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Most organisms manifest diurnal phases of activity and 
inactivity, requiring switching between fuel sources for 
biologic functions. In mammals, substrate selection is 

tissue specific, and thus, while some organs are mainly fueled by 
glucose (for example, the brain), others such as the liver and heart 
predominantly rely on fatty acids. Fuel use depends not only on 
nutrient availability but also on the physiological context1. Many 
facets of life are dependent on the time of day, and oscillatory pro-
cesses in the body are driven by the circadian clock, which allows 
for anticipation of rhythmic stimuli such as light–dark changes and 
food intake2. Disruption of circadian clocks can lead to a plethora of 
metabolic defects such as hyperglycemia, hypoinsulinemia, diabe-
tes and dyslipidemia, sleep defects, impaired regenerative capacity 
and also predisposition to cancer3. Thus, understanding the precise 
contributions of the clock to organ-specific tissue homeostasis is of 
utmost importance.

Several cardiovascular parameters such as heart rate and blood 
pressure fluctuate over the course of the day, peaking in the early 
phase of the awake period4,5. Many circadian-regulated processes in 
the heart are governed by the CM circadian clock6. The underlying 
molecular pathway relies on a transcriptional–translational feed-
back loop that comprises a number of core clock factors, such as 

BMAL1, CLOCK and REV-ERBα and REV-ERBβ. Their rhythmic 
function results in tissue-specific clock-controlled gene expression 
programs that maintain proper cellular physiology3,7. Nicotinamide 
phosphoribosyltransferase (Nampt), encoding the rate-limiting 
enzyme in the NAD+ salvage pathway, is one such clock-controlled 
gene shown to be under direct control of the BMAL1–CLOCK 
heterodimer7,8. NAD+ plays a central role in not only oxidative 
metabolism and bioenergetics but also as a cofactor for reactions 
that can generate signaling intermediates or alter post-translational 
modifications (for example, ADP ribosylation or deacetylation by 
sirtuins9). Disturbing the positive output of the circadian clock via 
ablation of Clock or Bmal1 (Arntl) in the whole body10, as well as in 
the heart specifically, results in disrupted metabolism11, ventricular 
arrhythmias12 and dilated cardiomyopathy11,13.

REV-ERB nuclear receptors are key factors in the negative limb 
of the core clock and have emerged as a key mechanistic link to 
metabolism in extracardiac tissues14,15. As they lack the canonical 
activation domain of nuclear receptors, REV-ERBs act as potent and 
constitutive transcriptional repressors by recruiting nuclear recep-
tor corepressor (NCoR) and histone deacetylase 3 (HDAC3)16. The 
latter facilitates histone deacetylation at enhancers, thereby contrib-
uting to transcriptional repression of target genes. How REV-ERBs 

Circadian REV-ERBs repress E4bp4 to activate 
NAMPT-dependent NAD+ biosynthesis and 
sustain cardiac function
Pieterjan Dierickx   1,2 ✉, Kun Zhu1,2, Bryce J. Carpenter1,2, Chunjie Jiang   1,2, Marit W. Vermunt   3,  
Yang Xiao1,2, Timothy S. Luongo1,4, Tsunehisa Yamamoto5, Íngrid Martí-Pàmies5, Sobuj Mia6, 
Mary Latimer6, Abhinav Diwan   7, Juanjuan Zhao   8,9, Amy K. Hauck1,2, Brianna Krusen1,2, 
Hoang C. B. Nguyen1,2, Gerd A. Blobel3, Daniel P. Kelly   1,5, Liming Pei   1,8,9, Joseph A. Baur   1,4, 
Martin E. Young6 and Mitchell A. Lazar   1,2 ✉

The heart is a highly metabolic organ that uses multiple energy sources to meet its demand for ATP production. Diurnal feed-
ing–fasting cycles result in fluctuations in substrate availability, which, together with increased energetic demand during the 
active period, impose a need for rhythmic cardiac metabolism. The nuclear receptors REV-ERBα and REV-ERBβ are essential 
repressive components of the molecular circadian clock and major regulators of metabolism. To investigate their role in the 
heart, here we generated mice with cardiomyocyte (CM)-specific deletion of both Rev-erb genes (Nr1d1/2), which died pre-
maturely due to dilated cardiomyopathy. Loss of REV-ERBs markedly downregulated expression of fatty acid-oxidation genes 
before overt pathology, which was mediated by induction of the transcriptional repressor E4BP4, a direct target of cardiac 
REV-ERBs. E4BP4 directly controls circadian expression of Nampt and its biosynthetic product NAD+ via distal cis regulatory 
elements. Thus, REV-ERB-mediated E4BP4 repression is required for Nampt expression and NAD+ production by the salvage 
pathway. Together, these results highlight the indispensable role of circadian REV-ERBs in cardiac gene expression, metabolic 
homeostasis and function.

NATuRE CARDioVASCuLAR RESEARCH | www.nature.com/natcardiovascres

mailto:dierickx@pennmedicine.upenn.edu
mailto:lazar@pennmedicine.upenn.edu
http://orcid.org/0000-0002-1709-1477
http://orcid.org/0000-0002-3033-092X
http://orcid.org/0000-0002-3570-1558
http://orcid.org/0000-0001-7554-4772
http://orcid.org/0000-0002-2324-3334
http://orcid.org/0000-0002-3811-9491
http://orcid.org/0000-0002-1924-0333
http://orcid.org/0000-0001-8262-6549
http://orcid.org/0000-0001-8653-1280
http://crossmark.crossref.org/dialog/?doi=10.1038/s44161-021-00001-9&domain=pdf
http://www.nature.com/natcardiovascres


Articles NATuRE CARDioVASCuLAR RESEARCh

regulate gene transcription in the healthy heart is mainly unknown, 
but several reports show that REV-ERB agonists can impact the car-
diac transcriptome, hypertrophy and function (even after myocar-
dial infarction)17–19. Although the compounds used in these studies 
were shown to display some non-REV-ERB-mediated effects20, this 
nonetheless highlights the importance of investigating the role and 
target genes of REV-ERBs to better understand how they modulate 
heart function in vivo under physiological conditions.

Here, we report that a mouse model in which both Rev-erb genes 
are deleted in CMs (CM-RevDKO mice) results in the development 
of age-onset dilated cardiomyopathy, leading to premature death. 
We provide evidence that, in the absence of REV-ERBs, inability 
to meet the high demands for energy production in the heart as 
a result of direct derepression (activation) of one set of genes and 
repression of an additional set via upregulation of transcriptional 
repressors leads to development of heart failure. In extracardiac tis-
sues, circadian clocks have been reported to facilitate cyclic NAD+ 
levels via BMAL1–CLOCK-mediated circadian transcriptional 
activation of Nampt7,8. We discover that, in addition to regulation 
by the positive arm of the clock pathway, REV-ERBs are essential 
for proper Nampt expression. Despite increased Bmal1 expres-
sion, absence of REV-ERBs results in a drastic repression of Nampt, 
secondary to upregulation of E4BP4, which directly binds to cis 
regulatory elements (CREs) upstream of the gene. Consistent with 
a dominant effect of E4BP4, we show that repression of Nampt in 
Bmal1-knockout (KO) hearts is prevented by additionally knock-
ing out E4bp4 (Nfil3), demonstrating a causal role for E4BP4-
mediated Nampt downregulation in the circadian pathway. In 
conclusion, we show that circadian REV-ERBs are indispensable to 
establish the transcriptional program that controls cardiac metabo-
lism, deregulation of which leads to dilated cardiomyopathy and  
premature death.

Results
CM-specific depletion of REV-ERBs causes lethal dilated car-
diomyopathy. To interrogate the role of the nuclear receptors REV-
ERBα (encoded by Nr1d1) and REV-ERBβ (encoded by Nr1d2) in 
the heart, we crossed conditional Rev-erbαfl/fl;Rev-erbβfl/fl mice20 with 
a CM-specific Cre deleter (αMHC-Cre21, C57BL/6 background) 
to generate CM-specific Rev-erbα;Rev-erbβ-double KO (DKO) 
(CM-RevDKO) mice (Fig. 1a). Reduction in Rev-erbα and Rev-erbβ 
mRNA expression was observed in the heart across a 24-hour cir-
cadian cycle (Fig. 1b), and REV-ERBα protein levels were consti-
tutively reduced in hearts from CM-RevDKO mice (referred to as 
CM-RevDKO hearts) (Fig. 1c). Consistent with this, expression of 
the canonical REV-ERB target genes Bmal1 and Npas2 was mark-
edly increased in CM-RevDKO hearts (Fig. 1d) and BMAL1 protein 
levels were constitutively high (Extended Data Fig. 1a). Rhythmic 
Per2 mRNA levels, on the other hand, were unaffected (Extended 
Data Fig. 1b). Of note, day–night differences in Rev-erb mRNA  

levels were dampened in 6-month-old versus 2-month-old floxed 
control mice (Extended Data Fig. 1c).

While CM-RevDKO mice were born at expected Mendelian 
ratios (Extended Data Fig. 2a), the CM-RevDKO model resulted 
in severely reduced lifespan with increased mortality around 6–9 
months in both male and female mice (Fig. 1e). CM-RevDKO mice 
display normal circadian behavior, food intake and body weight 
(Extended Data Fig. 2b–d). In addition, glucose and insulin toler-
ance tests in 6-month-old mice yielded normal results (Extended 
Data Fig. 2e,f). Yet, compared to wild-type (WT) mice, heart weight 
was higher in CM-RevDKO males and females at 6 months of age 
(Fig. 1f) but not in 2-month-old mice (Extended Data Fig. 2g), indi-
cating that CM-specific Rev-erb deletion causes cardiac enlarge-
ment over time. Consistent with increased biventricular weight, CM 
cross-sectional area was also larger in 6-month-old CM-RevDKO 
mice (Extended Data Fig. 2h). This is in line with a recent report 
describing a protective effect of REV-ERB activation against hyper-
trophy in neonatal ventricular rat CMs19. Echocardiography revealed 
that left ventricular (LV) systolic and end-diastolic diameters were 
significantly increased at 6 months of age, accompanied by reduced 
LV ejection fraction, LV fractional shortening (Fig. 1g,h) and other 
echocardiographic abnormalities reflective of the cardiomyopathic 
pathologic remodeling only in older mice (Extended Data Fig. 2i,j). 
Hematoxylin and eosin and trichrome staining revealed dilation 
in the CM-RevDKO heart, without signs of fibrosis (Fig. 1i and 
Extended Data Fig. 2k). In addition, we could not detect substantial 
cell death in CM-RevDKO or control hearts (Extended Data Fig. 
2l). In conclusion, loss of REV-ERBs in CMs has major structural 
as well as functional consequences leading to premature death from 
dilated cardiomyopathy.

CM-RevDKO disrupts metabolic transcriptional programs and 
causes mitochondrial defects. To elucidate the molecular mecha-
nism that underlies age-dependent heart failure upon KO of both 
Rev-erb genes in CMs, we performed transcriptomic analysis 
at 2 months of age (that is, before the onset of cardiomyopathy). 
Hearts were isolated at zeitgeber time (ZT)10, which corresponds 
to elevated expression of Rev-erbα and Rev-erbβ as well as the 
trough of Bmal1 expression in WT hearts (Extended Data Fig. 3a). 
We detected 553 differentially expressed genes (DEGs) (log2 (fold 
change (FC)) > 0.58, adjusted P < 0.05), of which 253 were upregu-
lated and 300 were downregulated in CM-RevDKO hearts (Fig. 2a 
and Supplementary Table 1). Comparison of these genes (n = 553) 
with transcripts differentially expressed at ZT10 upon KO of Rev-
erb genes in the liver22 (n = 762, log2 (FC) > 0.58, adjusted P < 0.05) 
showed that REV-ERB target genes in the heart were generally dis-
tinct from those in the liver (Extended Data Fig. 3b), consistent with 
the established notion that REV-ERBs control gene expression in 
a tissue-specific manner with the exception of core clock factors23. 
Indeed, canonical circadian regulators such as Bmal1, Clock and 

Fig. 1 | CM-RevDKo mice die from dilated cardiomyopathy. a, Cartoon depicting strategy for CM-RevDKO model generation by crossing αMHC-Cre 
mice21 with a recently developed Rev-erbαfl/fl;Rev-erbβfl/fl (αβfl/fl fl/fl) mouse model20. b, Relative mRNA expression in hearts from 2-month-old male CM-
RevDKO mice versus littermate controls (αMHC-Cre−) (n = 3 hearts per genotype per time point except for n = 2 for Zeitgeber time (ZT)6 and ZT22 
in control mice and ZT2 and ZT18 in CM-RevDKO mice and n = 4 for ZT22 in CM-RevDKO mice). c, Immunoblot for REV-ERBα in hearts from control 
(αMHC-Cre−) versus CM-RevDKO (αMHC-Cre+) 2-month-old male mice (n = 2 per time point per genotype). d, Relative Rev-erbα and Rev-erbβ target 
gene mRNA expression in hearts from control versus CM-RevDKO 2-month-old male mice (n = 3 hearts per genotype per time point except for n = 2 
for ZT6 and ZT22 in control mice and ZT2 and ZT18 in CM-RevDKO mice and n = 4 for ZT22 in CM-RevDKO mice). e, Kaplan–Meier survival curves 
for control (Rev-erbαfl/fl;Rev-erbβfl/fl) and CM-RevDKO male and female mice. f, Gross pictures of hearts at the age of 6 months and biventricular to body 
weight (BVW/BW) ratios (n = 5 hearts per genotype for male mice, n = 6 for control mice and n = 4 for CM-RevDKO female mice). g, Representative 
short-axis M-mode images from echocardiography of 6-month-old female mice. h, Cardiac structure (LVIDd and LVIDs, LV internal diameter in diastole 
and systole, respectively) and function (EF, ejection fraction; FS, fractional shortening) data from echocardiography (n = 11 for control mice and n = 8 for 
CM-RevDKO mice) of 6-month-old mice. i, Masson’s trichrome staining on hearts from 6-month-old female control mice and CM-RevDKO mice. Scale 
bars, 2 µm. n represents biologically independent replicates. Data are presented as mean ± s.e.m. *P < 0.05; ****P < 0.0001 by two-sided Student’s t-test, 
except for χ2 (log-rank Mantel–Cox) test in e (exact P values are provided in the source data).
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Npas2 were derepressed in both CM-RevDKO hearts and hepa-
tocyte-specific RevDKO livers (Extended Data Fig. 3b). By con-
trast, several key cardiac genes involved in essential CM function 

(such as metabolism, signaling and ion channels, for example, p21 
(Cdkn1a), Slc41a3 and Fhit) were dysregulated upon REV-ERB loss, 
as validated by reverse transcription quantitative PCR (RT–qPCR) 
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(Extended Data Fig. 3c). Overlap with previously published circa-
dian cardiac gene expression data24 showed that ~31% of DEGs in 
CM-RevDKO hearts were rhythmically expressed in WT hearts. 
Moreover, the acrophases of the upregulated and downregulated 
genes mainly clustered anti-phase and in-phase, respectively, with 
expression of Rev-erb genes (Extended Data Fig. 3d). This suggests 
that REV-ERB normally represses the observed upregulated genes 
during the inactive period of the day and that the downregulated 
genes are most likely not direct REV-ERB targets.

To further investigate the functionality of upregulated and down-
regulated genes in CM-RevDKO hearts, we performed gene ontol-
ogy (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway analyses. Upregulated genes were enriched for terms such 
as circadian rhythms, insulin signaling and regulation of transport 
and cell–cell signaling, while downregulated genes were related to 
mitogen-activated protein kinase (MAPK) signaling, glycerolipid 
metabolism and transmembrane and ion transport (Fig. 2b). These 
data suggest that the deletion of both Rev-erb genes in the heart 
resulted in transcriptional deregulation of essential cardiac oxida-
tive metabolic processes.

Indeed, mRNA for several components in the insulin signaling 
pathway, a process known to be under clock control in the heart11,25, 
such as Irs1 (upregulated), Pde3a (upregulated) and Akt1 (down-
regulated), were differentially expressed in CM-RevDKO hearts as 
well as downstream insulin-targeted pathways, such as glycogen 
storage (for example, Pygl (upregulated)) and signaling pathways 
that modulate the activity of proteins encoded by these transcripts 
(for example, Ppp1r3a (downregulated), Ppp1r1b (upregulated) 
and Ppp1r3b and Ppp1r3c (upregulated)) (Fig. 2c). We validated 
the dramatic increase in levels of the phosphoprotein DARPP-32 
(encoded by Ppp1r1b), an important modulator of protein phospha-
tase 1 (PP1) activity, by RT–qPCR and western blotting (Extended 
Data Fig. 4a,b). As PP1 is an important phosphatase in the heart 
and a key regulator of multiple essential cardiac signaling pathways, 
disruption of which has been implicated in cardiac dysfunction26, 
its deregulation in CM-RevDKO hearts might contribute to age-
dependent lethality in these mice. We also noted that lipid-oxidation 
genes were predominantly downregulated. These metabolic genes 
ranged from those involved in mitochondrial fatty acid uptake (e.g. 
Cpt1a) to primary cardiac β-oxidation genes such as Ech1, as well 
as cholesterol metabolism genes such as Ces1d and Nceh1 (Fig. 2c).  

Furthermore, electron microscopy of hearts from 6-month-old 
CM-RevDKO mice revealed that many CM mitochondria appeared 
large with abnormal crista structure, indicative of swelling (Fig. 2d 
and Extended Data Fig. 4c). Mitochondria of CMs from 2-month-
old CM-RevDKO mice were significantly smaller compared to 
those from control hearts (Extended Data Fig. 4d). However, no dif-
ference in mitochondrial DNA content was noted (Extended Data 
Fig. 4e). Additionally, we observed impaired performance in a mito-
chondrial stress test when fueled with palmitate (Fig. 2e). These 
results demonstrate that REV-ERBs are critical regulators of mito-
chondrial energetics and fatty acid-oxidation genes, deregulation of 
which results in dilated cardiomyopathy and premature death.

REV-ERBs can mediate gene activation via direct repression of 
E4bp4 in the heart. REV-ERBs are known to function through 
binding to CREs such as enhancers and promoters, leading to tran-
scriptional repression23. To identify REV-ERB-responsive regula-
tory regions that might explain directly upregulated genes as well as 
putative regulatory sites involved in indirect gene downregulation 
in CM-RevDKO hearts, we performed cleavage under targets and 
release using nuclease (Cut&Run)27 for acetylated histone 3 lysine 
27 (H3K27ac), a mark of active enhancers28,29. Because downregu-
lated genes are unlikely to be direct REV-ERB targets, we opted to 
perform Cut&Run on isolated CMs from control and CM-RevDKO 
mice to increase specificity and search for binding sites of poten-
tial transcription factors involved in downregulated CREs (Fig. 3a). 
H3K27ac changes were integrated with RNA-seq data using inte-
grated analysis of motif activity and gene expression (IMAGE)30, 
which revealed a number of transcription factors, such as REV-
ERBs, BMAL1, NPAS2, CLOCK, NKX2-5 and E4BP4 (also called 
NFIL3) (Supplementary Table 2) as putative drivers of REV-ERB-
dependent mRNA and enhancer activity changes. In addition, we 
performed binding similarity analysis using Cistrome Data Browser 
(Cistrome DB)31, matching regions with changes in H3K27ac with 
cistromes from published heart, muscle and liver chromatin immu-
noprecipitation followed by sequencing (ChIP–seq) experiments. 
As expected, this analysis revealed that binding of REV-ERBα as 
well as known REV-ERB interactors such as REV-ERBβ, HDAC3 
and NCoR1 were enriched at H3K27ac sites that became active 
upon loss of REV-ERBs (Fig. 3b), supporting direct involvement of 
REV-ERBs in target derepression. By contrast, binding similarity  

Fig. 3 | Enhancers of downregulated genes are enriched for E4BP4, a direct REV-ERB target that is induced in CM-RevDKo hearts. a, Scaled H3K27ac 
Cut&Run enrichment for CMs isolated from control and CM-RevDKO adult hearts. In total, 257 and 152 peaks were increased (FC > 2) and decreased, 
respectively, in CM-RevDKO CMs (compared to control). Plots depict identified H3K27ac peaks ±1,000 bp from peak center. Com., common.  
b, Transcription factor (TF)-binding similarity screening of sites with increased or decreased H3K27ac in CM-RevDKO CMs from a using all published 
cistromes from heart, muscle and liver deposited in Cistrome DB31.GIGGLE scores were calculated by GIGGLE65, a genomics search engine that unbiasedly 
identifies similarity between genomic coordinates and multiple genome interval files. c, Relative mRNA expression levels for all cardiac expressed putative 
transcription factors regulating the decreased H3K27ac signal from b in hearts from 2-month-old control versus CM-RevDKO male mice (n = 3 per 
genotype). GR, Nr3c1; Pparα, Ppara; p300, Ep300; Rxrα, Rxra. d, Relative mRNA expression in control versus CM-RevDKO hearts from 2-month-old male 
mice (n = 3 hearts per genotype per time point except for n = 2 for ZT6 and ZT22 in control mice and ZT2 and ZT18 in CM-RevDKO mice and n = 4 for 
ZT22 in CM-RevDKO mice). e, Immunoblot and quantification for E4BP4 from control versus CM-RevDKO hearts (n = 2 per time point per genotype). 
f, Heatmap showing 3 × HA ChIP–seq tag densities (at ZT10) in WT and 3 × HA-Rev-erbα hearts at 1,486 REV-ERBα peaks. g, ChIP–seq, Cut&Run and 
RNA-seq read distribution for REV-ERBα and H3K27ac near the derepressed REV-ERB target gene E4bp4 upon CM-RevDKO. Chr, chromosome. h, Relative 
mRNA expression in Rev-erbαfl/fl;Rev-erbβfl/fl neonatal CMs, transduced with Adeno-RFP (control), Adeno-Cre (RevDKO) and increasing concentrations 
(1:100,000, 1:10,000, 1:5,000 and 1:1,000) of Adeno-RFP-Rev-erbα vectors (RevOE, stock at 3.5 × 1010 infectious units (IFU) ml−1) (n = 5 independently 
transduced cell samples per condition). i, Rev-erbα overexpression induces repression of E4bp4 promoter activity in C2C12 cells. The schematic diagram 
indicates a putative REV-RE within an 835-bp E4bp4 promoter-proximal region fragment, in which numbers indicate distance from the transcriptional start 
site of E4bp4. Cells were transfected with E4bp4-luc, mutated (mut) E4bp4-luc (4 bp mutated in the REV-RE) or deleted (del) E4bp4-luc (6 bp deleted in 
the REV-RE) together with TK-Renilla-luc and CMV-DsRed (control) versus CMV-Rev-erbα. Reporter luciferase activity was normalized to Renilla luciferase 
signal, and plotted values are relative to signal from the promoterless (empty) pGL4.21 vector (n = 6 independently transfected cell samples per condition, 
except for n = 3 for samples transfected with the empty pGL4.21 vector). n represents biologically independent replicates unless otherwise indicated. Data 
are presented as mean ± s.e.m., except for e. Adjusted P values were calculated using DESeq2 for c. ****P < 0.0001 by two-way ANOVA for d,e. ns, not 
significant; ***P < 0.001 and ****P < 0.0001 by two-sided Student’s t-test for h (RevDKO versus control), i and ***P < 0.001 and ****P < 0.0001 by one-way 
ANOVA for the gradient of RevOE in h,i (exact P values are provided in the source data).
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analysis of differentially enriched H3K27ac regions that were  
downregulated by at least twofold in CM-RevDKO CMs revealed 
enrichment for glucocorticoid receptor (GR), TBX3, E4BP4 and 
others (Fig. 3b).

To establish which of these factors is likely directly involved in 
repression of the downregulated DEGs described here, we investi-
gated whether they were differentially expressed (FC > 1.5, adjusted 
P < 0.05) upon DKO of Rev-erbα and Rev-erbβ. Expression of E4bp4 
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was found to change significantly with an observed upregulation 
of approximately sixfold. While expression of Gr (Nr3c1) was mod-
estly decreased (downregulated, FC = 1.4, Fig. 3c), overlap of genes 
downregulated in CM-RevDKO mice showed almost no overlap 
with published data of deregulated genes in cardiac-specific Gr-KO 
hearts32 (Extended Data Fig. 5a). We therefore turned our focus to 
E4bp4 and observed that the gene was constitutively derepressed 
across a full diurnal cycle at the mRNA level as well as at the protein 
level (Fig. 3d,e). To validate regulation of E4bp4 by REV-ERBs in 
the heart specifically, we performed ChIP–seq for REV-ERBα using 
an anti-hemagglutinin (HA) antibody at ZT10 in a 3 × HA-Rev-
erbα mouse model as well as in WT (with no HA knockin) mice 
as control. In total, 1,486 high-confidence peaks were identified in 
three samples with high correlation between biological replicates 
(Pearson correlation >0.85; Fig. 3f and Extended Data Fig. 5b). Nine 
percent of the REV-ERB peaks were found at promoters, 51% were 

found at intronic sites, and 35% were found at intergenic regions 
(Extended Data Fig. 5c). A motif search confirmed binding enrich-
ment at known motifs, such as RORE and RevDR2. In line with this, 
enhancers with twofold increased H3K27ac signal revealed similar 
motifs (Extended Data Fig. 5d). Overlap of annotated high-confi-
dence peaks with DEGs in CM-RevDKO mice showed that upreg-
ulated genes were significantly enriched for REV-ERB binding in 
their vicinity, while downregulated genes were not (Extended Data 
Fig. 5e). Examples of DEGs with REV-ERBα binding and changed 
regulatory activity include both well-known canonical clock target 
genes, such as Bmal1 and Cry1 (Extended Data Fig. 5f,g), as well 
as important cardiac regulators, such as the ischemia–reperfusion 
injury modulator encoded by p21 and Fbn2 encoding the extracel-
lular glycoprotein fibrillin 2 (Extended Data Fig. 5h).

Importantly, we found that REV-ERBα binds to the E4bp4 pro-
moter in the heart (Fig. 3g), suggesting that REV-ERB directly 
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represses E4bp4 expression. Indeed, overexpression of Rev-erbα 
with varying adenoviral titers caused a dose-dependent pattern of 
E4bp4 repression (Fig. 3h). To further verify REV-ERB-dependent 
functional transcriptional regulation of E4bp4, we constructed an 
E4bp4-luciferase (E4bp4-luc) construct containing the E4bp4 pro-
moter region (−445 bp, +390 bp relative to the transcriptional start 
site) harboring an identified putative REV-ERB response element 
(REV-RE). Transient transfection experiments showed that Rev-
erbα overexpression induced transcriptional repression of this WT 
E4bp4-luc construct (Fig. 3i and Extended Data Fig. 5i). Repression 
was abolished when the REV-RE was either mutated or deleted 
(Fig. 3i). These results demonstrate that REV-ERB represses E4bp4 
expression directly by binding to a REV-RE identified in its pro-
moter-proximal region. In conclusion, loss of REV-ERBs results in 
derepression of a set of genes including the transcriptional repres-
sor encoded by E4bp4. Upon Rev-erb DKO, E4bp4 is expressed at 
constitutively high levels and could contribute to the paradoxical 
downregulation of its targets by the loss of repressive REV-ERBs.

Derepression of E4bp4 causes downregulated lipid metabolism 
gene expression. To interrogate whether CM-RevDKO-mediated 
E4bp4 derepression has a role in downregulation of genes, we per-
formed ChIP–seq for E4BP4 at ZT10 versus ZT22 in control as well 
as CM-RevDKO hearts. Both known and de novo motif searches 
for control heart peaks at ZT22 (n = 3,384) confirmed NFIL3 as 
the top enriched motif (Extended Data Fig. 6a), validating the 
quality of the ChIP–seq data. Peaks were annotated to promoters 
(~28%), intergenic (~25%) and intronic (~43%) regions (Extended 
Data Fig. 6b). In contrast to the circadian E4BP4 binding that we 
observed in control hearts, chromatin-binding rhythmicity was lost 
in CM-RevDKO mice, which displayed constant binding to CREs 
at ZT10 and ZT22 (Fig. 4a). Indeed, the majority (2,187 of 3,384) of 
E4BP4 binding sites at ZT22 in control hearts were bound at both 
ZT22 and ZT10 after CM-RevDKO (Extended Data Fig. 6c), indi-
cating that E4BP4 constitutively binds to sites normally occupied 
only during the dark phase.

Intersection of these data with DEGs in CM-RevDKO hearts 
showed greater enrichment for E4BP4 binding near downregulated 
transcripts (Fig. 4b), consistent with transcriptional repression by 
E4BP4. A number of important metabolic genes that were repressed 
in CM-RevDKO hearts contained regulatory regions at which 
H3K27ac was reduced in the absence of REV-ERBs and colocalized 
with E4BP4 binding in the heart. For example, Cpt1a (encoding car-
nithine O-palmitoyltransferase, regulator of mitochondrial uptake 
of long-chain fatty acids and their subsequent β-oxidation), Ces1d 
(encoding the lipase carboxylesterase 1d) and Gpam and Dgat2 
(encoding glycerol-3-phosphate acyltransferase 1, mitochondrial 
and diacylglycerol O-acyltransferase 2, two key enzymes involved 
in triacylglyceride synthesis in the heart) displayed this pattern 
(Fig. 4c and Extended Data Fig. 6d). In addition, Ces1d mRNA was 
downregulated across the circadian cycle (Fig. 4d) in line with con-
stitutively high levels of E4BP4. In CM-specific E4bp4-KO hearts, 
Ces1d mRNA levels were increased (Fig. 4e), validating this gene 
as a direct E4BP4 target. Therefore, we conclude that the effects of 
REV-ERBs in the heart occur, in part, indirectly via derepression 
of another repressor (E4BP4), leading to decreased transcriptional 
activity of multiple downstream genes.

REV-ERBs transcriptionally repress Bmal116,33, and their own 
expression is subject to BMAL1-mediated activation34, which high-
lights the intricate regulation between the different arms of the 
molecular clock. A previously described CM-specific Bmal1-KO 
(CBK) mouse was also observed to have severe cardiac defects11. 
Importantly, Bmal1 KO results in Rev-erb downregulation35 as a 
result of the above-mentioned interplay between these two clock 
factors. Therefore, CBK mice could share a subset of gene expression 
alterations (expected to be primarily upregulation) due to absence 

of the repressive function of REV-ERBs in both models. In reverse,  
Rev-erb DKO results in the constitutive presence of BMAL1  
(Fig. 1d and Extended Data Fig. 1a); therefore, a potential set of 
genes downregulated in CBK mice but upregulated in CM-RevDKO 
mice could also exist. We investigated this and indeed found that 
105 of 253 upregulated genes in CM-RevDKO hearts were also 
upregulated in CBK hearts, while, of these 253 genes, only ten were 
downregulated in CBK hearts (Extended Data Fig. 6e). This sug-
gests that the upregulated transcriptional changes could be a con-
sequence of REV-ERB loss rather than BMAL1 loss (in CBK mice) 
or gain (in CM-RevDKO mice). Indeed, ~25% of these genes had 
a binding site for REV-ERBα in the heart (Extended Data Fig. 6f).  
In total, 121 of 300 downregulated genes in CM-RevDKO hearts 
were also downregulated in CBK hearts (Extended Data Fig. 6g).

Given that the potent repressor E4BP4 is upregulated in both 
Bmal1-KO and Rev-erb-KO models, we compared transcriptomic 
data from hearts from KO mice for these two transcription factors 
with E4BP4 ChIP–seq data. Approximately 45% of the commonly 
downregulated genes in both Bmal1-KO and Rev-erbα;Rev-erbβ-KO 
hearts had E4BP4 binding in close proximity (Extended Data Fig. 
6h). This overlap between differentially enriched genes suggests 
that loss of REV-ERBs and constitutively high levels of E4BP4 as a 
result contribute to the observed phenotype in both models. Indeed, 
as loss of Bmal1 leads to marked reduction in REV-ERBs11, this sug-
gests that Bmal1 KO has an indirect effect on E4BP4 via downregu-
lation of REV-ERBs.

REV-ERB controls cardiac NAD+ biosynthesis via E4BP4-
mediated Nampt repression. As our results point toward an impor-
tant role for E4BP4, we explored how this factor might affect cardiac 
metabolism. E4BP4 is overexpressed in diseased human hearts36, 
and expression of its homolog in Drosophila, vrille, increases with 
aging, and overexpression causes dilation of the heart due to mito-
chondrial dysfunction37. Consistent with this, in CM-RevDKO 
hearts, expression of key factors in mitochondrial metabolism such 
as those encoded by Pgc1-α (Ppargc1a), Pgc1-β (Ppargc1b), Naprt1 
and Nampt was severely downregulated at ZT10 (Extended Data 
Fig. 7a). Because NAMPT is the rate-limiting enzyme in the NAD+-
salvage pathway and NAD+ regulates metabolism both directly 
(for example, binding to metabolic enzymes and/or use as a meta-
bolic reaction substrate) and indirectly (for example, a cofactor 
for multiple post-translational modifications)38, we hypothesized 
that REV-ERBs are crucial for NAD+ homeostasis through tran-
scriptional regulation of Nampt via E4BP4. In CMs, H3K27ac lev-
els were decreased at enhancers upstream of the Nampt promoter 
that displayed diurnal and constitutive E4BP4 binding in control 
and CM-RevDKO hearts, respectively (Fig. 5a). Intersection of 
these data with previously published 3D chromatin architecture 
Hi-C data from the mouse heart39 revealed looping between these 
putative enhancers and the Nampt promoter (Fig. 5a), suggesting 
that these CREs directly regulate cardiac Nampt gene expression. 
In addition, in each of these three enhancers, we found a D-box 
motif (TTAYGTAA), a canonical sequence bound by E4BP440. 
ChIP–qPCR for E4BP4 at the most proximal CREs (50 kb upstream 
of the Nampt promoter) validated E4BP4 binding at both ZT10 
and ZT22 in CM-RevDKO hearts compared to only ZT22 in the 
control (Fig. 5b). These epigenetic changes led to constant repres-
sion of Nampt mRNA as well as NAMPT protein levels across the 
full diurnal cycle (Fig. 5c,d). Diurnal Nampt mRNA expression has 
classically been attributed to BMAL1–CLOCK-mediated transcrip-
tion, for which KO of Clock or Bmal1 causes drastic reductions in 
levels of Nampt as well as NAD+7,8,41. As Nampt levels were reduced 
and E4BP4 was induced in both CM-specific Bmal1-KO and Rev-
erbα;Rev-erbβ-KO hearts, we hypothesized that E4BP4 would be the 
main driver of Nampt repression. Therefore, we compared Nampt 
as well as Bmal1, Rev-erbα, Rev-erbβ and E4bp4 mRNA levels in 
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per time point except for n = 2 for ZT6, ZT10 and ZT22 in control mice and ZT2 and ZT18 in CM-RevDKO mice and n = 4 for ZT22 in CM-RevDKO mice). 
d, Immunoblot and protein quantification for NAMPT levels from control versus CM-RevDKO hearts from 2-month-old male mice (n = 2 per time point 
per genotype). e, Relative Nampt mRNA expression in hearts from multiple genetic CM-specific KO models: CBK (n = 7 for control and n = 8 for KO), CM-
RevDKO (n = 5 for control and n = 6 for KO), E4bp4 (n = 8 for control and n = 10 for KO) and CBK–E4bp4 DKO (n = 6 for control and n = 9 for DKO) and in 
control hearts from 2-month-old male mice for CM-RevDKO and control mice at ZT10 and from 3-month-old male mice for the rest at ZT12. f, Cartoon of 
summarized experimental data and proposed mechanism of transcriptional regulation of Nampt in different genetic KO models. g, NAD+ levels from hearts 
from control versus CM-RevDKO 2-month-old mice (n = 6 hearts per time point except for n = 5 for ZT6 in control mice; n = 5 except for n = 4 for ZT6; 
n = 6 for ZT18; and n = 7 for ZT22 in CM-RevDKO mice). n represents biologically independent replicates. All data are presented as mean ± s.e.m., except 
for d. **P < 0.01; ***P < 0.001; ****P < 0.0001 by two-way ANOVA in c,d,g, by one-way ANOVA followed by Tukey’s multiple-comparisons test in b and by 
two-sided Student’s t-test in e (exact P values are provided in the source data).
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CM-specific Bmal1-KO, Rev-erbα;Rev-erbβ-KO and E4bp4-KO 
mice as well as Bmal1;E4bp4-DKO mice (Extended Data Fig. 7b). 
While both Bmal1-KO and Rev-erbα;Rev-erbβ-KO mice showed 
reduced Nampt levels, hearts from E4bp4-KO mice displayed 
increased Nampt expression (Fig. 5e). Strikingly, Bmal1;E4bp4-
DKO mice did not show reduced Nampt levels, suggesting that, 
in Bmal1-single KO mice, E4BP4 was necessary to repress Nampt 
expression (Fig. 5e,f). Protein levels were in line with this, with 
reduction of NAMPT levels in Bmal1-KO hearts, which was par-
tially restored by additionally knocking out E4bp4 (Extended Data 
Fig. 7c). Altogether, these results demonstrate that the repressive 
REV-ERB–E4BP4 axis is dominant and essential in regulating diur-
nal Nampt expression.

To investigate the consequences of deregulated NAMPT lev-
els for NAD+, we compared CM-RevDKO to control hearts and 
observed severely reduced NAD+ levels at each time point during 
the diurnal cycle (Fig. 5g). While consistent reduction over 24 h 
was significant, we still noted an oscillatory pattern of NAD+ levels 
in the heart. Similar observations were made in Bmal1-KO livers, 
which also show lower levels across a circadian cycle but main-
tain rhythmicity42. As CM-RevDKO mice have no systemic clock 
defect, activity of remaining NAMPT protein and substrate avail-
ability could contribute to remaining NAD+ rhythmicity. However, 
we show that constitutive E4BP4-mediated Nampt repression in the 
absence of REV-ERBs results in lower NAD+ levels throughout the 
entire 24-h cycle.

Discussion
The prevalence of heart disease in association with metabolic disor-
ders stresses the importance of understanding how cardiac energy 
metabolism is maintained with constantly changing external cues. 
Here, we have uncovered an essential role for circadian REV-ERB 
nuclear receptors as major transcriptional contributors to meta-
bolic processes in the heart. Chronic absence of REV-ERBs leads 
to dilated cardiomyopathy and reduced lifespan. Cardiac pathol-
ogy has previously been observed after CM-specific loss of the 
core clock factors Bmal1 and Clock13,43–46, and, while many dereg-
ulated genes overlap between the CBK and CM-RevDKO models 
(Extended Data Fig. 6e–h), a myriad differ between these models, 
indicating the complexity of how deregulation of different clock fac-
tors contributes to disease development. In addition, this highlights 
the importance of comparing different KO models of the circadian 
clock pathway to gain deeper understanding of deregulated tran-
scriptional programs that underlie cardiac phenotypes and establish 
hierarchical transcription factor networks. In-depth comparison 
between differences in phenotypes of the specific CM-specific KO 
models is necessary and allows for investigating contributions of 
different deregulated gene sets to the phenotype.

Several cardiac genes such as those encoding voltage-gated or ion 
channels (for example, Kcne1 and Slc41a3) were derepressed upon 
DKO of Rev-erbα and Rev-erbβ. In addition, genes such as Ppp1r1b, 
encoding DARPP-32, could be linked to both the core clock and 
metabolism (Fig. 2). Future investigations will be needed to disen-
tangle this putative contribution of different genes to the phenotype.

In addition, we find that the transcriptional repressor E4BP4 
is a direct REV-ERBα target that is constitutively derepressed in 
CM-RevDKO hearts. Expression of E4bp4 across a full diurnal 
cycle leads to occupancy at its cognate binding sites at ZT22 as 
well as at ZT10, rather than at ZT22 only. At ZT22, we observed 
a modest decrease in E4BP4 binding in DKO hearts compared 
to control hearts, which could potentially be due to deregulated 
competing transcription factors. The contribution of downregu-
lated genes to the cardiac phenotype is demonstrated by decreased 
expression of a set of important metabolic genes (for example, 
Cpt1a, Ces1d and Gpam; Fig. 4c and Extended Data Fig. 6d). In 
addition, this study reveals that the marked downregulation of 
NAMPT in CM-RevDKO hearts is facilitated through constitutive 
E4BP4 binding and repression at three CREs 160–50 kb upstream 
of the transcriptional start site of Nampt. Concomitantly, cardiac 
NAD+ levels were reduced across a full diurnal cycle. However, 
although both Nampt mRNA and NAMPT protein levels were 
constitutively lower in CM-RevDKO hearts, we still noted a 
residual circadian pattern in the lower NAD+ levels. Because 
CM-RevDKO mice still show rhythmic activity and feeding pat-
terns, it is likely that systemic rhythmic cues (for example, food 
intake), other NAD+ biosynthesis pathways (de novo or kynuren-
ine or Preiss–Handler) or remaining NAMPT protein are contrib-
uting to residual rhythms. These data suggest that reduced cardiac 
NAD+ levels together with impaired metabolic gene expression 
can result in age-onset development of dilated cardiomyopathy 
and premature lethality (Fig. 6).

We find that a substantial number of the genes downregulated 
in CM-RevDKO hearts were also found to be downregulated in 
CBK hearts. As these genes are enriched for E4BP4 binding, this 
suggests that E4BP4 could contribute to gene repression in CBK 
hearts as well. We found that downregulated Nampt levels in CBK 
hearts could be rescued by additional KO of E4bp4. From these 
data, we conclude that E4BP4 is an essential mediator of circadian 
Nampt regulation and suggest that the REV-ERB–E4BP4 repres-
sive axis is more dominant than the previously described activating 
BMAL1–CLOCK axis7,8 in circadian transcriptional Nampt regu-
lation. In hepatocyte-specific Rev-erb-DKO livers22 we also noted 
downregulated Nampt and derepressed E4bp4. As the Nampt gene 
is downregulated in Clock-KO and Bmal1-KO livers7,8,42 and also 
contacts the upstream CREs47, this suggests that E4BP4-mediated 
repression of Nampt is not tied to the heart only and is likely to 
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contribute to the mechanism by which the clock facilitates rhythmic 
Nampt expression more generally.

E4BP4 has been found to be overexpressed, and NAMPT as well 
as NAD+ levels are downregulated in human diseased hearts36,38,41,48, 
observations that highlight the importance of gaining insights on 
the link between multiple clock factors and cardiac metabolism, 
which ultimately allow for future investigation of downstream effec-
tors. Such efforts will be essential for acquiring an understanding 
of which (target) genes are main contributors to cardiac pathology. 
As boosting NAD+ metabolism is of great interest for combating 
cardiovascular diseases as well as aging-related disorders, targeting 
the REV-ERB–E4BP4–NAMPT axis might open up new therapeu-
tic avenues.

Methods
Animals. CM-RevDKO mice were generated by breeding Rev-erbαfl/fl (with 
floxed alleles spanning exons 3–5) and Rev-erbβfl/fl (with floxed alleles spanning 
exon 3) animals20 (Institut Clinique de la Souris) with an αMHC-Cre mouse 
line21 on the C57BL/6 background. Genotyping was performed following DNA 
extraction from mouse tissue with a standard PCR assay. Rev-erbα genotyping 
PCR primers 5′-ATAGAGAAGTCTTCCCAGATCTCCTGCACA-3′ and 
5′-ACAGTCTACGGCAAGGCAACACCAA-3′ detect WT (411-bp) and  
floxed (511-bp) gene alleles. Rev-erbβ genotyping PCR primers 5′-GGTTAGGTT 
TGTGAGTGTCCACAGC-3′ and 5′-GGAAGTGCTCCAACAAGGTAGTGCA-3′ 
detect WT (237-bp) and floxed (376-bp) gene alleles. CM-specific E4bp4-KO 
(CEK) mice were generated by crossing E4bp4-floxed mice48 with αMHC-Cre 
mice21. CBK mice were previously described44. CM-specific Bmal1;E4bp4-DKO 
animals were generated by crossing the two single KO animals.

Male and female mice at the age of 2–12 months were used for all  
experiments, unless stated otherwise in figures and figure legends. They were 
housed under conditions of a 12-h light–12-h dark cycle and fed a standard  
chow diet (Rodent Diet 5010, LabDiet) ad libitum with free access to water. All 
animal care and use procedures followed the guidelines of the Institutional Animal 
Care and Use Committee of the University of Pennsylvania (IACUC protocol 
804747) and the University of Alabama at Birmingham in accordance with  
NIH guidelines.

Neonatal mouse cardiomyocyte isolation and transduction. Neonatal mouse 
CMs from P0–P3 Rev-erbαfl/fl;Rev-erbβfl/fl mice were collected with a primary 
mouse CM-isolation kit (Pierce) following the manufacturer’s protocol. One day 
after isolation, neoCMs were transduced with Ad-Cre, Ad-RFP (control) or Ad-
RFP-Rev-erbα (Vector Biolabs) overnight and collected in RLT buffer 15 h after 
changing the medium and subjected to RT–qPCR for gene expression analysis.

Cell culture. C2C12 (ATCC, CRL-1772) mouse myoblasts were cultured in 
DMEM supplemented with 10% FBS and 1× penicillin–streptomycin. Cells were 
incubated at 37 °C in a humidified atmosphere with 5% CO2.

Construction of plasmids. An 835-bp mouse E4bp4 promoter region containing 
the REV-ERB binding site was amplified from mouse genomic DNA and cloned 
into a promoterless pGL4.21 (Promega) reporter plasmid via restriction digestion 
with NheI and HindIII (NEB) and subsequent ligation with T4 ligase. The DNA  
sequence was confirmed by Sanger sequencing. Primer sequences used for cloning  
were NheI site-flanked fw, 5′-GGTTCTATTGGCAACAGGTAG-3′; and HindIII  
site-flanked rv, 5′-TCAAAGCAGCTACCTTAAGGTG-3′. Versions of this plasmid  
containing sequence encoding mutated REV-RE and deleted REV-RE were  
generated by restriction digestion of pGL4.21 with NheI and HindIII, followed  
by In-Fusion cloning (Takara) using the following primers: fw, 5′-ACCTGAG 
CTCGCTAGCGG-3′; rv, 5′-TGTGTTAGTAAAAAAGTTCCGAGCGCCGC-3; fw, 
5′-GCTCGGAACTTTTTTACTAACACACATCTCTCGGCG-3′; rv, 5′-CCGG 
ATTGCCAAGCTTCAAAG-3′; rv, 5′-TTAGTGTTCCGAGCGCCGCGCTA-3′; 
fw, 5′-CGCTCGGAACACTAACACACATCTCTCGGCGC-3′.

E4bp4-luciferase, pGL4.74 TK-Renilla-luciferase (Promega),  
3XFlag-CMV-7.1-Rev-erbα49 and pcDNA3.1-Ds-Red (control) plasmids  
were used for transfections with Lipofectamine 3000 (Thermo Fisher Scientific). 
The medium was changed after 6 h, and 24 h after changing the medium,  
cells were collected.

Luciferase reporter assays. C2C12 cells were transfected with E4bp4-luciferase 
and pGL4.74 TK-Renilla-luciferase (Promega) constructs alongside 3XFlag-CMV-
7.1-Rev-erbα49 and pcDNA3.1-Ds-Red (control) plasmids using Lipofectamine 3000 
(Thermo Fisher Scientific). The medium was changed 6 h later; 24 h after changing 
the medium, cells were collected in passive lysis buffer (Promega) and assessed for 
luciferase activity using a Dual Luciferase kit (Promega) on a Synergy HT plate 
reader (BioTek). Firefly luciferase signal was normalized to Renilla luciferase signal 
as a control for transfection efficiency.

Immunoblotting. Samples were lysed in RIPA buffer supplemented with complete 
protease inhibitor cocktail (Roche) and PhosSTOP (Roche). Lysates were resolved 
by gel electrophoresis (Bio-Rad), transferred to PVDF membranes (Immubilon-P, 
Millipore) and probed with the following antibodies: anti-REV-ERBα (1:1,000, 
Abcam, ab174309), anti-BMAL1 (1:1,000, Bethyl Laboratories, A302-616A), 
anti-E4BP4 (1:500, Cell Signaling Technology (CST), 14312S (D5K80)), anti-
NAMPT (1:1,000, Bethyl Laboratories, A300-372A-M), anti-DARPP-32 (1:100, 
SCBT, sc-271111(H3)), anti-FLAG (1:1,000, Invitrogen, PA1-984B), anti-vinculin–
HRP (1:5,000, CST, E18799), anti-HSP90 (1:1,000, CST, 4874S), anti-rabbit IgG, 
HRP linked (1:10,000, CST, 7074S), anti-mouse IgG, HRP linked (1:10,000, CST, 
7076S).

Quantitative PCR with reverse transcription. Total RNA was extracted 
from cells (RLT buffer) and tissues (TRIzol) using the RNeasy kit (Qiagen) 
according to the manufacturer’s instructions and treated with DNase (Qiagen) 
before reverse transcription. cDNA was generated using the High-Capacity 
cDNA Reverse Transcription kit (Applied Biosystems). Quantitative PCR 
reactions were performed using Power SYBR Green PCR Master Mix (Applied 
Biosystems) with specific primers on a QuantStudio 6 Flex instrument (Applied 
Biosystems). mRNA expression was normalized to the housekeeping gene Ppib 
for all samples. Importantly, detecting Rev-erb deletion through RT–qPCR 
was performed with primers located in the deleted exons, as exons outside the 
deleted region are upregulated due to the normal auto-repression of Rev-erb 
gene expression by REV-ERB proteins. Primer sequences for RT–qPCR were 
as follows: Ppib-fw, 5′-GCAAGTTCCATCGTGTCATCAAG-3′; Ppib-rev, 
5′-CCATAGATGCTCTTTCCTCCTG-3′; Rev-erbα-fw, 5′-GTCTCT 
CCGTTGGCATGTCT-3′; Rev-erbα-rev, 5′-CCAAGTTCATGGCGCTCT-3′; Rev-
erbβ-fw, 5′-TTCTACTGTGTAAAGTCTGTGGG-3′; Rev-erbβ-rev, 5′-CTGGATG 
TTTTGCTGAATGCTC-3′; Bmal1-fw, 5′-TAGGATGTGACCGAGGGAAG-3′; 
Bmal1-rev, 5′-TCAAACAAGCTCTGGCCAAT-3′; Npas2-fw, 5′-TGGCCTGAGC 
CTCACCACGA-3′; Npas2-rev, 5′-GCAACAGCCTGAGCTGCCGA-3′; p21-fw, 
5′-CCTGGTGATGTCCGACCTG-3′, p21-rev, 5′-CCATGAGCGCATCG 
CAATC-3′; Slc41a3-fw, 5′-TGAAGGGAAACCTGGAAATG-3; Slc41a3-rev, 5’-GG 
TTGCTGCTGATGATTTTG-3’; Fhit-fw, 5′-CTTCCCCCGGAATGACAACA-3′; 
Fhit-rev, 5′-CAGGCCTGAAAGTAGACCCG-3′; mtCO1-fw, 5′-ACTATA 
CTACTAACAGACCG-3′; mtCO1-rev, 5′-GGTTCTTTTTTTCCGGAGTA-3′; 
mtCO2-fw, 5′-AACCATAGGGCACCAATGATAC-3′; mtCO2-rev, 5′-GGA 
TGGCATCAGTTTTAAGTCC-3′; mtNd1-fw, 5′-GTTGGTCCATACGGCA 
TTTT-3′; mtNd1-rev, 5′-TGGGTGTGGTATTGGTAGGG-3′; gβAct-fw, 5′- GCGA 
AGTACTCTGTGTGGA-3′; gβAct-rev, 5′-CATCGTACTCCTGCTTGCTG-3′; 
Ppp1r1b-fw, 5′-CAGAGCAACACTAAGTGAGCC-3′; Ppp1r1b-rev, 5′-AGTG 
GGTTTCTGGGGAACAC-3′; E4bp4-fw, 5′-ACGGACCAGGGAGCAGAAC-3′; 
E4bp4-rev, 5′-GGACTTCAGCCTCTCATCCATC-3′; Nampt-fw, 5′-GGTCA 
TCTCCCGATTGAAGT-3′, Nampt-rev, 5′-TCAATCCAATTGGTAAGCCA-3′; 
Nampt_ChIP-fw, 5′-ACATTGTCCCATGCCCTAAG-3′; Nampt_ChIP-rev, 5′-AA 
CAAGGACTTTGGCACCTC-3′; negative control_ChIP-fw, 5′-GGCAATT 
TGAATGAGAAAAG-3′; negative control_ChIP-rev, 5′-CTGTCTCGAAAAAC 
CAAAAC-3′.

For RT–qPCR of CM-specific Bmal1-KO, E4BP4-KO and Bmal1;E4BP4-DKO 
hearts, specific TaqMan assays were designed for each gene from mouse sequences 
available in GenBank or were purchased from Applied Biosystems. All RT–qPCR 
data are presented as FC compared to control groups.

Monitoring of activity and feeding. The Comprehensive Lab Animal Monitoring 
System (Oxymax Window; Columbus Instruments) was used to determine 
locomotor activity and feeding patterns. After 2 d of adaptation, experimental 
data were obtained for 3.5 d in 12-h–12-h LD cycles (84 h). Data acquisition and 
analysis were performed with the Oxymax and Prism software.

Glucose tolerance test. Six-month-old mice were fasted for 6 h before the 
glucose tolerance test. Blood was obtained from a tail cut and was assessed for 
fasting glucose levels using a OneTouch Ultra 2 (LifeScan, Johnson & Johnson) 
glucometer. Briefly, blood glucose levels were measured at baseline before mice 
were intraperitoneally injected with a glucose solution (0.2 g ml−1; 2 g per kg body 
weight), and then subsequent measurements of blood glucose levels were made 15, 
30, 60 and 120 min after injection.

Insulin tolerance test. Six-month-old mice were fasted for 5 h before the insulin 
tolerance test. After measurement of baseline blood glucose levels, insulin (0.5 U 
per kg) (Novolin, Novo Nordisk) was injected intraperitoneally, and blood glucose 
levels were measured again at 15, 30, 60 and 120 min after injection.

NAD+ measurements. Hearts from two-month-old male and female mice 
were collected and snap frozen in liquid nitrogen. Hearts were powdered, and, 
subsequently, cardiac cells were lysed in 0.6 M perchloric acid. Cardiac NAD+ levels 
were measured by a cycling enzymatic assay as previously described50.

RNA sequencing. RNA-seq reads were aligned to the mouse genome (mm10) 
using HISAT251 with default parameters. Only unique mapped reads were 
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considered for further analysis. Normalized expression values, fragments per 
kb of exon per million reads mapped (FPKM), were calculated for each gene 
using StringTie52. Genes with FPKM greater than 1 in at least one sample were 
considered. For differential expression analysis, raw read counts were measured 
within Ensembl genes (NCBIM37.67) using featureCounts53, and then DESeq254 
was used for data with adjusted P < 0.05 and log2 (FC) > 0.58.

Cleavage under targets and release using nuclease. H3K27ac Cut&Run  
in isolated adult CMs was performed as previously described55. Cardiac  
cells were dissociated from hearts of 2-month-old adult mice by Langendorff 
perfusion between ZT7 and ZT10. The CM fraction was enriched by centrifuging 
at low speed (300 r.p.m.) for 3 min. In total, 200,000 CMs were used for each 
Cut&Run reaction. Anti-H3K27ac (CST, 8173) or anti-rabbit IgG (CST, 3900) 
antibodies at 1:100 were incubated with CMs, which were attached to concanavalin 
A-coated magnetic beads (Bangs Laboratories, BP531) overnight at 4 °C.  
The next day, 2.5 μl pA–MNase from a 1:10 dilution of the original stock  
provided by the Henikoff laboratory (Fred Hutchinson Cancer Research Center, 
Seattle, WA, USA) was applied to the cell–bead mixture and incubated at room 
temperature for 10 min. Pulled down DNA was extracted in phase lock tubes 
using phenol–chloroform extraction. The DNA library was prepared using the 
HyperPrep kit (Kapa Biosystems, KK8502) and subjected to sequencing on the 
Illumina NextSeq 500 platform at the Next-Generation Sequencing Core at the 
University of Pennsylvania. Paired-end read sequencing at 40 bp × 40 bp  
was adopted.

MACS2 version 2.1.056 was used for peak calling with the following parameters: 
P = 10−5, ‘extsize’ = 300 and ‘local lambda’ = 100,000 using IgG as input controls. 
Peaks were extended to a minimum size of 2,000 bp, and overlapping peaks 
were merged into one nonredundant list using WT and CM-RevDKO peaks. 
To calculate FC in peak enrichment between WT and CM-RevDKO CMs, read 
coverage within peaks was determined using bedtools coverage. Reads were 
normalized for the total number of reads within peaks, and peaks with a control/
CM-RevDKO ratio of >2 or <0.5 were defined to be down or up, respectively, in 
WT versus CM-RevDKO. Bigwig files were RPM normalized.

ChIP–seq and ChIPmentation and data analysis. In general, one to two mouse 
hearts were dounced with 15 ml cold swelling buffer (10 mM HEPES, 2 mM 
MgCl2, 3 mM CaCl3, 1× protease inhibitor cocktail) 20–30 times with piston A. 
The homogenate was centrifuged at 400g and 4 °C for 10 min, washed once with 
DPBS and resuspended in 10 ml 1% formaldehyde in DPBS for 20 min at room 
temperature. Next, cells were quenched with 0.125 M glycine for 10 min at room 
temperature. Following this, cells were resuspended in 15 ml cold swelling buffer 
and dounced again by piston B 10–40 times after 80–90% of single cells or nuclei 
were released from clumps. The homogenate was filtered with a 100-µm cell 
strainer and centrifuged at 400g and 4 °C for 10 min. The pellet was resuspended in 
10 ml cold swelling buffer containing 10% glycerol, followed by slowly addition of 
10 ml cold lysis buffer (swelling buffer with 10% glycerol and 1% IGEPAL). After 
incubation on ice for 5 min, 30 ml cold lysis buffer was added, and the sample was 
centrifuged at 600g and 4 °C for 5 min. The pellet was washed once with 25 ml cold 
lysis buffer and 10 ml DPBS and then resuspended in 10 ml 1.5 mM EGS (Thermo 
Fisher Scientific, 21565), incubated at 37 °C for 45 min and quenched with 0.125 M 
glycine for 10 min at room temperature. Dual cross-linked pellets were kept at 
−80 °C for the ChIP–seq experiment.

HA and E4BP4 ChIP–seq were performed according to a previous protocol57. 
In short, dual cross-linked heart cells from 3 × HA-Rev-erbα, αMHC-Cre+;Rev-
erbαfl/fl;Rev-erbβfl/fl or αMHC-Cre−;Rev-erbαfl/fl;Rev-erbβfl/fl mice were used for ChIP 
pull down with anti-HA Magnetic Beads (Thermo Fisher Scientific, 88837) or 
anti-E4BP4 antibody (CST, 14312). Immunoprecipitated DNA was subjected to 
Tn5 (Illumina, 20034197) tagmentation and PCR amplification (Illumina, FC-121-
1031). PCR products were subjected to the SPRIselect procedure (Beckman 
Coulter, B23318) for size selection and paired-end sequencing on the Illumina 
HiSeq platform.

ChIP–seq data were processed by a standard ChIP–seq pipeline: in brief, 
FASTQ files were first trimmed by cutadapt58 and aligned by BWA-MEM59; reads 
with low MAPQ scores (≤10) and read duplicates were removed by SAMtools60 
and picard (‘Picard Toolkit’, 2019, Broad Institute, GitHub Repository, http://
broadinstitute.github.io/picard/). Filtered BAM files were used for peak calling 
with MACS256 for HA–REV-ERBα (FDR < 0.05 and FC > 2 over DKO samples) and 
E4BP4 (FDR < 0.05). ChIPseeker61 and HOMER62 were used for peak annotation 
and motif search, and plots were visualized with customized R–Python scripts.

Extracellular flux assay. Neonatal mouse CMs were cultured on Seahorse 
96-well plates (Agilent Technologies) in primary CM-isolation medium. The 
night before the assay, the medium was switched to substrate-limited starvation 
medium (DMEM (Seahorse DMEM that has no glucose) supplemented with 
0.5 mM glucose, 1 mM GlutaMAX, 0.5 mM carnitine and 1% FBS), and the cells 
were incubated for an additional 24 h to deplete endogenous substrates within 
the cells. The medium was switched to fatty acid-oxidation assay buffer (KHB 
buffer, supplemented with 2.5 mM glucose, 0.5 mM carnitine and 5 mM HEPES, 
pH 7.4), and immediately before the assay, XF Palmitate–BSA (167 μM) was 

added. For the mitochondrial stress test, oligomycin (1 μM), carbonyl cyanide-
4-(trifluoromethoxy)phenylhydrazone (0.8 μM) and antimycin–rotenone (1 μM) 
were serially injected using a Seahorse XF96 extracellular flux analyzer (Agilent 
Technologies). Oxygen-consumption rate values from 11–12 replicates per 
condition were assayed. Negative values were not included in the analysis.

Echocardiography. Ultrasound examination of the left ventricle was performed 
by the Mouse Cardiovascular Phenotyping Core at the University of Pennsylvania 
(Cardiovascular Institute) using a Fujifilm VisualSonics Ultrasound System 
(VisualSonics). Mice were anesthetized with an i.p. injection of 0.005 ml per g of 
2% Avertin (2,2,2-tribromoethanol, Sigma-Aldrich). Two-dimensional long-axis 
and short-axis M-mode images were obtained. M-mode images were analyzed 
for LV structure- and function-related parameters using Vevo LAB software 
(VisualSonics).

Histology. Hematoxylin and eosin, Masson’s trichrome and wheat germ 
agglutinin staining was performed by the Penn Histology and Gene Expression 
Core as previously described63. TUNEL staining was performed following the 
manufacturer’s instructions (Roche). Images of cardiac tissue in cross-sectional 
orientation were acquired, and the average cross-sectional area of at least 35 CMs 
per heart was calculated. The wheat germ agglutinin signal was used to delineate 
separate cells.

Electron microscopy. Tissues and cells for electron microscopic examination were 
fixed with 2.5% glutaraldehyde and 2.0% paraformaldehyde in 0.1 mol l−1 sodium 
cacodylate buffer, pH 7.4, overnight at 4 °C. After subsequent buffer washes, 
samples were post-fixed in 2.0% osmium tetroxide with 1.5% K3Fe(CN)6 for 1 h 
at room temperature and rinsed with distilled water before en bloc staining with 
2% uranyl acetate. After dehydration with a graded ethanol series, the tissue was 
infiltrated and embedded in EMbed-812 (Electron Microscopy Sciences). Thin 
sections were stained with uranyl acetate and lead citrate and examined with a 
JEOL 1010 electron microscope fitted with a Hamamatsu digital camera and AMT 
Advantage image-capture software.

Gene ontology and KEGG analysis. GO and KEGG analysis were performed on 
DEGs between hearts from control and CM-RevDKO 2-month-old mice from bulk 
RNA-seq and snRNA-seq experiments using the Molecular Signatures Database 
(https://www.gsea-msigdb.org64).

Integrated analysis of motif activity and gene expression analysis. IMAGE30 
was used to predict causal transcription factors based on RNA-seq and H3K27Ac 
ChIP–seq datasets. For gene expression profiling, we supplied IMAGE with raw 
counts for each biological replicate (three control and three CM-RevDKO samples) 
obtained from featureCounts for previously identified DEGs. For enhancer activity, 
we supplied IMAGE with normalized reads-in-peaks counts for H3K27ac in 
control and CM-RevDKO samples. The program was then executed with default 
parameters and the multi-threading option.

GIGGLE score calculation. For transcription factor-binding similarity screening 
analysis, twofold up and down H3K27ac-enriched coordinates were used 
separately. Cistrome DB31 using GIGGLE65 was then applied to determine the 
similarity between these genomic coordinates and published cistromes. The 
following settings were used: genome assembly, mm10; data type in Cistrome, 
transcription factor; chromatin regulator and peak number of Cistrome sample to 
use, top 1,000 peaks according to enrichment. Cistromes from WT and untreated 
mouse liver, heart and muscle tissues were selected for downstream analysis.

Statistics and reproducibility. All data are reported as mean ± s.e.m., and 
individual data points are shown. Data distribution was assumed to be normal, 
but this was not formally tested. Statistical analyses were performed using Prism 
9 (GraphPad Software). No statistical methods were used to predetermine 
sample size. When appropriate, statistical analyses were performed using an 
unpaired, two-tailed t-test (for comparison of two groups), one-way ANOVA (for 
comparison of three or more groups) or two-way ANOVA (for grouped analysis). 
Survival data were analyzed by using Kaplan–Meier survival analysis with a log-
rank (Mantel–Cox) test. Multiple-comparisons analysis was performed using 
Tukey’s methods (method was selected based on the recommendation of Prism 9 
for a given comparison). P values less than 0.05 were considered significant. For 
RNA-seq analysis, P and adjusted P (FDR) values were calculated with  
DESeq254. All experiments are represented by multiple biological replicates or 
independent experiments. The number of replicates per experiment are indicated 
in the legends.

Contact for reagent and resource sharing. Further information and requests 
for resources and reagents should be directed to and will be fulfilled by the lead 
contact M.A.L. (lazar@pennmedicine.upenn.edu).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.
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Data availability
The authors declare that the data supporting the findings of this study are available 
within the paper and its Supplementary Information. The RNA-seq, Cut&Run 
and ChIP–seq datasets reported in this paper have been deposited in the Gene 
Expression Omnibus under the accession number GSE153014. Source data are 
provided with this paper.
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Extended Data Fig. 1 | Additional validation of CM-RevDKo. a, Immunoblot for BMAL1 with quantification from control (αMHC-Cre-) vs CM-RevDKO 
(αMHC-Cre + ) hearts from 2-month-old male mice (n = 2/timepoint/genotype). b, Relative mRNA expression in control vs CM-RevDKO hearts from 
2-month-old male mice (n = 3 hearts/genotype/timepoint except for n = 2 for ZT2 and n = 4 for ZT22 in CM-RevDKO) and c, young and old WT mice 
(n = 3/genotype). n represents biologically independent replicates. Data are presented as mean ± SEM, except for a. ns, non significant; * P < 0.05;  
** P < 0.01; *** P < 0.001; ****P < 0.0001 by 2-way ANOVA (exact P values are provided in the Source Data).
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Age-dependent impairment of cardiac structure and function in CM-RevDKo mice. a, Birth rates for CM-RevDKO and littermate 
control animals. b, Locomotor activity and c, food consumption of 2-month-old male control (n = 3) and CM-RevDKO (n = 5) mice housed under 12:12 
light:dark conditions. d, Body weight (in grams) of male control and CM-RevDKO mice at 2 (n = 17 for control and n = 34 for CM-RevDKO)-4 (n = 8 for 
control and n = 14 for CM-RevDKO)-6 (n = 8 for control and n = 11 for CM-RevDKO) months of age. e, Blood glucose concentrations of 6-months old 
male control (n = 6) and CM-RevDKO (n = 11) mice that underwent glucose tolerance test (GTT) and f, insulin tolerance test (ITT) (n = 6 for control and 
n = 10 for CM-RevDKO). g, Biventricular to body weight (BVW/BW) ratios of from control (n = 5) and CM-RevDKO (n = 6) hearts. h, Cardiomyocyte size 
assesment of 6-month old control and CM-RevDKO hearts. Representative images (cardiac sarcolemma stained by WGA in red, nuclei by DAPI = blue) 
of 11 control and 9 CM-RevDKO hearts are shown. Scale bars, 50μM. i, Cardiac structure (LVIDd/s: Left ventricular internal diameter during diastole/
systole) and function (EF: Ejection fraction and FS: Fractional shortening) data from 2-month-old control and CM-RevDKO mice obtained through 
echocardiagraphy (n = 4/genotype). j, Echocardiographic parameters from control vs CM-RevDKO mice age 2 months (n = 4/genotype) versus 6 months 
(n = 11 for control and n = 8 for CM-RevDKO). (HR) Heart rate; (LVPWs/d) Left ventricular posterior wall during systole/diastole; (IVSs/d) Interventricular 
septum thickness during systole/diastole; (RWT) Relative wall thickness. k, Masson’s trichrome and l, TUNEL staining (green) on hearts of 6-month-old 
control and CM-RevDKO mice. Nuclei are stained with DAPI (blue). Representative images of n = 11 hearts for control and n = 9 hearts for CM-RevDKO 
are shown. Scale bars, (k) 50μM and (l), 100μM. n represents biologically independent replicates unless otherwise indicated. Data are presented as 
mean ± SEM. ns, non significant; *P < 0.05; ***P < 0.001 by 2-sided Student’s t test (exact P values are provided in the Source Data).
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Extended Data Fig. 3 | CM-RevDKo causes tissue-specific deregulated expression of circadian genes. a, Circadian Rev-erbα/β and Bmal1 mRNA 
expression in 2-month-old male control hearts (n = 5 timepoint, except for ZT7, n = 4 and ZT10, n = 6). b, Left: Venn diagram showing overlap between 
DEGs in CM-RevDKO hearts and hepatocyte-specific Rev-erb DKO (HepDKO) livers22 (at ZT10). Right: relative mRNA expression of commonly (in both 
CM-RevDKO and Hep-RevDKO) deregulated clock genes in CM-RevDKO vs control hearts (n = 3 hearts/genotype, harvested at ZT10). c, qRT-PCR 
validation of genes derepressed upon CM-RevDKO in the heart of 2-month-old male mice (n = 5 for control and n = 6 for CM-RevDKO). d, Left: Venn 
diagram showing overlap between cardiac oscillators published in24 and all DEGs in CM-RevDKO that were assessed in24. Right: phase plots of rhythmic, 
differentially expressed genes identified on the left. n represents biologically independent replicates. Data are presented as mean ± SEM. Adj. P values  
in b were calculated by DESeq2. ***P < 0.001; ****P < 0.0001 by 2-sided Student’s t-test (exact P values are provided in the Source Data).
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Extended Data Fig. 4 | Mitochondrial size is affected in CM-RevDKo cardiomyocytes. a, Relative Ppp1r1b mRNA expression in CM-RevDKO (n = 6) 
vs control (n = 5) hearts from 2-month-old male mice. b, Immunoblot for DARPP-32 in CM-RevDKO vs control hearts. c, Scatter plot and histogram of 
mitochondria area for ventricular CMs in control and CM-RevDKO hearts from 6-month-old male mice based on electron microscopy images (n = 86 
mitochondria for control, measured from 5 images, n = 90 mitochondria for CM-RevDKO, measured from 7 images). d, Left: scatter plot of mitochondria 
area for ventricular CMs in control and CM-RevDKO hearts from 2-month-old mice. Right: Electron micrographs of ventricular tissue from control and 
CM-RevDKO hearts at 2 months (n = 108 mitochondria for control, measured from 7 images, n = 100 mitochondria for CM-RevDKO, measured from 9 
images). Scale bars, 1μM. e, Relative levels of mitochondrial DNA quantified by RT-qPCR. mtCo1/2 and mtNd1 levels were normalized to nuclear genomic 
βActin (n = 3/genotype). n represents biologically independent replicates unless otherwise indicated. Data are presented as mean ± s.e.m. ns:, non 
significant; *P < 0.05; ***P < 0.001; ****P < 0.0001 by 2-sided Student’s t-test (exact P values are provided in the Source Data).
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Characterization of the 3xHA-REV-ERBα cistrome in the heart. a, Venn diagram showing the overlap between the downregulated 
differentially expressed genes (DEGs) in CM-RevDKO hearts and up/downregulated genes in cardiomyocyte-specific glucocorticoid receptor (GR) KO 
hearts32. b, Pearson correlation plots comparing 3xHA ChIP-seq replicate samples. c, Pie chart of annotated cardiac 3xHA-REV-ERBα ChIP-seq peaks.  
d, Results of motif search at 3xHA-REV-ERBα ChIP-seq peaks and enhancers that displayed increased H3K27ac Cut&Run signal (FC > 2) in CM-RevDKO 
vs control cardiomyocytes as reported by HOMER. e, Venn diagram showing overlap between DEGs in CM-RevDKO vs control hearts and annotated peaks 
from the cardiac 3xHA-REV-ERBα cistrome (at ZT10). f, ChIP-seq, Cut&Run and RNA-seq read distribution for REV-ERBα and H3K27ac near derepressed 
REV-ERBα canonical target genes Bmal1 and g, Cry1 and h, output genes p21 and Fbn2. i, Immunoblot and quantification for FLAG and REV-ERBα from 
DsRed (control) vs FLAG-Rev-erbα overexpressing plasmid transfected C2C12 cells (n = 2 independently transfected wells/condition). Significance of 
overlap in e is calculated via a hypergeometric test without multiple testing correction.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | E4BP4-based repression is a unifying mechanism to explain transcriptional changes and cardiomyopathy common to the 
cardiac-specific loss of BMAL1 or REV-ERBs. a, Results of motif search at cardiac E4BP4 ChIP-seq peaks (Control at ZT22) as reported by HOMER. b, Pie 
chart of annotated cardiac E4BP4 ChIP-seq peaks (control ZT22). c, Venn diagram showing overlap between annotated peaks from the cardiac control 
(at ZT22) and CM-RevDKO (at ZT10 and ZT22) E4BP4 cistromes. d, ChIP-seq, Cut&Run and RNA-seq read distribution for E4BP4 and H3K27ac near 
identified E4BP4 target genes in control and CM-RevDKO hearts. e, Overlap between upregulated and g, downregulated genes in CM-RevDKO hearts and 
cardiomyocyte-specific Bmal1 KO (CBK) hearts. Proposed models for normal (Norm) and experimental (Exp.) conditions are depicted on the right. 
 f, Overlap between commonly upregulated and h, downregulated genes in CBK/CM-RevDKO hearts (identified in e and g respectively) and cardiac  
REV-ERBα/E4BP4 cistromes. CBK data in (e,f,g,h) was obtained from35.
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Extended Data Fig. 7 | Deletion of Rev-erb genes in cardiomyocytes derepresses key metabolic regulators leading to mitochondrial abnormalities and 
loss of normal heart function. a, Relative Pgc-1α/β, Naprt1 and Nampt mRNA levels in CM-RevDKO and control hearts (n = 3/genotype) from 2-month-old 
male mice. b, Relative Bmal1, Rev-erbα/β, and E4bp4 mRNA levels in CBK (n = 7 for control and n = 8 for KO), CM-RevDKO (n = 5 for control and n n = 6 for 
KO), E4bp4 (n = 8 for control and n = 10 for KO) and CBK/E4bp4 (double) KO (n = 6 for control and n = 9 for DKO) and control hearts from 2-month-old 
male mice for CM-RevDKO and control at ZT10 and from 3-month-old male mice for the rest at ZT12. c, Representative immunoblots and relative protein 
quantification for NAMPT in hearts from 3-month-old male mice with the following genetic background: CBK (n = 6/genotype), E4bp4 (n = 7/genotype), 
and CBK/E4bp4 (double) KO (n = 6/genotype), harvested at ZT12. n represents biologically independent replicates. All data are presented as mean ± SEM. 
Adj. P values in a were calculated by DESeq2, while ns, non significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by 2-sided Student’s t-test  
in b and one-way ANOVA followed by a Tukey’s multiple comparisons test in c (exact P values are provided in the Source Data).
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Wave 2.6, QuantStudio 6, Oxymax, Biotek Gen5, Vevo

Data analysis Prism9, Vevo LAB, Wave 2.6, QuantStudio 6, IGV2.7.2, R-Studios, Excell, www.gsea-msigdb.org, www.string-db.org, 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The RNA, Cut&Run and ChIP-Sequencing datasets reported in this paper have been deposited in GEO (GSE153014) and are publicly available.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No power calculations were performed. Sample sizes were determined based on previous experimental observations and literature. 

Data exclusions The only data points not included were because of technical error: negative values for Seahorse-based experiment as indicated in the method 
section. 

Replication The experimental findings were reliably reproduced as described in the figure legends. Data is displayed as a representation of one 
experiment or as a combination of multiple independent replicated experiments, as indicated in the text.

Randomization Age-and sex-matched animals were randomly assigned to groups before the start of each experiment.

Blinding All experiments, data acquisition and analyses were performed in a blinded manner.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used -H3K27ac (Cell Signaling Technology #8173) 

-Rabbit IgG (Cell Signaling Technology #3900) 
-HA Magnetic Beads (Thermo Fisher Scientific, #88837) 
-E4BP4 (Cell Signaling Technology#14312) 
-REV-ERBa (Abcam #ab174309) 
-BMAL1 (Bethyl Laboratories # A302-616A) 
-NAMPT (Bethyl Laboratories #A300-372A-M) 
-DARPP-32 (Santa Cruz Biotechnology#sc-271111(H3)) 
-FLAG (Invitrogen PA1-984B) 
-Vinculin-HRP (Cell Signaling Technology#E18799) 
-HSP90 (Cell Signaling Technology#4874S) 
-Rabbit IgG, HRP-linked (Cell Signaling Technology#7074S) 
-Mouse IgG, HRP-linked (Cell Signaling Technology #7076S)

Validation All antibodies used in this study were validated for Western blotting or ChIP by the manufacturer. We selected antibodies that have 
been commonly used in the field. For anti-REV-ERBa, we validated specificity through the use of knockout material. 

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) C2C12 cells (ATCC:CRL-1772) 
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Authentication C2C12 cells were visually authenticated

Mycoplasma contamination C2C12 cells were not tested for mycoplasm

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Cardiomyocyte-specific Rev-erba/b double KO (CM-RevDKO) mice were generated by breeding Rev-erbafl/fl (with floxed alleles 
spanning exon 3-4-5); Rev-erbbfl/fl (with floxed alleles spanning exon 3) animals (Institut Clinique de la Souris, Illkirch, France) to an 
αMHC-Cre mouse line (Jacks: 011038), on C57BL/6 background. Male and female mice at the age of 2-12 months were used for all 
experiments, unless stated otherwise in figures and figure legends. They were housed under 12h light/12h dark conditions and fed a 
standard chow diet (Rodent Diet 5010, LabDiet) ad libitum with free access to water. All animal care and use procedures followed the 
guidelines of the Institutional Animal Care and Use Committee of the University of Pennsylvania (IACUC protocol: 804747) and 
University of Alabama at Birmingham in accordance with the NIH guidelines.

Wild animals The study did not involve wild animals

Field-collected samples The study did not involve samples collected from the field

Ethics oversight All animal care and use procedures followed the guidelines of the Institutional Animal Care and Use Committee of the University of 
Pennsylvania (IACUC protocol: 804747) in accordance with the NIH guidelines.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

ChIP-seq

Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links 
May remain private before publication.

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE153014

Files in database submission Reverb.WT.Rep1.R1.fastq.gz 
Reverb.WT.Rep1.R2.fastq.gz 
Reverb.WT.Rep2.R1.fastq.gz 
Reverb.WT.Rep2.R2.fastq.gz 
Reverb.WT.Rep3.R1.fastq.gz 
Reverb.WT.Rep3.R2.fastq.gz 
Reverb.KO.Rep1.R1.fastq.gz 
Reverb.KO.Rep1.R2.fastq.gz 
Reverb.KO.Rep2.R1.fastq.gz 
Reverb.KO.Rep2.R2.fastq.gz 
Reverb.KO.Rep3.R1.fastq.gz 
Reverb.KO.Rep3.R2.fastq.gz 
H3K27ac.RevWT.R1.fastq.gz 
H3K27ac.RevWT.R2.fastq.gz 
H3K27ac.RevKO.R1.fastq.gz 
H3K27ac.RevKO.R2.fastq.gz 
H3K27ac.Igg.R1.fastq.gz 
H3K27ac.Igg.R2.fastq.gz 
HA-REV-ERBa_WT_Rep1.R1.fastq.gz 
HA-REV-ERBa_WT_Rep1.R2.fastq.gz 
HA-REV-ERBa_WT_Rep2.R1.fastq.gz 
HA-REV-ERBa_WT_Rep2.R2.fastq.gz 
HA-REV-ERBa_WT_Rep3.R1.fastq.gz 
HA-REV-ERBa_WT_Rep3.R2.fastq.gz 
HA-REV-ERBa_HA-Rev-erba_Rep1.R1.fastq.gz 
HA-REV-ERBa_HA-Rev-erba_Rep1.R2.fastq.gz 
HA-REV-ERBa_HA-Rev-erba_Rep2.R1.fastq.gz 
HA-REV-ERBa_HA-Rev-erba_Rep2.R2.fastq.gz 
HA-REV-ERBa_HA-Rev-erba_Rep3.R1.fastq.gz 
HA-REV-ERBa_HA-Rev-erba_Rep3.R2.fastq.gz 
HA-REV-ERBa_Input.R1.fastq.gz 
HA-REV-ERBa_Input.R2.fastq.gz 
E4BP4_RevFloxed_Control_ZT10_Rep1.R1.fastq.gz 
E4BP4_RevFloxed_Control_ZT10_Rep1.R2.fastq.gz 
E4BP4_RevFloxed_Control_ZT10_Rep2.R1.fastq.gz 
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E4BP4_RevFloxed_Control_ZT10_Rep2.R2.fastq.gz 
E4BP4_RevFloxed_Control_ZT10_Rep3.R1.fastq.gz 
E4BP4_RevFloxed_Control_ZT10_Rep3.R2.fastq.gz 
E4BP4_RevFloxed_Control_ZT22_Rep1.R1.fastq.gz 
E4BP4_RevFloxed_Control_ZT22_Rep1.R2.fastq.gz 
E4BP4_RevFloxed_Control_ZT22_Rep2.R1.fastq.gz 
E4BP4_RevFloxed_Control_ZT22_Rep2.R2.fastq.gz 
E4BP4_RevFloxed_Control_ZT22_Rep3.R1.fastq.gz 
E4BP4_RevFloxed_Control_ZT22_Rep3.R2.fastq.gz 
E4BP4_CM-RevDKO_ZT10.Rep1.R1.fastq.gz 
E4BP4_CM-RevDKO_ZT10.Rep1.R2.fastq.gz 
E4BP4_CM-RevDKO_ZT10.Rep2.R1.fastq.gz 
E4BP4_CM-RevDKO_ZT10.Rep2.R2.fastq.gz 
E4BP4_CM-RevDKO_ZT10.Rep3.R1.fastq.gz 
E4BP4_CM-RevDKO_ZT10.Rep3.R2.fastq.gz 
E4BP4_CM-RevDKO_ZT22.Rep1.R1.fastq.gz 
E4BP4_CM-RevDKO_ZT22.Rep1.R2.fastq.gz 
E4BP4_CM-RevDKO_ZT22.Rep2.R1.fastq.gz 
E4BP4_CM-RevDKO_ZT22.Rep2.R2.fastq.gz 
E4BP4_IgG_CM_RevDKO_ZT10.R1.fastq.gz 
E4BP4_IgG_CM_RevDKO_ZT10.R2.fastq.gz 
E4BP4_IgG_CM_RevDKO_ZT22.R1.fastq.gz 
E4BP4_IgG_CM_RevDKO_ZT22.R2.fastq.gz 
E4BP4_IgG_RevFloxed_Control_ZT10.R1.fastq.gz 
E4BP4_IgG_RevFloxed_Control_ZT10.R2.fastq.gz

Genome browser session 
(e.g. UCSC)

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to 
enable peer review.  Write "no longer applicable" for "Final submission" documents.

Methodology

Replicates -For bulk RNA-Sequencing 3 replicates per genotype were taken 
-For Cut&Run 1 replicate per genotype was taken. IgG was used as a control 
-For HA-REV-ERBa ChIP-Seq 3 replicates per condition were taken. WT samples served as control. Input was also sequenced. 
-For E4BP4 ChIP-Seq 3 replicates per condition were taken. IgG was used as a control.

Sequencing depth For H3K27ac Cut&Run in Rev-erba/b floxed: 
-H3K27ac, 39.9 million paired-end reads were sequenced and 31.8 million paired-end reads were uniquely mapped. The read length 
is 40 bp. 
-IgG, 36 million paired-end reads were sequenced, 21.6 million paired-end reads were uniquely mapped. The read length is 40 bp. 
For H3K27ac Cut&Run in CM-RevDKO: 
-H3K27ac, 40.2 million paired-end reads were sequenced and 31.9 million paired-end reads were uniquely mapped. The read length 
is 40 bp. 
-IgG, 33.6 million paired-end reads were sequenced, 20 million paired-end reads were uniquely mapped. The read length is 40 bp. 
 
For HA-REV-ERBa ChIP-Seq: 
-HA-REV-ERBa, ~50-90 million paired-end reads were sequenced and ~50 million paired-end reads were uniquely mapped. The read 
length is 150 bp. 
-Input, ~35 million paired-end reads were sequenced and ~30 million paired-end reads were uniquely mapped. The read length is 
150 bp. 
 
For E4BP4 ChIP-Seq: 
-E4BP4, ~25,-60 million paired-end reads were sequenced and ~20-40 million paired-end reads were uniquely mapped. The read 
length is 150 bp. 
-IgG, ~7,-10 million paired-end reads were sequenced and ~5.5-7.5- million paired-end reads were uniquely mapped. The read length 
is 150 bp.

Antibodies -H3K27ac (Cell Signaling Technology #8173) 
-HA Magnetic Beads (Thermo Fisher Scientific, #88837) 
-E4BP4 (Cell Signaling Technology#14312) 
-Rabbit IgG (Cell Signaling Technology #3900)

Peak calling parameters Mapping: 
Cut&Run:  
MACS2 (version 2.1.0) was used for peak calling with the following parameters: P = 10−5, extsize = 300 and local lambda = 100,000 
using IgG as input controls. Peaks were extended to a minimum size of 2000 base pairs and overlapping peaks were merged into one 
non-redundant list using WT and CM-RevDKO peaks.  
 
ChIP-Seq: 
Filtered bam files were used for peak calling by MACS2 for HA-REV-ERBa (FDR < 0.05 and FC > 2 over DKO) and E4BP4 (FDR < 0.05). 

Data quality For Cut&Run data:  
At the beginning, fastp was used to remove reads with low quality, too short, too many N. Then bowtie2 was used to map reads to 
the mouse genome (mm10). Only uniquely mapped reads were considered. Duplicated reads were remove using samtools. MACS2 
version 2.1.057, was used for peak calling with the following parameters: P = 10−5, extsize = 300 and local lambda = 100,000 using 
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IgG as input controls. Peaks were extended to a minimum size of 2000 base pairs and overlapping peaks were merged into one non-
redundant list using WT and CM-RevDKO peaks. To calculate fold change in peak enrichment between WT and CM-RevDKO 
cardiomyocytes, read coverage within peaks was determined using bedtools coverage. Reads were normalized for the total number 
of reads within peaks and peaks with a control/CM-RevDKO ratio of >2 or <0.5 were defined to be down, and up respectively in WT 
versus CM-RevDKO. Bigwigs were RPM normalized. 
For ChIP-Seq data: 
the fastq files were first trimmed by cutadapt and aligned by BWA mem, low MAPQ (<=10) and read duplicates were removed by 
samtools  and picard (“Picard Toolkit.” 2019. Broad Institute, GitHub Repository. http://broadinstitute.github.io/picard/; Broad 
Institute.). The filtered bam files were used for peak calling by MACS2 for HA-REV-ERBa (FDR < 0.05 and FC > 2 over DKO) and E4BP4 
(FDR < 0.05). ChIPseeker and Homer were used for peak annotation and motif search and plots were visualized by customized R/
python scripts.

Software fastp was used to remove reads with low quality, too short, too many N 
bowtie2 was used to mapping reads to mouse genome 
samtools was used to extract uniquely mapped reads, and remove duplicated reads 
bedtools was used for determining read coverage within peaks 
MACS2, ChIPseeker and Homer were used for peak calling, peak annotation and motif search.
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