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Summary
Ligand-dependent transcription by the nuclear receptor glucocorticoid receptor (GR) is mediated
by interactions with co-regulators. The role of these interactions in determining selective binding
of GR to regulatory elements remains unclear. Recent findings indicate a large fraction of genomic
GR binding coincides with chromatin that is accessible prior to hormone treatment, suggesting
that receptor binding is dictated by proteins that maintain chromatin in an open state. Combining
DNaseI accessibility and chromatin immunoprecipitation with high-throughput sequencing, we
identify the activator protein 1 (AP1) as a major partner for productive GR-chromatin interactions.
AP1 is critical for GR-regulated transcription and recruitment to co-occupied regulatory elements,
illustrating an extensive AP1-GR interaction network. Importantly, the maintenance of baseline
chromatin accessibility facilitates GR recruitment and is dependent on AP1 binding. We propose a
model where the basal occupancy of transcription factors act to prime chromatin and direct
inducible transcription factors to select regions in the genome.
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Introduction
Nuclear receptors, a class of ligand-inducible transcription factors, respond to environmental
stimuli and mediate expression of genes involved in metabolic, developmental and
inflammatory pathways. In the genomic context of eukaryotic cells, nuclear receptors and
other DNA-binding factors interact with chromatin, the nucleoprotein complex of DNA and
histones. The glucocorticoid receptor (GR), in conjunction with chromatin remodeling
proteins, has been shown to be capable of dynamically regulating chromatin structure by
ligand-induced remodeling of histone-DNA interactions which in turn leads to the
recruitment of previously occluded secondary factors (Zaret and Yamamoto, 1984; Rigaud
et al., 1991; Richard-Foy and Hager, 1987). Surprisingly, the global profiling of GR binding
(So et al., 2007; Reddy et al., 2009) and accessible chromatin has shown (John et al., 2008;
John et al., 2011) that GR binding events are almost always associated with open chromatin.
The vast majority of GR binding events (up to 95%) are localized to regions of accessible
chromatin that are open prior to hormone treatment (constitutive sites) while only a minority
of GR peaks occupy inaccessible chromatin and trigger chromatin remodeling in a hormone-
dependent fashion (inducible sites) (John et al., 2011). This suggests that other DNA-
binding proteins prime the chromatin landscape in order to maintain an accessible chromatin
environment and facilitate the recruitment of inducible transcription factors, such as GR
(Herrera et al., 1989).

Co-operative transcription factor interactions have long been implicated in gene regulatory
programs (Lin et al., 1990; Sogaard-Andersen and Valentin-Hansen, 1993). Nuclear
receptors, including the glucocorticoid, androgen and estrogen receptors interact with a large
repertoire of transcription factors (Schule et al., 1988; Norris et al., 2009; Hua et al., 2009;
Lupien et al., 2008). The consequences of these interactions have largely been interpreted in
the context of changes in interactions with the general transcription apparatus (De Bosscher
et al., 2000; Luecke and Yamamoto, 2005).

In the global chromatin context, the contribution of specific transcription factor interactions
in regulating GR binding to genomic elements remains a generally unanswered question.
Here, we provide evidence that AP1 can facilitate the selective access of GR to specific sites
in the genome by maintaining the local chromatin environment in an ‘open’ or accessible
configuration. We find that AP1 and GR co-localize to the same regulatory elements in a
large fraction of GR binding sites (51%). Using a dominant negative form of the AP1
protein (A-fos), we show that inhibition of the DNA binding activity of AP1 impedes the
formation of accessible chromatin and reduces GR binding. These findings reveal a
prerequisite for chromatin priming by one transcription factor for the secondary recruitment
of other regulatory factors, suggesting that the overall complement of DNA-binding factors
(AP1 amongst other proteins) in a given cell type can determine the baseline accessible
chromatin landscape. This in turn orchestrates the binding profile and complex response
program mediated by signal-dependent factors such as GR.

Results
Genomic binding of AP1 to regulatory elements

Upon hormone addition, 8,236 GR bound elements were identified by chromatin
immunoprecipitation coupled with high-throughput sequencing (ChIP-Seq)(John et al.,
2011) in the murine mammary epithelial cell line, 3134. To elucidate potential interacting
partners at regulatory elements bound by GR, we performed an unsupervised de novo
sequence motif analysis at GR binding sites and recovered, as expected, the glucocorticoid
response element (GRE) at a large fraction of GR bound sites (>75%, at MAST P < 10−3).
We also observed enrichment of the consensus AP1 binding site (John et al., 2011; Bailey et
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al., 2009). Indeed, GR and AP1 are capable of modulating each other’s activities through
protein-protein interactions (Yang-Yen et al., 1990; Jonat et al., 1990; Diamond et al.,
1990). Using c-Jun as a surrogate mark for bound AP1 (which is typically a complex of Jun-
Jun or Jun-Fos oncoproteins), we examined the potential genome-wide interactions between
glucocorticoid signaling and AP1 binding. We performed ChIP-seq analysis for AP1
occupancy in the presence and absence of hormone and observed that the preponderance of
AP1 binding occurred within intergenic and intronic regions distal to promoters (Figure 1A
and 1E).

To understand the role of chromatin structure in regulating AP1 occupancy, we profiled sites
of localized chromatin remodeling marked by DNaseI hypersensitive sites (DHSs). DHSs
can be robustly identified by sequencing small DNA fragments released from nuclease-
treated chromatin (Hesselberth et al., 2009; John et al., 2011). The vast majority of AP1
occupancy (90%) was independent of hormone and occurred predominantly at constitutively
open chromatin (Figure 1B, P < 10−300). This latter observation is consistent with a recent
report that GR binding itself invariably coincides with open chromatin domains, with the
majority of GR binding coincident with pre-existing sites of accessible chromatin (John et
al., 2011). These findings highlight a critical role for baseline chromatin accessibility in
regulating interactions of sequence-specific transcription factors with their cognate
sequences.

We next determined the extent of GR and AP1 co-localization and found a high degree of
co-occupancy between the two transcription factors (51% of GR peaks were co-occupied
with AP1, Figure 1C, Figure 1E). Both GR and AP1 peaks were significantly enriched over
input (Figure S1B and Supplementary Methods). To test the possibility that GR and AP1 can
simultaneously co-occupy chromatin, we performed a sequential ChIP for GR followed by
AP1, showing at the selected loci, that both factors co-occupy cis-regulatory elements
(Figure S1C-G).

Analysis of DNaseI cleavage patterns in deeply (>100 million uniquely mapped tags)
sequenced samples enables visualization of regulatory factor footprints within DHSs
(Hesselberth et al., 2009). At GR bound elements harboring the AP1 motif, we readily
visualized footprinting of AP1 prior to and following hormone treatment (Figure S1A). The
protected domain centered on the AP1 motif is approximately 22bp, in agreement with
traditional DNaseI footprints of AP1 occupied elements (Lowrey et al., 1992). Collectively,
the motif analysis, ChIP-Seq and footprinting results strongly suggest a role for AP1 in the
cis-regulatory control of GR binding and function. Specifically, our data suggests that the
binding of AP1 prior to hormone might act to preset the chromatin landscape and facilitate
GR binding to accessible regulatory elements. Additionally, we profiled GR binding in a
murine hepatocyte cell line (Hepa1c1c7). De novo motif analysis for cis-elements within
hepatocyte GR peaks were enriched for the AP1, SP1 and forkhead motifs (Figure S1I). This
observation suggests that AP1 and other regulatory factors likely contribute to cell-type
specific regulation of GR function.

AP1 occupancy regulates global GR binding and function
GR is known to rapidly regulate hundreds of genes, both positively and negatively, in a
hormone-dependent manner (John et al., 2009). To explore the role of AP1 interactions on
GR mediated gene expression, we exploited the use of a dominant-negative Fos mutant,
Acidic-fos (A-fos). A-fos is a truncated Fos protein consisting of the leucine zipper domain
and a substitution of the basic region with an acidic extension that maintains dimerization
with Jun but inhibits its ability to bind DNA (Olive et al., 1997). We generated a congenic
cell line expressing the dominant-negative Fos (A-fos) under conditional control (tet-off
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expression)(Walker et al., 1999). This enabled the near complete inhibition of endogenous
AP1 binding only in the absence of tetracycline (select examples in Figure 3A, Figure S2).

To address the role of AP1 in GR function, we employed microarray analysis of global gene
expression. We identified 651 genes regulated by GR upon hormone activation. Inhibiting
AP1 binding with A-fos, affected transcription for 48% of all GR regulated genes (Figure
2A, P < 10−150, Figure S2F). Specifically, 46% of GR induced genes and 51% of GR
repressed genes (Figure S2G-H) were compromised in expression upon the inhibition of
AP1 binding. In contrast, only 8% of all expressed genes were affected by A-fos (Figure
S2E). Analysis of nascent RNA levels (q-PCR) using primers designed to intron-exon
boundaries corroborated the microarray data (Figure S2I-J). These results demonstrate that
ablation of AP1 binding results in a substantial attenuation of the GR response and provide
strong functional evidence of a role for AP1 in transcriptional pathways moderated by GR.

The occupancy of AP1 in chromatin prior to hormone treatment might act as a regulating
interface for GR recruitment to response elements upon hormone activation. To examine
this, we performed an unbiased genome-wide analysis of GR binding by ChIP-Seq in the
absence and in the presence of A-fos. At loci co-occupied by GR and AP1, the expression of
A-fos resulted in a marked attenuation of GR recruitment (Figure 2B, Figure 3B and Figure
S3A). We analyzed the genome-wide effect of ablating AP1 binding by measuring GR
binding at co-bound elements. We detected a significant reduction in GR occupancy (Figure
3C, P < 2.2×10−16) suggesting that AP1 binding is an important regulator for GR
recruitment. Sites that are bound only by GR and not AP1 would be predicted to be
unaffected by A-fos. Indeed, we found that GR binding at these sites remained unchanged in
the presence of A-fos (dotted line, Figure 3C, Figure 2C).

To explore the possibility that AP1 helps maintain chromatin accessibility at GR bound
elements, we assayed DNaseI sensitivity genome-wide using DNaseI-Seq in the context of
A-fos expression. At individual sites displaying attenuated GR binding in the presence of A-
fos, we observed a concomitant strong reduction in chromatin accessibility (Figure 2B). A
global analysis for chromatin accessibility by DNaseI-Seq confirmed this reduction in
accessible chromatin upon A-fos expression at loci co-bound by AP1 and GR (Figure 3D, P
< 2.2×10−16). We also used siRNAs to deplete endogenous c-Jun and confirm effects on GR
and chromatin accessibility thereby validating c-Jun contributions by an independent
strategy (Supplementary Figure S3C). We also found that AP1 binding that is not coincident
with GR binding also shows a net global loss in chromatin accessibility upon A-fos
expression (Figure 3E, P < 2.2×10−16, see Figure S3B for examples). These observations
demonstrate a global requirement for AP1 binding in the maintenance of chromatin
accessibility.

Importantly, at response elements bound by GR alone (but not AP1) we observed no change
in either DNaseI accessibility or GR ChIP signal upon A-fos expression (Figure 2C, 3C and
3D). To determine whether all A-fos induced losses in GR binding correlate with losses in
chromatin accessibility, we fit a linear regression model for DNaseI and GR binding and
indeed found a significant correlation (R=0.31, P < 2.2×10−16) (Figure S3D). This suggests
that while a proportion of GR binding events attenuated by A-fos show a loss of chromatin
accessibility, a number of affected GR binding sites are independent of changes in
chromatin accessibility (Figure S3A, S3D-F), suggesting that accessory factors might
contribute to the overall maintenance of open chromatin (see Discussion).

DNA sequence and chromatin structure specify classes of co-bound elements
The mode of interaction between GR and AP1 is believed to depend on the sequence context
of their cognate recognition motifs. GR can interact with AP1 in a DNA-dependent manner,
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binding to composite regulatory elements harboring both the glucocorticoid response
element (GRE) and AP1 motif (Yang-Yen et al., 1990; Diamond et al., 1990). Alternatively,
GR can modulate AP1 activity indirectly through protein-protein interactions (tethering) at
non-composite elements (co-bound sites containing an AP1 motif but not a GRE) (Schule et
al., 1990). To differentiate between these alternate mechanisms of transcription factor
interactions, we analyzed the GRE and AP1 motif instances for all 4,196 elements bound by
GR and AP1. We find an equal proportion of co-bound peaks that only have the AP1 motif
(ie. no GRE, 34%) or both AP1 and GRE motifs (37%) (Figure 4A, MAST P < 10−3).
However, co-bound elements that are associated with hormone-dependent chromatin
remodeling contain a higher proportion of matches to the canonical GRE (86% in inducible
vs 48% in constitutive) and harbor fewer instances of non-composite elements when
compared to constitutive sites (AP1 motif only, 11% in inducible vs 37% in constitutive,
Figure 4B vs S4B). The ‘pioneering’ potential of GR manifests at a substantial fraction of
GR occupancy sites in the absence of AP1 (47% compared to 6% at co-bound sites, Figure
S4D), at which 96% contain the GRE. These results suggest that induced remodeling of
chromatin by GR might require a GRE with GR acting as a classic ‘pioneer’ factor that
facilitates chromatin remodeling and the binding of secondary factors. However, this
modality of GR activity represents a minority of all GR interactions with chromatin (~15%)
(John et al., 2011). The mechanisms that direct GR to remodel chromatin at this small subset
of GREs are unclear, but likely involve additional epigenetic contributions such as DNA
methylation or histone modifications. Conversely, at constitutive sites (> 70% of all GR
sites), the dominant mechanism of GR-chromatin interactions at co-bound sites involves the
utilization of AP1 to mediate interactions with GR at either composite or non-composite
elements.

To extract positional information of motifs within GR or AP1 peaks (Figure S4E), we
analyzed the genome-wide distribution of motifs within GR and AP1 peaks and observed
that the GRE and AP1 motifs show a trend towards the center of their respective peaks, as
expected (Figure 4C). At GR peaks lacking a GRE (non-composite element), the AP1 motif
shows a trend towards the center of the GR peak, while composite element containing peaks
have the AP1 motif in a broad distribution flanking the center of GR peaks (Figure 4C). In
addition, we find that GR binding at elements containing the AP1 motif alone have lower
tag densities than elements composed of both AP1 and GRE motifs (P < 2.2×10−16, Figure
4D). These results suggest that GR interactions at non-composite elements might indeed
involve indirect interactions with AP1 (Figure 4D). In contrast, the AP1 tag density at AP1
motif only peaks are unchanged when compared with AP1 peaks containing AP1 and GRE
motifs, suggesting that, in general, GR is not a major effector of AP1 binding (Figure 4E).
We next analyzed the effect of inhibiting AP1 binding on GR recruitment at composite and
non-composite elements and observed that both classes of interactions show attenuated GR
binding upon A-fos expression (Figure S4F). We additionally analyzed chromatin
accessibility at these elements and similarly observed that both classes show an equivalent
reduction in DNaseI sensitivity (Figure S4G). The interaction of AP1 with chromatin is,
therefore, required for the maintenance of chromatin accessibility and GR binding at shared
binding sites and can operate through either composite or non-composite binding
mechanisms. As GR specifically interacts with a subset of non-composite AP1 binding sites,
we compared motifs enriched within AP1 and GR co-bound non-composite sites versus AP1
only sites (no GR binding). As expected, we enriched for the AP1 motif in both groups,
however, non-composite co-bound sites were enriched with distinct motifs compared to AP1
only sites (Figure 4F), suggesting that additional co-regulators contribute to the interaction
between GR and AP1 at these elements.
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Discussion
Gene regulatory pathways, such as those activated by nuclear receptors, involve the co-
ordinated recruitment of transcription factors and co-factors to regulatory elements in
chromatin (Rigaud et al., 1991; Ohlsson and Edlund, 1986). Nuclear receptors are known to
interact with a diverse group of transcriptional regulators (Schule et al., 1988; Norris et al.,
2009; Carroll et al., 2005). In this study, we detail an extensive interaction network between
GR and AP1 on a genome-wide scale. These interactions occur predominantly at regulatory
elements that are in accessible chromatin. The binding of factors to a pre-determined open
chromatin landscape suggests that the maintenance of chromatin accessibility is a critical
checkpoint for the recruitment of sequence-specific factors to DNA (John et al., 2008; John
et al., 2011).

Utilizing a dominant-negative approach to interfere with the binding activity of the
transcription factor AP1, we have explored the interaction between AP1 and GR for receptor
recruitment and chromatin accessibility in an unbiased manner on a genome-wide scale.
Genomic binding analysis reveals a widespread attenuation of GR loading at AP1 and GR
co-occupied elements upon inhibiting AP1 binding. The loss of GR binding is specific to
elements bound by AP1, thereby providing evidence for a direct effect of AP1 on GR
binding at shared sites.

In vivo, transcription factors bind to only a small complement of potential recognition
sequences within the genome (Hesselberth et al., 2009; Carroll et al., 2005). This selectivity
is largely due to the requirement for co-operativity with other factors, resulting in the
generation of accessible chromatin. This in turn may potentiate binding of additional factors,
as has been observed for GR (John et al., 2008, John et al., 2011). Here, we demonstrate that
ablating AP1 binding attenuates chromatin accessibility, suggesting a fundamental role for
AP1 in the maintenance of chromatin accessibility and, by extension, in the recruitment of
GR to chromatin. However, not all regions of accessible chromatin are dependent on AP1
occupancy (Figure 2C and S3A), implicating the activity of other transcription factors in the
maintenance of chromatin accessibility. Indeed, de novo motif discovery at such sites show
enrichment for Ets and other transcription factor motifs (data not shown). Other DNA-
binding factors might, therefore, regulate open chromatin either independently or in concert
with AP1. However, the recruitment of GR at these sites might still require AP1 binding by
a mechanism potentially mediated by direct interactions that are distinct from the
modulation of chromatin accessibility. Furthermore, the regulatory factors that contribute to
GR recruitment are likely to be cell-specific. We have identified the AP1 motif at GR
binding sites in murine hepatocytes, and additionally show enrichment for other elements
such as the SP1 and forkhead motifs. The forkhead motif has also been observed at GR
binding sites in pituitary cells. Taken together, these results suggest a role for multiple
factors in directing GR binding to chromatin in a cell and region-specific manner (John et
al., 2011).

The mode of interaction between nuclear receptors and other transcription factors has been
classically categorized into DNA-binding dependent and DNA-binding independent (Yang-
Yen et al., 1990; Jonat et al., 1990; Diamond et al., 1990). The DNA-independent activity of
GR has been described as a ‘tethering’ mechanism through indirect interactions with AP1
(or other proteins) in the absence of a GRE (Yang-Yen et al., 1990; Reichardt et al., 2001).
Such a mechanism of transcriptional modulation is not unique to GR and has been observed
for other nuclear receptors (Norris et al., 2009; Saatcioglu et al., 1997; Schule et al., 1991;
Adler et al., 1988). We have classified the global mechanisms of GR and AP1 interactions
and find that interactions at composite or non-composite elements operate at comparable
frequencies. The prerequisite for AP1 occupancy in recruiting GR binding is independent of
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the motif composition, as we find a dependence of GR binding on AP1 at both types of
elements. Intriguingly, non-composite sites are enriched for DNA sequence motifs distinct
from AP1 sites lacking GR binding (Figure 4F). GR might therefore be influenced by other
co-regulators (eg. RUNX1) on chromatin to interact with AP1 in a DNA-independent
manner. Recently, RUNX1 (AML) has been shown to be enriched at non-composite ER
sites and is thought to interact with ER through ‘tethering’ mechanisms (Stender et al.,
2010).

The classic model of nuclear receptor interactions with other transcription factors such as
AP1 and NF-κB involves modulated recruitment and interactions of co-factors with the
transcriptional machinery (De Bosscher et al., 2000; Kassel et al., 2004; Rogatsky et al.,
2002; Luecke and Yamamoto, 2005; Nissen and Yamamoto, 2000). We propose an alternate
model whereby the binding of a transcription factor prior to hormone acts to direct the
binding of nuclear receptors. Using unbiased approaches to study the interaction between the
ligand inducible transcription factor GR and the constitutively expressed transcription factor
AP1, we have revealed a prerequisite for AP1 binding in the recruitment of GR to regulatory
elements genome-wide. These interactions occur in the context of chromatin, where the
accessibility of the response element to factor binding requires remodeled chromatin. The
vast majority of GR occupancy occurs at chromatin regions accessible prior to hormone
treatment, suggesting that AP1 occupancy attracts GR to specific functional regulatory
elements. The necessity for pre-bound factors and open chromatin in GR function is likely to
extend to other nuclear receptors and inducible transcription factors. In breast cancer cells,
FOXA1 has been linked to ER binding (Hurtado et al., 2010). During differentiation, C/
EBP-α is associated with PPARγ recruitment and PU.1 in liver X receptor binding
(Siersbaek et al., 2011; Lefterova et al., 2008; Heinz et al., 2010). The occupancy of these
distinct regulatory factors might maintain chromatin accessibility and contribute to the
recruitment of nuclear receptors to genomic elements. We provide a conceptual framework
for chromatin priming by transcription factors which act to direct and localize the
recruitment of inducible transcription factors to genomic elements in order to mediate the
regulation of transcriptional programs in response to external stimuli.

Experimental Procedures
Cell growth conditions and generation of congenic lines

The 3134 murine mammary epithelial cell line was grown in Dulbecco’s modified Eagle’s
medium (DMEM) (Invitrogen) and was supplemented with 10% fetal bovine serum
(Invitrogen), sodium pyruvate, non-essential amino acids and 2 mM glutamine maintained in
a humidifier at 37°C and 5% CO2. A-fos was placed under tetracycline (tet) regulation (tet-
off), stably integrated into the 3134 cell line containing the tet regulator (tTa). Cells were
plated for experiments in DMEM growth medium supplemented with 10% charcoal-dextran
treated serum without tetracycline for 48 hours to induce expression of A-fos, prior to
vehicle or hormone treatment (see Supplementary Methods for details).

Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) was performed as per standard protocols (Upstate)
with minor modifications using the following antibodies: GR cocktail (PA-510A and
PA-511A, Affinity BioReagents; sc-1004 (M-20), Santa Cruz Biotechnology) and c-Jun
(sc-1694 (H-79), Santa Cruz Biotechnology). Cells were treated with vehicle or induced
with 100nM dexamethasone (Sigma) for 1 hr. Five samples of parallel ChIP experiments
from two biological replicates were pooled as a single replicate before generating
sequencing libraries. GR and c-Jun ChIPs were validated by quantitative PCR (q-PCR)
using SyBr green on a real-time detection system following manufacturer instructions
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(iCycler IQ; Bio-Rad Laboratories). siRNA (for ChIP and FAIRE) and sequential ChIP (re-
ChIP) experiments were performed according to standard protocols (see Supplementary
Methods for details).

Mapping chromatin accessibility by DNaseI-Seq
DNaseI digestion was performed as previously described, with minor modifications (John et
al., 2011; Hesselberth et al., 2009). Briefly, cells were vehicle treated or hormone induced
with 100nM dexamethasone for 1 hr. Cells expressing A-fos were induced for 48 hrs prior to
hormone treatment. Nuclei were isolated and digested with DNaseI (Roche) 60 units (U) /ml
for 3 mins at 37°C. Cleaved chromatin was incubated with 10 ug/ml RNase A (Roche) and
proteinase K (Ambion) overnight at 55°C. DNA was purified by phenol-chloroform
extraction and size fractionated by sucrose gradient centrifugation to isolate DNaseI
cleavage fragments (100-500 bp) (Sabo et al., 2006) suitable for direct assembly into
sequencing libraries.

Library construction and sequencing
DNA from ChIP and DNaseI digestions (for ChIP-Seq and DNaseI-Seq analysis
respectively), were assembled into libraries for sequencing according to the Illumina
genomic prep kit protocols with minor modifications. Libraries were sequenced on the
Illumina genome analyzer platform to generate 27 or 36 bp reads by standard manufacturer’s
sequencing-by-synthesis protocols (see Supplementary Methods for details of sequencing
data analysis).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. AP1 occupancy at genomic regulatory elements
A. Genomic location of AP1 binding sites identified by ChIP-Seq. Binding profile of AP1
was determined by c-Jun ChIP-Seq after dexamethasone induction (1hr). Promoter regions
are defined as +/− 2.5 kb from an annotated transcription start site.
B. AP1 binding is associated with regions of baseline accessible chromatin. Most AP1
occupancy (90%, blue) occurs within pre-hormone (constitutive) accessible chromatin. A
small fraction of AP1 peaks (~5%) are associated with either inducible chromatin or closed
chromatin (orphans). Overlapping sites are defined by an intersection of ≥10bp. Statistical
significance was determined by binomial distribution.
C. AP1 and GR binding exhibit a high degree of overlap. Venn diagram summarizing global
overlap between AP1 and GR binding. Overlapping peaks are defined by an intersection of
≥10bp. A major fraction of GR peaks (51%) overlap sites of AP1 binding. Statistical
significance was determined by binomial distribution.
D. Global overlap of AP1 and GR binding is statistically significant. Random sampling
simulations in silico were employed to compute the chance overlap between GR and AP1
binding and compared with in vivo experimental data (GR and AP1 ChIP-Seq). Genomic
regions for simulated binding were DNaseI hotspots windowed into 150 bp or the entire
mouse genome windowed into 150 bp. The overlap determined by ChIP-Seq is significantly
enriched over random chance. Figure shows the median and error bars show the minimum
and maximum values. See Figure S1H for methodology.
E. Genomic regions of GR and AP1 show significant overlap. Examples [UCSC browser
shots; (Kent et al., 2002)] of AP1 ChIP-Seq in the absence and presence of hormone and
DNaseI-Seq and GR ChIP-Seq in the absence and presence of A-fos. The DNaseI and GR
ChIP experiments were performed after 1hr hormone treatment. Left panel (45 kb region)
shows numerous sites of GR and AP1 overlap, all coincident with open chromatin. Right

Biddie et al. Page 11

Mol Cell. Author manuscript; available in PMC 2012 July 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



panel (45 kb region) contains AP1 peaks, independent of GR occupancy but coincident with
open chromatin. Black arrows denote GR peaks (left panel) or AP1 peaks (right panel) in
constitutively accessible chromatin. Purple arrow denotes GR binding at inducible sites. Red
arrow denotes orphan GR binding. Inducible DHS sites are markedly weaker than
constitutive DHS sites (John et al., 2011).
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Figure 2. Abrogating AP1 binding attenuates GR activity and chromatin accessibility
A. A-fos inhibits expression of GR regulated genes. Schematic of a cell line generated to
express A-fos (dominant negative Fos) using a tetracycline (tet-off) conditional expression
system (left panel). Expression of A-fos results in the strong inhibition of endogenous AP1
through the formation of DNA-binding incompetent heterodimers. Genome-wide effect of
the dominant negative activity of A-fos on gene expression was examined by microarray. A-
fos mediated changes in gene expression were calculated at a log2 difference of ≥1. 48% of
all 651 GR-regulated genes (induced and repressed) were compromised in the hormone
response.
B. A-fos expression attenuates GR binding at sites co-bound by GR and AP1. Black arrows
denote GR peaks.
C. A-fos expression does not affect GR binding sites that do not co-localize with AP1. Red
arrows denote GR peaks. B and C show examples [UCSC browser shots (Kent et al., 2002)]
of AP1 ChIP-Seq in the absence and presence of hormone and DNaseI-Seq and GR ChIP-
Seq in the absence and presence of A-fos. The DNaseI and GR ChIP experiments were
performed after 1hr hormone treatment.
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Figure 3. Abrogating AP1 binding attenuates genome-wide GR binding and chromatin
accessibility
A-B. A-fos expression reduces both GR and AP1 binding at co-bound sites. Shown are AP1
(A) and GR ChIP (B) q-PCRs performed in the absence or presence of A-fos and treated
with hormone for 1hr at select sites. The following regions were analyzed: a control site
which is a non-DNaseI hypersensitive site (no DHS) with no GR or AP1 binding
(Chr1:155,659,519); a GR only bound site (Chr1:155,663,767) and five sites bound by AP1
and GR. Data represent the average of three biological replicates. Error bars represent
standard error of the mean.
C-D. A-fos expression reduces global GR binding (C) and chromatin accessibility (D) at GR
and AP1 co-bound sites. Shown are box plots of the effect of A-fos on GR binding and
chromatin accessibility at sites bound by GR alone or sites bound by both GR and AP1. A-
fos selectively affects sites bound by AP1 and compromises GR binding and chromatin
accessibility at co-bound regions.
E. A-fos expression reduces global chromatin accessibility at AP1 bound sites, independent
of GR binding. Shown are box plots of the effect of A-fos on chromatin accessibility at sites
not bound by either AP1 or GR or sites bound by AP1 alone. A-fos selectively compromises
endogenous AP1 binding and affects chromatin accessibility at sites bound by AP1 (see
Figure S3B). For boxplots (C-E), the effect of A-fos on GR binding and chromatin
accessibility is expressed as a ratio of tag densities: minus Tet (A-fos expressing) over plus
Tet (no A-fos expression). Dotted line is indicative of no A-fos effect. Statistical
significance was determined using a KS-test. Boxplots show the median and upper and
lower quartiles. Whiskers show the minimum and maximum values. Notches denote the
95% confidence interval of the median.
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Figure 4. Motif composition at GR and AP1 co-bound sites
A. Motifs within GR peaks at co-bound sites contain both composite and non-composite
elements. The GRE and AP1 motif position-weight matrices derived from de novo motif
discovery were used to scan the genome at a p-value of 10−3. The presence of a motif within
the peak was defined as an overlap between peak and motif by ≥1bp.
B. GR peaks at inducible chromatin sites are highly enriched for the GRE motif. Motif
composition of GR and AP1 co-bound sites associated with hormone-dependent inducible
DHS. The GRE motif is represented in 86% of all GR peaks in inducible sites, in contrast to
co-bound regions in constitutively open chromatin (see Figure S4B).
C. Composite and non-composite elements show distinct motif distribution profiles at GR
and AP1 co-bound sites. Distribution of the GRE and AP1 motif sequence motifs were
determined relative to the center of peaks. Motifs were determined from de novo motif
discovery at a p-value of 10−3 where at least half the motif overlapped the peak. Shown are
the distribution profiles for the GRE motif at all GR peaks, AP1 motif at all AP1 peaks, AP1
motif uniquely present at non-composite elements and the AP1 motif uniquely present at
composite elements at co-bound sites.
D. GR binding is more robust at composite than non-composite elements. Tag density (a
measure of DNA binding strength) at GR peaks was determined for GR binding in
constitutively accessible chromatin at all co-bound sites containing either the AP1 motif
alone (non-composite) or both AP1 and GRE motifs (composite). Statistical significance
was determined using a KS-test.
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E. AP1 binding strength is independent of motif composition. Tag density at AP1 peaks was
determined for AP1 binding in constitutive sites at all co-bound sites containing either the
AP1 motif alone (non-composite) or both AP1 and GRE motifs (composite). In D-E,
boxplots show the median and upper and lower quartiles. Whiskers show the minimum and
maximum values. Notches denote the 95% confidence interval of the median.
F. DNA motifs at AP1 only versus non-composite sites. De novo motif discovery was
performed for AP1 binding sites lacking GR binding and AP1 sites that are co-bound with
GR. Shown are results that match known sequence motifs at a significance of P < 10−4.
Non-composite GR and AP1 co-bound sites are enriched by different DNA sequence motifs
compared to AP1 only occupied sites. The AP1 motif was highly enriched in both cases (E <
1.6×10−353).
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