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Figure 4.  VPA inhibits seizure-mediated neurogenesis by normalizing changes in gene ex-
pression. A-D, RT-PCR and Western blot analysis of DG and CA3 from saline-injected (Cont) and
KA-injected (KA) rats from 1hto 3 d (4, B). RT-PCR of DG and CA3 from control (Cont) and seizure
(KA) rats from 1-24 h (A). Representative Western blots of DG and CA3 from control (Cont) and
seizure (KA) animals from 3 h to 3 d (B). RT-PCR of DG from saline-injected (Cont) and KA-
injected animals receiving either VPA (K/V) or TSA (K/T) (1 h before treatment) and RNA har-
vested 3 and 24 h after onset of seizures (€). RT-PCR of DG from control (Cont) and KA-treated
rats with VPA (K/V), TSA (K/T), or valpromide (K/M) given 5 h after seizure onset, and RNA was
harvested 24 h later (D). GAPDH and/or 3-actin (data not shown) were used as normalization
controls, Data are representative of at least three independent experiments.

Neuronal cell death does not appear to be affected by VPA
These results indicated that VPA potently inhibited seizure-
induced, aberrant neurogenesis by normalizing HDAC-
regulated gene expression. Recent studies have suggested that
VPA has a neuroprotective effect after traumatic brain injury
(Morland et al., 2004; Ren et al., 2004). Because KA-induced
seizures result in a considerable amount of neuronal cell death
(Ben-Ari and Cossart, 2000; Bengzon et al., 2002), we next ana-
lyzed whether VPA had a neuroprotective effect after KA-
induced seizures, in addition to its inhibition of seizure-induced
neurogenesis. We stained sections from all rats of the survival
groups with Fluoro-Jade B, which labels degenerating neurons
(Schmued and Hopkins, 2000). Careful visual analysis by two
blinded investigators did not reveal any significant differences in
the amount of neuronal cell death, observed throughout the
brains of seizure animals that did or did not receive VPA injec-
tions (Fig. 5A—-D). Nevertheless, we sought unbiased, quantitative
numbers of surviving neurons. Therefore, we stereologically as-
sessed cell densities of the hippocampus in all rats that were killed
5 weeks after seizure induction. Confirming previous results, we
found decreased neuronal cell densities within the DG in all rats
that had experienced SE (Fig. 5E) (Holtkamp et al., 2005). Im-
portantly, the VPA-treated animals showed a comparable degree
of neuronal degeneration in the dentate area as the untreated
KA-injected animals (Fig. 5E, F). In addition, we did not detect
any neuroprotective effect of VPA on pyramidal cells in the cornu
ammonis (data not shown). In summary, VPA treatment did not
result in a substantial neuroprotective effect after KA-induced
seizures in the adult rat.

Improved hippocampal function in VPA-treated,

KA-injected animals

Prolonged seizure activity eventually leads to severe impairment
in cognition and in learning and memory in humans but also in
rodent models of temporal lobe epilepsy (TLE) (Stafstrom et al.,
1993; Holmes, 1997; Helmstaedter, 2002; Stefan and Pauli, 2002;
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Elger et al., 2004). VPA treatment blocked aberrant neurogenesis
after KA-induced SE and thus inhibited the excess addition of
seizure-generated granule cells into the preexisting dentate cir-
cuitry. Given this finding, we hypothesized that VPA treatment
may protect KA-treated animals from cognitive impairment by
inhibiting the addition of new, aberrant neurons to the adult
GCL. We tested all rats in the survival groups 5 weeks after seizure
induction in a hippocampus-dependent object recognition test
(Clark et al., 2000). All groups showed comparable levels of ex-
ploratory behavior (Fig. 6 A), and we found no preference for one
of the objects used in this experiment (data not shown). After a
3 h delay, a new object was introduced into the testing chamber
together with an identical copy of the familiar object. Control
animals showed a strong preference to explore the new object
within the first 30 s of exploration (Fig. 6 B). In clear contrast, rats
that had experienced KA-induced seizures spent the same
amount of time exploring the familiar object as they did explor-
ing the new object, indicating impairment in hippocampus-
dependent object memory (Fig. 6 B). Strikingly, this phenotype
was completely prevented in the VPA-treated KA-injected ani-
mals, which showed a preference toward the novel object similar
to controls (Fig. 6 B) ( p < 0.001; F = 27.3). Given this finding,
VPA treatment protected KA-injected animals from the cognitive
impairment that was detectable in untreated KA-injected animals
in a hippocampus-dependent object recognition test. Because
previous studies had shown that the increase in proliferative ac-
tivity occurred mainly during the first 14 d after SE (Parent et al.,
1997) and to strengthen the association between seizure-induced
neurogenesis and subsequent memory impairment, we re-
stricted, in a separate experiment, the duration of VPA injections
to the first 2 weeks after KA injection. Paralleling our first exper-
iment, we found a robust inhibition of seizure-induced neuro-
genesis by short-term VPA treatment (in this experiment, the
animals were killed 2 and 4 weeks after SE). Strikingly, treatment
for 14 d after SE with VPA also prevented seizure-associated
memory impairment (tested 4 weeks after SE) at a comparable
level with the long-term VPA treatment (data not shown).

Discussion

Here we show that aberrant neurogenesis induced by seizure ac-
tivity within the hippocampal circuitry was potently blocked by
the antiepileptic drug VPA. The efficacy of VPA in decreasing the
neurogenic response to seizure activity appeared to be mediated
by VPA-induced inhibition of HDACs and subsequent normal-
ization of HDAC-dependent gene expression. Strikingly, animals
that had experienced SE, but received VPA treatment, did not
show seizure-associated cognitive impairment in a hippocampus-
dependent object recognition test.

After decades of controversy, the finding that new neurons are
added into the hippocampal circuitry throughout life is now
broadly accepted (Gage, 2002). However, the functional signifi-
cance of adult neurogenesis remains unclear (Kempermann,
2002; Schinder and Gage, 2004). Supporting a functional role for
physiologically generated new granule cells is the finding that
ablation of new neurons with cytostatic drugs or irradiation cor-
relates with impairment in some hippocampus-dependent learn-
ing tasks (Shors et al., 2001, 2002; Snyder et al., 2005), although
the specificity of the above-mentioned ablation techniques
(Monje et al., 2002) is subject to controversy within the field of
adult neurogenesis (Dupret et al., 2005). Interestingly, seizure
activity within the hippocampal formation induces the formation
of new granule cells, apparently without having a beneficial effect
on learning and memory. Given this finding, it has been specu-
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Figure 6.  Seizure-associated cognitive impairment is prevented by VPA treatment. 4, B,
Although the total exploration time was comparable between all groups (4), KA-challenged
animals did not show a preference for the new object 3 h after the presentation of the initial
objects (B). VPA treatment prevented this phenotype, and KA-challenged animals that received
VPA injections showed the same level of preference for the new objects as controls did. *p <
0.01.

lated that new neurons generated in response to epileptic activity
may contribute to the pathological consequences of SE rather
than represent an attempt by the injured brain to replace lost cells
(Parent, 2002; Parent and Lowenstein, 2002). What distinguishes
seizure-induced neurogenesis from physiological neurogenesis?
Furthermore, might certain antiepileptic drugs modulate
seizure-induced neurogenesis?

Seizure activity leads to increased proliferative activity of
DCX-positive dividing cells, presumably representing commit-
ted neuroblasts (Jessberger et al., 2005). Currently, the conse-
quences of increased activity of DCX-positive cells remain to be
characterized (Jessberger et al., 2005). Nevertheless, this abnor-
mal activation of late progenitors was completely absent in rats
treated with the antiepileptic drug VPA. Furthermore, the hilar
extension of basal dendrites arising from seizure-generated gran-
ule cells was prevented by VPA treatment of KA-injected animals.
Previous studies suggested that extensive basal dendrites might
contribute to recurrent excitatory circuits interfering with nor-
mal synaptic transmission (Ribak et al., 2000; Dashtipour et al.,
2003; Overstreet-Wadiche et al., 2006; Shapiro and Ribak, 2006).

In striking contrast to the KA and pilocarpine rat and mouse
model of TLE that are all associated with dramatic morphologic
changes of seizure-induced granule cells (Parent et al., 1997;

Seizure-induced cell death in the dentate area s not affected by VPA treatment. A-D, Fluoro-Jade B staining of saline
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Scharfman et al, 2000; Overstreet-
Wadiche et al., 2006; Shapiro et al., 2006),
Jakubs et al. (2006) recently reported that
granule cells that are born after SE induced
by electrical stimulation are less excitable
than granule cells born in running rats.
Jakubs and colleagues speculated that de-
creased excitability of seizure-induced
cells might be an attempt of the injured
brain to restore brain homeostasis. The
reasons for the discrepancy between their
findings (regular morphology) and other
reports (extensive changes in granule cell
morphology after SE) remain unknown
but might be explained by the different
seizure models used in the respective
studies.

Besides the normalization of seizure-
associated morphological changes after
KA-induced seizures, we found a signifi-
cant reduction in the number of seizure-
generated neurons in VPA-treated ani-
mals. This effect of VPA appeared to be
mainly mediated by inhibition of seizure-
induced cell proliferation. Indeed, the
cyclin-dependent inhibitor p21WAF1/CIP1 is a common target
induced by short-chain fatty acid HDAC inhibitors such as VPA
and sodium butyrate (Gurvich et al., 2004) and is rapidly induced
with VPA treatment after KA treatment (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material). Previ-
ously, our group reported that VPA and other HDAC inhibitors
have the ability to block adult hippocampal neural progenitor cell
proliferation and promote neuronal and suppress glial differen-
tiation, respectively (Hsieh et al., 2004). The mechanism of VPA
as an antiepileptic has remained elusive (Owens and Nemeroff,
2003). Two possible models to explain the nature of its effects on
blocking aberrant neurogenesis include a direct versus indirect
mode of action. An example of an indirect course of action is that
VPA blocks seizure activity, possibly through the modulation of
GABA levels, and the reduction of seizure activity and/or recur-
rent seizures leads to the decrease in aberrant neurogenesis. We
think that several arguments speak against the explanation that
VPA injections simply reduce initial seizure activity. First of all,
we injected the first VPA dose 5 h after the onset of SE. At that
time, behavioral seizure activity had already been terminated.
Previous studies also showed that even milder seizures induce the
maximum amount of neurogenic cell proliferation (Mohapel et
al., 2004). Second, our EEG data suggested that VPA does not
significantly alter seizure strength or frequency in seizure rats
compared with saline controls early after KA injection.

Thus, we favor the alternative model: the actions of VPA di-
rectly inhibit HDACs and normalize changes in gene expression
after seizures. Among the numerous genes that change after sei-
zure induction (Elliott et al., 2003; Majores et al., 2004), it was
reported recently that, after pilocarpine-induced SE, changes in
two NRSF-regulated neuronal genes, GluR2 and BDNF, could be
prevented by the HDAC inhibitor TSA (Huang et al., 2002). Be-
cause there is also a rapid induction of NRSF mRNAs in the
hippocampus after seizures (Palm et al., 1998), NRSF may func-
tion as a context-dependent regulator of gene expression in both
neurons and non-neuronal cells. Immunohistochemistry exper-
iments revealed detectable levels of NRSF in the dentate granule
cell layer of adult rat hippocampus (supplemental Fig. 2, available
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at www.jneurosci.org as supplemental material). The specific cell
types that differentially express NRSF after seizure activity re-
main unknown. Nevertheless, modulation of NRSF expression
and/or activity [i.e., by small noncoding RNAs matching the
same sequence as the NRSF binding site called NRSE smRNAs
(Kuwabara et al., 2004)] could be a critical event in seizure-
mediated neurogenesis. Additional experiments are needed to
determine whether NRSF gene expression and/or NRSF protein
activity become dysregulated after SE and whether VPA and
other HDAC inhibitors act on the expression of NRSF itself,
which in turn might affect downstream target genes or act di-
rectly on the expression of NRSE-containing neuronal genes. In
fact, a recent study has found that VPA treatment could signifi-
cantly reduce seizure-induced expression of two immediate early
genes, c-fos and c-Jun, reinforcing the idea that VPA belongsto a
class of antiepileptic drugs that normalizes the expression of
seizure-induced genes (Szot et al., 2005). What might be the re-
sult of aberrant seizure-induced gene expression? Simplified, two
features reflecting human pathology are associated with the KA
rodent model of human TLE: epileptogenesis (the occurrence of
spontaneous seizures after a latent period) and cognitive impair-
ment (Helmstaedter et al., 2003). Altered gene expression within
mature hippocampal neurons but also aberrant gene expression
that results in disturbed neurogenesis may be responsible for
these two consequences of prolonged epileptic activity within the
hippocampal circuitry. Here we report that VPA treatment ro-
bustly prevented seizure-induced neurogenesis and protected
animals that had experienced SE from seizure-associated impair-
ment in a hippocampus-dependent learning task. To assess hip-
pocampal function, we used an object recognition task with a
time interval between the presentation of a new object relative to
the familiarization that depends on intact hippocampal function
in rodents (Clark et al., 2000). Rats that had experienced KA-
induced SE showed a severe impairment in this test. This finding
was in striking contrast to the performance of SE animals that had
received VPA injections. Interestingly, it has been reported pre-
viously that patients with TLE display deficits in recognition
memory (for review, see Elger etal., 2004). In addition, a previous
study showed the prevention of cognitive impairment after KA-
induced seizures by VPA treatment using the Morris water maze
(Bolanos et al., 1998). Therefore, the inhibition of aberrant
seizure-induced neurogenesis and the morphological normaliza-
tion of neurons that were generated in response to SE by VPA
treatment might at least partially explain the observed protection
from seizure-associated cognitive impairment. At this point, we
cannot determine the relative impact of the increased numbers or
altered morphology of seizure-generated neurons on cognitive
performance after SE.

Given the variety of cellular and molecular changes after SE, it
is clear that KA-induced aberrant neurogenesis is not the sole
cause of cognitive impairment associated with seizure activity.
Therefore, ongoing studies will address the functional conse-
quences of seizure-generated neurons on a single-cell level and
the effects of aberrant neurons on hippocampal synaptic trans-
mission. In addition, future ablation studies will further charac-
terize the relative contribution of seizure-induced neurogenesis
to impaired learning and memory after SE.
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Toll-like receptors trigger the induction of
primary response genes via MyD88-mediated
activation of NF-xB and other transcription
factors. These factors then act in concert
with primary response gene products to
induce secondary response genes. Although
the MyD88 pathway is important for the
expression of both primary and secondary
response genes, we show that the recruitment
of NF-xB, RNA polymerase, and the
TATA-binding protein is MyD88-dependent
only at secondary response genes. This
selective dependence correlates with the fact
that MyD88 is required for nucleosome
remodeling and histone H3K4 trimethylation
at secondary response promoters, whereas
rapidly induced primary response promoters
are assembled into poised
MyD88-independent chromatin structures.
At a subset of secondary response promoters,
IxB( was identified as a selective regulator of
H3K4 trimethylation and pre-initiation
complex assembly after nucleosome
remodeling. These mechanistic distinctions
advance our understanding of the diverse
molecular cascades that wunderlie the
differential regulation of pro-inflammatory
genes.

Toll-like receptor (TLR)-dependent
recognition of microbial components controls
immune responses through the activation of
innate  immunity and the subsequent
development of antigen-specific adaptive
immunity (1-3). Excessive activation of innate
immunity has been shown to be associated with
several. immune disorders (4,5). Therefore,
TLR-mediated innate immune responses are
finely controlled through the regulation of
signaling cascades and the modulation of gene
induction (5-7). TLR-mediated signaling
consists of at least two pathways--a
MyD88-dependent pathway and a
TRIF-dependent pathway. In contrast to the
selective rtole of TRIF in TLR3- and
TLR4-mediated responses, MyD88 acts
downstream of almost all TLRs to promote the
activation of a broad range of pro-inflammatory
and anti-microbial genes (8).

One gene that is induced in response to TLR
signaling is Nfkbiz, which encodes a nuclear IxB
family member, IkB{ (9-11). Because Nfkbiz
expression is induced rapidly in the absence of
new protein synthesis, it is considered to be a
primary response gene. Newly synthesized
IxB( protein then triggers the induction of a
subset of TLR-dependent secondary genes
through the modulation of NF-xB activity (12).
Thus, in IkB(-deficient mice, rapidly induced
primary response genes, including Cxci2, Cxcll,
and [/23a, were activated normally (13). In
contrast, impaired expression was observed with
a subset of secondary response genes that, in
wild-type mice, are induced at relatively late
times after TLR stimulation, including 1125, 116,
and Len2 (13).

Copyright 2008 by The American Society for Biochemistry and Molecular Biology, Inc.
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Although the mechanism by which
IkB( regulates secondary response genes is not
known, accumulating evidence has
demonstrated that chromatin structure plays a
critical role in gene activation and suppression
in cells of the immune system (14-18). Two
main mediators, ATP-dependent nucleosome
remodeling complexes and histone-modifying
enzymes, help regulate chromatin structure
(19-23). ATP-dependent chromatin
remodeling complexes use the energy of ATP
hydrolysis to disrupt histone-DNA interactions,
whereas histone-modifying enzymes alter the
N-terminal tails and core domains of histones to
regulate the activation and suppression of
transcription. Among  these  histone
modifications, which include acetylation,
methylation, ubiquitination, and sumoylation of
lysine residues, methylation of specific lysine
residues of histones H3 and H4 is well
associated with gene activation or suppression.
Of particular relevance to the current study, di-
and tri-methylation of H3 Lys4 (H3K4) are
generally found at genes that are competent for
activation, with H3K4 trimethylation often
linked to active transcription (24,25).

Initial evidence that chromatin structure may
be critical for the differential regulation of
primary and secondary response genes
following TLR stimulation was provided in an
influential study by Saccani and Natoli (26).
Specifically, chromatin immunoprecipitation
(ChIP) experiments revealed that NF-xB
associates rapidly with rapidly induced primary
response genes, but much more slowly with
genes induced with delayed kinetics. Saccani
and Natoli hypothesized that the association of
NF-xB was delayed because changes in
chromatin structure at this latter class of genes
must precede NF-kB binding and transcriptional
activation (26,27). More recently, this
hypothesis received support from studies of the
SWI/SNF family of ATP-dependent nucleosome
remodeling complexes (28).
SWI/SNF-dependent nucleosome remodeling
was found to be important for the activation of
secondary response genes and a subset of
primary response genes induced with delayed
kinetics. However, nucleosome remodeling by
SWI/SNF complexes was not necessary for
induction of rapidly induced primary response
genes. Further analysis of chromatin structure
using a restriction enzyme accessibility assay
revealed inducible nucleosome remodeling at
the promoters of secondary response and late

primary response genes, with constitutively
accessible chromatin observed at the promoters
of early primary response genes. However, the
contributions of specific signaling pathways and
transcription factors to the differential regulation
of primary and secondary response genes were
not examined. ’

The importance of TLR signaling through
MyD88 for the induction of a broad range of
genes raises the intriguing question of whether
the MyD88-dependent pathway makes similar
or different contributions to the activation of
primary and secondary response genes. The
selective role of the primary response gene
product IxB( in regulating a subset of secondary
response genes is equally intriguing, as, a priori,
it must carry out a function that is not required
for the activation of primary response genes.
IxB{ could therefore be essential for
nucleosome remodeling at a subset of secondary
response genes or could catalyze another
chromatin-related event that is not necessary for
primary response gene activation.

In this study, we found that, in murine
macrophages responding to LPS through TLR4,
MyD8S8 is required for the recruitment of NF-xB
p65, RNA polymerase II (pol II), and the
TATA-binding protein (TBP) to secondary
response promoters. However, because of
redundancy with the TRIF-dependent pathway,
MyD88 was not required for the recruitment of
these factors to primary response promoters,
although it is essential for efficient induction of
primary response gene transcription. At the
secondary response promoters, MyD88 was also
essential for nucleosome remodeling and histone
H3K4 trimethylation, whereas primary response
promoters were assembled into constitutively
open chromatin structures in unstimulated cells,
with  pre-existing H3K4  trimethylation.
Surprisingly, although the function of IxkB{ was
restricted to secondary response genes, it was
not necessary for nucleosome remodeling at
these genes, but rather was important for H3K4
trimethylation and pre-initiation complex
assembly downstream of the remodeling event.

Experimental procedures

Antibodies and Mice- Antibodies against NF-kB
p65 (C-20) (sc-372), Pol II (H-224) (sc-9001)
and TFIID (TBP) (SI-1) (sc-273) were
purchased from Santa Cruz. Antibodies to
trimethyl-histone H3 (Lys4) (07-473) and
SNF2p/BRG1 (07-478) were purchased from
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Upstate Biotechnology. Polyclonal anti-IkB{
Ab was obtained by immunizing rabbit with a
recombinant protein containing the N-terminal
region of murine IxB( (1-380 aa).

Myd88", Trif", and Nfkbiz" mice were
generated as described previously (13,29). All
animal experiments were conducted in
accordance with the guidelines of the Animal
Care and Use Committee of Kyushu University
and Osaka University.

Stable cell lines-RAW 2647 cells were
transfected with pcDNA 3.1 (+)-Flag-IxBC.
The cells resistant to G418 were selected in the
presence of 0.4mg/ml G418 and cloned.
Expression of IkB{ mRNA was determined by
real-time RT-PCR and expression of Flag-IkB{
protein was monitored by Westemn blotting using
anti- M2 monoclonal Ab (Sigma).

Cell  culture- For isolation peritoneal
macrophages, mice were intraperitoneally
injected with 2ml of 4% thioglycollate medium
(Sigma). Peritoneal exudate cells were isolated
from the peritoneal cavity 3 days post injection.
Cells were incubated for overnight and washed
PBS. Remaining adherent cells were used as
peritoneal macrophages for the experiments.
To prepare bone marrow-derived macrophages,
bone marrow cells were prepared from femora
and passed through nylon mesh. Then, cells
were cultured in RPMI 1640 medium
supplemented with 10% FCS, 100 pM 2ME,
and 30% supernatants of cultured L cells.
After 6 days, the cells were used as
macrophages for experiments. Macrophage cell
line RAW 264.7 cells and J774 cells were
maintained in RPMI 1640 medium containing
10% FCS, 100 pM 2ME. Peritoneal
macrophages, bone marrow-derived
macrophages and RAW 264.7 cells were
stimulated with E. coli O55:B5 LPS (Sigma).
Quantitative real-time RT-PCR- Total RNA was
isolated with TRIzol reagent (Invitrogen), and
1-2 ug of RNA was reverse transcribed using
M-MLV reverse transcriptase (Promega) and
random primers (Toyobo) after treatment with
RQl1 DNase 1 (Promega). Quantitative
real-time PCR was performed on an ABI 7000
(Applied Biosystems) using TagMan Universal
PCR Master Mix (Applied Biosystems). All
data were normalized to the corresponding gene
Eeflal encoding elongation factor-la (EF-1a)
or 18S rRNA expression, and the fold difference
relative to the EF-1a or 18S rRNA level was
shown. Amplification conditions were: 50°C
(2 min), 95°C (10 min), 40 cycles of 95°C (15 s),

and 60°C (60 s). Primers of 18S ribosomal
RNA, Cxcl2, 1123a, Tnf, Lcn2, and Nfkbiz were
purchased from Assay on Demand (Applied
Biosystems). Sequence for Eeflal, 11125, 16,
and Cxcll are follows: FEeflalprobe,
5’-gcacctgagcagtgaagccagetget-37; forward
primer, 5’-gcaaaaacgacccaccaatg-3’; reverse
primer, 5’-ggcctggatggttcaggata-3°. /112b probe,
5’-ctgcagggaacacatgcccacttg-3’; forward primer,
5’-gctcaggatcgctattacaat-3’;  reverse  primer,
5’-tcttccttaatgtcttccact3’. 16 probe,
5’-ccttettgggactgatgetggtgaca-3’; forward
primer, 5’-ctgcaagagacttccatccagtt-3’; reverse
primer;  5’-aagtagggaaggccgtggtt-3°.  Cxcll
probe,  5’-ttgccctcagggececcactg-3’;  forward
primer, 5’-caagaacatccagagcttgaaggt-3’; reverse
primer, 5’-gtg gctatgacticggtttgg-3°.

Chromatin immunoprecipitation assay-
Peritoneal macrophages, bone marrow-derived
macrophages, or RAW264.7 cells were
stimulated with 100ng/ml LPS for the indicated
periods. Chromatin was cross-linked by 1%
formaldehyde at room temperature for 10 min.
The cells were scraped after washed with PBS
and centrifuged at 3000 rpm, and then the pellet
was resuspended in SDS buffer (50 mM
Tris-HCI (pHS8.0), 10 mM EDTA, 0.5% SDS).
Chromatin was sonicated eight times with 30
sec pulses, centrifuged at 14000 rpm to remove
debris, diluted 5-fold with ChIP dilution buffer
(16.7 mM Tris-HCI, 167 mM NaCl, 1.2 mM
EDTA, 1.1% Triton-X) supplemented with
protease inhibitor, and precleared with salmon
sperm DNA/protein A agarose (Upstate).
Diluted chromatin was immunoprecipitated at
4°C ovemight, immune complexes were
absorbed with salmon sperm DNA/protein A
agarose beads, and washed one time with low
salt buffer (20 mM Tris-HCI (pH8.1), 150 mM
NaCl, 0.1% SDS, 1% Triton-X, 2 mM EDTA),
high salt buffer (20 mM Tris-HCI (pHS.1), 500
mM NaCl, 0.1% SDS, 1% Triton-X, 2 mM
EDTA), LiCl Buffer (10 mM Tris-HCI (pHS8.1),
0.25 M LiCl, 1 mM EDTA, 1% deoxycolic acid,
1% NP-40), and two times with TE buffer (10
mM Tris-HC1 (pH8.1), | mM EDTA). Immune
complexes extracted in elution buffer (1% SDS,
100 mM NaHCO;), was incubated for 4 h at
65°C to revert DNA-protein cross-links. Then,
the DNA was extracted by incubation in
proteinase K (final 50 pg/ml) buffer for 1 h at
45°C. The purified DNA was used in PCR to
assess the presence of target sequences.
Promoter-specific primer was designed to
include NF-kB binding site.  Sequence of
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primers are 5’-caacagtgtacttacgcagacg-3’ and
5’-ctagetgeetgecteattctac-3°  in the  Cxel2

promoter, 5’-ctgagcactggagactctgaag-3’ and
5’-gctgggatcatggtgctgtgtt-3°  in  the Cxcll
promoter, 5’-gccacttcctccaagaac-3’ and
5’-tttggaaagttggggacacc-3’ in the Trf promoter,
5’-atccaaagccctgggaatgtc-3’ and
5’-gggtagtccatcctttaccaa-3 in the Len2 promoter,
5’-agtatctctgectecttectt-3° and
5’-gcaacactgaaaactagtgtc-3° in  the [112b

promoter, 5’-agaagagtgctcatgcttc-3’ and
5’-agctacagacatccccagtcte-3’ in the /76 promoter,
5’-gapatggccttgcatgaggat-3° and
5’-gccagagtctcagtcttcaac-3°  in  the iNOS
promoter. Chromatin immunoprecipitation using
J774 cells with reduced expression of
BRG1/BRM was performed essentially as
described (28). In brief, J774 cells (7.5 x 10%/
well) were seeded in six-well plates, and were
transduced with eitherr empty vector or
BRG1/BRM shRNA vector. The BRG1/BRM sh
RNA targets a conserved region between BRG1
and BRM mRNAs
(TGGAGAAGCAGCAGAAGAT). The cells
were infected via spin infections on consecutive
days at 2500 rpm for 1.5h and at 30 °C. After
the second spin infection, puromycin (3 pg/ml)
selection was started. The enrichment of
transduced cells was followed by flow
cytometry, and RNAi-mediated depletion was
monitored by western blot. For chromatin
immunoprecipitation experiments, BRGI/BRM
RNAi-depleted cells and control cells were
stimulated and crosslinked five days after the
first spin infection.

Nuclei preparation-Peritoneal macrophages or
bone marrow-derived macrophages were
stimulated with 10 pg/ml LPS for the indicated
periods. Cells were scraped and pelleted at
1500 rpm.  Cells were washed once with PBS.
The cell pellet was resuspended in NP-40 lysis
buffer (10 mM Tris-HC1 (pH7.4), 10 mM NaCl,
3 mM MgCl,, 0.5% NP-40, 0.15 mM spermine,
and 0.5 mM spermidine) and incubated on ice
for Smin. Nuclei were pelleted at 1000 rpm,
followed by washing with RE buffer (10 mM
- Tris-HCI (pH7.4), 50 mM NaCl, 10 mM MgCl,,
02 mM EDTA, 02 mM EGTA, 1 mM
B-Mercaptoethanol, 0.15 mM spermine, 0.5 mM
spermidine).

Restriction  enzyme  accessibility  assay-
Restriction enzyme accessibility assay was
performed essentially as described (30,31).
Isolated cell nuclei and restriction enzyme
(100U) (Z/12b promoter and enhancer: Spel, /i6

promoter: AfIIl) were incubated for 15 min at
37 °C. Reactions were stopped by adding
proteinase K buffer (100 mM Tris-HCI (pHS.5),
200 mM NaCl, 5 mM EDTA, 0.2% SDS, 100
ng/ml proteinase K), incubated overnight at
56 °C, followed by genomic DNA isolation.
Purified DNA (10-15 ug) was digested to
completion to generate reference cleavage
products using the following restriction
enzymes: Kpnl and Sphl for the ///2b promoter
and enhancer, Xbal and Spel for //6. Samples
were analyzed by Southern blotting with
2p_labeled gene-specific probes designed at the
following regions, /112b promoter (+64 to +437),
1112b enhancer (-8711 to -9113), /l6 promoter
(-544 to -1043).

RESULTS

Different roles of MyD88 at primary and
secondary response genes. To understand how
the MyD88 pathway contributes to the
regulation of primary and secondary response
genes, we compared LPS-stimulated wild-type
and Myd88™ macrophages. In the mutant cells,
the expression of a large number of primary and
secondary response genes is known to be
severely  reduced, despite an intact
TRIF-dependent pathway (1). For this study,
the Cxcl2, Cxcll, and Tnf genes (encoding MIP2,
GRO1, and TNF-a respectively) were
monitored as examples of primary response
genes, which are induced ' rapidly
(Supplementary Fig. S1A) in the absence of a
requirement for new protein synthesis (based on
resistance to cycloheximide [CHX]) (28).. The
Lcn2, 1112b, and 116 genes (encoding lipocalin 2,
IL-12 p40, and IL-6, respectively) were used as
examples of secondary response genes, which
are induced  with  delayed  kinetics
(Supplementary Fig. SIB) in a CHX-sensitive
manner (28). Although expression of all seven
genes was greatly reduced in AMyd88”"
macrophages, residual induction was observed
with the four primary response genes. This
induction was  largely eliminated in
Myd88" Trif " macrophages (Supplementary Fig.
S1C).

To determine how the absence of MyD88
signaling alters the cascade of events leading to
transcription initiation, chromatin
immunoprecipitation (ChIP) experiments were
performed. At the Lcn2 secondary response
promoter, the recruitment of the NF-xB p65
subunit, pol II, and TBP was greatly reduced in
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LPS-stimulated peritoneal macrophages from
Myd88" mice, when compared to macrophages
from wild-type mice (Fig. 1A). Remarkably,
these same factors were recruited nonnally to
the Cxcl2 primary response promoter in Myd88

macrophages, with only a modest delay in p65
recruitment and perhaps more transient
association of pol II (Fig. 1B). Consistent with
previous findings (26), factor recruitment was
observed at earlier time points at the primary
response promoter than at the secondary
response promoter. Similar results were
obtained using bone marrow-derived
macrophages (data not shown). Importantly,
recruitment of p65, pol I, and TBP to the Cxch
promoter was eliminated in Myd88’ Trtf
macrophages (Fig. 1C), consistent with previous
evidence that NF-xB actlvatnon by LPS is only
modestly delayed in Myd88 macrophages but
eliminated in MyD88” Trif" macrophages (29).

These findings suggest a hypothesis in which
MyD88 is essential for a change in chromatin
structure at secondary response promoters that
must precede the binding of NF-xB and the
assembly of a transcription pre-initiation
complex. However, at primary response
promoters, pre-initiation complex assembly is
relatively unperturbed because (1) these genes
possess a poised MyD88-independent chromatin
structure in unstimulated cells, and (2) the
TRIF-dependent pathway can support NF-xB
activation in the absence of MyDS88. It is
1mp0rtant to emphasme that Cxch transcription
is severely reduced in Myd88" macrophages
(Supplementary Fig. 1A), despite the efficient
recruitment of p65, pol II, and TBP to the Cxci2
promoter. Possible reasons primary response
genes require the MyD88 pathway for efficient
induction are  considered below (see
Discussion).

MyD88-dependent H3K4 trimethylation and
nucleosome remodeling at secondary response
promoters. To test the above hypothesis, we
evaluated the importance of MyD88 for the
chromatin changes that accompany gene
activation in LPS-stimulated macrophages.
Trimethylation of histone H3K4 was first
examined because of its close association with
transcriptionally active genes (23,32,33). At
the promoters of two representative primary
response genes, Cxcl2 and Cxcll, ChIP
experiments revealed constitutively high H3K4
trimethylation in  unstimulated wild-type
macrophages, with no significant change
following LPS stimulation (Fig. 2A). These

results are consistent with previous evidence
that early primary response promoters possess
constitutively  acetylated  histones  and
constitutively open chromatin structures (28).
Importantly, similar H3K4 mmethylatlon levels
were observed at these promoters in Myd88"
macrophages (Fig. 2A).

In contrast to the constitutive H3K4
trimethylation observed at the primary response
promoters, this modification was strongly
induced in LPS-stimulated wild-type
macrophages at the promoters for two
representative secondary response genes, Lcn2
and [II12b (Fig. 2B). Significantly, the
LPS-induced H3K4 trimethylation observed at
these promoters was MyD88-dependent. We
further examined nucleosome remodeling at the
1112b promoter using a Southern blot-based
restriction enzyme accessibility assay (28,31).
As previously demonstrated, strong increases in
restriction enzyme cleavage efficiency were
observed following LPS stimulation in
wild-type macrophages (Fig. 2C) (28).
However, restriction enzyme cleavage was
greatly reduced in Myd88" macrophages (Fig.
2C). Taken together, the results in Figs. 1 and
2 strongly suggest that NF-xB, TBP, and pol II
cannot associate with the promoters of
secondary response genes, in LPS-stimulated
macrophages from Myd88” mice because the
MyD88 pathway is required for LPS-induced
H3K4  trimethylation and  nucleosome
remodeling at these promoters. In contrast, the
recruitment of NF-xB, TBP, and pol II to
primary response promoters does not depend on
MyD88 because these promoters are assembled
into poised chromatin structures in unstimulated
cells.

IxB{ mediates the activation of a subset of
secondary response genes. The above results
suggest that, although the TRIF pathway can
support NF-xB actlvatlon in LPS-stimulated
macrophages from Myd88" mice, TRIF cannot
support the activation of one or more factors
that act prior to nucleosome remodeling and
H3K4 trimethylation at MyD88-dependent
secondary response promoters. Thus, a
MyD88-specific  target is essential for
nucleosome remodeling and H3K4
trimethylation at these promoters. It is
noteworthy that LPS-induced remodeling at a
collection of secondary response promoters was
previously found to require new protein
synthesis (28). This previous finding suggests
that the MyDS88 target of interest may be a
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primary response gene product, as opposed to a
transcription factor whose activity is induced
post-translationally in response to TLR4
signaling.

One primary response gene product that is an
attractive candidate for contributing to the
activation of a subset of secondary response
genes is the nuclear IxB protein, IkB(, encoded
by the Nfkbiz gene. As described previously,
expression of a subset of secondary response
genes is impaired in Nfkbiz” macrophages,
whereas primary response genes are expressed
normally (Supplementary Fig. S2A, B) (13).

To gain further insight into the importance of
IxB( for the expression of secondary response
genes, IkBC was constitutively overexpressed in
the RAW264.7 macrophage line. When
IxB was present at the time of LPS stimulation,
three IxkBC-dependent secondary response genes,
Len2, 1112b, and 116, were induced more rapidly
than in control RAW264.7 cells (Supplementary
Fig. S2C). Consistent with the more rapid
induction in the presence of -constitutively
expressed IkBE, ChIP assays revealed that the
association of p65, pol II, and TBP reached a
detectable level at the Lcn2 promoter more
rapidly than in control cells (Fig. 3A). In
contrast, the kinetics of factor recruitment to the
Cxcl2 primary response promoter was
unchanged (Fig. 3B). Importantly, histone
H3K4 trimethylation was also induced more
rapidly at the Lcn2 promoter following LPS
stimulation of the IkB(-expressing cells (Fig.
3C), whereas the constitutive H3K4
trimethylation observed at the Cxc/2 promoter
remained unchanged (Fig. 3D). These findings
are consistent with a model in which IxkB( plays
a major role in the changes in chromatin
structure that are associated with the induction
of IxB{-dependent secondary response genes.

IxkB{-dependent H3K4 trimethylation at
secondary  response  promoters. To
complement the IxB( gain-of-function
experiments, loss of function experiments were
performed  with  bone  marrow-derived
macrophages from Nfkbiz” mice. Strikingly,
although the constitutive H3K4 trimethylation at
three representative primary response promoters
was comparable in wild-type and Nfkbiz”
macrophages (Cxcl2, Cxcll, Fig. 4A; Tnf, data
not shown), the inducible H3K4 trimethylation
observed in wild-type macrophages at the
promoters of three IxkB(-dependent secondary
response promoters was greatly reduced in
Nfkbiz" cells (Len2, 1112b; Fig. 4B, 116; data not

shown). Furthermore, the recruitment of
NFxB p65, pol II and TBP was greatly
diminished at secondary response promoters in
Nfkbiz” cells (Lcn2, IlI2b; Fig. 4D, II6;
Supplementary _ Fig. S3), whereas the
recruitment of these proteins to promoters of
primary  response  or _ IkBz-independent
secondary response genes was unaffected (Cxcl2,
Tnf, or iNOS Fig. 4C and Supplementary Fig.
S4). These results are consistent with the
gain-of-function results and support the view
that IxBC is a selective major regulator of
chromatin structure and pre-initiation complex
assembly at IkB{-dependent secondary response
genes.

To determine whether IxB( directly regulates
IxkB&-dependent genes, ChIP experiments were
performed. The results revealed that IkB(
associates with the ///2b and Jl6 promoters in
LPS-stimulated macrophages (Fig. 5). The
kinetics of binding was similar to that observed
with two other factors previously shown to
associate with these control regions, BRG1 and
C/EBPB (28). It is important to note that, in
addition to its association with the promoters of
IkBC-dependent  genes, inducible IxB(
association was observed in our hands at a
recently described enhancer for the 1772 gene
(Fig. 5), as well as at the promoters for a
number of primary response genes that do not
require IkB{ for expression (data not shown).
Thus, although the analysis of Nfkbiz”
macrophages provides strong evidence that
IkB{ is selectively required for H3K4
trimethylation and for the recruitment of p6S5,
TBP, and pol II to a subset of IkB{-dependent
secondary response genes, IkB{ associates with
other LPS-induced genes with no apparent
functional consequences.

IxkB/{-independent nucleosome remodeling at
secondary response promoters.  As shown
previously (28) and in Fig. 2C, nucleosome
remodeling by ATP-dependent remodeling
complexes is generally required for the
activation of secondary response genes
following LPS stimulation. To determine
whether IkB{is required for nucleosome
remodeling at IkB{-dependent genes, we first
used a ChIP assay to monitor recruitment of the
BRG1 catalytic subunit of the SWI/SNF
remodeling complexes. Following LPS
stimulation, BRG1 was found to associate with
representative IxB{-dependent genes (//6 and
Len2 in Fig. 6A and /I6 and /1125 in Fig. 6B).
Interestingly, this inducible association was
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eliminated in Myd88" macrophages, but was
retained in Nfkbiz” macrophages (Fig. 6).
These results suggest that IkB( acts downstream
of the remodeling event, with another MyDg88
target required for remodeling. In contrast to
the results obtained with secondary response
genes, BRGI associated constitutively with the
Cxcl2 primary response promoter (Fig. 6), as
previously described, even though BRGI is not
important for the induction of this and other
primary response genes (28). This constitutive
association was retained in both Myd88” and
Nfkbiz" cells (Fig. 6).

To further evaluate the role of IxkB({ in
nucleosome remodeling, restriction enzyme
accessibility experiments were performed.
Consistent with the BRG1 ChIP data, the
LPS-induced increases in restriction enzyme
cleavage observed at the //12b enhancer, 1112b
promoter, and //6 promoter, were comparable in
wild-type and Nfkbiz” macrophages stimulated
with LPS (Fig. 7A). Finally, to determine
whether IxB{ association with secondary
response genes requires nucleosome remodeling,
BRGI1 and the closely related BRM catalytic
subunits of the SWI/SNF remodeling complexes
were depleted from J774 macrophages using a
retrovirus that expresses an siRNA targeted to a
conserved region of BRG1 and BRM (28). In
cells with reduced BRGI1/BRM expression,
LPS-induced recruitment of IxB{ to the //6 and
Lcn2 promoters and the /112b enhancer was
reduced compared with control cells, whereas
recruitment to the constitutively open Cxc/2 and
Tnf promoters was unchanged (Fig. 7B).
These findings indicate that nucleosome
remodeling is required for the efficient
recruitment of IxB{ to the transcriptional
control regions of secondary response genes.

DISCUSSION

The results described in this study highlight
the diverse mechanisms by which chromatin
structure, signal transduction pathways, and
transcription factors can control the activation of
a large panel of inducible pro-inflammatory
genes expressed by macrophages following
TLR4 stimulation. At one key class of genes
that is induced rapidly in the absence of new
protein synthesis — the early primary response
class — the promoters appear to be assembled
into chromatin structures that are poised for
activation. In unstimulated cells, these
chromatin structures consist of high histone

acetylation and H3K4 trimethylation levels and
high accessibility to nuclease cleavage (26,28).
After macrophage activation, the chromatin
structure remains largely unchanged, but NF-xB
rapidly associates with the promoters and
presumably contributes to the rapid assembly of
a pre-initiation complex containing TBP and pol
1L Pre-initiation complex assembly in
response to TLR4 signaling does not specifically
require MyD88 because of its redundancy with
TRIF. However, MyD88 is critical for the
efficient induction of primary response gene
transcription. It is possible' that reduced
expression of primary response genes in
Myd88" cells is due to earlier shut-down of
transcription. But there might be another
unknown mechanism, since the MyD88 effect is
just as strong at the 1 hr time point.

Although secondary response genes can be
induced quite rapidly after TLR4 stimulation,
their mechanism of activation is dramatically
different. In unstimulated macrophages,
secondary response promoters are usually
assembled into chromatin structures that are
inaccessible to nuclease cleavage and exhibit
low levels of histone acetylation and H3K4
trimethylation (26,28). Substantial changes in
chromatin structure are therefore required for
transcriptional activation (27). One critical
event appears to be the remodeling of
nucleosomes by ATP-dependent nucleosome
remodeling complexes of the SWI/SNF family.
A previous study showed that nucleosome
remodeling at the promoters of secondary
response genes requires new protein synthesis
(28). The results of the current study show that
MyD88 pathways are also required for
nucleosome remodeling. Although IkB({ was
an attractive candidate for a MyD88-dependent
primary response gene product that might drive
nucleosome remodeling at a subset of secondary
response genes, our results strongly suggest that
other MyD88-dependent primary response. gene
products carry out this critical function. IkB(
instead plays an important role downstream of
the nucleosome remodeling step, but prior to the
binding of NF-xB p65, TBP, and pol II, and
prior to histone H3K4 trimethylation (Fig. 8).

The precise physiological reasons for the
evolution of these diverse pro-inflammatory
gene activation pathways are not known.
‘However, one important consequence is the
capacity to regulate different subsets of genes
with greater selectivity. Indeed, many of the
primary response gene products may function
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properly only if activated rapidly and if
produced at an appropriate level. For example,
TNF-a and IL-1p are cytokines that trigger a
series of inflammatory and host defense
responses, and when produced in excess, they
induce serious multiple organ failure (34).
Other primary response gene products, the
MIP-2 and GROI chemokines, mediate the
recruitment of neutrophils during an acute phase
of inflammation (35).

The rapid induction of many early primary
response genes may therefore be of considerable
benefit during the initiation of an immune
response. At the same time, the need to
overcome a nucleosome barrier may provide
important benefits for secondary response genes,
by allowing them to be activated with a higher
degree of selectivity by different stimuli and in
different biological scenarios. Consistent with
this hypothesis, only a subset of secondary
response genes require [kBE for activation,
whereas other transcription factors presumably
carry out the same functions at other subsets of
secondary response genes. In fact, our results
provide evidence that the nucleosome barrier
can confer a requirement for at least two
transcription factors that are not generally
required by early primary response genes.
That is, at least one MyD88 target gene must be
required for inducible nucleosome remodeling
by SWI/SNF complexes, with IkB{ or its
equivalent functioning at a later stage of the
gene activation cascade to promote pre-initiation
complex assembly and histone H3K4
trimethylation. In this context, it is interesting
to note that IxB{-dependent secondary response
gene products include cytokines and
chemokines that are involved in the regulation
of T cell-mediated immune responses: IL-12
p40 is a key subunit of the IL-12 and IL-23
heterodimeric cytokines, which are critical to
Thl and Thl7 development, respectively (36),
and IL-6 has recently been shown to be essential
for initiation of Th17 cell development (37).
Other IxB¢-dependent secondary response gene
products, such as Ebi3, IL-18 and TARC (13),
also regulate Th1/Th2/Thl17 cell-mediated
immune responses (38-42). Therefore, the
nucleosome barrier for secondary response
genes may have evolved to ensure tight
regulation of adaptive immunity during TLR
signaling.

Although the results of this analysis provide a
framework toward understanding the differential
regulation of pro-inflammatory genes, a number

of important mechanistic questions remain to be
answered. First, why is MyD88 required for
primary response gene activation, despite the
efficient recruitment of p65, TBP, and pol II to
primary rtesponse promoters in Myd88"
macrophages? A likely explanation is that
these genes require a direct target of the MyD88
signaling pathway that remains to be
characterized. However, an alternative is that
the moderately delayed induction of NF-xB
somehow disrupts transcriptional activation.

A second unanswered question is, what
primary response gene products and MyD88
target genes are responsible for inducible
remodeling at IkB(-dependent secondary
response genes, as well as other subsets of
secondary response genes? This question has
been especially difficult to answer.  IkB(
appeared to be an ideal candidate because its
regulatory functions are restricted to secondary
response genes. However, we were unable to
find evidence implicating IxB( in the regulation
of nucleosome remodeling. Analyses of
several other primary response gene products
for a possible role in the regulation of
nucleosome remodeling at secondary response
genes have also yielded negative results (V.R.C.
and S.T.S., unpublished data). As an
alternative to the candidate-gene approach, it
may be possible to identify DNA sequence
elements in secondary response promoters that
are required for inducible nucleosome
remodeling, which may lead to the critical
transcription factors. However, it will first be
necessary to develop an assay in which
secondary response promoters assemble into a
native chromatin structure that depends on a
nucleosome remodeling event for transcriptional
activation.

A third unanswered question is how IxB(
contributes to the recruitment of NF-xB p65
complexes, TBP, and pol II, and how it
facilitates histone H3K4 trimethylation. A
previous study provided evidence that IkB( is

_recruited to target promoters by NF-kB p50

homodimers (13). One possibility is that the
binding of p50 homodimers recruits
IxB( through a direct interaction, which then
recruits a p65-containing dimer to a different
NF-kB site, or to the same site through dimer
exchange. The p65 dimer could then act in
concert with other transcription factors bound to
the promoter to recruit TBP and pol II and
facilitate H3K4 trimethylation and transcription
initiation. Other possible mechanisms of IxB(
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function must also be considered, such as a
direct role in the recruitment of an H3K4
methyltransferase.

The importance of chromatin for the
differential regulation of TLR-dependent genes
was recently highlighted in an elegant analysis
of the negative regulation of the inflammatory
response (18). Further dissection of the
diverse mechanisms underlying these key
regulatory events will help elucidate the
molecular basis of immune disorders caused by
abnormal activation of innate immunity.
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Figure legends

Fig. 1. MyD88-dependent regulation of primary and secondary response genes.

Peritoneal macrophages from wild-type, Myd88™ and Myd88" Trif " mice were stimulated
with 100 ng/ml LPS for the indicated periods, and chromatin immunoprecipitation (ChIP) assay
was performed with antibodies to NF-xBp65, pol I, or TBP. The immunoprecipitated Len2
promoter (A) or Cxcl2 promoter (B, C) was analyzed by PCR with promoter-specific primers.
PCR amplification of the total input DNA in each sample is shown (Input). Representative of
five independent experiments. The same result was obtained when bone marrow-derived
macrophages were used.

Fig. 2. MyD88-dependent nucleosome remodelin; of secondary response promoters.
Peritoneal macrophages from wild-type and Myd88™ mice were stimulated with 100 ng/m! LPS
for the indicated periods, and chromatin immunoprecipitation (ChIP) assay was performed with
anti-trimethyl-Histone H3 (Lys4) Ab (Me3-H3K4). Precipitated DNA for the Cxci2 promoter,
Cxcll promoter (A), Len2 promoter or 11125 promoter (B) was analyzed by PCR.
Representative of two independent experiments. (C) Bone marrow macrophages from wild type
and Myd88™ mice were stimulated with 10 pg/ml LPS for the indicated periods. Restriction
enzyme accessibility assay at /1 2b promoter region using nuclei from bone marrow
macrophages.

Fig. 3. IkB{-mediated activation of secondary response gene promoters. RAW264.7 cells
stably expressing IkB( were treated with 100 ng/ml LPS for the indicated periods, then used for
ChIP assay with antibodies to NF-xBp65, pol II, or TBP. (A, B), or anti-trimethyl-H3 (Lys4) Ab
(C,D). The immunoprecipitated Lcn2 promoter (A, C) or Cxcl2 promoter (B, D) was analyzed
by PCR with promoter-specific primers.

Fig. 4. Impaired trimethylation of histone H3 Lys4 and pre-initiation complex assembly at
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secondary response promoters in Nfkbiz’" macrophages. (A, B) Chromatin prepared from
wild-type and Nfkbiz” bone marrow-derived macrophages treated with 100 ng/ml LPS for the
indicated periods was immunoprecipitated with antibody against trimethyl-histone H3 (Lys4).
Precipitated DNA was analyzed by PCR with promoter-specific primers for Cxcl2, Cxcll (A),
Len2 , and 11125 (B).  Representative of three independent experiments.  (C, D) Peritoneal
macrophages from wild-type and Nfkbiz" mice were stimulated with 100 ng/ml LPS for the
indicated periods, then chromatins were prepared and immunoprecipitated with antibody against
NF-kBp6S5, pol II, or TBP.  Precipitated DNA was analyzed by PCR with promoter-specific
primers for Cxcl2, Tnf(C), Len2, and I112b (D).  The results are representative of three
independent experiments.

Fig. 5. Recruitment of IxB( and BRG1 to the same control regions of the //]2b and /6 loci.
J774 cells were stimulated with LPS for 0, 30, and 240 min, and chromatins were prepared and
precipitated with antibodies against BRG1, IkB{ and C/EBPP. Precipitated DNA samples
were amplified using primer pairs specific to the indicated regions relative to the ///2b and 116
transcriptional start site.

Fig. 6. MyD88-dependent, but IkB{-independent, recruitment of BRG1 to secondary
response promoters. Bone marrow-derived macrophages from wild-type, Myd88™ (A) and
Nfkbiz" (B) mice were stimulated with 100 ng/ml LPS for the indicated periods. Then,
chromatins were prepared and precipitated with anti-BRG1 Ab. Precipitated DNA samples
were amplified using promoter-specific primers for Cxci2 (A, B), 1I6 (A, B), Lcn2 (A), and
11126 (B).

Fig. 7. Nucleosome remodeling at secondary response gene regulatory reglons in the absence
of [kBL. (A) Bone marrow-derived macrophages from wild-type and Nfkbiz" mice were
stimulated with 10 pg/ml LPS for the indicated periods. Restriction enzyme accessibility
assay at the //12b enhancer (upper), //12b promoter (middle), /6 promoter (bottom) regions
were performed. (B) ChIP assay was performed with chromatin prepared from J774 cells
infected with the empty RNAI vector (white bars) and from BRG1/BRM siRNA-depleted cells
(black bars) treated with LPS for 0 and 240 min.  Antibodies against kB¢ and BRG1 were
used. Precipitated DNA was quantified by real-time PCR using primers specific for the
indicated control regions. Data were plotted relative to input DNA (% Input).

Fig. 8. Schematic model of primary and secondary response gene activation pathway.

Early primary response gene promoters have open nucleosome structures and are activated
immediately after LPS stimulation. In contrast, secondary response gene promoters have closed
nucleosome structures, and are remodeled through an unknown primary response gene product
(X)-dependent recruitment of the SWI/SNF complexes, including BRG1. Then, another primary
response gene product, IkBL, mediates pre-initiation complex assembly and histone H3K4
trimethylation, resulting in activation of the secondary response genes.
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