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SUMMARY

Activation of toll-like receptors (TLRs) leads to dere-
pression and subsequent activation of inflammatory
response genes that play essential roles in innate
and acquired immunity. Derepression requires
signal-dependent turnover of the nuclear receptor
corepressor NCoR from target promoters, but the
mechanisms remain poorly understood. Here, we
report that TLR4 uses NFkB to deliver IKK3 to target
promoters that contain ‘‘integrated circuits’’ of kB
and AP-1 sites, resulting in local phosphorylation of
c-Jun and subsequent NCoR clearance. In contrast,
TLR2 signaling leads to rapid activation of CaMKII
and phosphorylation of the TBLR1 component of
NCoR complexes, bypassing the requirement for
c-Jun phosphorylation and enabling NCoR clearance
from promoters lacking integrated kB elements.
Intriguingly, the IKK3-dependent clearance pathway
is sensitive to transrepression by liver X receptors,
while the CaMKII-dependent pathway is not. These
findings reveal mechanisms for integration of TLR,
calcium, and nuclear receptor signaling pathways
that underlie pathogen-specific responses and
disease-specific programs of inflammation.

INTRODUCTION

TLRs comprise a highly conserved family of receptors for path-

ogen-associated molecular patterns that play essential roles in

regulating innate and acquired immune responses (reviewed in

Medzhitov, 2001; Trinchieri and Sher, 2007). For example, toll-

like receptor 4 (TLR4) recognizes the lipopolysaccharide (LPS)

component of gram-negative bacteria, while TLR2 is involved

sensing peptidoglycan, bacterial lipoproteins, and yeast cell

walls. Although activation of a particular TLR could provide the

innate immune system with important clues as to the nature of

an infectious pathogen in advance of the development of

specific immunity, effective utilization of this information would

require that the initial recognition step be coupled to receptor-
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specific cellular responses. In addition to roles in pathogen

recognition, TLRs have been found to contribute significantly

to a number of inflammatory diseases in model systems,

including atherosclerosis, arthritis, diabetes, Alzheimer’s

disease, and cancer (Cook et al., 2004; Frantz et al., 2007;

Gibson et al., 2004; Shiraki et al., 2006). Overall, the emerging

picture suggests that TLR-responsive genes must not only be

capable of being rapidly and highly induced in response to infec-

tion to confer effective immunity but must also be tightly regu-

lated under basal conditions to prevent the consequences of

chronic inflammation.

TLR ligation regulates gene expression through the utilization

of common and receptor-specific signaling pathways. All

TLRs, except TLR3, utilize MyD88 as an adaptor protein to acti-

vate signaling cascades that control the activities of numerous

downstream transcription factors, including NFkB, AP-1, and

IRF family members (reviewed in O’Neill and Bowie, 2007).

TLR1, 2, and 6 also contain a phosphatidyl inositol 3 kinase

(PI3K) binding motif (YXXM) not found in other TLRs (Arbibe

et al., 2000). Activation of PI3K and consequent calcium mobili-

zation have been shown to be particularly important for TLR2

signaling in several cell types (Chun and Prince, 2006; Kim

et al., 2008).

Under basal conditions, the promoters of many highly induc-

ible TLR target genes in macrophages are occupied by the

nuclear receptor corepressor (NCoR) or the related silencing

mediator of retinoic acid and thyroid hormone receptors

(SMRT) (Ghisletti et al., 2009). NCoR and SMRT are core compo-

nents of corepressor complexes that contain histone deacety-

lase 3 and the transducin b-like proteins TBL1 and TBLR1 (Li

et al., 2000; Yoon et al., 2003) and mediate active repression

functions of unliganded nuclear receptors and other sequence-

specific repressors (Guenther et al., 2001; Ogawa et al., 2005,

2004; Pascual et al., 2005; Perissi et al., 2004). Recent studies

indicate that NCoR is recruited to broad sets of inflammatory

response genes by c-Jun, while SMRT is recruited to both distinct

and overlapping genes by the Ets repressor TEL (Ghisletti et al.,

2009; Ogawa et al., 2004). TLR4-dependent activation of these

genes requires active removal of NCoR/SMRT in addition to the

recruitment of activators and coactivators. Studies of several

nuclear receptors and signal-dependent transcription factors

suggest a final common derepression step involving activation

of TBL1 and TBLR1, F-box/WD-40 adaptor proteins that are
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important for recruitment of the ubiquitin-conjugating enzymes,

including a ubiquitin E2 ligase, UbcH5, resulting in ubiquitylation

of NCoR/SMRT complexes and their subsequent removal from

gene promoters by the 19S proteosome complex (Frasor et al.,

2005; Ogawa et al., 2004; Perissi et al., 2004). Clearance of

NCoR/SMRT complexes in response to TLR4 signaling can be
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Figure 1. c-Jun Phosphorylation-Dependent and -Independent

Mechanisms for NCoR Dismissal

(A) inos induction by TPA, LPS, and Pam3. BMDM were treated with each stim-

ulus for 6 hr. inos expression was evaluated by QPCR.

(B) Differential NCoR turnover kinetics in response to different signal inputs.

ChIP time course assays were performed in BMDM challenged with TPA,

LPS, or Pam3 for 2, 6, 10, and 20 min using antibodies against NCoR. Immu-

noprecipitated DNA was analyzed by QPCR using primers specific for the inos

promoter.

(C) Effect of MG132 on NCoR turnover. ChIP assays for NCoR were performed

in BMDM pretreated with or without 6 mM MG132 for 30 min and then chal-

lenged with TPA, LPS, or Pam3 for 1 hr.

(D) Effect of c-Jun S63/73A mutations on transcriptional activation of an inos-

luc reporter gene. RAW264.7 cells were transfected with indicated expression

plasmids and treated with indicated ligands 48 hr later. Luciferase activities

were assayed after 6 hr of treatment.

(E) Effect of c-Jun S63/73A mutations on NCoR clearance from the inos

promoter. RAW264.7 cells were transfected as in (D). NCoR clearance was as-

sayed by ChIP after 1 hr of treatment with the indicated ligands. *p < 0.05

versus nontreated controls. Errors bars represent standard deviation (SD).
prevented by the peroxisome proliferator-activated receptor g

(PPARg) or liver X receptors (LXRs) in a ligand-dependent

manner, resulting in attenuated transcriptional responses and

inhibition of inflammation (Blaschke et al., 2006; Ghisletti et al.,

2007; Pascual et al., 2005).

While the requirement for NCoR/SMRT clearance from inflam-

matory response genes has clearly been established as a prereq-

uisite to gene activation, the mechanisms used by TLRs to

initiate this step are unknown. Here, we define parallel but

distinct phosphorylation-dependent signaling pathways that

are differentially used by TLR2 and TLR4 to direct removal of

NCoR complexes from target genes. These signaling pathways

are interpreted at the level of individual promoters to enable

derepression of overlapping but distinct sets of genes and

impose different sensitivities to anti-inflammatory actions of

LXRs.

RESULTS

Different Signaling Inputs Engage Different NCoR
Turnover Mechanisms
The inducible nitric oxide synthase gene (nos2, aka inos) was

chosen as a starting point for evaluating mechanisms mediating

signal-dependent NCoR clearance because it is occupied by the

NCoR complex in the basal state (Ghisletti et al., 2007; Pascual

et al., 2005) and is induced by Pam3CSK4 (Pam3, a specific

agonist for TLR2/1), LPS (a specific agonist for TLR4), and tetra-

decanoyl phorbol acetate (TPA, an activator of PKC signaling) in

primary macrophages (Figure 1A). These substances induce

different levels of inos expression in part because of the relative

extents to which they stimulate the activities of NFkB, AP-1, IRF,

and other signal-dependent factors that act in a cooperative

manner to induce inos transcription. Unexpectedly, chromatin

immunoprecipitation (ChIP) experiments revealed that the three

inducers promoted NCoR clearance with different kinetics; loss

of NCoR was most rapid in response to Pam3, followed by

TPA, and then LPS (Figure 1B). This pattern was observed using

three different antibodies, supporting a mechanism of NCoR

removal rather than signal-dependent alterations in the accessi-

bility of epitopes required for immunoprecipitation (IP) (see

Figure S1A available online). Furthermore, clearance of NCoR

was temporally preceded by the transient recruitment of the S1

subunit of the 19S proteasome (Figure S1B). Clearance of

NCoR in response to LPS required the F-box domains of both

TBL1 and TBLR1, while clearance in response to Pam3 or TPA

required the F box domain of TBLR1 exclusively, indicating

distinct requirements for TBL1- and TBLR1-mediated recruit-

ment of ubiquitin-conjugating machinery (Figure S2A). Cell

fractionation assays demonstrated that total NCoR protein levels

in the nucleus were not altered after treatments (Figure S2B),

suggesting that the signal-dependent clearance of NCoR occurs

in a promoter-specific manner. Intriguingly, LPS-induced

dismissal of NCoR from the inos promoter was blocked by the

proteasome activity inhibitor MG132, but this was not the case

for TPA or Pam3 (Figure 1C).

Basal recruitment of NCoR to the inos promoter is dependent

on c-Jun (Ghisletti et al., 2009) and the AP-1 site located 270 bp

upstream of the transcriptional start site (Figure S2C). Previous
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studies have demonstrated that phosphorylations of c-Jun at

S63 and S73 are required for TPA-induced NCoR clearance

from AP-1 target genes (Ogawa et al., 2004). To examine the

possibility that c-Jun phosphorylation may also be involved in

NCoR clearance in response to TLR signaling, inos promoter

activity was evaluated in RAW264.7 macrophages that were co-

transfected with wild-type (WT) or S63/73A mutant c-Jun

expression plasmids and then treated with vehicle, TPA, LPS,

or Pam3. Induction of the inos promoter by TPA and LPS

required the S63/73 phosphoacceptor sites, while activation by

Pam3 did not (Figure 1D). ChIP assays demonstrated that

NCoR dissociated from the inos promoter after TPA and LPS
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Figure 2. TLR4-Mediated NCoR Clearance Is p65 Dependent

(A) Signal-specific recruitment of JNK onto the inos promoter. ChIP assays for

JNK were performed in BMDM treated with TPA, LPS, or Pam3 for the indi-

cated times using antibodies against JNK.

(B) ChIP assay for NCoR in BMDM transfected with siCTL or siJNK1 siRNAs.

BMDM were then treated with TPA, LPS, or Pam3 for 1 hr before ChIP assays.

**p < 0.05 versus siCTL treated with TPA.

(C) ChIP assay for p65 recruitment following LPS treatment for the indicated

times.

(D) ChIP assay for NCoR occupancy on the inos promoter in WT or p65�/�

MEFs treated with LPS or Pam3 for 1 hr.

(E) ChIP assay for NCoR in BMDM following transfection with siCTL or sip65

siRNAs. ChIP assay was performed 1 hr after stimulation with LPS.

(F) Effect of mutation of the kB element in the inos promoter on TLR4-mediated

NCoR clearance detected by ChIP assay. RAW cells were transfected with WT

or mutant inos luciferase reporter for 24 hr and then challenged with LPS for

1 hr. **p < 0.05 versus WT p65 treated with LPS. *p < 0.05 versus nontreated

controls. Errors bars represent SD.
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treatment in RAW264.7 macrophages transfected with WT

c-Jun, but not with the mutant (Figure 1E), suggesting an essen-

tial role of c-Jun phosphorylation in promoting the TPA- and

LPS-mediated NCoR dismissal.

Although the derepression steps of TPA and LPS converged

on c-Jun, the differences in their corepressor clearance kinetics

and sensitivity to MG132 (shown in Figures 1B and 1C) sug-

gested that the mechanisms upstream of the c-Jun phosphory-

lation step are likely to be different. c-Jun N-terminal kinase 1

(JNK1) can phosphorylate Jun proteins in many cell types (Deri-

jard et al., 1994; Pulverer et al., 1991). Knockdown of JNK1

(Figures S9A and S10A) dramatically reduced TPA-induced

inos expression (Figure S2D) but did not affect induction of

inos by LPS (Figure S2E). ChIP studies showed that TPA, but

not LPS or Pam3 signaling, recruited JNK onto the inos promoter

(Figure 2A). Furthermore, knockdown of JNK1 expression in-

hibited TPA- but not LPS- or Pam3-induced NCoR clearance

(Figure 2B). Together, these results suggested that TPA, TLR4,

and TLR2 use distinct mechanisms for corepressor clearance:

the TPA-induced clearance requires c-Jun phosphorylation

and JNK1, the TLR4-induce clearance requires c-Jun phosphor-

ylation, but not JNK1, and the TLR2-mediated NCoR turnover is

independent of both c-Jun phosphorylation and JNK1.

LPS-Induced NCoR Clearance Is Dependent
on p65 Recruitment of IKK3

The identification of TLR4-induced NCoR clearance as c-Jun

and proteasome dependent, but JNK independent, raised the

question of what molecular messenger(s) might be involved in

TLR4-specific NCoR turnover. NFkBs play major roles in driving

proinflammatory gene expression and their activation requires

a combination of IKKs and proteasome activities (reviewed in

Li and Verma, 2002). ChIP time course experiments showed an

early peak of p65 recruited onto the inos promoter prior to

NCoR clearance (Figure 2C). As TLR4-mediated NCoR clear-

ance was dependent on proteasome activities important in IkB

degradation and p65 activation (reviewed in Karin and Ben-Ner-

iah, 2000), we speculated that the recruitment of p65 to target

promoters may participate in events leading to corepressor

dismissal. Consistent with this possibility, LPS activated inos

and promoted NCoR clearance in WT MEFs, but not in p65�/�

MEFs (Figure 2D and Figure S3A). Similarly, knockdown of p65

in bone marrow-derived macrophages (BMDM) (Figures S9B

and S10B) confirmed that p65 was required for LPS-induced

NCoR dismissal from the inos promoter (Figure 2E) and mRNA

induction (Figure S3B). A kB-binding element at �110 bp from

the transcriptional start site is in close proximity to the c-Jun/

AP-1 anchor site for the NCoR complex (Figure S2C), suggesting

that it may be important for p65-dependent NCoR turnover.

Consistent with this possibility, mutation of this kB site in the

context of a functional inos promoter effectively diminished

NCoR dismissal (Figure 2F) and promoter activities upon TLR4

signaling, but this mutation did not affect NCoR clearance in

response to TLR2 signaling (data not shown).

Since p65 itself lacks enzymatic activities that may be neces-

sary for c-Jun phosphorylation, we hypothesize that it might

recruit such activities to the promoter. NFkB family members

interact with several kinases, including the inhibitor of kB kinase



Molecular Cell

TLR2 and TLR4 Derepression Pathways
epsilon (IKK3) (Nomura et al., 2000). IKK3 is structurally similar to

IKKa and IKKb (Nomura et al., 2000) and can phosphorylate and/

or alter cellular localizations of IkBa, cREL, IRF3, and IRF7, re-

sulting in transcriptional activation of downstream target genes

(Harris et al., 2006; Kravchenko et al., 2003; Sweeney et al.,

2005). Consistent with this, knockdown of IKK3 dramatically
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Figure 3. p65 Delivers IKK3 to the inos Promoter to Mediate

TLR4-Dependent NCoR Clearance

(A) Detection of phosphorylated c-Jun in whole cell lysate by IB using phos-

pho-c-Jun (S63/73)-specific antibodies. BMDM were transfected with siCTL,

siJNK1, or siIKK3 siRNAs and challenged with LPS for the indicated times prior

to analysis.

(B) Assay of immunoprecipitated c-Jun for phosphorylation in vitro by

GST-IKK3. Ha-c-Jun was overexpressed in HeLa cells, pulled down using

Ha beads, and incubated with 50 ng of GST-IKK3. p-c-Jun (S63/73) antibody

was used for IB.

(C) ChIP assay for IKK3 on the inos promoter in BMDM treated with LPS, TPA,

or Pam3 for the indicated times using antibodies against IKK3 or control IgG.

(D) ChIP assay for IKK3 on the inos promoter in BMDM transfected with siCTL

or sip65 siRNAs. ChIP assays were performed 5 min after LPS treatment.

(E) ChIP assay for NCoR on the inos promoter in the context of a transfected

inos-luciferase reporter in p65�/� MEFs cotransfected with WT or the S534A

mutant of p65.

(F) ChIP assay for NCoR on the inos promoter in BMDM transfected with siCTL

or siIKK3 siRNAs. ChIP assays were performed after treatment with LPS or

Pam3 for 1 hr.

(G) ChIP assay using p-c-Jun (S63/73)-specific antibodies was performed

after treatment with LPS for 5 min. *p < 0.05 versus nontreated controls. Errors

bars represent SD.
reduced LPS-induced inos expression (Figure S2E). In addition,

IKK3 has been reported to phosphorylate c-Jun in fibroblast-like

synoviocytes (Harris et al., 2006; Kravchenko et al., 2003). We

found that IKK3 can phosphorylate c-Jun in vitro and that LPS-

mediated c-Jun phosphorylation was IKK3 dependent (Figures

3A and 3B). Although the majority of IKK3 resides in the cyto-

plasm, 5%–10% of total IKK3 was found in the nucleus of macro-

phages even under basal conditions (Figure S3C), consistent

with a previous report of nuclear IKK3 in cancer cells (Peant

et al., 2009). In addition to inducing nuclear translocation of

p65, TLR4 signaling stimulated the interaction of p65 with IKK3

(Figures S3D and 3E). The LPS-induced interaction of IKK3

appears to be dependent on phosphorylation of p65 at serine

534 (equivalent to S536 of human p65) because it was abolished

by a serine to alanine point mutation (Figure S3F). These obser-

vations raised the possibility that IKK3 could be recruited to gene

promoters containing kB sites by activated p65 to facilitate local

phosphorylation of c-Jun and NCoR clearance.

Consistent with this possibility, ChIP studies showed that

TLR4 signaling leads to recruitment of IKK3 onto the inos

promoter (Figure 3C), but not to the mmp12 promoter lacking

a kB element (data not shown). Pretreating macrophages with

the proteasome inhibitor MG132, which inhibits IkB degradation

and prevents the translocation of NFkB into the nucleus (Alkalay

et al., 1995; Traenckner et al., 1994), abolished the recruitment of

IKK3 onto the inos promoter. A similar effect was observed upon

knockdown of p65 expression (Figure 3D). ChIP time course and

re-ChIP studies demonstrated that p65 and IKK3 were recruited

onto the inos promoter in a common complex (Figures S1B and

S4A). Furthermore, the phospho-null mutant of p65 (S534A) that

failed to interact with IKK3 upon TLR4 signaling (Figure S3F) was

unable to initiate NCoR clearance upon TLR4 signaling

(Figure 3E). These results suggest that p65 recruitment of IKK3

to promoters likely plays an important role in initiation of core-

pressor turnover. Indeed, knockdown of IKK3 impaired LPS-

induced NCoR clearance on the inos promoter (Figure 3F), but

left p65 recruitment intact (Figure S4B).

As c-Jun phosphorylation was implicated in TLR4-mediated

NCoR clearance, we used phospho-c-Jun S63/73-specific anti-

bodies to examine the phosphorylation status of c-Jun on the

inos promoter. These assays confirmed that promoter-bound

c-Jun was phosphorylated in response to TLR4 signaling in an

IKK3-dependent manner (Figure 3G). To examine whether c-Jun

is the sole target of p65-IKK3 responsible for NCoR turnover on

the inos promoter, we transfected RAW264.7 macrophages with

p65-specific siRNA along with plasmids directing expression of

either WT or a phospho-mimic c-Jun mutant (S63/73E) and

then treated with LPS for 1 hr. The loss of NCoR clearance in

p65 knockdown macrophages was restored upon overexpres-

sion of c-Jun phospho-mimic mutant (Figure S4C). Thus, c-Jun

is likely to be the primary target of p65-dependent NCoR clear-

ance in response to TLR4 activation. However, knockdown of

NCoR simultaneously with knockdown of IKK3 was insufficient

to rescue reduction in inos mRNA transcription (Figure S2E),

consistent with roles of IKK3 in activation of other transcription

factors (e.g., IRF3) required for maximum transcriptional output.

The IKK-related kinase TBK1 has also been shown to be impor-

tant in TLR3 and TLR4 signaling pathways based on its ability to
Molecular Cell 35, 48–57, July 10, 2009 ª2009 Elsevier Inc. 51
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activate transcription factors such as IRF3 (Chau et al., 2008).

Consistent with these previous findings, knockdown of TBK1

expression reduced transcriptional activation of inos in response

to LPS (Figures S5A, 5C, and 5E). In contrast, global and local

promoter c-Jun phosphorylation and NCoR clearance were not

affected by TBK1 knockdown (Figures S5H and S5I), suggesting

that TLR4-mediated phosphorylation of c-Jun was primarily IKK3

dependent. Although cytoplasmic functions of IKK3 require inter-

actions with scaffold proteins, including TANK/I-TRAF (Chau

et al., 2008), knockdown of TANK/I-TRAF did not alter IKK3-

mediated c-Jun phosphorylation or NCoR clearance on the

inos promoter (Figures S5B, S5D, S5H, and S5J), suggesting

that nuclear IKK3 involved in NCoR clearance may exist in

a distinct complex.

A Parallel Calcium-CaMKII Pathway Mediates
TLR2-Dependent NCoR Clearance
In contrast to the TPA- and TLR4-induced NCoR clearance,

TLR2-mediated NCoR turnover occurred more rapidly and by-

passed the requirement for c-Jun phosphorylation (Figures 1B

and 1C and data not shown). Because TLR2 can engage

calcium-dependent signaling pathways (Chun and Prince,

2006; Kim et al., 2008), we evaluated the effect of an intracellular

calcium chelator, BAPTA-AM, on TLR2-induced NCoR turnover.

BAPTA-AM treatment significantly delayed the kinetics of TLR2-

E
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Figure 4. TLR2-Induced NCoR Corepressor

Clearance Was Calcium Dependent

(A) ChIP assay for NCoR on the inos promoter

following treatment of BMDM with Pam3 for 3, 6,

10, and 20 min in the presence or absence of

6 mM BAPTA.

(B) Activation of inos in response to 6 hr TPA, LPS,

and Pam3 stimulation in macrophages transfected

with siCTL, siTBL1, or siTBLR1 siRNAs.

(C) BMDM were treated with LPS or Pam3 for

2 and 6 min. Nuclear extracts were immunoblotted

for CaMKII and p-Thr186 CaMKII.

(D) ChIP assay for CaMKII on the inos promoter in

BMDM following treatment with LPS or Pam3 for 3,

6, and 10 min.

(E) ChIP/re-ChIP assays for CaMKII and NCoR on

the inos promoter in BMDM challenged with Pam3

for 6 min.

(F) ChIP assay for CaMKII in BMDM transfected

with siCTL, siTBLR1, or siTBL1 and stimulated

with Pam3 for 3 min.

(G) ChIP assay for NCoR in BMDM transfected with

siCTL, siCamKIIg, or siTBLR1 siRNAs and stimu-

lated with Pam3 for 6 and 10 min. *p < 0.05 versus

nontreated controls. Errors bars represent SD.

induced corepressor clearance (Fig-

ure 4A), suggesting that calcium played

a role in the rapid TLR2 derepression of

inflammatory genes. As CaMKII has

been implicated in regulating NCoR-

TBLR1-dependent retinoic acid receptor

target genes (Perissi et al., 2004; Si

et al., 2007) and, similarly, Pam3 activa-

tion of inos expression was solely dependent on the F box

domain of TBLR1 (Figures 4B and S2A), we hypothesized that

TBLR1 as well as CaMKII may participate in the TLR2 derepres-

sion pathway. Immunoblot (IB) results indicated that CaMKII was

highly expressed in macrophages and was activated selectively

by TLR2, and not by TLR4, ligands (Figure 4C) and was tran-

siently recruited onto the inos promoter in a signal-dependent

manner (Figure 4D). Re-ChIP experiments showed that upon

TLR2 signaling, CaMKII was recruited in conjunction with the

NCoR complex on the inos promoter (Figure 4E), suggesting

that component(s) of the NCoR complex may act as a scaffold

for CaMKII recruitment. Knockdown of TBLR1, but not TBL1

(Figures S9D and S10D), blocked the recruitment of CaMKII

(Figure 4F), consistent with the specific functional requirement

for TBLR1 during Pam3 activation of the inos promoter (Figures

4B and S2A). Similar to BAPTA-AM treatment, knockdown of

either CaMKIIg (Figures S9E and S10E) or TBLR1 was sufficient

to switch the fast TLR2-mediated NCoR turnover to the slower,

TLR4-like, c-Jun-dependent mechanism (Figures 4G, S6A, and

S6B). Together, these results suggest that CaMKIIg and

TBLR1 are important determinants of the fast kinetics of NCoR

clearance observed upon TLR2 activation.

Phosphorylation of TBLR1 has recently been shown to be im-

portant for corepressor clearance from nuclear receptors (Peri-

ssi et al., 2008). Consistent with these studies, overexpression
52 Molecular Cell 35, 48–57, July 10, 2009 ª2009 Elsevier Inc.
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Figure 5. TLR2 Activation of CaMKII Leads to Phos-

phorylation of TBLR1

(A) RAW264.7 cells were transfected with Myc-TBLR1 expres-

sion construct and treated with Pam3 for 3 and 10 min. IP was

carried out with CaMKII-specific antibodies and TBLR1 was

detected by anti-Myc antibodies by IB. The bottom panel illus-

trates inputs for Myc-TBLR1 and CaMKII in each sample.

(B) Recombinant GST-TBLR1 proteins were used as

substrates for CaMKII in vitro. Bacterial GST-TBLR1 was

captured on glutathione agarose and incubated with or without

0.5 mg of activated rCaMKIIg. Anti-phospho-serine antibody

was used to detect phosphorylated TBLR1 proteins by IB.

(C) Diagram of TBLR-specific phosphorylation sites.

(D) BMDM were challenged with LPS or Pam3 for 3 and 30 min.

Cytoplasmic and nuclear extracts were immunoblotted for

total and pS199 TBLR1.

(E) ChIP assays for phospho-TBLR1 in BMDM treated with

Pam3 or LPS for the indicated times using antibodies against

p-S199-TBLR1 or p-S123-TBLR1.

(F) ChIP assays for p-S199-TBLR1 on the inos promoter in

BMDM transfected with siCTL or siCaMKIIg siRNAs and chal-

lenged with Pam3 for 3 min. *p < 0.05 versus nontreated

controls. Errors bars represent SD.
of a phosphorylation-null mutant of TBLR1 blocked NCoR clear-

ance upon TLR2 signaling. In contrast, overexpression of the

phospho-mimic mutant of TBLR1 partially reduced basal occu-

pancy of NCoR on the inos promoter (Figures S6C and S6D,

respectively). As both CaMKII and TBLR1 were linked to TLR2-

mediated NCoR clearance on the inos promoter, we hypothesized

that CaMKII may directly interact with and phosphorylate TBLR1

upon calcium signaling. Indeed, Co-IP studies found that

TBLR1 interacted with CaMKII in a TLR2-dependent manner in

RAW264.7 macrophages (Figure 5A). In addition, CaMKIIg can

directly phosphorylate full-length GST-TBLR1 in vitro (Figure 5B).

Using phospho-specific antibodies directed against either S123 (a

PKCd site) or S199 (kinase unknown) (Perissi et al., 2008)

(diagramed in Figure 5C), we found that TBLR1 was phosphory-

lated at the S199 site in the nucleus (Figure 5D) and that pS199-

TBLR1 can be readily detected on the inos promoter in ChIP

assays upon TLR2 signaling (Figure 5E). Furthermore, knockdown

of CaMKIIg resulted in the loss of phosphorylation of TBLR1 on

the inos promoter (Figure 5F). In concert, these experiments

suggest that TLR2 signaling activates CaMKIIg, which then

directly phosphorylates TBLR1 to initiate rapid NCoR clearance.

TLR4/IKK and TLR2/CaMKII Pathways Are Used
to Regulate Common and Distinct Sets
of Inflammatory Response Genes
We next evaluated potential roles of the p65/IKK3 and CaMKII/

TBLR1 pathways in clearance of NCoR from other TLR2 and

TLR4 target genes. ChIP studies coupled to siRNA knockdowns

confirmed the requirement of IKK3 for TLR4-mediated and CaM-

KIIg for fast TLR2-mediated NCoR clearance on the cxcl2, cxcl9,

cxcl10, and ccl4 promoters (Figures 6A–6D). ChIP assays using

phospho-c-Jun S63/73-specific antibodies also confirmed that

IKK3 was necessary for c-Jun phosphorylation on each of these

promoters (Figure S7).
The ability of TLR2 to bypass the c-Jun phosphorylation-

dependent mechanism involving the recruitment of IKK3 through

kB elements suggests that this may allow TLR2 to activate

a subset of genes that are not inducible by TLR4. A search in

publicly available microarray databases identified a small subset

of genes that can be activated by TLR2, but not TLR4, using

a 6-fold induction cut-off (Table S1) (Kim et al., 2007; Lipid

Maps Consortium, http://www.lipidmaps.org/). Interestingly, the

inability of TLR4 to activate two of these genes, a proinflammatory

target gene, spingosine kinase 1 (sphk1), and a Notch pathway

ubiquitin ligase gene, Deltex2 (dtx2), correlates with the absence

of any kB elements in the vicinity of AP-1 sites within their respec-

tive proximal promoters. We confirmed that these genes were

selectively activated by TLR2, but not TLR4, and their transcrip-

tional activation and corepressor dismissal were dependent on

CaMKIIg (Figures 6E–6H). These findings illustrate that parallel,

yet distinct, NCoR clearance pathways are activated by TLR2

and TLR4 and may contribute to the TLR-specific derepression

and activation of different subsets of proinflammatory genes.

NCoR Clearance Pathways and Transrepression
by LXRs
PPARg and LXRs have been shown to exert anti-inflammatory

effects in macrophages and hepatocytes by preventing the

signal-dependent turnover of NCoR complexes (Blaschke et al.,

2006; Ghisletti et al., 2007; Pascual et al., 2005). Recent studies

have demonstrated that these anti-inflammatory activities can

be modulated in a signal-specific manner. For example, LXR

agonists were shown to be effective at inhibiting transcriptional

activation of inos in response to LPS, but were inactive when

the stimulus was Pam3 (Ghisletti et al., 2007). We confirmed

this finding (Figure S8A) and investigated whether the differential

sensitivity of the TLR4 and TLR2 pathways to LXR repression

maybe related to activation of CaMKII by the TLR2 pathway.
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Interestingly, conversion of the TLR2-CaMKII pathway to a TLR4-

like pathway by removing calcium-CaMK signaling with CaM-

KIIg-specific siRNA (Figures 7A and 7B) or BAPTA (Figure S8B)

restored the ability of the LXR ligand GW3965 to mediate transre-

pression of inos. In contrast, converting the TLR4-p65 pathway to

the TLR2-CaMKII-like pathway by simultaneous treatment with

calcium ionophore (A23187) (Figure S8C) and TLR4 ligand desen-

sitized the corepressor to the anti-inflammatory input of LXRs.

This observation predicted that cell surface receptors that exert

proinflammatory effects through calcium-dependent pathways,

such as the P2Y receptors, may also prevent the ability of LXR

agonists to antagonize inflammatory responses. Consistent

with this prediction, activation of purinergic receptor signaling

with ATP also blocked the ability of the LXR agonist to prevent

NCoR clearance and inhibit inos induction (Figures 7C and 7D).

DISCUSSION

TLR4 Signaling Induces a p65/IKK3-Dependent NCoR
Clearance Mechanism
Although many lines of evidence suggest that NCoR and SMRT

function as key checkpoints for regulating inflammatory

CA

B

F

D

H

GE

Figure 6. TLR4/IKK3 and TLR2/CaMKII Pathways

Regulate Distinct Subsets of Proinflammatory Target

Genes

(A–D) ChIP assay for NCoR on the indicated promoters in

BMDM transfected with siCTL, siIKK3, or siCaMKII siRNAs

and stimulated with LPS for 20 min or Pam3 for 5 min.

(E and F) Effect of LPS and Pam3 treatment of BMDM on NCoR

occupancy and mRNA induction of dtx2 (E) and sphk1 (F).

(G and H) Induction of sphk1 (G) and dtx2 (H) mRNA in BMDM

transfected with siCTL or siCaMKIIg siRNAs and stimulated

with Pam3 for 2 hr. *p < 0.05 versus treated siCTL sample.

Errors bars represent SD.

responses, the clearance mechanisms remain

poorly defined (Hoberg et al., 2006; Ogawa et al.,

2004). Here, we described two distinct NCoR clear-

ance pathways involving phosphorylation-depen-

dent mechanisms that can be exploited to enable

gene-specific transcriptional responses. In the

case of TLR4 signaling, p65 functions as a

messenger to bring IKK3 enzymatic activity to kB-

containing inflammatory gene promoters. This in

turn enables IKK3 to phosphorylate adjacent

c-Jun/NCoR complexes and initiate corepressor

clearance (Figure 7E). In addition to the inos,

cxcl2, cxcl9, cxcl10, and ccl4 promoters, the

promoters of many LPS inducible genes exhibit

AP-1 and kB sites in close proximity (Table S2),

suggesting that coupled AP-1/kB elements may

function as ‘‘integrated circuits’’ for toggling

promoters from a repressed to an activated state

in response to an inflammatory stimulus. Although

phosphorylation of S536 of p65 has been linked to

activation of target genes, mechanisms accounting

for this activity have remained enigmatic. The

present findings suggest that phosphorylation of S536 creates

a docking site for recruitment of IKK3 to specific target gene

promoters, enabling it to initiate NCoR clearance. It will be of

interest to determine whether analogous kinase delivery mecha-

nisms are used by other signal-dependent transcription factors,

such as those involved in interferon signaling, to achieve core-

pressor clearance.

A Ca2+/CaMKIIg-Dependent NCoR Clearance
Mechanism
The present studies demonstrate that upon TLR2 signaling,

CaMKIIg is rapidly recruited to NCoR complexes on promoters

of proinflammatory target genes, where it phosphorylates

TBLR1 at S199. This in turn is proposed to activate TBLR1 to

recruit ubiquitylation machinery, resulting in corepressor clear-

ance from the target promoter. The observation that MG132

blocked TLR4-dependent, but not TLR2-mediated, NCoR clear-

ance delineates the distinct roles of proteosome complexes in

these two derepression pathways. In the case of TLR4-depen-

dent clearance, proteosome-dependent degradation of IkB is

a prerequisite for nuclear entry of p65 and hence the localization

of IKK3 to target promoters. Since TLR2 signaling uses CaMKII
54 Molecular Cell 35, 48–57, July 10, 2009 ª2009 Elsevier Inc.
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to directly activate TBLR1, proteolysis of IkB is not required.

Evidence that the signal-dependent removal of NCoR is none-

theless ubiquitin dependent in response to TLR2 or TLR4

signaling is supported by the requirement for the F box domains

of TBL1 and TBLR1 that are critical in recruiting ubiquitin-conju-

gating enzymes (Perissi et al., 2004) and ChIP data demon-

strating the transient recruitment of the S1 component of the

19S proteasome to the inos promoter prior to NCoR clearance.

The 19S proteasome complex is capable of recognizing and un-

folding ubiquitinated proteins and has been observed to be re-

cruited to promoters in the absence of the 20S complex that

mediates degradation (Perissi et al., 2004, 2008). Our results

are thus most consistent with a model in which the 19S subunit

C

D

E

A

B

Figure 7. TLR Signaling and Anti-inflammatory Crosstalk
(A) Induction of inos mRNA in BMDM transfected with siCTL or siCaMKIIg siR-

NAs and treated with Pam3 in the presence or absence of the LXR agonist

GW3965 (GW) as indicated.

(B) ChIP assay for NCoR on the inos promoter in BMDM transfected with siCTL

or siCaMKIIg siRNAs and treated as indicated.

(C) Induction of inos mRNA in BMDM treated with LPS, ATP, and/or GW as

indicated.

(D) ChIP assay for NCoR on the inos promoter in BMDM treated with LPS, ATP,

and/or GW as indicated. *p < 0.05 versus nontreated controls. Errors bars

represent standard deviation. (E) Model for use of p65/IKK3 and CaMKII path-

ways in TLR4- and TLR2-mediated corepressor turnover. See Discussion for

details.
mediates the active removal, but not degradation, of ubiquiti-

nated components of the NCoR complex.

We found that the CaMKII-dependent derepression mecha-

nism used by TLR2 operates on the inos, cxcl2, cxcl9, cxcl10,

ccl4, and Il1b genes (Figure 6 and data not shown), suggesting

that it is a widely used mechanism. Furthermore, the ability of

TLR2-dependent calcium signaling to bypass the kB-AP-1

composite requirement allows TLR2 to activate genes that are

not activated by TLR4 signaling, including sphk1 and the Notch

pathway gene dtx2. Sphks generate the lysosphingolipid sphin-

gosine-1-phosphate (S1P), which acts as an extracellular ligand

for S1P receptors that play important roles in lymphocyte traf-

ficking and may participate in the pathophysiology of inflamma-

tory diseases (Spiegel and Milstien, 2003). Notch signaling

directly regulates immune responses by regulating TLR signaling

and modulating inflammatory mediator production, including

IFNg and IL10 (Palaga et al., 2008). These findings thus raise

a number of intriguing possibilities regarding other pathways

that similarly mobilize intracellular calcium signaling and CaMKII

activation, such as ATP/P2Y signaling pathway and the nonca-

nonical CaMKII-dependent Wnt signaling induced by Wnt5A in

macrophages (Blumenthal et al., 2006; del Rey et al., 2006; Han-

ley et al., 2004).

Differential Sensitivity of NCoR Clearance Pathways
to LXR Signaling
The ability of PPARg and LXRs to repress inflammatory gene

expression by preventing NCoR turnover supports a physiologic

role of NCoR corepressor complexes as regulatory checkpoints

for a subset of TLR-inducible genes. Previous studies demon-

strated that TLR4-dependent gene activation was sensitive to

repressive effects of LXR agonists, while TLR2-dependent gene

activation was not. Here we demonstrate that resistance to LXR

repression is conferred by the Ca2+/CaMKII-dependent dere-

pression pathway. Inhibition of this pathway restores sensitivity

of TLR2 signaling to LXR repression, while combining TLR4

signaling with calcium mobilization renders LXRs unable to trans-

repress. These findings imply that the ability of LXR ligands to

inhibit inflammatory gene expression will be context dependent.

Overall, the present studies reveal promoter-specific mecha-

nisms for integration of TLR, calcium and nuclear receptor

signaling pathways that underlie pathogen-specific responses

and disease-specific programs of inflammation. TLR-specific

NCoR clearance mechanisms may be used to achieve distinct

programs of gene regulation that underlie innate immune

responses tailored to distinct classes of pathogens. Further-

more, anti-inflammatory drugs that target specific signal-

induced corepressor clearance events may be of therapeutic

use in diseases in which inflammation plays a pathogenic role.

EXPERIMENTAL PROCEDURES

Reagents and Plasmids

LPS, TPA, calcium ionophore (A23187), and ATP were obtained from Sigma.

Pam3CSK4 was from InvivoGen. GW3965 was kindly provided by GlaxoS-

mithKline. BAPTA/AM was obtained from Calbiochem. Proteasome inhibitor

(MG132) was obtained from BioMol. Anti-CaMKII, JNK, p65, TBK, TANK,

c-Jun, p-S63/73c-Jun, IKK3, and normal rabbit/goat antibodies were from

Santa Cruz Biotechnology, Inc. Anti-NCoR antibodies were from ABR, Abcam,
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and Santa Cruz Biotechnology, Inc. Anti-S1-proteasome complex component

antibodies were from Upstate. Anti-p-S123 and p-S199 TBLR1 antibodies

were described in Perissi et al. (2008). The reporter plasmid inos-luc has

been previously described (Pascual et al., 2005). Mutations in inos-luc vector

were made using the QuickChange site-directed mutagenesis kit (Stratagene).

Expression vectors for WT and S63/73A c-Jun mutant were described in

Ogawa et al. (2004). Expression vectors for WT and delta-F box mutants of

TBL1 and TBLR1 were described in Perissi et al. (2004, 2008).

Cell Culture, Treatment, and Transfection

BMDM were generated from 5-week-old C57BL/6 (Harlan) mice as described

in Sawka-Verhelle et al. (2004). WT and p65�/� MEFs were cultured as

described in Werner et al. (2005). RAW 264.7 cells were cultured in DMEM con-

taining 10% FBS as described in Ghisletti et al. (2007). LPS, TPA, Pam3CSK4,

and GW3965 were used at a concentration of 100 ng/ml, 100 nM, 300 ng/ml,

and 1 mM, respectively.

For RNAi experiments, scrambled control or smart-pool siRNAs (Dharma-

con) against JNK1, RelA/p65, IKK3, CaMKIIg, TBL1, TBLR1, TANK, and TBK

were transfected into primary macrophages using lipofectamine 2000 (Invitro-

gen) as described (Ghisletti et al., 2009). Transient transfections in RAW 264.7

cells and MEFs were performed as described in Ghisletti et al. (2007) using

Superfect reagent (QIAGEN). For luciferase assays, b-galactosidase expres-

sion vector was also cotransfected as internal control. For siRNA experiments,

RAW264.7 cells were transfected with siRNAs (100 nM) using Superfect

reagent for 48 hr before activation with TLR ligands. Luciferase activity was

normalized to b-galactosidase activity. Transfection data are represented as

mean ± SD of three independent experiments in triplicates.

ChIP Assays

ChIP assays were performed as described in detail in Ghisletti et al. (2009). For

ReChIP assay, after the first IP, beads were eluted in 10 mM DTT and diluted

with ReChIP dilution buffer (50 nM Tris/HCl [pH 7.45], 150 mM NaCl, 1% Triton,

and 2 mM EDTA) and subjected to a second IP. Primer sequences are listed in

Table S3.

RNA Isolation and Real-Time PCR

Total RNA (isolated by RNeasy kit; QIAGEN) was prepared from MEFs or

macrophages treated as indicated in each legend. One microgram of total

RNA was used for cDNA synthesis and 1 ml of cDNA was used for real-time

PCR analysis was performed on an Applied Biosystems 7300 real-time PCR

system. Values are normalized with GAPDH content. Data are represented

as mean ± SD of three independent experiments in duplicates. Primer

sequences are listed in Table S3.

Co-IP Assay

RAW cells were transfected with Myc-TBLR1 or Myc-p65 (WT or S534A mutant)

and lysed in 10 mM Tris-HCl (pH 7.5), 450 mM NaCl, 0.5% NP40, and 1 mM

EDTA with protease inhibitors. IPs were carried out with anti-CaMKII or IKK3

antibody and TBLR1 or p65 was detected using anti-Myc antibody (Abcam).

Kinase Assays

For in vitro CaMK kinase assays, 0.5 mg recombinant CaMKIIg (Upstate) was

incubated with bacterially purified GST-TBLR1 (full-length) fusion proteins

attached to glutathione beads. The beads were washed, boiled, and then sub-

jected to SDS-PAGE. Serine phosphorylations were detected by anti-p-Serine

antibody (Chemicon). For in vitro IKK3 kinase assays, 50 ng recombinant GST-

IKK3 (Cell Signaling) was incubated with immunoprecipitated Ha-c-Jun

proteins from HeLa whole cell extracts. The Ha beads were washed, boiled,

and then subjected to SDS-PAGE. p-S63/73-c-Jun was detected by p-S63/

73-specific antibody.

SUPPLEMENTAL DATA

Supplemental Data include ten figures and three tables and can be found

with this article online at http://www.cell.com/molecular-cell/supplemental/

S1097-2765(09)00384-0.
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