatty liver in C57Bl/6 mice (Feng

et al. 2011; Bugge et al. 2012), hepatic triglyceride levels

were not significantly altered by the loss of the DBD

(Zhang et al. 2015). In contrast, mice lacking the Rev-

erba DBD exhibited altered circadian locomotor behav-

ior (Cho et al. 2012), consistent with the critical role of

the DBD in regulating clock functions. Thus the clock

and metabolic functions are regulated by Rev-erba

through discrete, DBD-dependent and DBD-independent

mechanisms, at the times of day when Rev-erba is ex-

pressed (Fig. 3).

CONCLUSION

The central clock oscillates in near-24-h cycles and

coordinates rhythm of peripheral clock in a variety

of tissues. Synchronized cells in all tissues together con-

Figure 2. Motif composition in the active Rev-erba cistrome. (A) Pie chart represents 1448 Rev-erba binding sites producing circadian
eRNAs in phase ZT18-24. RevDR2 and RORE motif were found in 36% of the sites (orange), whereas 53% of the peaks (green) lacked
RevDR2 or RORE motif but contained constitutive motifs of circadian enhancers. Eleven percent of the peaks (gray) contained other
motifs. (B) Fold enrichment of RevDR2, RORE, and constitutive motifs in DNA-binding domain (DBD)-independent versus DBD-
dependent binding sites.
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vey physiological adjustments to anticipate upcoming

environmental and metabolic changes. Although the in-

terlocked loop structures of the core clock have been well

appreciated, connections between the core clock and tis-

sue-specific CCGs remain poorly understood. Analysis

of rhythmic transcription has elucidated a landscape of

active enhancers that govern circadian gene expression

in mouse liver. Rev-erba has emerged as a predominant

direct regulator of dark phase circadian genes, as well as

an indirect regulator of circadian genes in other phases via

its repression of E4BP4.

Rev-erba maintains whole-body metabolic homeosta-

sis by regulating distinct metabolic pathways in multiple

tissues (Everett and Lazar 2014). The tissue-specific cis-

trome of Rev-erba is likely related to these tissue-specific

functions. For example, Rev-erba binds and represses the

uncoupling protein 1 gene in brown adipose tissue (Ger-

hart-Hines et al. 2013), whereas both of these functions

are absent in the liver. Given the notion that TFs coloc-

alize at hot spots throughout the genome (Boergesen et al.

2012; Siersbaek et al. 2014), tethering might be a general

way for TFs to be recruited in a tissue-specific manner.

Our study demonstrated that Rev-erba competes with

RORa for binding conserved cognate sites near clock

genes, exerting consistent clock oscillation across multi-

ple tissues (Fig. 2). In contrast, metabolic CCGs in liver

are dictated by NCoR/HDAC3-mediated rhythmic epi-

genomic remodeling, which may confer on Rev-erba the

ability to adapt environmental changes, perhaps through

endogenous ligand heme (Raghuram et al. 2007; Yin

et al. 2007). Notably, binding of Rev-erba at hepatic

CCGs was independent from its DBD; thus, synthe-

tic ligand altering interactions between Rev-erb and

NCoR/HDAC3 may modulate hepatic metabolism with-

out affecting the circadian clock. Although the molecular

clock is self-sustained in the absence of external cues,

metabolism is dynamic and sensitive to changes in nu-

trient and energy states. Thus, these dual modes of Rev-

erba action facilitate its role as a bridging factor of the

two systems.
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