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Summary
How the glucocorticoid receptor (GR) activates some genes while potently repressing others
remains an open question. There are three current models for suppression: trans-repression via GR
‘tethering’ to AP-1/NF-κB sites, direct GR association with inhibitory elements (nGREs), and GR
recruitment of the corepressor GRIP1. To gain insights into GR suppression, we used genomic
analyses and genome-wide profiling of GR, p65, and c-Jun in LPS-stimulated macrophages. We
show that GR mediates both activation and repression at tethered sites, GREs, and GRIP1-bound
elements, indicating that motif classification is insufficient to predict regulatory polarity of GR
binding. Interestingly, sites of GR repression utilize GRIP1’s corepressor function and display
reduced histone acetylation. Together, these findings suggest that while GR occupancy confers
hormone responsiveness, the receptor itself may not participate in the regulatory effects.
Furthermore, transcriptional outcome is not established by sequence, but is influenced by
epigenetic regulators, context, and other unrecognized regulatory determinants.
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Introduction
Inflammation is a complex immune response to injury, infection and tissue stress that is
essential for survival and the maintenance of tissue homeostasis, but can greatly compromise
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cellular function if not controlled. Although acute inflammation is essential for wound repair
and anti-microbial defense, dysregulated, chronic inflammation is now recognized to
contribute to conditions that have received increasing medical and scientific attention in the
past several years, such as type 2 diabetes mellitus, atherosclerosis, asthma,
neurodegeneration and cancer (Medzhitov, 2010; Medzhitov and Horng, 2009).

Macrophages are crucial cellular mediators of the inflammatory response. They express
pattern-recognition receptors such as Toll-like receptors that sense infectious agents and
endogenous danger signals associated with tissue injury. Stimulation of TLR4 by
lipopolysaccharide (LPS) results in the rapid activation of signal-dependent transcription
factors, the most characterized of which are the nuclear factor-kappaB (NF-κB) and
activator protein 1 (AP-1) families. These factors work in a combinatorial manner to rapidly
induce the expression of numerous genes, including cytokines and chemokines, that
constitute the inflammatory response, exert antimicrobial activities and mediate acquired
immunity (Medzhitov and Horng, 2009; Takeda and Akira, 2007).

The glucocorticoid receptor (GR) is one of the most potent anti-inflammatory drug targets in
clinical use today and one of the most powerful metabolic regulators. GR belongs to the
nuclear receptor superfamily of ligand-activated transcription factors that act as important
regulators of developmental, reproductive, homeostatic, metabolic and inflammatory
processes (Evans, 1988; Mangelsdorf et al., 1995). Upon ligand binding, GR translocates
from the cytoplasm to the nucleus where it can both positively and negatively regulate gene
expression. GR has been shown to regulate transcription by binding to consensus DNA
sequences known as glucocorticoid response elements (GREs), but the exact mechanisms
leading to transcriptional activation versus repression are unclear (Beck et al., 2009). GR has
been shown to interact with and inhibit the function of both AP-1 and NF-κB family
members and thereby suppress a broad range of responses to inflammatory signaling. The
general mechanism proposed for this activity is referred to as ‘trans-repression’, in which
GR interferes with activation of inflammatory response genes through protein–protein
interactions with co-regulatory proteins and promoter-bound transcription factors
(‘tethering’), rather than direct, sequence-specific interactions with DNA. Several studies
suggest that tethering of GR to AP-1 or NF-κB appears to alter the assembly of co-activator
complexes that are required for gene activation, i.e. at the Il8 or Mmp13 promoters (Glass
and Saijo, 2010; Luecke and Yamamoto, 2005; Ogawa et al., 2005; Rogatsky et al., 2002;
Schule et al., 1990). Other potential repressive scenarios include competition for cofactors or
overlapping binding sites, sequestration of transcription factors, crosstalk with other nuclear
factors on cis-regulatory elements or direct binding to so-called negative GREs (nGREs), for
example in the osteocalcin promoter (Beck et al., 2009; Morrison and Eisman, 1993).
Though specific GRE sequences have been shown to directly affect GR conformation and
function in vitro (Meijsing et al., 2009), the intrinsic features through which diverse GR
responsive enhancers encode positive versus negative polarity in vivo remain unresolved.

As recent studies suggest a majority of enhancer elements are ‘promoter distal’ (Ghisletti et
al., 2010; Natoli et al., 2011), we used transcriptome profiling in combination with genome-
wide ChIP-Seq to explore features of negatively GR-regulated enhancers in LPS-activated
macrophages. First, we find that TLR4 activation by LPS recrafts the primary ‘quiescent’
GR cistrome to a remodeled and expanded ‘inflammatory cistrome’ comprised of both GR-
induced and -repressed genes. Unexpectedly, we find that a majority of both negative and
positive GR enhancers are composed of canonical GREs in combination with NF-κB and
AP-1 sites. Thus, despite expectations, the presence of these factors alone is not diagnostic
of either a positive or negative response. Furthermore, while up to 20% of GR-dependent
repression is found at nGREs and tethered sites, approximately 20% of GR-induced genes
also harbor these same motifs, making cistromic motif classification insufficient to predict
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regulatory polarity. In exploring the epigenomic basis of these observations, we find that
negative enhancers selectively utilize the corepressor function of GRIP1, antagonize IRF3
activity and display reduced levels of histone H3K9 acetylation marks. This suggests that
while the presence of the GR confers hormone responsiveness, the receptor itself may not
participate in its ultimate regulatory fate. Therefore, beyond motif structure, these results
imply a critical role for epigenetic regulators and chromatin ‘context’ in determining the
transcriptional outcome of GR controlled target genes.

Results
TLR4 signaling creates an anti-inflammatory cistrome

To gain deeper understanding of the global regulatory balance between GRE-dependent vs. -
independent suppression of inflammatory signaling, we performed genome-wide mapping of
GR-bound sequences in primary bone-marrow derived macrophages by ChIP-Seq. We used
a dual crosslinking method to detect both tethered and directly bound chromatin, using
disuccinimidyl glutarate which reacts with amino groups, and formaldehyde which
crosslinks protein-DNA interactions.

In unstimulated macrophages, we identified 10,567 genomic GR binding sites induced by
Dexamethasone (Dex) treatment. Gene annotation analysis to assign ChIP-Seq peaks to the
closest transcription start site (based on linear proximity) yielded a total of 5,405 GR target
genes. In contrast, in LPS-stimulated macrophages treated with Dex, the GR cistrome
consisted of 13,445 binding sites, corresponding to 6,406 target genes. Surprisingly, only
about one-third of these sites (3,629 ChIP peaks) were bound by GR in both conditions,
while the remaining two-thirds represented a de novo LPS-induced GR cistrome (Figure 1a).
Accordingly, a gene ontology (GO) term analysis designating functional annotation showed
significant enrichment for immune responses (i.e. cytokine production, defense response, B
and T cell activation, inflammatory response) for those GR target loci bound in the presence
of LPS (9,822 and 3,629 sites). In contrast, the cis-regulatory sites bound only in the absence
of LPS (6,938 sites that were lost after the stimulus) correspond to genes involved in
macrophage differentiation, such as regulation of MAPK, Jun Kinase and phosphatase
activity, those involved in phagocytosis, proliferation and differentiation (Supplementary
Table 1a), as well as ‘housekeeping’ genes.

As described above, current hypotheses favor GR participation in crosstalk with NF-κB and
AP-1, so the LPS stimulus could conceivably lead to the signal-dependent activation of
these two transcription factors which then recruit or ‘tether’ GR to their cognate binding
sites. To address this issue, motif analyses were performed on the GR ChIP-sequenced DNA
to globally identify statistically overrepresented transcription factor binding sites.
Interestingly, in addition to GREs, the most prominent motifs in the unstimulated GR
cistrome were consensus sequences for Pu.1, C/EBP and AP-1 (Figure 1b). CCAAT/
enhancer-binding protein β has recently been shown to cooperate with GR during 3T3-L1
adipocyte differentiation, with a majority of GR-bound regions overlapping with the C/
EBPβ adipogenic cistrome (Steger et al., 2010). In macrophages, Pu.1 and C/EBP family
members act as important lineage-determining transcription or pioneer factors that shape cell
type-specific responses to inflammatory stimuli (Friedman, 2007; Medzhitov and Horng,
2009).

In order to test for possible ‘tethering’ interactions, we performed ChIP-Seq experiments
using antibodies against the p65 subunit of NF-κB and against c-Jun, which is part of the
AP-1 complex. In LPS-stimulated Dex-treated macrophages, the c-Jun cistrome comprised
11,008 binding sites, which were annotated to the nearest 5,689 genes. We found 24,063
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genomic regions that were associated with p65 binding, which potentially corresponds to
9,227 nearby genes.

Although the major part of GR’s anti-inflammatory potential has been attributed to its ability
to interfere with NF-κB and AP-1 activated transcription, the extent of cistromic overlap
between these signaling pathways has not yet been evaluated on a genome-wide scale. We
performed bioinformatic analysis to calculate the number of co-occurring ChIP-seq peaks
for all three factors. Interestingly, we identified 3,113 cis-regulatory regions that were
associated with GR, p65 and c-Jun in response to LPS. An additional 2,679 sequences were
bound by both GR and p65, whereas 1,782 sites showed intersecting GR and c-Jun
occupancies. Our analysis found 6,771 sites which were uniquely bound by GR, along with
16,489 and 5,231 sequences that were solely bound by p65 and c-Jun, respectively (Figure
1c). Taken together, this means that 50.3% of the stimulated GR cistrome was occupied by
GR alone (or in combination with unknown factors), and of the remaining fraction, 23.1%,
19.9% and 6.6% were engaged with either all three factors, GR/p65, or GR/c-Jun,
respectively (Figures 1c and 3b). Accordingly, motif enrichment analysis of the LPS-
reactive GR cistrome revealed AP-1, Pu.1, C/EBP, NF-κB and GRE consensus sequences.
Likewise, the c-Jun cistrome displayed AP-1, Pu.1, NF-κB and C/EBP motifs as most
prominent. The p65 cistrome most commonly featured NF-κB, Pu.1, AP-1 and C/EBP
motifs (Figure 1d).

The LPS response induces convergent cistromes
The ChIP-Seq technology per se does not allow a distinction between direct and indirect
modes of DNA binding, but a comparison of the two GR cistromes in the presence and
absence of the LPS stimulus and hence with and without AP-1 and NF-κB, can be used to
discern between the two scenarios (Supplementary Figure 1a+b, (Barish et al., 2010)).
Figure 2 shows representative examples of visualizations of these ChIP-sequencing tracks.
For instance, one of the key cytokines driving the inflammatory response and a therapeutic
target in chronic inflammatory conditions such as insulin resistance, inflammatory bowel
disease or rheumatoid arthritis is IL6 (Naugler and Karin, 2008). Interestingly, GR binding
was colocalized with p65 and c-Jun occupancy at the Il6 distant regulatory region, and it
occurred in the absence of LPS (Figure 2a). Numerous early studies on GR-mediated
repression of inflammatory genes have focused on proximal promoters (Luecke and
Yamamoto, 2005; Schule et al., 1990). However, as shown in Figure 2b, accessibility for
GR binding at the proximal Il6 promoter was dependent on LPS, when AP-1 and NF-κB are
also bound, and not in cells treated with Dex alone, which could indicate a tethering
situation. Nevertheless, as exemplified by Figure 2c, in many instances, GR binding at
inflammatory loci was observed in both stimulated and unstimulated conditions, meaning
that GR is able to find some inflammatory targets in the absence of DNA-bound NF-κB or
AP-1. Moreover, as shown in Figure 2d, the LPS trigger seems to render additional sites
accessible for GR binding, as depicted here for the Irf1 locus. Its intronic enhancer was
engaged by GR only in response to LPS, even though it did not colocalize with c-Jun or p65.
Notably, only 782 GR binding sites occurred at proximal promoters (less than 6% in
stimulated cells), and about half of these appeared linked with a second distal enhancer
element (data not shown), suggesting that most positive and negative GR-mediated gene
regulation takes place at previously unknown long-range elements.

Cistromic intersections are linked to gene expression changes
In macrophages, a crucial point for control of inflammation by nuclear receptors and TLR
ligands such as LPS is at the level of gene transcription. We therefore performed microarray
expression profiling experiments on LPS- and Dex-treated macrophages to detect gene
expression changes in response to the inflammatory stimulus and measure suppression or

Uhlenhaut et al. Page 4

Mol Cell. Author manuscript; available in PMC 2013 July 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



induction by GR ligand. We found 2,784 transcripts to be differentially expressed (at least
1.5 fold compared to control) upon LPS stimulation. Of these, 1,607 transcripts were
induced and 1,177 were downregulated (at least 1.5 fold). Treatment with Dex resulted in
402 of the LPS-induced genes being repressed and 241 of the LPS-repressed genes being
upregulated. Furthermore, GR ligand treatment resulted in suppression of an additional 254
genes and activation of 534 genes that did not show expression changes in response to LPS
alone (Figure 3a). In sum, we detected changes in mRNA expression level for a total of
1,561 probes when comparing macrophages treated with LPS versus LPS plus Dex. Of
these, 868 showed higher and 693 showed lower expression levels than controls
(Supplementary Figure 2 and Table 2a). Assigning these genes to functional categories, we
found that immune/inflammatory/defense responses were the most frequently represented
GO classes (Supplementary Table 2b). For example, Dex treatment resulted in efficient
repression of Ccl2, Ccl7, Ccl12, Ccr5, Cxcl2, Mmp12, Mmp13, Il1a, Il6, Il12a, Il15, and
TNF mRNAs and induction of ‘classical’ GR target genes such as Per1, Gilz, Fkbp5 and
Dusp1 as well as the inhibitory decoy receptor Il1r2.

Our current understanding of gene regulation is centered on a model in which transcriptional
changes are the result of a combinatorial code of transcription factors bound to associated
cis-regulatory regions. We therefore correlated the mRNA expression levels of differentially
expressed genes with promoter/enhancer occupancy detected by ChIP-Seq. GR ChIP-seq
peaks were assigned to almost half (49%) of the microarray probes that showed differential
expression upon GR ligand treatment, meaning that these are most likely direct target genes.
Conversely, 12.2% of GR ChIP-Seq peaks were matched to nearby up- or downregulated
genes, indicating functional binding events. Altogether we identified 918 GR-bound cis-
regulatory elements that were located near genes induced by Dex treatment, and 729
elements that were assigned to nearby repressed genes (Figure 3b). This affords a seemingly
ideal scenario to seek differential motif assignments for Dex-induced versus -repressed
genes. Unexpectedly, we found no association between ChIP peak distribution (nearby
binding of all three factors / two / GR alone) and transcriptional outcome (activation vs.
repression) (X-squared = 0.807, df = 6, p-value = 0.992). That is to say, whether a particular
gene was up- or downregulated could not be predicted based on a combination of factors
bound to cis-regulatory elements. The majority of genes encoding inflammatory cytokines,
such as the IL family, CC and CXC chemokines, Nos2 and TNF, which were largely
repressed, showed overlapping binding of GR, p65 and c-Jun, but not exclusively so. For
instance, the Ccl12 enhancer was bound and repressed by GR alone, whereas Ccr2 appeared
to be regulated by GR and p65, and Cxcl3 regulatory regions were occupied by GR together
with c-Jun. GR also seemed to repress transcription of Irf5 in the absence of NF-κB or AP-1
complexes, for example. Surprisingly, the distribution of factors present as reflected by the
percentage of ChIP-Seq peaks of GR together with either p65 and/or c-Jun was similar at
activated/repressed loci compared to the entire cistrome (Figure 3b). For example, about
20% of the GR cistrome overlap with p65 binding, regardless of whether the associated
genes were up- or downregulated. We did observe a shift of almost ten percent, however,
with about 30% of cis-regulatory elements being occupied by all three factors resulting in
changes in gene expression, compared to about 20% of the global cistrome. Consequently,
only ~40% of activating/repressed loci are bound by GR alone, compared to 50% of total
sites. It appears that cis-regulatory elements that are engaged by all three factors might be
more likely to result in transcriptional changes than those enhancers that are bound only by
GR.

Metabolic versus anti-inflammatory functions of GR are cell-type specific
It is believed that the anti-inflammatory actions of glucocorticoids are predominantly based
on trans-repression whereas many unwanted side-effects of steroid treatment (such as
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hyperglycemia and obesity) are due to transcriptional activation (Beck et al., 2009; De
Bosscher and Haegeman, 2009). In our study, we did not observe induction of metabolic
genes such as Pck1 or G6pc in macrophages treated with Dex. While GR is widely
expressed, its cistromes are likely to be cell-type specific. We therefore compared our data
set to two recent reports of GR cistromes in 3T3-L1 adipocytes, 3134 mammary and AtT-20
pituitary tumor cells (John et al., 2011; Steger et al., 2010). Strikingly, pairwise cistromic
comparisons reveal little overlap (<15%) between enhancers occupied by macrophage GR
relative to adipocytes, pituitary and mammary cells (Supplementary Figure 5a). The four
cell type comparative cistrome shows less than 1% overlap. Accordingly, there was an
enrichment of Runx1 motifs in the 3134 cistrome but an enrichment of FoxA1 motifs in the
AtT-20 cistrome (Supplementary Figure 5b). We performed pathway analyses to compare
the four different cistromes and found that inflammatory loci are significantly enriched in
macrophages but not other cell types (Supplementary Table 1b). As exemplified in
Supplementary Figure 5c, GR binding at the Il1a locus only occurs in macrophages, whereas
GR targets such as the circadian Per1 locus appear to be ubiquitously occupied in all cell
types. In addition, the promoter of the gluconeogenic gene G6pc appears to be bound by GR
only in 3134 cells, whereas no GR binding was observed at the Pck1 locus for any of the cell
types examined.

Activation and repression by GR involve GREs
Our next goal was to identify transcriptional complexes and landmarks of GR-regulation as
well as distinct motifs linked with activation versus repression. In order to test our
assignment of gene expression changes to nearby ChIP peaks and to determine whether
these cis-regulatory elements are functional enhancers, we cloned several of them into
luciferase reporter constructs. As shown in Figure 4a, ChIP peak sequences that were
discovered near upregulated genes were indeed sufficient to confer transcriptional activation
in this reporter assay, performed in the RAW264.7 macrophage cell line. Again, these
regulatory elements were bound by different combinations of GR/p65/c-Jun in primary
macrophages. We also performed a de novo motif discovery specifically using the ChIP
peak sequences that were connected to activation of gene expression (Figure 4b). Similar to
the motif analysis of the global GR cistrome, these Dex-induced motifs comprised NF-κB,
AP-1, Pu.1, C/EBP and GRE consensus sites. Reciprocally, luciferase reporter assays
interrogating ChIP peaks detected close to downregulated genes showed that these short
sequences contain all that is required for GR-mediated transcriptional repression (Figure 4c).
Again, these repressive regulatory sequences were occupied by discrete combinations of the
three factors in bone-marrow derived macrophages. De novo motif discovery on ChIP peak
sequences categorized as repressive yielded NF-κB, AP-1, Pu.1 and C/EBP consensus sites
as expected. Surprisingly, these sequences were also predicted to contain IRF3 motifs as
well as classical GREs (Figure 4d). As described above, current hypotheses include a model
of ‘tethered’ GRE-independent repression by protein-protein interactions (trans-repression)
as a major mechanism for GR-mediated suppression of inflammation (Glass and Saijo,
2010). We therefore decided to test whether repression by GR could indeed occur via direct
binding to DNA at canonical GREs by mutating the predicted GRE motifs in our luciferase
reporter constructs. As shown in Figure 4e, mutation of the GRE sequence abolished the
repressive action of these enhancers by GR, suggesting these GREs are crucial mediators of
repression in response to glucocorticoids. In addition, cotransfecting these reporters with GR
expression vectors that contain disabling point mutations of conserved cysteine residues
within the zinc fingers (Hollenberg and Evans, 1988), showed that both repression and
activation is dependent on DNA binding (Figure 4f). Furthermore, recombinant GR protein
bound these GRE sequences in vitro in the absence of additional factors, as detected by
EMSA (Supplementary Figure 4d). Finally, when performing a motif count of GREs among
the different cistromic subsets, the fraction of ChIP peaks containing classical GREs always
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comprised about 60%, plus approximately 20% of peaks had a detectable half site,
irrespective of c-Jun and p65 co-occupancy or positive versus negative regulation
(Supplementary Figure 3a). If tethering was the major mechanism of gene silencing by the
GR, one would expect a depletion of GRE sequences from those fractions; yet the
enrichment remains about 80% across all situations, whether induced or repressed. As
shown in Supplementary Figure 3, performing the same motif analyses, but restricted to
±20kb of the transcriptional start site (TSS) to be more confident about the correct
assignment to up- and down-regulated genes, yielded the same results. Moreover, we found
no discriminatory pattern for the genomic location (distance from the TSS), intersection with
CpG islands or peak strength of positive versus negative binding sites. We further validated
our motif analyses performing an independent GR ChIP-Seq replicate and taking into
account a second microarray experiment performed at the same time as the ChIP studies (3
hours post stimulus), again finding Pu.1, C/EBP, AP-1, NF-κB and GRE motifs associated
with both repression and activation, and IRF3 sites only with downregulation. The cistromic
intersections were further confirmed by AP-1 and NF-κB ChIP-Seq replicates
(Supplementary Figures 2 and 4).

The coregulator GRIP1 is recruited by GR
As shown in Figure 4d, we observed IRF3 motifs specifically enriched at enhancers that are
bound and repressed by GR. Interference with IRF3 function has previously been implicated
in GR-controlled transcriptional repression, and several mechanisms have been proposed.
One scenario entails disruption of a p65/IRF3 complex that is required for TLR4-dependent
transcriptional activation of inflammatory genes (Ogawa et al., 2005), whereas another
proposes competition for the cofactor GRIP1 by GR and IRF3 downstream of TLR3
signaling. GRIP1 is a member of the NCoA/SRC/p160 family of coregulators that has been
shown to interact with IRF3 and act as a corepressor for GR. (Reily et al., 2006; Rogatsky et
al., 2002). We therefore performed ChIP-Seq experiments using an antibody against GRIP1.
As depicted in Figure 5a, treatment with Dex in comparison to LPS alone induced a large
number of de novo GRIP1 binding sites. This ligand-dependent GRIP-1 cistrome showed
overlapping binding events with the GR-occupied genomic landscape (Figure 5b).
Unpredictably, the percentages of GR ChIP peaks colocalizing with GRIP1 and associated
with transcriptional activation (66%) or with repression (63%) are strikingly similar. As
expected from a GR-associated factor, bioinformatic motif analysis of the GRIP1 cistrome
revealed enrichment for Pu.1, C/EBP, AP-1, NF-κB, IRF3 and GRE sites (Figure 5c). As
depicted in Figure 5d, GRIP1 binding to GR target genes was induced by ligand treatment,
but nearly undetectable in macrophages treated with LPS alone. Interestingly, GRIP1 was
equally recruited to activated (Tlr2, Per1) and to repressed (Il6, Ccl2) genes. Notably, we
did not observe reduced IRF3 or p65/c-Jun enhancer binding in the presence of GR ligand
(Supplementary Figures 1c and 6). In fact, large parts of the c-Jun/p65-occupied landscapes
were unaffected by Dex, indicating that GR acts by blocking transcriptional activation rather
than cistromic inhibition of DNA binding or chromatin remodeling.

Repression by GR may serve to antagonize IRF3 activity
As described above, GRIP1 recruitment has been linked to disturbance of IRF3 function,
and indeed, knockdown of GRIP1 expression affects GR-mediated repression of LPS-
induced target genes such as Il1a, Il6, Nos2, Mmp13 and Tnfsf10, but not positive
transcripts such as Gilz (Figure 6a), despite the observed equal recruitment to both groups
(Figure 5b,d). The most likely explanation for this phenomenon is compensation of
coactivator function by other redundant SRC family members, whereas the corepressor
property appears to be unique to GRIP1. These repressive loci may act by disruption of
IRF3 activity, as shown in Figure 6b. In RAW264.7 macrophage cells, knockdown of IRF3
expression affects expression of these LPS-induced GR target genes, but not of other genes
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such as Gilz. We therefore performed ChIP-sequencing with an α-IRF3 antibody in LPS-
treated primary macrophages to identify these potentially common target genes. Indeed,
IRF3 colocalizes with GR and GRIP1 at negative enhancers, for example at Il1a and Ccl2
loci, but not at positive loci such as Gilz and Per1 (Figure 6c and Supplementary Figure 6).
Accordingly, motif analysis of the IRF3 ChIP-sequences identifies AP-1, NF-κB and GRE
motifs among others. Indeed, hypergeometric testing (p=5.87e-06) confirmed a statistically
significant enrichment of IRF3-bound sequences overlapping with negative GR enhancers.
(We also detected some overlap with positive sites, but not to a significant extent.) As
presented in Supplementary Figure 6, GR ligand treatment in the presence of LPS changes
the IRF3-bound cistrome, thereby increasing the number of bound sites colocalizing with
GRIP1, but it does not appear to result in competition for binding of cis-regulatory elements.

GR-mediated suppression of inflammation involves histone deacetylation
Nuclear receptor coactivators such as the SRC family members stimulate transcriptional
initiation by recruitment of chromatin-remodeling and -modifying complexes that mark
active chromatin and attract other proteins to the complex, as exemplified by the
engagement of CBP/p300 histone acetyltransferases (Bulynko and O’Malley, 2010).
Corepressors, on the other hand, are believed to oppose the actions of coactivators, for
example via recruitment of histone deacetylases, and mediate the assembly of transcriptional
repressor complexes (Perissi et al., 2010; Rosenfeld et al., 2006). In order to detect
potentially discriminating features between activated and repressed loci, we performed ChIP
experiments using antibodies against acetylated histone H3K9 as a readout for actively
transcribed chromatin. As depicted in Figure 7a, GR ligand treatment reduces acetyl-H3K9
patterns at repressed enhancers in both quiescent and in LPS-stimulated primary
macrophages, effectively unmarking active chromatin. Conversely, activated enhancers
display increased H3K9 acetylation profiles in response to Dex (Supplementary Figure 7a).
These differential acetylation profiles correlate with increased recruitment of HDACs at
repressed, but not at activated loci (Figure 7b) in response to Dex. Concomitantly, hormone
treatment results in p300/CBP HAT recruitment to positive, but not to negative enhancers
(Figure 7c).

As a result, negative response elements appear to be characterized by the corepressor as
opposed to the coactivator function of GRIP1, which leads to chromatin deactivation. The
epigenetic specification of GR polarity at these repressive enhancers may be predetermined
prior to hormone action by context-specific factors (such as IRF3) or might depend on other
unknown regulators.

Discussion
How the glucocorticoid receptor, other nuclear receptors or transcription factors in general
can activate certain genes while at the same time repressing others remains an open
question. A general presumption for the GR in the macrophage is that negative regulation is
associated with ‘trans-repression’ such that GR can oppose the positive action of AP-1 or
NF-κB via tethering. Unexpectedly, using genome-wide profiling in LPS-activated
macrophages, we find that the positive and negative GR cistromes are predominantly
composed of classical GREs in close proximity to NF-κB and AP-1 binding sites. While up
to 20% of GR-dependent repression is found at nGREs and tethered sites, the identical
motifs seem to direct positive regulation at about the same frequency. Accordingly,
cistromic motif classification is insufficient to predict regulatory fate. We show that GR-
dependent repression of inflammatory genes involves selective utilization of the nuclear
receptor corepressor function of GRIP1, which may in part serve to antagonize IRF3
activity. In exploring the epigenomic basis of these observations, we find that these negative
enhancers are characterized by HDAC recruitment and a depletion of histone acetylation
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marks. Accordingly, although recruitment of GR to chromatin confers hormone
responsiveness, the receptor itself many not decide its regulatory fate. These results imply a
critical role for epigenetic regulators and chromatin ‘context’ in predetermining the
transcriptional polarity of GR controlled target genes.

In regards to the GR cistrome, we find that TLR4-activation by LPS recrafts ‘primary
chromatin’ to create an inflammatory cistrome that comprises both GR-induced and
repressed target genes. Previous studies have shown that TLR4 activation results in
chromatin reorganization (Smale, 2011), a process, based on this work, that presumably
creates new domains of GR accessibility. In addition, LPS has been shown to increase GR
expression levels (Barish et al., 2005), which could enhance the anti-inflammatory response
and potentially revert chromatin to its pre-activated state. TLR4 signaling thus not only
triggers the transition from quiescent to activated chromatin landscape but simultaneously
primes or prepares it for the subsequent termination of the inflammatory response.

The enrichment of Pu.1 and C/EBP binding sites throughout the entire GR cistrome suggests
these pioneer factors provide points of chromatin access for the recruitment of collaborating
transcription factors, but do not directly establish whether a particular enhancer will be
induced or repressed by glucocorticoids (Ghisletti et al., 2010; Heinz et al., 2010).
Furthermore, the frequent proximity of GR binding sites with AP-1, NF-κB and/or GRIP1
binding at both induced and repressed inflammatory enhancers, emphasizes that the
transcriptional outcome cannot be predicted based on the simple combination of these
factors.

In this study we identified 918 GR-bound cis-regulatory elements that were linked to
positive gene expression, and 729 elements that served a negative function. Comparison of
motif signatures within these regulatory sites reveals remarkably similar features at both
induced and repressed cis elements. These findings reverse several established models and
reveal the lack of evidence for the dominance of prevailing concepts for GR-mediated
repression. Tethering of GR to NF-κB/AP-1 (whether positive or negative) cannot explain
our observed lack of a difference in motif content between induced or repressed genes.
Thus, GR does not always seem to ‘naturally antagonize’ AP-1/NF-κB, but rather appears to
frequently cooperate to facilitate hormone induction. Similarly, GR recruits GRIP1 in a
comparable fashion to both up- and downregulated genes, where it may act as a coactivator
or corepressor, depending on the context. Based on prevalence of motifs, we show that both
activation and repression by GR entail classical GREs, and that ‘cis-repression’ by GR
occurs most commonly via direct DNA binding. Hormone-induced repression at enhancers
that contain no discernible GRE motif, i.e. the IL12a locus, suggest that GR is tethered at up
to one-fifth of negatively regulated sites. However, an equal portion of tethered sites can be
detected at activated target genes. Again this illustrates that motif categorization alone does
not express a regulatory mechanism and that positive or negative polarity likely requires
additional, unrecognized, regulatory components. The above argument also extends to the
recently described negative response elements (called IR nGREs), which in the context of
specific genes has been shown to result in the formation of repressive complexes at loci
distinct from those shared with p65 or c-Jun (Surjit et al., 2011). However, we were not able
to detect any enrichment of IR nGRE motifs in our data set (Supplementary Figure 3a),
again confirming that repression of inflammatory AP-1 and NF-κB signaling occurs through
a mechanism that is not intrinsic to the motif itself.

In conclusion, our objective genome-wide analysis reveals that prevailing models (including
tethering, nGREs or GRIP1 recruitment) are insufficient to explain the anti-inflammatory
actions of GR. In contrast to previous predictions, the lack of a discernible difference in
motif content between activation and repression indicates a mechanism that is context-
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dependent. This context may be established by the existence of predetermined inflammatory
sites in the genome, for example those that are marked by IRF3 occupancy, or by other
unknown factors that might not bind directly to DNA. Thus, while the presence of GR
confers hormone responsiveness, the mechanisms switching GRIP1 from coactivator to
corepressor, ultimately leading to histone acetylation versus deacetylation, remain to be
elucidated. Interestingly, in support of the observed deacetylation mechanism, we have
preliminary evidence showing the nuclear receptor corepressors NCoR and SMRT present at
repressive sites in the genome, independently of and before GR ligand treatment. The
epigenetic specification of GR polarity by SMRT, NCoR, IRF3 or other unknown factors
may predetermine these loci as repressive enhancers prior to hormone action, implying the
existence of a yet unrecognized regulatory determinant (Supplementary Figure 7b).

Experimental Procedures
Primary bone-marrow derived macrophages from male C57BL/6 mice were isolated and
differentiated in culture as previously described (Barish et al., 2005). Cells were treated
overnight with 1μM Dex (Sigma) or ethanol and/or LPS (100ng/ml, Sigma) for 3 hours.
RNA isolation and qPCR were performed as previously described (Barish et al., 2005).
Microarrays were performed with Illumina Mouse Ref-8v2.0 Expression BeadChips after
overnight incubation with Dex and 6 hours LPS treatment.

ChIP assays were performed as described elsewhere (Barish et al., 2010). Antibodies used
for ChIP were anti- GR (Santa Cruz), p65 (Abcam), c-Jun (Santa Cruz), GRIP1 (Abcam), P-
IRF3 (Cell Signaling) and IgG (Santa Cruz). ChIP-Seq libraries were made per
manufacturer’s instructions and sequenced using an Illumina Genome Analyzer II. Data
analysis was performed using HOMER (Heinz et al., 2010).

Luciferase assays were carried out as previously described (Wan et al., 2007). RAW264.7 or
CV-1 cells were treated overnight with 1μM Dex or ethanol and/or LPS. Cis-regulatory
elements were cloned into pGL4.23 (Promega) and point mutations were inserted using the
Quick Change II Site Directed Mutagenesis kit (Agilent). siRNA knockdowns were
achieved using Dharmacon SMARTpool mouse siRNAs (Thermo Scientific) according to
standard protocols. The genomic data have been deposited in NCBI’s GEO and are
accessible through accession numbers GSE31793 (microarray), GSE31796 (ChIP-Seq),
GSM419051 (ChIP input) and GSM611117 (ChIP p65 +LPS). See Supplemental Methods
and Table 3 for details.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• TLR4 activation dramatically remodels the GR cistrome in macrophages

• Both negative and positive GR enhancers include GREs, NF-κB & AP-1 sites

• Classical models fail to predict positive or negative polarity of GR regulation

• Hormone treatment marks negative enhancers by histone deacetylation
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Figure 1. GR, AP-1 and NF-κB cistromes intersect
a) Area-proportional Venn diagram of GR cistromes in unstimulated (orange) and stimulated
(red) macrophages. b) Motif analysis of the GR cistrome in macrophages treated with Dex
only. c) Area-proportional Venn diagram showing the overlap between GR, c-Jun and p65
ChIP-Seq peaks in macrophages treated with LPS and Dex. Genomic regions with
significant peak scores were merged and given a 100bp margin for co-occurrence. d)
Globally enriched motifs within the GR, c-Jun and p65 cistromes in response to LPS. Tables
show the top five to six statistically overrepresented binding sites.
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Figure 2. Genomic localization of GR, AP-1 and NF-κB binding in macrophages
ChIP-sequencing tracks of regulatory regions of GR target genes in macrophages treated
with LPS and/or Dex, normalized to 10 million reads. a) IL6 locus with overlapping GR,
p65 and c-Jun occupancy. b) IL6 proximal promoter displaying GR binding only in the
presence of c-Jun and p65. c) Ccl2 locus with overlapping GR, p65 and c-Jun binding. GR
binding is LPS-independent. d) Irf1 locus with GR binding induced by LPS, but independent
of p65 and c-Jun (arrow).
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Figure 3. Correlating gene expression and recruitment in response to LPS and Dex
a) Heat map cluster showing the numbers and overlap of microarray probe sets that were
upregulated (red) or downregulated (light green) at least 1.5fold in macrophages treated with
LPS and/or Dex. b) Graph showing ChIP peaks assigned to differentially expressed genes
and correlating gene expression with occupancy by GR, c-Jun and p65. Percentages and
numbers reflect fractions of GR ChIP peaks.
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Figure 4. Activation versus repression by GR
a) Luciferase assays using reporters containing ChIP peak sequences that were linked to
activated genes. Black bars represent percent induction in response to Dex. Bottom legend
lists occupancy of GR/c-Jun/p65 as determined by ChIP-Seq in primary macrophages. b) De
novo motif discovery on ChIP peak sequences that were assigned to genes activated by Dex.
c) Luciferase assays using reporters containing ChIP peak sequences that were assigned to
repressed genes. Black bars represent percent repression in response to Dex. Bottom legend
lists occupancy of GR/c-Jun/p65 as determined by ChIP-Seq in primary macrophages. d) De
novo motif discovery on ChIP peak sequences that were assigned to genes repressed by Dex.
e) Luciferase assays using reporters that were repressed by GR in c) and that now contain a
point mutation in the GRE motif. f) Luciferase assays performed in CV-1 cells (devoid of
endogenous GR) using GR point mutants that abolish DNA binding (C421G and C441G).
Error bars represent S.E.M.
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Figure 5. GR recruits GRIP1 to activated and repressed genes
a) Area-proportional Venn diagram of GRIP1 cistromes in LPS-stimulated (light blue) and
Dex-treated (cyan) macrophages. b) Area-proportional Venn diagram showing the overlap
between GRIP1 and GR ChIP-Seq peaks in macrophages treated with LPS and Dex. Arrows
and numbers on bottom right represent ChIP peaks associated with GR-repressed versus –
activated genes. c) Globally enriched motifs found in the GRIP1 cistrome in response to
LPS+Dex. d) ChIP-sequencing tracks of regulatory regions of GR target genes in
macrophages treated with LPS plus or minus Dex, normalized to 10 million reads. Ligand-
dependent GRIP1 recruitment can be observed at activated (Tlr2, Per1) and repressed (IL6,
Ccl2) enhancers.
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Figure 6. GR repression includes GRIP-1 corepressor function and opposition of IRF3 activity
a) siRNA knockdown of GR and GRIP-1 in RAW264.7 macrophages treated with LPS and/
or Dex. Reduction of both GR and GRIP-1 expression levels impairs repression of LPS-
induced genes Il1a, Il6, Nos2, Mmp13 and Tnfsf10 by Dex, but only GR knockdown affects
the positively regulated gene Gilz. Brackets above bars show p-values for differential
expression in LPS vs. LPS+Dex treated cells, * p <0.01, n.s. not significant. b) siRNA
knockdown experiments in RAW264.7 cells. Knockdown of IRF3 affects expression of
LPS-induced and Dex-repressed GR target genes, but not Dex-activated genes such as Gilz.
Error bars represent S.T.D. c) Representative examples of IRF3 ChIP-Seq tracks. IRF3
binding co-occurs with the presence of GR and GRIP1 at repressed genes such as Il1a, but
not at activated ones like Gilz.
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Figure 7. Repression by GR involves selective HDAC recruitment and histone deacetylation
a) ChIP-Seq experiments in primary macrophages show a reduction in acetylated histone
H3K9 marks at sites repressed in response to Dex, in both unstimulated and in TLR4-
activated conditions. b) At repressed enhancers such as Nos2, Il6 etc., Dex treatment leads
to increased recruitment of HDAC2 and/or HDAC3, as determined by ChIP experiments. c)
Conversely, HAT activity is increased in response to Dex at activated enhancers (i.e.
Dusp1), as determined by ChIP experiments using α-CBP and α-p300 antibodies, but not at
repressed loci. Error bars represent S.T.D.
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