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Studies of mammalian genes activated in response to an acute stimulus have suggested diverse mechanisms
through which chromatin structure and nucleosome remodeling events contribute to inducible gene
transcription. However, because of this diversity, the logical organization of the genome with respect to
nucleosome remodeling and gene induction has remained obscure. Numerous proinflammatory genes are
rapidly induced in macrophages in response to microbial infection. Here, we show that in
lipopolysaccharide-stimulated macrophages, the catalytic BRG1/BRM subunits of the SWI/SNF class of
ATP-dependent nucleosome remodeling complexes are consistently required for the activation of secondary
response genes and primary response genes induced with delayed kinetics, but not for rapidly induced primary
response genes. Surprisingly, a Mi-2� complex was selectively recruited along with the SWI/SNF complexes to
the control regions of secondary response and delayed primary response genes, with the Mi-2� complex acting
antagonistically to limit the induction of these gene classes. SWI/SNF and Mi-2� complexes influenced cell
size in a similarly antagonistic manner. These results provide insight into the differential contributions of
nucleosome remodeling complexes to the rapid induction of defined classes of mammalian genes and reveal a
robust anti-inflammatory function of Mi-2�.
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The ability of eukaryotic cells to respond to external
stimuli depends on the coordinated activation of specific
subsets of genes. To facilitate gene activation, repressive
chromatin structures must be altered by histone-modi-
fying complexes and ATP-dependent remodeling com-
plexes (Roth et al. 2001; Peterson 2002; Carrozza et al.
2003; Lusser and Kadonaga 2003; Cairns 2005). In mam-
malian cells, two of the most widely studied families of
ATP-dependent remodeling complexes are the SWI/SNF
and Mi-2/NuRD complexes. SWI/SNF complexes con-
tain either of two ATPase subunits, BRG1 and BRM,
along with a number of BRG-associated factors (BAFs)
(Becker and Horz 2002; Martens and Winston 2003).
BRG1 and BRM are nearly 75% homologous and have
partially redundant and specific roles during gene acti-

vation (Reyes et al. 1998; Bultman et al. 2000; Kadam
and Emerson 2003). The Mi-2/NuRD complexes contain
the Mi-2� or Mi-2� ATPase subunit, along with several
associated factors that include histone deacetylases
(Becker and Horz 2002; Feng and Zhang 2003).

Several transcription factors can interact with SWI/
SNF complexes and recruit the complexes to specific
genes (Peterson and Workman 2000; Kadam and Emer-
son 2002; Chi 2004). Furthermore, a large number of
genes have been identified in yeast, fruit flies, and mam-
mals that require SWI/SNF complexes for activation
(Krebs et al. 2000; Sudarsanam et al. 2000; Liu et al. 2001;
Armstrong et al. 2002; Ng et al. 2002). However, a broad
understanding of the biological and mechanistic logic
that distinguishes SWI/SNF-dependent from SWI/SNF-
independent genes has not been obtained, particularly in
mammalian cells. For example, the promoters of some
genes activated in response to an acute stimulus, such as
heat-shock genes, appear to exist in an open chromatin
structure, sometimes with preinitiated and paused RNA
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polymerase II molecules, suggesting that these genes
may not require nucleosome remodeling for transcrip-
tional induction (Tsukiyama et al. 1994; Shopland et al.
1995; Herrera et al. 1997; Armstrong et al. 2002). Never-
theless, SWI/SNF complexes have been implicated in
mouse hsp70 induction, with nucleosome remodeling
linked to relief of the block in RNA polymerase II elon-
gation (Corey et al. 2003). In contrast to this scenario, the
promoter for another primary response gene, human
IFNB1, contains a positioned nucleosome overlapping
the TATA box, with a nucleosome-free distal promoter
region that forms an enhanceosome upon binding of in-
ducible transcription factors (Agalioti et al. 2000). Tran-
scriptional induction of this gene requires SWI/SNF-de-
pendent translocation of the positioned nucleosome. In a
third classic scenario, the entire promoter within the
mouse mammary tumor virus (MMTV) long terminal
repeat (LTR) is contained within positioned nucleo-
somes, which must be remodeled by SWI/SNF com-
plexes prior to transcription initiation (Hebbar and Ar-
cher 2003; Nagaich et al. 2004).

Mi-2/NuRD complexes have been shown to interact
with DNA-binding proteins that have been implicated in
transcriptional repression, such as Ikaros and BCL-6,
consistent with the presence of histone deacetylases in
the complexes (Kehle et al. 1998; Kim et al. 1999; Feng
and Zhang 2003; Fujita et al. 2004; Liu and Bagchi 2004).
Mi-2/NuRD complexes can be recruited to specific tar-
get genes by these proteins, although they can also be
recruited to DNA through their association with
methyl-CpG-binding proteins (Feng and Zhang 2003).
Despite strong evidence that Mi-2/NuRD complexes
contribute to transcriptional repression, the first mam-
malian loss-of-function study of Mi-2� demonstrated an
essential role in activation of the T-cell-restricted Cd4
gene (Williams et al. 2004). In addition, at least two bio-
chemical studies have revealed the existence of large
multiprotein complexes that contain both BRG1 and
Mi-2 (Nakamura et al. 2002; Shimono et al. 2003). How-
ever, the roles of these large complexes have not been
explained by functional studies or current models.

The inflammatory response, an essential component
of host defense against microbial infection, requires the
rapid and selective activation of numerous proinflamma-
tory genes in macrophages, dendritic cells, and other
cells of the innate immune system (Janeway and
Medzhitov 2002). Toll-like receptors (TLRs) play a criti-
cal role in responding to microbial components, such as
lipopolysaccharide (LPS), by activating several common
signal transduction pathways (Akira et al. 2001; Vaidya
and Cheng 2003; Iwasaki and Medzhitov 2004; Jenner
and Young 2005). In one example, nucleosome remodel-
ing appears to contribute to the rapid induction of the
p40 subunit of the proinflammatory cytokine interleu-
kin-12 (IL-12) (Weinmann et al. 1999). In murine macro-
phages, the promoter of the Il12b gene, which encodes
IL-12 p40, is contained within a positioned nucleosome,
which upon LPS stimulation is rapidly and selectively
remodeled (Weinmann et al. 1999). Nucleosome remod-
eling requires TLR4 signaling and new protein synthesis

but is independent of the NF-�B subunit c-Rel, which is
essential for transcription (Weinmann et al. 2001). Re-
cently, an enhancer region located 10 kb upstream of the
Il12b transcription start site was also found to exhibit
increased restriction enzyme access in response to LPS sig-
naling (Zhou et al. 2004; L. Zhou and S.T. Smale, unpubl.).

One challenge in defining the in vivo roles of nucleo-
some remodeling complexes is that their absence usually
results in rapid cell death (Sumi-Ichinose et al. 1997). For
this reason, in vivo studies of SWI/SNF functions in
mammalian cells have relied more strongly on domi-
nant-negative approaches and on the SW13 cell line,
which has adapted to growth in the absence of SWI/SNF
complexes, than on mice or cells with disrupted SWI/
SNF alleles (de La Serna et al. 2000; Liu et al. 2001; Chi
et al. 2003; Chi 2004). As an alternative strategy for per-
forming loss-of-function studies, we disrupted expres-
sion of remodeling complexes by retroviral delivery of
small interfering RNAs (siRNAs) and focused on gene
activation in response to LPS, an acute extracellular
stimulus. This strategy allowed us to study cells possess-
ing greatly reduced concentrations of remodeling pro-
teins before their absence resulted in a loss of viability.
Our results reveal clear logic in LPS-stimulated macro-
phages, in that consistent requirements for SWI/SNF
complexes were observed at secondary response genes
and primary response genes induced with delayed kinet-
ics but not at rapidly induced primary response genes.
Furthermore, strong and consistent antagonism between
SWI/SNF and Mi-2� complexes was observed, revealing
that Mi-2� is a potent anti-inflammatory molecule.

Results

Kinetics of LPS-induced nucleosome remodeling
at Il12b control regions

Previous studies revealed that the activation of primary
and transformed macrophages by LPS results in in-
creased restriction enzyme accessibility at a single posi-
tioned nucleosome located at the Il12b promoter, and at
an enhancer located 10 kb upstream of the transcription
start site (Weinmann et al. 1999; Zhou et al. 2004). In the
assay used here, nuclei from unstimulated and LPS-
stimulated J774 macrophages were treated with a restric-
tion enzyme; after purification of genomic DNA and
cleavage with a second enzyme, the efficiency of cleav-
age in the isolated nuclei was monitored by Southern
blot (Zhou et al. 2004). The Il12b promoter and enhancer
both contain SpeI restriction sites, which allow a direct
comparison of accessibility at the two locations (Fig. 1A).
At both the promoter and enhancer, a small increase in
SpeI cleavage was detected 30 min after LPS stimulation,
with more pronounced increases after 1 h (Fig. 1B). SpeI
cleavage at the enhancer was much more efficient than
at the promoter, with similar results obtained when an-
other enzyme that cleaves at both locations was tested
(data not shown). The reason for this difference is not
known. Consistent with previous studies, the LPS-in-
duced increases in restriction enzyme cleavage were de-
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pendent on new protein synthesis, as pretreatment of
cells with the protein synthesis inhibitor cycloheximide
(CHX) abrogated the increases (Fig. 1B; Weinmann et al.
1999; L. Zhou and S.T. Smale, unpubl.).

SWI/SNF complexes are required for LPS-induced
nucleosome remodeling at Il12b control regions

To identify the remodeling complexes required for LPS-
induced nucleosome remodeling at the Il12b promoter
and enhancer, the expression of BRG1 and BRM, the
catalytic subunits of SWI/SNF remodeling complexes,
was disrupted in J774 macrophages using a retroviral
RNA interference (RNAi) strategy (Supplementary Fig.
1). This strategy results in the stable integration and ex-
pression of siRNA hairpins. The retroviral vector also
includes a GFP reporter cassette and a puromycin select-
able marker, which allow the measurement and enrich-
ment of cell populations that express the hairpins. Be-

cause BRG1 and BRM are thought to be partially redun-
dant and compensatory, an siRNA hairpin was designed
to target a 19-base-pair (bp) homologous region of the
BRG1 and BRM mRNAs. Retroviral delivery of the
BRG1/BRM siRNA resulted in the simultaneous deple-
tion of the BRG1 and BRM proteins (Fig. 1C). Substantial
depletion of BRG1 and BRM was observed from 3 to 10 d
after retroviral transduction (data in Fig. 1C obtained 5 d
after transduction). However, after 10 d, BRG1/BRM
depletion became highly toxic to the cells. Thus, in the
following experiments, BRG1/BRM-depleted cells were
assayed 5 d after retroviral transduction, before any no-
ticeable cell death (Supplementary Fig. 1; data not
shown).

To determine whether BRG1/BRM depletion affects
LPS-induced remodeling at Il12b control regions, the
LPS-induced increases in SpeI cleavage were monitored
(Fig. 1D). The cleavage efficiencies at the Il12b promoter
and enhancer were strongly reduced in nuclei from

Figure 1. SWI/SNF-dependent nucleo-
some remodeling at Il12b control re-
gions. (A) The locations of SpeI restric-
tion enzyme recognition sites used for
the analysis of LPS-induced nucleosome
remodeling at the Il12b promoter and
enhancer are shown. (B) Nuclei from
J774 macrophages stimulated with LPS
for the indicated times were digested
with SpeI for 15 min (Cut). The purified
DNA was then digested with two refer-
ence enzymes (Uncut) and analyzed by
Southern blot using promoter-specific
(PRO) and enhancer-specific (ENH) 32P-
labeled probes as described (Weinmann
et al. 1999; Zhou et al. 2004). Nuclei
from J774 cells pretreated with cyclo-
heximide (CHX) for 15 min before LPS
activation were also analyzed. The effi-
ciency of SpeI cleavage was quantified by
PhosphorImager analysis and plotted as
the percentage of genomic DNA cleaved
by SpeI (% Cut). The data are represen-
tative of three independent experiments.
(C) BRG1 and BRM were simultaneously
depleted in J774 macrophages using a
retroviral RNAi strategy. The siRNA
hairpin was designed to target a homolo-
gous sequence of the BRG1 and BRM
mRNAs. The expression of BRG1 (left)
and BRM (right) was monitored by West-
ern blot in whole-cell extracts prepared
from uninfected J774 macrophages (wt)
or from J774 cells infected with an
empty RNAi retroviral vector (control) or the BRG1/BRM RNAi vector. The DNA-binding protein HMG1 was analyzed as a loading
control. (D) The restriction enzyme accessibility assay was used to monitor nucleosome remodeling at the Il12b promoter (PRO) and
enhancer (ENH) in nuclei from uninfected cells (wt), empty vector (control) cells, and BRG1/BRM-depleted cells before (−) or after (+)
LPS stimulation for 4 h. (E) Wild-type (WT) and dominant-negative (DN) BRG1 proteins were stably expressed in J774 macrophages.
Expression of BRG1 WT and BRG1 DN was monitored by Western blot using Flag (left) and BRG1 (right) antibodies and whole-cell
extracts from uninfected J774 cells (control) or J774 cell clones expressing Flag-tagged dominant-negative BRG1 or wild-type BRG1. (F)
Restriction enzyme accessibility assays were performed with nuclei from uninfected J774 cells or cell clones expressing BRG1 WT or
BRG1 DN, before (−) and after (+) LPS stimulation for 4 h.
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BRG1/BRM-depleted cells relative to nuclei from unin-
fected (wt) cells and cells transduced with the control
virus.

In parallel experiments, a dominant-negative version
of BRG1 was used to disrupt SWI/SNF function in J774
macrophages. The dominant-negative BRG1 contains a
single point mutation in the ATP-binding domain that
permits proper folding and complex assembly, but dis-
rupts nucleosome remodeling (de La Serna et al. 2000).
Flag-tagged wild-type and dominant-negative BRG1
(BRG1 WT and BRG1 DN) were stably expressed in J774
cells by retroviral transduction (Fig. 1E, left panel). There
were no apparent differences in cell growth and prolif-
eration between these cell lines, and the overall BRG1
levels increased less than twofold compared with unin-
fected (control) cells (Fig. 1E, right panel). Using the re-
striction enzyme accessibility assay, a decrease in SpeI
cleavage efficiency was observed at both the Il12b pro-
moter and enhancer in nuclei from LPS-stimulated
BRG1 DN cells in comparison to control cells or BRG1
WT cells (Fig. 1F). Although the magnitudes of the domi-
nant-negative effects are smaller than the magnitudes of
effects observed following siRNA-mediated depletion,
the results support the hypothesis that nucleosome re-
modeling at the Il12b promoter and enhancer requires
the expression and function of the SWI/SNF catalytic
subunits.

Selective functions of SWI/SNF complexes
during LPS stimulation of J774 cells

We hypothesized that nucleosome remodeling at the
Il12b promoter and enhancer is essential for Il12b ex-
pression (Weinmann et al. 1999). To determine whether
BRG1/BRM depletion influences Il12b induction in re-
sponse to LPS, the secretion of IL-12 p40 protein from
J774 macrophages was measured by ELISA. Four hours
after LPS treatment, BRG1/BRM-depleted cells produced
sixfold less IL-12 p40 relative to wt or control cells (Fig.
2A). This decrease could be due to a direct requirement
for BRG1/BRM at the Il12b locus or to indirect effects on
cell viability or the expression of other genes. To begin to
distinguish between these possibilities, we examined the
expression of other LPS-induced genes, beginning with
the Cxcl2 gene encoding macrophage inflammatory pro-
tein 2 (MIP-2), an inducible chemokine involved in at-
tracting neutrophils to sites of infection. Interestingly,
MIP-2 induction by ELISA was unaffected by BRG1/
BRM depletion (Fig. 2A). Similar results were obtained
with BRG1 DN macrophages (Fig. 2B). Thus, SWI/SNF
ATPase subunits appear to be required for the activation
of only a subset of LPS-induced genes.

SWI/SNF complexes are selectively required
for the induction of secondary response
and delayed primary response genes

To explore the logic underlying the selective require-
ment for SWI/SNF complexes at LPS-induced genes, the
expression properties of Il12b and Cxcl2 were compared.

Consistent with previous reports (Saccani et al. 2001;
Bradley et al. 2003), Cxcl2 mRNA levels increased sub-
stantially 30 min after LPS stimulation, whereas Il12b
mRNA accumulated at later times, with high levels ob-
served after 2 h (Fig. 2C). In addition, LPS-induced Il12b
transcription is inhibited by CHX (Weinmann et al.
1999), whereas Cxcl2 transcription was enhanced in the
presence of CHX (Supplementary Fig. 2). Consequently,
in activated macrophages, Il12b can be classified as a
secondary response gene and Cxcl2 as a primary response
gene.

To determine whether SWI/SNF dependence is ob-
served only at secondary response genes following LPS
stimulation, mRNAs for nine LPS-induced genes were
monitored by quantitative RT–PCR in BRG1/BRM-de-
pleted and control macrophages (Fig. 2C). For this analy-
sis, primary response genes were defined as those whose
induced mRNA levels remained unchanged or increased
in the presence of CHX, whereas secondary response
genes were those whose induced mRNA levels were in-
hibited at least fivefold in the presence of CHX (Supple-
mentary Fig. 2). The analysis was also restricted to genes
that displayed potent LPS induction (at least 10-fold by 2
h after LPS stimulation) in J774 cells.

The data in Figure 2C show that BRG1/BRM depletion
inhibited the LPS-induced expression of three secondary
response genes (Il12b, Il6, and Nos2 [encoding iNOS]).
However, the expression of only three of six primary
response genes was significantly reduced following
BRG1/BRM depletion. Interestingly, the three primary
response genes that were sensitive to BRG1/BRM deple-
tion (Ccl5 [RANTES], Saa3, and Ifnb1) were induced
with delayed kinetics, whereas the three that were resis-
tant to BRG1/BRM depletion (Cxcl2, Tnf, and Ptgs2
[Cox-2]) were induced more rapidly. In these experi-
ments and those described below, early primary response
genes were defined as those whose mRNA levels in-
creased more than fivefold by 30 min after LPS treat-
ment. In contrast, mRNA levels for the late primary re-
sponse genes were either undetectable or induced by less
than twofold at the 30-min time point.

To validate the RNAi results, the same group of genes
was examined in BRG1 DN and BRG1 WT macrophages
(Fig. 2D). The results were largely consistent with the
RNAi results, although they are more difficult to inter-
pret because ectopic expression of the BRG1 WT protein
led to super-activation of some genes. When the effects
of BRG1 WT and BRG1 DN are compared, the BRG1 DN
protein strongly inhibited the three secondary response
and three delayed primary response genes. However,
when the BRG1 DN results were compared with the con-
trol results, the BRG1 DN protein had little effect on
Saa3 expression. At the early primary response genes,
the BRG1 DN protein had relatively little effect on the
Cxcl2 and Tnf genes, but it resulted in substantially de-
creased expression of Ptgs2 (Fig. 2D). This latter effect
may be related to prior evidence that the Ptgs2 gene is
regulated in a biphasic manner (Caivano et al. 2001).
Taken together, the RNAi and DN results suggest that
SWI/SNF complexes may be critical for the LPS induc-
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tion of secondary response and late primary response
genes, but not for the induction of early primary re-
sponse genes. This trend was upheld when many more
LPS-induced genes were analyzed (see Fig. 4C, below).

SWI/SNF and Mi-2� complexes are recruited
to proinflammatory control regions

To determine whether SWI/SNF complexes associate di-
rectly with the control regions of secondary response
genes and late primary response genes, chromatin immu-
noprecipitation (ChIP) experiments were performed us-
ing BRG1 antibodies and sheared cross-linked chromatin
prepared from unstimulated or LPS-stimulated J774 cells
(Fig. 3A, top). Quantitative real-time PCR analysis of
DNA precipitated with BRG1 antibodies suggested that
BRG1 associates in an LPS-induced fashion with the con-

trol regions of all six secondary response and late pri-
mary response genes examined. At these control regions,
the real-time PCR signals increased fourfold to 10-fold
by 240 min after LPS stimulation. These control regions
were not enriched when a control GST antibody was
used in the ChIP assay (Fig. 3A, bottom). At the Il12b
locus, 15 different primer pairs were examined that am-
plify sequences between −14 kb and +8 kb relative to the
transcription start site; the results demonstrate that in-
ducible BRG1 association is concentrated at the en-
hancer and promoter (Fig. 3B). Interestingly, ChIP signals
of similar magnitude were observed when the control
regions of early primary response genes were examined,
but at these control regions, BRG1 association appeared
to be largely LPS independent, with modest induction
observed in some experiments (Fig. 3A; see also Fig.
5A,B, below). The constitutive association of BRG1 with
the promoters of early primary response genes suggests

Figure 2. Selective requirement for SWI/SNF at secondary response and late primary response genes. (A) IL-12 p40 (Il12b) and MIP-2
(Cxcl2) production were monitored by ELISA in supernatants from uninfected J774 cells (wt), cells infected with the empty retroviral
vector (control), and BRG1/BRM-depleted cells, before (−) and after (+) LPS stimulation for 4 h. The amounts of secreted protein are
plotted relative to uninfected J774 cells and include data from three independent experiments. (B) IL-12 p40 and MIP-2 production were
monitored by ELISA in supernatants from uninfected J774 cells (control) or J774 clones expressing wild-type (BRG1 WT) or dominant-
negative (BRG1 DN) BRG1 before (−) and after (+) LPS stimulation for 4 h. Data were quantified as in A. (C) Quantitative real-time
RT–PCR was used to analyze RNA harvested from J774 cells infected with the empty retroviral vector (white bars) or BRG1/BRM
RNAi-depleted (black bars) cells stimulated with LPS for the indicated times. Nine potent LPS-induced genes were grouped according
to their sensitivity to CHX (primary vs. secondary response genes) and kinetics of induction (early vs. late). For each gene examined,
mRNA levels were normalized to the constitutive Gapd mRNA. The mRNA levels were plotted relative to time points at which
significant signals were obtained. This approach was necessary because fold inductions would otherwise be weighted relative to weak
background signals obtained in the absence of LPS. For secondary and late primary response genes, mRNA levels were plotted relative
to the level observed at 120 min of LPS stimulation in control cells, with the exception of Nos2, which was plotted relative to the
240-min time point. For early primary response genes, mRNA levels were plotted relative to the 60-min time point from control cells.
The relative mRNA values were determined from three to five independent BRG1/BRM RNAi depletion experiments. (D) Quantitative
real-time RT–PCR was used to analyze mRNA levels in uninfected J774 cells (white bars), BRG1 WT cells (gray bars), and BRG1 DN
cells (black bars) stimulated with LPS for the indicated time points. mRNA levels were plotted relative to the 120-min time point from
BRG1 WT cells.
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that SWI/SNF complexes might contribute to the initial
establishment of “open” chromatin structures during
macrophage development, or to the maintenance of open
structures in mature macrophages.

To document the level of reproducibility of ChIP re-
sults obtained with antibodies that yield relatively weak
signals, it seems most informative to present the results
obtained in multiple independent experiments. Indepen-
dent experiments examining the association of BRG1
with these same control regions are shown in Figure5A
and B (below) and Supplementary Figure 3A and B. The
only difference in experimental design between these
later experiments and the experiment in Figure 3A is
that the later experiments made use of cells transduced
with the control retrovirus (for comparison to the
siRNA-expressing retroviruses examined in those ex-
periments). Although some variability was observed, the
strong trend was upheld toward LPS-induced association
of BRG1 with the control regions of secondary response

and late primary response genes. At the early primary
response genes, no inducible association of BRG1 was
observed in three of the five experiments shown (Fig. 3A;
see also Fig. 5B, below; Supplementary Fig. 3B) and in
four other independent experiments (at least one early
primary response gene examined in each experiment).
Although some induction of BRG1 association was ob-
served in the remaining two experiments (see Fig. 5A,
below; Supplementary Fig. 3A), BRG1 association with
these genes in the uninduced cells was consistently
higher than with the secondary response and late pri-
mary response genes, resulting in a relatively modest
increase following stimulation.

The transcription factor C/EBP� is involved in the
transcriptional induction of several proinflammatory
genes (Poli 1998). By ChIP, C/EBP� association with the
control regions of most secondary response genes and
late primary response genes was greatly increased at late
time points following LPS stimulation (Fig. 3A, third

Figure 3. Association of BRG1 and Mi-2�

with proinflammatory control regions. (A) A
ChIP assay was employed using antibodies
directed against BRG1, Mi-2�, C/EBP�, and
GST. Sheared, cross-linked chromatin was
prepared from J774 cells treated with LPS for
0, 30, or 240 min. Precipitated DNA was
quantified by real-time PCR using primers
specific for the indicated control regions.
The relative abundance of each control re-
gion was plotted relative to input DNA (%
INPUT). The data are representative of ex-
periments from three independent chroma-
tin preparations. (B) ChIP analysis at the
Il12b locus using chromatin prepared from
J774 cells treated with LPS for 0, 30, and 240
min and precipitated with antibodies di-
rected against BRG1, Mi-2�, and C/EBP�.
Precipitated DNA samples were amplified
using primer pairs specific to the indicated
regions relative to the Il12b transcriptional
start site.
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row). In contrast, C/EBP� association with the control
regions of early response genes was often enhanced in
unstimulated cells and only moderately increased fol-
lowing LPS stimulation, similar to the results obtained
with BRG1. Although C/EBP� was previously reported
to recruit SWI/SNF complexes to target genes through
residues found in only one C/EBP� isoform (Kowenz-
Leutz and Leutz 1999), that isoform is not expressed in
murine macrophages (Bradley et al. 2003). Thus, the rel-
evance of C/EBP� for SWI/SNF recruitment remains un-
known.

As an additional control for the above experiments,
ChIP assays were performed with antibodies against Mi-
2�, a catalytic subunit of the NuRD remodeling com-
plex. Surprisingly, the association of Mi-2� with the pro-
inflammatory loci closely coincided with the association
of BRG1 (Fig. 3A, second row; see also Fig. 5A,B, below;
Supplementary Fig. 3A,B). That is, Mi-2� appeared to
associate with the control regions of secondary response
genes and late primary response genes in an LPS-depen-
dent manner but associated constitutively with the pro-
moters of early primary response genes.

Antagonistic functions of SWI/SNF and
Mi-2� complexes

To determine the role of the Mi-2� remodeling com-
plexes during LPS-induced gene expression, Mi-2� was
depleted in J774 cells using the retroviral RNAi strategy.
Five days after retroviral delivery of Mi-2� siRNAs, Mi-
2� protein was nearly undetectable in Western blots, in
comparison to wild-type cells or cells transduced with
retroviruses lacking siRNA sequences (control) or encod-
ing the BRG1/BRM siRNA (Fig. 4A). Surprisingly, an
analysis of LPS-induced transcription revealed that the
expression of secondary response and late primary re-
sponse genes was greatly increased in Mi-2�-depleted
macrophages relative to cells transduced with the con-
trol retrovirus (Fig. 4C; please note that the Y-axis scales
differ from those used in earlier figures). In contrast, the
expression of early primary response genes was influ-
enced to a lesser extent by Mi-2� depletion. These re-
sults demonstrate that Mi-2� complexes temper the in-
duction of secondary response and late primary response
genes.

To further examine the differential effects of BRG1/
BRM and Mi-2�, the analysis was expanded to include
other LPS-induced genes, including genes described pre-
viously and genes identified in microarray experiments
(V.R. Ramirez-Carrozzi and S.T. Smale, unpubl.). This
analysis was restricted to genes whose mRNAs were in-
duced by at least fivefold in LPS-stimulated J774 cells in
quantitative RT–PCR experiments (see Supplementary
Fig. 2). Figure 4C shows the fold difference in mRNA
levels derived from a comparison of control cells to
BRG1/BRM-depleted cells or Mi-2�-depleted cells. The
data reveal strong reciprocal effects on most of the sec-
ondary response and late primary response genes studied,
with BRG1/BRM depletion reducing expression and Mi-
2� depletion enhancing expression. In contrast, with

only a few exceptions, early primary response genes were
unaffected by depletion of either BRG1/BRM or Mi-2�.

It is noteworthy that although we have been unable to
achieve efficient RNAi-mediated depletion of BRG1/BRM
or Mi-2� in primary macrophages, the kinetics of induc-
tion and CHX sensitivity of all 27 genes examined were
similar in murine bone marrow-derived macrophages in
comparison to J774 cells (data not shown). Thus, the
roles of remodeling complexes in the J774 line are likely
to reflect the requirements in primary macrophages.

Previous studies demonstrated that SWI/SNF com-
plexes can regulate cell size and morphology (Hill et al.
2004; Medjkane et al. 2004). Specifically, cell lines that
expressed dominant-negative BRG1 or were deficient in
the SNF5/INI1 subunit of the SWI/SNF complex were
larger than wild-type cells. To further characterize the
antagonism between SWI/SNF and Mi-2� complexes,
the size and morphology of BRG1/BRM-depleted and Mi-
2�-depleted J774 macrophages was monitored by fluores-
cence microscopy (Fig. 4D). GFP expression from the in-
tegrated retroviruses enabled visualization of the cyto-
plasm of infected cells and a comparison of cell size. The
fluorescent images revealed clear differences, with
BRG1/BRM-depleted cells appearing larger and Mi-2�-
depleted cells appearing smaller than control cells. DAPI
staining revealed changes in nuclear size but not in the
organization of pericentromeric heterochromatin. Im-
munostaining with BRG1 and Mi-2� antibodies con-
firmed that the targeted proteins were specifically de-
pleted from most cells in a retrovirus-transduced popu-
lation. The digital fluorescence images collected were
used to measure the cell surface area using previously
described methods (Hill et al. 2004). Consistent with the
previous reports, BRG1/BRM depletion resulted in an
overall increase in cell surface area relative to control
cells. In contrast, Mi-2� depletion resulted in an overall
decrease in surface area. The average surface areas of
BRG1/BRM-depleted versus Mi-2�-depleted cells was
228 ± 59 µm2 versus 123 ± 30 µm2, which corresponds to
a 2.5-fold difference in cell volume (assuming that cell
shape remains unchanged, as documented in the previ-
ous studies of Hill et al. 2004). Opposing changes in the
average size of cell nuclei were also observed when
BRG1/BRM-depleted and Mi-2�-depleted cells were
compared with control cells (data not shown). Polynucle-
ated cells were frequently observed with BRG1/BRM-
depleted macrophages but not with Mi-2�-depleted mac-
rophages. These results suggest that the antagonistic
functions of SWI/SNF and Mi-2� complexes extend be-
yond the expression of individual genes, to the control of
cell size and morphology.

ChIP analyses in BRG1/BRM- and
Mi-2�-depleted cells

One central question is whether the expression of early
primary response genes is truly independent of BRG1/
BRM and Mi-2�, especially since the ChIP data suggest
that these factors are constitutively associated with
these genes. One possibility is that the preassociated

Ramirez-Carrozzi et al.

288 GENES & DEVELOPMENT



Figure 4. Antagonistic functions of SWI/SNF and Mi-2� complexes. (A) Mi-2� was depleted from J774 cells using the retroviral RNAi
strategy. Mi-2� expression was monitored by Western blot in whole-cell extracts prepared from uninfected J774 cells (wt), cells
infected with the empty RNAi vector (control), or cells infected with RNAi vectors that target BRG1/BRM or Mi-2�. HMG1 expression
was analyzed as a loading control. (B) The effect of Mi-2� depletion on gene expression was monitored by real-time RT–PCR, using
RNA harvested from J774 cells infected with the empty retroviral vector (white bars) or Mi-2�-depleted (black bars) cells stimulated
with LPS for the indicated time points. Relative mRNA values were calculated as in Figure 2C. (C) mRNA levels (fold differences in
log scale) were compared between BRG1/BRM-depleted cells and cells infected with the empty retroviral vector (left column), or
between Mi-2�-depleted cells and cells infected with the empty vector (right column). For each gene, the time-dependent induction
in mRNA levels in response to LPS stimulation was measured by quantitative real-time RT–PCR. The effects on mRNA levels due
to BRG1/BRM or Mi-2� depletion were pooled from different time points after LPS stimulation whenever the induction was at least
fivefold in the control cells. Differences in mRNA levels greater than twofold are represented as green bars (decrease) or red bars
(increase), whereas differences less than twofold are represented as black bars. (D) Confocal fluorescence microscopy was used to
analyze J774 macrophages infected with the empty RNAi vector (control), as well as the BRG1/BRM and Mi-2� RNAi vectors, all of
which express GFP (green). Cells were stained with DAPI (blue) and analyzed for protein depletion using BRG1 or Mi-2� antibodies
(red). Digital images were used to measure cell surface area. The graph shows the distribution of surface area of uninfected cells (n = 83,
gray area), empty vector-infected cells (n = 114, black plot), BRG1/BRM-depleted cells (n = 126, green plot), and Mi-2�-depleted cells
(n = 111, red plot).
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BRG1/BRM and Mi-2� complexes are highly stable and
therefore resistant to RNAi-mediated depletion. To ex-
amine this possibility, ChIP experiments were per-
formed in depleted cells. Following BRG1/BRM deple-
tion, BRG1 association with all control regions exam-
ined was strongly reduced, including the control regions
for early primary response genes (Fig. 5A; for a second
independent experiment, see Supplementary Fig. 3A).
This result supports the hypothesis that BRG1/BRM
complexes are truly dispensable for expression of early
primary response genes within the time-frame of the
analysis (see Discussion). Interestingly, the association
of Mi-2� with proinflammatory control regions was also
substantially diminished in BRG1/BRM-depleted chro-
matin, although to a greater extent at secondary and late
primary response genes than at early primary response
genes (Fig. 5A; Supplementary Fig. 3A). These results
suggest that Mi-2� association might require prior re-

modeling by SWI/SNF complexes or corecruitment with
SWI/SNF as part of a larger multiprotein complex.

In the BRG1/BRM-depleted cells, the association of
C/EBP� with secondary response and late primary re-
sponse genes was also greatly reduced, whereas modest
decreases were observed at early primary response genes
(Fig. 5A; Supplementary Fig. 3A). Finally, the acetylation
of histone H3 on Lys 9 and Lys 14 was examined. In
wild-type J774 cells, acetylation increased following LPS
stimulation at most of the secondary response and late
primary response genes examined, but appeared to be
lower than the levels observed at early primary response
genes and at the control Gapd gene. The low acetylation
levels at the secondary response and late primary re-
sponse genes were substantially reduced in the BRG1/
BRM-depleted cells, whereas the higher levels observed
at the early response genes and Gapd gene were un-
changed or reduced only slightly (Fig. 5A).

Figure 5. ChIP analyses in BRG1/BRM- and Mi-2�-depleted cells (A) ChIP experiments were performed side-by-side with chromatin
prepared from cells infected with the empty RNAi vector (color bars) and from BRG1/BRM-depleted cells (black bars) treated with LPS
for 0, 30, and 240 min. Antibodies directed against BRG1, Mi-2�, C/EBP�, and histone H3 acetylated at Lys 9 and Lys 14 (Ac-H3
K9/K14) were used. Precipitated DNA was quantified and plotted as in Figure 3A. (B) Parallel ChIP experiments with chromatin
prepared from cells infected with the empty RNAi vector (color bars) and from Mi-2�-depleted cells (black bars) treated with LPS for
0, 30, and 240 min.
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In Mi-2�-depleted cells, Mi-2� association with all
genes examined was greatly reduced (Fig. 5B; Supple-
mentary Fig. 3B). In contrast, BRG1 association with the
genes in the Mi-2�-depleted cells appeared to be reduced
to a lesser extent. Thus, Mi-2� association is strongly
dependent on BRG1/BRM (Fig. 5A), whereas BRG1 asso-
ciation appears to exhibit a somewhat weaker depen-
dence on Mi-2� (Fig. 5B). Mi-2� depletion had relatively
little effect on C/EBP� association or on histone acety-
lation (Fig. 5B). However, small but consistent increases
in C/EBP� binding and histone acetylation were often
observed in the unstimulated Mi-2�-depleted cells and at
early time-points after LPS stimulation (Fig. 5B; Supple-
mentary Fig. 3B). Although these ChIP signals are very
weak and although the magnitudes of the increases are
small, the results may be meaningful because they rep-
resent the only instances in which ChIP signals in-
creased following depletion of either BRG1/BRM or Mi-
2�. These results raise the possibility that the enhanced
gene expression observed in Mi-2�-depleted cells might
be due to changes in chromatin structure that result in
increases in histone acetylation and the binding of
C/EBP�.

LPS-induced nucleosome remodeling
at proinflammatory loci

To gain further insight into the relationship between
BRG1/BRM, Mi-2�, and LPS-induced transcription, the
promoters of the Il6, Ccl5 (RANTES), Tnf, and Cxcl2
(MIP-2) promoters, as well as the Il12b promoter and
enhancer, were examined using the restriction enzyme
accessibility assay (Fig. 6). The Il6 secondary response
promoter, like the Il12b promoter and enhancer, was
cleaved at a low efficiency in unstimulated cells, with
substantial time-dependent increases in cleavage effi-
ciency following LPS stimulation (Fig. 6A,B). The pro-
moter for the Ccl5 delayed primary response gene also
exhibited LPS-induced cleavage (Fig. 6C). However, in-
ducible restriction enzyme cleavage was resistant to
CHX at the Ccl5 promoter, but sensitive to CHX at the
Il6 promoter and at the Il12b promoter and enhancer
(Figs. 1B, 6B,C). At all four of these control regions, re-
striction enzyme cleavage in nuclei from LPS-induced
cells was strongly reduced in BRG1/BRM-depleted cells
(Fig. 6A–C). These results are consistent with the hy-
pothesis that BRG1/BRM complexes directly remodel
nucleosomes at these control regions following LPS
stimulation. Importantly, the results implicate at least
two distinct nucleosome remodeling mechanisms at pro-
inflammatory loci in response to LPS; remodeling at sec-
ondary response genes involves a mechanism that re-
quires new protein synthesis, whereas remodeling at late
primary response genes was independent of new protein
synthesis (see Discussion).

In Mi-2�-depleted cells, cleavage efficiencies were gen-
erally comparable to control cells, although slight in-
creases were observed at the Il12b, Il6, and Ccl5 promot-
ers. Because the magnitudes of these increases are small,
it is difficult to draw conclusions from these results re-

garding the mechanism by which Mi-2� tempers the in-
duction of these genes. Nevertheless, the results raise
the possibility that the enhanced expression in Mi-2�-
depleted cells is due to subtle but enhanced remodeling
at the control regions of secondary response and delayed
primary response genes.

The promoters of the early primary response genes Tnf
and Cxcl2 (MIP-2) were cleaved at a much higher effi-
ciency in unstimulated cells (20%–30%) (Fig. 6D,E) than
was observed at the secondary response and delayed pri-
mary response genes (1%–10%) (Fig. 6A–C). Although
the precise cleavage efficiencies at the various primary
response and secondary response genes are difficult to
compare because different restriction enzymes were gen-
erally used, it is noteworthy that the Ccl5 and Tnf pro-
moters were both analyzed in the same DNA preparation
after nuclear cleavage with EcoN1. Following LPS stimu-
lation, the cleavage efficiency increased only slightly at
the Tnf promoter but to a much greater extent at the
Cxcl2 promoter. The significance of these increases at
early primary response promoters is not known. How-
ever, it is important to note that the increases were un-
affected by BRG1/BRM depletion, suggesting that they
are not SWI/SNF dependent (Fig. 6D,E). These increases
following LPS stimulation could therefore be due to the
activity of a different remodeling complex or could re-
flect an imperfect relationship between restriction en-
zyme accessibility and the activity of ATP-dependent
nucleosome remodeling complexes.

Discussion

In this study, a retroviral RNAi strategy was used to
study the functional roles of SWI/SNF and Mi-2� com-
plexes during gene activation in macrophages in re-
sponse to LPS stimulation. The results revealed consid-
erable consistency in the SWI/SNF-dependence and SWI/
SNF-independence of different classes of inducible genes
(Fig. 7). The hypothesis that the SWI/SNF complexes di-
rectly regulate the activation of secondary response and
late primary response genes was supported by the direct
BRG1 association, by the LPS-induced increases in re-
striction enzyme access, and by the BRG1/BRM depen-
dence of these increases. A second unexpected finding
was that SWI/SNF and Mi-2� complexes acted antago-
nistically in LPS-stimulated macrophages (Fig. 7). Al-
though the mechanism by which Mi-2� complexes limit
gene activation remains unknown, three findings sug-
gest that the mechanism may be direct. First, the ChIP
results suggest that Mi-2� is recruited to secondary re-
sponse and late primary response genes in a SWI/SNF-
dependent manner. Second, in the functional siRNA ex-
periments, the Mi-2� effect was limited to SWI/SNF-
dependent genes. Third, the antagonism between SWI/
SNF and Mi-2� was not restricted to LPS-induced genes,
but was also apparent in their opposing effects on cell
size.

The observation that SWI/SNF complexes regulate de-
fined classes of genes following LPS stimulation of mac-
rophages indicates that significant logic underlies the
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contributions of these complexes to gene regulation. The
next challenge will be to examine in greater depth the
properties and regulation of each of the three main
classes of genes, to determine if additional consistent

logic can be uncovered. It will be interesting to deter-
mine whether consistent features distinguish genes
within one class from those in the other two classes.
Genes in all three classes rely on transcription factors in

Figure 6. Restriction enzyme accessibility analysis of proinflammatory control regions. The restriction enzyme accessibility assay
was used to monitor LPS-induced nucleosome remodeling at the Il12b promoter and enhancer (A), and at the promoter regions of the
proinflammatory genes Il6 (B), Ccl5 (C), Tnf (D), and Cxcl2 (E). Uninfected J774 cells, empty vector (control) cells, Mi-2�-depleted cells,
and BRG1/BRM-depleted cells were treated with LPS for the indicated times and pretreated with CHX where indicated. Isolated nuclei
were digested with the restriction enzymes indicated in the figures, and the cleaved DNAs were analyzed by Southern blot as described
in the legend for Figure 1.
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the NF-�B, AP-1, and C/EBP families. However, the rea-
sons the genes fall into different classes with respect to
protein synthesis requirement, induction kinetics, and
nucleosome remodeling requirements remain largely un-
known.

At the early primary response genes, a key question is
whether similar mechanisms are used in the various
genes within this class to establish the open chromatin
structure that appears to exist in unstimulated macro-
phages. A second question will be to understand the con-
stitutive association of BRG1 with these promoters.
Constitutive association of SWI/SNF complexes was
also observed with IFN-�-inducible promoters in a re-
cent study, which proposed that the SWI/SNF complexes
might be poised to play a critical role in rapid transcrip-
tional induction (Liu et al. 2002; Cui et al. 2004). How-
ever, in our study, the early primary response genes were
induced normally in the BRG1/BRM-depleted cells, de-
spite greatly reduced levels of BRG1 at the promoters.
We propose that, at these genes, SWI/SNF complexes
might be involved in the establishment of accessibility
during macrophage development. The complexes may
also help with the long-term maintenance of accessible
chromatin structures in mature macrophages, but might
be expendable during the relatively short time-frame of
our RNAi experiments.

At secondary response genes, new protein synthesis
was found to be required, not only for transcription but
also for nucleosome remodeling, as monitored by restric-
tion enzyme accessibility. These results suggest that (1)
a primary response gene product may be consistently
required for recruiting SWI/SNF complexes to secondary
response genes, and (2) the protein synthesis require-
ment for induction of these genes may largely or solely
be due to the requirement for this hypothetical SWI/
SNF-recruiting factor. We speculate that one or more
primary response gene products may be dedicated to the

recruitment of SWI/SNF complexes to secondary re-
sponse genes. One attractive candidate is I�B�, which is
essential for the induction of at least two secondary re-
sponse genes, Il12b and Il6, but not for induction of one
early primary response gene, Tnf (Yamamoto et al. 2004).

The SWI/SNF dependence of late primary response
genes suggests that a mechanism must also exist for re-
cruiting SWI/SNF complexes in the absence of new pro-
tein synthesis. The IFN-� enhanceosome may provide an
example of this class of genes (Agalioti et al. 2000). In
this case, cooperative binding of multiple factors to the
enhanceosome appears to present a surface that pro-
motes the subsequent recruitment of histone modifying
activities and the SWI/SNF complex. Interestingly, sev-
eral of the late primary response genes studied here are
among a subset of LPS-induced genes that require the
IRF3 signaling pathway for activation, in addition to the
NF-�B and JNK pathways involved in the activation of
early primary response genes (Doyle et al. 2002). Thus,
IRF3 may contribute to the recruitment of nucleosome
remodeling complexes at these genes, although it may
consistently function in the form of an enhanceosome,
as observed at the IFN-� promoter (Agalioti et al. 2000).
One additional unanswered question is whether the de-
layed activation of genes within this class is primarily
due to the requirement for nucleosome remodeling,
which may delay the initiation of transcription.

The SWI/SNF requirement for the activation of sec-
ondary response and late primary response genes was
demonstrated by the simultaneous depletion of BRG1
and BRM by RNAi. Similar results were obtained by ex-
pression of dominant-negative BRG1, which may inhibit
the functions of both BRG1 and BRM complexes. We
therefore do not know whether BRG1 and BRM com-
plexes act redundantly during induction of these genes,
or whether only BRG1 complexes are relevant. Unfortu-
nately, attempts to independently and efficiently deplete

Figure 7. Differential contributions of nucleosome remodeling complexes during inflammatory gene induction. A summary of the
results depicts the selective requirement for SWI/SNF complexes at secondary response and late primary response genes, with Mi-2�

negatively influencing these same sets of genes. Early primary response genes do not appear to be regulated by either SWI/SNF or Mi-2�

complexes.
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either BRG1 or BRM using the retroviral RNAi strategy
have been unsuccessful.

Previous work demonstrated that the p65 subunit of
NF-�B is recruited to proinflammatory loci in two differ-
ent waves after LPS treatment of RAW264.7 macro-
phages (Saccani et al. 2001). The Cxcl2 promoter was
immediately accessible to p65, whereas the Il6, Ccl5,
and Ccl2 (MCP-1) promoters displayed delayed associa-
tion. The results described here suggest that differences
in SWI/SNF-mediated remodeling are at least partially
responsible for these differences in the time course of
NF-�B binding.

It is not clear how Mi-2� inhibits the induction of
secondary response and late primary response genes. The
mechanism by which Mi-2� is recruited to the proin-
flammatory loci also remains unknown. The SWI/SNF
dependence of recruitment suggests that SWI/SNF and
Mi-2� complexes may be associated with each other in
vivo, as has been suggested in previous biochemical
studies (Nakamura et al. 2002; Shimono et al. 2003). Al-
ternatively, Mi-2� may be recruited by a specific DNA-
binding protein, but only after nucleosome remodeling
by SWI/SNF complexes.

Finally, these results suggest that ATP-dependent
nucleosome remodeling complexes may be attractive
targets for modulating the strength of an inflammatory
response or other inducible responses. It is noteworthy
that preliminary microarray experiments with J774 cells
depleted for BRG1/BRM or Mi-2� revealed that a surpris-
ingly small number of constitutively expressed genes
were misregulated in the absence of these complexes in
the experimental time-frame used (5 d after retroviral
transduction and 0–4 h after LPS stimulation). These re-
sults are consistent with studies performed in SW13
cells and cells expressing dominant-negative forms of
BRG1 (Liu et al. 2001; de la Serna et al. 2005). Thus, the
open chromatin structures that are likely to be required
for the expression of housekeeping genes and uninduced
macrophage-specific genes appear to be relatively stable,
suggesting that antagonists of BRG1/BRM or Mi-2�
could influence the expression of specific subsets of in-
ducible genes without influencing constitutively ex-
pressed genes.

Materials and methods

Cell culture and reagents

The J774 murine macrophage cell line was maintained in
DMEM medium containing 10% fetal bovine serum (FBS) (Omega
Scientific) and penicillin/streptomycin. J774 cells were activated
with LPS (10 µg/mL) and, where indicated, were pretreated with
CHX (10 µg/mL) for 15 min. Sandwich ELISA kits were used to
measure the production of IL-12 p40/p70 (PharMingen) and
MIP-2 (R&D Systems). Antibodies against BRG1 (Santa Cruz,
sc-10768), BRM (BD Pharmingen, 610390), and HMG1 (BD
Pharmingen, 556528) and polyclonal antisera against GST-Mi-
2� (residues 22–155) were used for Western blot analysis.

RT–PCR and real-time quantitative PCR

RNA was extracted using TRI-reagent, treated with RNase-free
DNaseI, and purified using an RNeasy kit (Qiagen). Quantified

RNA (2 µg) was reverse-transcribed using Omniscript RT Kit
(Qiagen) and random hexamer primers. cDNA fragments were
analyzed by real-time PCR using iQ SYBR Green Supermix (Bio-
Rad) and the iCycler System (Bio-Rad). The PCR amplification
conditions were 95°C (3 min) and 45 cycles of 95°C (15 sec),
60°C (30 sec), and 72°C (30 sec). Primer pairs were designed to
amplify 80–120 bp mRNA-specific fragments, and unique prod-
ucts were tested by melt-curve analysis. Primer sequences are
available upon request.

Retroviral RNAi

The retroviral RNAi vectors were based on the pQCXIP vector
(Clontech). The destabilized GFP gene was first cloned into the
multiple cloning site of pQCXIP. Mouse U6 or human H1 pro-
moters were cloned into the NheI site within the 3�LTR (Barton
and Medzhitov 2002). Oligonucleotides encoding siRNA hair-
pins against BRG1/BRM and Mi-2� were annealed and cloned
after the U6 and H1 promoters, respectively. Hairpin sequences
are available upon request. For retrovirus generation, 293T cells
were grown in DMEM with 10% FBS and penicillin/streptomy-
cin. Cells were grown to 90% confluency in 10-cm dishes and
transfected with the retroviral vectors and the 10A1 packaging
vector using lipofectamine 2000 (Invitrogen). The medium was
replaced 24 h post-transfection. The virus supernatants were
collected 36 and 48 h after transfection, filtered through a 0.22-
µm syringe filter, and stored at 4°C. For retroviral infection,
J774 cells (7.5 × 105/well) were seeded in six-well plates, and 2
mL of virus supernatant were supplemented with 8 µL 2 M
HEPES (pH 7.5) and 8 µL polybrene (20 µg/mL final concentra-
tion) was added to the cells. Spin infections were performed at
2500 rpm for 1.5 h at 30°C and were repeated once the following
day. One day after the second infection, puromycin (3 µg/mL)
selection was started and GFP expression was monitored by
flow cytometry. RNAi depletion was monitored by Western
blotting.

Restriction enzyme accessibility

Experiments were performed as described previously (Wein-
mann et al. 1999; Zhou et al. 2004). Isolated cell nuclei and
limiting amounts of restriction enzyme (100 U) were incubated
for 15 min at 37°C, followed by genomic DNA isolation. Puri-
fied DNA (10–15 µg) was digested to completion to generate
reference cleavage products using the following restriction en-
zymes: KpnI and SphI for the Il12b promoter and enhancer, XbaI
and SpeI for Il6, EcoRI and HindIII for Ccl5, HindIII and XbaI for
Tnf, and EcoRI and DraI for Cxcl2. Samples were analyzed by
Southern blotting with 32P-labeled gene-specific probes de-
signed at the following regions: Il12b promoter (+64 to +437),
Il12b enhancer (−8711 to −9113), Il6 promoter (−544 to −1043),
Ccl5 promoter (−297 to −667), Tnf promoter (+14 to +504), and
Cxcl2 promoter (+922 to +1409).

ChIP

J774 cells (8 × 107) were untreated or stimulated with LPS as
required. Chromatin was cross-linked using 1% formaldehyde
for 10 min at room temperature. The cells were collected after
two PBS washes in cell lysis buffer (5 mM PIPES at pH 8.0, 85
mM KCl, 0.5% NP-40) and lysed for 10 min on ice. Nuclei were
resuspended in nuclei lysis buffer (50 mM Tris-HCl at pH 8.1,
10 mM EDTA, 1% SDS) and sonicated six times with 15-sec
pulses followed by 45-sec recovery periods at output 6.0 (Soni-
cator 3000, Misonix). The purified chromatin (100 µg) was di-
luted 2.5-fold with ChIP dilution buffer (16.7 mM Tris-HCl at
pH 8.1, 167 mM NaCl, 1.2 mM EDTA, 0.01% SDS, 1.1% Triton
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X-100) supplemented with protease inhibitors. Diluted chroma-
tin was immunoprecipitated overnight at 4°C using antibodies
(2–10 µg) against BRG1 (Upstate, 07-478) and H3 K9/K14 (Up-
state, 07-352, 07-353). Polyclonal antisera against GST-Mi-2�

(residues 22–155), GST-C/EBP� (residues 22–195), and GST
were prepared by our laboratory. Immune complexes were re-
covered by a 1-h incubation at 4°C with 50 µL of Protein A
agarose/salmon sperm DNA beads (Upstate, 16-157) and were
washed four times with high-salt wash buffer (50 mM HEPES at
pH 7.9, 0.5 M NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton X-100,
0.1% deoxycholate) and two times with TE buffer. Each wash
step was for 10 min at room temperature. The DNA was ex-
tracted in 300 µL of elution buffer (50 mM Tris-HCl at pH 8.0,
10 mM EDTA, 1% SDS) supplemented with proteinase K (20 µg)
for 2 h at 55°C, followed by reversal of DNA cross-links over-
night at 65°C. The DNA was purified with QIAquick columns
(Qiagen) and was detected by real-time quantitative PCR using
5% of each input as standards. The following regions (relative to
the start of transcription) were amplified using specific primer
pairs: Gapd PRO (−76 to −187), Il12b PRO (−46 to −150), Il12b
ENH (−9834 to −9934), Il6 PRO (−4 to −96), Nos2 PRO (+5 to
−111), Ccl5 PRO (+8 to −78), Saa3 PRO (−68 to −171), Ifnb1 PRO
(−85 to −201) Cxcl2 PRO (−38 to −134), Tnf PRO (+30 to −89),
and Ptgs2 PRO (−69 to −158).

Fluorescence microscopy

J774 cells (2 × 105) were attached to coverslips, washed once in
PBS, fixed for 1 min in methanol on dry ice, and permeabilized
for 10 min in blocking buffer (PBS with 0.1% saponin and 10%
FBS). The cells were then incubated for 1 h with rabbit anti-
BRG1 antibody (Upstate) or anti-Mi-2� antibody diluted 1:1000
in blocking buffer. The cells were washed three times (3 min
each) in PBS 0.1% saponin, then incubated for 30 min with
Texas Red-labeled goat anti-rabbit antibody (Jackson Immu-
noresearch) diluted 1:500 in blocking buffer. The cells were
washed as above and mounted in Vectashield (Vector Labs) con-
taining 0.1 µg/mL DAPI. Slides were analyzed on a Leica In-
verted Confocal Microscope. Cell size measurements were per-
formed using the Adobe Photoshop program, as described by
Hill et al. (2004).
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