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SUPPLEMENTAL FIGURES 
 
 
 
 
 
 
 
 
 
 
 

 
 
Supplemental Figure 1. Comparison of GR ChIP-seq peaks at 6 am and 6 pm in WT and 
GRdim mice, related to Figure 1. Scatter plots comparing sequence tags from GR ChIP-seq 
peaks at 6 am and 6 pm with at least 2 reads per million (RPM) in livers isolated from WT (left) 
and GRdim (right) mice. 
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Supplemental Figure 2. Classification of GR-binding sites in WT and GRdim mice, related 
to Figure 1. Peak calling was performed separately for each condition and peaks with at least 2 
RPM in any condition were pooled to yield 14,940 peaks. Peaks were classified into three 
groups based on peak-height changes for GR between WT and GRdiim mice. WT-selective 
(blue), common (red), and ambiguous (green) sites are indicated on the scatter plots for the 6 
am and 6 pm cistromes. 
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Supplemental Figure 3. Comparison WT-selective and common GR-binding sites in WT 
and GRdim mice, related to Figure 1. Density heat maps (top), average profiles (middle) and 
box plots (bottom) for GR-binding sites at 6 am (left) and 6 pm (right). 
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Supplemental Figure 4. GR ChIP-exo at WT-selective sites in liver isolated at 6 pm, 
related to Figure 1. (A) Distance distribution for opposite-stranded peaks with at least 0.2 RPM 
from WT and GRdim mice. Prominent peak distances and the total number of peak pairs are 
indicated. (B) MEME top-ranked de novo sequence from GR ChIP-exo with a hit count of at 
least 5% is shown at the top. Average profiles (middle) and density heat maps (bottom) of the 
raw sequence tags are shown for both mouse models. Red and blue indicate the 5’ ends of the 
forward- and reverse-stranded tags, respectively. (C) Examination of sequence bias at the 
external lambda exonuclease cleavage sites for WT-selective sites. Left, color chart 
corresponds to the GR ChIP-exo density heat maps from B, with the average profile aligned. 
Right, histogram shows read counts in a 3-bp interval encompassing cleavage sites. 
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Supplemental Figure 5. GR ChIP-exo at common GR-binding sites at 6 pm, related to 
Figures 2 and 3. (A) The distance distribution for opposite-stranded peaks with at least 0.2 
RPM from GR ChIP-exo in liver isolated at 6 pm is shown for sites commonly bound in WT and 
GRdim mice, with the number of peak pairs and prominent peak distances indicated. (B) MEME 
de novo sequences from 6 pm common site peak pairs separated by 5-15 bp or 20-3- bp and 
with a hit count of at least 5%. (C) Average GR ChIP-exo profile for the top-1000 common sites 
ranked by peak pair reads. (D) GR ChIP-exo at 6 pm common sites, with average profiles and 
density heat maps for the half-site, ONECUT1 and FOXA motifs shown for both mouse models. 
Red and blue indicate the 5’ ends of the forward- and reverse-stranded tags, respectively. 
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Supplemental Figure 6. Estrogen receptor 1 (ESR1) ChIP-exo, related to Figure 2. Average 
profiles and density heat maps of the raw sequence tags are shown for ESR1 ChIP-exo in MCF-
7 cells. Red and blue indicate the 5’ ends of the forward- and reverse-stranded tags, 
respectively. Raw data were obtained from (Serandour et al. 2013). ER full and half-site motif 
calls were taken from (Gertz et al. 2013; Joseph et al. 2010). 
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Supplemental Figure 7. GR ChIP-exo at HNF4A- and CEBPB-binding sites, related to 
Figure 3. (A) Distribution of the GR half-site motif relative to neighboring motifs at common sites 
co-bound by HNF4A (top) or CEBPB (bottom). Results for HNF4A and CEBPB liver sites 
without GR are shown for comparison. (B) GR ChIP-exo peak pairs flanking the HNF4A (top) or 
CEBPB (bottom) motifs at the co-bound sites from A. Average profiles and density heat maps of 
the raw sequence tags are shown for both mouse models at 6 am and 6 pm. Red and blue 
indicate the 5’ ends of the forward- and reverse-stranded tags, respectively. 
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Supplemental Figure 8. GR half-site motif at STAT3-binding sites, related to Figure 3. 
Distribution of the GR half-site motif relative to the STAT motif at AtT-20 sites thought to have 
GR tethered to STAT3. Results for STAT3 sites without GR are shown for comparison. The 
analysis was performed with previously published datasets (Langlais et al. 2012). 
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Supplemental Figure 9. GR ChIP-seq in primary macrophages from WT and GRdiim mice, 
related to Figure 5. (A) HOMER de novo motif analyses of the GR cistromes. Top-ranked 
motifs are shown. (B) Examples of WT-selective and common GR-binding sites from WT and 
GRdiim mice. ChIP-seq tracks are RPM normalized and presented with the same y-axis scale (0 - 
5). 
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Supplemental Figure 10. GR regulation by prednisolone, related to Figure 6. (A) Scatter 
plot of sequence tags from 6839 GR ChIP-seq peaks in WT liver isolated at 6 am comparing 
prednisolone treatment for 24 h with untreated control (left panel). The 889 sites displaying 
gained binding in response to treatment are highlighted in red. Right panel shows the 
comparison of the pred-treated peaks with the untreated 6 pm peaks. The same sites from the 
left panel are highlighted, revealing that most of the gained sites are weakly bound at 6 pm, and 
suggesting that prednisolone does not transform the 6 am cistrome into a reflection of that from 
6 pm. (B) Ten top-ranked gene ontology categories for gained and lost sites after prednisolone 
treatment. (C) Distance distributions for opposite-stranded peaks with at least 0.2 RPM from GR 
ChIP-exo in liver isolated at 6 am with or without prednisolone treatment from WT and GRdim 
mice. Prominent peak distances are indicated. (D) Box plot comparing the fold-change for GR 
occupancy at sites with pred-regulated RNAPII binding in WT mice. (E) Prednisoline 
redistributes GR from monomeric to dimeric sites at regulated genes in liver. GR dimers and 
monomers (green) activate transcription when bound by endogenous corticosterone (red 
diamond). Prednisolone treatment increases gene transcription near dimer sites with unchanged 
and gained occupancy for GR and co-localized TFs such as CEBPB, concomitant with 
monomer evacuation of sites near repressed genes. 
 
 
SUPPLEMENTAL METHODS 

ChIP-seq data processing 

Liver ChIP-seq reads for GR, C/EBPβ, and RNAPII were aligned to build mm9 of the mouse 
genome using Bowtie with options ‘-k 1 -m 1 --best -strata’ (Langmead et al. 2009). Down-
sampling analysis was performed to control for sequencing depth variability and to avoid read 
saturation in highly enriched regions. Specifically, after randomly selecting 15 million reads from 
each ChIP-seq run, redundant reads were removed, and peak calling was performed using 
Homer (Heinz et al. 2010) with matched inputs for each sample. Peaks located in the ENCODE 
blacklist regions were discarded (ENCODE Project Consortium et al. 2012). Data from biological 
replicates were gathered for all conditions, and reproducibility was confirmed using Spearman’s 
rank correlation coefficient. Replicates were subsequently averaged to control for ultradian 
rhythm and stress response differences at the time of animal sacrifice by pooling down-sampled 
reads into a single data set for each condition, followed by final peak calling. Peaks were re-
sized to 200 bp, and those meeting a threshold of 2 RPM were chosen for further study. De 
novo motif analysis was performed with Homer using random background unless specified 
differently. GR ChIP-seq reads from primary macrophages were down-sampled to 20 million 
reads and processed similarly. 

For the classification of GR-binding sites, peaks at both 6 am and 6 pm from WT and GRdim 
mice were pooled together to construct a master set of binding sites. Overlapping peaks were 
merged and resized to 200 bp if the distance between peak centers was < 100 bp. For each 
master peak, GR occupancy was measured as RPM-normalized tag counts. Log2-fold change 
(log2FC) for GR occupancy in GRdim versus WT mice at each site was linearly combined for the 
6 am and 6 pm conditions, where GR occupancy was median-normalized for each time point 
and minimum value 1 was added for variance stabilization at weak peaks when calculating the 
log2FC. GR peaks were classified into three distinct groups according to the following criteria: 
‘WT-selective’ if the sum of log2FC from 6pm and 6am was below -1; ‘common’ if it is ≥ -0.5; 
‘ambiguous’ for the remaining sites not meeting these thresholds. For GR ChIP-seq in primary 
macrophages, a binding site was considered WT-selective if occupancy decreased more than 2-
fold in GRdim versus WT mice. For the identification of prednisolone-regulated GR-binding sites, 
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peaks from biological replicates were pooled and merged for untreated and prednisolone-
treated liver samples from WT mice. Gained and lost peaks were defined by 2-fold change of 
median-normalized GR occupancy. Gene ontology analysis was performed using GREAT 
(McLean et al. 2010). 

The integrative analyses with lineage TFs were performed with previously published ChIP-seq 
data. Liver TFs: HNF4A (E-TABM-722) (Schmidt et al. 2010), ONECUT1 (E-MTAB-438) 
(Laudadio et al. 2012) and FOXA proteins (E-MTAB-805) (Li et al. 2012). Macrophage TFs: 
SPI1 (Ostuni et al. 2013), CEBP proteins (Heinz et al. 2010), JUN and NFKB1 (Uhlenhaut et al. 
2013). Wilcoxon rank-sum test was used when comparing ChIP-seq signals between any two 
groups of regions. For differential analysis of RNAPII occupancy in liver, GR peaks were pooled 
from 6 am untreated and prednisolone-treated samples isolated from WT mice, and merged if 
the distance between two peak centers was < 100 bp. The number of raw sequence tags for 
each biological replicate was determined for the 1 kb window around binding sites, and sites 
whose RNAPII signal was < 1 RPKM for both replicates were discarded as inactive. GR sites 
with an FDR < 0.05 from an exact test using ‘edgeR’ (Robinson et al. 2010) were considered 
prednisolone-regulated. 

ChIP-exo data processing 

ChIP-exo can determine the potential boundaries of chromatin-bound TFs in high resolution 
when pairs of opposite-stranded peaks tightly flank binding positions with a fixed distance. 
However, the correct peak-to-peak distance is not known in advance and the pairing between 
opposite-stranded ChIP-exo peaks cannot be performed unambiguously. Several approaches 
have been used previously, but they work best when the binding configuration is homogeneous. 
For unbiased interrogation of the ChIP-exo data, we used a strand cross-correlation technique, 
a popular method to estimate a fragment length for ChIP-seq data. However, here we applied it 
to ChIP-exo peaks not individual reads. The basic assumption is that when we consider all the 
possible distances between opposite-stranded ChIP-exo peaks, then the real peak-to-peak 
distance corresponding to prevalent and strong configurations would stand out of the total 
distribution of distances. Furthermore, a motif responsible for the binding would be enriched 
within peak-pairs having the given distance. 

First, ChIP-exo reads were aligned to the mouse genome, build mm9, as described for ChIP-
seq. To define a preliminary set of ChIP-exo peaks on the forward and reverse strands, initial 
peak calling was performed separately for each biological replicate by examining the 5‘ ends of 
reads using GeneTrack (Albert et al. 2008) with options, ‘-s 3 -e 10’. Peak calling was also 
performed after pooling replicates for each condition. Reproducible and strong peaks were 
selected from pooled replicates if they overlapped peaks from each replicate by at least by 5 bp 
(out of 10 bp), and met a 0.2 RPM cut-off. Any peaks located within the ENCODE blacklist 
regions were discarded. These ChIP-exo peaks were used to investigate detailed GR-binding 
configurations in the WT-selective and common sites. Strand cross-correlation analysis was 
performed using ChIP-exo peaks for each group of GR site and specific and abundant distances 
between peak pairs were estimated by local maxima in the histogram using ‘pastecs’ package in 
R (http://cran.r-project.org/web/packages/pastecs). To identify enriched DNA sequences at peak 
pairs, we selected the top-1000 with a specific spacing +/− 5 bp and performed de novo motif 
analysis within the 50 bp (WT-selective) or 30 bp (common) regions surrounding the peak-pair 
centers using MEME (Bailey and Elkan 1994). The occurrence of motifs within corresponding 
groups of GR-binding sites was determined by FIMO (Grant et al. 2011). For the visualization 
analyses, only the 5’ ends of sequence reads were considered when anchoring on a single motif 
instance with the lowest p-value per ChIP-seq peak after motif scanning. The GR-half motif was 
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treated differently because of its high abundance and simplicity. After initial scanning, we 
selected the single motif instance with the strongest ChIP-exo signal per ChIP-seq peak. Lastly, 
when checking GR-half motif density around lineage TF motifs, any GR half motif instances that 
met the p-value criteria were considered if the major consensus g/aGnACA was not altered, and 
weighted moving average with a window size of 20 bp was applied to smoothen the profile. 

For the analysis of ER ChIP-exo in MCF-7 cell, we used previously published data (E-MTAB-
1827) (Serandour et al. 2013). Fastq files for five replicates were downloaded and aligned to 
human genome, build hg19. ChIP-exo peak calling and quality control were performed as 
described above, and reproducible peaks, which were called in at least three replicates out of 
five, were selected for further analysis. Because there are no available ChIP-seq data for an ER 
dimerization mutant, we used previously published ER full motif and half motif sites as putative 
dimmeric and monomeric binding sites (Joseph et al. 2010). ChIP-exo visualization anchoring 
on ER full and half motifs was performed as described for GR. 

Microarray analysis 

The association study between GR-binding sites and prednisolone-regulated gene expression 
used previously published microarray data [GSE21048] (Frijters et al. 2010). Gene expression 
data were GCRMA normalized. Data from male mice were selected to remain consistent with 
the ChIP-seq strategy. Differential gene expression analysis was performed using ‘limma’ 
package in R (Smyth 2004), and genes with an FDR < 0.05 were defined as prednisolone-
regulated. 

 

Oligos for Subcloning Candidate Enhancers Interrogated by Luciferase Assays 

Map3k6-XhoI-EcoRV cgctcgaggatatcCTCTGAGGAAAGCGCTTGTC 
Map3k6-HindIII-EcoRV cgaagcttgatatcCACAGGTCACAGAAGAGTCC 

 
	
  Tlr2-XhoI-EcoRV cgctcgaggatatcGTCTATAAATTGCACAGAGG 

Tlr2-HindIII-EcoRV cgaagcttgatatcTGTACTAGAAGAGCCAATCC 

	
   	
  Dusp1_Fw CGctcgagGCTATGAGCAGCATTCCAGG 
Dusp1_Rv CGaagcttATCAGCTCAGGGAAGACAGC 

	
   	
  Dusp1_mut_Fw caaTTCCCTTTCCCAACACAG 
Dusp1_mut_Rv aaccTTCAGCGCTAGAAGAGAC 

	
   	
  Tsc22d3_Fw CGctcgagCCTAGTCTGATTCCCACAGG 
Tsc22d3_Rv CGaagcttGGCTTAGGTGGAAGTGTTGG 

	
   	
  Tsc22d3_Mut_Fw gaaTGCTCTGGACTGCTGCCG 
Tsc22d3_Mut_Rv agaaTTCTCCTGAGCAGATGCAAACATTC 
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Luciferase Reporter Regions, primer targets, putative GR motif 

Dusp1 
GCTATGAGCAGCATTCCAGGATGAAGGCAAGTTCAAGGTCAGAGGAAGAGGAGATTTGAG
CTTCGAACAGAAGTTGTGGTATGGCCCTGGCTTTGAGCTCACTTCCTGTTTTGTGGGGGCC
TGAGTGGGTCTCTTCTAGCGCTGAACATTCTGTTCCCTTTCCCAACACAGAACGTCCAGCT
CCAGCCTGCTGATCAGTGCTCATCTAGTGGGAAAGTGGACCCAGCTGTACCCCAAGATGT
CAGTTCACCCTAAGATGCCTTGGGGATTTCACCAAGTGTTTAGAGAAGTAGAGGCTGCCCT
GAGTCACAGGCCCTGTGAGTTCATTGCCTGTCAGAACTGAGAGGGGCAGCAGGAGGAAG
AAGTGGATTGCGGCACTGCGAAGTAGAAGCTGGGCTTAGAGTCAGAGCTGTCTTCCCTGA
GCTGAT 
 

Tsc22d3 
CCTAGTCTGATTCCCACAGGAGGCCTTTGGAGTGTTCTTTGAGATTGCCTTGTCTCTGGCC
TGGCCCCTCTGGCCAGGGACAGTGATTCACCCAACTCAGAATGTTTGCATCTGCTCAGGA
GAACACTGTGTGCTCTGGACTGCTGCCGGAGCCCAAGGGAAAAGGGAAGTGCGCAGGAC
CAACAGGCCAAGAGAAAATCTGGGAGGGGTTCTGCTGTGGCAGCAGCTCCAACACTTCCA
CCTAAGCC 
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SUPPLEMENTAL RESULTS FOR DE NOVO MOTIF ANALYSES 

 

Homer de novo motif analysis of GR peaks (N=14,475) in liver from WT mice, related to Figure 1. 
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Homer de novo motif analysis for GR peaks (N=7,706) in liver from GRdim mice, related to Figure 1. 
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MEME de novo motif analysis of the top-1000 ChIP-exo peak pairs at WT-selective GR sites in mouse liver, 
related to Figure 1. 
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6am ChIP-exo peak-pairs 

6pm ChIP-exo peak-pairs 
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5-15 bp peak pairs 20-30 bp peak pairs 

MEME de novo motif analysis of the top-1000 ChIP-exo peak pairs at common GR sites in mouse liver, 
related to Figures 2 and 3. 
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Homer de novo motif analysis for GR peaks (N=2,110) at dimeric sites in mouse liver, related to Figure 4. 
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Homer de novo motif analysis for GR peaks (N=11,108) at monomeric sites in mouse liver, related to Figure 4. 
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Homer de novo motif analysis for dimeric GR sites in mouse liver using the monomeric sites as background, 
related to Figure 4. 
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Homer de novo motif analysis for monomeric GR sites in mouse liver using the dimeric sites as background, 
related to Figure 4. 
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Homer de novo motif analysis for GR peaks in primary macrophages isolated from WT mice, 
related to Figure 5. 

*Possible false positive 
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 *Possible false positive 

Homer de novo motif analysis for GR peaks in primary macrophages isolated from GRdim mice, 
related to Figure 5. 
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 *Possible false positive 

HOMER de novo motif analysis for WT-selective GR sites in primary mouse macrophages, 
related to Figure 5. 
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 *Possible false positive 

HOMER de novo motif analysis for common GR sites in primary mouse macrophages, 
related to Figure 5. 
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Homer de novo motif analysis for WT-selective GR sites in primary mouse macrophages using the 
common sites as background, related to Figure 5. 
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Homer de novo motif analysis for common GR sites in primary mouse macrophages using the 
WT-selective sites as background, related to Figure 5. 
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MEME de novo motif analysis for GR sites regulated by prednisolone, related to Figure 6. 
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