
 10.1101/gad.1998010Access the most recent version at doi:
 2010 24: 2760-2765 originally published online November 24, 2010Genes Dev.

 
Grant D. Barish, Ruth T. Yu, Malith Karunasiri, et al.
 
innate immune response

B cistromes mediate opposing regulation of theκBcl-6 and NF-
 
 

Material
Supplemental  http://genesdev.cshlp.org/content/suppl/2010/11/18/gad.1998010.DC1.html

References

 http://genesdev.cshlp.org/content/24/24/2760.full.html#related-urls
Article cited in: 
 

 http://genesdev.cshlp.org/content/24/24/2760.full.html#ref-list-1
This article cites 36 articles, 19 of which can be accessed free at:

service
Email alerting

 click heretop right corner of the article or
Receive free email alerts when new articles cite this article - sign up in the box at the

 http://genesdev.cshlp.org/subscriptions
 go to: Genes & DevelopmentTo subscribe to 

Copyright © 2010 by Cold Spring Harbor Laboratory Press

 Cold Spring Harbor Laboratory Press on January 17, 2011 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/lookup/doi/10.1101/gad.1998010
http://genesdev.cshlp.org/content/suppl/2010/11/18/gad.1998010.DC1.html
http://genesdev.cshlp.org/content/24/24/2760.full.html#ref-list-1
http://genesdev.cshlp.org/content/24/24/2760.full.html#related-urls
http://genesdev.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=genesdev;24/24/2760&return_type=article&return_url=http://genesdev.cshlp.org/content/24/24/2760.full.pdf
http://genesdev.cshlp.org/subscriptions
http://genesdev.cshlp.org/
http://www.cshlpress.com


RESEARCH COMMUNICATION

Bcl-6 and NF-kB cistromes
mediate opposing regulation
of the innate immune response
Grant D. Barish,1 Ruth T. Yu,1 Malith Karunasiri,1

Corinne B. Ocampo,1 Jesse Dixon,1 Chris Benner,2

Alexander L. Dent,3 Rajendra K. Tangirala,4

and Ronald M. Evans1,5

1Gene Expression Laboratory, Howard Hughes Medical
Institute, The Salk Institute for Biological Studies, La Jolla,
California 92037, USA; 2Department of Cellular and Molecular
Medicine, University of California at San Diego, La Jolla,
California 92093, USA; 3Department of Microbiology
and Immunology, Indiana University School of Medicine,
Indianapolis, Indiana 46202, USA; 4Division of Endocrinology,
Diabetes, and Hypertension, David Geffen School of Medicine,
University of California at Los Angeles, Los Angeles, California
90095, USA

In the macrophage, toll-like receptors (TLRs) are key sen-
sors that trigger signaling cascades to activate inflam-
matory programs via the NF-kB gene network. However,
the genomic network targeted by TLR/NF-kB activation
and the molecular basis by which it is restrained to ter-
minate activation and re-establish quiescence is poorly
understood. Here, using chromatin immunoprecipitation
sequencing (ChIP-seq), we define the NF-kB cistrome,
which is comprised of 31,070 cis-acting binding sites re-
sponsive to lipopolysaccharide (LPS)-induced signaling. In
addition, we demonstrate that the transcriptional repres-
sor B-cell lymphoma 6 (Bcl-6) regulates nearly a third of
the Tlr4-regulated transcriptome, and that 90% of the
Bcl-6 cistrome is collapsed following Tlr4 activation. Bcl-
6-deficient macrophages are acutely hypersensitive to LPS
and, using comparative ChIP-seq analyses, we found that
the Bcl-6 and NF-kB cistromes intersect, within nucleo-
somal distance, at nearly half of Bcl-6-binding sites in
stimulated macrophages to promote opposing epigenetic
modifications of the local chromatin. These results reveal
a genomic strategy for controlling the innate immune re-
sponse in which repressive and inductive cistromes estab-
lish a dynamic balance between macrophage quiescence
and activation via epigenetically marked cis-regulatory
elements.

Supplemental material is available for this article.

Received September 30, 2010; revised version accepted
October 27, 2010.

Toll-like receptors (TLRs) sense conserved pathogen-
associated molecular patterns that rapidly activate the

immune system to induce inflammation (Takeuchi and
Akira 2010). The transcription factor NF-kB is a common
mediator for TLR signaling and is critical for TLR-elicited
gene expression programs controlling immune function
as well as normal development and tissue homeostasis
(Hayden and Ghosh 2004). Growing evidence indicates
that TLRs recognize not only microbial products, but also
endogenous molecules derived from damaged cells. Un-
derscoring this notion, noninfectious diseases including
atherosclerosis, type 2 diabetes mellitus, neurodegenera-
tion, and certain cancers have now been linked to TLR–
NF-kB signaling and chronic inflammation (Frantz et al.
2007; Medzhitov 2010). Thus, deciphering the TLR–NF-
kB transcriptional network and how it can be controlled
is broadly important for understanding immunity as well
as disease.

The macrophage is a benign immune sentinel that
expresses TLRs and, in response to a range of signals,
becomes a principal cellular effector of both acute and
chronic inflammation. The tremendous complexity of
the TLR-induced inflammatory response, particularly at
the level of gene control, has suggested that modular
networks demarcate functional pathways and control
innate immunity (Medzhitov and Horng 2009). However,
the genomic architecture of such networks and the mech-
anisms by which they are regulated to prevent excessive
inflammatory responses are poorly understood. One poten-
tial mediator of macrophage quiescence is the sequence-
specific transcriptional repressor B-cell lymphoma 6
(BCL-6) (Chang et al. 1996; Dhordain et al. 1997; Huynh
and Bardwell 1998; Huynh et al. 2000; Lemercier et al.
2002; Parekh et al. 2007; Mendez et al. 2008). Although
best known for its role in B-cell development and non-
Hodgkin’s lymphomas (Dent et al. 1997; Ye et al. 1997),
we and others have shown that BCL-6 can bind nuclear
receptors and their corepressors, which have been impli-
cated in macrophage modulation of inflammation (Lee
et al. 2003; Ogawa et al. 2004; Ghisletti et al. 2009). More-
over, Bcl-6-deficient mice develop lethal neonatal pulmo-
nary vasculitis as well as myocarditis (Dent et al. 1997; Ye
et al. 1997) and dysregulated expression of a small num-
ber of chemokines and cytokines (Toney et al. 2000;
Takeda et al. 2003; Yu et al. 2005; Mondal et al. 2010).
These collective observations raised the possibility that
Bcl-6 might play a broader role in macrophage quiescence
and the termination of the inflammatory response. In this
study, we provide genetic and genomic evidence that
Bcl-6, acting through a limited number of binding sites,
broadly constrains the inflammatory response through
cistromic antagonism of a TLR–NF-kB subnetwork.

Results and Discussion

Bcl-6 controls one-third of the Tlr4 transcriptome

To begin, we performed genome-wide expression analysis
to define the Bcl-6-regulated gene network in quiescent
and lipopolysaccharide (LPS)-stimulated Bcl-6+/+ (wild-
type) and Bcl-6�/� (knockout) bone marrow-derived mac-
rophages (BMDMs). Unexpectedly, a large number of
mRNAs (>2500 genes) were altered by the absence of
Bcl-6 (Fig. 1A), and >500 could be functionally categorized
as involved in inflammation (35%); differentiation, apo-
ptosis, and cancer (24%); cell signaling (12%); metabolism
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(16%); or other assorted pathways (13%) (Fig. 1B; Supple-
mental Table 1). Treatment with the inflammatory trig-
ger LPS resulted in vast changes in the expression of
>3500 genes in either wild-type or knockout cells (Fig.
1A; Supplemental Fig. 1A). Remarkably, comparison of
these gene networks revealed that more than a third of
the LPS-elicited transcriptome is also controlled by Bcl-6
(Fig. 1A), and, for >60% of these coregulated genes, loss of
Bcl-6 mimicked LPS stimulation. Analysis of Bcl-6- and
LPS-coregulated genes found that nearly half of those
classified were inflammatory (Fig. 1C; Supplemental
Table 2). Using quantitative PCR (qPCR), we interrogated
many of these targets in wild-type and knockout BMDMs
over a 6-h time course of LPS exposure, demonstrating
that loss of Bcl-6 produces a broad and often striking
hypersensitive response (Fig. 1D; Supplemental Fig. 1B).
Among the many dramatically coregulated genes were an
array of C-C and C-X-C chemokines involved in inflam-
matory cell recruitment (Charo and Ransohoff 2006),
including Ccl-2, Ccl-3, Ccl-4, and Ccl-7, as well as Cxcl-
2, Cxcl-11, and Cxcl-14; growth factors such as Csf-1,
which drives leukocyte chemotaxis, differentiation, and
proliferation (Pixley and Stanley 2004); acute phase cyto-
kines (e.g., Il-1a and Il-1b); and anti-inflammatory mod-
ulators, including Pparg and Dusp1 (Jeffrey et al. 2007).
Many of these genes showed striking changes in basal
expression that were amplified further by LPS treatment.
For example, Il-1a showed a 610-fold elevation of basal
expression and, after LPS stimulation was induced,
130,000-fold in knockout versus unstimulated wild-type
cells. This dramatic LPS induction in Bcl-6-deficient cells
exceeded the maximal LPS-stimulated expression of Il-1a

in wild-type cells by more than three orders of magnitude.
Variant but related, exaggerated patterns were observed
among many other inflammatory genes, with a few ex-
ceptions (such as Ccl6) where no discernable impact of
LPS stimulation was seen (Fig. 1D; Supplemental Fig. 1B).
These results reveal that Bcl-6 prevents a hyperinflamma-
tory response by controlling transcriptional modules both
within and outside of the LPS-induced transcriptome.
Within the Tlr4 network, Bcl-6 controls approximately
one-third of the transcriptome, where it additionally helps
to suppress basal transcription to establish the quiescent
state.

Not all Tlr4-regulated genes are proinflammatory, as
exemplified by Bcl-6 itself, whose transient induction
within 2 h following LPS exposure (Supplemental Fig.
1C,D) presumably helps to attenuate the LPS response to
prevent nonresolving inflammation. Using Bcl-6 regula-
tion as a model, BMDMs were treated with TLR signaling
inhibitors (including Mek1 and Mek2 [U0126], Erk 1/2
[ErkII inhibitor], PI3 kinase [wortmannin], and NF-kB [Bay
11-7082]) to deconstruct the regulatory cascade. LPS in-
duction of Bcl-6 and Ccl2 was completely attenuated
by Bay 11-7082 (Supplemental Fig. 1E), suggesting that
NF-kB contributes to both induction and feedback in-
hibition of the Tlr4-induced transcriptional response.

The dynamic Bcl-6 cistrome

We next wished to understand the chromatin basis of
Bcl-6 regulation, and performed genome-wide binding
location analysis in wild-type BMDMs using chromatin
immunoprecipitation sequencing (ChIP-seq). The result-
ing cistrome identified 6655 Bcl-6 interaction sites in
unstimulated cells (Fig. 2A). Their complete loss in Bcl-
6�/� cells confirmed the identity of the sites as well as the
specificity of the antibody (Supplemental Fig. 2A). Sur-
prisingly, the vast majority of Bcl-6 binding localizes to
distant intergenic and intronic sites, with only 5% oc-
curring at gene promoters (Fig. 2A; Supplemental Fig. 2B).
Nearby gene annotation analysis assigned peaks based on
their proximity to the closest transcription start site,
yielding a total of 4354 genes within the unstimulated
Bcl-6 cistrome (Fig. 2B). Gene ontology analysis revealed
that the most common classified function for annotated
genes was inflammatory (28%) (Fig. 2C; Supplemental
Table 3). Because transcription factors can act directly as
well as by long-range or indirect mechanisms, we com-
pared the gene sets identified by expression microarray
and ChIP-seq (Fig. 2B). Interestingly, of the genes whose
basal expression was altered in knockout macrophages,
about a third were found to have Bcl-6-binding sites, sug-
gesting that loss of Bcl-6 often amplifies to noncistromic
genes. Moreover, for many genes with Bcl-6-binding sites,
the loss of Bcl-6 did not substantially impact basal gene
expression, implicating probable additional roles in acti-
vated macrophages.

Motif analysis performed on the Bcl-6 ChIP-sequenced
DNA identified canonical Bcl-6 consensus binding sites
within 74% of binding peaks in quiescent BMDMs (Sup-
plemental Fig. 2D). Interestingly, motifs for the critical
myeloid lineage and enhancer factor Pu.1 (Scott et al.
1994; Ghisletti et al. 2010; Heinz et al. 2010) were the
next most common (Supplemental Fig. 2D), implying that
Bcl-6 establishes quiescence in part by actively repressing
proximal Pu.1-marked enhancers. To test these predic-
tions, we additionally ChIP-sequenced Pu.1 and p300, dual

Figure 1. Bcl-6 coregulates the Tlr4-elicited gene expression pro-
gram. (A) Representation of genes significantly induced or repressed
in expression microarrays from wild-type (Bcl-6+/+) and knockout
(Bcl-6�/�) BMDMs versus genes significantly altered in wild-type
BMDMs by exposure to LPS (100 ng/mL) for 6 h. (B,C) Functional
categorization of Bcl-6-regulated genes (B) or Bcl-6- and LPS-coregu-
lated genes (C) depicted as percentages of total. (D) qPCR of micro-
array-identified Bcl-6- and LPS-coregulated genes in wild-type and
knockout BMDMs at 0, 2, or 6 h following exposure to LPS (100 ng/
mL). The mean relative expression 6 SD compared with wild-type
BMDMs at baseline (0 h) is listed.
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signatures for macrophage enhancers (Ghisletti et al.
2010), and found that Pu.1 and/or p300 co-occur at >44%
of Bcl-6-binding sites in unstimulated cells (Fig. 2A).
Surprisingly, binding motifs for NF-kB were also highly
enriched in Bcl-6 ChIP-sequenced DNA (Supplemental
Fig. 2D), raising the possibility that Bcl-6 intersects with
a canonical inflammatory signaling pathway.

To explore the impact of inflammatory stimulation
on Bcl-6-directed genomic regulation, we ChIP-sequenced
Bcl-6 in BMDMs treated with LPS for 3 h, at which time
Bcl-6 protein is maximal (Supplemental Fig. 1D). Two
unexpected, rapid, and dynamic changes occurred. First,
the ‘‘quiescent’’ Bcl-6 cistrome was reduced nearly 90%
to 726 residual sites, and second, stimulation induced
an additional 1116 ‘‘LPS-specific’’ sites (Fig. 2A). The in-
duced Bcl-6 cistrome of 1842 sites was particularly con-
centrated in genes controlling inflammatory responses
(48%) as well as cell adhesion and migration (22%) (Fig.
2C; Supplemental Table 4). In exploring the dynamic shift
in the Bcl-6 cistrome, a 12-h kinetic analysis of Bcl-6
using ChIP qPCR of LPS-exposed BMDMs (Supplemental
Fig. 2F) confirmed that binding was transiently lost (e.g.,
Csf1), retained (e.g., Ccl2), or gained (e.g., Ifitm1) over the
course of LPS stimulation. Previous work suggests that
signal-induced acetylation and phosphorylation of the
Bcl-6 protein diminish its DNA binding and stability,
potentially contributing to these LPS-triggered binding
dynamics (Niu et al. 1998; Bereshchenko et al. 2002;
Barros et al. 2009). The general distribution of the Bcl-6
cistrome in LPS-stimulated BMDMs at promoters, exons,
introns, and intergenic sites mirrored the coverage in
unstimulated cells and likewise often colocalized with

Pu.1 and p300 at presumptive enhanc-
ers (Fig. 2A). These results indicate
that the Bcl-6 cistrome is highly dy-
namic and signal-dependent, and its
capacity to transform may underpin
the rapid genomic response to an in-
flammatory trigger.

Bcl-6–NF-kB cistromic antagonism

In considering the dynamic nature of
the Bcl-6 cistrome, our attention re-
turned to the potential intersection
with NF-kB and the possibility of re-
ciprocal regulation by overlapping cis-
tromes. In support of this idea, motif
analysis of Bcl-6 ChIP-sequenced DNA
in LPS-stimulated BMDMs, as in qui-
escent macrophages, identified NF-kB
consensus motifs among the top scor-
ing, along with motifs for Bcl-6 itself
and the myeloid pioneering factor Pu.1
(Supplemental Fig. 2E). To examine the
potential for ‘‘genomic cross-talk,’’ we
first needed to establish the NF-kB
cistrome. Using p65 as the hallmark
of the active NF-kB complex, only 164
binding sites were found in quiescent
BMDMs, presumably due to cytoplas-
mic sequestration in unstimulated cells.
Nevertheless, NF-kB motifs were the
most abundant in the ChIP-sequenced
DNA (Supplemental Fig. 3A). Impres-
sively, while LPS treatment consider-

ably reduced the Bcl-6 cistrome, it reciprocally increased
NF-kB binding to >31,000 peaks (Fig. 2A), which were
heavily enriched with motifs for NF-kB and Pu.1 (Supple-
mental Fig. 3B). As with Bcl-6, NF-kB localized predom-
inantly to promoter-distal sites, with promoter binding
comprising only 10% of its cistrome (Fig. 2A). Consistent
with its breadth of functions in immunity as well as de-
velopment and homeostasis (Hayden and Ghosh 2004),
genes annotated with ChIP-seq-identified NF-kB-binding
sites were widely distributed among functional pathways
related to inflammation (23%); the cytoskeleton and cell
adhesion (19%); cell signaling (18%); differentiation, apo-
ptosis, and cancer (15%); metabolism (9%); and other as-
sorted functions (16%) (Fig. 2C). The regulatory relation-
ship between NF-kB and Bcl-6 was further revealed as we
examined the Bcl-6 gene itself. Following LPS stimula-
tion, p65 binding appeared in a distributed fashion over
a region of 50 kb within and flanking the Bcl-6 gene,
confirming that Bcl-6 is a directly regulated NF-kB target
(Supplemental Fig. 3C). Bcl-6 thus is both a basal and
inducible inhibitor to oppose NF-kB-directed regulation.

In further exploring aspects of Bcl-6 and NF-kB recip-
rocal regulation, we observed that thousands of NF-kB
and Bcl-6 sites colocalized to within a nucleosomal
window (200 base pairs) with a total of 2422 sites of co-
occurrent binding by Bcl-6 and NF-kB (Supplemental Fig.
3D). These Bcl-6/p65 sites represent 45% and 32% of the
Bcl-6 stimulated or quiescent cistromes, respectively (Fig.
2A). Although combined this represents only 8% of the
NF-kB cistrome (Fig. 2A), the Bcl-6/p65 nucleosome mod-
ule appears particularly important for the LPS transcrip-
tional program. Since NF-kB p65 is a critical transcriptional

Figure 2. ChIP-seq reveals extensive colocalization of Bcl-6 with NF-kB. (A) Distribution of
Bcl-6 and NF-kB p65-binding sites in BMDMs and their overlap with other cistromes as
indicated. (B) Graphical depiction of the number of genes identified with significantly altered
expression in Bcl-6�/� versus Bcl-6+/+ BMDMs (yellow), the number of genes annotated with
Bcl-6-binding sites by ChIP-seq (blue), and the intersections of these gene sets in unstimulated
BMDMs. (C) Functional classification of genes identified with binding sites for Bcl-6, NF-kB,
or proximal Bcl-6 and NF-kB by ChIP-seq in unstimulated and LPS-stimulated BMDMs. (D)
Schematic representing Tlr4-initiated transcriptional programs that are NF-kB p65-controlled
(left) and NF-kB p65-independent (right) based on p65 ChIP-seq annotation. (Left) Bcl-6
regulation of Tlr4 responses is concentrated in genes annotated with proximal Bcl-6 and
NF-kB sites. (Right) Bcl-6 binding is infrequent in Tlr4 target genes controlled by other
transcription factors (TFs).
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mediator for Tlr4 signals, we compared
genes annotated with p65-binding sites
based on our ChIP-seq data to genes
whose expression was altered by LPS.
NF-kB p65 annotated to >70% of genes
induced or repressed by LPS stimula-
tion (Fig. 2D). Surprisingly, the Bcl-6/
p65 module was heavily overrepre-
sented in differentially expressed LPS
targets (626 genes) (Fig. 2D, left), par-
ticularly among those that were in-
duced by LPS. In contrast, only a small
portion (80 genes) of the NF-kB-inde-
pendent Tlr4-directed gene program
contained assignable Bcl-6-binding
sites (Fig. 2D, right). Thus, although
Bcl-6/p65 sites account for just 8% of
the NF-kB p65 cistrome (Fig. 2A; Sup-
plemental Fig. 3D), Bcl-6/p65 sites oc-
cur in 25% of the Tlr4–NF-kB con-
trolled gene network and overall span
18% of Tlr4 response genes (Fig. 2D).
Importantly, functional analysis of the
Bcl-6/NF-kB module revealed genes
that were particularly enriched among
inflammatory pathways (47%) (Fig.
2C). Thus, the substantial proximal
convergence between Bcl-6 and NF-kB
suggested that cistromic overlap may
be an effective way for Bcl-6 to limit
the extent of the NF-kB-directed mac-
rophage inflammatory response. Inter-
estingly, BCL-6 has also been reported
to inhibit NF-kB activity in diffuse
large B-cell lymphomas, raising the
possibility that Bcl-6–NF-kB cistromic
antagonism may be important in other
cell types (Perez-Rosado et al. 2008).

The basis of the proposed cistromic antagonism was
further illustrated by examining its potential impact along
key inflammatory target genes, including the Il-1 (Fig. 3A)
and Ccl2/Ccl7/Ccl11 (Supplemental Fig. 4A) gene clus-
ters. Visualization of these sequencing tracks demon-
strated that, in the absence of stimulation, Bcl-6 forms
a colocalization nexus with multiple factors and histone
marks characteristic for macrophage enhancers, including
Pu.1, p300, RNA polymerase II (pol II), monomethylated
H3K4, and islands of histone acetylation (Heintzman et al.
2007; Visel et al. 2009; Ghisletti et al. 2010; Heinz et al.
2010), whereas NF-kB p65 was minimally detectable.
Following 3 h of LPS stimulation, robust NF-kB occupancy
was detected along Pu.1-marked enhancers, and p300 was
likewise inducibly recruited to many (i.e., Il-1a) (Fig 3A),
but not all NF-kB-binding sites (i.e., Ccl2) (Supplemental
Fig. 4A). ChIP qPCR analysis revealed similar p65 and
p300 occupancy in either wild-type or knockout cells
(Supplemental Fig. 4B,C). Alternatively, Bcl-6 was variably
reduced but not entirely lost along these genes following
LPS exposure (Fig. 3A; Supplemental Fig. 4A). Together,
these findings suggest that Bcl-6 and NF-kB function by
proximal binding to enhancer regions, where they are
reciprocally diminished or enhanced, respectively, upon
Tlr4 stimulation.

Next, we explored the epigenetic implications of Bcl-6
and NF-kB antagonism by comparing the status of H3K4

monomethylation and H3 acetylation as well as the
recruitment of histone-modifying factors to Bcl-6/p65-
binding sites in wild-type and knockout BMDMs. H3K4
monomethylation, a signature mark of enhancers, was
minimally impacted by the presence of Bcl-6 or LPS
stimulation (Supplemental Fig. 5A,B). In contrast, ChIP
qPCR demonstrated that loss of Bcl-6 caused consistent
hyperacetylation at these sites (Fig. 3B; Supplemental Fig.
5C, orange and red columns). Following LPS exposure, we
also observed significant losses of histones H3 and H4
near cytokine genes in wild-type and knockout BMDMs
(Supplemental Fig. 5D; data not shown). These observa-
tions suggest that acute activation may promote nucleo-
some destabilization at Bcl-6/p65-binding sites along
enhancers, similar to the TLR-induced remodeling ob-
served at other sites (Ramirez-Carrozzi et al. 2006).
Accordingly, we found an increased density of acetylated
H3 at Bcl-6/p65 sites in knockout BMDMs, and particu-
larly, although not universally, in knockout cells stimu-
lated with LPS (e.g., Il-1- and Il-6-binding sites) (Fig. 3B).
Mirroring these changes in acetylation, LPS exposure
caused the histone acetyltransferase p300 to inducibly
bind in the vicinity of many inflammatory genes (Sup-
plemental Fig. 4C). Opposing this enzymatic activity,
Hdac3, but not Hdac1 or Hdac2, was found to occur at
Bcl-6/NF-kB-binding sites in a Bcl-6-dependent manner
and was enhanced by LPS stimulation (Fig. 3C; data not

Figure 3. ChIP-seq and epigenetic analysis reveals Bcl-6 and NF-kB coregulation of in-
flammatory genes. (A) ChIP-seq tracks for acetylated H3, monomethylated H3K4 (H3K4me1),
and RNA polymerase II (RNA pol II) in unstimulated BMDMs as well as p300, Pu.1, NF�kB
p65, and Bcl-6 in unstimulated or LPS-stimulated (100 ng/mL for 3 h) BMDMs along the Il-1
gene cluster. For factors sequenced with and without exposure to LPS, track heights were
normalized to the number of aligned reads. (B,C) ChIP qPCR of acetylated H3 normalized to
H3 (B), and Hdac3 enrichment relative to input chromatin in wild-type and knockout BMDMs
with or without exposure to LPS (100 ng/mL for 3 h) at Bcl-6/p65-binding sites (C). The an-
notated gene name and position of the Bcl-6-binding site relative to the transcription start site
is listed. 36b4 is a negative control DNA region lacking a Bcl-6- or p65-binding site. Values are
expressed as means 6 SD. Statistical testing using one-way ANOVA with Tukey’s multiple
comparison tests. (+) P < 0.05; (#) P < 0.01; (*) P < 0.001. Significant differences are noted for
acetylation (B) or Hdac3 enrichment (C) relative to unstimulated wild-type BMDMs, unless
otherwise indicated with brackets.
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shown). Together, these findings suggest that the Bcl-
6-repressive module restricts NF-kB and p300 activation
by limiting basal and Tlr-inducible histone acetylation.

Defining the genetic mechanisms that maintain in-
flammatory genes in a responsive but repressed state
under normal conditions or resolve an acute inflamma-
tory response is key to identifying checkpoints in the
innate immune response, as well as devising new ap-
proaches to treat inflammatory disease. Here, we identify
a previously unknown yet integral role for the transcrip-
tional repressor Bcl-6 in maintaining macrophage quies-
cence and restricting the intensity of the inflammatory
response by cistrome-based antagonism of NF-kB. Both
the Bcl-6-repressive and NF-kB-activating cistromes are
dynamic, with Bcl-6 loss resulting in proinflammatory
derepression and hypersensitivity to LPS stimulation via
loss of Hdac3 and unopposed p300 activity (Fig. 4, upper
pathway). These findings suggest that a dynamic balance
between NF-kB and Bcl-6 cistromes is used to regulate the
innate immune response by colocalizing opposing epige-
netic regulators to shared nucleosomal domains (Fig. 4,
lower pathway).

Materials and methods

Primary macrophage differentiation and cell culture

All cells were from mice with an isogenic C57 background. Macrophage

differentiation is described elsewhere (Barish et al. 2005).

Immunoblotting and gene expression

Immunoblotting, RNA extraction, and qPCR were performed as described

previously (Barish et al. 2005). Relative protein concentration was de-

termined using a Bio-Rad ChemiDoc and ImageLab software. Primers for

gene expression are in Supplemental Table 7. Microarrays were performed

with Illumina BeadChips. See the Supplemental Material for details.

ChIP and ChIP-seq

ChIP assays were performed as described elsewhere (Nelson et al. 2006)

with modifications. See the Supplemental Material for details. ChIP qPCR

assays were performed using biological triplicates with primers listed in

Supplemental Table 8. For ChIP-seq, chromatin–antibody complexes were

precipitated with anti-IgG paramagnetic beads (Invitrogen). Libraries were

made per manufacturer instructions and sequenced using an Illumina

Genome Analyzer II. Analysis is described in the Supplemental Material.
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