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Innate immune responses to bacterial or viral infection require rapid transition of large cohorts of inflammatory
response genes from poised/repressed to actively transcribed states, but the underlying repression/derepression
mechanisms remain poorly understood. Here, we report that, while the nuclear receptor corepressor (NCoR) and
silencing mediator of retinoic acid and thyroid hormone receptor (SMRT) corepressots establish repression
checkpoints on broad sets of inflammatory response genes in macrophages and are required for nearly all of the
transrepression activities of liver X receptors (LXRs), they can be selectively recruited via c-Jun or the Ets repressor
Tel, respectively, establishing NCoR-specific, SMRT-specific, and NCoR/SMRT-dependent promoters. Unexpect-
edly, the binding of NCoR and SMRT to NCoR/SMRT-dependent promoters is frequently mutually dependent,
establishing a requirement for both proteins for LXR transrepression and enabling inflammatory signaling
pathways that selectively target NCoR or SMRT to also derepress/activate NCoR/SMRT-dependent genes. These
findings reveal a combinatorial, corepressor-based strategy for integration of inflammatory and anti-inflammatory

signals that play essential roles in immunity and homeostasis.
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Inflammation is an adaptive host response that serves to
direct the immune system and tissue repair processes to
sites of infection and injury. Although inflammation
normally resolves following elimination of infectious or
traumatic stimuli, sustained inflammation can result in
the induction or amplification of numerous chronic
disease states that include atherosclerosis, insulin re-
sistance, neurodegenerative disease, cancer, and autoim-
mune disorders. At a cellular level, genes that mediate
inflammatory responses must be kept tightly repressed
under normal conditions, but must also be rapidly and
highly induced in the setting of infection or injury. Many
of these genes are under the transcriptional control of
signal-dependent transcription factors that include mem-
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bers of the nuclear factor kB (NFkB), activator protein 1
(AP1), and interferon regulatory factor (IRF) families of
transcription factors (Karin and Greten 2005). The activ-
ities and/or expression of these factors can be induced by
a large number of receptor systems, including pattern
recognition receptors for pathogen-associated molecules,
and receptors for cell-derived inducers of inflammation,
such as IL18, TNFq, and interferons (Akira and Takeda
2004). Upon activation, NFkB, AP1, and IRF proteins are
capable of inducing the expression of hundreds of genes in
diverse cell types that initiate and amplify inflammatory
processes and promote the development of acquired im-
munity (Li and Verma 2002; Honda and Taniguchi 2006).

Recent studies have suggested that maintenance of at
least some proinflammatory genes in a poised but re-
pressed state in the absence of signal requires active
repression by corepressor complexes that contain the nu-
clear receptor corepressor (NCoR) or the related silencing
mediator of retinoic acid and thyroid hormone receptors

GENES & DEVELOPMENT 23:681-693 © 2009 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/09; www.genesdev.org 681



Ghisletti et al.

(SMRT) (Hoberg et al. 2004; Ogawa et al. 2004; Perissi
et al. 2004; Pascual et al. 2005). NCoR and SMRT were
initially identified based on their ability to bind unli-
ganded retinoic acid and thyroid hormone receptors and
to mediate active repression of their respective target
genes through the recruitment of additional corepressor
molecules that include histone deacetylases (HDACsS)
(Chen and Evans 1995; Horlein et al. 1995; Guenther
et al. 2000). In addition to nuclear receptors, NCoR and
SMRT can exert repressive effects via interactions with
numerous other transcription factors, including AP-1
proteins (Lee et al. 2000; Zhang et al. 2002), ETO-1/2
(Lutterbach et al. 1998; Wang et al. 1998), NF-kB (Lee
et al. 2000; Baek et al. 2002; Perissi et al. 2004), and Ets
proteins (Chakrabarti and Nucifora 1999; Guidez et al.
2000; Wang and Hiebert 2001). Consistent with this,
analysis of NCoR-deficient macrophages revealed that
NCoR acts to repress subsets of NF-kB and AP-1-dependent
genes that regulate inflammation, cell migration, and
collagen catabolism (Ogawa et al. 2004). Similarly, clear-
ance of SMRT was found to be a requirement for NF«B-
dependent activation of the cIAP-2 and IL-8 genes in
DU145 cells in response to integrin attachment (Hoberg
et al. 2004).

Recent studies indicate that NCoR complexes are not
only required for active repression of inflammatory target
genes in the absence of stimulus, but are also essential for
ligand-dependent transrepression of at least some of these
genes by the nuclear receptors PPARy and liver X recep-
tors (LXRs). Inhibition of lipopolysaccharide (LPS) activa-
tion of the iNOS gene by PPARy and LXR agonists in
macrophages and inhibition of IL18 activation of the CRP
gene in hepatocytes by LXR agonists was found to result
from their ability to prevent signal-dependent clearance
of NCoR complexes from the promoters of these genes
(Pascual et al. 2005; Blaschke et al. 2006; Ghisletti et al.
2007). LXRs and PPARYy have important biological roles
as mediators of anti-inflammatory signaling pathways,
but the global extent to which NCoR and/or SMRT
contribute to these activities is unknown.

Although NCoR and SMRT share a common molecular
architecture and form similar complexes, genetic de-
letion of either protein results in embryonic lethality,
indicating that they cannot fully compensate for each
other during development. Studies of NCoR™/~ and
SMRT /= embyos indicate that NCoR is required for
CNS, erythrocyte, and thymocyte development, while
SMRT is required for cardiac development and mainte-
nance of neural stem cells (Jepsen et al. 2000, 2007, 2008).
The extent to which these biological requirements reflect
distinct patterns of expression and/or are due to different
interactions with transcriptional repressors is not known.
SMRT and NCoR also differ in their response to kinase
pathways that regulate their function. SMRT is regulated
by MEKK1 and IKKe, leading to its redistribution from
the nuclear to the cytoplasmic compartment (Hong and
Privalsky 2000; Hoberg et al. 2004; Jonas and Privalsky
2004). In contrast, NCoR can be negatively regulated by
the Akt and MEKK1/TAB2 pathways (Baek et al. 2002;
Hermanson et al. 2002). The extent to which NCoR and
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SMRT exert overlapping or distinct roles in the regulation
of inflammatory programs of gene expression remains
largely undefined.

Here, we report combinatorial roles of NCoR and
SMRT in the regulation of broad sets of inflammatory
response genes in macrophages and demonstrate that
they are required for nearly all of the transrepression
activities of LXRs. Unexpectedly, both NCoR and SMRT
are required to establish stable corepressor complexes on
a large subset of these genes. As a consequence, both
NCoR and SMRT are required for LXR transrepression of
these genes. Conversely, this class of genes can also be
derepressed by signals that selectively target NCoR or
SMRT. Combinatorial interactions between NCoR and
SMRT thus provide a widely used corepressor-based
strategy for integration of inflammatory and anti-inflam-
matory signaling pathways.

Results

NCoR and SMRT are globally required for LXR
transrepression in macrophages

NCoR and SMRT are highly expressed in a variety of
macrophage subtypes and cell lines, exemplified by
elicited peritoneal macrophages, fetal liver-derived mac-
rophages, and the RAW264.7 macrophage cell line (Sup-
plemental Fig. S1A,B). LXRa and LXRp are also expressed
in each of these macrophages, and mediate repression of
LPS responses to LXR-specific ligands such as GW3965
(Figs. 1A, 2C; Supplemental Fig. S1C). To evaluate the
relative roles of NCoR and SMRT in LPS responses and
LXR-dependent transrepression pathways, gene-expres-
sion profiling experiments were performed using fetal
liver-derived macrophages from NCoR~/~ or SMRT '~
embryos, comparing each knockout macrophage to con-
trol macrophages derived from wild-type embryos from
the same litter. Although NCoR~/~ and SMRT '~ macro-
phages exhibited quantitative differences in expression
levels of a number of macrophage-specific genes (e.g.,
Supplemental Fig. S2), the response of each knockout
macrophage to LPS treatment was similar to that of the
corresponding wild-type control as assessed by gene
expression profiling (Fig. 1A). Considering the 200 most
highly LPS-inducible, GW3965-sensitive genes for each
wild-type macrophage, NCoR was required for nearly all
of the inhibitory function of GW3965, while inhibition of
~40% of the LPS-inducible/GW3965-sensitive genes re-
quired SMRT (Fig. 1A).

The strain-specific, wild-type macrophages used as
controls for NCoR ™/~ or SMRT '~ macrophages exhibited
quantitative differences in the degree of induction of
specific genes observed in response to LPS, as well as
differences in the total number of genes induced. These
differences are consistent with the distinct genetic back-
grounds of the mouse strains that are required to main-
tain viability of knockout embryos to at least embryonic
day 17. However, 195 genes were identified that were
induced >3.5-fold by LPS in the wild-type cells corre-
sponding to each knockout and that were also repressed
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Figure 1. NCoR and SMRT are globally required for LXR

transrepression. (A) Relative expression of the 200 most highly
LPS-inducible, GW3965-sensitive genes in macrophages derived
from fetal livers of wild-type (WT), NCoR~/~ (KO), and SMRT "/~
(KO) embryos under control conditions and after 6 h of LPS
treatment in the absence or presence of LXR ligand (GW3965,
GW 1 pM). Wild-type littermate embryos were used to derive
control macrophages for each genotype. The NCoR-dependent
or SMRT-dependent genes are color-coded in blue in each
experiment. The NCoR-independent or SMRT-independent
genes are color-coded in red in each experiment. (B) Venn
diagram indicating relationships between LPS-inducible,
GW3965-sensitive genes with respect to NCoR and SMRT
dependence. The red sector respresents NCoR-specific genes,
the blue sector SMRT-specific genes, and the green sector
NCoR/SMRT-dependent genes. (C) GO analysis of the NCoR-
specific and NCoR/SMRT-dependent sets of genes for selected
biological process annotations.

by >50% by GW3965 (Fig. 1B; Supplemental Table T1).
Nearly all of these genes (193 out of 195) required NCoR
and/or SMRT for the repressive effects of GW3965. The
majority of these genes (106 out of 195) exhibited loss of
transrepression primarily in the NCoR KO, and are
referred to as NCoR-specific. A small subset (seven out
of 195) exhibited loss of transrepression primarily in
SMRT '~ macrophages and are referred to as SMRT-
specific. Surprisingly, a significant fraction of LXR-sensitive
genes (80 out of 195) required both NCoR and SMRT for
the inhibitory actions of GW3965 and are referred to as
NCoR/SMRT-dependent.

NCoR/SMRT checkpoints in TLR signaling

Gene ontology (GO) analysis of the NCoR-specific and
NCoR/SMRT-dependent sets of genes for biological pro-
cess annotations revealed significant enrichment for
general inflammation and immunity terms such as “de-
fense response,” for both categories of genes, as expected
(Fig. 1C). However, more specific annotations were dif-
ferentially distributed among the three categories. For
example, the GO terms “taxis” and chemotaxis were
selectively enriched in the NCoR/SMRT-dependent
group of genes and terms related to RNA metabolism
and angiogenesis were selectively enriched in the NCoR-
specific group of genes (Fig. 1C).

Validation of the gene-expression analysis by quantita-
tive PCR confirmed the identification of three subsets of
inflammatory response genes, exemplified by the NCoR-
specific gene Mmp13, the SMRT-specific gene 1112b, and
the NCoR/SMRT-dependent gene Ccl?2 (Fig. 2A,B). This
validation was extended by Q-PCR analysis of multiple
additional genes belonging to these three categories
(Supplemental Fig. S3; data not shown). To determine
whether these gene-specific corepressor requirements for
LXR transrepression identified in fetal liver macrophages
were also required in other types of macrophages, siRNA
knockdown experiments were performed in elicited peri-
toneal macrophages. LXR transrepression of Mmp13 was
selectively impaired by the NCoR-specific siRNA, trans-
repression of I112b was selectively impaired by knock-
down of SMRT, and transrepression of CclI2 was impaired
by knockdown of either NCoR or SMRT, consistent with
results obtained in SMRT '~ and NCoR ™/~ macrophages
(Supplemental Fig. S4; knockdown efficiencies for all
siRNA experiments are shown in Supplemental Fig.
S13). In addition to being inhibited by GW3965, the LPS
response of each of these genes was also repressed by
a distinct synthetic LXR ligand (T1317), as well as by the
natural LXR ligands 22R hydroxycholesterol and 24,25
epoxycholesterol (Fig. 2C).

A common transrepression mechanism on
NCoR-specific, SMRT-specific, and
NCoR/SMRT-dependent genes

The observation that transrepression mediated by LXRs
required either NCoR or SMRT and that about half of the
LPS-inducible LXR-sensitive genes required both core-
pressors raised the questions whether NCoR and/or
SMRT dependence correlated with NCoR and/or SMRT
promoter occupancy. Chromatin immunoprecipitation
(ChIP) experiments in primary macrophages confirmed
this to be the case. NCoR but not SMRT was present
under basal conditions on the NCoR-specific Mmp13
promoter, SMRT but not NCoR was recruited on the
SMRT-dependent [112b promoter, and both corepressors
were found to be present on the NCoR and SMRT-
dependent Ccl2 promoter (Fig. 2D). This pattern
was confirmed for several other NCoR-specific, SMRT-
specific, and NCoR/SMRT-dependent promoters (Supple-
mental Fig. S5).

The initial description of the LXR transrepression
pathway based on studies of the inducible nitric oxide
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Figure 2. Expression profiles and promoter occupancy of

NCoR- and SMRT-dependent target genes. (A,B) Expression
profiles of NCoR-specific (Mmp13), SMRT-specific (I112b), and
NCoR/SMRT-dependent genes (Ccl2) analyzed by Q-PCR in
wild-type, NCoR™~, or SMRT/~ macrophages. Cells were
treated with DMSO (white bars) or with LPS (1 wg/mL) for 6 h
in the absence (black bars) or presence of LXR ligand (GW3965, 1
wM, gray bars) in wild-type versus NCoR ™/~ (A) or wild-type
versus SMRT/~ macrophages (B). (*) P < 0.05 versus LPS; (**)
P < 0.05 versus GW3965 + LPS wild type. (C) Effects of natural
and synthetic LXR ligands (1 pM GW3965, 1 pM T1317, 5 uM
22R hydroxycholesterol, and 5 pM 24,25 epoxycholesterol) on
LPS responses. (D) Promoter occupancy of the target genes des-
cribed in A and B as evaluated by ChIP analysis. Primary macro-
phages were untreated (black bars) or treated with LPS (1 pg/mL)
or GW3965 + LPS as indicated for 1 h. ChIP assays were
performed with an antibody against NCoR or SMRT or con-
trol IgG. Immunoprecipitated DNA was analyzed by real-time
PCR using primers specific for the indicated promoters. (*) P <
0.01 versus control; (**) P < 0.05 versus LPS. Results are ex-
pressed as the average of three independent experiments. Error
bars represent standard deviations.

synthase (iNOS) gene identified several biochemical
features in addition to the requirement for NCoR that
included: (1) the requirement for SUMOylation of LXR,
(2) the localization of LXR to target promoters, and (3)
the prevention of NCoR clearance in response to LPS
(Ghisletti et al. 2007). To determine whether SUMOylation
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is required for repression of each class of promoter,
siRNAs were used to knockdown expression of Ubc9,
the sole SUMO E3 ligase, in primary macrophages. This
resulted in loss or reduction of GW3965-dependent in-
hibition of the responses of Mmp13, Ccl2, and I112b to
LPS treatment (Supplemental Fig. S6A). Similar results
were observed for Il1a, I11b, and 1118 (data not shown).
ChIP experiments further documented recruitment of
LXR to the Mmpi13, Ccl2, and 1112b promoters in re-
sponse to GW3965 treatment (Supplemental Fig. S6B).
Finally, NCoR and/or SMRT were cleared upon LPS
stimulation and treatment with LXR ligand prevented
corepressor clearance (Fig. 2D). Thus, a common,
SUMOylation-dependent mechanism appears to operate
on each class of promoters and the gene-specific func-
tional requirements for NCoR and SMRT for LXR trans-
repression are in accord with their gene-specific promoter
occupancy under basal conditions.

c-Jun recruits NCoR to AP1 sites on NCoR-specific
promoters

The findings that NCoR and SMRT bind to and regulate
both distinct and common inflammatory response genes
raised the question of how the two corepressors discrim-
inate between different promoters. To address this ques-
tion, Mmp13, 1112b, and Ccl2 were chosen for further
study, based on the extensive knowledge regarding their
cis-regulatory elements (diagrammed in Figs, 3B,E, 6A
[below]) and their respective occupancy by NCoR only,
SMRT only, or by both NCoR and SMRT. To investigate
the mechanism by which NCoR was recruited to the
Mmp13 gene, we first characterized the NCoR-binding
region by ChIP-QPCR experiments using primers span-
ning the proximal region of the Mmp13 promoter. Figure
3A shows that NCoR binds to a region between the
transcription start site and —100 base pairs (bp) that has
been shown previously to contain a functionally impor-
tant AP1 site and an ETS site (ETS-A) that binds ETS
activators (Pendas et al. 1997; Tardif et al. 1997; Solis-
Herruzo et al. 1999; de la Torre et al. 2005). Mutation of
each of these sites abolished responsiveness of the
Mmp13 promoter to LPS (Fig. 3B). In contrast, mutation
of the AP-1 site, but not the ETS-A site, abolished binding
of NCoR to the Mmp13 promoter under basal conditions
(Fig. 3C). These results agree with previous studies in-
dicating that c-Jun is an essential factor for the recruit-
ment of NCoR to the Mmp9 promoter (Ogawa et al.
2004). We further confirmed that a member of the AP1
transcription factor family, c-Jun, and NCoR are both
present on the Mmp13 promoter in primary macrophages
and that, upon LPS stimulation, there is an exchange of
c-Jun/NCoR corepressor complexes for c-Jun/c-Fos acti-
vator complexes (Supplemental Fig. S7A). Interestingly,
API consensus sequences are highly enriched in NCoR-
dependent proinflammatory promoters identified by the
microarray study, including Ccl4, Cxcl10, Cxcl2, Cxcl9,
and iNOS (Supplemental Table S1). ChIP experiments
confirmed the presence of c-Jun on five of five of NCoR-
specific target genes tested (Supplemental Fig. S8A).



Furthermore, knockdown c-Jun using specific siRNAs
impaired NCoR recruitment on all these target genes
(Supplemental Fig. S8B), suggesting a general role of c-Jun
in mediating recruitment of NCoR to NCoR-specific
promoters.

TEL recruits SMRT to ETS sites of SMRT-specific
promoters

We next evaluated the molecular mechanism by which
SMRT is recruited to the II12b promoter. By ChIP
analysis using primers tiling the proximal region of the
I112b promoter, SMRT was found to be recruited to
a region between —10 bp and —250 bp from the transcrip-
tion start site (Fig. 3D). This region has previously been
demonstrated to contain ISRE, NF«kB, C/EBP, and ETS
elements (Murphy et al. 1995; Plevy et al. 1997; Gri et al.
1998; Sanjabi et al. 2000, 2005; Wang et al. 2000; Bradley
et al. 2003; Maruyama et al. 2003; Zhu et al. 2003).
Mutation of each of these sites individually reduced,
but did not abolish, promoter responsiveness to LPS
(Fig. 3E), consistent with previous studies (Murphy et al.
1995; Plevy et al. 1997; Wang et al. 2000; Maruyama et al.
2003; Zhu et al. 2003). Intriguingly, mutation of the NF-
kB and ETS sites not only resulted in reduced responsive-
ness to LPS, but also abolished LXR transrepression (Fig.
3E). ChIP experiments evaluating the binding of SMRT to
the wild-type and mutant I112b promoters revealed that
mutation of the ETS and kB sites completely abolished
SMRT recruitment (Fig. 3F). These results provide an
explanation for the loss of LXR transrepression of the
residual promoter activity of I112b promoters containing

A D
P ChIP-NCoR Mmp13 promoter o5, CHIP-SMRT /172 promoter
o —®-cnl T 5| — Bt o
—e—LPS ;\ 4| ——LPS [

Enrichment
vs INPUT
co o oo

AR
Enrichment

0.
0.
03| —+—1ga ," \
0.
0.

r { - ot+% =
3
,j’c £ P & 4 @:@ Dj:,t‘r‘j' ~ A T ;‘(a B
F P & F -l A
52 53 o am 10 70
B {emsal{ apt [Humprane 2 st |-icrz10e
100G
12 O dmso 90 5 O dmso
10 uLPS 80 m LPS
o GWALPS £ 70 . B GW4LPS

Fold Induction

o M & O ®

& 2 S
< S &
6‘?' @‘o
c 10 ChIP - NCoR Mmp13 promoter FD

W NCoR

o

=]
o
=3
[o]

Enrichment
vs INPUT
e ©
o 9

Enrichment
vs INPUT

NCoR/SMRT checkpoints in TLR signaling

mutations in the ETS and NF«B motifs (Fig. 3E), and
indicate that SMRT recruitment to the I112b promoter is
dependent on these sites.

Previous studies demonstrated that IRF1 and IRF8 are
recruited to the ETS site on the I112b promoter upon
IFNy and LPS stimulation in macrophages (Wang et al.
2000), but factors present on this site under basal con-
ditions that could serve to recruit SMRT are not known.
ETS proteins form one of the largest families of signal-
dependent transcription regulators, mediating cell pro-
liferation, differentiation, and tumorigenesis. Most of
the known ETS proteins have been shown to activate
transcription, but a subset can act as transcriptional

Figure 3. NCoR is recruited to an AP-1 site in the Mmp13
promoter, and SMRT is recruited to an ETS site in the II12b
promoter. (A). NCoR occupancy of the Mmp13 proximal pro-
moter region evaluated by ChIP assay. Primary macrophages
were untreated (solid square) or treated with LPS (1 pg/mL, solid
circles) for 1 h. ChIP assays were performed with an antibody
against NCoR and control IgG. Immunoprecipitated DNA was
analyzed by real-time PCR using primers that amplified the
indicated regions of the Mmp13 promoter. (B) AP1 and ETS
mutations abolished LPS induction of the Mmp13 promoter.
RAW264.7 cells were transfected with luciferase reporter genes
driven by the wild-type (WT) Mmp13 promoter or Mmpl3
promoters with mutant AP1 or ETS sites. Twenty-four hours
after transfection, cells were treated with DMSO (white bars) or
with LPS (1 wg/mL) for 12 h in the absence (black bars) or
presence of LXR ligand (GW3965, 1 uM, gray bars). (*) P < 0.05
versus LPS wild type. (C) The AP1 site is necessary for NCoR
recruitment on the Mmp13 promoter. RAW cells were trans-
fected with the wild-type or indicated mutant Mmp13-luciferase
vectors. ChIP assays were performed with an antibody against
NCoR and control IgG. Immunoprecipitated DNA was analyzed
by real-time PCR using primers designed to amplify a region
across the junction of the luciferase reporter coding region and
the Mmp13 promoter. (*) P < 0.01 versus wild type. (D) SMRT
occupancy of the I112b proximal promoter region evaluated by
ChIP assay. Primary macrophages were untreated (solid square)
or treated with LPS (1 pg/mL, solid circles). ChIP assay was
performed with an antibody against SMRT and control IgG.
Immunoprecipitated DNA was analyzed by real-time PCR using
primers that amplified the indicated regions of the I112b
proximal region. (*) P < 0.05 versus LPS. (E) LXR transrepression
is impaired by ETS and NF«kB mutations of the I112b promoter.
RAW264.7 cells were transfected with luciferase reporter genes
driven by the wild-type (WT) I112b promoter or I112b promoters
in which the ETS, NFkB, C/EBP, or ISRE sites were mutated.
Twenty-four hours after transfection, cells were treated with
DMSO (white bars) or with LPS (1 pg/mL) for 12 h in the absence
(black bars) or presence of LXR ligand (GW3965, 1 pM, gray
bars). (*) P < 0.05 versus LPS wild type. (F) The B and ETS sites
are necessary for SMRT recruitment to the I112b promoter.
RAW cells were transfected with the indicated wild-type or
mutant I112b-promoter/luciferase vectors, and ChIP assays were
performed with an antibody against SMRT and control IgG.
Immunoprecipitated DNA was analyzed by real-time PCR using
primers designed to amplify a region between the luciferase and
the proximal promoter region. (*) P < 0.05 versus wild type.
Results are expressed as average of three independent experi-
ments. Error bars represent standard deviations.
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repressors (Mavrothalassitis and Ghysdael 2000). In addi-
tion, members of the IRF family have been shown to be
able to bind to ETS sites and in particular IRF2 has been
proposed to act as a repressor (Masumi and Ozato 2001).
IRF2 and the ETS repressors METS and TEL are expressed
in macrophages, and were therefore evaluated for their
potential roles in recruiting SMRT to the I112b promoter.

ChIP experiments demonstrated that TEL, but not
METS or IRF2, specifically bound to the I112b promoter
in unstimulated macrophages, and that this recruitment
was dependent on the ETS and NF«B sites (Fig. 4A,B). In
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Figure 4. SMRT is recruited to the II1712b promoter through
TEL (A) TEL binds specifically to the I112b promoter. ChIP
analysis for binding of TEL, IRF2, and METS to the II12b
promoter was performed with untreated (gray bars) and LPS-
treated (black bars) primary macrophages using TEL, IRF2, and
METS antibodies or control IgG (*) P < 0.05 versus IgG. (B) The
kB and Ets sites are necessary for TEL binding to the I112b
promoter. RAW cells were transfected with the indicated wild-
type and mutant I112b-luciferase reporter plasmids. ChIP assay
was performed with antibody against TEL and control IgG.
Immunoprecipitated DNA was analyzed by real-time PCR using
primers designed to amplify a region between the luciferase and
the proximal promoter region. (*) P < 0.01 versus wild-type. (C)
TEL and SMRT are present in the same complex on II12b
promoter as shown by ReChIP assay done in primary macro-
phages. (*) P < 0.05 versus IgG. (D) TEL is the beacon for the
recruitment of SMRT on I112b promoter. Primary macrophages
were transfected with siRNA control and siRNA against TEL.
ChIP assays were performed using antibodies against SMRT (top
panel, gray bars) or control IgG (black bars, top and bottom
panels). (*) P < 0.05 versus IgG. Results are expressed as average
of three independent experiments. Error bars represent standard
deviations. (E) Preferential co-IP of HA-TEL by Flag-SMRT. (F)
Preferential co-IP of c-Jun by Flag-NCoR.
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contrast, ChIP experiments documented recruitment of
METS and IRF2 to known target genes (Supplemental Fig.
S7B; Hester et al. 2007; Yang et al. 2007). By ReChIP
analysis of the I112b promoter, TEL was found to be
present in the same complex with SMRT and both SMRT
and TEL were cleared in response to LPS treatment (Fig.
4C). To test whether SMRT binds to the ETS consensus
sequence through TEL or vice versa, specific siRNAs
were used to knockdown TEL and SMRT in primary
macrophages (Supplemental Fig. S13B,E). ChIP experi-
ments demonstrated that SMRT was not present on the
1112b promoter when TEL expression was reduced by the
use of TEL-specific siRNA (Fig. 4D). In contrast, TEL
recruitment on I112b promoter was unaffected by SMRT-
specific siRNA (data not shown). Experiments evaluating
the expression of I112b by QPCR in primary macrophages
indicated that LXR transrepression is partially impaired
by knocking down TEL, consistent with the lack of
SMRT on the promoter (Supplemental Fig. S9A). Al-
though TEL has previously been demonstrated to interact
with NCoR, coimmunoprecipitation (co-IP) assays using
Flag-tagged proteins (thereby eliminating differences that
could reflect different antibodies), indicated that full-
length SMRT interacted much more robustly with TEL
than NCoR (Fig. 4E). Conversely, c-Jun interacted prefer-
entially with NCoR (Fig. 4F). These results suggest that
different affinities of c¢-Jun and TEL for NCoR and SMRT
account, at least in part, for the preferential binding of
NCoR to the Mmp13 promoter and SMRT to the I112b
promoter.

The mechanism by which the NF«B site in the I112b
promoter affects SMRT recruitment is complex, because
mutation of this site leads to loss of TEL binding (Fig. 4B).
We confirmed previous ChIP studies (Sanjabi et al. 2000;
Sanjabi et al. 2005) demonstrating that p50 is present in
the basal state on the II12b promoter and c-Rel is
recruited after LPS treatment (Supplemental Fig. S9B).
p50 could thus directly participate in SMRT recruitment
on the I112b promoter as well as indirectly participate by
influencing the binding of TEL. In either case, these data
collectively support a model in which TEL functions to
recruit SMRT to the ETS site of the I112b promoter, with
the neighboring NF«B site playing a contributing role.
Consistent with these data, ETS and NFkB sites similar to
those in the 1112b promoter are found in the promoters of
other SMRT-specific genes, such as 1110, 1119, EphA4,
Ptx3, and LCN2 (Supplemental Table S1). ChIP experi-
ments confirmed that TEL is present on the proximal
regions of these SMRT-dependent genes (Supplemental
Fig. S10A). Reduction of TEL expression in primary
macrophages using specific siRNA impaired SMRT re-
cruitment to 1119, Ptx3, and LCN2 (Supplemental Fig.
S10B), suggesting a frequent, but not exclusive, role of
TEL in recruitment of SMRT to SMRT-specific pro-
moters.

The observation that NCoR is specifically recruited to
an APl consensus sequence on the Mmpl3 promoter
while SMRT binds to an ETS site on the I112b promoter
raised the question as to whether swapping the two sites
would result in a corresponding change in corepressor



recruitment. To test this hypothesis, Mmp13 and I112b
promoter constructs were generated in which the AP-1
site in the Mmp13 promoter responsible for NCoR re-
cruitment was mutated to the sequence of the ETS TEL-
binding site (ETS-T) in the I112b promoter that is required
for SMRT recruitment. Conversely, the ETS-T site in the
1112b promoter was mutated to the sequence of the AP1
site in the Mmp13 promoter required for NCoR recruit-
ment (Fig. 5A). The wild-type and mutant promoter
constructs were transfected into RAW macrophages,
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Figure 5. cJun and TEL sites are sufficient to confer NCoR and
SMRT binding to the I112b and Mmp13 promoters, respectively.
(A) Schematic diagram of the wild-type and mutant Mmp13 and
1112b promoters indicating the swapped AP1 and ETS sites. ETS-
T is the TEL-binding site in the I[112b promoter. ETS-A is
a binding site for ETS activators in the Mmp13 promoter. AP-1
is the cJun-binding site in the Mmp13 promoter. (B,C) Replacing
the ETS-A site in the Mmp13 promoter with the ETS-T site from
I112b inhibits the recruitment of NCoR and promotes SMRT
binding to the Mmp13 promoter as shown by ChIP assays
performed in RAW cells transfected with the plasmids shown
in A. (D,E) NCoR is recruited to the I112b promoter upon a swap
of the AP1 Mmp13 site into the ETS-T on the ETS site as shown
by ChIP assays. (*) P < 0.05 versus wild type. Results are
expressed as the average of three independent experiments.
Error bars represent standard deviations. (F,G) Functional anal-
ysis of the indicated wild-type and mutant Mmp13 and I112b
promoters in RAW264.7 cells.

NCoR/SMRT checkpoints in TLR signaling

and subjected to ChIP analysis for SMRT and NCoR. In
parallel, luciferase assays were performed to assess the
LPS responses and transrepression of these chimeric
promoters. As expected, SMRT recruitment was observed
on the wild-type II112b promoter and NCoR recruitment
on wild-type Mmp13 promoter (Fig. 5D,B, respectively).
Remarkably, when the ETS site of 1112b was mutated to
the AP1 site of the Mmp13 promoter, SMRT recruitment
was impaired while NCoR recruitment was observed (Fig.
5D,E). This chimeric promoter continued to exhibit low
basal levels of activity, was still inducible by LPS and was
sensitive to repression by GW3965 (Fig. 5G). Conversely,
when the AP1 site of the Mmp13 promoter was mutated
to the ETS-T site of the I112b promoter, NCoR recruit-
ment was significantly decreased while SMRT was
recruited (Fig. 5B,C). In contrast to the chimeric I112b
promoter, however, the chimeric Mmp13 promoter was
no longer inducible by LPS (Fig. 5F). These results are
consistent with the observation that mutating the AP-1
site in the Mmp13 promoter (Fig. 3B) completely abol-
ished inducibility of Mmp13, indicating that the AP-1 site
in the Mmp13 gene is necessary for both NCoR binding
and signal-dependent activation. While the corepressor
recruitment function of this site can be replaced by the
TEL site from the I112b promoter, the TEL site does not
replace the activation function of the Mmp13 AP1 site,
implying a crucial role of c-Jun/c-Fos heterodimers in this
promoter context. In concert, these results demonstrate
that AP1 and ETS sites can dictate the specificity of
NCoR and SMRT recruitment to NCoR-specific or
SMRT-specific promoters, respectively, and that the re-
pression checkpoint functions of these elements are
distinct from their potential activation functions.

c-Jun and TEL work in a combinatorial manner
to recruit NCoR/SMRT complexes on NCoR/
SMRT-dependent promoters

Based on the studies of the Mmp13 and 1112b promoters,
we hypothesized that an NCoR and SMRT-dependent
promoter such as Ccl2 should have both ETS and AP1
consensus sequences. Consistent with this, the Ccl2
promoter has proximal AP1 and ETS sites (indicated in
Fig. 6A) and ChIP experiments documented that both
TEL and c-Jun occupy this promoter under basal con-
ditions (Fig. 6A). To determine whether NCoR and SMRT
bind to the Ccl2 promoter simultaneously, ChIP-ReChIP
experiments were performed, using the 1112b and Mmp13
promoters as negative controls. These exeperiments
demonstrated concurrent occupancy of the Ccl2 pro-
moter by NCoR and SMRT (Fig. 6B). Surprisingly, ChIP
experiments in NCoR~/~ and SMRT /-~ macrophages
demonstrated that NCoR recruitment on the Ccl2 pro-
moter was impaired in SMRT '~ macrophages, while
SMRT was no longer able to bind to the Ccl2 promoter
in NCoR '~ macrophages (Fig. 6C), suggesting a model in
which the two corepessors bind in a highly cooperative
manner. To explore this relationship further, ChIP experi-
ments were performed to evaluate NCoR and SMRT
binding to CcI2 promoters mutated at either the AP1 or
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Figure 6. NCoR and SMRT bind interdependently to the Ccl2
promoter. (A) c-Jun and TEL occupy the Ccl2 promoter as shown
by ChIP in primary macrophages. (*) P < 0.05 versus IgG. (B)
NCoR and SMRT are present in the same complex as shown by
ReChIP assays in unstimulated primary macrophages (gray
bars). Immunoprecipitated DNA was analyzed by real-time
PCR primers specific for the Ccl2 promoter. The [I112b and
Mmp13 promoters were used as negative controls (*) P < 0.01
versus control. (C) SMRT and NCoR are mutually required for
binding to the Ccl2 promoter, as shown by ChIP assay using
liver-derived macrophages from wild-type, NCoR™/~, and
SMRT '~ embryos. Cells were untreated (gray bars) or treated
with LPS (black bars) for 1 h. (*) P < 0.05 versus wild-type
control. (D) Mutations in the ETS and AP-1 sites of the Ccl2
promoter each lead to loss of NCoR and SMRT occupancy. RAW
cells were transfected with luciferase reporter genes under the
control of the wild-type Ccl2 promoter or Ccl2 promoters
mutated at the AP1 or ETS sites. ChIP assays were performed
using antibodies against NCoR, SMRT, and control IgG. Immu-
noprecipitated DNA was analyzed by real-time PCR using
primers amplifying a region corresponding to the junction
between the Ccl2 promoter and the luciferase reporter coding
region. (*) P < 0.05 versus wild type. Results are expressed as the
average of three independent experiments. Error bars represent
standard deviations.

ETS sites. As expected, mutation of the ETS site de-
creased SMRT recruitment and mutation of the AP1 site
abolished NCoR recruitment (Fig. 6D). Furthermore,
mutation of the AP1 site also impaired SMRT recruit-
ment and mutation of the ETS site decreased NCoR
binding. These findings are consistent with the conse-
quences of genetic deletion of NCoR or SMRT and
support the hypothesis that NCoR and SMRT bind to
the Ccl2 promoter in an interdependent manner. These
results were further confirmed by a functional assay (data

688 GENES & DEVELOPMENT

not shown), where each mutation impaired LXR trans-
repression, consistent with the absence of both corepres-
sors. Interestingly, the combination of ETS and API sites
is frequently observed in NCoR/SMRT-dependent pro-
moters analyzed so far, including the Il1a, I11b, Ccl7,
Ccli12, and II6 promoters (Supplemental Table S1). ChIP
studies of these representative NCoR/SMRT-dependent
target genes revealed that c-Jun is present on each of these
promoters, and TEL is present on all but the 116 promoter
(Supplemental Fig. S11; data not shown). Knockdown of
c-Jun reduced both NCoR and SMRT binding in all cases,
while knockdown of TEL reduced SMRT binding on Il14,
Ccl7, and Ccli2 and to a lesser extent reduced NCoR
binding on Il1a, I11b, and Ccl7 (Supplemental Fig. S11).
These results are consistent with the relative roles of c-
Jun and TEL in establishing NCoR-specific and SMRT-
specific promoters, and suggest that this combination of
binding sites also provides a common, but not exclusive,
mechanism for establishing NCoR/SMRT-dependent
promoters.

Signal-specific clearance of corepressors on
proinflammatory promoters

The observation that NCoR and SMRT regulate broad
sets of both common and distinct proinflammatory target
genes by being recruited to promoters through distinct
transcriptional repressors raised the question about the
biological roles of these corepressors in integrating cellu-
lar responses to distinct inflammatory stimuli. The early
steps of TLR4 stimulation by LPS involve the activation
of a broad number of kinases that ultimately induce
NCoR and SMRT clearance by mechanisms that remain
to be elucidated (Glass and Ogawa 2006; O’Neill and
Bowie 2007). However, previous studies in CV1 cells
demonstrated that activation of MEKK1 leads to phos-
phorylation of SMRT and its redistribution from the
nucleus to a cytoplasmic compartment (Hong and Prival-
sky 2000). Interestingly, NCoR does not detectably
change its subcellular distribution in response to MEKK1
signaling (Jonas and Privalsky 2004). We therefore hy-
pothesized that an inflammatory stimulus specifically
activating MEKK1 should induce SMRT clearance from
SMRT-specific and SMRT/NCoR-dependent target genes.
We therefore evaluated IFNvy as an inflammatory stimu-
lus, because previous studies have demonstrated that it
induces MEKK1-MEK1-ERK1/2 kinases in macrophages
(Roy et al. 2002). ChIP experiments demonstrated that
NCoR occupancy of the Mmpl3 promoter was not
affected by IFNv treatment, while SMRT was dismissed
from the I112b and Ccl2 promoters in response to IFNy
(Fig. 7A). In parallel, IFNvy treatment promoted SMRT
translocation to the cytosolic compartment in macro-
phages, as expected (Supplemental Fig. S12). Corepressor
clearance was correlated with gene activation, as IFNvy
induced I1712b and Ccl2 gene expression, but not Mmp13
expression (Fig. 7B). In contrast, TPA, a stimulus that
regulates the activity of AP-1 (Angel et al. 1987), induced
Mmp13 and Ccl2 gene expression, but not [112b expres-
sion (Fig. 7B). This activity was correlated with the
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Figure 7. NCoR and SMRT function as integrators of multiple
signals. (A) IFNy and TPA induce SMRT and NCoR clearance,
respectively, on I112b, Ccl2, and Mmp13 promoters. Primary
macrophages were treated with IFNy (10 U/mL), TPA (100 ng/
mL), or LPS (1 pg/mL) for 1 h, and ChIP assay was performed
using antibodies against NCoR, SMRT, and control IgG. Immu-
noprecipitated DNA was analyzed by real-time PCR using
primers for Mmp13, Ccl2, and I112b promoters. (*) P < 0.05
versus control. (B) Mmp13, Ccl2, and I112b expression analysis
by Q-PCR of primary macrophages treated for 6 h with IFNvy (10
U/mL), TPA (100 ng/mL), or LPS (1 wg/mL). (C) Model depicting
differential recruitment of NCoR and SMRT on target promoters
by c-Jun, Tel, and p50, and differential clearance by TPA, LPS,
and IFNy. See the text for discussion.

clearance of NCoR from the Mmp13 and CcI2 promoters.
NCoR and SMRT were also required for transrepressive
functions of LXR and PPARy ligands on the Mmpi3,
Ccl2, and I112b genes in the context of TNFa or TLR3
activation with poly I:C (Supplemental Figure S14).

Discussion

Roles of NCoR and SMRT in the regulation of
inflammatory gene expression

While mechanisms responsible for activation of se-
quence-specific transcription factors that drive inflam-
matory responses have been intensively studied,
corresponding mechanisms that maintain inflammatory
response genes in a poised but actively repressed state
under basal conditions remain poorly understood. Here,
we demonstrate that NCoR and SMRT are required for
nearly all of the transrepression activities of LXR agonists
in activated macrophages, thereby extending the concept
of corepressor clearance as an essential prerequisite for

NCoR/SMRT checkpoints in TLR signaling

transcriptional activation to broad sets of inflammatory
response genes. Although the absence of PPARYy expres-
sion in fetal liver-derived macrophages precludes a similar
analysis of transrepression activities of PPARvy ligands,
analysis of individual genes in elicited macrophages
following NCoR or SMRT knockdown suggests that
NCoR and SMRT will also be broadly required. These
observations are in contrast to the apparent lack of
a requirement of NCoR for glucocorticoid receptor-me-
diated transrepression (Ogawa et al. 2005).

The well-established basal repression functions of
NCoR and SMRT were initially identified based on their
discovery as nuclear receptor corepressors, which func-
tion in a combinatorial manner with other sequence-
specific activators. Deletion of NCoR or SMRT is in
many cases sufficient to lead to derepression of genes
under the control of nuclear receptors even in the absence
of ligand because of constitutive activities of cooperating
transcription factors that are no longer under the in-
fluence of NCoR/SMRT-mediated repression. In contrast,
transcriptional activation of inflammatory response
genes generally requires signal-dependent recruitment
of factors that include NFkB and IRFs. Because of this,
deletion of NCoR or SMRT is in most cases not sufficient
in itself to allow effective gene activation, consistent
with the results of gene expression profiling experiments
(Fig. 1A). The repression functions of NCoR (and now
SMRT) on these genes are thus only revealed by pertur-
bations, such as LXR activation, that prevent their signal-
dependent turnover. In this context, LXR-dependent
transrepression can be viewed as the maintenance of
basal repression in the presence of an activating signal.
Because loss of NCoR/SMRT does not in itself lead to
constitutive activation of most LPS target genes, but does
result in the profound loss of transrepression, we refer to
this function as a transcriptional “checkpoint.” We pro-
pose that this “checkpoint” function plays an important
role in enabling appropriate integration of proinflamma-
tory and anti-inflammatory signaling pathways, which
we have now extended to a large cohort of inflammatory
response genes in macrophages.

As highly related corepressors, NCoR and SMRT share
the same molecular architecture, interact with many of
the same transcription factors and assemble into similar
corepressor complexes, raising the question of the extent
to which they serve redundant functions. The present
studies demonstrate that NCoR and SMRT can function
independently to regulate specific subsets of inflamma-
tory response genes in macrophages as a consequence of
being targeted to the promoters of these genes through
distinct sequence-specific transcription factors. Further-
more, a large cohort of inflammatory response genes was
found to bind NCoR and SMRT in a mutually dependent
manner, establishing an unexpected requirement for both
corepressors for appropriate regulation by inflammatory
and anti-inflammatory signaling inputs. The full extent
of NCoR/SMRT occupancy on LPS target genes remains
to be established because there appear to be at least some
genes that are occupied by NCoR and/or SMRT that are
not LXR-sensitive (C.K. Glass, unpubl.). These potentially
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represent genes on which NCoR and SMRT do function
in a redundant manner.

Molecular determinants for NCoR and SMRT
recruitment on inflammatory target genes

Based on the gene-specific and interdependent functions
of NCoR and SMRT, a major goal is to understand the
mechanisms by which they are recruited to their re-
spective promoters either selectively or in combination.
Prior biochemical studies have demonstrated that NCoR
and SMRT can interact with many of the same transcrip-
tion factors in vitro, including AP-1, NFkB, and ETS
factors (Lee et al. 2000; Wang and Hiebert 2001; Zhang
et al. 2002). In contrast, using a combination of ChIP and
promoter mutational analysis, we found remarkable
specificity in the cis-active elements and corresponding
transcription factors that function to recruit NCoR and
SMRT to specific target genes in macrophages. Here, we
find that c-Jun functions to recruit NCoR to AP1 sites on
all NCoR-specific target promoters examined, consistent
with previous studies of a limited set of phorbol-ester-
responsive genes (Ogawa et al. 2004). Conversely, we
found that the ETS repressor TEL recruits SMRT, but not
NCoR, to the ETS site of the I112b promoter, as well as to
most of the other SMRT-dependent genes analyzed. The
specificity of the SMRT/TEL interaction appears to be
mediated, at least in part, by a relatively higher affinity of
TEL for SMRT than NCoR. Overall, our findings indicate
that in addition to its established roles as a tumor
suppressor and regulator of hematopoiesis, TEL serves
as a negative regulator of inflammatory response genes.
Sequence analysis of NCoR- and SMRT-dependent pro-
moters indicates the presence of AP-1 sites in nearly all
NCoR-dependent promoters and Ets sites in nearly all
SMRT-dependent promoters, suggesting widely used
roles of ¢c-Jun and TEL in NCoR and SMRT recruitment,
respectively. Deletion or loss of function of c-Jun and
TEL, coupled to genome-wide location analysis for NCoR
and SMRT, will be required to establish this point.
Because NCoR and SMRT do not appear to interact in
solution, we speculate that their codependence for bind-
ing to NCoR/SMRT-dependent promoters is established
by cooperative interactions of recruiting factors such as
c-Jun and TEL at the promoter level.

A corepressor-based strategy for integration of multiple
inflammatory signals

The induction, amplification, and ultimate resolution
phases of inflammatory responses are regulated by a large
number of proinflammatory and anti-inflammatory medi-
ators that act at multiple levels within the cell. Here, we
show that while LPS promotes the dismissal of NCoR and
SMRT complexes from NCoR-specific, SMRT-specific, and
NCoR/SMRT-dependent promoters, IFNy and phorbol
esters act selectively on SMRT and NCoR complexes,
respectively. However, because of the coupled nature of
NCoR and SMRT binding to NCoR/SMRT-dependent
promoters, TPA is able to dismiss NCoR from both
NCoR-specific and NCoR-SMRT-dependent genes, and
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IFNy is able to mediate dismissal of SMRT from SMRT-
specific and NCoR/SMRT-dependent genes. The coopera-
tive recruitment of NCoR and SMRT to these promoters
also provides an explanation for the unexpected finding
that both NCoR and SMRT were required for transrepres-
sion of a large set of LXR-sensitive genes. Based on the
ability of either LXRa or LXRp to exert transrepression
function (Joseph et al. 2003) and the expression of both
receptors in macrophages (Supplemental Fig. S1), current
efforts to develop LXRp-selective ligands for use in pre-
vention of atherosclerosis (Quinet et al. 2006) should result
in compounds that not only reduce undesirable LXRa-
mediated effects on serum triglycerides, but also retain
anti-inflammatory activities. In concert, these studies
provide evidence for a corepressor-based strategy for in-
tegration of inflammatory and anti-inflammatory signals
that play essential roles in immunity and homeostasis.

Materials and methods

Reagents and plasmids

LPS, TPA (12-O-tetradecanoylphorbol-13-acetate), IFNvy, and
Polyl:C were obtained from Sigma. Mouse TNFa was obtained
from R&D Systems. GW3965 and Rosiglitazone were provided
by GlaxoSmithKline. Point mutations on Mmp13-luc, I112b-luc,
and Ccl2-luc reporter vectors were made using the QuickChange
site-directed mutagenesis kit (Stratagene).

Cell culture and transient transfection

Fetal liver-derived macrophages generated from embryonic day
14.5 embryo liver from NCoR ™/~ and SMRT ~/~ mice were plated
and cultured in RPMI medium 1640 with 10% fetal bovine serum
(HyClone; screened for low endotoxin levels) plus L cell media for
7 d (Jepsen et al. 2000; Jepsen et al. 2007). Thioglycollate-elicited
macrophages were prepared as described previously (Ghisletti
et al. 2007) from C57BL/6 mice (Charles River). For RNAi experi-
ments in primary macrophages, cells were transfected with
control or smart-pool siRNAs (100 nM; Dharmacon) directed
against NCoR, SMRT, c¢-JUN, and TEL using lipofectamine 2000
(Invitrogen). Cells were used for experiments after 48 h incubation
and target gene knockdown was validated by QPCR (Supplemental
Fig. S13). RAW 264.7 cells were transiently transfected with
Mmp13, I112b, and Ccl2 promoters directing luciferase expression
or MEKK1CA using Superfect reagent (Qiagen). A B-galactosidase
expression vector was cotransfected as an internal control.

Expression array profiling

Total RNA (isolated by RNeasy kit, Qiagen) was prepared from
liver-derived macrophages obtained from wild-type or knockout
fetuses from the same mother. Purified RNA, 0.5 pg per sample,
was labeled using the LRILAK PLUS, two-color low RNA input
Linear Amplification kit and hybridized to a Mouse Whole
Genome Microarray 4x44K 60 mer slide according to the
manufacturer’s instructions (Agilent). Two biological replicates
were performed for each experimental condition.

ChIP assays

ChIP assays were performed in primary macrophages, liver-de-
rived macrophages, and RAW 264.7 cells transfected with various
reporter plasmids. After stimulation, cells were cross-linked by



adding directly to the medium formaldehyde to a final concentra-
tion of 1% at room temperature. After 10 min, ice-cold PBS was
added and plates were placed on ice, washed extensively with PBS,
and scraped. After centrifugation, cells were lysed in Lysis buffer
(50 mM Tris at pH 8.0, 5 mM EDTA, 1% SDS) supplemented with
proteases inhibitors. Chromatin was sheared by sonication (Bio-
ruptor UCD-200 ultrasound sonicator from Diagenode), resulting
in DNA fragments between 150 and 200 bp in size. After
centrifugation to remove cell debris, 5% of the sample was kept
as INPUT and then diluted 10 times in dilution buffer (50 mM Tris
at pH 8.0, 0.5% Triton X-100, 0.1 M NaCl, 2 mM EDTA)
supplemented with protease inhibitors . Extracts were precleared
for 2 h at 4°C using 2 pg of sheared salmon sperm DNA
(Invitrogen, Inc.) and 45 pL of protein A-Sepharose (50% slurry
in dilution buffer) (Sigma). Immunoprecipitations were carried out
overnight at 4°C with 1 pg of each antibody. In parallel, super-
natants were incubated with normal rabbit serum as controls.
Immune complexes were collected with protein A-Sepharose and
washed three times (5 min each) with low salt buffer (20 mM Tris
atpH 8.0, 0.1% SDS, 1% Triton, 2 mM EDTA, 200 mM NacCl) and
three times with TE. Immune complexes were extracted with 1%
SDS (v/v), 0.1 M NaHCOj3, and heated overnight at 65°C to reverse
the cross-linking. After proteinase K digestion (100 pg, 1 h at
50°C), DNA fragments were purified on QIAquick Spin columns
(Qiagen) in 50 pL of EB (elution buffer) and 1 pL was used in each
QPCR. Sequences of promoter-specific primers are available in
Supplemental Table S2 and were designed to specifically amplify
proximal promoter regions containing the binding sites for c-Jun
and TEL discussed in the text. For ReChlIP assay, after the first
immunoprecipitation, beads were eluted in 10 mM DTT and
diluted with ReChlIP dilution buffer (50 mM Tris/HCl at pH 7.4,
150 mM NaCl, 1% Triton, 2 mM EDTA, protease inhibitors) and
subjected to a second immunoprecipitation. Anti-NCoR (Affinity
Bioreagents), anti-SMRT (Affinity Bioreagents), anti-TEL (Santa
Cruz Biotechnologies), anti-IRF2 (Santa Cruz Biotechnologies),
anti-METS (Klappacher et al. 2002}, anti-p50 (Santa Cruz Biotech-
nologies), p65 (Santa Cruz Biotechnologies), c-Rel (Santa Cruz
Biotechnologies), c-Jun (Santa Cruz Biotechnologies), c-Fos (Santa
Cruz Biotechnologies), and LXR (Santa Cruz Biotechnologies)
antibodies were used. Data are presented as enrichment of the
precipitated target sequence as compared to input DNA.

RNA isolation and QPCR

Total RNA (isolated by RNeasy kit, Qiagen) was prepared from
macrophages. One microgram of total RNA was used for cDNA
synthesis, and 1 pL of cDNA was used for real-time PCR using
inflammatory gene-specific primers. Primer sequences can be
found in Supplemental Table S2. PCR (SYBERgreen) analysis was
performed on an Applied Biosystems 7300 real-time PCR system.
Values are normalized with GAPDH content.

Western blotting

Nuclear and cytoplasmic extracts were prepared from RAW
264.7 cells, liver-derived macrophages, and thioglycollate-eli-
cited macrophages using a commercial kit (NE-PER; Pierce).
Extracts were resolved by SDS-PAGE and immunoblotted using
anti-NCoR, anti-SMRT (Affinity Bioreagents), anti-GAPDH
(Abcam), and anti-lamin (Cell Signaling) antibodies.

Co-IP assay

HeLa cells were transfected with Flag-SMRT or Flag-NCoR and
Ha-TEL or Ha-cJUNand lysed in high-salt lysis buffer. Flag-
SMRT or Flag-NCoR was immunoprecipitated using anti-Flag

NCoR/SMRT checkpoints in TLR signaling

beads (Sigma) and Ha-Tel and cJun was detected using anti-Ha
(Covance) or anti-cJun antibody (Santa Cruz Biotechnologies).
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