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Abstract

Endotoxin tolerance (ET) triggered by prior exposure to Toll-like receptor (TLR) ligands provides 

a mechanism to dampen inflammatory cytokines. Receptor-interacting protein 140 (RIP140) 

interacts with NF-κB to regulate the expression of proinflammatory cytokine genes. We identify 

lipopolysaccharide (LPS) stimulation of Syk-mediated tyrosine phosphorylation on RIP140 and 

RelA interaction with RIP140. These events increase recruitment of SOCS1-Rbx1 (SCF) E3 ligase 

to tyrosine-phosphorylated RIP140, thereby degrading RIP140 to inactivate inflammatory 

cytokine genes. Macrophages expressing a non-degradable RIP140 were resistant to the 

establishment of ET for specific genes. The results reveal RelA as an adaptor for SCF ubiquitin 

ligase to fine-tune NF-κB target genes by targeting co-activator RIP140, and an unexpected role 

for RIP140 protein degradation in resolving inflammation and ET.

Pattern recognition receptors (PRRs), including Toll-like receptors (TLRs), are responsible 

for sensing microbial infection, tissue damage, and initiation of innate immune responses. 

Upon exposure to TLR ligands in immune cells, TLRs trigger inflammatory signaling to 

activate NF-κB and MAPK pathways and promote proinflammatory cytokine production 

such as tumor necrosis factor (TNF) and interleukin-1β (IL-1β)1, 2. These proinflammatory 

cytokines not only induce inflammation but also modulate the adaptive immune response. 

Recently, chronic inflammation and aberrant production of proinflammatory cytokines have 

been demonstrated to play critical roles in many diseases, especially metabolic diseases such 

as Type II diabetes mellitus (T2DM) and atherosclerosis 3–5. Therefore, tight control of 

proinflammatory cytokine production and resolution of inflammation after infection and/or 

tissue damage are important for maintaining tissue homeostasis. Diminished 

proinflammatory signaling, non-permissive histone modifications, chromatin remodeling 
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and microRNA production induced by inflammatory stimuli have all been shown to resolve 

inflammation by impairing proinflammatory cytokine production via inhibiting NF-κB and 

MAP kinase (MAPK) activities 2, 6–9.

Endotoxin tolerance (ET) provides a protective mechanism to reduce over production of 

proinflammatory cytokines in response to infection. Defects in the establishment of ET lead 

to a higher incidence of septic shock and mortality in individuals with infection. However, 

individuals with ET become immunocompromised 10, 11. Therefore, understanding the 

mechanisms controlling ET is important to the design of interventions to fine tune immune 

responses. Besides monocytes, macrophages are the major cell type involved in ET in 

animals, and LPS, a TLR4 ligand, is most commonly used to induce ET in vivo and in vitro
9, 12. Although suppression of TLR-mediated inflammatory signaling pathways by negative 

regulators has been proposed as a mechanism for the establishment of ET, this mechanism 

cannot fully explain why and how certain genes are efficiently silenced whereas some other 

genes using the same signaling pathways can still be activated in tolerated macrophages 8. A 

growing number of studies have demonstrated that changes on chromatin, including loss of 

RelA binding, histone modification and chromatin remodeling, provide the major regulatory 

mechanisms for the suppression of specific genes in ET 8, 9, 12, 13. But how these changes on 

specific chromatin targets are controlled is largely unclear.

Receptor-interacting protein 140 (RIP140) can act as co-repressor or a co-activator for 

various transcriptional factors and nuclear receptors, and it is mainly expressed in metabolic 

organs and tissues, including adipose tissue, liver, and muscle 14–16. RIP140-null mice resist 

diet-induced T2DM, and RIP140 regulates lipid and glucose metabolism in metabolic 

tissues through its nuclear and cytoplasmic functions 15, 17–21. Proteomic analyses have 

identified various post-translational modifications of RIP140 that modulate its function and 

sub-cellular distribution, such as serine and threonine phosphorylation, lysine acetylation, 

sumoylation, and lysine and arginine methylation 22–25. But tyrosine phosphorylation has 

not been detected on RIP140 in earlier studies. Recently, RIP140 was found to function in 

macrophages as a co-activator for NF-κB by recruiting CREB-binding protein (CBP) to 

modulate TLR-induced (at least TLR2, TLR3, and TLR4) production of proinflammatory 

cytokines such as TNF, IL-1β, and IL-626. Additionally, modulation of RIP140 expression 

by microRNA-33 affected inflammatory potential of macrophages in response to 

intracellular cholesterol levels 27. These studies reveal a role for RIP140 in proinflammatory 

cytokine production, and suggest that it is important to regulate RIP140 expression to 

modulate inflammatory potential in macrophages.

Ubiquitin contains five lysine residues (K6, K11, K29, K48, and K63) that are involved in 

monoubiquitination and polyubiquitination. Specifically, K48-linked ubiquitination targets 

proteins to proteasome-mediated degradation 28. Ubiquitination and proteasome-mediated 

protein degradation are involved in both positive and negative regulation of TLR signal 

transduction. To this end, IκB degradation is best characterized, which controls NF-κB 

activity by regulating subcellular localization of NF-kB 1, 2. Additionally, SOCS1 

(suppressor of cytokine-signaling-1)-Rbx1 (ring-box protein 1) is known to interact with 

RelA and promote RelA degradation in nuclei 29, 30. But it is largely unknown how 
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regulation on specific chromatin targets to negatively regulate the inflammatory response is 

achieved.

We report here that RIP140 degradation, triggered by exposure of macrophages to TLR 

ligands, as a novel mechanism for negatively regulating specific genomic targets in the 

inflammatory response to promote ET. LPS stimulates the interaction of RIP140 with RelA, 

which leads to the recruitment of SOCS1-Rbx1 (SCF) E3 ligase. In addition, LPS activates 

Syk-mediated phosphorylation of RIP140 on Tyr364, Tyr418 and Tyr436, facilitating its 

ubiquitination. Together these trigger efficient RIP140 protein degradation to dampen 

inflammation and induce ET. Prevention of RIP140 degradation by pre-treatment of 

macrophages with IFNγ or over-expression of a non-degradable RIP140 effectively 

diminished LPS-induced ET in vitro and in vivo. These results not only uncover a novel 

regulatory mechanism of inflammatory response by RIP140, but also show that RelA acts as 

an adaptor for E3 ligase to dynamically control its specific co-activator to fine-tune its own 

transcriptional activity for specific chromatin targets.

Results

TLR ligands decrease RIP140 protein in macrophages

To determine whether RIP140 expression can be modulated by LPS exposure in the 

establishment of ET, we pre-injected mice with saline (control vehicle) or a low dose of 

LPS, challenged animals with a lethal dose of LPS and D-galatosamine 16 h later, and then 

monitored the animals’ survival (Supplementary Fig. 1). As predicted, exposure to a low 

dose of LPS prior to the lethal dose of LPS substantially increased the survival 31 (Fig. 1a). 

We monitored the intensity of RIP140 in F4/80+-peritoneal macrophages, and found RIP140 

protein in LPS-tolerated mice decreased ~ 40% as compared to the saline group (Fig. 1b). 

We reasoned that since RIP140 modulates proinflammatory cytokine production by acting 

as an NF-κB co-activator 26, 27, down-regulation of RIP140 in macrophages may dampen 

inflammatory responses and improve the survival in acute sepsis. To test this theory we 

made a transgenic mouse model with macrophage-specific silencing of RIP140, because 

RIP140 whole body knockout mice exhibited altered lipid and glucose metabolism which 

made the use of this mouse line in a septic shock model intractable. The human CD68 

promoter was used for macrophage-specific expression of RIP140-specific siRNA32 

(Supplementary Fig. 2a). Macrophages from these transgenic knock-down mice (KD) 

expressed lower mRNA levels of RIP140 (by ~20%) (Supplementary Fig. 2b). As predicted, 

RIP140 KD mice had a higher survival (Fig. 1c) and lower circulating TNF and IL-1β as 

compared to the wild type (WT) mice (Fig. 1d). These results show that down-regulation of 

RIP140 in macrophages can be protective against septic shock.

Macrophage polarization, including classical (M1) and alternative (M2) activation plays a 

critical role in various diseases 33, 34. Since LPS is a stimulus for M1 activation, we asked 

whether RIP140 was differentially affected in M1 versus M2 activation in macrophages. In 

agreement with the in vivo data, M1 stimulus (IFNγ+LPS), but not M2 stimulus (IL4), 

reduced RIP140 protein in both primary (Fig. 1e) and Raw264.7 (RAW) macrophages 

(Supplementary Fig. 3) without significantly affecting RIP140 mRNA levels. Furthermore, 

LPS exposure decreased RIP140 protein in a dose- and time-dependent manner 
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(Supplementary Fig. 4). To differentiate various TLRs and adaptors’ signaling pathways, we 

examined the effects of Pam3CSK4 (TLR2 ligand) and poly (I:C) (TLR3 ligand) on RIP140 

protein. Stimuli for TLR2, TLR3 or TLR4 could all reduce RIP140 (Fig. 1f). Altogether, 

these results reveal that RIP140 protein is down-regulated in macrophages after exposure to 

ligands for TLR2, TLR3 or TLR4, and suggest that reduction of RIP140 may provide a 

regulatory mechanism to reduce inflammatory response and the establishment of ET.

LPS triggers RIP140 degradation by SCF E3 ligase complex

To determine whether protein degradation contributes to LPS-triggered reduction in RIP140 

protein, we treated RAW cells with LPS in the absence or presence of proteasome inhibitor, 

MG132. MG132 effectively increased ubiquitination on RIP140 under LPS treatment (Fig. 

2a), suggesting that proteasome-mediated degradation of ubiquitinated RIP140 contributes 

to LPS-triggered reduction in RIP140 protein in tolerated macrophages. LPS also promoted 

RIP140 degradation when examined using a pulse-chase experiment (Supplementary Fig. 5). 

In a bacterial two-hybrid screening, we identified ring-box protein 1 (Rbx1) as an RIP140-

interacting protein (data not shown). Because Rbx1 is a component of SCF (Skp, culin, F-

box-containing) E3 ligase complex that transfers the polyubiquitin chain to lysine residues 

of target proteins 29, we then examined whether Rbx1 contributes to LPS-triggered 

ubiquitination of RIP140. Indeed knocking down Rbx1 blocked LPS-induced degradation of 

RIP140 in both primary macrophages (Fig. 2b) and RAW cells (Supplementary Fig. 6a). 

SOCS1, another component of SCF E3 ligase, can associate with Rbx1 and is responsible 

for target recognition, and SOCS1 also negatively regulates inflammation and contributes to 

the establishment of ET 35–37. We therefore examined whether SOCS1 was involved in 

LPS-triggered degradation of RIP140. As expected LPS induced the expression of SOCS1 

protein; and silencing SOCS1 also reduced LPS-triggered RIP140 degradation in primary 

macrophages (Fig. 2c) and RAW cells (Supplementary Fig. 6b). To determine if RIP140 

could be a direct target of SOCS1-Rbx1 E3 ligase, we performed in vivo ubiquitination 

assay in 293T cells by ectopically co-expressing Flag-tagged RIP140 and hemagglutinin 

(HA)-tagged Rbx1 or SOCS1, in the presence of the wild type, or its mutant form, of 

ubiquitin. Indeed, both SOCS1 and Rbx1 promoted RIP140 ubiquitination in the presence of 

the wild type ubiquitin, but not the lysine-to-arginine (K48) mutated ubiquitin (Fig 2d and 

2e). These experiments also confirm that RIP140 can associate with Rbx1 and SOCS1. 

Because SOCS1 recognizes tyrosine-phosphorylated substrates through its SH2 

domain 29, 30, 37, we then determined whether SOCS1’s SH2 domain was required for 

RIP140 degradation by using an SH2-mutated SOCS1 (SOCS1-ΔSH) that failed to 

recognize its specific targets. Unlike the wild type SOCS1 that effectively stimulated 

RIP140 ubiquitination, SOCS1-ΔSH failed to do so (Fig. 2f). These results demonstrate that 

LPS triggers RIP140 degradation by promoting SOCS1-Rbx1 E3 ligase-mediated 

ubiquitination of RIP140.

RelA is an adaptor for SOCS1 to associate with RIP140

Although we demonstrated that SOCS1-Rbx1 can associate with RIP140 in vivo, we failed 

to detect direct interaction of RIP140 with SOCS1 in vitro (data not shown). Since RelA has 

been shown as a target for nuclear SOCS1-Rbx1 E3 ligase and RIP140 interacts with RelA 

to coactivate its transcriptional activity 26, 29, 30, we then asked whether RIP140 associates 

Ho et al. Page 4

Nat Immunol. Author manuscript; available in PMC 2012 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with SOCS1 in a RelA-dependent manner in co-immunoprecipitation assays. We found that, 

in 293T cells with ectopic expression of Flag-tagged RIP140 with or without HA-tagged 

SOCS1, RIP140 failed to associate with SOCS1 in RelA-silenced cells (Fig. 3a). Further, 

RIP140 could no longer be degraded in RelA-silenced primary macrophages (Fig. 3b) or 

RAW cells (Supplementary Fig. 6c), under LPS stimulation. These results suggest that the 

association of RIP140 with RelA provides a regulatory step for recruiting SOCS1 to 

RIP140. Because RelA interacts with the amino-terminus of RIP14026, we tested whether 

over-expressing a Flag-tagged amino-terminus of RIP140 (Flag-RD1) could reduce the 

association of RIP140 with RelA and LPS-triggered RIP140 degradation. Indeed, over-

expressing Flag-RD1 reduced LPS-triggered association of RIP140 with RelA in RAW 

cells, down-regulated target genes’ expression (such as TNF and IL-1β) (Fig. 3c), and 

dampened LPS-triggered RIP140 degradation (Fig. 3d). Taken together, our results show 

that RelA acts as an adaptor for SOCS1-Rbx1 E3 ligase to control RIP140’s degradation.

In addition to ligands for TLRs, TNF can also activate signaling cascade to promote NF-κB 

mediated proinflammatory cytokine production 3, 12, but it promotes ET through distinct 

mechanisms from that of LPS-induced ET 12. TNF failed to enhance RIP140-RelA complex 

formation above the basal level (Fig. 3e); and more importantly, after 24 h treatment, TNF 

still failed to decrease RIP140 protein in both primary macrophages (Fig. 3f) and RAW cells 

(Supplementary Fig. 7). These results further support our hypothesis that LPS-stimulated 

interaction of RIP140 with RelA results in the recruitment of SOCS1-Rbx1 E3 ligase in a 

TLR-specific manner, which is required for RIP140’s degradation.

RIP140 degradation requires its phosphorylation

Tyrosine phosphorylation has a critical role in regulating proteasome-mediated protein 

degradation via various mechanisms 7, 28. Analysis of LPS-induced tyrosine 

phosphorylation on RIP140 revealed that RIP140 was phosphorylated within 1 h after LPS 

challenge, immediately before RIP140 degradation could be detected (Fig. 4a and 

Supplementary Fig. 4b). Syk, a non-receptor tyrosine kinase, showed a similar activation 

kinetic after LPS challenge (Fig. 4b). Syk also plays an important role in resolving 

inflammation, and Syk-null mice are susceptible to LPS-induced sepsis 38, 39. We found that 

treating LPS-exposed RAW cells with the Syk inhibitor helped to sustain their RIP140 

protein (Fig. 4c), and knocking down Syk prevented LPS-triggered RIP140 degradation in 

both primary macrophages and RAW cells (Fig. 4d). Additionally, we found that Syk was 

accumulated in the nuclei under LPS treatment (Supplementary Fig. 8a). Using a proximal 

ligation assay, we detected increased interaction of RIP140 with Syk in the nuclei of LPS-

challenged RAW macrophages (Supplementary Fig. 8b). These results suggest that Syk may 

phosphoryate RIP140 to regulate its stability.

An in vitro kinase assay showed that Syk phosphorylated RIP140 on its tyrosine residues, 

and was blocked by the Syk inhibitor (Fig. 4e). Using group-based prediction system (GPS), 

we identified three highly conserved tyrosine residues on RIP140, which were predicted as 

Syk target sites (Fig. 5a). Using the same in vitro kinase assay, we demonstrated that 

mutations on all three tyrosine residues (Y3F: Y364F, Y418F and Y436F) effectively 

blocked Syk-mediated tyrosine phosphorylation on RIP140 (Fig. 5b). RIP140 with 
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mutations on these three tyrosine residues (Y3F) exhibited drastically reduced tyrosine 

phosphorylation (Fig. 5c and Supplementary Fig. 9) and became resistant to degradation in 

macrophages following LPS challenge (Fig. 5e). Both wild type and Y3F mutated RIP140’s 

still interacted with Syk in primary macrophages following LPS challenge (Fig. 5d). 

Although the Y3F mutated RIP140 exhibited a greater stability, it was possible that these 

mutations abolished the interaction of RIP140 with RelA, thereby reducing the association 

of RIP140 with SOCS1-Rbx1 E3 ligase. It appeared that the Y3F mutant could still interact 

with RelA under the basal condition, and this interaction was also enhanced by LPS 

treatment (Supplementary Fig. 10). Further, this Y3F mutant remained associated with 

SOCS1 (Supplementary Fig. 11a). In vitro phosphorylated wild type Flag-RIP140 failed to 

associate with SOCS1 in a direct protein interaction assay (Supplementary Fig. 11b). These 

data support our conclusion that RelA acts as an adaptor to facilitate the association of 

RIP140 with SOCS1, and validate that Syk-mediated phosphorylation at three conserved 

tyrosine residues of RIP140 is critical for the conjugation of polyubiquitin chain on RIP140. 

But this is not required for SOCS1 to recognize RIP140 or the interaction of RIP140 with 

RelA.

Attenuation of ET by preventing RIP140 degradation

Exposure to LPS induced RIP140 degradation and reduced production of inflammatory 

cytokines in macrophages, suggesting that RIP140 degradation may resolve inflammation 

and promote the establishment of ET. IFN-γ activates macrophages to amplify the 

inflammatory response, and one of its important functions is to reduce ET and restore pro-

inflammatory cytokine production 9, 40. Pre-treatment of macrophage with IFN-γ has been 

shown to overcome LPS-induced ET 9. Therefore we asked whether pre-treatment with IFN-

γ could block RIP140 degradation, and if RIP140 was required for IFN-γ-restored 

inflammatory cytokine production, especially TNF and IL-1β, in tolerated macrophages. 

Indeed, pre-treatment with IFN-γ effectively suppressed LPS-triggered RIP140 degradation 

in primary (Fig. 6a) and RAW (Supplementary Fig. 12) macrophages, and IFNγ failed to 

restore TNF and IL-1β production when RIP140 was silenced (Supplementary Fig. 13). We 

also confirmed the requirement for RIP140 in IFN-γ’s effect to prevent ET, in experiments 

using primary peritoneal macrophages from wild type or macrophage-specific RIP140-

silenced (KD) mice (Supplementary Fig. 14). IFN-γ effectively prevented ET in 

macrophages from the WT but not RIP140-silenced mice (Fig. 6b). To further investigate 

the role of RIP140 degradation in the establishment of ET, we introduced a control (Ctrl), 

wild type RIP140 (WT) or Y3F mutated RIP140 (Y3F) into RAW cells, induced their 

tolerance with LPS and then monitored production of proinflammatory cytokines under the 

second LPS stimulation. The Y3F mutant, but not the control or wild type RIP140, were 

resistant to tolerance induction with LPS, based on criteria like mRNA expression and 

protein production of TNF after the second LPS challenge (Fig. 6c). The effect on IL-1β 

mRNA expression was in agreement with this notion (Supplementary Fig. 15). Since altered 

signaling cascades in LPS-stimulated IKK and MAPK activations are also important 

characteristics of ET, we thus investigated whether the Y3F mutant prevented ET by 

augmenting these signaling pathways. This proved to be not the case because we did not 

observe any significant changes in these signaling cascades in RAW cells transfected with 

the wild type (WT) or Y3F mutant of RIP140, as compared to the control vector 
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(Supplementary Fig. 16). These results show that expressing the non-degradable RIP140 

(Y3F) attenuates ET, which occurs in a MAPK and IKK signaling-independent manner.

To further validate the effect of expressing the non-degradable RIP140 (Y3F) on ET in vivo, 

we introduced the wild type (WT) or Y3F mutant (Y3F) RIP140 into primary macrophages 

by lentiviral infection, and challenged them with LPS for 24 h. These macrophages were 

collected and injected into macrophage-depleted mice to achieve macrophage reconstitution 

(Supplementary Fig. 17). After macrophage reconstitution, mice were then challenged with 

LPS for 1 h and serum TNF was determined by ELISA. As expected, mice reconstituted 

with WT RIP140 macrophages failed to promote TNF production. However, mice 

reconstituted with Y3F mutant RIP140 macrophages still produced a higher amounts of 

serum TNFα in response to the second LPS challenge (Fig. 6d). Overall, our results 

demonstrate that RIP140 degradation is essential for the establishment of ET, at least based 

upon the criteria of TNF and IL-1β production. Moreover, prevention of RIP140 

degradation, such as by pre-treatment with IFN-γ, can attenuate ET.

Non-degradable RIP140 reduces tolerance of specific genes

Genes expression from either LPS-tolerated or non-tolerated macrophages demonstrates 

TLR-induced histone modifications and chromatin remodeling in a gene-specific 

manner 8, 41. Microarray analysis has shown that most differentially expressed genes in 

RIP140-null macrophages were proinflammatory genes 26. We therefore compared the 

genes differentially expressed in RIP140-null macrophages to the tolerated and non-

tolerated genes categorized in previous publications 8, 26, and found that nine of the tolerated 

genes but only one of the non-tolerated gene were RIP140 target genes (Supplementary Fig. 

18). We examined whether over-expression of the non-degradable RIP140 (Y3F) in 

macrophages prevented ET for RIP140’s target genes. Ectopic expression of the Y3F 

mutant, but not the control vector or wild type RIP140, reduced tolerization of RIP140’s 

target genes (including Ptgs2, Traf1, Socs3 and Il6, in addition to Tnfα and Il1b). However, 

the Y3F mutated RIP140 failed to reduce tolerization of genes that are not the targets of 

RIP140, such as Ccl22, cd40 and Nos2 in both primary macrophages (Fig. 7a) and RAW 

cells (Supplementary Fig. 19). These results clearly show that RIP140 degradation 

contributes to the establishment of ET in a gene-specific manner.

Most tolerated genes, such as TNF and IL-1β, are characterized by their non-permissive 

histone modifications and lower NF-κB binding on their promoters under LPS 

challenge8, 9, 12, 13, 41, 42. However, the underlying mechanism for these changes was 

unclear. Thus, we asked whether degradation of RIP140 is involved in changing these 

specific chromatin targets, by expressing the control vector, wild type RIP140 or Y3F 

mutant in RAW cells and inducing tolerance with LPS challenge. After stimulation with the 

second dose of LPS in macrophages, RelA and RIP140 binding on TNF, IL-1β, Ccl5 and 

Nos2 promoters were monitored by chromatin immunoprecipitation (ChIP). In response to 

LPS treatment, RIP140 binding on its targets (TNF and IL-1β) was enhanced, which did not 

happen on the non-RIP140 targets (Ccl5 and Nos2). RelA binding on promoters of TNF and 

IL-1β was also increased in the Y3F-transfected macrophages but not the other groups (Fig. 

7b). We also monitored active histone modification, including acetylated histone H4 
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(AcH4), acetylated histone H3 (AcH3) and phosphor-S10 histone H3 (p-S10 H3) on RelA 

binding regions of TNF and IL-1β promoters. In addition to phosphor-S10 on histone H3, 

H3 and H4 acetylation was also increased in the Y3F-transfected macrophages, but not in 

the other groups in the tolerated state (Fig. 7c). Taken together, these results support the 

view that LPS-stimulated degradation of RIP140 contributes to the loss of RelA binding and 

active histone modifications on the promoters of pro inflammatory cytokine genes in 

tolerated macrophages.

Discussion

RIP140 promotes proinflammatory cytokine production by serving as a co-activator for NF-

κB in macrophages exposed to TLR ligands. In this study, we show that exposure to TLR 

ligands triggers RIP140 degradation, leading to resolution of the inflammatory response and 

contributing to ET in a gene-specific manner. Syk-mediated tyrosine phosphorylation and 

RelA-dependent SOCS1-Rbx1 E3 ligase recruitment are two prerequisites for LPS-triggered 

RIP140 degradation (Supplementary Fig. 20). To our knowledge, this unexpected finding is 

the first example of negative regulation of a TLR-mediated inflammatory response through 

targeting a specific NF-κB co-activator. This study also reveals that NF-kB, specifically the 

RelA subunit, can modulate its own transcriptional activity by recruiting the SCF (Skp, 

culin, F-box-containing) E3 ligase complex to target its associated co-activator.

Most studies of negative regulation of inflammation focus on TLR-mediated signal 

transduction and suggest that these regulations are involved in the establishment of 

ET 10, 11, 41. However, alterations on chromatin, including histone modifications and 

chromatin remodeling, have been shown to be able to render complete and gene-specific 

tolerance with a reduced signaling cascade 2, 41, 42. Although several potential negative 

regulatory mechanisms in the nucleus have been proposed, the link between these 

mechanisms and the specific changes on chromatin targets under ET induction was unclear. 

Among these nuclear regulatory events, it has been shown that the SOCS1-Rbx1 E3 ligase, 

an SCF E3 ligase, can degrade RelA to terminate NF-κB’s transcriptional activity 29, 30, 43 

and SOCS1 recognizes its substrate via its SH2 domain which interacts with phospho-

tyrosine residues on substrate protein 37. We found Syk phosphorylates RIP140 on three 

tyrosine residues but failed to detect direct interaction of RIP140 with SOCS1, even for the 

RIP140 that had been phosphorylated by Syk. We did confirm that SH2 domain of SOCS1 

to be essential for ubiquitination of RIP140. Since RelA association with SOCS1-Rbx1 E3 

ligase requires the SOCS1 SH2 domain 29, 43, and RelA directly interacts with RIP140, we 

conclude that RelA acts as an adaptor for SOCS1-Rbx1 E3 ligase to recruit RIP140 into the 

E3 complex. Consistent with this notion, SOCS1 knockout mice have a higher inflammatory 

response and reduced survival under septic shock, and SOCS1-deficient macrophages 

exhibit less ET 35, 36, which also supports our findings that SOCS1-mediated degradation of 

RIP140 resolves inflammation and promotes the establishment of ET. This study also 

reveals a previously unrecognized mechanism exerted by RelA itself to down-regulate its 

co-activator. This is the first case of regulation of a co-activator’s stability by an SCF E3 

ligase via interaction with RelA.
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Syk-null mice also have reduced survival and more severe inflammatory responses under 

LPS challenge, which suggests that Syk is involved in resolution of inflammation 38. A 

recent study reported that CD11b reduced TLR-triggered inflammatory response via Syk-

mediated phosphorylation of MyD88 and TRIF 39. Our results presented here further 

support the role of Syk in negative regulation of inflammatory response in macrophages. 

Syk interacts with RIP140 in the nuclei and then phosphorylates RIP140 on three conserved 

tyrosine residues. The Y3F mutant RIP140 resists LPS-stimulated protein degradation, 

which may be due to inefficient ubiquitination on RIP140, because phosphorylation of these 

three tyrosine residues appears to be independent of RelA binding to RIP140 and the 

association of RIP140 with SOCS1. To this end, recent reports have shown that tyrosine 

phosphorylation of a target protein can promote ubiquitination without affecting E3 ligase 

binding 44, 45. On the basis of results presented here, we propose that phosphorylation of the 

three tyrosine residues may change RIP140’s conformation and lead to exposure of specific 

lysine residues to E3 ligase. It remains to be determined which lysine residues on RIP140 

are directly involved in ubiquitin conjugation and subsequent degradation.

This study demonstrates that RIP140 degradation contributes to ET in a gene-specific 

manner, which suggests that NF-κB interacts with RIP140 to activate only specific genes. 

Syk-mediated phosphorylation of RIP140 was ruled out as a regulator of the interaction of 

RIP140 with RelA. Because RelA possesses various post-translational modifications, 

depending on the stimuli 46, we postulate that specific modifications of RelA may regulate 

its interaction with RIP140, and may further determine its specific target genes. Therefore, it 

would be of interest to investigate the regulation of RelA-RIP140 interaction in the future. 

RIP140 acts, mainly, as a co-repressor for most transcription factors and nuclear receptors 

by recruiting HDAC and CtBP 47, 48, but it functions as a co-activator for NF-κB by 

recruiting CBP 26. It is possible that RIP140 may be modified by RelA-associated kinases or 

other enzyme machineries after interaction with RelA, which then leads to preferential 

recruitment of CBP. Recent studies have suggested that acetylation of histone H3 and H4 is 

important for NF-κB binding on chromatin 46. It would be important to investigate if the 

non-degradable RIP140 can facilitate RelA binding in the tolerated state by enhancing the 

acetyaltion status of histones around the RelA-binding region and how RIP140 may 

modulate chromatin configuration on these proinflammatory cytokine genes. Future 

analyses are needed to further elucidate the differences in these RIP140 protein complexes; 

these differences may be part of a novel mechanism for modulating RIP140’s biological 

activities.

It is generally believed that in metabolic tissues, RIP140 antagonizes the action of PGC-114. 

A previous study showed that a high-fat diet (HFD) increases RIP140 expression in 

macrophages, which enhances their proinflammatory potential 27. PGC-1β can promote M2 

activation of macrophages 32 and RIP140 is important for proinflammatory cytokine 

production characteristic of M1 activation. It is very interesting that in this current study we 

find that degradation of RIP140 is essential to the establishment of ET, and that failure to 

degrade RIP140 attenuates ET induction in vitro and in vivo. It would be important to 

evaluate whether the stability of RIP140, or its protein, is related to individuals’ sensitivity 

to septic shock in clinical conditions.
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Methods

Cell culture, transfection and mice

Raw264.7 macrophage cell line was purchased from American Type Culture Collection and 

maintained in DMEM medium with 10% FBS and 1% antibiotics. Lipofectamine 2000 

(Invitrogen) and lipofectamine LTX (Invitrogen) were used for plasmid transfection. 

siRNAs were purchased from Qiagen and transfected by Hiperfect (Qiagen). All male 

C56BL/6J mice were obtained from Jackson labtorary and maintained in the animal facility 

of Univerisity of Minnesota and were used at 6–12 weeks of age. Animal studies were 

performed with approval of University of Minnesota Institutional Animal Care and Use 

Committee. Peritoneal macrophages were elicited by 4% thioglycolate and isolated as 

previous report 27. For the derivation of transgenic mice that overexpress shRNA to target 

RIP140 in macrophage lineage, the shRNA for RIP140 was mimicked as endogenous 

microRNA following reported method 49. The expression of this shRNA was driven by 

hCD68 promoter 32 and the expression DNA fragment was cloned into pWhere vector. 

Transgenic DNA fragment was excised by PacI and then injected into C57BL/6 mouse 

oocytes (Mouse genetics laboratory, University of Minnesota). Transgenic founder mice 

were genotyped by PCR using following primer set: Forward: 5′-

GAGTTCTCAGACGCTGGAAAGCC-3′ and Reverse” 5′-

GTCCAATTATGTCACACCACAGAAG-3′.F1–F4 progeny were used for this study.

Reagents

LPS and IFNγ were purchased from Sigma-Aldrich and Invitrogen, respectively. 

Recombinant mouse IL-4 was purchased from eBioscience. TNFα was from Cell Signaling. 

Mouse TNFα ELISA kit and mouse IL-1β ELISA kit were from BD Biosciences and Ray 

Biotech, respectively. siRNAs and Hiperfect were from Qiagene. Antibodies for actin, HA-

tag, RelA (p65) and Syk were from Santa Cruz. Anti-RIP140 antibody was purchased from 

Abcam. Anti-SOCS1, anti-Rbx1 and anti-K48 conjugated ubiquitin antibodies were from 

Millipore. Protein G agarose-conjugated with anti-phospho-tyrosine antibody was ordered 

from Cell signaling. Anti-Syk antibody purchased from BioLegend and anti-RIP140 

antibody were used for proximal ligation assay. MG132 was from Sigma-Aldrich and 

genistein was ordered from EMD chemicals.

Flow cytometry analysis

Mice were injected with 3ml 4% thioglycolate intraperitoneally. After two days, mice were 

injected intraperitoneally with low dose of LPS to achieve endotoxin tolerance (0.1 μg/25 g 

body weight) 27. After 24 h, mice were sacrificed and primary peritoneal macrophages were 

isolated and plated in DMEM with 0.1% fatty acid-free BSA for 1 h and then adherent cells 

were collected for flow cytometry analysis of RIP140 and F4/80. Flow cytometry analysis 

was performed as previous report 27.

In vivo ubiquitination assay

For in vivo ubiqtuination assay, 2 μg Flag-RIP140 and 0.2 μg HA-ubiquitin plasmids were 

transfected into 293T cell with or with 1 μg HA-SOCS1 or HA-Rbx1. After 24 h, the media 
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were changed to normal culture medium with 5 μg/ml MG132 for another 6 h. Cells were 

collected and lysed with RIPA buffer. Immunoprecipitated complexes were subjected into 

SDS-PAGE and probed with anti-HA antibody.

Immunofluorescence analysis and proximal ligation assay

Immunofluorescence analysis was conducted as previous report 19. For proximal ligation 

assay to detect the interaction of RIP140 with Syk, anti-RIP140 antibody (ab-42126, 

Abcam) and anti-Syk antibody (626201, Biolegend) were used with Duolink PLA assay kit 

(Olink Bioscience). Images were acquired by FluoView 1000 IX2 confocal microscope 

(Olympus).

Syk kinase assay

For in vitro Syk kinase assay, wild type and mutant forms of Flag-RIP140 were purified 

from transfected 293T cell lysates by immunoprecipitation. Immunoprecipitates were 

incubated with 10 ng active Syk (Cell Signaling) in Syk kinase assay buffer (50 mM Tris-

HCl pH 7.5, 2.5 mM β-glycerophosphate, 1mM EGTA, 0.4 mM EDTA, 5 mM MgCl2, 0.05 

mM DTT and 200 μM ATP) at 25°C for 1h. After reaction, immunoprecipitates were 

subjected into SDS-PAGE and then immunoblotted with anti-phospho-tyrosine.

Chromatin-immunoprecipitation assays

Chromatin immunoprecipitation was conducted as the instruction of EZ ChIP kit (Millipore) 

with modifications. Briefly, 1 × 107 cells were treated with 10 ng/ml LPS for 2 h and then 

fixed by formaldehyde at room temperature for 10 min. Cells were then collected and lysed 

in SDS lysis buffer. Equal amount of cell lysates were used for chromatin 

immunoprecipitation by anti-p65 (Abcam), anti-acetylated-histone H4 (Millipore) and 

control IgG (Santa Cruz). DNA was purified by DNA purification column as manufacturer’s 

instruction (Qiagen). Relative occupancy was determined by quantitative PCR for sample 

from specific antibody versus control IgG.

Lentivirus production, concentration and transduction

Production and concentration of lentivirus were performed as described previously 21. 

Briefly, 293T cells were transfected with expression vectors (hCD68 promoter-driven 

expression of wild type or mutant forms of RIP140) and packing system (System 

Biosciences). Lentivirus-containing media were collected at 48 and 96 h after transfection. 

Virus was concentrated by lenti-X concentrator (Clontech). For transduction, 1×106 

peritoneal macrophages in 1 ml medium with polybrene (10 μg/ml) were incubated with 

lentivirus (MOI:50). Cells were spun down at 1,000 × g for 1 h at 25°C and then plated in 

culture plates. After 16 h, the medium was changed to normal culture medium.

ET, acute septic shock animal model and macrophage reconstitution

For ET animal model, 6~8-week-old male C56BL/6J mice were injected peritoneally with 

0.1 μg LPS/25 g body weight. After 16 h, mice were injected with LPS (100 μg/25 g body 

weight) and D-galactosamine (0.5 mg/g body weight) to induce acute septic shock. Survival 

was monitored every hour for the next eight hour. For macrophage reconstitution, 8~10-
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week-old male C56BL/6J mice were injected peritoneally with 200 μl clondronate-

containing liposome (Encapsula Nano Sciences) to deplete their macrophages. After 2 day, 5 

× 106 primary macrophages were injected peritoneally. 6 h later, mice were injected with 

LPS (500 μg/25 g body weight) and serum were collected 1 h after LPS injection. 

Reconstituted peritoneal macrophages were collected from 8~10-week-old male C56BL/6J 

mice and then transduced by lentivirus to over-express wild type RIP140 or tyrosine mutant 

RIP140 (Y3F). Transduction was performed twice in 5 day culture. On day 5 of culture, 

primary macrophages were treated with or without LPS (100 ng/ml). After 24 h, cells were 

collected and injected peritoneally into macrophage-depleted mice.

Statistical analysis

Results are presented in means ± SD. Statistical analysis was examined by Student’s t test 

and P value < 0.05 is statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Exposure to TLR ligands reduces RIP140 in macrophage in vitro and in vivo. (a) Survival of 

mice, monitored every hour after challenging with a lethal dose of LPS with D-

galactosamine. (n=10 per group). Exposure to a low dose of LPS prior to the lethal dose of 

LPS substantially increased the survival. (b) Left: histogram of RIP140 expression in F4/80 

positive population from isolated peritoneal macrophages. Right: Mean fluorescence 

intensity of RIP140. Results are presented in mean ± SD., n=3; *: P < 0.05. (c) Survival of 

wild type mice (Wt) and macrophage-specific RIP140 knockdown mice (KD), monitored 

every hour after challenging with a lethal dose of LPS with D-galactosamine. (n=8 per 

group). (d) Serum TNFα and IL-1β from WT and KD mice after stimulation of LPS for 2 h. 

Results are presented in mean ± SD., n=4; *: P < 0.05 as compared to wild type group. (e) 

Immunoblot and semi-quantitative PCR analyses of RIP140 protein and mRNA levels in 
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primary peritoneal macrophages after stimulating with the vehicle (Ctrl), M1 stimulus (LPS 

plus IFN-γ) or M2 stimulus (IL-4) for 24 h. (f) Expression of RIP140 in Raw264.7 and 

primary peritoneal macrophages after treatments -vehicle (Ctrl), Pam3CSK4, poly (I:C) or 

LPS with IFN-γ, for 24 h.
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Figure 2. 
LPS promotes RIP140 degradation through SOCS1-Rbx1 E3 ligase-mediated K48 

polyubiquitination. (a) Immunoblot analysis of RIP140 and polyubiquitinated RIP140 in 

Raw264.7 macrophages stimulated for 6 h with indicated treatments. (b) Immunoblot 

analysis of RIP140, Rbx1 and actin in primary peritoneal macrophages stimulated for 24 h 

with a control treatment or LPS after transfection with control or Rbx1 siRNAs. (c) 

Immunoblot analysis of RIP140, SOCS1 and actin in primary peritoneal macrophages 

stimulated for 24 h with a control treatment or LPS after trasfection with control or SOCS1 

siRNAs. (d, e, f) In vitro ubiqtuination analysis of RIP140 in 293T cells. 293T cells were 

transfected with expression plasmids as indicated and treated with 10 μM MG132 for 6 h 

before lysis. (d) Cell lysates were immunopreciptated with anti-Flag-agarose beads and 

immunoprecipitates were immunoblotted with anti-Flag to detect Flag-RIP140 or anti-HA to 

detect polyubiquitinated RIP140 and HA-Rbx1. (e) Cell lysates were immunopreciptated 

with anti-Flag-agarose beads and immunoprecipitates were immunoblotted with anti-Flag to 

detect Flag-RIP140 or anti-HA to detect polyubiquitinated RIP140 and HA-SOCS1. (f) 

293T cells were transfected with Flag-tagged RIP140 and HA-tagged Ub in conjunction 

with HA-tagged SOCS1 wild type (Wt) or HA-tagged SOCS1-ΔSH (ΔSH). Cells were 

treated with 10 μM MG132 for 6 h before lysis. Cell lysates were immunopreciptated with 

anti-Flag-agarose beads and immunoprecipitates were immunoblotted with anti-Flag to 

detect Flag-RIP140 or anti-HA to detect polyubiquitinated RIP140 and HA-SOCS1. All 

immunoblots were performed at least twice.
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Figure 3. 
RelA acts as adaptor for SCF ubiquitin ligase complex to trigger RIP140 degradation. (a) 

RelA is required for the interaction of RIP140 with SOCS1-Rbx1 E3 ligase complex, 

determined by immunoprecipitation and immunoblot analyses. (b) Immunoblot analysis of 

RIP140, RelA and actin in primary peritoneal macrophages stimulated for 24 h with a 

control treatment or LPS after trasfection with control or RelA siRNA. (c) Over-expression 

of Flag-tagged RIP140 amino terminus (RD1) reduced the interaction of RIP140 with RelA. 

Raw264.7 macrophages were transfected with control plasmid (Ctrl) or Flag-tagged RD1 

(RD1) and then stimulated with LPS for various durations. Cell lysates were collected and 

the interaction of RIP140 with RelA was determined by immunoprecipitation of RelA and 

then probed with RIP140. Right: the effect of RD1 on the basal and LPS-stimulated 

expression of TNF and IL-1β was determined by quantitative PCR. Results are presented in 

mean ± SD., n=3; *: P < 0.05 as compared to control treatment. (d) Raw264.7 macrophages 

were transfected with the indicated plasmid and then stimulated with, or without, LPS for 2 

h. The expressions of RIP140 and indicated proteins were determined by immunoblot 

analysis. (e) Raw264.7 macrophages were treated with 10 μg/ml LPS (left panel) or 10 

ng/ml TNF (right panel) for various durations and the interaction of RelA with RIP140 was 

determined by immunoprecipitation and immunblot. (f) The expression of RIP140 in 

primary peritoneal macrophages after 24 h treatments as indicated was determined by 

immunoblot analysis. All immunoblots were performed at least twice.
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Figure 4. 
Syk activity is required for LPS-induced RIP140 degradation. (a) Raw264.7 macrophages 

were transfected with Flag-tagged wild type RIP140 and then treated with LPS (10 ng/ml) in 

the presence of MG132 for indicated duration. Cell lysates were immunoprecipitated with 

anti-phospho-tyrosine antibody-conjugated agarose. Phospho-RIP140 was determined by 

immunoblot of anti-flag. 10% input of cell lysate was used for immunblot. (b) Raw264.7 

macrophages were treated with LPS (10 ng/ml) for indicated duration. Whole cell lysates 

were collected and indicated proteins were examined by immunoblot. (c) Raw264.7 cells 

were pre-treated with a control vehicle or Syk inhibitor (Syk In.: Bay 61-3606) for 30 min 

and then cells were treated with LPS for 24 h. Cell lysates were collected and indicated 

proteins were determined by immunoblot analysis. (d) Immunoblot analysis of RIP140 

expression in Raw264.7 macrophages and primary peritoneal macrophages transfected with 

control or Syk siRNAs after LPS treatment for 24 h. (e) Syk directly phosphorylates RIP140 

in an in vitro kinase assay as described in method.
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Figure 5. 
LPS-induced RIP140 degradation depends on Syk-mediated tyrosine phosphorylation on 

RIP140. (a) Schematic diagrams show the conserved amino acid sequences of RIP140 

around the Syk target sites. (b) In vitro kinase assays of tyrosine phosphorylation on RIP140 

with indicated mutations. (c) LPS-triggered tyrosine phosphorylation of WT RIP140 or 

tyrosine mutant RIP140 (Y3F) in vivo. Primary peritoneal macrophages were transfected 

with Wt RIP140 or tyrosine mutant RIP140 (Y3F) and then treated with or without LPS for 

1 h. (d) The interaction of Flag-RIP140 with Syk in primary peritoneal macrophages 

challenged with LPS for 1 h. (e) Protein stability of WT RIP140 or tyrosine mutant RIP140 

(Y3F) was determined by immunoblot analysis. Cells were treated with or without LPS for 

24 h. All immunoblots were performed at least twice.
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Figure 6. 
Degradation of RIP140 is involved in the establishment of ET. (a) Pre-treatment of IFN-γ in 

primary peritoneal macrophages prevents LPS-facilitated degradation of RIP140. Cells were 

pre-treated with or without IFN-γ for 16 h and then challenged with LPS for another 6 h. (b) 

The mRNA levels of TNF (upper panel) and IL-1β (lower panel) from primary peritoneal 

macrophages treated according to the experimental design. (c) Raw264.7 macrophages were 

transfected with the control vector (Ctrl), Flag-tagged WT RIP140 or tyrosine mutant 

RIP140 (Y3F). Cells were treated with or without LPS for 16 h to become non-tolerated or 

tolerated states, respective. After 24 h, cells were then challenged with LPS. Upper: mRNA 

levels of TNF were determined by quantitative PCR. Lower: the levels of secreted TNF 

from culture supernatants were determined by ELISA. (d) Serum TNF production from 

macrophage reconstituted mice after stimulation of LPS for 1 h. Results are presented in 

mean ± SD., n=4; *: P < 0.05 as compared to saline group.
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Figure 7. 
Prevention of RIP140 degradation retains RelA binding and increases active histone 

modification on tolerated genes’ promoters. (a) Real-time PCR analysis of mRNA of 

indicated genes in non-tolerated or tolerated primary peritoneal macrophages transfected 

with the control vector (Ctrl), wild type RIP140 (WT) or non-degradable RIP140 (Y3F). 

Cells were induced into non-tolerated or tolerated status and then re-challenged with 10 

ng/ml LPS for another 2 h or 6 h. Relative folds of mRNA levels after the second 

stimulation with LPS were determined. Results are presented in mean ± SD., n=3; *: P < 

0.05 as compared to the non-tolerated+LPS group. (b,c) Raw264.7 macrophages transfected 

with the control vector (Ctrl), wild type RIP140 (WT) or non-degradable RIP140 (Y3F) 

were induced into non-tolerated or tolerated status. Cells were then re-challenged with 10 

ng/ml LPS for another 2 h. Chromatin IP (ChIP) was performed for indicated antibodies. (b) 

Relative occupancy of RelA (p65) (upper panel) and RIP140 (lower panel) on Tnf, Il1b, 

Ccl22 and Nos2 promoters were determined by real-time PCR analyses. (c) Relative 

occupancy of acetylated histone H4 (AcH4), acetylated histone H3 (AcH3) and phosphor-

S10 histone H3 (p-S10 H3) on Tnf and Il1b promoters were determined by real-time PCR 
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analyses. Results are presented in mean ± SD., n=3; *: P < 0.05 as compared to the control 

treatment of tolerated macrophages.
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