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The nuclear receptor Rev-erba regulates circadian rhythm and metabolism, but its effects are modest and it has
been considered to be a secondary regulator of the cell-autonomous clock. Here we report that depletion of Rev-
erba together with closely related Rev-erbb has dramatic effects on the cell-autonomous clock as well as hepatic
lipid metabolism. Mouse embryonic fibroblasts were rendered arrhythmic by depletion of both Rev-erbs. In mouse
livers, Rev-erbb mRNA and protein levels oscillate with a diurnal pattern similar to that of Rev-erba, and both
Rev-erbs are recruited to a remarkably similar set of binding sites across the genome, enriched near metabolic
genes. Depletion of both Rev-erbs in liver synergistically derepresses several metabolic genes as well as genes that
control the positive limb of the molecular clock. Moreover, deficiency of both Rev-erbs causes marked hepatic
steatosis, in contrast to relatively subtle changes upon loss of either subtype alone. These findings establish the
two Rev-erbs as major regulators of both clock function and metabolism, displaying a level of subtype
collaboration that is unusual among nuclear receptors but common among core clock proteins, protecting the
organism from major perturbations in circadian and metabolic physiology.
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Circadian rhythm is a fundamental regulatory factor in
cells throughout the body of most organisms (Wijnen and
Young 2006). It affects many aspects of behavior and
physiology, including sleep/wake cycles, blood pressure,
body temperature, and metabolism, and is thought to be
an adaptation that provides the advantage of anticipating
daily changes in the environment, rather than just respond-
ing (Takahashi et al. 2008). Disruption in circadian rhythm
leads to increased incidence of many diseases, such as
metabolic disorders, mental illness, and cancer (Gachon
et al. 2004; Sahar and Sassone-Corsi 2009; Huang et al.
2011). The autonomous rhythm of the individual cell is
entrained by hormonal and neuronal signals from a cen-
tral clock located in the suprachiasmatic nuclei (SCN) of
the hypothalamus, which is reset daily by light (Gachon
et al. 2004; Sahar and Sassone-Corsi 2009; Huang et al.
2011). Some organs are not exclusively entrained to the
environment by the SCN. For example, although hepatic
glucose production (La Fleur 2003) and expression of

several genes encoding lipogenic enzymes (Lanza-Jacoby
et al. 1986) are circadian, the phase is tuned more directly
to feeding activity (Gachon et al. 2004; Huang et al. 2011).
The link between circadian rhythm andmetabolic homeo-
stasis is also evident from the observation that systemic
perturbations in circadian rhythm result in hypoglycemia
and altered insulin sensitivity (Rudic et al. 2004). Interest-
ingly, shift work is linked to several metabolic disorders in
humans (Esquirol et al. 2009).
Gene expression and the activity of gene products are

coordinated in 24-h cycles throughout the body, with
each cell having its own autonomous clock (Wijnen and
Young 2006; Takahashi et al. 2008), but the biochemical
mechanisms that maintain this coordination and the
interplay with metabolic cues are not fully understood.
The circadian cycle starts when two proteins—BMAL and
CLOCK/NPAS2—heterodimerize to activate several clock
genes, including Per and Cry. As a negative feedback loop,
PER and CRY inhibit their own transcription by binding
to BMAL and CLOCK/NPAS2. An important additional
negative feedback loop requires the transcriptional repres-
sion function of the nuclear receptor (NR)Rev-erba (NR1D1)
(Lazar et al. 1989; Miyajima et al. 1989). Rev-erba recruits
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theNR corepressor (NCoR)/histone deacetylase 3 (HDAC3)
complex (Lazar 2003; Privalsky 2004) to repress transcrip-
tion of Bmal1 during the circadian night (Etchegaray et al.
2003; Yin and Lazar 2005). The Rev-erba gene itself is
activated by BMAL1 and CLOCK/NPAS2 and thereby
represents an important link between the positive and
negative loops of the circadian clock. Indeed, mice lacking
Rev-erba manifest disordered circadian rhythm (Preitner
et al. 2002).
We showed previously that, in the mouse liver, the Rev-

erba cistrome consists of thousands of genomic binding
sites with a circadian rhythm that follows the dramatically
oscillating expression of Rev-erba itself (Feng et al. 2011).
The NCoR and HDAC3 cistromes are highly correlated
with that of Rev-erba (Feng et al. 2011; Sun et al. 2011) and
exhibit a circadian rhythm even thoughNCoR andHDAC3
levels do not oscillate throughout the day (Feng et al. 2011).
The Rev-erba, NCoR, and HDAC3 cistromes are enriched
for genes involved in lipidmetabolism. Deletion of HDAC3
leads to dysregulation of hepatic lipid homeostasis, result-
ing in massive steatosis (Feng et al. 2011). Loss of Rev-erba
also leads to hepatosteatosis (Feng et al. 2011), but the effect
is much more modest, suggesting that the more robust
effect of HDAC3 depletion requires an additional factor.
A prime candidate is Rev-erbb (NR1D2), whose DNA-

binding domain (DBD) inmice is;96% identical to that of
Rev-erba (CLUSTALW) (Retnakaran et al. 1994) and has
been shown to bind the canonical Rev-erba-binding site
(Dumas et al. 1994; Woo et al. 2007; Pardee et al. 2009).
Interestingly, among the NRs, only the estrogen receptors
(ERs) display the same degree of DBD conservation among
the two subtypes (CLUSTALW). Although their DBDs are
nearly identical, the overall homology between the Rev-erb
subtypes is only;49%,mainly due to lack of conservation of
theN-terminalA/B domains and the exceptionally longmid-
moleculeD domains (CLUSTALW). The biology of Rev-erbb
has not been nearly as well described as that of Rev-erba
(Bonnelye et al. 1994; Dumas et al. 1994; Retnakaran et al.
1994). Rev-erbb affects the amplitude of aBmal1:luciferase
reporter in mouse embryonic fibroblasts (MEFs) (Liu et al.
2008) and regulates expression of apolipoprotein C-III in
hepatocytes (Wang et al. 2007, 2008) and genes involved in
lipid absorption in skeletal muscle cells (Ramakrishnan
et al. 2005), but little else is known about the function or
regulation of Rev-erbb in circadian rhythmandmetabolism.
Here we demonstrate the physiological function of Rev-

erbb in the regulation of circadian rhythm and metabolism
and the consequences of total hepatic Rev-erb deficiency.
Remarkably, the cistromes of Rev-erba and Rev-erbb are
nearly identical, and loss of both Rev-erbs in the liver leads
to dramatic derepression of clock genes and marked
hepatosteatosis. Thus, our data show that the activities of
the twoRev-erb subtypes are coordinated to protect against
major perturbations in circadian and metabolic physiology.

Results

Loss of both Rev-erb subtypes renders cells arrhythmic

Rev-erbbwas depleted inMEFs, derived fromwild-type and
Rev-erba-null embryos, using an adenovirus expressing

a shRNA targeting Rev-erbb. Following serum shock to
synchronize the cells, rhythmic expression of Rev-erba
mRNAwas observed in wild-type MEFs depleted of Rev-
erbb (Fig. 1A), and conversely, rhythmic expression of
Rev-erbb mRNAwas maintained in Rev-erba-null MEFs
(Fig. 1B). Similarly, and reminiscent of previous studies
(Liu et al. 2008), we observed that deficiency of either
Rev-erba or Rev-erbb did not abrogate the circadian
expression of core clock gene Bmal1 (Fig. 1C). In
contrast, knockdown of Rev-erbb in Rev-erba-null
MEFs led to a pronounced decrease in Bmal1 mRNA
amplitude and progressive loss of rhythmic expression
(Fig. 1D). Likewise, Cry1 mRNA displayed a robust
rhythm when a single Rev-erb subtype was deficient
(Fig. 1E), but this was markedly attenuated when MEFs
were depleted of both Rev-erbs (Fig. 1F). These results
demonstrated that normal rhythmic gene expression re-
quires the presence of at least one Rev-erb subtype.

Figure 1. Loss of both Rev-erb subtypes renders MEFs arrhyth-
mic. Gene expression over a 40-h period in synchronized wild-type
(WT) or Rev-erba knockout (aKO) MEFs transduced with adenovi-
rus encoding a shRNA targeting Rev-erbb (Revb) or bgal as control.
The experiment was performed in triplicate, and SEM is indicated
by vertical bars. All values have been normalized to Arbp mRNA
expression and the 8-h time point in the wild-type control. (A) Rev-
erba mRNA levels in wild-type MEFs infected with control virus
(WT/shbgal) or Rev-erbb knockdown virus (WT/shRevb) and Rev-
erba-null MEFs infected with control virus (aKO/shbgal) or Rev-
erbb knockdown virus (aKO/shRevb). (B) Rev-erbb mRNA levels
in the cells described in A. (C) Bmal1 mRNA levels in WT/shRevb
and aKO/shbgal cells. (D) Bmal1 mRNA levels in WT/shbgal and
aKO/shRevb cells. (E) Cry1mRNA levels inWT/shRevb and aKO/
shbgal cells. (F) Cry1 mRNA levels in WT/shbgal and aKO/shRevb
cells.
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Diurnal expression and genomic binding of Rev-erbb
in mouse livers

The collaboration of Rev-erba and Rev-erbb in the main-
tenance of rhythmic gene expression inMEFs prompted us
to investigate the physiological role of Rev-erbb and the
consequences of complete hepatic Rev-erb deficiency in
vivo. In agreement with previous studies (Panda et al.
2002), hepatic Rev-erbb mRNA expression followed a di-
urnal rhythm comparable with that of Rev-erba, with the
peak occurring between 1:00 and 5:00 p.m. (Zeitgeber
time 6–10 [ZT6–ZT10]) and the trough occurring between
5:00 and 9:00 a.m. (ZT22–ZT2) (Fig. 2A). As protein levels
of endogenous Rev-erbb have not previously been evalu-
ated due to lack of a suitable antibody, we developed
a polyclonal rabbit antiserum that specifically recognized
Rev-erbb (Supplemental Fig. 1). By immunoblot, this
antibody revealed that Rev-erbb protein levels followed
a diurnal pattern that paralleled Rev-erbb mRNA expres-
sion (Fig. 2B). Chromatin immunoprecipitation (ChIP)
with this antibody, followed by site-specific PCR (ChIP-
PCR), revealed Rev-erbb binding to genomic Rev-erba-
binding sites with a diurnal profile (Fig. 2C) that was
similar to that of Rev-erba (Fig. 2D), with both Rev-erbs
displaying strong binding at 5:00 p.m./ZT10 and weak
binding at 5:00 a.m./ZT22.

The mouse liver Rev-erbb cistrome is remarkably
similar to that of Rev-erba

We next used ChIP followed by deep sequencing (ChIP-
seq) to determine the mouse liver Rev-erbb cistrome at
different times of day. Consistent with the expression of
Rev-erbb, many more binding regions were detected at
5:00 p.m. (19,782) than at 5:00 a.m. (1077; HOMER [Heinz
et al. 2010], 0.1% false discover rate [FDR], $1 read per
million [RPM]) (Fig. 3A). Interestingly, the 5:00 p.m. Rev-
erbb peak calls showed a 63% overlap with the previously
reported 5:00 p.m. liver Rev-erba cistrome (Feng et al.
2011). However, representative sites that appeared to be
Rev-erba-specific based on the ChIP-seq data persisted in

Rev-erba-null livers and could not be confirmed with
a second Rev-erba antibody (Supplemental Fig. 2), suggest-
ing that these might be antibody-specific false positives,
quite distinct fromwell-validated Rev-erba sites such as in
the Bmal1 gene that are not observed in the Rev-erba-null
liver (Feng et al. 2011). To distinguish true binding events
from these false positives genome-wide, ChIP-seq was
performed on livers harvested from Rev-erba-null mice at
5:00 p.m. using the same antibody thatwas used to generate
the wild-type Rev-erba cistrome (Feng et al. 2011), and
these sites were filtered out in the subsequent analyses.
Furthermore, we realized that many of the regions that

appeared to display Rev-erb subtype-specific binding based
on peak calls actually had comparable ChIP-seq peak
height signals for Rev-erba and Rev-erbb. Merging the
peak calls identified in either the Rev-erba and/or Rev-erbb
ChIP-seq experiments but not detected in the Rev-erba-
null mouse resulted in 31,958 regions, and quantitative
analysis that directly compared the levels of ChIP-seq
signals revealed that 92% (29,462) of these sites are bound
by both subtypes and showed highly correlated ChIP-seq
signals (r2 = 0.78) (Fig. 3B). The best-fit line for these
common sites is most likely skewed toward the Rev-erba
cistrome because of the slightly higher ChIP efficiency of
this antibody. Indeed, the majority of peaks called as Rev-
erba-specific (5%) displayed some level of Rev-erbb bind-
ing, suggesting that these sites should be regarded as
regions bound preferentially by Rev-erba, rather than true
subtype-specific sites. For the 3% of sites with putative
Rev-erbb-specific binding, de novo motif analysis by
HOMER did not identify anymotif previously reported to
be bound by the Rev-erbs; ;23% of these sites remained
bound at both 5:00 p.m. and 5:00 a.m., and unlike bona
fide sites, none of those tested were lost upon Rev-erbb
depletion (Supplemental Fig. 3), suggesting that there
may be very few truly Rev-erbb-specific binding sites.
Thus, the cistromes of Rev-erba and Rev-erbb in the
mouse liver are remarkably similar.
The sharedRev-erb cistromeconstitutes a comprehensive

list of high-confidence hepatic Rev-erb-binding sites, since

Figure 2. Diurnal rhythm of Rev-erbb expression
and genomic binding in mouse livers. (A) Rev-erb
mRNA levels in the livers of 12-wk-old wild-type
male mice euthanized at the indicated time points.
n = 4 or 5; SEM is indicated by vertical bars. (B) Rev-
erb protein levels. Western blot of liver extracts
from 12-wk-old wild-type male mice euthanized at
the indicated time points. The same extract was
used on both blots. Ras-related nuclear protein (RAN)
was used as a loading control. (C) Rev-erbb ChIP on
the liver samples described in B; Arbp intron 3 is a
negative control region; n = 3 or 4; SEM is indicated
by vertical bars. (D) Rev-erba ChIP on the samples
described in B and C. Arbp intron 3 is a negative
control region; n = 3 or 4; SEM is indicated by
vertical bars.
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these same regions were identified with two independent
Rev-erb subtype-specific antibodies. Ontology analysis
(PANTHER) of genes with a Rev-erb-binding site within
10 kb of the transcription start site (TSS) revealed enrich-
ment for metabolic processes, with lipid metabolism
among the top three specialized pathways (Fig. 3C), in
agreement with earlier analysis of the Rev-erba cistrome
only (Feng et al. 2011). Also, as previously noted forHDAC3
(Feng et al. 2011), Rev-erb binding is found primarily in
proximity of active genes (Supplemental Fig. 4), consis-
tent with the hypothesis that the Rev-erb/NCoR/
HDAC3 complex functions to transiently modulate the
activity of these active genes in a circadian manner.

Rev-erba and Rev-erbb bind simultaneously to nearby
genomic sites

The binding of Rev-erba and Rev-erbb appeared to be
centered at the same genomic positions, along with the
NCoR/HDAC3 corepressor complex, as illustrated at the
Bmal1 gene (Fig. 4A). The most frequently identified
motif at sites bound by both subtypes using de novo
analysis was a variant of the classical NR AGGTCA half-
site (HOMER, P-value = 13 10�701). In addition, HOMER
identified a half-site with an A/T-rich 59 flank (P-value =

13 10�313) (Fig. 4B), similar to the empirically determined
Rev-erb-binding site (Harding and Lazar 1993), which is
also referred to as an RORE motif (Giguère et al. 1994).
Recruitment of NCoR by Rev-erba requires two mono-

mers binding in close proximity (Harding and Lazar 1995;
Yin and Lazar 2005). Sequential ChIP for Rev-erba and Rev-
erbb revealed that both Rev-erbs were simultaneously
present at binding sites in the promoters of Bmal1 (Preitner
et al. 2002; Yin and Lazar 2005) andNpas2 (Crumbley et al.
2010) in the liver genome at 5:00 p.m. (Fig. 4C). However,
there did not appear to be competition between the Rev-erb
subtypes, as Rev-erbb binding to these sites was unchanged
in Rev-erba-null mice (Supplemental Fig. 5). Previous work
has shown that NCoR and HDAC3 are also bound at these
sites (Feng et al. 2011), suggesting that Rev-erba and Rev-
erbb can collaborate interchangeably in forming a func-
tional transcriptional repression unit. From these data, we
hypothesized that the shared Rev-erb cistrome would be
enriched for close pairs or multiples of binding sites. Indeed,
any given peak of Rev-erb binding was more likely to be
located near a second peak than would be found randomly
in the genome (Fig. 4D). The enrichment of proximal pairs
of Rev-erb binding increased as the distance shortened,
except below a distance of 200 base pairs (bp). However, we
considered that the apparent falloff at 200 bp could be an
artifact of the resolution of ChIP-seq, such that two or more
sites might also appear in our data as a single peak call;
indeed, the peak at the Bmal1 gene is known to contain
two Rev-erb half-sites (Preitner et al. 2002; Yin and Lazar
2005). To address this, the top de novo coremotif identified
for Rev-erb binding was used to scan the center of all of the
peaks that comprise the common Rev-erb cistrome. Re-
assuringly, the NR half-site was found within the 100-bp
center of ;65% of the Rev-erb peaks. Remarkably, the
frequency of two or more sites under the peaks was 2.8-fold
greater than random genomic regions (Fig. 4E). Thus, many
of the peaks in the shared Rev-erb cistrome contain two or
more half-sites, raising the possibility that Rev-erba and/or
Rev-erbb could bind at adjacent sites within these regions.

Rev-erbb protects clock and metabolic genes
from the loss of Rev-erba

The strong correlation between the binding of Rev-erba
and Rev-erbb throughout the genome suggested that Rev-
erbb might repress many of the same genes as Rev-erba.
This was tested using adenovirus-expressing shRNA to
deplete Rev-erbb specifically in the liver of wild-type and
Rev-erba-null mice (Supplemental Fig. 6). In this manner,
>80%depletion of Rev-erbbmRNA (Fig. 5A), corresponding

Figure 3. Extensive correlation of liver Rev-erbb and Rev-erba
cistromes. (A) Overlap of the liver Rev-erbb cistromes generated
at 5:00 a.m. and 5:00 p.m. Binding sites were considered over-
lapping when the peak calls overlapped by at least 1 bp. Numbers
indicate the total number of binding sites in each cistrome and
the number of binding sites in each group. (B) Quantitative
analysis of Rev-erb ChIP-seq signal. Scatter plot of the maxi-
mum stack height at each Rev-erba and Rev-erbb site not
detected by Rev-erba ChIP in the Rev-erba-null mouse. Sites
are classified as subtype-specific if the difference in binding
profiles is statistically significant (Fisher’s exact test, Benjamini-
Hochberg-corrected P-value < 0.05) and indicates at least a two-
fold difference in binding strength. For clarity, 16 common and
23 Rev-erbb-specific outliers were omitted from the plot. r2 and
the slope of the best-fit line are shown for common sites. (C)
Gene ontology analysis (PANTHER) on genes with a Rev-erb-
binding site within 10 kb of the TSS (Galaxy/Cistrome). Shown
are the top five enriched GO terms.
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to a similar decrease in protein level (Fig. 5B), was achieved.
Rev-erbamRNA and protein levels were unchanged by this
manipulation (Fig. 5A,B).
Rev-erbb knockdown in the liver of wild-type mice led

to derepression of Bmal1 as well as several other genes
involved in circadian rhythm and metabolism (Fig. 5C).
The effect of Rev-erbb knockdown was generally less
than that of Rev-erba deletion, particularly for clock
genes, which could be due to residual Rev-erbb or a
dominant effect of Rev-erba. Importantly, however, the
loss of Rev-erbb in the Rev-erba-null background led to a
further derepression of target genes at 5:00 p.m. (Fig. 5C),
which was dramatic for the critical positive clock com-
ponents Bmal1 and Npas2.
Consistentwith earlier studies of genes regulated byRev-

erba (Duez et al. 2008; LeMartelot et al. 2009), we observed
dysregulation of the bile metabolism gene Cyp7a1 and its
putative repressor, E4bp4 (Supplemental Fig. 7A), although
fecal bile acid and triglyceride excretion rates did not differ
between wild-type mice and Rev-erba-null mice with
hepatic depletion of Rev-erbb (Supplemental Fig. 7B). In-
terestingly, following a 12-h fast,micewith hepatic Rev-erb
deficiency exhibited mild hypoglycemia and a significant
increase in free fatty acids, with little change in serum
triglycerides and ketones (Supplemental Fig. 8), similar to
the fasting phenotype of mice lacking hepatic HDAC3
(Sun et al. 2012).

Complete Rev-erb deficiency disrupts the normal
diurnal recruitment of NCoR and HDAC3
to the liver genome

We showed previously that the NCoR, HDAC3, and Rev-
erba cistromes are highly correlated in space and time and
that deletion of Rev-erba diminished recruitment of NCoR
and HDAC3 to the liver genome at 5:00 p.m. (Feng et al.
2011). To address whether the mechanism underlying the
additional derepression of Rev-erb target genes observed in
the double Rev-erb-deficient animals could be explained by
a further decrease in NCoR and HDAC3 recruitment, we
performed ChIP-PCR for these factors in the livers of wild-
type and Rev-erba-null mice with and without Rev-erbb
depletion. Indeed, compared with the enrichment found in
animals depleted of only one Rev-erb subtype, recruitment
of both NCoR (Fig. 6A) and HDAC3 (Fig. 6B) was further
decreased by complete Rev-erb deficiency at the binding
regions near Bmal1 and Npas2.

Rev-erbb protects the liver from metabolic distress
upon the loss of Rev-erba

The coregulation of a common set of target genes by Rev-
erba and Rev-erbb provided a potential explanation for
the more pronounced hepatosteatosis caused by loss of
HDAC3 than was observed in the Rev-erba knockout
mouse (Feng et al. 2011). One week of Rev-erbb depletion

Figure 4. The Rev-erb subtypes bind simultaneously to genomic sites. (A) At 5:00 p.m., hepatic Rev-erbb, Rev-erba, NCoR, and HDAC3
bind together at two neighboring sites in the Bmal1 promoter. Genome browser tracks of stack height profiles from ChIP-seq experiments
for HDAC3 (Feng et al. 2011), NCoR (Feng et al. 2011), Rev-erbb (Revb), and Rev-erba (Reva) in wild-type mice (Feng et al. 2011), and Rev-
erba in Rev-erba knockout mice (aKO). Peak height is represented in reads per million. (B) Top de novo motif under the shared Rev-erb-
binding sites (HOMER, P-value = 13 10�701) with the core NR-binding motif boxed by a dashed outline, and the significantly enriched de
novo motif similar to the published RORE (HOMER, P-value = 1 3 10�313). (C) The Rev-erb subtypes are present simultaneously at the
Bmal1 and Npas2 genes in the liver. Sequential ChIP of Rev-erba followed by either Rev-erbb or IgG ChIP in mouse livers harvested at
5:00 p.m. n = 4; SEM is indicated by vertical bars. (D) The distance to the nearest adjacent region was computed for each binding region in
the common Rev-erb cistrome or randomlymatched control sites and grouped in bins of 200 bp. (*) P-value < 13 10�7 (Fisher’s exact test).
(E) Identification of two or more binding motifs under Rev-erb peaks. All regions in the common Rev-erb cistrome were scanned for the
core NR motif identified by de novo motif analysis (dashed outline; Fig. 3B) and compared with randomly selected control regions with
a similar distribution of distances from the nearest gene TSS. (*) P-value < 1 3 10�16 (Fisher’s exact test).
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did not have a significant effect on liver triglyceride levels,
whereas chronic lack of Rev-erba led to modest hepato-
steatosis (Fig. 7). However, when Rev-erbb levels were
reduced in the Rev-erba-null mouse, hepatosteatosis was
markedly increased, with a large increase in triglyceride
(Fig. 7A) as well as in Oil Red O staining for neutral lipids
(Fig. 7B). Thus, Rev-erba and Rev-erbb collaborate in the
regulation of hepatic lipid metabolism.

Discussion

We demonstrated that Rev-erbb collaborates extensively
with the closely related Rev-erba subtype. In MEFs, both
subtypes must be depleted to render Bmal1 and Cry1
expression arrhythmic, and in liver, both Rev-erbs display
comparable diurnal patterns of gene and protein expres-
sion as well as correlated binding throughout the mouse
genome. In contrast to the mild phenotype of the Rev-
erba-null mouse, dramatic effects on lipid and circadian
physiological processes are observed when both Rev-erbs
are lost. Thus, the similar expression and genomic binding
of the two Rev-erbs serve to protect the circadian clock and

normal metabolic function. Importantly, in addition to
serving as a link between the circadian clock and metab-
olism, our findings suggest that Rev-erba and Rev-erbb are
central components of the mammalian core clock (Fig. 8).
We and others (Sullivan et al. 2011) have observed that

ChIP-seq experiments frequently contain a subset of non-
specific interactions and artifacts. In our efforts to contin-
uously improve and obtain the highest quality of data in
order to accurately describe Rev-erb biology, we filtered our
Rev-erba liver cistrome (Feng et al. 2011) by subtracting
binding events that were also detected in the livers of Rev-
erba-null animals. When possible, performance of ChIP-seq
on knockout samples should be considered as a stan-
dard control in genome-wide studies of transcription
factor binding.
The cistromes of Rev-erba and the NCoR/HDAC3 co-

repressor complex display significant spatial and circadian
overlap in the liver (Feng et al. 2011). The demonstration of
extensive correlation with Rev-erbb binding at these sites
provides a molecular basis for the observation that the
fatty liver phenotype of mice lacking hepatic HDAC3 is
more pronounced than that of Rev-erba-null mice (Feng
et al. 2011), as the modestly elevated hepatic triglyceride
content of Rev-erba-null mice increases dramatically
upon depletion of Rev-erbb. It should be noted that the
hepatosteatosis of mice lacking hepatic HDAC3 is greater
than in mice lacking both Rev-erbs, as described here; this
could be due to the residual Rev-erbb expression in the
knockdown, a role for other transcription factors inHDAC3
function, and nonhistone targets of HDAC3.
Our discovery of extensive collaboration between the

Rev-erb subtypes was surprising because subtype specific-
ity is a recurring theme among NRs (Gauthier et al. 1999;
Nielsen et al. 2006; Kang et al. 2007; Korach-André et al.
2010). Much of this subtype specificity can be ascribed to
tissue-specific expression (Kuiper et al. 1997; Escher et al.
2001; Kang et al. 2007) and/or binding site selectivity
(Nielsen et al. 2006). However, both Rev-erbs are expressed
in major metabolic tissues, including fat, heart, and muscle

Figure 5. Rev-erbb protects the regulation of clock andmetabolic
genes from loss of Rev-erba. (A) shRNA-mediated knockdown of
Rev-erbb. Hepatic Rev-erb mRNA levels at 5:00 p.m., 7 d after tail
vein injection of adenovirus encoding a shRNA targeting Rev-erbb
(Revb) or bgal as control in 12-wk-old wild-type or Rev-erba
knockout (aKO) male mice. n = 4–6; SEM is indicated by vertical
bars. (B) Western blots showing the Rev-erb protein levels in the
livers of the mice described in A. The same extracts were loaded
twice on separate gels and probed for either Rev-erbb or Rev-erba
with Ras-related nuclear protein (RAN) or heat-shock protein 90
(Hsp90) as loading control, respectively. (C) Hepatic mRNA levels
of circadian and metabolic genes in the mice described in A. (*)
P-value # 0.05 versus the aKO/shbgal condition as determined
by Student’s t-test.

Figure 6. Complete Rev-erb deficiency disrupts NCoR and
HDAC3 recruitment at 5:00 p.m. (A) NCoR ChIP in liver at 5:00
p.m., 7 d after tail vein injection of adenovirus encoding a shRNA
targeting Rev-erbb (Revb) or bgal as control in 12-wk-old wild-type
or Rev-erba-null (aKO) male mice. Arbp intron 3 is a negative
control region; n = 3; SEM is indicated by vertical bars. (*) P-value
# 0.05 relative toWT/shbgal; (x) P-value# 0.05 relative to all other
treatments, as determined by a Student’s t-test. (B) HDAC3 ChIP
on liver extracts from the mice described in A. Arbp intron 3 is
a negative control region; n = 3; SEM is indicated by vertical bars.
(*) P-value # 0.05 relative to WT/shbgal; (x) P-value # 0.05 versus
all other treatments, as determined by Student’s t-test.
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in addition to liver (A Bugge, unpubl.; http://www.nursa.
org/10.1621/datasets.02001). Moreover, the Rev-erb DBDs
are 96% identical, which is matched only by ERa and ERb,
which tend to be expressed in different cell types (Kuiper
et al. 1997). The near identity of the Rev-erba and Rev-
erbb cistromes is even more remarkable considering
that a single factor, such as ERa, may have quite different
cistromes in the same cell type due to different activating
signals (Lupien et al. 2010).
Thus, it appears that the coordinated activities of Rev-

erba and Rev-erbb are required for normal liver clock gene
expression and lipidmetabolism. Intriguingly, the core clock
proteins CLOCK, CRY, and PER all have homologs that
serve a backup function, and although the BMAL1-null
mouse is highly arrhythmic, it has been reported that
BMAL2 expression is abolished by BMAL1 ablation, but
overexpression of BMAL2 can compensate for loss of
BMAL1 (Shi et al. 2010). Accordingly, for all clock compo-
nents, loss of only one homolog has relatively minor effects,
while depletion of all subtypes causes severe circadian
phenotypes (van der Horst et al. 1999; Bae et al. 2001;
DeBruyne et al. 2007; Shi et al. 2010), similar to what we
found for theRev-erbs. Taken together, our data thus suggest
that the relationship between Rev-erba and Rev-erbb is
more reminiscent of that of core clock proteins, where a
backup system exists for every component, in contrast to
most other NR subtype families.
Rev-erba is known to self-regulate by feedback inhibi-

tion (Adelmant et al. 1996), and we observed binding of

both Rev-erbs at the Rev-erba gene. However, neither
Rev-erb was bound in proximity to Rev-erbb, suggesting
that although both genes are expressed with a circadian
pattern and are regulated post-transcriptionally by bind-
ing to heme (Raghuram et al. 2007; Yin et al. 2007), they
may be regulated differently under some circumstances.
This likely applies to post-translational regulation as well,
since an N-terminal GSK3b site that is conserved in Rev-
erba of different species and controls its interaction with
E3 ligases and proteasomal degradation (Yin et al. 2006,
2010) is absent in Rev-erbb. Thus, the two Rev-erbs are less
prone to concomitant dysregulation, further protecting the
clock and metabolic pathways from selected perturbations.
The extensive collaboration of the Rev-erb subtypes

implies that these NRs play a more critical role at the
intersection of circadian regulation andmetabolism than
previously appreciated. Our findings thus highlight the
importance of the intricate interplay between circadian
rhythm and metabolism in maintaining lipid homeosta-
sis and organismal health. This key role of the Rev-erbs
and the ability to manipulate their activities by pharma-
cological ligands (Grant et al. 2010; Kumar et al. 2010;
Kojetin et al. 2011) suggest that treatments for circadian
and/or metabolic disorders may need to alter the activity
or stability of both Rev-erba and Rev-erbb.

Materials and methods

Animals

Wild-typeC57Bl/6micewere purchased from Jackson Laboratories.
The Rev-erba knockout mice were obtained from B. Vennström,
and backcrossed seven or more generations with C57Bl/6 mice.
Eight-week-old to 12-wk-old wild-type andmutant malemice were
housed under 12-h-light/12-h-dark cycles (lights on at 7:00 a.m.,
lights off at 7:00 p.m.) and euthanized at ZT10 (5:00 p.m.) or ZT22
(5:00 a.m.). The 12-h fast was conducted from 5:00 a.m. to 5:00 p.m.
All of the animal care and use procedures followed the guidelines of
the Institutional Animal Care and Use Committee of the Univer-
sity of Pennsylvania.

Antibodies

TheHDAC3 antibody was purchased fromAbcam (ab7030), Rev-
erba antibody was purchased from Cell Signaling Technology
(#2124) and Santa Cruz Biotechnology (sc-47625), Ran antibody
was purchased from BD Transduction Laboratories (#610341),
Hsp90 antibody was purchased from Santa Cruz Biotechnology
(sc-33755), normal rabbit IgG was purchased from Santa Cruz
Biotechnology (sc-2027), Flag antibody was purchased from
Sigma-Aldrich (F1804), and the NCoR antibody has previously
been described (Huang et al. 2000; Feng et al. 2011). The Rev-
erbb antibody was raised in a rabbit against amino acids 243–261
(Covance).

Constructs and gene transductions

Rev-erba and Rev-erbb were Flag-tagged by cloning into the
p3XFlag-CMV-7.1 vector (Sigma-Aldrich) and transfected into
293T cells using Lipofectamine (Invitrogen). The adenoviruses
encoding shRNA targeting the b-galactosidase (TGCACCTGG
TAAATCTTAT) or the Rev-erbb gene (GCACTAAGGACCTTA
ATAATG) were constructed using the BLOCK-iTadenoviral RNAi

Figure 7. Total hepatic Rev-erb deficiency leads to exacerbated
steatosis. (A) Hepatic triglyceride levels in two pooled experi-
ments of 12-wk-old wild-type or Rev-erba knockout (aKO) mice
7 d after injection of adenovirus encoding shRNA targeting Rev-
erbb (Revb) or bgal as control. n = 5–7; SEM is indicated by
vertical bars. (*) P-value = 0.0272 as determined by Student’s
t-test. (B) Oil red O stains of liver sections from the mice
described in A at a magnification of 403 Bar, 50 mm.
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expression system from Invitrogen (#K4941-00) and subsequently
amplified and purified by the Vector Core of the Penn Diabetes
ResearchCenter. Eachmouse received 5.73 1011 particles (GC) of
virus through tail vein injection.

Immunoprecipitation

Cells were washed with PBS, harvested in immunoprecipitation
lysis buffer (50 mMTris-HCl, 150 mMNaCl, 1%NP-40 at pH 8),
and incubated for 30 min on ice, followed by sonication in the
Bioruptor (Diagenode) for 33 20 sec at the lowest intensity. After
centrifugation at 10.000g for 15 min, the extracts were divided
into two and subjected to immunoprecipitation overnight with
Rev-erbb antibody or normal rabbit IgG. The immunoprecipi-
tated proteins were eluted by boiling in SDS sample buffer and
analyzed by SDS-PAGE.

Synchronized MEFs

MEFs were collected at embryonic day 13.5 from wild-type or
Rev-erba-null embryos, expanded, and seeded in 24-well plates
at a density of 5 3 104 cells per well. The MEFs were washed in
PBS and incubated for 20 h with 5.7 3 109 particles (GC) of
adenovirus per well in DMEM containing 0.5% bovine serum.
Serum shockwas performed by replacing starvationmediumwith
50% horse serum for 2 h. Following two washes in PBS, cells were
changed back to DMEM containing 0.5% bovine serum, and total
RNAwas harvested at the indicated time points.

ChIP

Mouse liver was harvested immediately after euthanasia. It was
quickly minced and cross-linked in 1% formaldehyde for 20min,
followed by quenching with 1/20 vol of 2.5 M glycine solution
and two washes with 13 PBS. Nuclear extracts were prepared by
Dounce homogenization in cell lysis buffer (5 mMPIPES, 85 mM

KCl, 0.5% Igepal, and Complete protease inhibitor tablet from
Roche at pH 8.0). Chromatin fragmentation was performed by
sonication in ChIP SDS lysis buffer (50 mM HEPES, 1% SDS,
10 mM EDTA at pH 7.5) using the Bioruptor (Diagenode).
Proteins were immunoprecipitated in ChIP dilution buffer
(50 mM HEPES, 155 mM NaCl, 1.1% Triton X-100, 0.11% Na-
deoxycholate, Complete protease inhibitor tablet at pH 7.5).
Cross-linking was reversed overnight at 65°C in elution buffer
(50 mM Tris-HCL, 10 mM EDTA, 1% SDS at pH 8), and DNA
was isolated using phenol/chloroform/isoamyl alcohol. Precipi-
tated DNA was analyzed by quantitative PCR. Re-ChIP was
performed in essentially the same way, except that the first
elution was carried out in a reducing elution buffer (1% SDS, 10
mMDTT), shaking at 800 rpm for 30 min at 37°C. The Rev-erba
ChIP eluate was then diluted 663 in ChIP dilution buffer,
divided into two, and subjected to either Rev-erbb or IgG ChIP.

Quantitative PCR

Quantitative PCR was performed with Power SYBR Green PCR
Master Mix on the PRISM 7500 (Applied Biosystems) with the
relative amount of amplicon generated and primer efficacy eval-
uatd by a standard curve in each run. Primer sequences can be
found in Supplemental Table 1.

ChIP-seq

ChIP experiments were performed independently on liver sam-
ples from four different mice harvested at 5:00 a.m. or 5:00 p.m.
ChIP of Rev-erba in Rev-erba-null mice was performed using the
Cell Signaling Technology antibody (#2124). The precipitated
DNA was subsequently pooled and amplified according to the
ChIP Sequencing Sample Preparation Guide provided by Illu-
mina using adaptor oligos and primers from Illumina, enzymes
fromNew England Biolabs, and the PCR purification kit (#28104)
and MinElute kit (#28004) from Qiagen. Deep sequencing was

Figure 8. Rev-erba and Rev-erbb cooperate
in regulating core clock function and mediat-
ing the interplay between circadian rhythm
and metabolism. The Rev-erbs are central
repressors of both the positive (Bmal1) and
the negative (Cry1 and Rev-erba) limb of the
core clock. In addition, the Rev-erbs mediate
the interplay between the cellular clock
and metabolism together with BMAL1 and
CLOCK/NPAS2. Note that other core clock
components (shown as PER, CRY, and BMAL
in themodel for simplicity) all have homologs
(PER1–3, CRY1/2, and BMAL1/2) that, like
the two Rev-erb subtypes, function as a
backup system.
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performed by the Functional Genomics Core (J. Schug and
K. Kaestner) of the Penn Diabetes Research Center using the
Illumina Genome Analyzer IIx and Illumina HiSeq 2000, and
sequences were obtained using the Solexa Analysis Pipeline. All
data are available in Gene Expression Omnibus (GEO) under
accession number GSE36375, and all previously published data
(Feng et al. 2011) are available under accession numberGSE26345.

ChIP-seq peak calling and data normalization

For all ChIP-seq samples, sequence reads were mapped to the
mouse genome (NCBI36/UCSC mm8) using ELAND software.
Only the sequences uniquely mapped with no more than two
mismatches in the first 32 bp were kept and used as valid reads.
Redundant reads mapping to the same genomic loci were con-
densed to a single read to remove clonal amplification artifacts.
Reads from replicate samples were pooled together prior to further
analysis. Peak calling was carried out byHOMER (version 3; 0.1%
FDR, 1 RPM cutoff) (Heinz et al. 2010) on each ChIP-seq sample.
To adjust for the higher read depth in the Rev-erba-null ChIP-seq
sample, reads were randomly sampled from the Rev-erba-null
data 10 times, such that each random sample had a read count
similar to the wild-type cistrome. The peak height was computed
in each random sample, and the average height at each peak was
used for subsequent analysis. In order to obtain the most stringent
high-confidence cistrome, potential nonspecific binding events in
the Rev-erba 5:00 p.m./ZT10 cistrome were identified, thereby
removing 5830 peaks where the Rev-erba ChIP-seq profile in the
Rev-erba-null animal was >50% of the peak height observed in
thewild-type at 5:00 p.m./ZT10 from all subsequent analysis. The
remaining peak calls for both Rev-erba and Rev-erbb were then
merged together, such that any overlapping regions were com-
bined into one region covering the peak calls for both isoforms.
This resulted in 31,958 total Rev-erb-binding regions, which
contain a valid peak call for Rev-erba and/or Rev-erbb. The
ChIP-seq signal for each subtype was then quantified at each
region by computing the maximum stack height profile within
the region, normalized to the total number of reads for that
subtype (RPM). Thus, for each Rev-erb-binding region, a pair of
two values was computed: one representing the relative strength
of binding by Rev-erba, and the other representing the strength of
binding by Rev-erbb. For each binding region, these values were
plotted on a scatter plot showing Rev-erba on the X-axis and Rev-
erbb-binding strength on the Y-axis.

Each region was categorized as being specific to either subtype
or common to both subtypes as follows: First, a Fisher’s exact test
was applied to each region, comparing the peak height and total
reads for each factor for significant changes that are unlikely to
occur simply due to variability in the sequencing process. Regions
with a Benjamini-Hochberg-corrected P-value <0.05 from the
Fisher’s exact test and an absolute fold change >2 using the
normalized (RPM) peak heights were considered to be specific to
the subtype with greater binding. All other sites were considered
‘‘common’’ sites because, regardless of peak calls, these sites did
not show a significant quantitative difference in binding signal
between the two subtypes. By this method, 29,462 sites are
considered ‘‘common’’ sites (92%), 1614 are considered ‘‘Rev-
erba-specific’’ (5%), and 882 are considered ‘‘Rev-erbb-specific’’
(3%). Correlation and the best-fit line were computed from the
‘‘common’’ set of sites.

Cistromic analysis

A random set of matched controls with similar distances to the
nearest TSS was generated for the 1614 Rev-erba-specific, 882 Rev-
erbb-specific, and 29,462 common Rev-erb sites using CisGenome

(Ji et al. 2008). Then, de novo motif analysis with HOMER (Heinz
et al. 2010) was performed using 100 bp of sequence under each
peak center and using the matched controls as background with
masking of all repeat elements. For the top de novo motif in the
common Rev-erb cistrome (NR half-site), the nonspecific positions
around the coremotif were removed, and thematch score threshold
was adjusted to account for shortening the motif. The number of
nonoverlapping core NR motif matches under the same peak was
then counted. Repeat of this analysis without masking of repeat
elements led to similar results (data not shown). To test for proximal
pairs of peaks, the distance to the nearest neighboring binding
region was computed for both the common Rev-erb sites and
matched controls. Subsets of active and inactive genes were
defined using the same data and criteria as previously published
(GSE25937) (Feng et al. 2011) and were used to compute the
percentage of genes in each group with at least one common Rev-
erb site within 10 kb of the TSS. For each expression group, the
significance of the enrichment of Rev-erb binding relative to all
genes on the array was tested using a Fisher’s exact test.

Gene expression analysis

Total RNA was extracted from liver samples harvested from
12-wk-old male wild-type or Rev-erba knockout mice 7 d after
injection of shbgal or shRev-erbb adenovirus using the RNeasy
minikit (Qiagen). The RNA was reverse-transcribed using the
High-Capacity cDNA Reverse Transcription kit (Applied Biosys-
tems) and analyzedbyquantitativePCR.Geneexpressionwas nor-
malized to the mRNA levels of the housekeeping gene Arbp and
the level of the gene of interest in the control samples.

Immunoblotting

Liver samples were crushed and sonicated (5min 30 sec on/off) in
cold extraction buffer (25mMTris-HCl, 2mMEDTA, 0.1% SDS,
150 mM NaCl, 50 mM KCl, 1% Triton X-100, 0.08% DOC at
pH 8) supplemented with Complete protease inhibitors (Roche).
SDS-PAGE was performed using 100 mg of protein loaded onto
a 10% Tris-glycine gel (Invitrogen), followed by transfer to a
PVDF membrane (Invitrogen). After incubation with antibodies,
blots were developed using the enhanced chemiluminescence
kit from PerkinElmer.

Hepatic triglyceride assay

Liver samples were homogenized using the TissueLyser (Qiagen)
in tissue lysis buffer (140 mMNaCl, 50 mMTris, 1% Triton-X at
pH 8.0). Triglyceride concentration in the lysates was quantified
using LiquiColor triglyceride procedure no. 2100 (Stanbio).

Oil Red O staining

Frozen sections (5 mM) were prepared from snap-frozen liver
tissues and fixed in 10% buffered formalin for 3 min. The sections
were then stained in 0.5% Oil Red O in propylene glycerol
overnight for lipid and then in hematoxylin for nuclei for 5 sec.

Serum biochemistry

Blood glucose was measured using a OneTouch glucometer
(Medtronic) on blood collected from the tail prior to euthanasia.
Subsequently, blood was collected from the heart and left to clot
for 30 min at room temperature, followed by centrifugation to
isolate the serum. Triglycerides were quantified using LiquiColor
triglyceride procedure no. 2100 (Stanbio), ketones were quantified
using LiquiColor b-hydroxybutyrate procedure no. 2440 (Stanbio),
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and free fatty acids were quantified using the HR series NEFA-
HR(2) kit (Wako Diagnostics).

Fecal analysis

The mice were housed separately, and feces were collected,
dried, and weighed over a 60-h period starting at 5:00 p.m. on
day 4 post-injection of adenovirus. The bile acid excretion rate
was determined as previously described (Yu et al. 2000). Briefly,
bile acids were extracted from 0.5 g of minced feces in 75% EtOH
for 2 h at 50°C. The extracts were diluted 1:3 in 25% PBS and
analyzed using the Total Bile Acid assay from Diazyme. Fecal
triglyceride content was determined essentially as previously
described (Wong et al. 2007). Briefly, triglycerides were extracted
from 50 mg of dry feces in EtOH:30% KOH (2:1) overnight at
60°C. One fold of 1 M MgCl2 was added to the supernatant,
followed by 10 min of incubation on ice and 30 min of
centrifugation at 14,000 rpm. The triglyceride concentration of
the extract was determined using LiquiColor triglyceride pro-
cedure no. 2100 (Stanbio).

Acknowledgments

We gratefully acknowledge the assistance of the Functional
Genomics Core and Viral Vector Core of the Penn Diabetes
Research Center (P30 DK19525), and the Morphology Core
supported by P01 DK49210. This work was supported by NIH
grant R01 DK45586 to M.A.L., the Cox Institute for Medical
Research, and grants from the Danish Council for Independent
Research (FNU) and the Lundbeck Foundation to A.B.

References
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