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Sepsis is encoded by a sequel of transcription activation and
repression events that initiate, sustain, and resolve severe systemic
inflammation.The repression/silencing phase occurs in blood leu-
kocytes of animals andhumans following the initiation of systemic
inflammation due to developing endotoxin tolerance. We previ-
ously reported that NF-�B transcription factor RelB and histone
H3 lysine methyltransferase G9a directly interact to induce facul-
tative heterochromatin assembly and regulate epigenetic silencing
during endotoxin tolerance, which is amajor feature of sepsis. The
general objective of this studywas to assess whether dynamic tem-
poral, structural, and positional changes of nucleosomes influence
the sepsis phenotype.We used the THP-1 sepsis cell model to iso-
late mononucleosomes by rapid cell permeabilization and diges-
tion of chromatin with micrococcal nuclease and then compared
tumor necrosis factor � (TNF�) proximal promoter nucleosome
alignment in endotoxin-responsive and -tolerant phenotypes. We
founddifferential anddynamic repositioningofnucleosomes from
permissive to repressive locations during the activation and silenc-
ing phases of transcription reprogramming and identified the fol-
lowing mechanisms that may participate in the process. 1) Two
proximal nucleosomes repositioned to expose the primary NF-�B
DNA binding site in endotoxin-responsive cells, and this “pro-
moter opening” required the ATP-independent chaperone NAP1
to replace the core histoneH2Awith theH2A.Z variant. 2) During
RelB-dependent endotoxin tolerance, the two nucleosomes repo-
sitioned and masked the primary NF-�B DNA binding site. 3)
Small interfering RNA-mediated inhibition of RelB expression
prevented repressive nucleosome repositioning and tolerance
induction, but the “open” promoter required endotoxin-induced
NF-�B p65 promoter binding to initiate transcription, supporting
the known requirement of p65 posttranslationalmodifications for
transactivation. 4) Sustaining the permissive promoter state after
RelBknockdownrequiredATP-dependentnucleosomeremodeler
BAF complex. Moreover, we found that forced expression of RelB
in responsive cells induced repressive nucleosomepositioning and
silenced TNF� transcription, demonstrating the plasticity of
nucleosomeremodelinganditsdependenceonRelB.Ourdatasug-
gest that nucleosome repositioning controls both the induction
and epigenetic silencing phases of TNF� transcription associated
with sepsis.

Nucleosomes are dynamically and constantly remodeled to
allow or prevent access to regulatory factors and cofactors.
Each nucleosome, the fundamental building unit of chromatin,
is composed of �147 bp of genomic DNA wrapped 1.65 times
around an octamer of the core histone proteins H2A, H2B, H3,
and H4 (1–4). Because the majority of genomic DNA is
wrapped in nucleosomes (2), the presence of nucleosomes on
genomic DNA inhibits the binding of sequence-specific regu-
latory factors and basal cofactors. For example, access to DNA
wrapped in nucleosome is occluded for RNA polymerase and
regulatory complexes (5–7), although nucleosomesmay recruit
other protein complexes through interactions with their his-
tone tails (8). Because transcription factor binding sites often
cluster in linker DNA between nucleosomes, the precise loca-
tions of nucleosomes and the accessible linker DNAmay play a
role in transcriptional control.
Recent studies showed that promoter nucleosomes fre-

quently adopt selective positions to functionally regulate tran-
scription factor binding (3). In addition, nucleosomes can be
displaced from promoter DNAby promoter-binding transcrip-
tion factors or in combination with chromatin-remodeling
complexes and histone chaperones (4, 9). Previous studies
showed that the selective nucleosomal organization observed
in many systems underlies the differential accessibility and
transcriptional potential of chromatin structure in active versus
inactive promoters (10–13). Because nucleosomal positioning
is often associated with discrete changes within regulatory
regions (14), remodeling of promoter nucleosomes is a key
mechanism of gene activation or silencing (15, 16).
Posttranslational modifications on histone components of

nucleosomes play a role in changing chromatin structure by alter-
inghistone-DNAinteractions andhelp in the recruitmentof chro-
matin-remodeling complexes (17, 18). These complexes alter
chromatin configuration by nucleosomal sliding or eviction,
thereby promoting access to transcription factors (3, 4, 16). The
mammalian ATP-dependent SWI/SNF chromatin-remodeling
complexes are tumor suppressors and function as transcriptional
coactivatorsorcorepressors (19–22).Becausenucleosomeassem-
bly by histone chaperones tends to place nucleosomes over low
energy nucleosome-positioning sequences, these remodeling
complexes use ATP energy tomove nucleosome away from com-
plex-preferred positions, depending on the DNA regulatory
sequence and histone modifications (3, 4, 20, 23). Thus, recruit-
ment of a remodeling complex could invert the normal accessibil-
ity pattern at a promoter and therefore act as an on-off switch for
transcription (3).Other chromatin remodelers like theATP-inde-
pendent nucleosome assembly protein NAP1 bind and sequester
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histone complexes through exchanging histone dimers, resulting
in nucleosomal sliding (24, 25).
We discovered that transcription silencing of proinflamma-

tory TNF�2 and IL-1� genes in endotoxin-tolerant THP-1
monocytes, a phenotype present in blood leukocytes after the
initiation of severe systemic inflammation (26–28), ismediated
by selective changes in transcription factor binding and chro-
matin structure. This gene reprogramming event can be
remodeled in vitro by generating a state of lipopolysaccharide
(LPS) tolerance in cultured cell lines by the prolonged stimula-
tion with LPS (28–30). The transcription silencing phase is ini-
tiated andmaintained through a combinatorial silencingmech-
anism that involves interactions between the transcription
repressor RelB and chromatin-associated proteins (26, 31, 32).
The silencing mechanism requires dimethylation on histone
H3 lysine 9 (H3K9me2) by G9a, increased binding of hetero-
chromatin protein HP1, and formation of silent facultative het-
erochromatin structure (26, 31, 32). This process correlates
with diminished binding of the active NF-�B factor p65 and
increased binding of feedback repressor transcription factor RelB
to theproximalpromoters.RelB isessential initiatorof silencingby
directly interactingwith and recruitingG9a topromote andmain-
tain a silent heterochromatin structure (27, 32). Our finding that
inhibiting RelB expression in tolerant cells reactivated TNF� and
IL-1� transcription (26, 27, 31) raised the possibility that nucleo-
some remodeling physically contributes to transcriptional silenc-
ing of proinflammatory genes in SSI.
In this study, we examined nucleosomal organization around

the TNF� promoter and analyzed its contribution to the induc-
tion and silencing of the TNF� promoter, using micrococcal
nuclease digestion combined with chromatin immunoprecipita-
tion. The results revealed two positioned nucleosomes encom-
passing the promoter element required for TNF� induction as
well as silencing.We report that nucleosome occupancy and posi-
tioning around the promoter displays a strikingly different profile
that correlates with the level of expression. Upon activation of
THP-1-responsive cells by LPS, two proximal nucleosomes are
rapidly remodeled to open the promoter, suggesting that selective
remodeling is essential for TNF� induction. In tolerant cells,
one nucleosome is repositioned to a repressive location, covering
the �B site. This differential nucleosome positioning was depen-
dent on the presence of RelB at the promoter sequence in tolerant
cells. We also show that nucleosome positioning in responsive
cells is mediated by the ATP-independent chromatin remodeler
NAP1 (nucleosome assembly protein 1), whereas the ATP-
dependent remodeler BAF complex is required to reposition
nucleosomes and open the promoter DNA in tolerant cells. The
results suggest that nucleosomal occupancy and positioning at
the TNF� promoter correlates with the level of expression, and
that chromatin remodeling is an intrinsic and dynamic mecha-
nism that controls proinflammatory gene expression during the

course of development and maintenance of severe systemic
inflammation.

MATERIALS AND METHODS

SSI Cell Model—The human monocytic cell line, THP-1,
obtained from the American Type Culture Collection, was
maintained in RPMI medium (Invitrogen) supplemented with
10% fetal bovine serum (HyClone, Logan, UT), 100 units/ml
penicillin, 100 �g/ml streptomycin, and 2 mM L-glutamine at a
density of 0.5–1.0 � 106 cells/ml at 37 °C and 5% CO2. For
induction of LPS tolerance (29), cells were incubated overnight
with 1 �g/ml Gram-negative bacterial LPS from Escherichia
coli 0111:B4 (Sigma). LPS-tolerant and LPS-responsive (nor-
mal) cells were washed with incomplete medium and cultured
at 0.5–1.0 � 106 cells/ml and stimulated with 1 �g/ml LPS for
the indicated times.
RNA Interference—Cells were plated at 0.5 � 106 cells/ml 1

day before transfection. Transfection with pools of control or
RelB-,NAP1-, orBAF47-specific small interferingRNAs (siRNAs)
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA) was performed
by electroporation using 5 �l (0.5 �M final concentration) of
siRNA in 100 �l of transfection medium (Nucleofector; Amaxa,
Gaithersburg, MD). Immediately after transfection, cells were
transferred to culture medium at 0.5 � 106 cell/ml and left
unstimulated or stimulatedwith 1�g/ml LPS to induce tolerance.
After 36h, cellswere harvested,washedwith incompletemedium,
and then stimulated with 1 �g/ml LPS for the indicated times.
Plasmids—Wild-type and mutant RelB constructs (trun-

cated RelB with amino acids 264–379 deleted) were generated
by GenScript Corp. (Piscataway, NJ). DNA was transfected by
electroporation as described above. This truncation disrupts
the Rel homology domain of RelB and therefore affects its
dimerization and interaction with G9a (26).
RNA Analysis—Expression of TNF� was evaluated by quan-

titative real-time PCR. Total RNA was isolated using the
STAT-60 extraction kit, according to the manufacturer’s pro-
tocol (Tel-Test, Friendswood, TX). Two micrograms of RNA
were reverse-transcribed to cDNA in a 25-�l volume contain-
ing 0.2 �M dNTPs, 2.5 �M oligo(dT), 5 mM MgCl2, and 0.25
units/�l murine leukemia reverse transcriptase (Applied Bio-
systems, Foster City, CA). The reverse transcription reaction
was incubated for 1 h at 42 °C and 5 min at 99 °C. The PCR was
performed using 5 �l of cDNA product and TNF� predesigned
TaqMan primer/probe sets (Applied Biosystems). The PCR
conditions were as follows: 2 min at 50 °C, 10 min at 95 °C,
followed by 40 cycles with 15 s at 95 °C and 1 min at 60 °C
(combined annealing and extension), using ABI Prism 7000
Sequence Detection System (Applied Biosystems). Sample data
were normalized to glyceraldehyde-3-phosphate dehydrogen-
ase mRNA and are presented as -fold change.
Preparation of Mononucleosome and Input DNA and

Immunoprecipitation—Cells grown to 70–80% confluence
were harvested and treated with 1% formaldehyde for 10min at
room temperature to cross-link chromatin. Cross-linking was
stopped by adding glycine at 125 mM. Cells were washed once
with cold phosphate-buffered saline and suspended in lysis
buffer (30mMHepes, pH7.5, 60mMKCl, 300mM sucrose, 5mM

K2HPO4, 5 mM MgCl2, 2 mM EDTA, and 0.5 mM DTT), fol-

2 The abbreviations used are: TNF�, tumor necrosis factor �; siRNA, small
interfering RNA; MNase, micrococcal nuclease; H3K9me2, dimethylation
on histone H3 lysine 9; H3K4me3, trimethylation on histone H3 lysine 4; KD,
kinase-dead; R, responsive; R0, unstimulated responsive; R1, responsive,
stimulated for 1 h; T, tolerant; T0, unstimulated tolerant; T1, tolerant, stim-
ulated for 1 h; IL, interleukin; LPS, lipopolysaccharide; CREB, cAMP-re-
sponse element-binding protein; SSI, severe systemic inflammation.
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lowed byDounce homogenization. The nuclear suspensionwas
then centrifuged for 15min at 3,000 rpm.Nuclei were collected,
and a portion (1:20) were used to isolate input DNA using the
DNeasy kit (Qiagen, Valencia, CA). The remainder of the nuclei
was resuspended in micrococcal nuclease (MNase) digestion
buffer (10 mM Tris (pH 7.4), 15 mM NaCl, 1 mM CaCl2, 60 mM

KCl), to which 0.2 mM phenylmethylsulfonyl fluoride and 0.5
mM spermidine were added immediately prior to use.

For preparation of mononucleosomes, we used an optimized
MNase digestion protocol (34) with some modifications. Five
hundredmicroliters of nuclei suspension (at 2� 106 nuclei/ml)
were incubated with 5–25 units of MNase (stock solution, 20
units/�l; EMD Calbiochem), gently mixed, and then incubated
at room temperature for 5 min. The digestion was stopped by
adding 1ml ofMNase stop buffer containing 100mMEDTA, 1%
SDS, 50mMTris, pH 8.0, 0.1 mg/ml proteinase K, and 100 �l of
10% SDS. The lysate was incubated overnight at 37 °C. DNA
was then extracted by phenol/chloroform extraction and etha-
nol precipitation (with glycogen).
For chromatin immunoprecipitation, immediately after

digestion with MNase, nuclei lysis buffer (Active Motif, Carls-
bad, CA) and protease inhibitor mixture were added for 30min
on ice. After centrifugation for 5 min at 10,000 rpm, chromatin
solution was precleared by incubation with protein G-agarose
beads and then subjected to immunoprecipitation with anti-
body against H3K9me2, H3K4me3 (Millipore, Temecula, CA),
H2A.Z (ActiveMotif), H2A, NAP1 (Santa Cruz Biotechnology,
Inc.), or BAF47 (BD Biosciences). Chromatin was decross-
linked, and DNA was extracted as described previously (27).
PCR—Semiquantitative PCR was performed in a 50-�l vol-

ume containing 5 �l of mononucleosomal, input, or immu-
noprecipitated (chromatin-immunoprecipitated) DNA, 1 �M

each primer, 2 mM MgCl2, 0.2 �M dNTPs, and 0.04 unit/�l
AmpliTag Gold DNA polymerase (Applied Biosystems). The
PCR conditions were as follows: 1 cycle at 94 °C for 5 min, 30
cycles at 94 °C, 58 °C, and 72 °C for 30 s each, and a final cycle at
72 °C for 5 min. Equal amounts of PCR products were run on
1.2% ethidium bromide-stained agarose gel, and images were
captured using a Quantity One imager (Bio-Rad). The primers
used in PCR were designed to amplify sequences in the human
TNF� regulatory region from �800 to �200 bp relative to the
transcription start site (35, 36).
Western Blot—Nuclear proteins were extracted by incubat-

ing cells on ice for 15 min in a buffer containing 10 mM HEPES
(pH7.9), 1.5mMMgCl2, 10mMKCl, 0.2mMEDTA, 20mMNaF,
1 mMNa4P2O7, 1 mMNa3VO4, 0.5 mM dithiothreitol, 0.1% Tri-
ton X-100, and 1� protease inhibitormixture. Nuclei were pel-
leted by centrifugation at 5,000 rpm for 10min at 4 °C and then
resuspended in lysis buffer (1% Nonidet P-40, 0.5% sodium
deoxycholate, and 0.1% SDS) and incubated on ice for 30 min.
Extracts were cleared by centrifugation, and protein concentra-
tion was determined. Whole cell extracts were prepared using
the same nuclei lysis buffer. Equal amounts (50 �g) of protein
were separated on SDS-PAGE and transferred to polyvinyli-
dene difluoride membranes (Pierce). Membranes were blocked
andprobedovernight at 4 °Cwithappropriatedilutionsofprimary
antibodies against RelB, NAP1, or BAF47. After washing, blots
were incubated with appropriate horseradish peroxidase-conju-

gated secondary antibodies (SantaCruz Biotechnology, Inc.). Pro-
teinswere visualizedusing anECLdetection system (Pierce). Blots
were stripped and reprobed with control antibody.
Statistical Analysis—Data were analyzed by Microsoft Excel

2003 and are presented as themean� S.E. of three independent
experiments. Student’s t test was used to determine significant
differences, with p values of �0.05 being significant.

RESULTS

Pattern of Nucleosome Positioning at the Human TNF�
Promoter—TNF� transcription is significantly induced after LPS
activation of THP-1 cells but is silenced once cells become LPS-
tolerant despite a second dose of LPS (27, 28). Therefore, we
sought to determinewhether the chromatin structure contributes
to TNF� induction or silencing by comparing the nucleosomal
organization across a 1-kb promoter fragment in the different cel-
lular phenotypes. LPS-responsive (normal) THP-1 cells were
made tolerant (T) by pretreatment with LPS overnight and then
washed and restimulated, together with the responsive (R) cells,
for 1 h. We chose the 1 h time point because our previous work
demonstrated that after 1 h, TNF� mRNA is significantly
increased in responsive cells butwasnot expressed in tolerant cells
(27). We consider resting, responsive cells (R0) as the base-line
response; therefore, nucleosome positions in these cells will be
identifiedas “innative/default positions.”BecauseTNF�mRNAis
restored in tolerant cells in which RelB expression is inhibited by
siRNA, we included this phenotype in our analysis.
MNase preferentially digests protein-free DNA, including

linker regions between nucleosomes. We first digested nucleo-
somal DNA with varying concentrations of MNase and then
choose the conditions that produced mononucleosome parti-
cles (�180 bp). DNAwas purified and separated on 3% agarose
gel. The optimal digestion conditions were determined by
detecting the purified DNA as one main band of �180 bp (not
shown). Conditions that produced several bands were indica-
tive of partial digestion and were excluded. Optimal digestion
conditions were not changed throughout our analyses. The
extent of nucleosome occupancy was analyzed by comparing
the abundance of the promoter DNA in total mononucleoso-
mal DNA relative to genomic DNA by PCR. We elected not to
digest genomic DNA extracted before MNase digestion be-
cause MNase may cut randomly and generate several bands,
which makes it difficult to quantitate the level of DNA abun-
dance. These measurements provide an assessment of the
extent of DNA protection via packaging into nucleosomes.
We employed a reductive approach by designing a series of

PCRprimers, namely primer set A–C (see Fig. 1A). Each primer
pair encompass �200-bp sequence. Using primer set A, we
observed one nucleosome between �200 and �400 that was
detectedwith primer pair 3F-R in unstimulated responsive (R0)
cells only (Fig. 1B). The experiment also revealed the presence
of twonucleosomes, one close to�400 (using primer pair 4F-R)
and one between �600 and �800 (using primer pair 6F-R).
These two nucleosomes were uniformly positioned in all of the
cell phenotypes examined. The faint bands shownwith T0 cells
using primer pairs 1F-R, 2F-R, and 3F-R may result from the
incomplete digestion with MNase, meaning that the corre-
sponding DNA is not occupied by nucleosomes.
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Wenextusedprimerpairs (primer setB) that encompass longer
sequences (�300 bp), which is longer than themononucleosomal
DNA (�180 bp). As shown in Fig. 2, we did not detect any nucleo-
some inall of thecell phenotypes.Although this resultmaysuggest
that these sequencesarenucleosome-free, it also suggests that they
contain nucleosomes, but because MNase cuts DNA at the
nucleosomal edges, they may not be amplified by PCR if the cut
falls in the middle of the sequence the primers cover.
In order to narrow down the locations of the three nucleo-

somes identified in Fig. 1, we designed a primer set C that over-
laps primer set A (Fig. 3A). Using these primers, we located one
nucleosome between �1 and �200 in R0, T0, and T1 cells with

primer pair 7F-R (Fig. 3B). Primer
8F-R detected one nucleosome in
R1 cells and also in T1 cells after
RelB knockdown, whereas primer
9F-R detected one nucleosome in
R0 cells only. In addition, primer
SF-R detected one nucleosome
between �1 and �200 in all cell
phenotypes except R0 cells.
Nucleosome Occupancy around

TNF� Promoter Correlates with Its
Transcription State—Based on the
results presented in Figs. 1–3, we
tentatively mapped four nucleo-
somes (namely nucleosomes 1–4)
within the 1-kb TNF� regulatory
region (Fig. 4). Nucleosomes 3 and 4
were regularly spaced, and their
positions were not changed upon
transcription induction or silencing,
whereas nucleosomes 1 and 2 were
repositioned. After LPS activation
of responsive cells (R1), nucleosome
2 was repositioned to cover the �B
binding site (K2), whereas nucleo-
some 1 was repositioned down-
stream of the start site, leaving the
proximal �B binding site (K3)
exposed. Once cells entered the tol-
erant state (T0 cells), nucleosome 2
was repositioned again from the K3
to the K2 position, and this pattern
did not change even in the presence
of LPS (T1 cells). Interestingly,
when RelB was knocked down in
tolerant cells (T1-RelB knockdown
(KD)), nucleosome 2 was reposi-
tioned to cover the K2 site, giving a
pattern similar to that seen in R1
cells. In addition, we noticed that
once nucleosome 1 displaced to
upstream position after LPS stimula-
tion of R0 cells, it was not reposi-
tioned again regardless of the tran-
scription state. Together, these
results show that nucleosome occu-

pancy around the proximal promoter is selectively remodeled and
that nucleosome positioning upstream of the transcription start
site correlates with the transcription level of TNF�. Because the
proximal �B-binding site (K3) is essential to the induction of
TNF�byLPS, the results also suggest thatnucleosome reposition-
ing frompermissive (in R1 cells) to repressive (inT cells) positions
may play a key role in the transcription regulation of TNF�.
Differential Histone Modifications Correlate with Nucleo-

some Occupancy and Transcription State—Distinct histone
modifications have been associated with transcriptional activa-
tion or silencing (37). In addition, we have previously shown
that the histone methyltransferase G9a binds to the TNF�

FIGURE 1. Mapping nucleosome positions across TNF� upstream regulatory region. A, diagram of the 800-bp
upstream regulatory sequence involved in the transcriptional regulation of TNF� gene. The locations of the three
NF-�B binding sites (K2 at �98; K2 at �216; K1 at �598) are shown. The primer sets used for PCR experiments
presented in Figs. 1–3 are all shown here for illustration, but only those used in Fig. 1 are highlighted in boldface type.
B, to map nucleosome positions, THP-1 cells were made tolerant by pretreatment with 1 �g/ml LPS overnight.
Responsive (R) and tolerant (T) cells were washed and left unstimulated (0) or stimulated with 1 �g/ml LPS for 1 h (1).
For RelB KD, cells were transfected with control or RelB-specific siRNA and then made tolerant, as described above
(T1-RelB KD). Chromatin was cross-linked, and nuclei were isolated and then digested with MNase. A portion of the
nuclei (1:20) was reserved before MNase digestion to extract genomic DNA and served as control (Input). MNase
reaction conditions were adjusted to have average DNA sizes of�180 bp, as determined by several MNase dilutions
and a PCR assay (not shown). After digestion, mononucleosomal DNA was extracted, and the level of DNA enrich-
ment was determined by PCR. Results are representative of 2–3 experiments.
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proximal promoter nucleosome and induces DNA and histone
methylation in tolerant cells (32). To further characterize the
remodeled nucleosome and examine whether histone modifi-
cations associate with nucleosome repositioning, we compared
the extent of histone methylation of the repositioned nucleo-
somes, specifically H3K4me3 (which marks actively tran-
scribed genes) and H3k9me2 (which correlates with silenced
genes) by chromatin immunoprecipitation analysis. After
MNase digestion, mononucleosomes were immunoprecipi-
tated with the respective antibody, and mononucleosomal
DNA was then extracted. Because the results described above
showed that only nucleosomes 1 and 2 were repositioned, we
will focus our next analyses on these two nucleosomes.
We observed that both nucleosomes were dimethylated on

H3K9 in the native positions (R0 cells) (Fig. 5). After activation
by LPS (R1 cells), this mark was replaced by H3K4me3 on the
two repositioned nucleosomes. In tolerant cells, however, we
observed a mixed methylation pattern. Nucleosome 1 con-
tained the H3K4me3 mark, whereas nucleosome 2 contained
the H3K9me2 mark. Interestingly, H3K4me3 was detected on
both nucleosomes after RelB knockdown in tolerant cells (T1-
RelB KD). Importantly, we noticed that the methylation mark
(H3K4me3) of nucleosome 1 did not change once this nucleo-
some was repositioned downstream of the start site regardless
of the transcription state. Because the nucleosomes acquired
distinct histone marks after they were repositioned (i.e. transi-
tion fromR0 to R1 or fromR1 toT0 andT1), these results imply
that the changes in histone modifications may occur subse-
quent to the nucleosome repositioning.
RelB Remodels Nucleosomes and Induces Tolerance in LPS-

responsive Cells—We have shown that RelB binds to the TNF�
and IL-1� promoter nucleosomes in tolerant cells only and that

RelB knockdown reactivates their
transcription (26, 27). In addition,
our finding that RelB knockdown
resulted in nucleosomal occupancy
profile similar to that seen in R1
cells (see Fig. 4) suggested that
nucleosome positioning in tolerant
cellsmight be established (or at least
maintained) by RelB. To test this
possibility, we performed the
reverse experiment in which RelB
cDNA was introduced into the
responsive cells (which do not nor-
mally express RelB). After 24 h, cells
were washed and left unstimulated
or stimulated with LPS for 1 h.
We first confirmed RelB expres-

sion by Western blot (Fig. 6A). We
also measured TNF� mRNA in
responsive cells expressing or lacking
RelB. As shown in Fig. 6B, wild-type
but not mutant expression signifi-
cantly reduced TNF� mRNA. This
result clearly shows that RelB induces
tolerance and transcription silencing
of TNF� in responsive cells.

Next, we examined the effect of RelB forced expression in
responsive cells on nucleosome positioning. We used the primer
pairs that cover the three proximal nucleosomal positions. We
show R0 cells here again as a base-line position for comparison.
The results (Fig. 7) showed that in responsive cells without trans-
fectionor those transfectedwith empty vector, nucleosomes1 and
2 were displaced after LPS stimulation to the same permissive
positions seen earlier (compare Fig. 7B with Fig. 4). Interestingly,
stimulation of responsive cells expressing RelB resulted in reposi-
tioning of nucleosome 2 to the same repressive position seen in
tolerant cells (comparewithFig. 4).Despite theexpressionofRelB,
unstimulated responsive cells (R0-RelBwt) did not exhibit any
change in the occupancy pattern seen in native positions (i.e. in R0
cells) (not shown). Collectively, the results presented in Figs. 6 and
7 strongly suggest that RelB induction by LPS plays a key role in
nucleosome remodeling and transcription silencing of TNF� in
tolerant cells.
The Nucleosome Assembly Protein NAP1 Promotes Nucleo-

some Positioning in LPS-responsive Cells—Chromatin-remod-
eling complexes promote nucleosome positioning through
dynamic histone exchange, resulting in nucleosome sliding or
eviction (24). NAP1 enhances chromatin fluidity through
exchanginghistonedimerscontaininganH2AvariantwithH2A.Z
variant and also interacts with transcriptional activators (25, 38).
Our results suggested that LPS stimulation in responsive cells pro-
moted repositioning of nucleosomes 1 and 2 from the native/de-
fault position (R0) to an open/permissive position (R1). In addi-
tion, our previous work3 showed that the histone variants H2A
and NAP1 were not bound to the transcriptionally active TNF�

3 M. El Gazzar, T. Liu, B. K. Yoza, and C. E. McCall, unpublished observations.

FIGURE 2. Mapping nucleosome positions (continued). THP-1 cells were treated, and mononucleosomal and
input DNAs were prepared as described in the legend to Fig. 1. The primers used to amplify the DNA are
highlighted in boldface type (A), and the PCR results are shown in B. Note that no bands were detected with this
primer set, indicating that MNase cut within the sequences encompassing these primers. Results are repre-
sentative of 2–3 experiments.
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promoter (i.e. in R1 cells), suggesting
that the nucleosomes might be
remodeled through histone variant
exchange. To test this possibility, we
measured the H2A and H2A.Z con-
tent of, and the binding of NAP1 to,
nucleosomes 1 and 2 before and after
LPSactivationof responsivecellswith
LPS. In these experiments, chromatin
was digested with MNase and then
immunoprecipitatedwith the respec-
tive antibody.NucleosomalDNAwas
then extracted and analyzed by PCR.
As shown in Fig. 8, the H2A variant
was detected in both nucleosomes in
the basal state (in R0 cells, at native
positions) alongwithNAP1. Interest-
ingly, H2A was replaced with H2A.Z
variant (which isnormally enrichedat
transcriptionally active promoters
(39)) in the repositionednucleosomes
after LPS stimulation (R1), whereas
NAP1 remained bound, suggesting
thatNAP1maybe involved inhistone
variant exchange.
Next we knocked down NAP1 by

RNA interference and then mea-
sured the levels of H2A and H2A.Z.
NAP1 depletion was confirmed by
Western blot (not shown). As
shown in Fig. 8, NAP1 inhibition
prevented H2A exchange with
H2A.Z and inhibited nucleosome
repositioning after LPS stimulation
(R1-NAP1 KD), because both
nucleosomes remained constrained
in the native positions despite the
presence of LPS (compare with R0).
These results clearly demonstrate
that NAP1 promotes histone vari-
ant exchange and consequently
nucleosome positioning around
the TNF� promoter after LPS
stimulation.
BAF Chromatin-remodeling Com-

plex Is Required for Nucleosome
Positioning in LPS-tolerant Cells—
Our results suggested that nucleo-
some remodeling by histone variant
exchange activity of NAP1 was
required for nucleosome reposi-
tioning from native positions in R0
cells to open/permissive locations in
R1 cells. In addition, our results (see
Fig. 4) also showed that nucleo-
somes were also repositioned to
permissive locations after RelB
knockdown in tolerant cells. To

FIGURE 3. Mapping nucleosome positions (continued). THP-1 cells were treated, and mononucleosomal and
input DNAs were prepared as described in the legend to Fig. 1. The primers used are highlighted in boldface
type (A), and the PCR results are shown in B. The results are representative of 2–3 experiments.

FIGURE 4. Transcription activation and epigenetic silencing of TNF� expression involve differential
repositioning of two proximal nucleosomes. Shown is a map of the nucleosome positions across the regu-
latory region. Based on the PCR results presented in Figs. 1–3, we tentatively localized four nucleosomes across
the regulatory region. We identify them as nucleosomes 1– 4. Note that after LPS stimulation, nucleosomes 1
and 2 were repositioned in responsive (R1) cells. In tolerant cells, however, LPS stimulation did not change the
positioning of the two nucleosomes from the locations where tolerance was first induced (compare T0 and T1).
After LPS stimulation of tolerant cells, in which RelB was knocked down (T1-RelB KD), one nucleosome was
moved again to a position similar to that seen in R1 cells. Note that the positions of nucleosomes 3 and 4 were
not changed in all cell phenotypes. Therefore, all following analyses will be focused on nucleosomes 1 and 2
only.
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determinewhether the same remodelingmechanism, byNAP1,
that was observed in responsive cells occurs in tolerant cells
after RelB knockdown, we inhibited RelB expression and mea-
sured the histone variant content 1 h after LPS stimulation. As
shown in Fig. 9A, RelB knockdown resulted in nucleosome
repositioning to a permissive location. Interestingly, although
H2A was replaced with H2A.Z, NAP1 was not detected either
before or after RelB knockdown, suggesting that NAP1 is not
involved in histone exchange and nucleosome repositioning in
tolerant cells.
One of the best characterized examples of mammalian chro-

matin remodelers is theBAF complexes, themammalian ortho-
logue of the yeast SWI/SNF (40), which are composed of 10
subunits that use Brg or Brm ATPase activity to move nucleo-
somes. Because BAF47 is a core subunit of BAF complexes (22,
40) and a previous study reported that siRNA-mediated inhibi-
tion of BAF47 prevented IFN-� induction inHeLa cells (41), we
measured BAF47 binding to nucleosomes 1 and 2 in tolerant

cells before and after RelB knock-
down. As shown in Fig. 9A, BAF47
was detected before RelB knock-
down along with H2A. After RelB
knockdown, which we showed to
reposition nucleosomes to permis-
sive locations (see Fig. 4), H2A was
replaced with H2A.Z, and BAF47
remained bound. In addition, when
both RelB and BAF47 were knocked
down, nucleosomes remained in the
repressive locations, suggesting that
BAF47 participates in nucleosome
positioning in tolerant cells but only
in the absence of RelB, because
BAF47 knockdown alone failed to
reposition nucleosomes (Fig. 9A).

To determine whether LPS signal
is required for the nucleosome re-
positioning promoted by BAF com-
plex, we simultaneously knocked
down RelB and BAF47 in unstimu-
lated tolerant cells (T0). As shown
in Fig. 9A, we noticed the same pat-
tern of nucleosome occupancy seen
in stimulated cells (compare all T0
with all T1 phenotypes). This result
suggested that, in contrast to
responsive cells (see Fig. 8), LPS is
not required for nucleosome reposi-
tioning in tolerant cells.
Our previous studies showed that

RelB knockdown induced p65 bind-
ing to the proximal promoters of
TNF� and IL-1� and, consequently,
reactivated their transcription (27,
42). To assess whether nucleosome
repositioning to the permissive
locations seen in T0 and T1 cells
after RelB knockdown was associ-

ated with the induction of p65 binding, we measured p65 bind-
ing to the proximal NF-�B (K3) site, which we previously
showed is required for the transcription activation (27). As
shown in Fig. 9B, p65 was bound in tolerant cells to the open
promoter after RelB knockdown but only when cells were stim-
ulated with LPS (compare T0-RelB KDwith T1-RelB KD). This
binding pattern correlated with the level of TNF� mRNA
induction (Fig. 9B, bottom), suggesting that although RelB
removal is necessary for nucleosomal remodeling and for open-
ing the promoter in tolerant cells, LPS is still required to induce
p65 binding and transcriptional activation. Taken together, the
results presented in Fig. 9 suggest that the ATP-dependent
chromatin-remodeling complex BAF promotes histone variant
exchange and nucleosomal repositioning in epigenetically
silenced LPS-tolerant cells. BAF promotes this process only in
the absence of RelB. Our results also suggest that nucleosome
repositioning from the repressive to permissive location in tol-
erant cells is not enough to reactivate TNF� transcription and

FIGURE 5. Repositioned nucleosomes acquire new histone marks. To investigate interactions between
nucleosome repositioning and histone modifications, we measured the levels of H3K9me2 and H3K4me3 on
nucleosomes 1 and 2, considering their positions in R0 cells as native/default positions. Chromatin was isolated
and subjected to MNase digestion. The suspension was then precleared with protein G-agarose beads, and
mononucleosomes were immunoprecipitated with antibody against H3K9me2 or H3K4me3. Mononucleoso-
mal DNA was then extracted and analyzed by PCR. A, PCR was performed using primer pairs that we knew from
the previous experiment spanned the different locations of nucleosomes 1 and 2 in the different cell pheno-
types. For example, the two primer pairs 7 and 3 were used for R0 cells, and primer pairs 8 and S were used for
R1 cells (see Figs. 3 and 4 for alignment). B, mapping histone methylation on the two proximal nucleosomes.
Note that the nucleosome downstream of the start site acquired the H3K4me3 mark after LPS stimulation, but
this mark and the location of that nucleosome did not change even in tolerant cells. Results are representative
of three experiments.
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that LPS signal is necessary for transcriptional activation, pro-
vided that the promoter nucleosome are repositioned to tran-
scriptionally permissive locations.

DISCUSSION

The gene reprogramming paradigm associated with SSI in
animals and humans is typified by transcription induction, fol-
lowed by sustained silencing of proinflammatory TNF� and
IL-1� genes (28, 43, 44). Here, we showed that chromatin
remodeling through nucleosomal positioning plays an essential
role in the transcription induction as well as silencing of proin-
flammatory genes.We found that two proximal nucleosomes at
the TNF� promoter were repositioned from native/default
locations in the basal state to permissive locations after LPS
stimulation of responsive cells and then to repressive locations
in endotoxin-tolerant cells, thus allowing and preventing
access, respectively, to the transcriptional activator NF-�B p65.
We observed that ectopic expression of RelB in LPS-responsive
cells promoted nucleosome repositioning to repressive loca-
tions, whereas RelB inhibition in tolerant cells repositioned the
same nucleosomes to permissive locations and reactivated

TNF� transcription. We further showed that the ATP-inde-
pendent chromatin remodeler NAP1 promoted nucleosome
positioning in endotoxin-responsive cells, whereas reposition-
ing in tolerant cells required the ATP-dependent BAF-remod-
eling complex. Together, these results suggest that the TNF�
promoter nucleosomes are selectively and constantly remod-
eled to promote transcription induction and silencing during
the course of SSI.
We further found that the TNF� regulatory region is occu-

pied by four positioned and regularly spaced nucleosomes in
the basal phenotype (R0 cells). Recent in vivomapping studies
have established that a large fraction of nucleosomes over pro-
moter regions tend to be well positioned and that this position-
ing appears to be largely dependent on the presence of geneti-
cally encoded nucleosome-positioning sequences (reviewed in
Ref. 3). Thus, repressed but inducible promoters may block
access to some factors critical for transcriptional initiation
depending on the sequence of the DNA in nucleosome (3). In
other words, nucleosomes may have DNA sequence prefer-
ences. Although nucleosome positioning by intrinsically flexi-
ble DNA sequences (in cis) may play a role in locating a small
subset of nucleosomes (45), recent studies have suggested that
nucleosome positions might be regulated in trans by DNA-
binding proteins (such as transcription factors) and nucleo-
some-remodeling complexes, which might override the se-
quence preferences of nucleosomes and move them to new
locations whenever needed (7, 45).

FIGURE 6. Forced expression of RelB in responsive cells induces tolerance
and silences TNF� expression. THP-1-responsive (R) cells were transfected
with pcDNA3 vector alone or with vector encoding full-length wild-type (wt)
or mutant (mut) RelB. After 24 h, cells were washed and left unstimulated (R0)
or stimulated with 1 �g/ml LPS for 1 h (R1). A, Western blot of RelB protein
after RelB transfection. B, TNF� mRNA level. RNA was isolated and analyzed by
real-time PCR. Values were normalized to glyceraldehyde-3-phosphate dehy-
drogenase mRNA level and are presented as -fold change relative to non-
transfected, unstimulated cells (assigned 1-fold). Data represent the mean �
S.E. from three experiments. *, significant difference (p � 0.05) compared with
vector alone.

FIGURE 7. Forced expression of RelB in responsive cells induces chro-
matin remodeling through repositioning promoter nucleosomes.
THP-1 cells were transfected and treated as described in the legend to Fig.
6. Chromatin was isolated and digested with MNase, and the mononu-
cleosomal DNA was isolated. A, PCR analysis of mononucleosomal DNA.
The primers used were those known (from the previous experiments) to
cover the two repositioned nucleosomes (see Fig. 4). The results represent
three experiments. B, map of the two proximal nucleosomes. R0 cells are
shown here again for comparison. Note the repositioning of nucleosomes
1 and 2 after the introduction of RelB DNA into responsive cells (compare
with Fig. 4).
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The TNF� promoter contains three NF-�B (K1, K2, and K3)
binding sites, with the K3 site indispensable for transcriptional
induction, whereas K1 has no role (36). In addition, the K2 site

contribution has been unclear.
Some studies showed that K2 con-
tributes slightly to the promoter
activity, but others suggest that it is
dispensable for the promoter activa-
tion (35, 36). Interestingly, this K2
site was open only in the basal state
(i.e. before transcription induction
by LPS) and also in transcriptionally
silenced cells, suggesting that it
might play a negative role in tran-
scription. Alternatively, it might
bind a transcription cofactor that
might recruit a remodeling complex
and promoter sequence-specific
redistribution of nucleosomes. In
this study, LPS stimulation led to
repositioning of the two proximal
nucleosomes. Nucleosome 1 was
repositioned upstream of the start
site, whereas nucleosome 2 was
repositioned to cover the K2 site,
leaving theK3 site open and nucleo-
some-free. In support of our results,
recent genome-wide studies indi-
cate that human promoters display
reduced nucleosome occupancy
(46, 47), and expressed genes often
have nucleosome-free regions at
their transcription start sites
(48, 49).
That transcription factors and

nucleosomes may compete for
binding to the same DNA sequence
has implications for regulation of
gene activity (45). The presence of
a nucleosome over the transcrip-
tion factor binding site results in
competition between the two
types of proteins. Transient disso-
ciation of nucleosomes at the pro-
moter would allow binding of
transcription factor and transcrip-
tion initiation (45). The nucleo-
some-positioning sequence-directed
arrangement of nucleosomes sup-
ports the tendency of chromatin
assembly factors to assemble his-
tone octamers in low energy binding
sites (3). This could explain the
basal nucleosome occupancy (i.e. in
R0 cells) we observed at the TNF�
promoter. The two proximal nu-
cleosomes repositioned after LPS
stimulation to different positions,

especially nucleosome 2, may depend on transcription factors
or chromatin cofactors rather than nucleosome-positioning
sequences.

FIGURE 8. NAP1 is required for LPS-induced histone variant exchange and nucleosome repositioning in
responsive cells. THP-1 cells were transfected with control or NAP1-specific siRNA. After 36 h, cells were left
unstimulated (R0) or stimulated with 1 �g/ml LPS for 1 h (R1). Chromatin was digested with MNase, and
mononucleosomes were immunoprecipitated with antibody against H2A, H2A.Z or NAP1. Mononucleosomal
DNA was extracted and analyzed. A, PCR analysis of mononucleosomal DNA. The primers used were those
known to cover the two repositioned nucleosomes (see Fig. 4). The results represent three experiments. B, map
of the histone variant H2A and H2A.Z and NAP1 binding to the two repositioned nucleosomes. Western blot of
NAP1 protein after NAP1 KD is shown (bottom).
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Importantly, we found that forced expression of RelB into
responsive cells without LPS stimulation displaced nucleo-
somes to the same repressive positions observed in tolerant
cells, whereas RelB knockdown in tolerant cells moved nucleo-

somes back to their permissive positions. We discovered that
development of endotoxin tolerance and transcription silenc-
ing depends on RelB de novo induction and promoter binding
(26, 27, 32). The current results clearly demonstrate that

FIGURE 9. The chromatin-remodeling complex BAF replaces the core histone H2A with H2A.Z variant and repositions nucleosomes in tolerant cells
depleted of RelB. THP-1 cells were transfected with control or RelB- or RelB plus BAF47-specific siRNAs and stimulated with LPS to induce tolerance. After 36 h,
cells were left unstimulated (T0) or stimulated with 1 �g/ml LPS for 1 h (T1). Chromatin was digested with MNase, and mononucleosomes were immunopre-
cipitated with antibody against H2A, H2A.Z, NAP1, or BAF47. Mononucleosomal DNA was extracted and analyzed. A, PCR analysis of mononucleosomal DNA.
The primers used were those known to cover the two repositioned nucleosomes (see Fig. 4). A map of the histone variant H2A and H2A.Z and NAP1 and BAF47
binding to the two repositioned nucleosomes is shown (below). Note the inability of nucleosomes to reposition in the absence of BAF47 expression. Western
blots of RelB and BAF proteins after KD are shown (right). B, LPS signal is required to induce p65 binding and transcription activation of TNF� in tolerant cells
after RelB knockdown. THP-1 cells were transfected with control or RelB- or RelB-specific siRNAs and stimulated with LPS to induce tolerance. After 36 h, cells
were left unstimulated (T0) or stimulated with 1 �g/ml LPS for 1 h (T1). Chromatin isolated and directly immunoprecipitated p65 antibody. DNA was extracted
and analyzed by PCR (top). We used a primer pair covering an �200-bp proximal promoter sequence that includes the K3 site that binds p65 during
transcription activation. The results represent three experiments. In the panel below, RNA was isolated and analyzed by real-time PCR. Values were normalized
to glyceraldehyde-3-phosphate dehydrogenase mRNA level and are presented as -fold change relative to unstimulated cells (T0-control KD) (assigned 1-fold).
Data represent the mean � S.E. from three experiments.

Endotoxin-induced Chromatin Remodeling

1268 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 2 • JANUARY 8, 2010



nucleosome positioning may be one mechanism by which RelB
promotes transcription silencing and tolerance. Although it is
well established that the overall stability of nucleosome
depends on its constituent DNA sequence and histone modifi-
cations (18, 50), how such stability takes place is not clearly
understood (51). Our striking finding that H3K9me2modifica-
tion always associated with stable nucleosomes, either in a
basal/silent position (R0) or in a repressive position (T0 and
T1), whereas H3K4me3 associated with permissive/open posi-
tions, suggests that histone methylation may play a role in
nucleosome positioning.We previously reported that H3K9 di-
methylation is catalyzed by G9a, which interacts with and is
recruited to the promoter by RelB (32). Since responsive cells
do not express RelB, it is unclear howH3K9me2 is generated in
responsive cells. It is likely that this chromatin mark is induced
by the histone methyltransferase SUV39h, because we found
that it is not required to maintain histone methylation in toler-
ant cells.4 In contrast to the H3K9 silencing mark, the
H3K4me3mark associated with actively transcribed genes (37)
existed on nucleosome 1 upstream of the start site in both the
activated and silenced phenotype. Together with the finding
that nucleosome 1 was never repositioned after LPS stimula-
tion, this suggests that silencing does not require this mark’s
removal. This does not exclude the possibility that H3K4me3
may contribute to transcription activation, provided that
nucleosome 2 is displaced to a permissive position (i.e. after the
RelB knockdown). This also supports conclusions (3, 52) that
nucleosome positioning on the promoter region are more
important than nucleosomes downstream of the start site.
Other reports suggest that one or more positioned promoter

nucleosome are repositioned during transcriptional activation
(e.g. during activation of IL-12 and cyclin A promoters) (53, 54).
These effects are reversible, because nucleosomes were rapidly
replaced when the genes were repressed. The emerging picture
is that histone replacement or removal requires chromatin-re-
modeling complexes and histone chaperones (3). The remod-
eling complexmay remove the normal H2A/H2B and replace it
with dimers containing the anti-silencing histone variant
H2A.Z (21). Since different remodeling complexes may have
distinct sequence preferences (55), each complex might pro-
mote a unique arrangement of promoter nucleosomes. In addi-
tion, remodeling complexes may antagonize each other by pro-
moting an opposing arrangement of nucleosomes (3). Thus,
promoters may adopt permissive or repressive nucleosome
positions, depending on the type of remodeling complex
recruited and whether specific DNA-binding proteins influ-
ence remodeling (3).
Our results suggest thatNAP1 remodels the TNF� promoter

nucleosomes from native/default positions to permissive posi-
tions after LPS stimulation of responsive cells. In contrast,
NAP1was not detected on the promoter in tolerant cells before
or after LPS stimulation. This suggests that NAP1 promoted
nucleosome repositioning in responsive cells only. NAP1 is
capable of transiently removing the histone H2A variant from
folded nucleosomes and replacing it with the H2A.Z variant

(24, 25). The presence of H2A.Z alters nucleosome stability and
is highly enriched at gene promoters both upstream and down-
streamof start sites, where its binding levels correlate positively
with transcription activity (39, 56–58). H2A.Z increases in the
nucleosome repositioned at the GAL1 promoter, contributing
to its transcription activation (57). H2A.Z/H2B dimers are less
stable than H2A/H2B dimers (59). H2A.Z-containing promot-
ers have repositioned nucleosomes, whereas promoters lacking
H2A.Z do not (57). Although this may not be the case with the
TNF� promoter (because nucleosomes in native/default posi-
tions (R0 cells) were well positioned, yet they did not have
H2A.Z), these previous studies and the current results clearly
demonstrate that transcriptionally active chromatin is depleted
in the H2A variant and that NAP1 plays an important role in
histone exchange and nucleosomal sliding (24, 60, 61). Our
finding that H2A.Z associated with H3K4me3mark suggests that
H2A.Zmay influence the epigenetic nature of the target chroma-
tin loci, as previously demonstrated (56). In addition, our results
indicated that LPS was required for histone variant exchange and
nucleosome repositioning by NAP1, because unstimulated
responsive cells had no histone variant exchange or nucleosome
repositioning despite NAP1 binding (not shown).
RelB knockdown in tolerant cells invoked a distinct mecha-

nism for nucleosome repositioning. Nucleosome repositioning
in tolerant cells required BAF complex, because BAF displaced
nucleosomes to permissive positions in tolerant cells only after
RelB knockdown, and this did not require an LPS signal.
Another novel observation of our work is that transcription of
the open promoter required an LPS signal that induced NF-�B
activation and p65 binding to the K3 site (see Fig. 9).
BAF complex is the mammalian SWI/SNF-related chroma-

tin-remodeling complex (40) where BAF47 is a core subunit.
The BAF complex uses ATPase activity of Brg1 or Brm subunit
to remodel chromatin (40, 41). Our study suggests that BAF
complex promoted nucleosome repositioning in endotoxin-
tolerant cells, because the nucleosomes remained in repressive
positions when BAF47 was knocked down, despite the inhibi-
tion of RelB.
BAF complex regulation of nucleosome remodeling and

transcription activation of other cytokines occur. The human
IL-12(p35) gene activation during dendritic cell maturation
involves selective remodeling of a single positioned promoter
nucleosome with a critical SP1-binding site (62). SP1 recruits
CREB-binding protein/p300 acetyltransferase activity and
interacts with the BAF complex (63). BAF complex control of
IFN-� transcription is reported (41), which is induced by viral
infection (64). A precisely positioned nucleosome at the IFN-�
promoter must be repositioned for such induction. The BAF
complex contacts CREB-binding protein (which assembles at
the promoter as a part of a large nuclear complex, including
NF-�B andHMGB1) to induce sliding of this nucleosome, lead-
ing to the induction of IFN-�. In our study, BAF bound the two
proximal nucleosomes in tolerant cells (where RelBwas bound)
and remained bound after RelB knockdown (Fig. 9), suggesting
that the BAF complex may be recruited independently of RelB,
probably through a chromatin cofactor.
Recently, Smale and co-workers (52) performed a genome-

wide nucleosome remodeling study using LPS-stimulated bone4 M. El Gazzar, T. Liu, B. K. Yoza, and C. E. McCall, unpublished data.

Endotoxin-induced Chromatin Remodeling

JANUARY 8, 2010 • VOLUME 285 • NUMBER 2 JOURNAL OF BIOLOGICAL CHEMISTRY 1269



marrow-derived macrophages. Their knockdown experiments
of Brg1 and Brm (the catalytic subunits of the mammalian
nucleosome-remodeling complex) suggest that promoter nu-
cleosomes of many primary response genes are differentially
remodeled, depending on the underlying DNA sequence.
Remodeling of CpG-rich promoters, including TNF�, from the
basal to the activated state, was ATP-independent, whereas
remodeling at promoters lacking the CpG island were ATP-de-
pendent and required the ATPase activity of Brg1 and Brm
subunits of the remodeling complex. CpG-rich promoters may
be unstable due to the nucleotide content and beATP-indepen-
dent during transcription activation. In our model, TNF� pro-
moter nucleosomes were remodeled in responsive cells inde-
pendently of ATP activity, in agreement with the study
described above. In tolerant cells, however, nucleosome remod-
eling was mediated by ATP-dependent BAF complex.
From the results of this study, we propose a new model of

nucleosome repositioning in gene expression coupled to
euchromatin versus heterochromatin (33). We discovered that
endotoxin tolerance generates stably but reversibly silenced
heterochromatin from “poised” euchromatin to generate epi-
genetic silencing of SSI, a process controlled by the RelB tran-
scription factor acting as a repressor (26, 32, 42).When hetero-
chromatin opens after RelB removal by knockdown or perhaps
through resolution of SSI,3 the TNF� promoter is again poised
for rapid transcription after an LPS signal recruits p65. Unlike
the basal state euchromatin and its NAP1 dependence for
nucleosome repositioning, ATP-dependent nucleosome repo-
sitioning from compacted but reversible heterochromatin
requires BAFATPase activity to reposition the nucleosome and
reopen the primary NF-�B binding site. This hypothetical
model may have implications for therapeutic interventions and
reversing the immunosuppressive epigenetically silenced state
associated with SSI.
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