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Summary

The glucocorticoid receptor (GR) binds the human genome at >10,000 sites, but only regulates the 

expression of hundreds of genes. To determine the functional effect of each site, we measured the 

glucocorticoid (GC) responsive activity of nearly all GR binding sites (GBSs) captured using 

chromatin immunoprecipitation (ChIP) in A549 cells. 13% of GBSs assayed had GC-induced 

activity. The responsive sites were defined by direct GR binding via a GC response element (GRE) 

and exclusively increased reporter-gene expression. Meanwhile, most GBSs lacked GC-induced 

reporter activity. The non-responsive sites had epigenetic features of steady state enhancers and 

clustered around direct GBSs. Together, our data support a model in which clusters of GBSs 

observed with ChIP-seq reflect interactions between direct and tethered GBSs over tens of 

kilobases. We further show that those interactions can synergistically modulate the activity of 

direct GBSs, and may therefore play a major role in driving gene activation in response to GCs.

Introduction

Regulation of transcription plays a major role in human health and disease (Olansky et al. 

1992; Maurano et al. 2012; Stadhouders et al. 2014; Vockley et al. 2015). The basic 

mechanism of human transcriptional regulation involves transcription factors (TFs) binding 
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to specific genomic regulatory elements. Once bound, TFs recruit transcriptional machinery 

to the promoter of one or more target genes. Several studies have now mapped the location 

of binding sites across the human genome for many TFs and in many cell types [e.g. 

(ENCODE 2012)]. Those studies revealed a complex landscape of TF occupancy in which a 

TF typically binds thousands of locations across the human genome, but only directly 

regulates hundreds of genes (Reddy et al. 2009; Gao et al. 2013). The discrepancy between 

TF binding and gene regulation can be explained in part by findings that most TF binding 

sites have weak regulatory activity (Melnikov et al. 2012; Kheradpour et al. 2013) and that a 

TF often binds multiple sites near the same target gene (Gotea et al. 2010). The multiplicity 

of binding may be the result of functional redundancy between sites (Somma et al. 1991), 

cooperative assembly of TF complexes (Hertel et al. 1997), or local diffusion of bound 

factors along the genome (Coleman and Pugh 1995). Furthermore, numerous studies have 

shown that the number and diversity of TF binding sites contributes to synergistic rather than 

additive regulatory activity (Smith et al. 2013; Staller et al. 2015), suggesting a relationship 

between clusters of TF binding sites and the activity of those sites.

Ligand inducible TFs such as the GR are a representative model system for investigating the 

relationship between TF binding and activity. Once bound by GCs such as the cortisol 

mimic dexamethasone (DEX), the GR binds thousands of locations across the genome and 

regulates the expression of hundreds of genes (Wang et al. 2004; So et al. 2007; Reddy et al. 

2009). The GR binds the genome either directly via DNA-sequence-specific interactions 

with a GRE or, more often, indirectly via tethering to other proteins such as the AP-1 family 

of TFs (Chandler et al. 1983; Gertz et al. 2013). Direct binding sites are more often shared 

across cell types and more likely to occur in genomic regions with less accessible chromatin 

prior to induction. Conversely, AP-1 co-occupied sites are more likely to occur at regions of 

more accessible chromatin, are more likely to be cell type specific, and may be the basis for 

differences in the GC responses between tissues (Biddie et al. 2011; John et al. 2011; Gertz 

et al. 2013).

Here, we propose that the organization of GR binding across the human genome conforms to 

a model in which GREs recruit GR directly to the DNA, and then those direct sites nucleate 

clusters of tethered binding nearby. We quantified the activity of GR-bound DNA elements 

on the genome-scale, assaying 2.9 million unique reporter vectors covering 10,963 GBSs. 

We found that direct GBSs confer inducible enhancer function, while tethered sites do not. 

We further provide evidence that tethered GR binding depends on the proximity of the 

tethered sites to direct sites. The resulting clusters of GBSs modulate the regulatory activity 

of direct GBSs, potentially contributing to expression levels of cell type specific GC 

responsive transcription. Together, these results demonstrate that patterns of genomic GR 

occupancy observed with ChIP-seq reflect locally coordinated and functionally synergistic 

GR binding events, rather than independent and additive events. We also provide evidence 

that our enhancer cluster model is general to the estrogen receptor (ER), suggesting that 

other TFs act similarly.
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Results

Quantifying DEX-induced regulatory element activity

To assess the functional diversity of GBSs, we quantified the regulatory activity of 10,963 

GBSs in the A549 human lung epithelial cell line (Figure 1A). To do so, we first used ChIP 

to isolate GBSs from A549 cells after treating the cells for 3 h with 100 nM DEX or with 

equal-volume ethanol (EtOH) as a vehicle control. High-throughput sequencing of the GR 

ChIP DNA followed by peak calling identified 27,432 GBSs (Table S1). We then cloned the 

ChIP-seq library into the STARR-seq reporter assay (Arnold et al. 2013). We estimated that 

the resulting plasmid library contained 2.9 million unique GR ChIP fragments (Figure 
S1A). The fragments had a similar genomic distribution and size as the ChIP-seq library, 

indicating that cloning into the reporter assay was unbiased (Figure S1B and S1C). Of the 

cloned fragments, 6% mapped to the 27,432 called GBSs. We transfected the reporter library 

back into A549 cells and treated the cells with either 100 nM DEX or EtOH to assay DEX-

responsive regulatory activity. After filtering to only retain sites with sufficient statistical 

power to make a determination of regulatory activity (Love et al. 2014b), we quantified the 

activity and DEX-responsiveness of 10,963 GBSs (Figure S1D). The number of GBSs 

assayed was similar to that identified in previous GR ChIP-seq studies (Reddy et al. 2009; 

Biddie et al. 2011; Reddy et al. 2012a) and included 82% of the sites reported in the same 

cell line previously (Reddy et al. 2009). We assayed the reporter library in three replicates 

per condition, and found the approach to be highly reproducible (Figure 1B). Together, 

these results indicate that we reproducibly assayed the activity of nearly all GBSs in A549 

cells.

Of the assayed GBSs, 84% had a less than 2-fold difference in activity between treatments 

(Figure S1E), indicating that most GBSs have modest regulatory activity in our ChIP-

reporter assays. That result was consistent with the results from other high-throughput 

reporter assay studies (Melnikov et al. 2012; Arnold et al. 2013). Of the assayed GBSs, 

1,376 (13%) had statistically significant regulatory activity at a false discovery rate (FDR) < 

5% (Love et al. 2014b) (Figure 1C, Figure S1F, Table S2). Larger fragments were more 

frequently GC-inducible (Figure S1G). While GCs are known to activate and repress gene 

expression (Slater et al. 1985; Sakai et al. 1988) and while STARR-seq can report activation 

and repression (Arnold et al. 2013) (Figure S1H), 95% (N = 1,330) of the GC-regulated 

GBSs assayed had increased reporter gene expression in response to DEX. We validated the 

results with dual luciferase reporter assays (Figure 1D, Figure S1I) and with STARR-seq 

performed on BACs covering 1 Mb of the human genome that was selected to contain GBSs 

near GC-responsive genes (Figure 1E, Table S3, Supplemental Data File 1). We observed 

no enrichment of plasmids containing elements that encode GC-responsive enhancers in the 

nuclei of cells treated with DEX, suggesting that our results are not due to biased nuclear 

localization of the reporter vectors (Figure S2). To test if the non-DEX-responsive sites are 

maximally pre-induced prior to DEX treatment, we performed additional luciferase reporter 

assays to evaluate if adding GREs to non-DEX-responsive sites increased enhancer activity 

in response to DEX. The synthetic composite sites had up to 24-fold increased DEX-

responsive activity that was lost with mutation of the GRE, suggesting that non-responsive 

sites are capable of greater activity with direct GR binding (Figure S3A). Together, our 
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results indicate that 13% of GBSs have GC-inducible regulatory activity in a reporter assay, 

and that those sites overwhelmingly act to increase gene expression. DEX-responsive 

activity in ChIP-reporters was largely distinct from occupancy as measured by ChIP-seq (ρ 
= 0.22, Figure 1F), indicating that reporters provide complementary information about 

mechanisms of gene regulation. We used RNA-seq to determine the set of DEX-responsive 

genes after the same treatment (Table S4), and found that the transcription start site (TSS) of 

DEX-responsive genes were closer to DEX-responsive GBSs than to an equal number of 

randomly sampled non-responsive sites (p = 0.005; Figure 1G).

DEX-induced GBSs are direct binding sites

The GR is known to bind DNA directly at GREs or by tethering to other TFs such as AP-1 

(Ratman et al. 2013). We hypothesized that the distinct modes of binding have different 

regulatory activities. To evaluate that hypothesis, we investigated whether the GRE or the 

DNA binding motifs of known co-binding TFs [AP-1 (Herrlich 2001), FOXA1 (Belikov et 

al. 2009), NFκB (Wang et al. 1997) and CREB1 (Sheppard et al. 1998)] predict DEX-

responsive regulatory element activity in reporter assays. Of the binding motifs evaluated, 

the GRE was the only one that predicted changes in regulatory element activity after DEX 

treatment better than random (Figure 2A and 2B, Figure S3B and S3C). Using a Gaussian 

mixture model, we estimated that 80% of DEX-responsive elements and 35% of non-

responsive elements had a GRE (Figure S3D). A de novo motif enrichment analysis 

revealed AP-1 motifs in the DEX-responsive elements with GREs (MEME E-value 3 × 

10−101), but not in the corresponding non-responsive elements. In contrast, binding motifs 

for co-binding TFs were predictive of baseline regulatory activity (Figure S3E), but were 

not predictive of DEX-induced regulatory activity (Figure 2A, Figure S3F, Table S5). To 

distinguish between tethering and GR binding directly to a weak GRE, we mapped the 

genomic footprints of GR using ChIP-exo. GBSs with significant reporter activity showed a 

footprint concordant with the known dimer structure of GR (Figure 2C, Figure S3G-H) 

(Starick et al. 2015). In contrast, GBSs matched for ChIP-seq signal but lacking DEX-

inducible activity did not have a ChIP-exo footprint consistent with GR:DNA interactions 

(Figure 2D, Figure S3I). From these results, we conclude that direct GR binding to a GRE 

is predictive of DEX-inducible reporter activity, whereas tethered binding via other TFs is 

not.

Cell type-specific DEX-responsive enhancers are encoded by direct GBSs

GR binding sites can vary dramatically between cell types. For example, in a recent study 

comparing GR binding between A549 and Ishikawa cells, 15,220 (75%) of A549 GBSs 

were specific to A549 cells (Gertz et al. 2013). Most of the differences occur at sites that 

lack a GRE, suggesting that changes in the expression or binding of other TFs drive the 

differences in GR binding between cell types. To investigate, we asked whether DEX-

responsive sites are enriched in cell-shared GBSs but depleted in cell-specific GBSs. We 

assayed 7,951 of the A549 GBSs identified in Gertz et al. Of those 1,088 (14%) were cell-

shared and 6,863 (86%) were A549-specific. Of the cell-shared GBSs, 331 (30%) were 

DEX-responsive, an enrichment of 2.3-fold over the overall positive rate of 13%. 

Meanwhile, of A549-specific GBSs, 928 (13.5%) were DEX-responsive, similar to the 

overall positive rate (Figure 2E). Those results demonstrate that although cell-shared sites 
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but not cell-specific sites are enriched for DEX-responsiveness, most (928 vs. 331) DEX-

responsive enhancers are cell-specific. As was observed for all DEX-responsive GBSs, the 

presence of a GRE and not the motifs of tethering factors explains the DEX-response of 

A549-specific GBSs (Figure 2F). Together, those results demonstrate that both tethered sites 

and a small fraction of direct sites vary between cell types. Further, A549-specific direct 

GBSs act as cell type-specific DEX-responsive enhancers.

Remodeling of DEX-induced sites in the endogenous epigenome

If ChIP-reporters recapitulate endogenous gene regulation, we expect there to be differences 

in the endogenous epigenome between GBSs with and without DEX-responsive reporter 

activity. We first used DNase-seq to test for differences in chromatin accessibility between 

the two classes of GBSs (Song and Crawford 2010). After controlling for differences in GR 

occupancy between classes of GBSs, the DEX-responsive GBSs had less accessibility than 

non-DEX-responsive GBSs before and after DEX treatment (T-test, p < 1 × 10−100 and p = 6 

× 10−55, respectively), but a significantly greater increase in accessibility after DEX (T-test p 

< 1 × 10−100) (Figure 3A). The increase in accessibility was distributed across many DEX-

responsive GBSs, rather than due to few GBSs with large increases (Figure S4A). These 

data indicate that the DEX-responsive GBSs undergo more substantial chromatin 

remodeling after DEX treatment than non-responsive GBSs.

We next evaluated whether changes in covalent histone modifications at DEX-responsive 

and non-DEX-responsive GBSs were also consistent with the sites having distinct regulatory 

activities. Specifically, we evaluated whether there were distinct changes in the enrichment 

of two modifications that are associated with enhancer activity: histone 3 lysine 27 

acetylation (H3K27ac), and H3K4 mono-methylation (H3K4me1) (ENCODE 2012) (Figure 
3B and C, Table S1). In control-treated cells, non-DEX-responsive GBSs had greater 

H3K27ac and H3K4me1 signal than DEX-responsive GBSs before and after DEX induction. 

Those differences were observed both in the 500 bp window centered on the best match to 

the GRE, which we term the core of the GBS, (T-test, before DEX: p = 5 × 10−99, p = 3 × 

10−45, respectively; after DEX: p = 1 × 10−38, p = 3 × 10−46, respectively), and in the 250 bp 

flanking that core on either side (T-test, before DEX: p = 3 × 10−95, p = 10 × 10−70, 

respectively; after DEX: p = 5 × 10−21, p = 5 × 10−32, respectively). DEX-responsive GBSs, 

however, had greater changes in histone modifications, especially in the flanking regions. 

H3K27ac and H3K4me1 increased significantly more in the flanks of the DEX-responsive 

GBSs than in flanks of the non-responsive GBSs (T-test, p < 1 × 10−100). At the core of the 

GBSs, we observed a greater DEX-dependent decrease in H3K27ac signal in non-DEX-

responsive GBSs than in DEX-responsive GBSs (p < 1 × 10−100), but not for H3K4me1 (p = 

0.02). We further found that, across DEX-induced GBSs, the sites with the least H3K27ac 

prior to DEX treatment (Figure 3D) and with the greatest increase in H3K27ac with DEX 

treatment (Figure S4B) also had the greatest DEX-responsive reporter activity. The histone 

acetyltransferase P300 is responsible for establishing H3K27ac across the human genome 

(Liu et al. 2008). Consistent with our observations of H3K27ac, we observed more ChIP-seq 

signal for P300 (ENCODE 2012) at non-DEX-responsive sites prior to hormone treatment 

than at DEX-responsive sites. Specifically, in control treated cells, there was P300 

occupancy at 82% of non-responsive GBSs that were also bound by the AP-1 family 
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member FOSL2. Meanwhile, P300 was bound at 6% of DEX-responsive GBSs that lack 

evidence of FOSL2 binding in the control treatment (Figure S4C). As anegative control, we 

examined H3K27 trimethylation (H3K27me3), a histone modification associated with gene 

repression. We found no significant correlation between endogenous H3K27me3 and 

reporter assay activity (Figure S4E). Integrating the endogenous epigenetic state into our 

ROC analysis resulted in a statistically significant increase in the area under the curve 

(DeLong's test, GRE motif and H3K27ac log2(fold change [F.C.]) ROC vs. GRE motif ROC, 

p = 9.8 × 10−3; GRE motif, DNase log2(F.C.), and H3K27ac log2(F.C.) ROC vs. GRE motif, 

DNase log2(F.C.), and H3K27ac ROC, p = 3.36 × 10−2, Figure 3E). The epigenetic state of 

both DEX-induced and non-DEX-induced GBSs reflected local chromatin remodeling 

around the GBS. These results show that functionally distinct classes of GBSs have distinct 

epigenetic states in the genome before DEX treatment, and distinct changes to epigenetic 

state after DEX treatment. Further, those epigenetic changes in the endogenous genome are 

consistent with the observed changes in regulatory activity in the ChIP-reporter assays.

GBSs cluster in the genome

TF binding sites cluster in the human genome (Gotea et al. 2010; Rye et al. 2011). Those 

clusters may reflect numerous independent binding sites or alternatively, dependencies 

between sites that arise, for example, via protein-protein interactions between TFs bound at 

different sites. One way to differentiate between those two possibilities is to induce the GR 

to bind a subset of sites, and then to ask whether those sites are a random selection of all GR 

binding sites, as would be expected if binding sites are independent, or instead enriched 

within clusters, as would be expected if there are local dependencies between GR binding 

sites. To do so, we analyzed data from a previous study in the same cell type in which lower 

concentrations of DEX (0.5 nM and 5 nM) were used to induce the GR to bind a subset of 

the sites that are bound at 50 nM DEX (Reddy et al. 2012a). We then asked whether the 

subset of sites bound at lower concentrations were randomly distributed across all GR 

binding sites occupied at 50 nM treatment, indicating independent binding events; or were 

clustered together, indicating local dependencies between sites.

Twenty-four percent of the sites bound by GR in A549 cells after a 1 h treatment with 50 nM 

DEX are also bound after treating cells for the same period with 5 nM DEX (Reddy et al. 

2012a). The median minimal distance between sites bound by the GR at 5 nM DEX was 11 

kb. In contrast, randomly distributing the number of sites that are bound at 5 nM DEX across 

the larger set of sites bound at 50 nM DEX and recalculating the median minimal distance 

between bound sites produced a distribution of distances with a median of 23 kb (Figure 
4A). The sites bound by the GR at 5 nM DEX were significantly closer to each other than 

expected according to that permutation analysis (z = −20.1, p = 1 × 10−90). Clustered low 

dose GR sites should also have fewer stretches of unbound potential GR sites among the 

possible 50 nM DEX GR sites than expected by chance. We calculated the number of 

adjacent sites unbound by the GR at 5 nM DEX and compared that to the number of 

contiguous unbound stretches in a shuffled background model. Consistent with our 

hypothesis, there were significantly fewer GR unbound stretches than expected by chance 

(Z-test, Z = −12.9, p = 1.25 × 10−38, Figure S5A). The same clustering was tested and 

confirmed for 0.5 nM DEX GR sites in terms of distance to nearest adjacent GR binding site 
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and the number of contiguous unbound regions (Z-test, Z = −8.8, p = 8.95 × 10−19; Z = 

−11.6, p = 1.16 × 10−31, respectively). Finally, after controlling for GR ChIP-seq counts, we 

did not find that GBSs bound at low doses were enriched for DEX-responsive sites (0.5 nM, 

p = 0.95; 5 nM, p = 0.30). These results show that GR binds genomic loci in a dose-specific 

coordinated manner and not as independent binding events.

CTCF is depleted within GBS clusters

The three-dimensional chromatin structure of the genome is organized into topological 

domains that can functionally separate clusters of regulatory elements from surrounding 

genomic regions. CTCF is known to demarcate the boundaries of topological domains 

(Botta et al. 2010; Dixon et al. 2012) and can insulate the activity of adjacent regulatory 

elements in the genome. If clustered GR binding results from physically interacting sites, we 

expect CTCF to be depleted between adjacent pairs of GBSs bound at 5 nM DEX. Indeed, 

33% percent of the pairs of GBSs that were both occupied at 5 nM DEX had an intervening 

CTCF binding site. As a control, we permuted which pairs of all possible 50 nM GBSs had 

an intervening CTCF site. That model resulted in a greater percentage of sites (47%) with an 

intervening CTCF (Z-test, Z = −22.4, p < 1 × 10−100, Figure 4B). The same result was 

replicated with 0.5 nM DEX GBSs (Z-test, Z = −2.4, p = 8 × 10−3). Those results show that 

CTCF is depleted between coordinately bound GBSs.

Tethered GBSs cluster around direct GBSs in the genome

We frequently observed that few GBSs in a cluster had reporter activity, suggesting that 

GBSs in a cluster may serve different functions. For example, there are six GBSs near the 

NFKBIA gene, but only two were DEX-responsive in ChIP-reporter assays (Figure 4C). To 

determine if DEX-responsive GBSs are generally depleted within clusters, we first defined 

GR binding clusters by identifying groups of GBSs with less than 5 kb between each site. 

We then quantified the average DEX-responsive activity of the GBSs in each cluster. If 

DEX-responsive reporter activity was evenly distributed across all GBSs in the genome, we 

would expect there to be no relationship between cluster cardinality and average DEX-

responsive reporter activity. Instead, there was an inverse relationship such that singular 

clusters had greater DEX-responsive reporter activity, and the most-populated clusters had 

the least average reporter activity (Figure 4D). Permuting reporter activity across GBSs and 

repeating the analysis shows that such a trend was unexpected to occur by random. That 

result was general to the window size used to define clusters (Figure S5B, S5C). We 

observed the same trend when evaluating the average number of DEX-responsive GBSs per 

cluster rather than the average activity of those GBSs (Figure S5D). The fraction of clusters 

that harbor at least one DEX responsive GBS was enriched for small clusters, another 

indication that GBSs that are isolated in the genome are more likely to function 

autonomously in a reporter assay (Figure S3F-I). We also found that physically isolated 

GBSs were more likely to have stronger DEX-responsive activity (Figure S5E). Based on 

these results, we conclude that clusters of GBSs consist of a mixture of DEX-induced and 

non-DEX-induced GBSs, and that large clusters are depleted for DEX-induced GBSs while 

small clusters or isolated GBSs are enriched for DEX-responsiveness.
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Based on those observations, we hypothesized that direct GBSs nucleate cluster formation 

by binding to the genome and then interacting with other TFs bound beyond the range of 

immediately proximal TF-TF composite activity, resulting in the appearance of non-GRE 

driven tethered GBSs. To evaluate that model, we focused on interactions between direct 

GBSs and sites where GR is tethered to AP-1. As reported previously, we found substantial 

co-occupancy of GR and the AP-1 subunit JUND after DEX treatment (Reddy et al. 2012a). 

In our analysis, 2,982 (39%) of the JUND binding sites present prior to DEX treatment were 

bound by GR after DEX exposure. Conversely, 1,992 (64%) of the GBSs occurred at sites 

also bound by JUND in the presence of DEX. If GR binding directly to the genome via a 

GRE coordinates GR binding at nearby AP-1 sites, we expect that JUND sites that also bind 

GR after DEX treatment would be closer to direct GBSs. Indeed, we found that JUND 

binding sites bound by the GR after DEX treatment were substantially closer to direct GBSs 

than expected by the genomic distribution of JUND binding (median distance 45 kb vs. 138 

kb, Mann Whitney U-test p < 7.46 × 10−41, Figure 4E, Table S5), suggesting that direct GR 

binding coordinates tethered binding nearby. That finding agrees with a study that used a 

dominant negative AP-1 to show that GR binding at AP-1 co-bound sites was AP-1 

dependent, but that GR binding at direct sites was not (Biddie et al. 2011). A recent study 

demonstrated that sites enriched for distal P300 interactions are enriched for AP-1 binding 

motifs and that P300 interactions gained after GC-exposure are enriched for the GRE 

(Kuznetsova et al. 2015). These results suggest that GR binding directly to the genome 

explains local clustering of AP-1 tethered GR binding sites across the genome.

Direct GBSs recruit AP-1 binding to genomic sites that lack AP-1 recognition motifs

Just as we observe GR occupancy enriched at AP-1 sites that are close to direct GBSs, we 

also observe enriched gains of AP-1 occupancy at direct GBSs. After DEX treatment, JUND 

binding was gained at 352 sites, maintained at 2,629 sites and lost at 4,982 sites (Table S6). 

The majority of gained JUND binding sites (83%) overlapped GBSs. Meanwhile, 56% of 

maintained JUND binding sites and 25% of lost JUND sites overlapped GBSs (gained vs. 

maintained, Fisher's exact test p = 1.12 × 10−24, gained vs. lost, Fisher's exact test p < 1 × 

10−100, Figure 5A). DEX-induced JUND binding sites were substantially closer to GBSs 

than maintained JUND binding sites (median distance 0.37 kb vs. 5.23 kb; Mann Whitney 

U-test p = 4.83 × 10−15) and JUND sites lost after DEX treatment (0.37 kb vs. 21.81 kb; 

Mann Whitney U-test p = 5.28 × 10−37; Figure 5B). The gains and losses of AP-1 were 

largely determined by whether the GBS had DEX-responsive reporter activity. Of the 352 

AP-1 sites that were induced by DEX, 41% overlapped GBSs that were DEX-responsive in 

reporter assays. Meanwhile, only 6% of the 2,629 sites that maintained JUND occupancy 

overlapped with reporter-responsive GBSs (Fisher's exact test p = 2.65 × 10−62, Figure 5C).

We investigated whether GR and AP-1 DNA binding motifs explain the gains and losses of 

AP-1 with DEX treatment. We computed the distribution of motif scores for the AP-1 

binding motif within gained, maintained, and lost JUND sites. The distribution of motif 

scores in each class was bimodal, suggesting distinct classes of AP-1 motif driven and non-

AP-1 motif driven JUND binding (Figure 5D, Figure S6A). Next, we computed GRE motif 

scores at each class of JUND binding site. While the majority of JUND binding sites had 

GREs consistent with a background model in which sequences were shuffled prior to motif 
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finding, many novel JUND binding sites contained strong matches to the GRE (Figure 5E). 

When two-component Gaussian mixture models were fit separately to the GR motif scores 

of JUND gained, JUND maintained, and JUND lost sites, only JUND gained sites had a 

mixture component with a significantly greater GR motif score than that of matched 

dinucleotide shuffled sequences (Z-test, p = 3 × 10−3) (Figure S6B). We estimate that 47% 

of the gained JUND sites belonged to the class of sites with greater GR motif score. These 

results suggest that, just as GR binding to the genome at tethered sites corresponds with 

enrichment for AP-1 motifs, AP-1 can be observed binding at strong GREs after DEX 

exposure.

Epistatic interactions between GR and AP-1 modulate DEX-induced regulatory activity

GR and AP-1 act together to regulate gene expression [e.g. (Diamond et al. 1990; Herrlich 

2001; Ratman et al. 2013)], and AP-1 plays a major role in determining where GR binds in 

different cell types (Biddie et al. 2011; Gertz et al. 2013). Our GR ChIP-reporter 

experiments and subsequent analyses have shown that AP-1 sites are not sufficient for DEX-

responsive regulatory activity in a reporter assay, yet are clustered around direct GR binding 

sites in the genome. Previous studies have demonstrated that GR and AP-1 binding 

immediately adjacent to each other can synergistically amplify the transcriptional response 

to glucocorticoids, which we confirm (Figure S6C-G, Table S3) (Mittal et al. 1994; Pearce 

et al. 1998). Our clustering analysis also suggests that GR and AP-1 interactions occur over 

tens of kilobases (Figure 4). One possible explanation is that direct GBSs interact with AP-1 

binding sites via DNA looping, and that those interactions also alter the GC response. To 

distinguish between immediately adjacent binding and looping, we varied the spacing 

between a DEX-induced GBS and a canonical AP-1 response element, and again tested for 

synergy between the sites (Figure 5F, Figure S6H-J). Consistent with previous studies 

(Pearce et al. 1998), AP-1 amplified the effects of GC-mediated gene activation ~20-fold 

when the AP-1 binding motif was between 23 and 123 nt from the GRE. The extent of 

activation was decreased to a minimum of 3.5 fold induction when the AP-1 response 

element was between 143 and 183 nt from the GRE, consistent with the axial stiffness of 

DNA inhibiting interactions between GR and AP-1 (Lee and Schleif 1989). Finally, reporter 

gene induction increased to a maximum of 58-fold when the interval between the GRE and 

the AP-1 binding site was between 203 and 243 nt (Figure 5F, Figure S6I). That interval is 

substantially more than the estimated persistence length of DNA (Lee and Schleif 1989), and 

is therefore consistent with DNA looping between the GR and AP-1 site. These data provide 

evidence that AP-1 binding sites could interact distally with DEX-inducible GR occupied 

enhancers to increase the potency of GC-responsive regulatory elements.

Distal binding cluster interactions are a general mechanism of gene regulation

Many TFs bind to the genome in clusters, raising the possibility that our model of TF 

clustering via interactions between direct and tethering sites may be a general phenomenon. 

To address this possibility we analyzed published genomic datasets generated to study the 

estrogen receptor (ER) (Joseph et al. 2010; Hurtado et al. 2011). ER cooperatively interacts 

with both AP-1 and FOXA1. In those studies, AP-1 and FOXA1 have been described as 

either pioneer factors that increase chromatin accessibility prior to ER binding at composite 

sites or, as tethering factors that indirectly bind ER to the genome. Alternatively, we 

Vockley et al. Page 9

Cell. Author manuscript; available in PMC 2017 August 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hypothesized that like the GR, the ER binds to the genome in clusters that reflect 

interactions between direct ER binding sites and nearby AP-1 or FOXA1 binding sites. As 

we observed in the case of the GR, direct ER binding sites were substantially closer to JUN 

binding sites that become ER bound than the genomic distribution of JUN sites (Figure 6A, 

19 kb vs. 51 kb, Mann Whitney U-test p = 3.97 × 10−14). Likewise, we found that direct ER 

binding sites were substantially closer to FOXA1 binding sites that became bound by the ER 

after estrogen treatment than the genomic distribution of FOXA1 binding sites (Figure 6B, 
41 kb vs. 84 kb, Mann Whitney U-test p < 2.06 × 10−71). Analysis of published ER ChIA-

PET data revealed that at sites bound by the ER and FOXA1 or sites bound by the ER alone, 

the percentage of sites with distal chromatin interactions was directly correlated with ERE 

strength (Figure 6C, 6D) (Fullwood et al. 2009). These analyses demonstrate that analogous 

to the GR, the direct ER binding sites also likely interact with distal tethering proteins in a 

locally dependent manner

Discussion

Genome-wide mapping of TF-DNA interactions has revealed a vast excess of TF binding 

sites relative to the number of regulated genes (Reddy et al. 2009; Gao et al. 2013). Using a 

comprehensive empirical analysis of the regulatory activity of each GBS, we have developed 

an enhancer-cluster model in which direct GBSs interact with co-binding TFs kilobases 

away via protein-protein interactions (Figure 7). We predominantly focused on the well-

known interactions between GR and AP-1. Several models have been proposed to explain 

those interactions such as AP-1 recruiting GR to sites that lack a GRE (Teurich and Angel 

1995) or AP-1 enabling GR to bind weak versions of a GRE (Biddie et al. 2011; John et al. 

2011). Our model expands on those possibilities by suggesting that GR also binds AP-1 sites 

via chromatin loops between AP-1 sites and distinct direct GBSs. We also show that such 

interactions are necessary for the DEX-responsiveness of some GBSs observed with ChIP-

seq. Our model predicts the reciprocal effect of AP-1 binding at direct GREs upon DEX 

treatment, which we observe (Figure 5E). Our interaction model helps to explain the 

following observations: (i) the discrepancy between the number of TF binding sites and the 

number of regulated genes, (ii) the fact that only a small fraction of the binding sites for a 

given TF have a DNA binding motif for that TF (Gertz et al. 2013), and (iii) the distinct 

patterns of epigenetic remodeling at direct and tethered GBSs. Genetic studies have also 

shown that it is common for single nucleotide variants to disrupt TF binding without direct 

binding motifs for that TF (Reddy et al. 2012b; Soccio et al. 2015). According to our model, 

an explanation is that the variant disrupts interactions between TFs, thus leading to distal 

regulatory perturbations.

Previous studies have demonstrated that AP-1 tethered GBSs vastly outnumber direct GBSs 

and that tethered sites are enriched in cell-type-specific GR binding. Based on those two 

findings, tethered sites are thought to play a major role in cell type-specific transcriptional 

GC responses (Gertz et al. 2013). Meanwhile, our results show that while many tethered 

GBSs act as steady-state enhancers, only direct GBSs initiate GC-responsive enhancer 

function. A potential resolution to that discrepancy is that distal interactions between direct 

GBSs and tethered sites tune the activity of both cell-type-specific and cell-type-shared 

direct GBSs. Each direct GBS can interact with multiple nearby tethering sites. Thus, cell-
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type-specific tethered binding sites outnumber the cell-type-specific direct binding sites that 

nucleate GR binding clusters. Given the extent of amplification of reporter activity that we 

observe, looping interactions between direct GBSs and tethering TFs may be a major 

contributor to the transcriptional response to GCs. It is unclear if clusters of interacting 

GBSs are the result of multiple tethered sites interacting with a single direct GBS, or the 

result of ChIP-seq signal aggregated from a population of cells with binary GR/AP-1 

interactions. Consistent with our evidence, separating direct and tethered GBSs minimally 

improves the ability to predict DEX-induced genes (Figure S6K). It remains to be 

determined which specific aspects of the interactions between direct and tethered GBSs will 

best predict GC-mediated expression responses.

While the results of this study demonstrate an enhancer-cluster model of GC-mediated gene 

induction, they do not preclude the occurrence of additional regulatory mechanisms. The 

specific configuration of TFs at direct and tethered sites, interactions with other TFs, GR and 

AP-1 phosphorylation, DNA methylation, heterochromatin formation, and the amount of GR 

in a cell are all likely to contribute to the transcriptional response to GCs. Thus, additional 

mechanisms may contribute to the lack of repression observed in our results, and to the cell-

type specificity of some direct GBSs. For example, while including GR and AP-1 sites on 

the same plasmid amplified an activating DEX response in our experiments, others have 

demonstrated that tethering can also result in repression of gene expression (Luecke and 

Yamamoto 2005). Further clarifying the determinants and effects of interactions between 

direct and tethered sites will therefore likely be informative in understanding the 

complexities of GC-mediated gene regulation.

Finally, while the focus of this study is on GR and ER binding sites, many other TFs have 

similar distributions of genomic binding and binding mechanisms. It is therefore likely that 

our model applies to numerous additional eukaryotic TFs, and may broadly contribute to the 

coordination of TF binding observed across the human genome.

Methods and Resources

CONTACT FOR REAGENT AND RESOURCE SHARING

Email contact for reagent and resource sharing: Tim.Reddy@Duke.edu

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experiments were performed in A549 cells. Cells were obtained from the Duke Cancer 

Center Cell Culture Facility.

METHOD DETAILS

Cell Culture—A549 cells were grown at 37 °C and 5% CO2 in F-12K medium with 10% 

fetal bovine serum and 1% penicillin-streptomycin. Cells were treated by adding 0.02% by 

volume of 5 mM DEX directly to the cell culture media. As a vehicle control, cells were 

treated in parallel with 0.02% by volume EtOH.
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Chromatin Immunoprecipitation (ChIP) and ChIP-seq—Chromatin 

immunoprecipitation was performed as previously described (Reddy et al. 2009) using 2 × 

107 A549 cells per replicate. Cells were sonicated using a Bioruptor XL (Diagenode) on the 

high setting until the resulting chromatin was fragmented to a median fragment size of ~250 

nt as assayed by agarose gel electrophoresis. ChIP was performed using the 5 μg rabbit 

polyclonal GR antibody (Santa Cruz Biotechnology sc-1003), and 200 μl of magnetic sheep 

anti-rabbit beads (Life Technologies M-280). After reversal of formaldehyde crosslinks at 

65 °C overnight, DNA was purified using MinElute DNA purification columns (Qiagen). 

Illumina sequencing libraries were then generated using the Apollo 324 liquid handling 

platform according to manufacturer's specifications (Wafergen).

Cell transfection and library harvesting—ChIP STARR-seq input libraries were 

combined in equimolar pools and transfected into T-75 (BAC STARR-seq) or T-150 flasks 

(ChIP STARR-seq) of A549 cells with Fugene HD (Promega) at a 4:1 ratio of Fugene:DNA. 

Three replicate transfections were performed per experimental condition. Cells were treated 

for 3 h with either 100 nM DEX or 0.02% by volume EtOH. Cells were rinsed with PBS pH 

7.4 and incubated for 3 min at 37 °C with DNase I (5 mg DNAse I in 1 ml of buffer 

containing 10 mM Tris-HCl pH 7.5, 150 mM NaCl and 1 mM MgCl in DEPC treated water 

diluted to a total volume of 24 ml in PBS). Cells were rinsed again with PBS and then 

dissociated with Trypsin-EDTA 0.25% (Life Technologies). Trypsin was neutralized with 

A549 tissue culture medium and cells were pelleted via centrifugation. Cell pellets were 

rinsed once with PBS and then lysed in 2 ml of RLT buffer (Qiagen) with 2-mercaptoethanol 

(Sigma).

ChIP-reporter Input Library Construction—ChIP-seq libraries were adapted to 

STARR-seq by amplifying with 8 cycles of PCR (New England Biolabs Q5, GC buffer) 

using primers P1F and P1R to enable cloning into the STARR-seq human screening reporter 

backbone as previously described (Arnold et al. 2013). After cloning, the reaction was 

purified using 1.5X Agentcourt Ampure XP beads (SPRI beads; Beckman Coulter) and 

eluted in 10 μl water. Purified constructs were split into four 2 μl aliquots and electroporated 

into 60 μl of MegaX DH10B competent cells (Life Technologies) per aliquot. Cultures were 

recovered in 3 ml SOC medium for 1 h and then grown in suspension in 400 ml of Luria 

Broth medium for 14 h. Library plasmids were purified using the Promega Pure Yield 

maxiprep system.

ChIP-reporter output library construction—Total RNA was prepared using the 

Qiagen RNeasy kit. Poly-A RNA was isolated from 70 μg of total RNA by double selecting 

with Dynabead Oligo-dT(25) beads (Life Technologies). RNA was then treated with 

turboDNase (4 U) for 30 min at 37 °C (Invitrogen). DNase treated poly-A RNA was purified 

using the RNeasy Mini kit. Plasmid specific cDNA was synthesized using Superscript III 

(Life Technologies) incubated for 2.5 h at 55 °C and inactivated at 70 °C for 15 min. 

Following synthesis, cDNA was treated with RNaseA (Sigma) at 37 °C for 30 min. cDNA 

was purified using SPRI beads and then amplified and indexed for sequencing using a two 

stage PCR as described previously (Arnold et al. 2013).
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Quantification of regulatory activity in ChIP-reporter assayed sites—The ChIP-

reporter output libraries were sequenced using paired-end 25 bp reads on an Illumina MiSeq 

and analyzed as described in supplemental methods.

BAC STARR-seq Input Library Construction—Six BACs (RP11-806F7, 

RP11-435L21, RP11-139K17, RP11-788A16, CTD-2340K24, RP11-769H22) that contain 

previously identified DEX-responsive genes (Reddy et al. 2009) were amplified in E. coli 

and the resulting DNA was prepared using the NucleoBond BAC 100 kit (Macherey-Nagel). 

PCR was used to validate that the prepared DNA was from the expected genomic regions. 

The DNA from each BAC was pooled in equimolar ratios for tagmentation (Illumina) (Adey 

et al. 2010; Gertz et al. 2012). The tagmentation reactions were performed in six reactions, 

each with 50 ng of pooled BAC DNA. Three reactions used 1 μl of transposase, and three 

used 5 μl of transposase. The reactions were incubated at 55 °C for 5 min and then moved to 

ice. Reactions were neutralized using 30 μl QG buffer (Qiagen) and purified using SPRI 

beads at a 1.125X SPRI:reaction ratio. Purified reactions were eluted in 22 μl of nuclease 

free water (Sigma). The resulting tagged fragments were then PCR amplified to add 15 bp of 

sequence matching the STARR-seq backbone as for ChIP-reporter assays. Specifically, the 

PCR reaction was primers with primers SSV-nxt-F and SSV-nxt-R, and the DNA was 

amplified with Phusion High fidelity polymerase with GC buffer (New England Biolabs). 

The reactions were incubated at 72 °C for 3 min; 98 °C for 30 s; followed by 10 cycles of 

(98 °C for 10 s, 63 °C for 30s and 72 °C for 3 min). The resulting products were purified 

using SPRI beads at a 1.8X SPRI:reaction ratio.

The STARR-seq screening vector was digested overnight with SalI and AgeI and linearized 

backbone was purified with the Wizard SV Gel and PCR Clean-Up kit (Promega). 100 ng of 

backbone and 17 ng pooled insert were cloned in three 10 μl Infusion HD reactions 

(Clontech). Infusion reactions were then pooled and electroporated into MegaX DH10B 

electrocompetent cells at a ratio of 4 μl reaction to 20 μl of competent cells for a total of six 

electroporations. Transformations were recovered for 1 h in SOC medium while shaking 

(225 rpm, 37 °C) and then grown for 14 h in 250 ml of Luria Broth while shaking (225 rpm, 

37°C). The resulting STARR-seq input libraries were then purified using the Promega Pure 

Yield Maxiprep kit.

To assess fragment diversity in the STARR-seq input libraries, the fragments inserted into 

each was sequenced on an Illumina MiSeq. 10 ng of each input library was PCR amplified 

using indexed Nextera primers and Phusion DNA polymerase in GC buffer (New England 

Biolabs). The following thermal cycling protocol was used: 98 °C for 30 s, followed by 10 

cycles of (98 °C for 10 s, 65 °C for 30 s, 72 °C for 2 min), with a final extension at 72 °C for 

7 min. PCR products were purified using SPRI beads (1.8X SPRI:DNA ratio) and sequenced 

on an Illumina MiSeq Instrument using 25 bp paired end reads.

STARR-seq output library construction—RNA from transfected A549 cells was 

prepared as for ChIP STARR-seq output libraries. Reverse transcription was performed in 50 

μl reactions using SuperScript III scaled up from the manufacturer's protocol. Reactions 

were primed using Oligo(dT)12-18 primers (Life Technologies) and incubated at 42 °C for 1 

h, 50 °C for 90 min and then inactivated at 70 °C for 15 min. cDNA samples were purified 
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using SPRI beads (1.8X SPRI:DNA ratio). Purified cDNA reactions were then PCR 

amplified using Phusion polymerase with GC buffer under the following conditions: 98 °C 

for 30 s, 25 cycles of (98 °C for 10 s, 65 °C for 30 s, 72 °C for 2 min) with a final extension 

at 72 °C for 7 min.

Nuclear localization of plasmids—A549 cells were transfected using Fugene HD in 10 

cm dishes as per manufacturer's protocol. Six transfections were performed. After 45 h, 3 

plates were treated with 100 nM DEX and 3 plates were treated with 0.02% EtOH for 

vehicle control. Cells were harvested 3 h after treatment. Purified nuclei were harvested 

using the Nuclei EZ Prep Kit (Sigma-Aldrich) according to manufacturer's instructions. 

Purified nuclei were suspended in Qiagen Plasmid DNA mini-prep buffer P1 rather than 

nuclei storage buffer and processed according to standard bacterial plasmid mini-prep 

protocol. Sequencing libraries were generated via PCR using the same protocol used to 

assay input libraries. Plasmid diversity sequencing was performed using a single lane on an 

Illumina MiSeq with 25 bp paired end reads.

Luciferase reporter assay validations—GR binding sites were selected from regions 

of the genome near DEX-responsive genes containing GR binding sites assayed by both 

ChIP STARR-seq and BAC STARR-seq. Elements were selected to be ~400 bp in length. 

The elements were PCR amplified from pooled BACs (see “STARR-seq Input Library 

Construction”) using Q5 polymerase and the following cycling conditions: 98 °C for 30 s, 

35 rounds of (98 °C for 10 s, 58 °C for 30 s, 72°C for 2 min), and a final extension at 72 °C 

for 7 min. Primers were designed to anneal to the target region and add 15 nucleotides that 

match either the HindIII or EcoRV side of the multiple cloning site of the pGL4.24 minimal 

promoter firefly luciferase expression vector (Promega) to enable Infusion cloning. 

Appropriate PCR band size was determined by electrophoresis and amplicons were purified 

using SPRI beads (1.5X SPRI:reaction ratio) prior to cloning.

pGL4.24 was linearized at the multiple cloning site by incubating overnight with HindIII 

and EcoRV. Test elements were cloned using Infusion HD (CloneTech) and transformed into 

Stellar competent cells (CloneTech). Colonies were picked, grown overnight and DNA was 

purified using PureYield Plasmid Miniprep kits (Promega), and screened for the expected 

insert with Sanger sequencing.

A549 cells were plated in 96-well plates (10,000 cells/well) and transfected using Fugene 

HD two days after plating at a 4:1 Fugene:DNA ratio. 100 ng of each test construct and 10 

ng pRL-TK Renilla luciferase normalization vector (Promega) were transfected per well 

with 12 replicates. After 24 h, six wells of cells per vector were treated with medium 

containing either 100 nm DEX or 0.02% EtOH control. After 4.5 h — 3 h for response and 

1.5 h for protein folding (Tyedmers, Brunke et al. 1996) — cells were harvested and assayed 

using the Dual-glo luciferase assay system (Promega) and plates were read using a Victor3 

1420 Multilabel Counter (PerkinElmer).

The ratio of firefly luciferase activity to Renilla luciferase activity was determined for each 

well. The six replicates of each condition were averaged and then induction was determined 
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by calculating the log2(average Renilla-normalized luciferase activity in the DEX condition / 

average Renilla-normalized luciferase activity in the EtOH condition).

AP-1 GRE combinatory experiments—For GRE/AP-1 spacing experiments, gene 

blocks that encode the TSC22D3 DEX-induced enhancer (Figure S6E) followed by 250 bp 

of non-DEX-inducible DNA (as assayed by STARR-seq; Figure S6I) and a canonical JUND 

binding element (Mathelier et al. 2014) (MA0489.1) were synthesized (Integrated DNA 

Technologies). The spacing of the JUN binding motif was varied in 20 bp increments 

(Figure S6H). DNA fragments were analyzed using the JASPAR database to confirm that no 

de novo JUN or GR binding motifs were generated while designing the constructs.

For GRE/AP-1 combination experiments, DEX responsive enhancers were synthesized in 

combination with JUN consensus binding motifs (Figure S6C-G) (Mathelier et al. 2014). 

non-DEX-induced DNA was used as intervening sequence between sites (Figure S6I). 

Motifs were mutated by altering the top scoring three nucleotides of the position weight 

matrix of each motif.

Twenty bp of DNA from the 3’ and 5’ cloning sites were added during gene block synthesis. 

The resulting fragments were cloned directly into the EcoRV site of the Pgl4.24 backbone 

(Promega) using Gibson Assembly Master Mix (NEB) according to manufacturer's 

instructions. DEX-induced Luciferase assays were performed as above, using 4ng pRL-sv40 

per well as internal control and assayed using the GloMax multiwall luminometer 

(Promega). In each experiment 12 replicates were treated with 100 nM DEX and 12 

replicates were treated with 0.02% EtOH. Data from these experiments are displayed in 

Figure S6F and Figure S6I.

GRE addition experiments—Two non-DEX-induced GBSs (~450 nt) were identified 

from the TSC22D3 and NFKBIA loci (Table S3). Sites were selected based on increased 

chromatin accessibility in control condition. The highest scoring match to the AP-1 motif 

was identified (Mathelier et al. 2014) (MA0489.1) in each site and constructs were designed 

and cloned (as described above; AP-1 GRE combinatory experiments) that contained t a 

minimal GRE identified from the PER1 locus cloned 20 nt 5’, 3’ or both 5’ and 3’ of the 

non-induced GBSs. A congruent set of vectors containing the mutated forms of the GRE (as 

described; AP-1 GRE combinatory experiments) were generated in each cloning position.

Dual luciferase assays (as described above; AP-1 GRE combinatory experiments) were used 

to determine the effects of adding GREs to non-DEX-induced elements.

DEX washout reporter assay experiments—The upstream PER1 DEX-induced 

enhancer was synthesized (Integrated DNA technologies) and cloned into STARR-seq as 

described above (STARR-seq Input Library Construction). The resulting vectors were 

transfected into A549 cells and treated with 100 nM DEX, or .02% EtOH vehicle control for 

30 minutes. Six replicates of each condition were treated for 3 h, and 6 replicates of DEX 

treated cells were washed twice with medium containing EtOH vehicle and treated for an 

additional 3 h.
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RNA was harvested (Qiagen RNeasy miniprep kit), with the addition of ERCC external 

control RNA cocktail added to each RNA preparation at the cell lysis step. RT-qPCR was 

performed using primers designed to span the splice junction of the STARR-seq transcript or 

ERCC external control primers (Devonshire et al. 2010) and the RNA-2-CT cDNA synthesis 

and SYBR green qPCR kit as per manufacturer instructions. qPCR data was analyzed using 

the delta-delta-cT method

RNA-seq—Total RNA was harvested from three replicates of A549 cells treated with DEX 

or EtOH as previously described in main methods using the Qiagen RNease Mini kit 

including the on-column DNase digestion. Poly-A RNA was isolated from 1 μg of total 

RNA as described above, and Illumina RNA-seq libraries were prepared using the Apollo 

324 library prep station according to the manufacturer's protocol (Wafergen).

ChIP-exo Library Construction—Human lung adenocarcinoma cells (A549s) were 

grown to confluence in 15 cm plates (~20 million cells) and treated with 100 nM 

dexamethasone for 1 h, in triplicate. Cells were processed as described in the ChIP-seq 

library construction described above, through to the LiCl washes. Chromatin-bound IgG 

beads were then washed with 10 mM Tris-HCl (pH 7.5) and resuspended in 30 μl of end 

repair mix: 1X T4 Ligase Buffer, 0.4 mM dNTPs, 1.8 U T4 DNA Polymerase, 6 U T4 PNK, 

and 3 U DNA Polymerase I, Large (Klenow) Fragment. Beads were incubated at room 

temperature for 30 minutes, and then washed with 10 mM Tris-HCl (pH 8). Beads were then 

resuspended in 30 μl of A-tailing mix: 1X NEB Buffer 2, 0.2 mM dATP, and 3 U Klenow 

Fragment (3’->5’ exo-). Beads were incubated at 37°C for 30 minutes. Next, beads were 

washed with 10 mM Tris-HCl (pH 7.5) and resuspended in 30 μl adapter ligation mix: 1X 

Quick Ligase Buffer, 4 μl Quick Ligase, and 1 pmol of Illumina Adapter A. Beads were 

incubated at room temperature for 30 minutes. Next, the beads were washed with 10 mM 

Tris-HCl (pH 9.5), and resuspended in 20 μL of λ-exonuclease mix: 1X λ-exonuclease 

Buffer and 5 U λ-exonuclease. The beads were incubated at 37°C for 30 minutes. Next, the 

beads were washed with 10 mM Tris-HCl (pH 8), and resuspended in 20 μL RecJf mix: 1X 

NEB Buffer 2 and 15 U RecJf. The beads were incubated at 37°C for 30 minutes, and then 

washed with TE Buffer. The beads were resuspended in 150 μL IP Elution Buffer (1% SDS, 

0.1 M NaHCO3), and incubated for 1 hr at 65°C, with vortexing every 15 minutes. The 

beads were centrifuged at 20,000xg for 3 minutes, and the supernatant was transferred to a 

new tube and incubated at 65°C overnight. DNA was purified using a MinElute PCR 

Purification kit (Qiagen), using 11 μl of EB Buffer for the elution. Purified DNA was mixed 

with 8 μL of phi29 DNA polymerase mix: 1X phi29 Buffer, 10 pmol primer P2, 375 nM 

dNTPs, and 4 μg BSA. The mix was heated to 95°C for 2 minutes, 63°C for 5 minutes, 30°C 

for 2 minutes, and held at 30°C. 10 U of phi29 DNA polymerase was added to the mix, 

which was then heated at 30°C for 20 minutes, 65°C for 10 minutes, and held at 4°C. DNA 

fragments were purified using AxyPrep Mag PCR Clean-Up beads at a 2:1 bead 

volume:sample volume ratio. DNA was eluted off beads using 30 μl A-tailing mix, and 

incubated at 37°C for 30 minutes. The DNA was then purified using AxyPrep Mag PCR 

Clean-Up beads as described above. DNA was eluted from beads using 30 μL of adapter 

ligation mix (with Illumina Adapter B instead of A), and incubated at room temperature for 

30 minutes. The DNA was then purified using AxyPrep Mag PCR Clean-Up beads as 
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described above, and eluted in 50 μl of PCR amplification mix: 1X Q5 Reaction Buffer, 200 

nM dNTPs, 10 pmol Primer A, 10 pmol Primer B, and 1 U Q5 polymerase. PCR was carried 

out according to the manufacturer's specifications, using an annealing temperature of 65°C, 

and an extension time of 30 seconds, for 20 cycles. The PCR products were purified with 

AxyPrep Mag PCR Clean-Up beads with a 1:1 ratio, and eluted in 30 μL of EB Buffer. DNA 

concentration was measured on a Qubit Fluorometer (Life Technologies), and fragment size 

distribution was assessed on a TapeStation 2200 (Agilent Technologies). Libraries were 

sequenced on an Illumina HiSeq 2000 with 50 base-pair paired end reads.

DNase-seq—DNase-seq libraries were made from fresh cell cultures of the control cell 

line and treated cell line, with three replicates for each cell line. Library preparation and 

analysis was performed as described (Song and Crawford 2010) with the modification that 

oligo 1b was synthesized with a 5’ phosphate to increase the efficiency of ligation.

QUANTIFICATION AND STATISTICAL ANALYSIS

GR ChIP-seq analysis—GR ChIP-seq was performed in biological duplicates after 3 h 

treatment with either 100 nM DEX or 0.02% by volume EtOH. The libraries were sequenced 

on an Illumina MiSeq using single-end 50 bp reads. The sequencing reads were aligned to 

the hg19 version of the reference genome using Bowtie (Langmead et al. 2009), and binding 

sites were called in the DEX-treated samples relative to the EtOH-treated samples using the 

MACS peak calling software (Zhang et al. 2008; Feng et al. 2012). Peaks were then split 

into subpeaks using PeakSplitter (Salmon-Divon et al. 2010), and set to a fixed size of 500 

bp by extending 250 bp to either side of the sub-peak summit. To combine peaks between 

replicates in an inclusive manner, subpeaks between replicates were merged using mergeBed 

from BEDTools (Quinlan 2014), requiring a 250 bp overlap to combine peaks. The resulting 

peaks were again fixed to a size of 500 bp by extending 250 bp upstream and downstream 

from the peak midpoint.

Estimating library diversity in reporter libraries—The number of unique fragments 

in the ChIP STARR-seq input library was estimated by sequencing on an Illumina MiSeq 

instrument and estimating the point of saturation. Plasmids were amplified using standard 

full-length Illumina sequencing adapters and sequenced using 25 bp paired end sequencing. 

Colony PCR was performed on individual clones of the vector plated from the initial 

transformation to confirm cloning efficiency. ChIP STARR-seq insert sequence data was 

aligned to the hg19 version of the human genome using Bowtie (Langmead and Salzberg 

2012), and converted to fragments using SAMtools (Li et al. 2009) and an in-house Perl 

script. Insert diversity was analyzed using a custom perl script, and the number of fragments 

per library was estimated by Bmax in a model that accounts for saturation and non-specific 

sequencing errors (Y = Bmax X/(Kd active X) active NS X active Background). The model 

was fit using the Prism software package.

Quantification of regulatory activity in ChIP-reporter assayed sites—Reads were 

aligned to the hg19 build of the human genome using Bowtie (Langmead and Salzberg 

2012), and the number of aligned reads per GR binding site was determined. The DEX-

responsive regulatory activity of each site was evaluated using DESeq2 where read counts at 
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each site were normalized by the total number of aligned reads in each library, and 

statistically significant changes in regulatory activity after DEX treatment were evaluated 

using a negative binomial model of the normalized read counts (Love et al. 2014a).

Estimation of Regulatory Activity in STARR-seq Assayed Sites—BAC STARR-

seq output libraries were sequenced on an Illumina MiSeq Instrument using paired-end 25 

bp reads. Reads were aligned to the hg19 reference genome sequence for the target BACs 

using Bowtie (Langmead and Salzberg 2012), paired end reads were converted to 

corresponding fragments, and the number of reads per fragment was counted for each 

replicate. The number of reads in each experiment was then normalized to the median of the 

number of reads per fragment divided by the geometric mean read count of that fragment. To 

estimate the significance of differences between EtOH and DEX treatment, a Wilcoxon 

signed-rank test was performed using a sliding 1 bp window across the target BACs. For 

each test, the normalized read counts for the fragments overlapping the window were 

compared between DEX and EtOH treatment conditions, and a p-value was reported.

RNA-seq Expression Analysis—RNA-seq reads were sequenced on an Illumina HiSeq 

using 50 bp single end reads. The resulting reads were aligned to version 19 of the 

GENCODE reference set of transcripts using Bowtie (Harrow et al. 2006; Langmead and 

Salzberg 2012). Differential expression was called using DESeq2 (Love et al. 2014) at a 

false discovery rate (FDR) < 5% (Benjamini and Hochberg 1995).

Estimating Proximity Between GR Binding Sites and the TSSs—Transcriptional 

start site coordinates used in ChIP STARR-seq—gene proximity analyses were obtained 

from version 19 of the GENCODE annotation for genes that were differentially expressed 

after treatment for 3 h with 100 nM DEX (FDR < 5%) (Harrow et al. 2006). The ChIP 

STARR-seq-TSS distances used for empirical cumulative density functions were found 

using the closestBed function from BEDTools (Quinlan 2014). GC–induced ChIP STARR-

seq sites were defined as having an FDR < 5% and non-GC–induced ChIP STARR-seq sites 

were defined as having an FDR > 30%. Differing sizes of GC–induced ChIP STARR-seq 

and non-DEX-induced ChIP STARR-seq groups could confound the distribution of 

distances of the closest ChIP STARR-seq element to a given TSS. To account for these 

sample size effects, elements from the non-DEX-induced ChIP STARR-seq group were 

randomly sampled and distance calculations were performed 100 times to match the sample 

size of the DEX-induced ChIP STARR-seq group. The mean and standard deviation of these 

sampled calculations are shown.

Regression Model to Predict Expression Response from ChIP-seq Signal—The 

association between GR occupancy and proximal gene expression in response to DEX 

treatment was examined as follows. First, ChIP-seq signal (log fold-change in ChIP-seq in 

response to DEX) was summed across sites within a maximum distance D from the TSS of 

each DEX-responsive gene, where values of D = 50 kb, D = 100 kb, and D = 200 kb were 

examined; ChIP-seq signal was summed separately for reporter-positive and reporter-

negative GR binding sites. Correlations between summed ChIP-seq signal and gene 
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expression were computed via Spearman's rho and plotted separately for each value of D, for 

reporter-positive and reporter-negative sites (Figure S6K).

DNA Binding Motif Identification and Scoring—Match scores and p-values for motif 

matches in ChIP STARR-seq tested elements were found using the Motif Alignment and 

Search Tool (MAST) from the MEME Suite (Bailey and Gribskov 1998). The top scoring 

motif occurrence was computed for each ChIP STARR-seq element and used for subsequent 

correlations and ROC analyses.

Mixture Model and Sequence Analysis to Distinguish Sites With and Without 
GREs—The set of all tested GBSs was assumed to consist in a mixture of sequences with 

and without GRE motifs. We fit a two-component Gaussian mixture model to the negative 

log10 p-values for the best GRE motif match for all tested GBSs. The mean match scores 

corresponding to GRE motif and no GRE motif from the model that was fit with all GBSs 

were then fixed for reporter positive and reporter negative GBSs. Variances and mixture 

weights were estimated separately for each class of GBSs. We used the mixture weights to 

estimate of the proportion of each class of sequences that contained a GRE.

To identify motifs enriched in responsive and non-responsive GR binding sites with GREs, 

we constructed a matched set of 1,040 sites in each class that do or do not have a GRE 

according to our mixture model. We then performed a de novo motif search using MEME to 

find twelve enriched motifs in each set under a zero-or-one motif per sequence (ZOOPS) 

model. We then used Tomtom to compare the identified motifs to known TF binding motifs.

Receiver Operating Characteristic (ROC) Curve Analysis—ROC analysis was 

performed in R using the pROC software package (Robin et al. 2011). Putative regulatory 

elements were classified as enhancers if they had an FDR < 0.05 in ChIP-reporter and 

increased in reporter gene expression. Motif p values for tested motifs were assigned to each 

of the tested GR sub-peak as determined by MAST and those p-values were evaluated as 

predictors of enhancer status. Predictor baseline was established by repeating ROC analysis 

following motif prediction in randomly shuffled sequences. Shuffling was performed while 

preserving dinucleotide frequencies, using software uShuffle (Jiang et al. 2008) version 

Feb21/2008.

ChIP-exo Analysis—Read pairs were aligned to the hg19 reference genome using 

Bowtie2 (Langmead and Salzberg 2012) with default settings. Fragments mapping to 

adapter sequence or ENCODE blacklisted regions (ENCODE 2012) were removed. PCR 

duplicates were removed using SAMtools (Li et al. 2009), and reads across triplicates were 

pooled. The position of the 5’-most base pair of the first read in each read pair was 

determined. This position should be indicative of where λ-exonuclease was stopped by a 

DNA-protein interaction. These positions were split according to sense or anti-sense strand, 

and positions mapping to GR ChIP-seq peaks (as described in ChIP-seq analysis methods) 

were used for further analysis.

Aggregate profile plot of DNase-seq, histone ChIP-seq in GR binding sites—
We merged aligned reads across the three replicates of DNase-seq in EtOH and DEX 
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conditions separately, from which we created a bigwig signal file. We binned signal from 

selected ENCODE histone modification ChIP-seq bigwig signal files and from our DNase-

seq data in 10 bp bins 500 bp upstream to 500 bp downstream of the center of each GR 

binding site. To produce the aggregate profile plot, we normalized by total mapped read 

counts (in the case of DNase-seq data) and the mean depth per base-pair covered (in the case 

of ENCODE data) and computed the mean and standard error of the mean in each 10 bp bin 

for reporter positive and reporter negative GR binding sites.

Comparison of epigenetic signal reporter positive and reporter negative GR 
binding sites—We merged aligned reads across the two replicates of selected ENCODE 

histone modification ChIP-seq datasets in EtOH and DEX conditions separately. We counted 

the number of reads from the above merged DNase-seq and ChIP-seq alignment files for 

which at least half of the read overlapped a 500 bp window centered on the best match to the 

GR DNA binding motif within each called sub-peak. We then normalized counts for number 

of mapped reads and tested for differences in GR binding. To do so, we used regression 

models in which the log of GR ChIP-seq summed read counts along with binary reporter 

activity predicted log{DEX read counts}, log{EtOH read counts}, or log{DEX read counts /

EtOH read counts}. When testing specifically in the core or flanking regions, we defined the 

core as the −250 bp to +250 bp region centered on the best match to the GR DNA binding 

motif, and the flanks as the union of the −500 to −250 bp region and the +250 bp to +500 bp 

region.

Clustering analysis of low DEX dose GR binding sites—We merged all ENCODE 

ChIP-seq binding peaks for GR from 0.5 nM, 5 nM, and 50 nM DEX treatments and 

retained only those union peaks active at 50 nM. We then considered the clustering behavior 

of sets of peaks among the union that overlapped with lower DEX dose peaks (0.5 nM, 5 

nM). We tested whether low dose peaks were closer to one another than expected by chance 

by computing the median distance for all peaks to the nearest neighboring peak. As a 

background model, we randomly shuffled low dose peaks among all possible peaks in the 

cross-DEX-dose union 1000 times and computed the median distance from each active peak 

to its nearest neighboring active peak for each permutation. We tested whether the set of low 

dose peaks had fewer stretches of contiguous unbound sites than expected by chance. Again, 

we randomly shuffled low dose peaks among all possible peaks in the cross-DEX-dose 

union 1000 times and computed the number of stretches of contiguous unbound sites. We 

also tested whether pairs of adjacent low dose peaks were less likely to have an intervening 

ENCODE DEX CTCF peak than by chance. Using the same permutation strategy, we 

counted the number of times a CTCF peak intervened between adjacent permuted low dose 

peaks. A pair of peaks was defined as adjacent at a lower dose (e.g. 5 nM) if there were no 

intervening peaks between the two peaks among the cross-DEX-dose union of peaks and 

both peaks were bound by GR at the lower dose. For all three analysis questions above, we 

fit Gaussian distributions to the distribution of the metrics for the permuted data and tested 

whether the observed data fit the permuted distribution with a Z-test.

Distance analysis of tethering factors and nuclear receptors—We tested whether 

certain tethering factors (JUND, JUN; FOXA1) were closer to direct motif-encoded nuclear 
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receptor sites (GR; ER) when co-bound by nuclear receptor. We searched for the nuclear 

receptor motif (JASPAR,(Mathelier et al. 2014); GR: MA0113.2; ER: MA0112.2) among all 

nuclear receptor genomic binding sites using MAST (Bailey et al. 2009) motif search tool 

and designated those sites with p-value < 1 × 10−4 as direct motif-encoded. We then 

compared the set of tethering factor sites that intersect with nuclear receptor sites (e.g. 

JUND+,GR+) and the set of tethering factor sites that do not intersect with nuclear receptor 

sites (e.g. JUND+,GR−) in distance to nearest direct motif-encoded nuclear receptor site that 

does not intersect with a tethering factor (e.g. JUND−,GR+ with GR motif).

Motif analysis of JUND sites gained, maintained, or lost upon DEX exposure—
We searched the central 200 bp of JUND DEX binding sites and GR binding sites for the 

JUND motif (MA0491.1) and the GR motif (MA0113.2) from JASPAR (Mathelier et al. 

2014) using MAST motif search tool (Bailey et al. 2009). We also shuffled the dinucleotides 

of GR binding sites using ushuffle (Jiang et al. 2008) and searched this shuffled set of 

sequences for the GR motif. For unshuffled sequences, two-component Gaussian mixture 

models were fit to the −log10{motif p value}.

Analysis of overlap in ER and FOXA1 binding sites with established ER 
interactions—We took the union of all ER ChIA-PET interactions in the MCF7 cell line 

with q-value < 0.05 from “IHH015F” and “IHM001F” from Fullwood et al. (Fullwood et al. 

2009). Using FOXA1 and ER binding peaks obtained from ChIP-seq in the MCF7 cell line, 

we distinguished those FOXA1 peaks that intersected ER peaks from those FOXA1 peaks 

that did not intersect ER peaks (Hurtado et al. 2011). For both FOXA1+,ER+ and 

FOXA1+,ER− peaks, we computed the best scoring p-value to the ER motif (MA0112.2; 

JASPAR) (Mathelier et al. 2014) using MAST motif search tool (Bailey et al. 2009). We 

further subsetted peaks by the strength of motif and for each subset we computed the 

percentage of peaks that overlapped with sites that participate in interactions as identified 

through ER ChIA-PET.

DATA AND SOFTWARE AVAILABILITY

• Software: Software from this study has been previously published as 

detailed under “QUANTIFICATION AND STATISTICAL ANALYSIS”.

• Data Resources: Raw and aligned sequencing data from this study have 

been submitted to the NCBI Gene Expression Omnibus (GEO; http://

www.ncbi.nlm.nih.gov/geo/) under accession numbers GSE79432 and 

GSE77869.

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-GR antibody, rabbit 
polyclonal

Santa Cruz Biotechnology sc-1003

Sheep anti-rabbit antibody 
beads

Life Technologies M-280
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

Dexamethasone Sigma-Aldrich D4902

Critical Commercial Assays

PrepX mRNA seq kit Wafergen 400039

PrepX ILM 32i DNA Library Wafergen 400044

Dual-Glo Luciferase Assay Promega E2940

Fugene HD Promega E2312

Oligo-dT Dynabeads ThermoFisher Sci. 61005

Superscript III reverse 
transcriptase

ThermoFisher Sci. 18080044

Q5 DNA Polymerase New England Biolabs M0491L

Turbo DNase ThermoFisher Sci. AM2238

In-Fusion HD Cloning Plus Clonetech 638911

Deposited Data

Raw and analyzed data This study GEO: GSE79432 and GSE77869

Experimental Models: Cell Lines

A549 cells ATCC/Duke Cancer 
Center Cell Culture 
Facility

CCL-185

Experimental Models: Organisms/Strains

E.coli MegaX DH10B 
Electrocomp cells

ThermoFisher Sci. C640003

Recombinant DNA

pGL4.24 Lucferase Vector Promega E8421

pRL-TK Promega E2241

pRL-SV40 Promega E2231

pSTARR-seq_human Addgene Plasmid #71509

Sequence-Based Reagents

PCR primers: Luciferase 
assay validation sequences, 
See Table S3

This study (IDT) N/A

Gene block sequences: 
Luciferase assay AP-1-GRE 
spacing expts. See Table S3

This study (IDT) N/A

Gene block sequences: 
Luciferase assay AP-1-GRE 
combination expts. See Table 
S3

This study (IDT) N/A

PCR primer sequences: 
Sequencing library prep. See 
Table S3

This study (IDT) N/A

STARR-seq adapter primers Arnold et al., 2013 N/A

Nextera STARR-seq adapter 
primers, See Table S3

This study (IDT) N/A

Software and Algorithms
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

MACS Zhang et al. 2008 http://liulab.dfci.harvard.edu/MACS/

PeakSplitter Salmon-Divon et al. 2010 http://www.bioinformatics.org/peakanalyzer/

BEDTools Quinlan 2014 http://code.google.com/p/bedtools/

Bowtie/Bowtie2 Langmead et al. 2009; 
Langmead and Salzberg 
2012

http://bowtie-bio.sourceforge.net/

SAMtools Li et al. 2009 http://samtools.sourceforge.net

GraphPad Prism GraphPad Inc. http://www.graphpad.com/scientific-software/prism/

DEseq2 Love et al. 2014 http://www.bioconductor.org/packages/release/bioc/html/DESeq2

R R Development Core 
Team, 2016

https://www.r-project.org/

MEME Suite Bailey and Gribskov 1998 http://meme-suite.org/

pROC Robin et al. 2011 http://web.expasy.org/pROC/

uShuffle Jiang et al. 2008 http://digital.cs.usu.edu/~mjiang/ushuffle/

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Chromatin immunoenriched reporter assays
(A) For the ChIP-reporter assays, we first used PCR to add 15-bp adapters that are 

complementary to the reporter vector to GR ChIP-seq libraries. Adapted DNA was then 

ligated into the 3’ UTR of the GFP reporter gene of the STARR-seq vector. The resulting 

plasmid library was transfected into A549 cells. Cells were treated with 100 nM DEX or 

0.02% EtOH for 3 h and RNA was collected. cDNA of the reporter GFP was amplified using 

gene-specific primers. The relative regulatory activity of each fragment was then estimated 

by counting aligned reads generated by high-throughput paired-end sequencing. (B) A 
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comparison of the normalized ChIP-reporter signal for all 27,432 called GBS sub-peaks 

between all replicates and treatments. Each point represents one GBS, and all sites are 

included in each plot. (C) For each GBS assayed, the fold change in regulatory element 

activity with DEX treatment is plotted as a function of the mean sequencing coverage at that 

element. Red points indicate regulatory elements with a statistically significant response 

(FDR < 5%). (D) Correlation of dual luciferase assays with ChIP-reporter results (r = 0.77) 

(E) DEX-induced regulatory features of the PER1 locus on human chromosome 17. GR 

ChIP-seq peaks called by MACS (first two rows), GR-ChIP sub-peaks assayed by ChIP-

reporters (3rd and 4th rows), −log10 (p value) from BAC-based DEX-induced STARR-seq 

(5th row). Inset contains ChIP-reporter log2 (fold change) in response to DEX and associated 

p value for each sub-peak assayed. (F) GR reporter signal is plotted against GR ChIP-seq 

signal for all GBSs assayed with our ChIP-reporter approach. The two datasets correlated 

with a Spearman's ρ = 0.22. (G) Fraction of induced genes as a function of the distance 

from the TSS to the nearest DEX–induced GBS (red line, median distance 106 kb) or an 

equivalent number of non-DEX-induced GBSs (black line, median distance 160 kb). The 

non-DEX-induced reporter sites were randomly subsampled to have an equivalent number as 

for the DEX-induced reporter sites 100 times, and the mean and standard deviation are 

shown in black solid and black dashed lines, respectively.

See also Figure S1 and S2.
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Figure 2. GRE-encoded GBSs confer DEX-inducible enhancer function
(A) ROC analysis of DEX-induced enhancers evaluating DNA sequence motif significance 

for the GRE and known GR interacting proteins as predictors of enhancer function. (B) 
Scatter plot of GR motif score vs. ChIP-reporter activity. Significant DEX-induced elements 

are shown in red (r = 0.35). (C) Average GR ChIP-exo signal across DEX-inducible 

enhancer GBSs centered on the strongest GRE. Red and blue are the 5’ bp of reads aligned 

to the positive or negative strand, respectively. Cyan and magenta are the 5’ bp of reads at 

non-exonuclease treated fragment end aligned to the positive or negative strand, respectively. 

Ribbons indicate standard error. (D) GR ChIP-exo signal as above, aggregated across an 

equal number of sub-sampled GBSs that are not induced by DEX in reporter assays. (E) i. 
Fraction of GBSs in a previous study assayed using ChIP-reporters that were specific to 

A549 cells or common between A549 and Ishikawa cells (N = 7,771). ii. Fraction of A549-

Ishikawa shared GBSs with significant DEX-induced reporter activity (N = 1088). iii. 

Fraction of A549-specific sites with significant DEX-induced reporter activity (N = 6,863). 

GBSs are categorized as specific to A549 cells or shared between A549 cells and 

endometrium-derived Ishikawa cells (Gertz et al. 2013). (F) ROC analysis of A549-specific 

DEX-inducible enhancers.

See also Figure S3.
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Figure 3. Distinct epigenetic remodeling DEX-inducible reporter sites
(A) Aggregate profile plot of DNAse hypersensitivity (B) H3K27ac and (C) H3K4me1 at 

DEX-inducible and non-DEX-inducible sites before and after 1 h exposure to 100 nM DEX. 

Flanking 250 bp indicated by red dashed boxes. (D) Box plots showing the relative reporter 

activity of DEX-induced enhancers (FDR < 5%) binned by pre-induction H3K27ac status, 

where each bin contains an equal number of sites. (E) Area under ROC curves generated by 

using the presence of enhancer associated epigenetic marks in the endogenous genome 

independently or with the presence of GR motif as a predictor of enhancer activity.

See also Figure S4.
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Figure 4. DEX-inducible GR bound enhancers nucleate clusters of GR binding
(A) The median distance between sites bound by GR in A549 cells after 1 h treatment with 5 

nM DEX was calculated (blue arrow). As a null model the locations GBSs bound at 5 nM 

DEX in A549 cells were permuted between the sites bound by the GR at 50 nM DEX in 

A549 cells. Sites were permuted 1,000 times and the median distance between sites was 

calculated after each permutation. (B) Percent of GBSs at 5 nM DEX dose with intervening 

CTCF sites (blue arrow) and the distribution of a null model in which the location of sites 

were permuted across possible binding sites occupied across doses and then assayed for the 
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presence of an intervening CTCF binding site. (C) An example of a cluster of GBSs in A549 

cells near the NFKBIA gene that is nucleated by a GC inducible enhancer. A549 DNase-seq 

under control conditions. (D) Each GR binding site was assigned to a cluster by grouping 

together sites within 5 kb of each other. The GBSs were then divided into bins based on the 

cardinality of their cluster. The mean and standard error of the per-cluster DEX-induced 

reporter activity was then plotted as a function of cluster cardinality. Red lines are 50 

permutations of the reporter activity across GR binding sites. Numbers of clusters of each 

size indicated at top. (E) The cumulative distribution of JUND binding sites that are either 

bound or unbound by GR (black and red lines, respectively) in A549 cells treated with 100 

nM DEX for 1 h as a function of proximity to the nearest motif encoded GR binding site.

See also Figure S5.
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Figure 5. Cluster-associated tethered GBSs amplify the expression response of DEX-inducible 
enhancers
Comparisons of various and sequence genomic features among JUND binding sites that are 

gained, maintained, or lost with DEX treatment: (A) Percent that overlap with GBSs. (B) 
Distance between to the nearest non-overlapping GBS. (C) Percent that overlap GBSs. (D) 
Distribution of AP-1 motif scores at JUND binding sites that overlap DEX-induced GBSs. 

(E) GRE motif scores of JUND binding sites that overlap DEX-induced GBSs. (F) Dual 

luciferase assays in A549 cells treated with 100 nM DEX or vehicle control using plasmids 

with increasing stretches of non-DEX-responsive DNA between the TSC22D3 DEX-

inducible enhancer and a canonical AP-1 binding motif.

See also Figure S6.
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Figure 6. Coordinated clusters of ER binding relies distal chromatin interactions
(A) The cumulative distribution of JUN binding sites that are either bound or unbound by 

ER (black and red lines, respectively) as a function of proximity to the nearest ERE motif 

encoded ER binding site. (B) The cumulative distribution FOXA1 binding sites that are 

either bound or unbound by ER (black and red lines, respectively) as a function of proximity 

to the nearest ERE motif encoded ER binding site. (C) Prevalence of distal chromatin 

interactions at ER binding sites co-bound by FOXA1 binned by the significance of the best 

scoring match to the ERE contained in the binding site. (D) Distal ER interactions as in 

panel C, for sites with no evidence of FOXA1 binding.
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Figure 7. A model of enhancer-cluster coordinated GC-inducible enhancer activation
Prior to hormone exposure, AP-1 binds to the genome. AP-1 bound sites are in domains of 

increased chromatin accessibility that are enriched for H3K27ac, H3K4me1 and P300. After 

hormone exposure, GR binds directly to the genome in regions of less accessible chromatin. 

GR interacts with distal AP-1 bound sites within the same CTCF-defined topological 

domain. The epigenome of the direct GBSs is remodeled, becoming enriched for H3K27ac, 

H3K4me1 and increased in chromatin accessibility. Direct GBSs confer GC-inducible 

enhancer function, while AP-1 bound interacting sites modulate the expression output of 

direct GBSs.
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