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Materials and Methods

Animal studies

Male wild type inbred C57BL/6 and 129S1/SvimJ mice were purchased from
Jackson Labs. The Rev-erba knockout mice were obtained from B. Vennstrdom and
backcrossed seven or more generations with C57BL/6 mice (9). The HDAC3" mice
were described previously (9). Mice carrying floxed alleles at Rev-erba or Rev-erbf loci
were obtained from MCI/ICS (Mouse Clinical Institute—Institut Clinique de la Souris,
Ilkirch-Graffenstaden; http://www.ics-mci.fr/), as reported previously (/2, 23). RORa
floxed mice were obtained from MCI/ICS, and RORy floxed mice were obtained from
Jackson Laboratory. Mice were housed on a temperature-controlled specific-pathogen
free facility with 12:12-hour light—dark cycle (lights on at 07:00, lights off at 19:00).
Experiments were carried out on 12—16-week-old male mice. All animal studies were
performed with an approved protocol from the University of Pennsylvania Perelman
School of Medicine Institutional Animal Care and Use Committee.

ChIP

ChIP experiments were performed as described (9) with minor changes. Mouse liver,
brain (ventral tegmental area), and epididymal white adipose tissue (eWAT) were
harvested, minced and cross-linked in 1% formaldehyde for 20min, followed by
quenching with 1/20 volume of 2.5M glycine solution for 5 min, and two washes with
IxXPBS. Nuclear extracts were prepared by Dounce homogenization in ChIP buffer
(50mM Tris-HCI pH 7.5, 140mM NaCl, ImM EDTA, 1% Triton X-100, 0.1% NaDOC).
Chromatin fragmentation was performed by sonication in lysis buffer (50mM Tris-HCL
ph 8.0, 0.1%SDS, 10mM EDTA), using the Bioruptor (Diagenode). Proteins were
immune-precipitated in ChIP buffer, and crosslinking was reversed overnight at 65°C in
SDS buffer (50mM Tris-HCL, 10mM EDTA, 1% SDS, pH 8), and DNA isolated using
phenol/chloroform/isoamyl alcohol. Precipitated DNA was analyzed by quantitative PCR
or high-throughput sequencing.

ChIP-Re-ChIP

ChIP-Re-ChIP was performed in essentially the same way as ChIP, except that the
first elution was carried out in a reducing elution buffer (1% SDS, 10 mM DTT), shaking
at 800 rpm for 15 min at 65°C. The Rev-erba. ChIP eluate was then diluted in ChIP
dilution buffer with 5 mg/ml BSA and 2 ug/ml lamda DNA-HindIII digest, divided into
two, and subjected to HNF6, Rev-erba., or IgG ChIP.

Quantitative PCR

Quantitative PCR was performed with Power SYBR Green PCR Mastermix and the
PRISM 7500 instrument (Applied Biosystems), and analysis was performed by the
standard curve method.

ChIP-seq
ChIP experiments were performed independently on liver samples from individual

mice harvested at indicated times. DNA was amplified according to ChIP Sequencing
Sample Preparation Guide provided by Illumina, using adaptor oligo and primers from

2



[llumina, enzymes from New England Biolabs (NEB) and PCR Purification Kit and
MinElute Kit from QIAGEN. Deep sequencing was performed by the Functional
Genomics Core (J. Schug and K. Kaestner) of the Penn Diabetes Endocrinology Research
Center using the Illumina HiSeq2000, and sequences were obtained using the Solexa
Analysis Pipeline.

ChIP-seq data processing

Sequencing reads of biological replicates were pooled and aligned to the mm9
genome, followed by peak calling according to previously described (22). Genome
browser tracks of ChIP-seq data were generated using Homer v4.7 (30) and visualized in
IGV (31). For the comparison of Rev-erba cistromes in multiple tissues, peaks higher
than 1 read per million (rpm) were used, and motifs mining was performed using Homer
in 200bp regions surrounding the peak centers. RORa ChIP-seq at ZT22 and liver input
were published in earlier studies (9, 22). RORa and RORy liver cistromes were
determined by pooling their peaks found at ZT10 and ZT22. To eliminate potential bias
from different reading depths, 20 million reads were selected by random sampling from
Rev-erba ChIP-seq data in WT and DBD™ and subjected to downstream analysis. Rev-
erba. ChIP-seq in aKO mice (22) was also analyzed using the same number of reads to
eliminate false positive binding (6). Similarly, 10 million randomly sampled reads from
HDAC3 ChIP-seq in WT, Rev-erb DBD™, and Rev-erbaKO/BKD mouse livers were
used for the peak height quantification. Among Rev-erba peaks that are great than 1rpm
and at least 3 times stronger than their counterpart in Rev-erbo. KO, DBD-dependent
Rev-erba sites were selected using the cutoff: tag count fold change WT/DBD™ >3 or tag
count difference WT-DBD™ > 3 rpm; DBD-independent Rev-erba sites were selected
using cutoff: tag count fold change WT/DBD™ < 1.5 and DBD"/WT < 1.5. DBD-
dependent Rev-erba. sites with reduced HDAC3 binding in DBD™ liver (HDAC3
WT/DBD™ > 1.5 and WT>1rpm) were defined as DBD-dependent Rev-erba/HDAC3
sites. DBD-independent Rev-erba sites with intact HDAC3 binding in DBD™ liver
(HDAC3 WT/DBD™ < 1.5 and WT>I1rpm) were defined as DBD-independent Rev-
erba/HDAC3 sites. All ChIP-seq peaks were annotated by Homer using the nearest
mapping within 50kb of gene TSSs. ChIP-seq data are available in GEO (GSE67973).

SNP mediated strain-specific binding

Rev-erba ChIP-seq reads from 129 mice were aligned to the mm9 reference genome
using GSNAP (32), allowing mismatches at ~5.4 million SNPs specific to 129 genome
(33). To minimize potential bias introduced by different IP efficiency in B6 and 129 mice,
Rev-erba peaks identified in two strains were pooled and their peak heights were quantile
normalized prior to the analysis of strain-specific binding. Rev-erba peaks where Fimo
(34) predicted HNF6 motif score was altered by the SNP, from one strain to the other,
were selected, and the log2 fold change for peak height in two strains was calculated.

ChIP-exo0

The ChIP-exo portion of the protocol was performed as described (20) with
modifications making the assay compatible with the Illumina sequencing platform.
Briefly, it was performed in essentially the same way as ChIP-seq, except that after the



end repair, adapter ligation and nick repair, the DNA was digested by the lambda (M0262,
NEB) and RecJf exonucleases (M0264, NEB), while it is still on the agarose beads. Then,
the DNA samples were eluted from the beads and are analyzed by high-throughput
sequencing.

ChIP-exo data processing

Rev-erba ChIP-exo reads from two biological replicates were pooled and aligned to
the mouse genome (mm9) using bowtie (35) with parameters ‘-n 1 and -m 1°. Genome
browser track of aligned reads were generated using Homer with the parameter -
fraglength 10 and visualized in IGV. ChIP-exo peak call on the forward and reverse
strands was performed using MACE-1.0 with default parameter (2/). The most prevalent
ChIP-exo peaks were selected from within published Rev-erba ChIP-seq peaks (22).
Two approximate exo-peaks on different DNA strands (a peak pair) with distance from -
50bp to +150bp (center of negative strand peak — center of positive strand peak), was
found using the windowBed feature of bedtools-2.21 (36). Peak pairs with a distance less
than +/-2 bp from the most prevalent distance of all peak pairs were selected. Motif
search was performed in 30bp regions surrounding the peak pair centers using Homer.
HNF6 ChIP-exo (27) data were reprocessed using the same protocol. ChIP-exo data are
available in GEO (GSE67973).

Analysis of GRO-seq data
Nascent gene and eRNA transcription were determined as previously described (22).

Western blot and gene expression analysis

For the western blot of the total lysates, we lysed tissues or cells in radio-immuno-
precipitation assay (RIPA) buffer supplemented with phosphatase and protease inhibitors,
resolved the samples by Tris-glycine SDS-PAGE, transferred the samples to a
nitrocellulose membrane and blotted them with the indicated antibodies. For qRT-PCR,
we extracted total RNA using TRIzol (Invitrogen) and a High Pure RNA tissue kit
(Roche). We performed qRT-PCR with a High Capacity RT kit, a SYBR Green PCR
Master Mix and the PRISM 7500 instrument (ABI) using the absolute quantification
method with standard curves. 36B4 (Arbp) was used as housekeeping control.

Microarray Analysis

Liver samples were taken from 12 week old male RORo.™ ™™™ mice 2 week after
injection of AAV-Cre or AAV-GFP virus (4 mice per group). Total RNA was extracted
from each liver sample using the RNeasy Mini Kit (Qiagen). Each RNA sample was
processed with the Ambion WT Expression Kit and the GeneChip WT Terminal Labeling
and Controls Kit (Affymetrix), and hybridized to the Mouse Gene 2.0 ST Array
(Affymetrix). The array was then read by GCS3000 laser scanner (Affymetrix), and
microarray data analysis was carried out using Partek® Genomics Suite software
(Copyright, Partek Inc.). Subsequent data analysis was performed using BioConductor.
All microarray data were processed using previously described protocol (22). ROR target
genes were selected using threshold p<0.01, expression fold change < -1.3 and compared
with Rev-erbol target genes previously identified using equivalent cutoffs (23). For
comparison between Rev-erba target genes and DBD™ target genes, p<0.05 and
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expression fold change > 1.3 were used, and only those containing at least one Rev-erba
binding site within 50kb of their TSSs were compared. The procedures were performed
by the Penn Molecular Profiling Core. The microarray data for Rev-erba. KO mice and
Rev-erbaDBD"/BKO are from previous publications (9, 12). Microarray data are
available in GEO (GSE67973).

Mass spectrometric identification of Rev-erba

Rev-erba antibody (Cell signaling Technology #2124) was covalently linked to
AminoLink™ Coupling Resin (Thermo). Tissue was lysed in RIPA with protease
inhibitors and sonicated. Cleared lysates were incubated with 100 pl of resin overnight at
4°C, washed in RIPA, eluted in 10% NH4OH, and dried. Samples were prepared for MS
as previously described (37). After reduction/alkylation, samples were digested with Lys-
C (Wako) followed by trypsin (Promega) at 37°C. Samples were resuspended in 1%
acetic acid, and desalted with Cg stage tips as previously described (38). EASY-nanoL.C
(Thermo) was configured with a 75 pm ID x 17 cm Reprosil-Pur C18-AQ (3 um; Dr.
Maisch GmbH, Germany) nano-column and coupled with an Orbitrap Fusion mass
spectrometer (Thermo). Full scan MS spectrum (m/z 360—1600) was performed in the
Orbitrap with a resolution of 120,000 (at 200 m/z). Fragmentation was performed with
higher-energy collisional dissociation (HCD) and a maximum injection time of 120 msec.
MS/MS data were collected in centroid mode in the ion trap mass analyzer. Peak area
was extracted from raw files by using Proteome Discoverer v1.4 and peptides were
identified using MASCOT.

Hepatic triglyceride assay

Liver samples were homogenized in the TissueLyser (Qiagen) with steel beads in
tissue lysis buffer (140mM NaCl, 50mM Tris and 1% Triton-X, pHS8.0). Triglyceride
concentration in the lysates was then quantified using LiquiColor Triglyceride Procedure
No. 2100 (Stanbio).

Oil Red O staining

S5uM frozen sections were prepared from snap-frozen liver tissues. The sections
were stained in 0.5% Oil Red O in propylene glycerol overnight for lipid and then in
hematoxylin for nucleus for 5 seconds. The procedures were performed by the Penn
Digestives Disease Center Morphology Core.

Antibodies

Rev-erba antibody was purchased from Cell Signaling Technology (#2124).
HDAC3 antibodies were purchased from Abcam (ab7030). HNF6 antibody was
purchased from Santa Cruz Biotechnology (sc13050). RORa antibody from Santa Cruz

Biotechnology (sc6062). RORy antibody was purchased from Santa Cruz Biotechnology
(sc28559).

Constructs and gene transductions

The adeno-associated viruses encoding Cre recombinase (AAV-Cre), GFP (AAV-
GFP) and flag-tagged Rev-erba. were obtained from the Vector Core of the Penn
Diabetes Research Center. The Cre, GFP or flag-taggered Rev-erba gene was inserted
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into the AAV2/8 vector containing the liver specific Tbg promoter. Each 12 week old
male floxed mouse received 1.5 x10'" particles of virus through tail-vein injection. The
adenoviruses encoding shRNA targeting the -galactosidase
(TGCACCTGGTAAATCTTAT) or the Rev-erbp gene (GCACTAAGGACCTTA
ATAATG) were constructed using the BLOCK-iTadenoviral RNAi expression system
from Invitrogen (#K4941-00) and subsequently amplified and purified by the Vector
Core, as described previously (6). Each mouse received 5.7x10'!" particles of virus
through tail vein injection.



Biological processes P value
Genes bound by common sites

rhythmic process 3.14E-04
circadian rhythm 1.43E-03
regulation of biosynthetic process 5.13E-03
regulation of macromolecule biosynthetic process 6.37E-03
regulation of metabolic process 6.63E-03
Genes bound by liver specific sites

oxoacid metabolic process 3.59E-11
carboxylic acid metabolic process 3.59E-11
organic acid metabolic process 3.78E-11
cellular ketone metabolic process 6.62E-11
steroid metabolic process 3.38E-10
Genes bound by brain specific sites

regulation of cell communication 5.43E-13
regulation of signal transduction 1.09E-11
regulation of small GTPase mediated signal transduction 2.48E-08
anatomical structure development 2.44E-07
regulation of Ras protein signal transduction 2.83E-07
Genes bound by eWAT specific sites

positive regulation of cellular process 3.04E-04
brown fat cell differentiation 4.80E-04
positive regulation of biological process 6.06E-04
regulation of foam cell differentiation 9.61E-04
regulation of cell adhesion 0.001299

Fig. S1.

Rev-erba cistrome in different tissues. Gene ontology analysis for genes bound by shared
Rev-erba binding sites among tissues and those bound by tissue specific Rev-erba sites
(1000 genes with most tissue-specific binding sites were used).
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Fig. S2

HDAC3 does not dampen circadian rhythmicity of clock genes. mRNA expression of
Bmall, Cryl, and E4bp4 over a 24-hour period in wild type, Rev-erba knockout and
HDAC3 KO mouse liver. The expression at ZT10 is highlighted in the upper right corner
of the plot. Data are expressed as mean+ SEM (* Student’s t-test, p < 0.05, n=4 or 5 per

group).
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Fig. S3

RORs are necessary for robust circadian rhythm of clock gene expression. (A to E)
mRNA expression of Rora, Rory, Bmall, Cryl, and E4bp4 over a 24-hour period in wild
type and RORs double knockout mice. Data are expressed as mean+ SEM (* Student’s
t-test, p < 0.05, n=4 or 5 per group). (F) Gene ontology analysis using RORs/Rev-erba
common target genes or Rev-erba specific targets.
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Fig. S4

RORs control clock gene expression through oscillating binding. (A) ChIP-PCR
validation of cyclic RORa binding at clock genes promoters at ZT10 or ZT22 in wild
type mice liver, in comparison with an unbound control at Arbp. Data are expressed as
mean = SEM (Student’s t-test, *p<0.05, n=4). (B) Binding strength of RORo at
overlapped site with Rev-erba. High-confidence RORa sites (>2rpm) oscillating in
opposite phase to the binding of Rev-erba (compete sites, red, tag count ZT22/ZT10>1.5)
are compared with stable sites (purple, tag count fold change<1.2) and sites oscillating in
the same phase as Rev-erba (inphase sites, green, tag count ZT10/ZT22>1.5). (C)
Enrichment of RevDR2 and RORE motifs in three groups of RORa sites from B. (D)
Oscillating binding strength of RORYy at sites overlap, or not overlap with Rev-erba
cistromes (P values are from Student’s t-test).
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Fig. S5

Rev-erba ChIP-exo sites are enriched for HNF6 motif. (A) Distance distribution for Rev-
erbo ChIP-exo peak pairs, identified by MACE (22). The most frequently observed
distance is 24bp. (B) Density of selected motifs centered at Rev-erba. ChIP-exo sites with
peak pair distance of 24bp. (C) Gene ontology for genes closest to Rev-erbo/HNF6-exo
sites.
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Fig. S6

Conditional Rev-erba allele deletion results in an in-frame DNA binding domain mutant
(DBD™). (A) Illustration depicting floxed exons 3 and 4 encoding the DNA binding
domain of the Rev-erba locus. Numbers highlighted in red represent the nucleotide
codon phases at exon-exon junctions. Deletion of exons 3 and 4 maintains the open
reading frame through splicing of exon 2 to exon 5. The peptide sequence highlighted
(from S6C) is unique to the conditional Rev-erboo DBD™, with amino acids encoded in
exons 2 and 5 colored black and red respectively. (B) Western blot of Rev-erba in the
livers of wild type mice, Rev-erbac KO mice, wild type control mice (floxed mice
injected with AAV-GFP), and DBD™ mice (floxed mice injected with AAV-Cre), “*”
denotes non-specific band. (C) Rev-erba peptides detected by mass spectrometry in wild
type control and the DBD™ livers. Red arrows indicate peptides discovered in wild type
control liver mapping to the DNA binding domain of Rev-erba, which are absent in the
DBD™. The blue arrow indicates a unique peptide found only in the DBD™ livers as a
result of the new open reading frame joining exons 2 and 5. Note the third threonine
(amino acid 203) of the highlighted DBD™ peptide is a 1 amino acid substitution from
alanine resulting from the new exon splice junction between exons 2 and 5.
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Fig. S7

Rev-erba DBD-independent sites are enriched for HNF6 binding. (A) Genome browser
view of Rev-erba and HDAC3 binding in wild type, Rev-erba. DBD™, and KO mice. (B)
Binding strength of Rev-erba at selected DBD-dependent and DBD-independent sites at
ZT10 as determined by ChIP-PCR. Data are expressed as mean+SEM (* Student’s t-
test, p < 0.05, n=4 per group). (C) HNF6 tag density at Rev-erba. DBD-dependent and -
independent sites. (D) The percent of sites containing RevDR2, RORE, or HNF6 motif in
DBD-dependent sites and DBD-independent sites (*** hypergeometric test p<le-3). (E)
Circadian binding of RORa at Rev-erba. DBD-dependent sites but not DBD-independent
sites (*** Student’s t-test p<le-3). (F) Difference in Rev-erba binding strengths between
WT and DBD™ mice at three groups of binding sites. (G) Sequential ChIP of HNF6
followed by either Rev-erba or IgG ChIP in wild type and DBD™ mouse liver at ZT10.
Data are expressed as mean+SEM (* Student’s t-test, p<0.05, n=3 or 4 per group). (H)
eRNA oscillation at DBD-dependent sites and DBD-independent sites throughout 24-
hour light dark cycle. Time points were duplicated for better visualization. (I)
Comparison of HDAC3 binding in WT and Rev-erb aKO/BKD mice (6) at DBD-
dependent and DBD-independent Rev-erba sites.
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Binding strength of Rev-erba in C57BL/6J and 129S1/SvlmlJ. (A) Difference in binding
strength of Rev-erba in 129 and B6 mice, at 100 Rev-erba binding sites containing
random SNPs (left column), without SNP (middle column), or at 17 Rev-erbo/HNF6-exo
sites with B6 HNF6 motifs being disrupted in 129 mice due to the SNPs (right column).
(B-C) Binding strengths of HNF6 (B) and Rev-erba (C) are correlated with HNF6 motif
at selected Rev-erba sites at ZT10, as determined by ChIP-PCR. Data are expressed as
mean*t SEM (* Student’s t-test, p < 0.05, n=4 per group).
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Genes regulated exclusively in Rev-erba KO are enriched for metabolic process. (A)
Circadian average mRNA expression of Rev-erbo DBD-dependent and -independent
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peak expression of the day. Time course microarray data from (39) were duplicated for
better visualization. (B) Gene ontology analyses for Rev-erba DBD-dependent and -
independent target genes. (C) Oil Red O staining of livers from wild type control mice
(Rev-erba/p floxed mice injected with AAV-GFP), and DBD™ mice (Rev-erba/p floxed
mice injected with AAV-Cre).
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Fig. S10
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Table S1.

Primers used for ChIP-qPCR and RT-qPCR.

ChIP-qPCR Primers

Site Name Forward Primer Reverse Primer
Arbp GAGGTGGCTTTGAACCAGAG TCTTTGTCTCTGTCTCGGAAAA
Tnsulin GGACCCACAAGTGGAACAAC GTGCAGCACTGATCCACAAT
Bmall AGCGGATTGGTCGGAAAGT ACCTCCGTCCCTGACCTACT
Npas2 CTGTCTTGGCTAGGGGTTTG GAGACAGGCGAGAATCCAAG
DBD dependent site 1 GAGATTGGGTCACCACAGGT GTGACCCAGCCACCTATGAC
DBD dependent site 2 ATTCCCTACTGCCCCAATTC TTGTCCCACTCAAACAGCAG
DBD dependent site 3 TGTCTCCTCCCACAGGAAAA CACTGCCCTCTCTCCTTTTG
DBD independent site 1 TAGGGCTCTGCAGATTAGCC GCCCATGTGAAAATGGATGT
DBD independent site 2 CCCTGGAAGTATAAGCGAGACA GGGTTCAGGGTTCCATTCTT
DBD independent site 3 CATGCAATCGCTGACAGAAT AAGGGGTATGGAGTCGGAGT
Better HNF6 motif in TCCCAGTGTGAAGGTTTTGTT GCTTGATGATGTGGCTGAGA

C57BL/6J site 1

Better HNF6 motif in
C57BL/6] site 2

TTTCCGTGTTGTGTGTTTTCA

AAGCGCTAATTGAGCAAATCA

Better HNF6 motif in

e ot GACGATTTGCCATGTTTCCT CATGTTCTCTCTGCCGAGGT
Better HNF6 motif in TGATAAATCCCTGGCCTTTG GCAGAGCTGCTTGGAAAGTC
129S1/Svlm] site 1
Better HNF6 motif in TTCCGGGAGAAACTGTAAGC GGGTATCGATTTGACCCGTA
129S1/Svlm] site 2
Better HNF6 motif in GGATGCAGAAGCAGCAATAA CTGCTGACACTGAACCAGGA

129S1/Svim] site 3

Same HNF6 motif in both
strains site 1

TGAGACCAAGGCTCAAAAGAA

ACAAAGTGCACAGCTTGGAA

Same HNF6 motif in both
strains site 2

CAGTGGCAATGCTTCTGTGT

TTGCAGCTGGACTCTGAGC

Same HNF6 motif in both
strains site 3

TGAACCCTGTAAAGCAGACCA

CCCGTACCGTTCCTGTAGTC

RT-qPCR Primers

Site Name Forward Primer Reverse Primer
Arbp TCCAGGCTTTGGGCATCA CTTTATCAGCTGCACATCACTCAGA
Bmall TAGGATGTGACCGAGGGAAG TCAAACAAGCTCTGGCCAAT
Cryl AGCGCAGGTGTCGGTTATGAGC ATAGACGCAGCGGATGGTGTCG
E4bp4 GCTCTTTTGTGGACGAGCAT ACCGAGGACACCTCTGACAC
RORa TGTTTGATTGATCGGACCAG CTTGGACATCCCGACCAAACT
RORy ACTACGGGGTTATCACCTGTGAG GTGCAGGAGTAGGCCACATTAC
Cd36 CCACAGTTGGTGTGTTTTATCC TCAATTATGGCAACTTTGCTT
Plin2 AAGAGGCCAAACAA- ACCCTGAATTTTCTG-
AAGAGCCAGGAGACCA GTTGGCACTGTGCAT

Elovl5 GAACATTTCGATGCGTCACT GGATGTAATTGTCCAGGAGGA

Acss3

AATGTCGCAAAGTAACAGGCG

GTGGGTCTTGTACTCACCACC
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