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ABSTRACT 

        The prevalence of metabolic diseases in modern society, including Type II diabetes 

mellitus (T2DM), hypertension and cardiovascular diseases, is a major burden on health 

care systems. Among these diseases, T2DM and its associated complications contribute 

to the progression of other metabolic diseases such as fatty liver diseases and 

atherosclerosis. Understanding the initiation and progression of T2DM is critical for 

developing treatments for T2DM and its associated metabolic disorders. Adipocyte 

dysfunctions and chronic inflammation have been shown recently to play essential roles 

in the progression of T2DM. Normally, adipocytes can store energy as triglycerides, fine-

tune other metabolic tissues’ lipid and glucose metabolism, and secreted cytokines 

(adipokines) to modulate immune response. In T2DM or obesity, adipocytes become 

dysfunctional, with increased lipolysis, an altered adipokine profile, and decreased 

insulin sensitivity and glucose uptake ability. These changes affect not only the 

adipocytes themself but also systemic glucose and lipid metabolism. In obese patients 

and in the high-fat diet (HFD)-fed mouse model, increased inflammatory response in 

macrophages also contributes to adipocyte dysfunction. The escalated inflammatory 

response plays pathophysiological roles in various metabolic disorders, including 

atherosclerosis and arthritis, and increases the incidence of septic shock. However, the 

underlying mechanisms for initiation of adipocyte dysfunctions and escalation of 

inflammatory response remain unclear.   

        Receptor-interacting protein 140 (RIP140) is a co-regulator for various transcription 

factors and nuclear receptors and is expressed mainly in macrophages and metabolic 

tissues, including adipocytes, hepatocytes and muscle cells. RIP140 affects the 

progression of T2DM through its nuclear activity as shown by the resistance of knockout 

mice to diet-induced diabetes and its associated metabolic disorders. In my studies, I 

found that when I used HFD feeding to induce T2DM, RIP140 could accumulate within 

the cytoplasm of adipocytes. I further demonstrated that cytoplasmic RIP140 not only 

interacted with AS160 to impede GLUT4 vesicle trafficking and adiponectin vesicle 

secretion, but also formed a complex with perilipin A to enhance lipolysis. These 

findings suggest that HFD feeding can alter RIP140’s cellular distribution, which leads to 
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adipocyte dysfunctions including higher lipolysis, lower glucose uptake, and reduction in 

adiponectin secretion. I also showed that HFD feeding promoted cytoplasmic 

accumulation of RIP140 in adipocytes through a PKCϵ-dependent signaling pathway by 

enhancing intracellular lipid content (as an intrinsic stimulus) and circulating endothelin-

1 (as an extrinsic stimulus). Most importantly, administration of a selective ET-1 receptor 

anatagonist, ambrisentan, reduced HFD-induced cytoplasmic accumulation of RIP140 in 

adipocytes and further ameliorate hepatic steatosis and insulin sensitivity in vivo. These 

findings reveal the novel roles of cytoplasmic RIP140 in adipocyte dysfunctions and 

provide evidence for cytoplasmic RIP140 as a promising target for treatment of T2DM.   

        Recently, RIP140 has also been shown to affect proinflammatory cytokine 

production by functioning as co-activator for NF-B in macrophages. I showed that HFD 

feeding up-regulated RIP140 expression by promoting intracellular cholesterol level 

which led to increased proinflammatory potential in macrophages. In this study, 

intracellular cholesterol level regulates RIP140 expression by decreasing microRNA-33a, 

which targeted RIP140 via a conserved region in 3’-UTR of RIP140 mRNA. I further 

discovered that TLR ligands could trigger RIP140 degradation to resolve inflammation. 

This RIP140 degradation was modulated by RelA-recruited SCF E3 ligase and Syk-

mediated phosphorylation on RIP140. My studies in macrophages demonstrate that 

RIP140 in macrophages can be modulated by a HFD to affect the systemic inflammatory 

response and further suggest that defects in RIP140 degradation may cause non-resolving 

inflammation which is involved in septic shock and various metabolic disorders.    

        Taken together, my studies provide evidence for the novel functions of RIP140 in 

adipocyte dysfunction and inflammatory response in macrophages and determine the 

mechanisms by which HFD affect RIP140’s distribution and expression in adipcoytes 

and macrophages. These findings contribute to our understanding of how HFD causes 

adipocyte dysfunctions and increase inflammatory response.   
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The Receptor-interacting Protein 140 

Mouse receptor interacting protein 140 (RIP140) was identified as a ligand-dependent co-

repressor of orphan receptor TR2 by yeast two-hybrid screening and human RIP140 was 

isolated as a interacting co-regulator of estrogen receptor(ER) [1-3]. DNA 

sequencing further concludes that RIP140 is highly conserved in all vertebrate species 

examined. The ubiquitous expression profile of RIP140 suggests its roles in many 

biological processes. Its interaction and co-regulatory role for several transcription 

factors and nuclear receptors have further been determined. The list includes ER, GR, AR, 

PPAR//, PXR, RAR/, RXR/, LXR/, ERR/ /, ROR, VDR, TR2, TR4, c-

jun, AhR, HNF4, SF-1, RelA, and GRIP1 [4-6]. Based on the phenotype of whole body 

RIP140-knockout mice, RIP140 is essential for ovulation and lipid and glucose 

metabolism. These effects mostly are attributable to RIP140’s co-repressive activity in 

modulating gene transcription through its repressive domains (RDs) which mediate its 

interaction with CtBP, HDAC,  and other chromatin remodeling complexes [1, 4, 7-9]. 

However, increasing evidence recently indicates that RIP140 can also act as a co-

activator for transcription of several genes such as proinflammatory genes in 

macrophages and fatty acid synthase (FAS) in hepatocytes [10-13]. The opposing 

activities of RIP140 on gene transcriptional control might be transcription factor-, gene-, 

and/or cell context-specific. It has been known that post-translational modifications 

(PTMs) play critical roles in modulating proteins stability, sub-cellular distribution, and 

interacting proteins [4, 14-19]. For RIP140, using proteomic analysis, several PTMs of 

RIP140 have been identified, including acetylation, phosphorylation, methylation, PLP 

conjugation and sumoylation [4]. These PTMs modulate RIP140’s co-regulator activity 

by affecting its recruiting co-regulators and also affect RIP140’s sub-cellular distribution. 

These PTMs are described in details in the following: 

Acetylation: 

Using proteomic analysis, nine lysine residues of RIP140 wer found to be modified by 

acetylation. Acetylation at Lys482, Lys 529 and Lys607 of RIP140 enhances its nuclear 

export and decreases RIP140’s gene repressive activity [17]; whereas acetylation at 



3 

 

Lys158 and Lys287 of RIP140  boosts its nuclear  retention and gene repressive activity. 

ERK2-mediated phosphorylation of RIP140 triggers p300-mediated acetylation of 

RIP140 at Lys158 and Lys287 (see below) [17, 18]. Importantly, this event is elevated in 

the 3T3-L1 adipocyte differentiation process, suggesting that RIP140’s repressive role on 

transcription is increasingly needed in adipocyte differentiation [18]. 

Phosphorylation:  

RIP140 can be phosphorylated at two threonine residues and nine serine. Erk2 

phosphorylates RIP140 at Thr202 and Thr207 to facilitate the recruitment of p300, which 

then acetylates RIP140 at Lys158 and Lys287. The coordination of these PTMs increases 

RIP140’s gene repressive activity by increasing the interaction of RIP140 with HDAC3 

[17, 18, 20]. Protein kinase C epsilon (PKC) phosphorylates RIP140 at Ser102 and 

Ser1003 to promotes Protein arginine methyltransferase 1 (PRMT1)-mediated arginine 

methylation at Arg240, Arg650 and Arg948. The combination of PKC-mediated 

phosphorylation and PRMT1-mediated methylation facilitates RIP140 nuclear export 

[19].  

Methylation: 

RIP140 contains both arginine and lysine methylation. PRMT1 promotes methylation of 

RIP140 at Arg240, Arg650 and Arg946, which reduces RIP140’s nuclear activity on 

transcriptional repression and stimulates its nuclear export [14]. In contrast, methylation 

at Lys591, Lys653 and Lys757 of RIP140 elevates its repressive activity by unknown 

mechanisms [21]. Of note, demethylation at these lysine residues of RIP140 is necessary 

for its methylation at Arg240, Arg650 and Arg946 of RIP140. This indicates a signal 

crosstalk among different protein methylation enzyme machineries in order to fine-tune 

RIP140’s sub-cellular localization, interacting partners, and biological activity.   

PLP conjugation: 

Lys613 of RIP140 can be conjugated with PLP (pyridoxal 5’-phosphoate), which elevates 

RIP140’s gene repressive activity. This PTM is controlled by the status of cellular PLP 
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level, the bioactive form of vitamin B6 [16]. This finding reveals that RIP140 may sense 

the status of PLP or other nutrition through PTMs, which then regulate RIP140 biological 

activity. 

Sumoylation: 

Sumo-1 conjugation at Lys 756 and Lys 1154 of human RIP140 (Lys757 and Lys 1157 

of the mouse RIP140), which can modulate RIP140’s nuclear distribution and its gene 

represssive activity [22]. However, the enzyme for RIP140 sumoylation has not been 

identified.  

        Among them, protein kinase C epsilon (PKC)-mediated phosphorylation, following 

with protein arginine methyltransferase 1 (PRMT1)-mediated methylation, promotes 

RIP140’s nuclear export and its cytoplasmic distribution strongly indicate other roles of 

RIP140 outside the nucleus in the adipocytes. However, the biological functions and 

exact distribution of the cytoplasmic RIP140 in adipocytes remain unknown. 

Physiological Role Adipose Tissue and Adipocyte Dysfunction in Type 

II Diabetes Mellitus and Metabolic Syndromes 

        There are two kinds of adipose tissue: white and brown. Adipose tissue originally 

was presumed to be an inert means of storing excess energy as triglyceride (TG). 

However, studies over the past two decades showed that adipose tissues exert other 

functions to maintain systemic homeostasis. In cold environments, brown adipose tissue 

uses TG to produce heat and maintain body temperature, whereas white adipose tissue is 

the main site of energy storage and use during food intake or fasting states [23]. In fasting 

states, the TG in white adipose tissue is hydrolyzed through a series of signaling 

pathways to form free fatty acids [24]. That can serve as an energy source for other 

organs and for ketone body production in the liver. In addition to lipid metabolism, 

adipose tissues also serve as an endocrine organ by secreting cytokines (i.e., adipokines) 

such as adiponectin and leptin to modulate other organs’ functions as well as brain 

behavior [23, 25, 26]. Adiponectin, for example, improves endothelial function and has 

beneficial anti-inflammatory effects in cardiovascular diseases (e.g., ischemic heart 
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disease, cardiac hypertrophy, heart failure) [27, 28]. In obese and T2DM patients, 

although adipose tissue mass increases, adiponectin secretion declines and this reduction 

of adiponectin secretion has been implicated in obesity-caused metabolic disorders as 

well as cardiovascular disorders [27, 28]. Lastly, insulin can stimulate glucose uptake in 

adipocytes by enhancing glucose transporter 4 (GLUT4) trafficking from cytoplasm to 

plasma membrane. Using adipocyte-specific GLUT4-knockout mice, the importance of 

glucose uptake in adipocyte in insulin resistance and Type 2 diabetes mellitus (T2DM) 

has been demonstrated. Loss of GLUT4 expression or defects in GLUT4 trafficking in 

adipocytes can induce systemic insulin resistance in liver and muscle and result in 

diabetes [23, 29].   

        Studies in rodents and humans showed that a high caloric intake changes the balance 

of adipose tissue metabolism, reducing glucose uptake, increasing the release of free fatty 

acids, and decreasing secretion of adiponectin and leptin. These changes are known as 

adipocyte dysfunctions and have been shown to be involved in metabolic disorders [23, 

30]. For example, imbalances in glucose uptake, lipid storage, and lipolysis in adipocytes 

contribute to systemic insulin resistance and promote lipotoxicity in muscle and liver [30, 

31]. Moreover, such imbalances also play key roles in reduced cardiac function in obese 

patients or those with Type 2 diabetes mellitus (T2DM). Ectopic lipid deposition 

promotes fatty heart and eventually causes lipotoxic cardiomyopathy, important 

metabolic disorders with high mortality rates [30, 32, 33]. Fatty heart and lipotoxic 

cardiomyopathy cause increased left ventricular mass, impaired left ventricular systolic 

function and diastolic filling, and cardiac fibrosis [33]. It has been proposed that obesity, 

which reduces lipotoxicity by increasing adipocyte size might be a protective response to 

overnutrition [30, 34, 35]. In this model, adipose tissue in obese subjects protects against 

ectopic lipid deposition. However, after prolonged morbid obesity, adipocytes lose their 

ability to store TG and increase. On the other hand, the changes in adipokine secretion 

profile are also involved in systemic insulin resistance and chronic inflammation which 

leads to high incidence of septic shock and autoimmune diseases [34, 35].  
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Toll-like Receptors and the Role of Macrophage in Inflammation 

        Toll-like receptors (TLRs) contain at least 12 proteins that initiate the innate 

immune response by activating various signaling cascades, including the nuclear factor 

B (NF-B) and interferon regulatory factor (IRF) pathways [36]. Activation of 

inflammatory signaling cascades boosts the production of inflammatory cytokines, such 

as IL-1, TNF, and IL-6. The TLR-family members are pattern-recognition receptors 

(PRRs), which can recognize pathogen-associated molecular patterns (PAMPs), including 

peptides, carbohydrates, nucleic-acid structures, and lipids that are expressed by various 

microorganisms [36, 37]. This recognition is critical for eliciting inflammatory responses 

to eliminate the infection of pathogens by direct and indirect mechanisms modulated by 

inflammatory cytokines. However, recent studies show that TLRs, as well as other 

members of PRRs, can also recognize damage-associated molecular patterns (DAMPs), 

which include endogenous molecules and antigens released from damaged cells [36-38]. 

It has been suggested that this recognition of DAMPs is used to eliminate tissue damage 

and to elevate local and systemic immune response potential by inflammatory cytokines. 

        Macrophages are among the most critical players in the innate immune system. They 

can produce massive amounts of inflammatory cytokines upon recognition of infected 

pathogens through PRRs and also act as phagocytes to eliminate pathogens and infected 

cells [38, 39]. Ligation of TLR ligands to TLRs boosts macrophages’ inflammatory 

response by activating inflammatory signaling cascades; this activation is called classical 

activation (M1 activation) [39]. The human body is host to resident macrophages and 

non-resident macrophages. Resident macrophages, such as osteoclasts in bone and 

microglia in the brain, are responsible for maintaining homeostasis in local tissues and for 

sensing infection [40]. Non-resident macrophages are derived from stimulation of 

circulating monocytes by chemokines and cytokines elicited by local infection and 

damage. Macrophages are also activated by IL-4 and IL-13 through a STAT6-dependent 

pathway in a process called alternative activation (M2 activation) [40]. These 

alternatively activated macrophages can express various negative regulators that are anti-

inflammatory. They also exhibit high wound-healing activity [40]. Moreover, 
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macrophages can switch between M1 and M2 phenotypes [41, 42]. These findings reveal 

the plasticity of macrophage activation. In addition, the opposing functions of M1 and 

M2 macrophages suggest that the functional properties of macrophages are critical for 

modulating immune response and the homeostasis of surrounding tissues in response to 

cytokines, infection, and tissue damage [43, 44]. 

 

Non-resolving Inflammation and Its Pathophysiological Role 

        Although inflammation is important for eliminating pathogens, sustained 

inflammation can damage tissues and disrupt cellular homeostasis [43, 45, 46]. An 

increasing number of studies show that perpetuation of inflammation contributes to 

metabolic disorders and many autoimmune diseases such as inflammatory bowel disease 

and Alzheimer’s disease [38, 46]. Importantly, the failure to resolve inflammation after 

infection leads to excessive production of inflammatory cytokines, including IL-1 and 

TNF. The massive amount of circulating inflammatory cytokines can damage cells and 

cause multiple organ failure, which are typical features of septic shock. In contrast, the 

expression of negative regulators of inflammation causes macrophages to become 

insensitive to subsequent exposure to TLR ligands such as lipopolysaccharide (LPS). In 

patients and animals, this condition is known as endotoxin tolerance and patients with 

endotoxin tolerance are immunocompromised [43, 47, 48]. These features suggest that 

the control of timing and amplitude of inflammation are critical for health. In addition to 

the viewpoint that chronic low-grade inflammation causes T2DM and other metabolic 

disorders, many epidemiological studies suggest that over-nutrition and obesity can boost 

inflammatory potential [46]. However, how immune cells sense nutrition status and the 

underlying mechanisms for modulating the potential of immune response remain largely 

unknown. 
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Introduction 

Insulin sensitivity is key to the maintenance of systemic energy homeostasis, ensuring 

that metabolically healthy individuals can adapt to various fuel conditions by sensing 

blood glucose load and triggering its disposal [49]. The inability of an individual to 

respond to insulin signals to remove glucose, i.e., insulin resistance (IR), is the hallmark 

of Type II diabetes and can be caused by a variety of factors [49-51]. Once IR is detected 

clinically, reversing the progression of the disease is often difficult. Early markers for IR, 

especially those involved in the regulation of insulin signaling and glucose disposal, are 

therefore important to further understand disease progression and develop therapeutic 

agents.  

 The principal mechanism for glucose disposal, insulin-stimulated glucose uptake, 

mainly involves glucose transporter 4 (GLUT4) [52]. Insulin activates a cascade of 

intracellular signaling events, including the mitogen-activated protein kinase pathway for 

growth and the phosphoinositide 3-kinase (PI3K)–Akt pathway for glycogen and protein 

synthesis and glucose uptake via GLUT4 [49, 53]. IR is mainly attributed to defects in 

insulin signaling pathways [23, 51, 53-55], as well as GLUT4 synthesis, translocation, 

trafficking and down-regulation [23, 49, 52]. To this end, insulin stimulates the 

translocation of GLUT4 storage vesicles (GSVs) from intracellular compartments to the 

plasma membrane (PM), a key step regulating GLUT4 traffic.  

 Among the thirteen GLUTs, GLUT4 is the only isoform that is insulin-responsive, 

and it is expressed predominantly in muscle and adipose tissues [52]. Insulin-stimulated 

GLUT4 partitioning to the PM is mediated primarily by PI3K-activated Akt which 
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phosphorylates AS160, a Rab-GTPase-activating protein (Rab-GAP) [56, 57]. 

Phosphorylated AS160 (pAS160) is thought to become inactive, allowing more Rab-GTP 

to accumulate, which facilitates GSV trafficking to the PM [56, 58-60].  

Receptor interacting protein 140 (RIP140), a widely known transcription 

corepressor [61, 62], can be modified extensively by posttranslational modifications 

(PTMs) [4]. Certain PTMs augment its nuclear activity [16, 19-21, 63], whereas a 

specific cascade of sequential PTMs, initiated by nuclear PKC phosphorylation of 

RIP140’s Ser-102 and Ser-1003, triggers its export to the cytoplasm in adipocytes [14, 

19]. This report uncovers a new functional role for RIP140 in the adipocyte cytoplasm — 

to negatively regulate insulin-stimulated GLUT4 trafficking — and determines the 

mechanism of this action. 

 

Materials and Methods 

Cell culture 

COS-1 cells, 3T3-L1 fibroblasts, and RIP140-/- mouse embryonic fibroblasts (MEF) were 

maintained and differentiated as described [19]. G7 fibroblasts were maintained and 

differentiated as described ([64]. Transfection was conducted with Lipofectamine 2000 

(Invitrogen) as described [19] or Lipofectamine LTX according to the manufacturer’s 

instructions. siRNA (QIAGEN) was introduced using a DeliverX Plus siRNA 

transfection kit (Panomics). 

Myc-GLUT4-EGFP staining and GLUT4 internalization 

G7 adipocytes were starved (3 hrs) in serum-free medium and treated with 100 nM 

insulin (20 min), cells were fixed and incubated with anti-myc (2 hrs, 4°C). After 
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washing, cells were stained with Cy3-conjugated secondary antibody. Images were 

acquired on an Olympus FluoView1000 IX2 inverted confocal microscope. GLUT4 

recycling was performed as described [60]. 

In vitro competition assays for protein interaction 

In vitro protein interaction assay was performed as described [19] to examine 

competition between RIP140 and AS160. Flag-RIP140 was synthesized in a 

transcription–translation system (Promega) and incubated with GST-AS160 and an equal 

amount of Akt2 (Upstate) in coimmunoprecipitation buffer overnight at 4°C. Detail was 

described in the supplement. After washing, immunocomplexes and supernatants were 

analyzed with indicated antibodies on blots.  

PKC kinase activity assay 

Nuclear PKC activity was assayed using 200 g of immunoprecipitated nuclear extract 

with a radiometric kit (Upstate) according to the manufacturer’s instructions. 

 

Statistical analysis 

Experiments were performed at least twice and that results were the same. Results are 

presented as means ± SD. Comparisons between groups were made by unpaired two-

tailed Student’s t-tests. P values < 0.05 were considered to be statistically significant. 

 

Results 

Increased cytoplasmic RIP140 reduces GLUT4 trafficking in 3T3-L1 adipocytes. 

We first found cytoplasmic RIP140 readily detectable in four-day differentiated cells, 

and robustly detected in eight-day differentiated cells (Figure 1A). Interestingly, 4-day 

cells were more responsive to insulin stimulation in glucose uptake than the 8-day cells 

(Figure 1B). Consistently, insulin dramatically stimulated GLUT4 partitioning into the 
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PM of 4-day cells. The 8-day cells had higher basal glucose uptake and PM-associated 

GLUT4 levels, which could be stimulated by insulin (Figure 1C). Insulin-stimulated 

glucose uptake in these 3T3-L1 adipocytes seems lower than that of some reported 

studies, which might be due to difference in experimental procedures such as the 

differentiation cocktail [65]. 

 Cytoplasmic RIP140 was evident in 4-day cells, and its levels increased by day 8; 

similarly, PKC levels also increased during differentiation (Figure 1C). When RIP140 

and PKC were knocked down individually, both basal and insulin-stimulated PM-

associated GLUT4 levels in 8-day cells increased significantly (Figure 1D), and basal 

and insulin-stimulated glucose uptake was also enhanced significantly (Figure 1E). While 

GLUT4 mRNA level was not altered by RIP140 or PKC silencing (Figure 1D), total 

GLUT4 protein level was up-regulated (~2.5 folds) by RIP140 silencing  (Figure S1), 

indicating additional functions, beyond affecting GLUT4 protein level, of RIP140 to 

modulate glucose uptake. 

 GLUT4 trafficking was assessed using G7 adipocytes which stably express myc-

GLUT4-EGFP [64]. Silencing RIP140 or PKC increased, by approximately twofold, the 

number of cells exhibiting surface-stained myc-GLUT4 (i.e., an intact myc rim stained 

with anti-myc) (Figure 1F); this was confirmed by immunoblotting (Figure S2). Myc-

GLUT4 recycling was monitored by incubating G7 adipocytes with anti-myc for 60 min 

in the presence or absence of insulin, followed by fixation and permeabilization to stain 

internalized myc-GLUT4 with a secondary antibody. The internalized myc-GLUT4 

signal was stronger in both RIP140- and PKC-silenced cells (Figure 1G). Overall, these 

results suggest a functional role for both RIP140 and PKC in negatively regulating 

GLUT4 trafficking to the PM. 

 We previously identified nuclear PKC activation as an initial trigger to stimulate 

the export of nuclear RIP140. Two RIP140 mutants, CP (a phosphor-mimetic export 

enhancer) and CN (a phosphor-deficient mutant with reduced export), were used to 

rescue RIP140/ adipocytes (Figure 2A). Re-expressing the wild type, or CP, but not CN, 
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RIP140 reduced both basal and insulin-stimulated GLUT4 partitioning to the PM. 

Likewise, glucose uptake of the RIP140-null cells was significantly reduced by 

expressing Wt or CP RIP140, but unaffected by the CN mutant (Figure 2B). Taken 

together, these results indicate that cytoplasmic RIP140 negatively regulates basal and 

insulin-stimulated GLUT4 trafficking to the cell surface in these adipocytes. Furthermore, 

this effect can be initiated by PKC-mediated phosphorylation of RIP140 in the nucleus. 

Regulation of AS160 phosphorylation by RIP140 

Several regulatory points of GLUT4 trafficking where RIP140 might play a role were 

examined. We found that RIP140 directly affected the phosphorylation of AS160 on Thr-

642 by Akt (Figure 2C). Neither RIP140- nor PKC-silencing affected the basal or 

insulin-activated Akt or ERK1/2 activation profiles, but both manipulations enhanced 

pAS160 levels (Figure 2D). AS160 protein, but not its mRNA, level was decreased 

slightly by silencing RIP140 or PKC. Therefore, RIP140 silencing slightly decreases 

AS160 protein expression, but profoundly increases its phosphorylation. Treatment with 

PKC effectors indicated that PKC activation increased RIP140/AS160 complex 

formation (Figure 2E), suggesting that such complex formation might inhibit the 

phosphorylation of AS160. 

RIP140 directly interacts with AS160 to impede Akt phosphorylation of AS160.  

The direct interaction and in vivo complex formation of RIP140 with AS160 was 

confirmed using glutathione S-transferase (GST) pulldown (Figure 3A) and 

coimmunoprecipitation (Figure 3B). The AS160-interaction domain of RIP140 was 

mapped to its amino (peptides 1–350) and carboxyl (peptides 717–end) termini. The 

interaction of RIP140 with AS160 interfered with the ability of AS160 to interact with 

Akt (Figure 3C). In vitro kinase assays confirmed that RIP140 reduced AS160 

phosphorylation by approximately 50% (Figure 3D). Thus, RIP140 interacts directly with 

AS160, impeding its phosphorylation by Akt, and presumably maintaining the GAP 

activity of AS160. This would inactivate downstream targets such as Rab-GTPases, 

thereby reducing GSV trafficking.  
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High-fat diet activates nuclear PKC and promotes cytoplasmic RIP140 

accumulation. 

To determine if this signaling pathway could be recapitulated in animals under 

physiological or pathophysiological conditions, mice were fed a normal diet (ND) or a 

high-fat diet (HFD) for 5 weeks. Primary adipocytes from these mice were compared 

with respect to RIP140 subcellular distribution, nuclear PKC activation and glucose 

uptake. Cytoplasmic RIP140 was clearly detected in the white adipocytes from 

epididymides of HFD-fed mice, but not in the ND controls (Figure 4A, upper). Indeed, 

the number of adipocytes expressing cytoplasmic RIP140 was nearly threefold higher in 

HFD mice than ND mice (Figure 4A, lower). (The specificity of anti-RIP140 was 

validated by immunohistochemistry and immunoblotting [Figures S3 and S4]). Likewise, 

the response of glucose uptake to insulin decreased from a nearly six-fold stimulation in 

ND mice to only about a 1.5-fold increase in HFD adipocytes (Figure 4B), although basal 

glucose uptake in primary adipocytes was comparable between HFD and ND groups. 

This is different from the apparent elevation of basal glucose uptake levels in later (day 8) 

in vitro differentiated adipocytes (Figure 1), which might be due to factors varied 

between in vivo and in vitro conditions. RIP140 was located predominantly in the nuclei 

of ND adipocytes but appeared abundantly in the cytoplasm of HFD adipocytes (Figure 

4C). Total RIP140 levels also increased in HFD adipocytes, which appeared to partially 

result from increased mRNA levels (Figure 4C, bottom). Finally, nuclear PKC activity 

was also significantly (~fourfold) higher in HFD adipocytes (Figure 4D). Previous 

studies showed that long-term (>12 weeks) exposure to a HFD decreases insulin-

stimulated signaling pathways, including phosphorylation of Akt, by regulating insulin 

receptor substrate’s modifications [51, 55]. In the present study, feeding a HFD for only 5 

weeks profoundly decreased insulin-stimulated AS160 phosphorylation, but not Akt 

activation (Figure 4E and Figure S5).  

 

Discussion 
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RIP140 knockout animals exhibit a phenotype mostly opposite to that of metabolic 

syndromes [61, 66]. At least one study has shown that silencing RIP140 improves 

insulin-stimulated glucose uptake in adipocytes [67]. These effects have been attributed 

to the nuclear actions of RIP140, largely because of its widely recognized function as a 

nuclear receptor coregulator [4, 61, 68]. Here we report, for the first time, a new 

functional role for the cytoplasmic form of RIP140 as a negative regulator of GLUT4 

trafficking. Cytoplasmic RIP140 interacts directly with AS160, preventing its 

phosphorylation by Akt, and thus, its inactivation. Maintaining AS160 in its active state 

preserves its ability to inactivate Rab-GTPase, thus reducing GLUT4 trafficking. The fact, 

that in mice exposure to a high-fat diet for 5 weeks readily elevates the level of RIP140 

(particularly cytoplasmic RIP140) in epididymal adipose tissues, suggests a role for 

RIP140 in the progression of IR in diet-induced obesity. Interestingly, the mechanism of 

action appears to involve, at least in part, the activation of nuclear PKC, which 

phosphorylates nuclear RIP140 and facilitates its subsequent export to the cytoplasm.  

 Most studies of IR focus on membrane-elicited insulin signal transduction 

pathways that stimulate GLUT4 trafficking. The nuclear-initiated signaling pathway 

identified here negatively regulates GLUT4 trafficking by increasing the export of 

RIP140. This conclusion is supported by the apparently effective rescue of RIP140-null 

cells by the CP, but not the CN, RIP140 mutant (Figure 2A, B). However, we have not 

completely ruled out contributions from the nuclear-localized RIP140. Rescuing RIP140 

null adipocytes with RIP140 wild type or its cytoplasm-localized form (CP) slightly 

decreases GLUT4 protein level (Figure 2A), indicating certain unknown activity of 

cytoplasmic RIP140 that could modulate total GLUT4 protein level. Since manipulating 

the RIP140 level (or altering its PTMs) in 3T3-L1 adipocytes did not change GLUT4 

mRNA levels (Figure 1D), the negative regulatory effect of RIP140 on GLUT4 

trafficking does not involve its traditional function as a transcriptional corepressor. A 

recent study has reported that RIP140 is a key regulator in muscle metabolism [69]. It 

would be interesting to determine if the mechanism described here for RIP140 function 

in adipocytes functions similarly in muscle cells.  
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 Inflammation and ER stress in adipose tissue are critical events in diet-induced IR 

and subsequent diabetes [23, 51, 55]. However, whether inflammation and ER stress 

represent early contributing events to IR has been debated [51, 55]. In fact, several 

studies showed that diet-induced inflammation and ER stress in adipose tissues are 

relatively late events [70, 71]. In this study, feeding mice a HFD for 5 weeks readily 

stimulated cytoplasmic RIP140 levels and reduced insulin stimulation of glucose uptake, 

without impairing Akt activation. This suggests that HFD-induced accumulation of 

cytoplasmic RIP140 could be an early event that dampens insulin sensitivity in 

adipocytes. Whether and how cytoplasmic RIP140 is related to inflammation or ER stress 

under prolonged feeding with a HFD needs to be evaluated.  

 PKC activation in liver and muscle is an important factor for impaired insulin-

stimulated glucose disposal [72, 73]. Targeting PKC in -cells elevates insulin secretion, 

whereas PKC deletion augments whole-body glucose disposal [74, 75]. This study 

shows that nuclear PKC activity could also indicate a pathophysiological condition, at 

least with respect to the control of GLUT4 trafficking in adipocytes. 

 AS160 is a newly identified GAP that functions as a negative regulator of several 

Rab-GTPases involved in vesicular transport, docking and fusion [56, 57, 59]. Our results 

show that RIP140 markedly down-regulates AS160 phosphorylation, with only a slight 

effect on AS160 protein expression and no effect on its mRNA levels. Thus, cytoplasmic 

RIP140 could also regulate AS160 protein levels via other, as yet unknown, 

posttranscriptional mechanisms. Whether RIP140 regulates trafficking of other vesicles 

remains to be determined. 
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Figure 2-1 Increase of basal and insulin-stimulated GLUT4 trafficking and glucose 

uptake in adipocytes by knockdown of RIP140 or PKC. (A) Cytoplasmic RIP140 in 3T3‐

L1 adipocytes (on day 4 and day 8 of differentiation). Scale bar = 40M. (B) Glucose 

uptake in 3T3‐L1 adipocytes which were serum starved (3 hr) and stimulated with or 

without insulin (100nM) for 20 min. (C) Membrane partitioning of GLUT4; distribution 

and expression of RIP140 in differentiated 3T3-L1 adipocytes in the absence or presence 

of 170nM insulin for 20 min. Levels of PKC and other marker proteins were also 

monitored. PM: plasma membrane; LDM: low-density membrane; Nu: nuclear fraction; 

Cyto: cytoplasmic fraction. (D) Basal and insulin-stimulated GLUT4 partitioning in 3T3-

L1 adipocytes. Knockdowns were conducted on day 5 of differentiation; insulin (170nM) 

stimulation for 20 min was performed on day 8. Left: Distributions of GLUT4, RIP140, 

and marker proteins. GLUT4 mRNA levels were monitored by RT-PCR. TM: total 

membrane fraction; W.C.L.: whole-cell lysate. Right: Relative GLUT4 levels in PM, 

normalized to the non-insulin-treated control. *: p < 0.05 vs. control; **: p < 0.05 vs. 

insulin treatment (n = 3). (E) Glucose uptake in differentiated 3T3-L1 adipocytes (Day 8). 

(F) Myc-GLUT4-GFP labeling in G7 adipocytes. Upper: Membrane-localized GLUT4 

was detected with anti-myc. Bar = 30 M. Lower: Quantification by scoring the 

percentage of cells with an intact myc rim on the surface. *: p < 0.05 vs. control; **: p < 

0.05 vs. insulin treatment (n = 3). (G) Immunohistochemical staining of recycled myc-

GLUT4 in G7 adipocytes. Bar = 40 M. Data are presented as means ± SD. 
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Figure 2-2. Cytoplasmic RIP140 modulates AS160 phosphorylation and negatively 

regulates GLUT4 trafficking. (A) GLUT4 trafficking. RIP140-null adipocytes were 

differentiated and transfected with wild type (Wt) RIP140, a PKC phosphormimetic 

mutant (CP), or a constitutive negative mutant (CN) on day 5. Cells were starved for 3 hr 

and then treated with or without insulin for 20 min and lysates were prepared on day 8. 

(B) Glucose uptake in RIP140-null and rescued adipocytes. Data are presented as means 

±  SD. *: p < 0.05 vs. control treatment; **: p < 0.05 vs. insulin treatment in control 

vector-transfected cells (n = 3). (C) Summary of GLUT4 trafficking regulated by AS160, 

with the potential point of RIP140 intervention indicated. (D) Upper: Phosphorylation of 

AS160 and related kinases in G7 adipocytes, with and without insulin (170nM) 

stimulation for 20 min. Lower: mRNA levels monitored by RT-PCR. (E) RIP140/AS160 

complex formation in 3T3-L1 adipocytes. Day-8 differentiated cells were treated with 

control vehicle (Ctrl), 4 M of phorbol 12-myristate 13-acetate (PKC activator) or 50 M 

of calphastin (PKC inhibitor) for 3 hrs. Left: Nuclear and cytoplasmic fractions were 

subjected to reciprocal immunoprecipitation (IP) and immunoblotting (IB) as indicated. 

Right: Total protein levels. 
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Figure 2-3. Direct interaction of AS160 with RIP140 maintains AS160 activity by 

impeding Akt-mediated phosphorylation. (A) GST pulldown assay. Upper: Map of 

RIP140 constructs. Lower left: Interaction of isotope-labeled full-length RIP140 with 

full-length GST-AS160. Lower right: Interaction of AS160 with various RIP140 

segments. (B) In vivo complex formation of RIP140 with AS160 in COS-1 cells: 

immunoprecipitation with anti-Flag (for Flag-RIP140) antibodies and immunoblotting  

with anti-HA (for HA-AS160). Specific Flag-RIP140 fragments are indicated (*). (C) 

Competition between RIP140 and Akt to form complexes with AS160. GST-AS160 

(~5g) was incubated overnight with 0.25 g active Akt2 and increasing amounts of 

Flag-RIP140 in a 0.5ml Co-IP buffer. Pulldown complexes and supernatants were 

immunoblotted as indicated. (D) Akt-mediated AS160 phosphorylation in vitro. GST or 

GST-AS160 (~5g) were incubated overnight with or without in vitro-synthesized Flag-

RIP140 (i.e., the highest amount used in panel C). After washing, 0.5 g active Akt was 

added to the pulldown complexes in Akt kinase buffer for kinase reaction. pAS160 

(pT642-AS160), total AS160 and Akt were determined by immunoblotting. Right: 

quantitative result of kinase assay for AS160 from two independent experiments. Data 

are presented as means ± SD. *: p < 0.05 vs. control. 

 

 

 

 

 

 

 

 

 



24 

 

 

 

 

 



25 

 

Figure 2-4. Increases in cytoplasmic RIP140 and nuclear PKC activity in epididymal 

white adipose tissues from obese mice. (A) Endogenous RIP140 in epididymal adipose 

tissues from mice fed ND or HFD for 5 weeks. Arrows  in enlarged  images  (lower) point 

to  the  cytoplasmic  signals  of  RIP140.  Scale  bar  =  25M.  Right: Effect of HFD on the 

percentage of cytoplasmic RIP140-positive cells. (B) Glucose uptake in epididymal 

adipocytes (ND: 24 mice; HFD: 16 mice). (C) Upper left: Immunoblots of nuclear, 

cytoplasmic, and whole-cell RIP140 in epididymal adipocytes; each lane shows samples 

pooled from five mice. Relevant protein markers were monitored. Upper right: 

Quantification of cytoplasmic RIP140, normalized against that in ND-fed mice. Lower 

left: The mRNA levels determined by RT-PCR. Lower right: Quantification of RIP140 

mRNA, normalized against actin. (D)Nuclear PKC activity (ND: 18 mice; HFD: 12 mice). 

The  average  PKC  activity  in  ND  group was  set  as  1.  *: p < 0.05 vs. normal diet. (E) 

Phosphorylation of AS160 and relevant kinases in adipocytes, with or without insulin 

treatment (170nM, 20 min). Lower panel: ratio of pT642-AS160/total AS160. Data  are 

presented as means ± SD. *: p < 0.05 vs. control set. 
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Cytoplasmic Receptor-Interacting Protein 140 (RIP140) interacts with 
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Introduction 

Adipocytes store energy as triglyceride (TG) in lipid droplets (LDs) under a nutrient-

excess condition, and triglyceride can be used as the energy source through lipolysis in a 

nutrient-deprived state [76]. In healthy individuals, adipocytes alter their lipid storage, 

lipolysis, and glucose uptake according to the nutritional status and hormonal fluctuations. 

Defects in homeostasis of the adipose tissue (e.g., glucose uptake, proper lipid storage, 

adiponectin secretion) can contribute to the initiation and progression of metabolic 

disorders, including type 2 diabetes mellitus (T2DM) [23, 26, 28]. Increased lipolysis 

following a high fat diet (HFD) can also contribute to T2DM as a result of lipotoxicity, 

which can manifest in the liver, muscle and heart and cause insulin resistance and 

cardiomyopathy [23, 30, 31, 34, 35]. Free fatty acids (FFA) released by increased 

lipolysis can also enhance low-grade chronic inflammation by activating adipocyte tissue 

macrophages (ATMs), which further suppresses insulin sensitivity and adipocyte function 

[30, 77]. However, the exact mechanism contributing to the dysregulation of lipolysis 

remains elusive [23, 78]. 

             During fasting, or in time of energy demand, TG is hydrolyzed into fatty acids 

and glycerol to provide a source of energy [23]. Lipolysis is a tightly regulated process, 

modulated by catecholamine, insulin and natriuretic peptides [76, 79]. Perilipin, a 

structural protein associated with LDs and involved in their formation, is the major 

regulator of lipolysis and can modulate the basal and stimulated lipolytic rates. In resting 

adipocytes, perilipin reduces lipolysis and increases lipid storage, partly by sequestering 

comparative gene identification-58 (CGI-58), an activator of adipose triglyceride lipase 

(ATGL). Normally, the cytoplasmic hormone-sensitive lipase (HSL) cannot access its 

substrates within the LDs, but is catecholamine-stimulated adipocytes, activated protein 

kinase A (PKA) phosphorylates both perilipin and HSL. Phosphorylation of perilipin 

frees CGI-58 to stimulate ATGL activity, whereas phosphorylation of HSL increases its 

association with the phosphorylated perilipin on LDs, thereby enhancing its access to 

substrate [80, 81]. Both mechanisms are promoted by perilipin phosphorylation, but it is 

less clear if the actions of perilipin can be modulated by other mechanisms. 



29 

 

Receptor-interacting protein 140 (RIP140) is well known as a co-regulator for 

numerous transcription factors and nuclear receptors. It is abundantly expressed in 

various tissues including ovary, uterus, and testis, as well as in metabolic tissues/organs 

such as adipose tissue, liver and muscle [4, 61]. Studies of RIP140 knockout mice 

demonstrated that RIP140 plays roles in numerous biological processes such as ovulation 

and metabolism [61, 82, 83]. In the nucleus, it recruits additional cofactors such as 

histone deacetylases (HDACs) and C-terminal binding protein (CtBP) for transcriptional 

regulation [1, 4]. Depleting RIP140 from adipocytes leads to decreased TG accumulation 

and a higher rate of fatty acid oxidation [67, 84]. Conversely, RIP140 expression is 

elevated during adipogenesis. Following a series of post-translational modifications 

(PTMs), RIP140 is increasingly exported to the cytoplasm [4, 14, 19]. In animals, HFD 

can induce cytoplasmic accumulation of RIP140 in adipocytes, but the signal triggering 

cytoplasmic accumulation of RIP140 is unclear [85]. Mechanistically, the export of 

RIP140 to the cytoplasm is stimulated by nuclear protein kinase C epsilon (PKC-

elicited serine phosphorylation, followed by protein arginine methyltransferase 1 

(PRMT1)-stimulated arginine methylation of RIP140 [19]. Predictably, cytoplasmic 

RIP140 performs functions different from those involved in gene regulation [19, 67, 84]. 

For example, cytoplasmic RIP140 can negatively regulate glucose transporter type 4 

(GLUT4) trafficking by interacting with the 160-KDa Akt substrate (AS160), thereby 

reducing glucose uptake [85]. Questions remain to be answered concern the possible 

roles of cytoplasmic RIP140 in lipid-loaded adipocytes, especially with regards to their 

lipid metabolism, and the identity of specific mediators that might transmit lipid signals 

to promote aberrant accumulation of RIP140 in the cytoplasm of fully differentiated, 

lipid-loaded adipocytes after a HFD feeding.      

     This study shows that the adipocyte fat content can trigger cytoplasmic 

accumulation of RIP140, and demonstrates a new functional role for cytoplasmic RIP140 

in adipocyte; specifically, it positively modulates lipolysis through its direct interaction 

with perilipin. The physiological relevance of this pathway is validated by examining the 

pro-inflammatory potential of conditioned media collected from adipocyte cultures with 

altered cytoplasmic RIP140 accumulation. Our findings provide new insights into the 
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roles of cytoplasmic RIP140 in HFD-induced adipocyte dysfunction and support the 

notion that targeting cytoplasmic RIP140 could be a therapeutic strategy in managing 

T2DM or other metabolic syndromes. 

 

Materials and Methods 

Cell Culture and Treatment 

3T3-L1 cells were maintained and differentiated as described [18]. For DAGK inhibitor, 

mature 3T3-L1 adipocytes were treated with R59022 for 24 h and cell lysates were 

collected. For lipolysis, mature 3T3-L1 adipocytes were starved in serum-free medium 

for 3 h and then incubated with serum-free medium with or without 10 M isoproterenol 

for another 2 h.  

Reagents and Transfection  

Antibodies for actin, lamin, CGI-58 and PKC were from Santa Cruz Biotechnology. 

Anti-flag, anti-alpha tubulin, anti-calnexin and anti-perilipin A were from Sigma Aldrich. 

Anti-Oxophos complex IV antibody was from Upstate. Anti-HSL, anti-ATGL and anti-

Phospho-PKA substrate antibodies were from Cell signaling. Anti-perilipin A, anti-

giantin and anti-calreticulin antibodies were from Abcam. Anti-RIP140 (ab42126) was 

from Abcam and its specificities in immunofluoresence and immunoblotting were 

determined in previous report [85]. Anti-cyclophilin A antibody was from calbiochem. 

siRNAs were from Qiagen. Insulin was from Sigma Aldrich. Isoproterenol was from 

Cayman. BODIPY 493/503 was from Molecular Probes (Invitrogen). siRNA transfect ion 

was conducted by DeliverX Plus siRNA transfection kit (Panomics) as manufacturer’s 

instruction. Plasmid of full length and different fragments of Flag-RIP140 constructs 
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were as described [85]. Plasmid of full length and different fragment of perilipin were 

cloned from cDNA of 3T3-L1 adipocyte and then cloned into pCMV-PL vector-

containing 3xFlag tags.  

Western Blotting, Immunoprecipitation and Immunofluoresence 

Western blotting was conducted as described previously [18]. For immunoprecipitation, 

500 g whole cell lysates were incubated with 5 g indicated antibodies for 2~3 h in 500 

l Co-IP buffer (50mM Tris-HCl pH 8.0, 10% glycerol, 100mM NaCl, 1mM EDTA and 

0.1% NP-40) and then incubated with protein G beads (Upstate) overnight. After 

centrifugation, beads were washed using a Co-IP buffer three times, and the precipitates 

were subjected into SDS-PAGE for western blotting.  Immunofluorescence assay was 

conducted as a previous report [85]. For co-staining with lipid droplet, BODIPY 493/503 

and fluorescence-conjugated secondary antibodies were co-incubated with cells for 1~3 h. 

Images were acquired by Olympus FluoView1000 IX2 inverted confocal microscope. 

Colocalization analysis was performed by Manders Coefficients in Image J as previous 

described [86].  

Cell fractionation 

Nuclear and cytoplasmic fractionation, cells were collected and fractions were collected 

as in a previous report [85]. Forty 10-cm plates with mature 3T3-L1 adipocytes were 

collected for isolating organelles as reported (31). 80 g proteins from indicated 

organelles were subjected into western blotting.  Organelles isolation was performed as 

previous report [87]. 

TG Content Measurement and Lipolysis Assay 

TG content was assayed as described previously [18]. For lipolysis assay, cells were 

starved in serum-free medium and then stimulated with or without isoproterenol for 2 h. 

Media were collected and glycerol levels within the media were determined by adipolysis 
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assay kit (Cayman) as manufacture’s instruction. The glycerol levels were normalized to 

the protein amounts of the cell lysates.  

In Vitro GST Pull-down Assay 

GST-RIP140 and GST-perilipin were produced by BL-21 strain. Expression was induced 

by IPTG at 20oC overnight. Bacteria pellets were lysed in PBS. For GST-perilipin, lysate 

was collected and incubated with GST beads to purify GST-perilipin. For GST-RIP140, 

after centrifugation, insoluble pellet was lysed by Inclusion Body Solubilization Reagent 

(Thermo Scientific) and lysate was dialyzed as instruction. Dialyzed lysate was incubated 

with GST beads to purify refolded GST-RIP140. For pull-down assay, it was conducted 

as a previous report with modifications [85]. In GST-RIP140 set, the washing condition 

was 50mM Tris-HCl pH 8.0, 10% glycerol, 100mM NaCl, 1mM EDTA and 2% NP-40. 

Peptide fragments were synthesized in vitro by TNT assay kit as previous report [85]. 

Mice 

Male mice (C56BL/6J) (Jackson Laboratory) were housed in a temperature-controlled 

environment with 12-hr light/dark photocycle and fed with a normal diet (5% fat) (#2018, 

Harlan Teklad) or a high-fat diet (HFD) (60% fat) (#F3282, Bio-Serv). Animal 

experiments were conducted in procedures approved by University of Minnesota 

Institutional Animal Care and Use Committee.  

Tissue Collection and Immunohistochemical Staining 

Epididymal adipose tissues were fixed, embedded and sectioned by the Histology & 

Microscopy Core Facility (University of Minnesota). Immunohistochemical staining of 

RIP140 and perilipin was performed as previously described [19]. The nuclei of sections 

were stained with DAPI then mounted (Vector Laboratories) for microscopic analysis 

(Olympus FluoView1000 IX2 inverted confocal microscope). 
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Results 

Fat content modulates sub-cellular distribution of RIP140 in adipocytes. Previously, 

we reported that, in adipocyte, RIP140 could be exported to the cytoplasm by PKC- and 

PRMT1-mediated post-translational modifications [15, 21, 22]. In mature adipocyte, 

nuclear export of RIP140 is profound, and a HFD feeding dramatically increases 

cytoplasmic RIP140 levels in the animals’ adipose tissues [19, 85]. These observations 

suggest that fat content within adipocytes may be involved in cytoplasmic accumulation 

of RIP140. To investigate the relationship between fat content and RIP140 sub-cellular 

localization, we monitored RIP140 localization and the size of LDs in 3T3-L1 adipocytes. 

Those differentiated 3T3-L1 adipocytes containing larger LDs exhibited stronger 

cytoplasmic RIP140 staining (Fig. 1A). Approximately 80% of adipocytes containing 

large LDs displayed cytoplasmic RIP140, whereas only ~15 % of the adipocytes 

containing small LDs had RIP140 in the cytoplasm, suggesting that an increase in fat 

content stimulates cytoplasmic accumulation of RIP140. It has been shown that the DAG 

level is elevated when adipocytes extensively accumulate lipid [75, 78]; further, DAG is 

an important activator for PKC activation which is involved in nuclear export of RIP140 

[4]. We then hypothesized that, in adipocyte, an increase in DAG levels may promote 

cytoplasmic accumulation of RIP140. To investigate this possibility, we treated fully 

differentiated 3T3-L1 adipocytes with a non-selective DAG kinase inhibitor (R59022) to 

block DAG metabolism (thus increasing DAG levels). This treatment reduced nuclear 

RIP140 levels and increased cytoplasmic RIP140 levels (Fig. 1B). DAG kinase alpha 

(DGK) is the most common form in the DAG kinase family and is mainly expressed in 

the cytoplasm. In contrast, DAG zeta (DGK) is a nuclear form of the DAG kinase 

family and is involved in ET-1-induced cardiomyote hypertrophy [88, 89]. To confirm 

the functional role for DAG kinases in the accumulation of cytoplasmic RIP140, we used 

siRNAs to knock down these two DAG kinases (Fig. 1C). The data show that knocking 

down either DGK or DGK substantially increased the accumulation cytoplasmic 

RIP140 but reduced nuclear RIP140 level. Together, these results suggest that changes in 

DAG levels can modulate RIP140’s sub-cellular localization. Therefore, in adipocytes, an 
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increase in fat content, or more specifically an increase in intracellular DAG levels, can 

promote cytoplasmic accumulation of RIP140.   

RIP140 localizes to lipid droplet surfaces and interacts directly with perilipin. 

Although it was clear that RIP140 could be exported into the cytoplasm in adipocytes, the 

specific cytoplasmic localization of RIP140 was unknown. We then performed sub-

cellular fractionation, by ultracentrifugation, of mature 3T3-L1 adipocytes. RIP140 was 

then detected by immunoblotting of these sub-cellular fractions. The result shows that 

RIP140 is detected in cytosol, endoplasmic reticulum, and LD (Fig. 1D), but not in 

mitochondria, or Golgi (Fig. S1). Interestingly, the LD fraction had particularly abundant 

RIP140. We then examined if RIP140 could associate with perilipin, a LD-associated 

protein and an important regulator of the formation and maintenance of LDs. Intriguingly, 

RIP140 can be colocalized with perilipin around LDs and formed immuno-complexes 

with perilipin in vivo, and knocking down either component reduced the formation of 

these complexes (Fig. 1E and F). The quality and specificity of RIP140 antibody in these 

experiments have been described previously [23]. Note that in the cytoplasm, RIP140 is 

wide distributed; therefore it is only partially co-localized with perilipin that is much 

more enriched in LDs. We have shown that RIP140 accumulated in the cytoplasm of 

adipose tissue in animals after a HFD feeding [85], we then evaluated if RIP140 could 

colocalize with perilipin in the primary adipocytes of animals fed a HFD. Indeed, RIP140 

also partially colocalized with perilipin in epididymal adipose tissue from mice fed with a 

HFD (Fig. 1G, the lower boxed area showing prominent yellow signal indicative of co-

localization), whereas no such colocalization was seen in adipocytes from mice fed a 

normal diet (Fig. 1G, the upper boxed area showing little yellow signal). The degree of 

colocalization in ND versus HFD animals was examined and indicated with Pearson’s 

coefficient (Fig. 1G, right panel). All together, the results show that cytoplasmic RIP140 

can associate with perilipin around LDs in adipocyte, which can be enhanced by a HFD 

feeding in animals.  

In vitro reciprocal protein interaction assays further confirmed that RIP140 

interacted directly with perilipin (Fig. 2A). We then examined the perilipin-interacting 
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domain of RIP140 by GST pull-down assay, and found that the perilipin-interacting 

domain of RIP140 was located in the amino terminus (amino acids 1-350) of RIP140, 

which contains the repressive domain 1 (RD1) (Fig. 2B). As shown in the reciprocal GST 

pull-down assay, the amino terminus (1-160) of perilipin could not, but all the remaining 

fragments of perilipin could, interact with GST-RIP140 (Fig. 2C). Interestingly, the 

amino terminal portion (amino acids 1-405) that extends to the hydrophobic regions of 

perilipin interacted weakly with RIP140 as compared to fragments of 1-250 residues and 

251-the end. It is possible that these hydrophobic regions could form structural barriers, 

reducing perilipin’s interaction with RIP140 in the in vitro assay [90]. This result 

suggests that the central portion (amino acids 161-300) of perilipin is the major RIP140-

interacting domain and the hydrophobic region of perilipin may be involved in the 

regulation of this interaction. Importantly, although the amino terminus of perilipin 

(amino acids 17-121) is the most highly conserved domain in this protein family [91], 

this region failed to interact with RIP140, suggesting that interaction between perilipin 

and RIP140 is highly specific, but not a general phenomenon common to the perilipin 

protein family.  

Silencing RIP140 expression or inhibiting its export reduces lipolysis. Perilipin 

contributes to LD formation and controls lipolytic rates [76, 81, 91]. Nuclear RIP140 can 

promote lipid accumulation in adipocytes through its gene regulatory activities, thus 

nuclear export of RIP140 would reduce the lipid content in adipocytes [4, 14, 82]. 

However, it was elusive whether other mechanisms could also be contributed by 

cytoplasmic RIP140 to regulate lipid metabolism in adipocyte. The association of RIP140 

with perilipin around LDs suggests that RIP140 may modulate lipolysis by regulating the 

activity of perilipin, or its associated lipases. To test this hypothesis, we manipulated 

adipocyte’s RIP140 level or its nuclear export (stimulated by PKC) and monitored 

lipolysis, indicated by the reduction in TG content under isoproterenol treatment. This 

assay monitors changes in the percentage of TG content under a 2h isoproterenol 

treatment, reflecting, primarily, the effects via lipolysis. We found that reducing 

cytoplasmic RIP140 levels, by direct silencing or blocking its nuclear export (through 

silencing PKC), significantly reduced isoproterenol-stimulated lipolysis (Fig. 3A). But 
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the basal TG content (reflecting, primarily, lipid synthesis) was reduced only in RIP140-

silenced, but not in PKC-silenced (only blocking RIP140 export) adipocytes (Fig. S2). 

The nuclear RIP140 is known to regulate genes that modulate lipogenic capacity in 

adipocytes [5, 19, 67], which is blocked only when its expression, rather than its export, 

is reduced. Furthermore, direct assessment of lipolysis by measuring the amount of 

glycerol released to the culture medium showed that silencing RIP140 or PKC 

significantly reduced both the basal and stimulated glycerol release relative to the control 

silencing (Fig. 3B). Interestingly, silencing RIP140 or PKC did not affect the expression 

of key lipolytic enzymes/regulators (HSL, ATGL, cofactor CGI-58, and perilipin) (Fig. 

3C). Of note, isoproterenol effectively induced glycerol release in either RIP140- or 

PKC-silencing adipocytes, although PKC-silencing seemed to cause a more profound 

effect. However, basal glycerol release was significantly reduced by silencing either 

RIP140 or PKC. These results suggest that cytoplasmic RIP140 might regulate the basal 

lipolytic machinery but not isoproterenol-stimulated signaling pathways. Altogether, 

these results indicate that cytoplasmic RIP140 positively modulates the lipolytic 

machinery, but does not seem to affect the expression of lipolytic proteins.  

Effects of cytoplasmic RIP140 on the formation of lipolytic enzyme complexes. 

Lipolysis is controlled, primarily, by the formation of perilipin-HSL and CGI-58-ATGL 

enzyme complexes [76, 91]. In resting adipocytes, inactive HSL is dispersed throughout 

the cytoplasm whereas ATGL is localized on LDs and remains inactive because it is 

segregated from its perilipin-associated activator CGI-58. In catecholamine-stimulated 

adipocytes, perilipin on LDs recruits HSL to access its substrates, and CGI-58 dissociates 

from perilipin to activate ATGL [76, 80, 81]. We first asked if cytoplasmic RIP140 can 

affect the interaction of perilipin with HSL. It appears that silencing RIP140 or PKC 

markedly reduced the formation of HSL-perilipin complexes in co-immunoprecipitation 

assay (Fig. 4A). Importantly, silencing RIP140, or PKC, had no effect on perilipin 

phosphorylation (Fig. 4B) or HSL phosphorylation (Fig. 4C). These results further 

support that cytoplasmic RIP140 does not alter PKA signaling which is in agreement 

with the observation shown in Fig. 3B that cytoplasmic RIP140 does not affect 
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isoproterenol-stimulated signaling pathways. Instead, cytoplasmic RIP140 appears to 

promote lipolysis by facilitating the formation of perilipin-HSL complexes. Finally, 

silencing RIP140 or PKC enhanced complex formation between CGI-58 and perilipin 

(Fig. 4D), thus reducing ATGL activation. Taken together, the data show that 

cytoplasmic RIP140 elevates lipolysis by promoting the formation of HSL/perilipin and 

ATGL-CGI-58 complexes, which increases the accessibility of HSL with its substrate, 

and enhance ATGL activity, respectively.   

Conditioned medium from cytoplasmic RIP140-deficient adipocyte cultures is less 

effective in eliciting a pro-inflammatory response in macrophages. Free fatty acids 

released by adipocytes can be proinflammatory for macrophages, i.e., they trigger M1 

activation of macrophages via a TLR4- NF-B-dependent mechanism, thus contributing 

to diabetic progression [77]. Based on the role of cytoplasmic RIP140 in regulating 

lipolysis, we then examined the effect of cytoplasmic RIP140 in modulating the 

proinflammatory potential of adipocyte-conditioned media, assessed by M1 activation of 

macrophages. As predicted, the conditioned media from isoproterenol-treated control 

cultures (increased lipolysis renders free fatty acid release) more effectively induced NF-

B activity in macrophage cultures than did the medium from the unstimulated controls 

(Fig. 5A). In contrast, the conditioned media from RIP140- or PKC-silenced adipocyte 

cultures (blocking cytoplasmic RIP140 to reduce lipolysis, resulting in less free fatty acid 

release) exerted much weaker effects on NF-B activation in macrophages. Furthermore, 

the conditioned media from RIP140- or PKC-silenced adipocyte cultures were less 

effective than the controls in elevating the expression of endogenous proinflammatory 

genes IL-1 and IL-6 in macrophages (Fig. 5B). Together, these data show that the 

conditioned media of adipocyte cultures with reduced cytoplasmic RIP140 accumulation 

is less proinflammatory.    

 

Discussion 
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HFD feeding promotes nuclear export of RIP140 in adipocytes [85]. Although RIP140, as 

a nuclear coregulator, has been known for its role in lipid accumulation in the adipose 

tissue, its functional role in the cytoplasm of adipocyte, with regards to lipid metabolism, 

was unclear. This study aimed to determine the signals promoting cytoplasmic RIP140 

accumulation, and to determine the role of cytoplasmic RIP140 in lipid metabolism of 

adipocytes. Here, we demonstrate that fat content, especially an elevation in DAG levels 

(such as those triggered by a high fat content), facilitated RIP140 nuclear export and its 

localization on LDs. Cytoplasmic RIP140 facilitated lipolysis neither by affecting the 

expression nor the phosphorylation of key lipolytic enzymes, but rather via its direct 

interaction with perilipin that ultimately activates HSL and ATGL, two key lipolytic 

enzymes (Fig. 5C). Thus, RIP140’s cytoplasmic functions appear to rely primarily on its 

ability to interact with various proteins: In glucose uptake, RIP140 interferes with 

GLUT4 trafficking via its direct interaction with AS160 [85], whereas in lipolysis it 

interacts with perilipin associated with LDs.  

              The underlying mechanisms by which RIP140 alters its molecular interactions 

with perilipin remain to be determined. The dissection of key interacting domains, with 

respect to each interacting partner, would be needed to address this question. To this end, 

it is known that perilipin interacts with CGI-58 through its C-terminal region (amino 

acids 382-429) and with HSL through both its N- (amino acids 141-200) and C-terminal 

(amino acids 406-480) regions [90, 91]. This study identified the putative TAG protection 

regions of perilipin – a region that partially overlaps with the HSL- and CGI-58-

interacting domains- as its major RIP140-interaction domain. Upon recruitment of 

RIP140, conformational changes could occur on perilipin, promoting its interaction with 

HSL while reducing its ability to associate with CGI-58. Importantly, the regulation of 

perilipin interaction with HSL and CGI-58, by RIP140, does not involve perilipin 

phosporylation. Further studies are required to determine the molecular details of such 

conformational changes, and to evaluate whether other PTMs of RIP140 might regulate 

its interactions with these cytoplasmic factors.   
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Studies in transgenic mice identified DAG as an important regulator that 

promotes insulin resistance and T2DM. An over abundance of nutrition, especially by 

HFD feeding, dramatically increases DAG levels in adipose tissue, muscle cells and liver, 

which in turn activates several members of the PKC family to reduce insulin sensitivity 

[31, 75]. Among these, PKC is a novel member that can be activated solely by DAG 

[75]. The exact mechanisms responsible for elevated DAG levels in fully differentiated 

adipocytes and in HFD-fed mice remain to be determined [75, 78]. Nevertheless, 

activation of PKC by elevated DAG levels presents a likely mechanism by which HFD 

could stimulate the nuclear export of RIP140. Activated PKC phosphorylates two 

specific serine residues on nuclear RIP140, which then stimulates arginine methylation of 

three arginine residues; this in turn increases RIP140’s interaction with exportin for 

nuclear export [4, 14]. Conversely, blocking PKC activation might retard RIP140 

nuclear export and reduce its cytoplasmic activity. Consistent with this mechanism, 

promoting fatty acid oxidation by the mitochondrial uncoupler or inhibiting acetyl-CoA 

carboxylase-1 and -2 to reduce intracellular DAG levels prevents PKC activation and 

enhances glucose uptake in adipose tissue [92, 93]. Thus, regulating RIP140 nuclear 

export could be an effective strategy to modulate glucose uptake and lipolysis in adipose 

tissue.  

Other studies in transgenic mice suggest that the increased adipogenic capacity in 

adipose tissue is an anti-diabetes response [30, 34, 35]. Adipocytes normally expand in a 

healthy process, and reduced necrosis and lipolysis can be protective for liver, muscle 

and heart under over-nutrition [23, 30]. The increase in the lipolytic rate in both obese 

mice and patients contributes to the initiation and progression of several metabolic 

disorders. However, the mechanisms that regulate healthy adipocyte expansion and 

reduce unwanted lipolysis remain elusive. The adipose tissues of RIP140 knockout mice 

have reduced fat and increased -oxidation. Some of these effects can be partially 

attributable to the transcriptional regulatory activity of nuclear RIP140 [5, 67]. In the 

nucleus, RIP140 regulates the expression of genes that are important for lipid 

accumulation and fatty acid oxidation [5, 84]. However, the discovery that RIP140 also 

modulates important biological processes in the cytoplasm justifies a re-evaluation of its 



40 

 

possible contributions to the overall regulation of metabolic processes in whole animals 

and under diseased conditions. For example, increasing cytoplasm RIP140 could decrease 

glucose uptake (thus reducing the availability of acetyl-CoA) [23] and escalate lipolysis 

(enhancing TG degradation) (this study); this would presumably provide a counteracting 

mechanism to maintain the overall lipid homeostasis in adipocytes when they mature and 

begin to accumulate lipid. Interestingly, over-expression of RIP140 in mice results in 

impairment of cardiac functions and cardiac hypertrophy [6]. To this end, RIP140 might 

contribute to these cardiac defects by promoting lipotoxicity.  

Overall, these studies support the hypothesis that RIP140 responds to changes in 

the nutritional status of an individual by altering its activity and sub-cellular distribution. 

The cytoplasmic RIP140 can retard glucose uptake by interacting with AS160 [23], 

which would reduce the availability of acetyl-CoA for lipid synthesis. This study further 

shows that the cytoplasmic RIP140 can promote lipolysis to reduce lipid load. 

Accordingly, it may be a vital strategy to target cytoplasmic RIP140, such as by 

preventing its nuclear export, to provide beneficial effects under certain pathological 

conditions, such as by enhancing glucose uptake and reducing lipolysis.  
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Figure 3-1 Fat content in adipocytes affects RIP140 localization. (A) 

Immunofluorescence analysis of RIP140 distribution in mature 3T3-L1 adipocytes. Left: 

Green: lipid droplet staining; red: RIP140 staining. Right: Quantitative analysis of 

RIP140 distribution and lipid droplet size. Data are the percentage of cell in each 

category. (B) The DAG kinase inhibitor R59022 enhances cytoplasmic RIP140 

distribution but reduces nuclear RIP140 in mature 3T3-L1 adipocytes (left), whereas total 

RIP140 levels remain unchanged (right). (C) Knocking down DGKa and DGKz increases 

the cytoplasmic RIP140 level, but decreases the nuclear RIP140 level in mature 3T3-L1 

adipocytes. (D) Immunoblot analysis of the sub-cellular distribution of RIP140. Fractions 

were identified by probing with the indicated organelle-specific markers. Nu: nuclei; 

Mito: mitochondria; Cyto: cytosol; ER: endoplasmic reticulum; LD: lipid droplets. (E) 

RIP140 colocalizes with perilipin in adipocytes. The yellow indicates complete 

colocalization of RIP140 with perilipin. (F) RIP140 and perilipin form 

immunocomplexes in vivo. Knocking down either RIP140 or perilipin reduces 

immunocomplex formation. (G) Short-term HFD feeding promotes the colocalization of 

RIP140 with perilipin in mouse epididymal adipose tissue. ND: normal diet; HFD: high-

fat diet. Right: the quantification of co-localization. Data show the averages of Pearson’s 

coefficient for the indicated group. *: p value < 0.05  compared to the ND group. 
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Figure 3-2. Interacting domains of RIP140 and perilipin, as determined by glutathione S-

transferase (GST) pull-down assays. (A) RIP140 directly interacts with GST-perilipin 

(left) and perilipin (PLIN) directly interacts with GST-RIP140 (right). (B) Interacting 

domains of RIP140. Right: Schematic of the in vitro-produced RIP140 peptide fragments. 

RD: repressive domain. (C) Interacting domains of perilipin. Right: Schematic of the in 

vitro-produced perilipin peptide fragments. 
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Figure 3-3. Cytoplasmic RIP140 facilitates lipolysis. (A) Silencing RIP140 or PKC 

reduces the isoproterenol-triggered decrease of triglyceride (TG) content in adipocytes. 

Bars indicate the means ± SD of the ratios of reduced TG : total TG content from 

untreated cells ( as calculated by the equation above the figure). *: p value < 0.05  

compared to the control (Ctrl) group. (B) Silencing RIP140 or PKC decreases basal and 

isoproterenol-stimulated glycerol release from cultured adipocyte. Bars indicate the 

means ± SD of the relative amounts of released glycerol. *: p value < 0.05  compared to 

the control siRNA in the control group. **: p value < 0.05  compared to the control 

siRNA in the isoproterenol group. (C) Targeting RIP140 or PKC did not change the 

expression profile of lipolysis-related proteins. Expression levels of indicated proteins in whole 

cell lystaes were determined by immunoblotting. 
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Figure 3-4. Silencing cytoplasmic RIP140 reduces isoproterenol-stimulated HSL-

perilipin colocalization and complex formation, as well as CGI-58 association with 

ATGL. (A) Isoproterenol-stimulated HSL-perilipin complex formation, in vivo, is 

reduced by silencing RIP140 (left) or PKC (right). (B) Upper: Basal and stimulated 

phosphorylation status of perilipin under RIP140 or PKC silencing. Lower: Quantified result is 

presented as mean ± SD of phosphor-perilipin/perilipin ratios. (C) Neither RIP140- or PKC- 

silencing can alter the basal or stimulated phosphorylation status of HSL.  Quantified result is 

presented as mean ± SD of phosphor-HSL/HSL ratios. (D) silencing RIP140 or PKC blocks 

the isoproterenol-stimulated dissociation of CGI-58 from perilipin
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Figure 3-5. Reducing cytoplasmic RIP140 in adipocytes suppresses the inflammatory 

properties of their conditioned media. (A) Silencing RIP140 or PKC in adipocytes 

reduces the ability of the conditioned media to activate NF-B activity in cultured 

Raw264.7 macrophages. *: p value < 0.05  compared to the control siRNA in the control 

group. **: p value < 0.05  compared to the control siRNA in the isoproterenol group. (B) 

Silencing RIP140 or PKC in 3T3-L1 adipocytes reduces the ability of their conditioned 

media to activate expression of endogenous proinflammatory genes in Raw264.7. *: p 

value < 0.05  compared to the control group of IL-1 beta. **: p value < 0.05  compared to 

the control group of IL-6. (C) Schematic presentation of the role of cytoplasmic RIP140 

in modulating lipolysis in adipocytes. After HFD feeding, the DAG-PKC signaling 

cascade promotes nuclear export of RIP140. Cytoplasmic RIP140 then interacts with 

perilipin to enhance lipolysis by promoting the formation of perilipin-HSL and 

ATGL/CGI-58 complexes. 
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Negative regulation of adiponectin secretion by receptor interacting 

protein 140 (RIP140)  
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Introduction 

In recent years obesity has become a worldwide epidemic.  A major complication of 

obesity is type 2 diabetes mellitus (T2DM). The hallmark of this condition is the 

development of insulin resistance in adipose, muscle and liver [49]. In healthy 

individuals, adipocytes store lipid and secretes adipokines, and these adipokines are 

important in the regulation of metabolism. But in diabetic subjects, there is adipocyte 

dysfunction with changes in the profile of secreted adipokines, increase of lipolysis 

and reduction in glucose uptake. These changes may worsen the disease state leading 

to such complications as hypertension, atherosclerosis and cardiomyopathy [23, 49]. 

Although inflammation and endoplasmic reticulum (ER) stress could cause 

adipocyte dysfunction, the exact etiology of many of these pathophysiological 

processes is unclear [23, 51, 55].  

            RIP140 is a co-regulator for various nuclear receptors and transcription 

factors. It plays important roles in many biological activities and several disease 

conditions including the metabolic syndrome, especially T2DM [4, 67, 84, 85]. In 

adipogenesis, both the expressions of RIP140 mRNA and protein are elevated. In 

this process, RIP140 acquires extensive post-translational modifications (PTMs) 

such as phosphorylation, acetylation, methylation and vitamin B6 conjugation. These 

PTMs can modulate RIP140’s gene-regulatory activity and alter its sub-cellular 

distribution [4, 14, 16, 84]. Recently, we found that activated nuclear PKC 

phosphorylates RIP140 in adipocytes and the phosphorylated RIP140 is 

subsequently methylated at three arginine residues by protein arginine 

methyltransferase 1 (PRMT1). These modifications enhance the  interaction of 

exportin 1 with RIP140 to promote RIP140’s nuclear export [4, 14]. We also 

demonstrated that the cytoplasmic RIP140 can blunt both basal and insulin-

stimulated glucose uptake by interacting with AS160 to retard GLUT4 vesicle 

trafficking in adipocytes [85]. We found that interaction of RIP140 with AS160 

maintains AS160’s activity by preventing Akt-mediated inactivation. In another 

study, we reported cytoplasmic RIP140 can reduce lipolysis through interacting with 
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perilipin [11]. However, the full spectrum of functions of cytoplasmic RIP140 in 

adipocytes is not clear. The understanding of these functions and the regulatory 

mechanisms may reveal novel targets to treat adipocyte dysfunctions frequently 

observed in metabolic disorders. 

Adiponectin is one of the most abundant adipokines and is known for its 

insulin-sensitizing effect. It also regulates systemic glucose and fatty acid 

metabolism and may also reduce inflammation [25, 94, 95]. Adiponectin’s targets 

include muscle, liver, macrophages, and the central nervous system [94]. There are 

three major oligomeric forms of adiponectin: trimer (low molecular weight: LMW), 

hexamer (medium molecular weight) and the high molecular weight form (HMW) 

which consists of 12- to 18-mer of adiponectin. These three oligomers of adiponectin 

have different affinities for adiponectin receptors in different cell types and they also 

show different biological activities [94]. Although disulfide bond formation in ER 

has been shown to control the oligomerization of adiponectin, the regulation of the 

secretion of adiponectin vesicle is not fully understood. In adipocytes of obese and 

diabetic patients and animals, secretion of adiponectin, as well as the translocation of 

GLUT4 vesicle, is reduced. It has been proposed that a reduction in circulating 

adiponectin levels in these subjects may lead to the development of cardiovascular 

diseases and other metabolic complications [27, 28, 96]. In adipocytes, insulin can 

stimulate both adiponectin and GLUT4 vesicles trafficking but they are two different 

secretory vesicles [97]. When adipocytes are dysfunctional, the trafficking of both 

GLUT4 and adiponectin vesicles is retarded, implying that these two vesicles may 

share some common mechanisms to regulate their transport. 

Other studies have also suggested that receptor interacting protein 140 (RIP140) may be 

involved in the regulation of adipocyte function [10, 85]. In our preliminary screening for 

RIP140-related adipocyte dysfunctions, we found that cytoplasmic RIP140 can regulate 

adiponectin secretion. This current study presents evidence for this new functional role of 

cytoplasmic RIP140. We also determine the underlying mechanism, and provide a proof-

of-concept that targeting RIP140 itself or PKC to prevent RIP140’s nuclear export can 
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promote the secretion of functional adiponectin. This can be beneficial for several 

adiponectin’s target cells, such as improving glucose uptake in C2C12 muscle cells and 

reducing glucose production in HepG2 hepatocytes. 

 

Materials and Methods 

Cell culture, reagents and transfection 

3T3-L1 cells and RIP140-null mouse embryonic fibroblasts were maintained and 

differentiated as described [18]. C2C12 cells were maintained in DMEM with 10% FBS, 

and differentiated in DMEM with 2% horse serum for six days. HepG2 was maintained 

in DMEM with 10%FBS. 293TN (System Biosciences) were maintained in low glucose 

DMEM with 10%FBS. siRNAs in this study were from Qiagen. Adiponectin ELISA kit 

was from Invitrogen. DeliverX Plus siRNA transfection kit (Panomics) was used for 

siRNA transfection. Plasmid transfection in 3T3-L1 adipocytes was done by 

electroporation with GenePluser (Bio-Rad). Lentivirus transduction was conducted for 

RIP140-null adipocytes. 

Plasmid and reagents 

The wild type and phosphor-deficient form (CN) of Flag-RIP140 fragments were 

amplified by PCR from Flag-RIP140 vectors [85] and cloned into pCDH-CMV-EF1 

(System Biosciences). The wild type and non-phosphorylatable form (4P) of AS160 were 

amplified from AS160 vectors (gifts of Gustav Lienhard) and cloned into pCMV-PL1 

containing HA-tag. Adiponectin ELISA kit was from Invitrogen. Endothelin-1 ELISA kit 

was from Assay Designs. Mouse/Rat insulin ELISA kit was from Millipore. 

Lentivirus production and transduction 

Lentivirus was produced in 293TN cells using lentivirus packing system (System 

Biosciences) and concentrated with lenti-X concentrator (Clontech). For transduction, 

RIP140-null adipocytes were differentiated with concentrated lentivirus for 4 days, and 
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changed to a polybrene-containing medium (8 g/ml) on day 5. After 24 h, medium was 

refreshed using a normal medium with the differentiation cocktail. 

Treatment and protein precipitation 

Differentiated 3T3-L1 adipocyte cultures were washed with PBS twice and incubated 

with DMEM without serum for another 6 hr. Secreted proteins in the medium were 

precipitated by TCA. Medium and cell lysate were both collected for Western blotting 

and ELISA. To quantify adiponectin complex, media were collected and subjected into 

SDS-PAGE in a non-reducing loading buffer. Immunoblots were quantified by Image J.  

Antibodies, Western blotting and cellular fractionation 

Anti-actin, anti-HA and anti-lamin antibodies were from Santa Cruz. Anti-RIP140 

antibody and anti-alpha-tubulin antibody were purchased from Abcam and Sigma-

Aldrich, respectively. Isolation of nuclear and cytoplasmic fractions was conducted as 

described [85]. Briefly, cells were gently lysed by hypotonic buffer and then, after 

centrifugation for 10 min at 1,000g, supernatants (cytosolic fraction) were collected. 

Pellets were further lysed in RIPA buffer by sonication. Lysates were centrifuged and 

supernatants were nuclear fraction. 

Glucose uptake and glucose production assays 

Conditioned media were collected from mature adipocytes cultured in DMEM with 10% 

FBS for 48 hr. Glucose uptake assay was conducted as described [98] with modification. 

Differentiated C2C12 was serum-starved for 3 hrs and then treated, in the presence or 

absence of 100 nM insulin, with conditioned medium. After 30 min, cultures were 

refreshed with KRPH buffer containing 25 M 2-deoxy-glucose for 5 min. To determine 

glucose production, HepG2 was serum-starved for 3 hr and then treated with conditioned 

media for another 1 hr. Cells were washed with PBS and then incubated in a glucose 

production medium in the absence or presence of 100 nM insulin for 4 hr. Glucose levels 

were determined using a glucose assay kit (Sigma Aldrich) and normalized to the protein 

concentrations of cell lysates. To neutralize the activity of adiponectin, 200 g anti-
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mouse adiponectin antibody (AF1119, R&D Systems) was added to a 5 ml conditioned 

medium for 2 hr at 4oC [99]. The neutralized conditioned media were used in glucose 

uptake and glucose production assays. 

Statistical analyses 

Results were presented in the means ± SD. P values were examined using student t test in 

the two-tail condition.  P < 0.05 is considered as statistically significant. 

Results 

Reducing RIP140 or its nuclear export stimulus, PKC, enhances adiponectin 

secretion 

We previously found that RIP140 can be exported into the cytoplasm of adipocytes both 

in vitro and in vivo [4, 85]. In 3T3-L1 adipocytes, silencing RIP140, or more specifically 

knocking down its nuclear export stimulator PKC to decrease cytoplasmic RIP140, 

enhanced basal adiponectin secretion without altering adiponectin mRNA levels (Fig. 

1A). But we found no change in other adipokines such as leptin, resistin, IL-6 and TNF 

(data not shown). To rule out potential effects on adiponectin translation or its protein 

stability, we performed metabolic labeling in the presence of a proteosome inhibitor, 

MG132, and a post-Golgi trafficking inhibitor, Brefeldin A to block protein degradation 

and post-Golgi secretion [100]. Neither general translation nor specific adiponectin 

translation was altered, which ruled out the possibility that these treatments might affect 

adiponectin production (Fig. 1B). Adiponectin secretion is mainly controlled by post-

translational modifications in ER and vesicle transport in trans-Golgi networks (TGN) 

[94, 101-103]. Disulfide bond formation of adiponectin molecules is also critical to their 

secretion. We performed Western blotting in a non-reducing condition to detect various 

forms of secreted adiponectin obtained from adipocyte cultures under RIP140- or 

PKCsilencing. It appeared that silencing of RIP140 or PKC enhanced the secretion of 

all forms of adiponectin (Fig. 1C), suggesting that RIP140 regulated adiponectin 

secretion in an unbiased manner.  
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We then assessed the functional role of RIP140 in modulating adiponectin secretion using 

RIP140-null adipocytes. As shown in Fig. 2, RIP140-null adipocytes rescued with a wild 

type (Wt) RIP140 secreted less adiponectin as compared to the control vector (GFP).  On 

the contrary, adiponectin secretion from RIP40-null adipocytes rescued with a mutant 

RIP140-GFP defected in its nuclear export (CN, a phospho-deficient form that loses 

cytoplasmic activity) was not affected as compared to the control group. Taken together, 

these results show that cytoplasmic RIP140 dampens adiponectin secretion in an 

unbiased manner, and targeting the nuclear export or RIP140 itself can elevate the 

secretion of adiponectin. 

Adiponectin secretion is regulated by AS160 activity 

AS160 is a Rab GTPase-activating protein (GAP) whose activity can be diminished by 

Akt-mediated phosphorylation upon insulin binding with insulin receptor [56]. Rab 

GTPases are important in vesicle secretion in many steps including recycling, trafficking, 

tethering and membrane docking. The increased activity of AS160 reduces GLUT4 

vesicle secretion by decreasing GTP-bound form of Rab proteins [56]. In addition, insulin 

also promotes the secretion of adiponectin vesicle, but the mechanism is unclear [104].  

Recently, we found that, in adipocytes, AS160 activity can be maintained by interacting 

with RIP140 in the cytoplasm [85]. A recent study demonstrated that Rab11 regulates 

adiponectin vesicle trafficking and suspected that AS160 might modulate Rab11 activity 

by interacting with Rab11-interacting protein, Rip11 (also see Discussion) [104]. We 

then determined the functional role for AS160 in adiponectin secretion using a gain-of-

function approach. Figs. 3A and 3B show that over-expression of the wild type (Wt) 

AS160, or its constitutively active form (4P) [56], dramatically reduced basal and insulin-

stimulated adiponectin secretion. Of note, constitutively active AS160 (4P) almost 

blocked the secretion of adiponectin completely. Besides, both over-expressions of the 

wild type (Wt) AS160 and constitutively active form (4P) blunted insulin’s effect on 

promoting adiponectin secretion. Altogether, the data support the notion of negative 

regulation of adiponectin secretion by AS160.  

Blocking RIP140-AS160 interaction enhances adiponectin secretion  



55 

 

RIP140 interacts with AS160 through its amino terminal domain to prevent AKT-

mediated inactivation [85]. The results described above suggest that AS160 can 

negatively regulate adiponectin vesicle secretion and cytoplasmic RIP140 may retard 

adiponectin secretion through interacting with AS160. Because RD1 is the main 

interacting domain for RIP140 to interact with AS160 [85], over-expression of this 

domain might compete the interaction between AS160 and the full length RIP140. We 

then examined if over-expressing RIP140’s RD1 (repressive domain 1) can enhance 

adiponectin secretion. Interestingly, expressing RD1 in 3T3-L1 adipocytes substantially 

elevated adiponetin secretion (Fig. 4). This result further supports the hypothesis that 

cytoplasmic RIP140 might dampen adiponectin secretion via interacting with AS160 and 

targeting the interaction of RIP140 with AS160 might elevate adiponectin vesicle 

trafficking . 

Targeting cytoplasmic RIP140 is beneficial for glucose metabolism in C2C12 muscle 

cells and hepatocytes in an adiponectin-dependent manner 

Adiponectin is an important insulin sensitizer to promote glucose uptake in muscle cells 

and to reduce glucose production in hepatocytes through an AMPK-dependent signaling 

cascade. The net effect of elevation of circulating adiponectin is better glucose tolerance 

[94]. To further examine if targeting RIP140 or its nuclear export trigger, PKC, can be 

beneficial for glucose metabolism in muscle cells, we determined the effect of 

conditioned media collected from RIP140- or PKC-silencing 3T3-L1 adipocytes on 

glucose uptake ability of C2C12 muscle cells. Indeed, the conditioned media from both 

RIP140- and PKC-knocked down adipocytes increased both basal and insulin-stimulated 

glucose uptake (Fig. 5A). Besides, the phosphorylation status of AMP-activated protein 

kinase (AMPK) in C2C12 cells was also elevated by conditioned media from both 

RIP140- and PKC-knocked down adipocytes (Fig. 5B). Finally, the anti-adiponectin 

antibody substantially blocked the effect of conditioned media from  both RIP140- and 

PKC-knocked down adipocytes on elevation of glucose uptake ability (Fig. 5C), 

supporting that the beneficial effect on glucose uptake ability in C2C12 muscle cells was 

likely due to the secreted adiponectin in the conditioned media. 



56 

 

In addition to the effect on C2C12 muscle cells, we further investigated the effect of 

adipocyte-conditioned media from RIP140- or PKC-silencing adipocytes on 

gluconeogenesis ability in hepatocytes. As shown in Fig. 6A, conditioned media from 

both RIP140- and PKC-knocked down adipocytes significantly reduced glucose 

production in HepG2 hepatocytes. In the presence of insulin, there is no further reduction 

of glucose production in HepG2 cells. As same as the effects on C2C12 muscle cells, 

these conditioned media promoted the level of phosphorylated AMPK in HepG2 cells. 

Most importantly, the anti-adiponectin antibody effectively neutralized the effect of 

conditioned media on glucose production in the absence of insulin (Fig 6C).  

All together, the data demonstrate that cytoplasmic RIP140 may play a role in regulating 

adiponectin secretion in adipocytes, and the elevated secretion of adiponectin is 

functional in promoting glucose uptake in muscle cells and reducing glucose production 

in hepatocytes.    

 

Discussion 

We have previously shown that HFD increases the levels of RIP140 in the cytoplasm of 

epididymal adipocytes, and proposed that the cytoplasmic accumulation of RIP140 may 

provide a disease marker [85]. The cytoplasmic RIP140 interacts with AS160 to retard 

GLUT4 vesicle trafficking, and with perilipin A on lipid droplets to promote lipolysis [10, 

85]. The current study reports a new function of cytoplasmic RIP140 in adipocytes, that 

is to negatively regulate adiponectin secretion. Because adiponectin can target multiple 

cell/tissue types for different functions, its role in maintaining metabolic homeostasis on 

a systemic level has been intensively studied; but regulation of its secretion is poorly 

understood. The regulatory role of cytoplasmic RIP140 in adiponectin secretion 

significantly expands the scope of the biological activity of cytoplasmic RIP140, and 

suggests that targeting the functions of cytoplasmic RIP140 may provide a potential 

therapeutic strategy in managing metabolic diseases. 



57 

 

Although both adiponectin release and GLUT4 trafficking can be stimulated by insulin, 

the two proteins are localized in two different types of vesicles [97]. But both adiponectin 

and GLUT4 vesicles reside in the trans-Golgi network (TGN) and the recycling 

endosomes [103]. Secretion of these vesicles is regulated by Rab GTPases in multiple 

steps such as trafficking, docking, tethering and fusion of the vesicles [56, 105]. AS160 is 

a RIP140 interacting GAP that can inactivate several Rab GTPases [56]. RIP140 can 

maintain AS160 activity through a direct interaction and preventing its Akt-mediated 

inactivation. This would presumably affect the trafficking of multiple types of vesicles. 

This would also suggest a possible mechanism for the action of insulin in enhancing both 

adiponectin release and GLUT4 trafficking, and substantiates the significance of the 

molecular interaction between RIP140 and AS160. Rab5 and Rab11 are the only two Rab 

GTPases shown to be involved in adiponectin vesicles trafficking to modulate 

adiponectin release [103, 104]. However, neither Rab5 nor Rab11 activities can be 

directly modulated by AS160 in vitro [56]. Therefore, the detailed mechanism by which 

AS160 regulates adiponectin vesicles, such as via regulating Rab5 or Rab11, or other 

unknown factors, remains to be examined. To this end, a previous study has suggested 

that AS160 may modulate Rab11 by interacting with its interacting proteins such as 

Rip11 [56, 106], which would be a potential topic of future studies.  
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Figures 

 

 

Figure 4-1 Targeting RIP140 or PKC increases adiponectin secretion. (A) Adiponectin 

secretion pattern in ctrl-, RIP140- or PKC-silenced 3T3-L1 adipocytes. Commasie 

staining shows loading control. WCE: whole cell extract. (B) Production of adiponectin 

and its mRNA. Differentiating adipocytes were transfected with indicated siRNA on day 

5. On day 8, mature adipocytes were treated with MG132 and Brefeldin A in the 

presence of 35S-labeled methionine for indicated time. General (total cpm counts) and 

specific (determined by antibody against adiponectin and actin, respectively) translation 

was each examined. The general translation rate, per 100 g whole cell lysate, in each 

experimental condition was represented as the relative fold of CPM using the CPM of 

control at 15 minutes as the value of 1. The differences of same time points among 

indicated knockdown are not statistically significant. (C) Secreted adiponectin profiles. 

Differentiating adipocytes were transfected with indicated siRNA on day 5. On day 8, 

mature adipocytes were cultured in serum-free medium for 6 h. Adiponectin profile was 

determined by western blotting in non-reducing condition.  HMW: high molecular weight 

complex; MMW: medium molecular weight complex; LMW: low molecular weight 

complex. *: P < 0.05, compared to ctrl knockdown group (CtrlKD). 
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Figure 4-2. Cytoplasmic RIP140 reduces adiponectin secretion in RIP140-null 

adipocytes. The effect of various forms of RIP140 on adiponectin secretion in RIP140-

null adipocytes rescued with RIP140 expression vectors. Wt: wild type RIP140; CN: 

phosphor-defective mutant RIP140. All values represent the means ± SD., n=3; *: P < 

0.05, compared to ctrl group. 
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Figure 4-3. AS160 modulates adiponectin secretion. (A) Western blot detection of 

adiponectin secretion from adipocytes transfected with control vector (Ctrl) or indicated 

AS160 vectors. Differentiating 3T3-L1 adipocytes were electroporated with indicated 

vector on day 6. After two days, mature adipocytes were cultured in serum-free medium 

with or without 100nM Insulin for 6 h. Adiponectin profile was determined by western 

blotting in non-reducing condition. Wt: wild type; 4P: constitutive active form of AS160. 

Commasie staining shows loading control. (B) ELISA detection of secreted adiponectin 

from transfected adipocytes was examined by ELISA. All values represent the means ± 

SD., n=3; *: P < 0.05 compared to control treatment. 
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Figure 4-4. Over-expression of the amino terminus (RD-1) of RIP140 elevates 

adiponectin secretion. Left: Secreted adiponectin from transfected adipocytes was 

examined by ELISA. Control vector or flag-RD1 vector was electroporated into day 6 

differentiating 3T3-L1 adipocytes. After two days, adipocytes were cultured in serum-

free medium for 6 h.  The adiponectin levels of culture supernatants were measured by 

ELISA. All values represent the means ± SD., n=3; *: P < 0.05 compared to control 

group. Right: immunoblotting of whole cell lysates for indicated antibodies to determine 

the efficiency of over-expression.  













62 

 











Figure 4-5. Targeting RIP140 or PKC in adipocytes enhances functional adiponectin 

secretion to promote glucose uptake in muscle cells. (A) The effect of conditioned media 

from ctrl-, RIP140- or PKC-silenced adipocytes on glucose uptake in C2C12 cells in the 

absence (control) or presence of insulin. All values represent the means ± SD., n=3;  *: P 

< 0.05 compared to control group in Ctrl conditioned medium. **: P < 0.05 compared to 

insulin group in Ctrl conditioned medium. (B) The effect of conditioned media in (A) on 

AMPK activation in C2C12 cells. The ratio of pAMPK/AMPK was quantified. (C) Anti-

adiponectin antibody (anti-adipoQ) neutralized the effect of conditioned media on C2C12 

glucose uptake in the presence of insulin 
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Figure 4-6. Targeting RIP140 or PKC in adipocytes enhances functional adiponectin 

secretion to reduce gluconeogenesis in hepatocytes. (A) The effect of conditioned media 

from ctrl-, RIP140- or PKC-silenced adipocytes on gluconeogenesis in HepG2 cells in 

the absence (control) or presence of insulin. All values represent the means ± SD., n=3; *: 

P < 0.05 compared to control group in Ctrl conditioned medium. (B) The effect of 

conditioned media on AMPK activation in HepG2 cells. The ratio of pAMPK/AMPK 

was quantified. (C) Anti-adiponectin antibody (anti-adipoQ) neutralized the effect of 

conditioned media on glucose production ability of HepG2 in the absence of insulin. *: P 

< 0.05 compared to IgG group in conditioned medium from indicated silencing group. 
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Endothelin-1 promotes cytoplasmic accumulation of RIP140 

through a ETA-PLC-PKC pathway 
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Introduction 

In recent years obesity has become a worldwide epidemic.  A major complication of 

obesity is type 2 diabetes mellitus (T2DM). The hallmark of this condition is the 

development of insulin resistance in adipose, muscle and liver [49]. In healthy individuals, 

adipocytes take up glucose, store lipid and secretes adipokines, and these adipokines are 

important in the regulation of metabolism. But in diabetics, adipocytes may become 

dysfunctional, as shown in the reduction of their glucose uptake ability, change in the 

profile of secreted adipokines, and increase in lipolysis. These changes may worsen the 

disease state leading to such complications as hypertension, atherosclerosis and 

cardiomyopathy [23, 49]. Reports have shown that inflammation and endoplasmic 

reticulum (ER) stress could cause adipocyte dysfunction, but the exact etiology of many 

of these pathophysiological processes remains to be determined [23, 51, 55].  

            RIP140 is a nuclear co-regulator for many transcription factors. It plays important 

roles in various biological processes and affects many disease conditions including the 

metabolic syndrome [4, 67, 84, 85]. Both its mRNA and protein expression are 

significantly elevated in fully differentiated, fat-accumulating adipocytes. As adipocytes 

mature, RIP140 undergoes extensive post-translational modifications (PTMs). These 

changes can modulate its gene-regulatory activity and facilitate its export to the 

cytoplasm [4, 14, 16, 84]. Recently, we have reported that in 3T3-L1 adipocytes, 

activated nuclear PKC phosphorylates RIP140, and the phosphorylated RIP140 is 

subsequently modified by protein arginine methylation, which enhances the recruitment 

of exportin 1 to RIP140 for its nuclear export [4, 14]. We have also found that in the 

primary adipocytes isolated from mice fed a high-fat diet (HFD), RIP140 is increasingly 

accumulated in their cytoplasm, and that the cytoplasmic RIP140 can negatively regulate 

basal and insulin-stimulated glucose uptake by decreasing GLUT4 vesicle trafficking 

[85]. However, it remains to be determined as to the physiological trigger and/or the 

extracellular signal for RIP140’s nuclear export in adipocytes.  

According to the dissected intracellular signaling pathway that stimulates 

RIP140’s nuclear export in 3T3-L1 adipocytes, i.e. activated nuclear PKC that initiates 



67 

 

specific phosphorylation on RIP140 to enhance its subsequent arginine methylation for 

recruiting exportin 1, we investigated several extracellular factors associated with nuclear 

PKC activation, and uncovered that endothelin-1 (ET-1) could be such an extracellular 

trigger. ET-1 is a vasoconstrictor secreted primarily by endothelial cells. It regulates 

airway and blood vessel tone and wound healing [107-109], and is the major therapeutic 

target in managing chronic thromboembolic pulmonary hypertension, pulmonary arterial 

hypertension, and pulmonary fibrosis [110-112]. Clinical studies have shown that obese 

and T2DM patients have higher levels of circulating ET-1. As a result, several 

investigators have proposed that high levels of ET-1 might be an important factor in the 

observed adipocyte dysfunction [100, 109, 113-115]. However, the underlying 

mechanism through which ET-1 modulates adipocyte functions is unclear.  

     In the current study, we examine the relationship between high levels of ET-1 and 

cytoplasmic accumulation of RIP140 in 3T3-L1 adipocytes. We find that chronic ET-1 

exposure can promote the accumulation of RIP140 in the cytoplasm of adipocytes by 

activating the ETA-PLC-nuclear PKC pathway. Further, we show that targeting this 

signaling pathway in 3T3-L1 adipocytes by antagonizing ET-1 receptor, inhibiting PLC, 

or silencing PKC can inhibit cytoplasmic accumulation of RIP140. Importantly, using a 

selective antagonist of ETA, the principal ET-1 receptor expressed in adipocytes, we 

demonstrate that blocking ET-1 signal input to adipocytes in animals indeed can reduce 

cytoplasmic accumulation of RIP140 in adipoyctes. This treatment also reduces 

adipocyte dysfunctions, improve blood glucose control and ameliorates hepatic steatosis 

in HFD-fed mice. 

Materials and Methods 

Cell culture, reagents and transfection 

3T3-L1 cells and RIP140-null cells were maintained and differentiated as described [18]. 

siRNAs were purchased from Qiagen. ET-1 was from MP Biomedicals. Mouse 

adiponectin ELISA kit was from Invitrogen. siRNA transfection was conducted using a 
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DeliverX Plus siRNA transfection kit (Panomics). Plasmid transfection was by 

electroporation with GenePluser (Bio-Rad) using 960 F and 200 Ω.  

Endothelin-1 Treatment 

For ET-1 treatment, mature 3T3-L1 adipocyte cultures were treated with 50 nM ET-1 for 

24 hr and cell lysates were collected for Western blotting.  

Antibodies, Western blotting and cellular fractionation 

Anti-RIP140 antibody was from Abcam. Anti-PKC and anti-lamin antibodies were from 

Santa Cruz. Anti-alpha-tubulin antibody was from Sigma-Aldrich. Cell lysate was 

collected as described [18] and protein concentration was determined by Bradford 

method. Immunoblots were quantified by Image J. For nuclear and cytoplasmic isolation, 

cells were broken by hypotonic buffer (10mM HEPES, pH7.9, 1.5 mM MgCl2, 10mM 

KCl with protease inhibitors). Then after centrifugation for 10 min at 1,000g, 

supernatants (cytosolic fraction) were collected and pellets were lysed in RIPA buffer. 

Lysates were centrifuged at 14,000 rpm for 15 min. Supernatants were nuclear fraction. 

Adipocyte isolation and glucose uptake assays 

Primary adipocyte isolation was conducted as described [85]. Glucose uptake assay in 

primary adipocytes was also performed as describe [85] and glucose uptake was 

normalized to the same number of cells.  

PKC kinase activity and PLC activity assays 

Nuclear PKC activity was determined using a radiometric kit (Upstate) as described [85]. 

PLC activity assay was conducted as described [116] with some modification. A 100-g 

lysate was incubated with 300 nmole PLP Thio-PIP2 (Cayman Chemical) in the reaction 

buffer at room temperature for1 hr, supplemented with a 20l DTNB solution (25mM 

DTNB and 475mM EGTA in 0.5M Tris-HCL) for another 5 min at room temperature, 

and OD405 was determined.  
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Mice  

Five-week-old male C57BL/6J mice (Jackson Laboratory) were maintained on a 12-hr 

light/dark photocycle and fed a normal diet containing 5% fat (#2018, Harlan Teklad) or 

a HFD (60% fat) (#F3282, Bio-Serv). After feeding for 2 weeks, mice were randomly 

divided into groups for different treatments. Treatments were given daily by oral gavage 

for another 3 weeks. All the animal experiments were conducted according to procedures 

approved by University of Minnesota Institutional Animal Care and Use Committee.  

Tissue collection and immunohistochemical staining 

Liver and epididymal white adipose tissues and livers were fixed in 10% neutral formalin, 

embedded in paraffin and sectioned by the Histology & Microscopy Core Facility 

(University of Minnesota). RIP140 immunohistochemical staining was performed (with 

antigen retrieval) using Vector® Elite ABC kit (Vector Laboratories). The sections were 

counterstained with hematoxylin then mounted (Vector Laboratories) for microscopic 

analysis (Zeiss Axioplan 2). 

Blood sample and glucose tolerance test 

Blood samples were collected from mice and then analyzed for insulin, adiponectin and 

endothelin-1 using ELISA kits. For glucose tolerance test, following overnight fasting, 

blood sugar levels were determined using a glucometer, with a 2-gram/kg-bodyweight D-

glucose injection. The blood glucose levels were then monitored at 30, 60 and 120 min 

after injection. 

Statistical analyses 

All immunoblottings were done at least twice, and representative results were shown. All 

results were presented as the means ± SD. P values were calculated using student t test in 

the two-sided condition.  P value  < 0.05 is considered as statistically significant. 

 

Results 
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ET-1 promotes cytoplasmic accumulation of RIP140. We found that RIP140 was 

progressively exported to the cytoplasm in primary adipocytes of HFD animals 

accompanied by elevated nuclear PKC activity, but the physiological trigger and/or 

extracellular signal to activate this pathway in adipocytes were unclear [85]. Since PKC 

is one of the signal mediators of PLC, which can be activated by numerous extracellular 

factors including ET-1, we examined if chronic ET-1 treatment could alter the sub-

cellular distribution of RIP140 in 3T3-L1 adipocytes. As shown in Fig. 1A, in 3T3-L1 

adipocytes, with or without insulin stimulation, ET-1 indeed reduced the nuclear level, 

and elevated the cytoplasmic level, of RIP140. In adipocytes, endothelin receptor type A 

(ETA) is the major form of ET-1 receptor [100]. We therefore examined RIP140’s sub-

cellular distribution in adipocytes under a chronic ET-1 treatment in the absence or 

presence of an ETA receptor-selective antagonist, BQ-610 (Fig. 1B). The ETA antagonist 

effectively dampened the accumulation of RIP140 in the cytoplasm of ET-1 treated 

adipocytes.  In the absence of ET-1 treatment, BQ-610 had no effect on the accumulation 

of RIP140 in the cytoplasm. Using immunofluorescence analysis, we further confirmed 

that ET-1 promoted RIP140 cytoplasmic accumulation in an ETA receptor-dependent 

manner (Fig. 1C). These results show that for 3T3-L1 adipocytes, ET-1 can be such an 

extracellular factor triggering the accumulation of RIP140 in the cytoplasm, which occurs 

in an ETA-dependent manner. 

ET-1 increases nuclear PKC level and promotes nuclear PKC activity. ET-1 

signals, primarily, through G-protein coupled receptor-mediated activation of 

phospholipase CPLC. The activated PLC converts phosphatidylinositol 4,5-

biphosphate (PIP2) into inositol 1,4,5-triphosphate (IP3) and diacyglycerol (DAG), which 

can activate a spectrum of signal mediators. Among the downstream signal mediators, 

PKC is most relevant to RIP140’s activity because it can promote nuclear export of 

RIP140 and insulin resistance in adipocytes [4, 85]. In addition to canonical activation of 

PLC, which is activated on the plasma membrane, a nuclear membrane form of PLC 

has recently been identified to regulate adipocyte differentiation [116]. To determine if 

ET-1 regulates cytoplasmic or nuclear PLC to elicit the nuclear PKC activity in our 
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experimental condition, we first monitored the PLC activity of the nuclear and 

cytoplasmic fractions of 3T3-L1 adipocytes treated with ET-1 for various durations. The 

result shows that ET-1 robustly up-regulated the cytoplasmic, but not the nuclear, PLC 

activity (Fig. 2A). We further found that ET-1 indeed enhanced the nuclear PKC activity 

(Fig. 2B) and substantially increased the nuclear PKC level (Fig. 2C). Interestingly, the 

kinetics of ET-1-promoted accumulation of cytoplasmic RIP140 paralleled that of nuclear 

PKC activation (Fig. 2B, right panel). This result suggests that ET-1 stimulates 

cytoplasmic accumulation of RIP140 through activating nuclear PKC. Taken together, 

these data show that ET-1 elevates cytoplasmic PLC activity and promotes nuclear 

accumulation of PKC, accompanied by elevated nuclear PKC activity in 3T3-L1 

adipocytes. 

ET-1 modulates RIP140’s sub-cellular distribution through the PLC-nuclear 

PKC signaling pathway. To determine the functional roles for the major signaling 

players in the PLC-nuclear PKC pathway, we used inhibitor and siRNA to manipulate 

the players of this signaling pathway in adipocytes. We treated mature 3T3-L1 adipocytes 

with ET-1 in the absence or presence of a PLC inhibitor, U73122 [100]. Indeed, PLC 

inhibitor effectively reduced nuclear PKC activity as compared to the control treatment 

(Fig. 3A). This result supports that ET-1 promotes nuclear PKC activity via a PLC-

dependent manner. This was further confirmed by the finding that ET-1 failed to increase 

the cytoplasmic accumulation of RIP140 as well as nuclear PKC level in the presence of 

the PLC inhibitor (Fig. 3B). To investigate if PKC is required for ET-1-stimulated 

cytoplasmic accumulation of RIP140, we knocked down PKC in ET-1-treated cells and 

monitored the distribution of RIP140 (Fig. 3C). Indeed, there was a decrease in the 

cytoplasmic accumulation of RIP140 and an increase in the nuclear RIP140 in PKC-

silenced adipocytes as compared to the control group. Our previous study identified that 

cytoplasmic RIP140 can interact with AS160 to diminish glucose uptake [85]. We then 

further examined the functional role for RIP140, particularly its cytoplasmic form, in 

modulating ET-1 stimulated glucose uptake by rescuing RIP140 null adipocytes. We 

treated three groups of RIP140 null adipocytes with ET-1: i) RIP140-null adipocytes 
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rescued with control vector (Ctrl), ii) RIP140 null adipocytes rescued with wild type 

RIP140 (Wt), and iii) RIP140 null adipocytes rescued with mutant RIP140 (CN, a 

phosphor-deficient mutant that loses cytoplasmic localization and activity), and 

monitored their insulin-stimulated glucose uptake. In agreement with previous reports 

showing that chronic ET-1 could decrease glucose uptake in adipocytes by dampening 

insulin-stimulated Akt signaling [115], we also detected a reduction in glucose uptake 

following ET-1 treatment in all three groups (Fig. 3D). However, comparing to the group 

rescued with the control vector, the group rescued with wild type RIP140 showed a 

significantly greater reduction in glucose uptake, whereas the group rescued with the CN 

mutant (that lost its cytoplasmic activity) had their glucose uptake reduced to a level 

comparable to that in the control rescue group. This result not only supports our 

conclusion that RIP140 plays a role in modulating ET-1’s effect, but also validates that it 

is the cytoplasmic accumulation of RIP140 that plays such a role in dampening glucose 

uptake. Taken together, the data show that ET-1 modulates RIP140’s sub-cellular 

localization by activating PLC-PKC pathway, and targeting this pathway can 

effectively block ET-1-promoted accumulation of cytoplasmic RIP140.  

Ambrisentan, ETA Antagonist, blocks HFD-triggered cytoplasmic RIP140 

accumulation in epididymal adipose tissues. Our data of 3T3-L1 adipocytes suggest 

that the ET-1-triggered signaling pathway could elevate the level of cytoplasmic RIP140 

in adipocytes. We next examined whether this signaling pathway is active in the context 

of whole animals. Previously, we showed that RIP140 accumulated in the epididymal 

adipose tissue in mice after feeding with HFD for 5 weeks (Ho et al. 2009). We treated 

HFD-fed mice with a selective ETA antagonist that has been approved for animal and 

clinical uses, ambrisentan (10 mg/kg or 30 mg/kg), for three weeks. Since ambrisentan is 

a potent vasodilator, we therefore included hydralazine (10 mg/kg) as a control treatment 

to rule out the potential effects of vasodilation [117-120]. HFD indeed elevated plasma 

ET-1 levels in mice (Fig. 4A). Of note, ambrisentan treatment enhanced the circulating 

ET-1 level in ND-fed mice, which could be caused by certain feedback mechanism to 

maintain the ET-1 affected vascular tone. Further, both hydralazine and a high dose of 

ambrisentan decreased the body weights of those mice fed with HFD, which might be 
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due to side effects caused by vasodilation, such as a reduction in appetite (Fig. 4B) [117]. 

Because sub-cellular fractionation of primary adipose tissues is not as reliable for 

examining a protein’s sub-cellular localization, we then used an established 

immunohistochemical method for detecting RIP140 (Ho et al. 2009) to examine the sub-

cellular distribution of endogenous RIP140 in the epididymal tissue collected from these 

animals. As expected, the epididymal adipocytes significantly accumulated RIP140 in 

their cytoplasm under a HFD as compared to the control (Fig. 4C, HFD-Ctrl versus ND-

Ctrl). Interestingly, ambrisentan treatment, in either a high or low dose, significantly 

reduced cytoplasmic accumulation of RIP140 in the epididymal adipose tissue of HFD-

fed mice (Fig. 4C, HFD-Am10 and HFD-Am30). In contrast, hydralazine could not 

reduce cytoplasmic accumulation of RIP140 (Fig. 4C, HFD-Hydra). Moreover, these 

treatments did not affect the total RIP140 level in the epididymal adipose tissue (Fig. 4D). 

Since cytoplasmic RIP140 can retard GLUT4 vesicle trafficking to reduce glucose uptake 

in adipocytes (Ho et al. 2009), we then examined if glucose uptake in primary adipocytes 

was also increased in the ambrisentan-treated mice. As shown in Fig. 4E, HFD animals 

had a defect in insulin stimulated glucose uptake into their primary adipocytes 

(comparing HFD Ctrl to the ND Ctrl). Interestingly, a low dose ambrisentan readily 

rescued this defect and increased glucose uptake in the primary adipocytes of treated 

animals (comparing HFD Am-10 to HFD Ctrl). Of note, a high dose of ambrisentan also 

increased the basal level of glucose uptake; this may be due to the effect of ET-1 on the 

expression of GLUT1 [121]. A low dose of ambrisentan did not affect body weight but 

significantly reduced the cytoplasmic RIP140 level and improved glucose uptake. These 

results support the notion that the ETA antagonist, ambrisentan, can prevent certain 

pathological conditions caused by HFD, including increased cytoplasmic accumulation of 

RIP140 and reduced glucose uptake in epididymal adipocytes. These animal data also 

support our prediction based on the studies of cell cultures, that ET-1 can promote the 

accumulation of RIP140 in the cytoplasm of adipocytes through an ETA-mediated 

pathway. 

Ambrisentan, ETA Antagonist, increases circulating adiponectin levels,  improves 

blood glucose control and ameliorates hepatic steatosis in HFD-fed mice. Recently, 
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we have shown that cytoplasmic RIP140 also contributed to adipocyte dysfunctions such 

as an increase in lipolysis and a decrease in GLUT4 vesicle trafficking and adiponectin 

secretion [85, 122, 123]. We therefore also monitored the circulating adiponectin levels 

and crown-like structure (CLS), a proinflammatory sign, in the epididymal adipose tissue 

of ND- or HFD-fed mice treated with ambrisentan. We found that HFD indeed lowered 

the circulating adiponectin levels. Feeding with ambrisentan, but not hydralazine, for 

three weeks, enhanced the circulating adiponectin levels, which suggests that ambrisentan 

promotes adiponectin secretion, but this is not caused by its vasodilating effect (Fig. 5A). 

Additionally, ambrisentan decreased the number of CLS in the adipose tissue, indicating 

that ambrisentan also improves chronic inflammation [77] (Fig. 5B and 5C). Taken 

together, these animal studies show that the ETA antagonist, ambrisentan, can prevent 

certain pathological conditions caused by HFD, such as reduction in adiponectin 

secretion and the accumulation of inflammatory macrophages in the adipose tissue.  

        We then examined the effect of ambrisentan on the fasting blood glucose level. It 

appears that none of these treatments altered the fasting blood glucose levels in the ND 

group, but ambrisentan effectively reduced the fasting blood glucose levels in HFD 

animals (Fig. 5D) without significantly changing their plasma insulin levels (Fig. 5E), 

ruling out the effect through altering the circulating insulin levels. In glucose tolerance 

test (GTT), ambrisentan improved the glucose clearance rate of HFD-fed mice to a level 

similar to that of the ND group (Fig. 5F and 5G). Furthermore, ambrisentan 

administration to HFD animals also decreased their hepatic steatosis (Fig. 5H), 

accompanied by a dose-dependent reduction in liver TG content (Fig. 5I). Together, these 

results show that ETA antagonist, ambrisentan, is beneficial for the maintenance of 

systemic glucose homeostasis, and can be protective against liver steatosis induced by 

HFD. 

 

Discussion 

We have previously shown that a HFD increases the levels of RIP140 in the cytoplasm of 

epididymal adipocytes [85], but the physiological trigger, or extracellular signal, for this 



75 

 

phenomenon in adipocytes was unclear. In the current study, we extend these findings 

and demonstrate that ET-1 can be such a physiological/extracellular signal, and that the 

effect of ET-1 to stimulate RIP140’s nuclear export in adipocytes is mediated by the 

ETA-PLC-nuclear PKC signaling cascade (Fig. 6). Using a diet-induced obese mouse 

model, we further provide a proof-of-concept that, it might be useful to exploit this 

signaling pathway to manage adipocyte dysfunction, such as to improve their glucose 

uptake. This is supported by the effectiveness of using the ETA antagonist, ambrisentan, 

to block cytoplasmic accumulation of RIP140 and improve glucose uptake in adipocytes. 

However, considering that PLC can affect multiple downstream PKC isoforms and 

cytoplasmic accumulation of RIP140 is specifically triggered by the nuclear PKC, it 

could be even more specific and efficient to reduce cytoplasmic accumulation of RIP140 

by targeting PKC. Of note, ETA antagonists are widely used for pulmonary hypertension 

and other vascular diseases, and it has been suggested that ETA antagonists can provide 

beneficial effects to reduce diabetes-caused complications [108, 111, 117]. There are also 

increasing studies showing that ET-1 can modulate adipocyte function, including 

adipokine secretion, lipid metabolism and insulin sensitivity. It is important in future 

studies to examine the beneficial effects of administration of ETA antagonists to 

ameliorate certain complications affected by HFD.  

            In recent years, our lab has revealed the importance of PTMs of RIP140 in 

modulating RIP140’s activity and nuclear export [4, 14, 16]. Although we have identified 

that cytoplasmic RIP140 can block glucose uptake by impeding GLUT4 trafficking and 

enhance lipolysis by interacting with perilipin [85, 122], the full spectrum of cytoplasmic 

RIP140’s activities remains to be examined. Nevertheless, these limited studies have 

begun to illustrate that cytoplasmic RIP140 can also be involved in regulating lipid and 

glucose metabolism in response to an alteration in the nutrient status or pathological 

conditions. Determining the interacting proteins of cytoplasmic RIP140 should be helpful 

to the elucidation of the full spectrum of cytoplasmic RIP140’s activities [4]. On the 

same note, it may also be interesting to determine whether RIP140 can accumulate in the 

cytoplasm of other cell types and, if so, it will be important to identify the physiological 

or pathological stimuli for nuclear export of RIP140 in various cell types. Our limited 
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studies already show that that there are extrinsic (circulating ET-1) (this current study) 

and intrinsic (lipid content within adipocyte) (Ho et al. 2011) mechanisms to modulate 

RIP140’s sub-cellular distribution in adipocytes.  

 Finally, in obese and diabetic patients, increased secretion of ET-1 from 

endothelial cells has been considered as an important factor contributing to vascular 

dysfunction. Although we show that targeting ET-1 signaling by ETA antagonist can be 

beneficial, such as improving glucose control and hepatic steatosis, it remains unclear if 

adipose tissue is the key target through which ETA antagonists produce these beneficial 

effects, because ET-1 is also the strongest vasoconstrictor and is involved in vascular 

tone and other physiological homeostasis [117]. In our study, a high dose ambrisentan 

indeed reduced body weight gain (Fig. 4B), which might be caused by ambrisentan’s side 

effects. Understanding the essential target of ET-1 blockage that produces these 

beneficial effects will help to design better treatments with fewer side effects such as 

hypotension. 

Taken together, we report that ETA antagonist ambrisentan exerts beneficial effects in 

controlling the progression of diet-induced diabetes, suggesting that blockade of ET-1 

signaling would attenuate the vicious crosstalk between endothelial and adipocyte 

dysfunctions in diabetes progression. Moreover, this study reveals a pathological signal 

crosstalk between the vascular system and the adipose tissue through ET-1. This signal 

crosstalk provides points of intervention to develop novel therapeutic/preventive 

strategies for obesity- and diabetes-related metabolic syndromes. 
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Figures 

 

Figure 5-1 Chronic endothelin-1 treatment promotes cytoplasmic accumulation of 

RIP140. A, Sub-cellular distribution of RIP140 in 3T3-L1 adipocytes stimulated with or 

without insulin (6 hr) in the absence or presence of 50 nM ET-1 for 24 hr. Lamin and 

tubulin show the loading control and fractionation markers for nucleus and cytoplasm, 

respectively. Nu.: nuclear fraction; Cyto.: cytoplasmic fraction. B, Effect of ETA 

antagonist (BQ-610) on sub-cellular distribution of RIP140 in 3T3-L1 adipocytes under 

chronic ET-1 treatment. Left: 3T3-L1 adipocytes were pretreated with BQ-610 for 1 h 

and then incubated with ET-1 for another 24 h. Right: 3T3-L1 adipocytes were treated 

with BQ-610 25 h. C, Representative confocal images showing RIP140 distribution in 

3T3-L1 adipocytes treated as indicated. DAPI shows nucleus staining. 
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Figure 5-2. Endothelin-1 increases cytoplasmic PLC and nuclear PKC activity. A, 

PLC activity of the nuclear or cytoplasmic fraction of 3T3-L1 adipocytes stimulated by 

ET-1 for the indicated time period. All values show the means ± SD., n=3. B, Left: 

Quantification of nuclear PKC activity of 3T3-L1 adipocytes stimulated by ET-1 for the 

indicated time period. Right: Cytoplasmic level of RIP140 in 3T3-L1 adipocytes 

stimulated by ET-1. C, Sub-cellular distribution of PKC in 3T3-L1 adipocytes 

stimulated by ET-1. All values show the means ± SD., n=3; *: P < 0.05 compared to 2 hr 

treatment.  

 

 

 

 



79 

 

 

 

 

 

 

 

 

 

 

Figure 5-3. Endothelin-1 promotes cytoplasmic accumulation of RIP140 in adipocytes 

via the PLC-PKC pathway. A, PLC inhibitor, U73122, blocks nuclear PKC activity 

under chronic ET-1 treatment. 3T3-L1 adipocytes were pretreated with U73122 for 1 h 

and then incubated with ET-1 for another 24 h. The nuclear fraction was collected and 

subjected into PKC activity assay. All values show the means ± SD., n=3; *: P < 0.05 

compared to ctrl treatment. B, PLC inhibitor decreases ET-1-mediated cytoplasmic 

accumulation of RIP140 in 3T3-L1 adipocytes. Nuclear and cytoplasmic fractions were 

collected in the same procedure as described in Fig. 2C. C, Western blot analyses of 

RIP140 in the nuclear and cytoplasmic fractions from ctrl- or PKC-silenced 3T3-L1 

adipocytes after chronic ET-1 treatment. Knockdown efficiency was monitored by 

western blot analyses of PKC in whole cell extract. Nu.: nuclear fraction; Cyto.: 

cytoplasmic fraction; WCE: whole cell extract. D, Basal and insulin-stimulated glucose 

uptake of RIP140-null adipocytes rescued with control vector (Ctrl), wild type RIP140 

(Wt) or phosphor-deficient mutant (CN) RIP140 under a control or chronic ET-1 

treatment. Glucose uptake was measured. The relative fold was determined by 

normalization to the control vector group under the control treatment that was arbitrarily 

set at the value of 1.  All values represent the means ± SD., n=4; *: P < 0.05. 
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Figure 5-4. ETA antagonist, ambrisentan, decreases cytoplasmic RIP140 accumulation in 

epididymal adipose tissue of HFD-fed mice. Mice were fed a normal diet (ND) or a high-

fat diet (HFD) for two weeks and then treated, daily, as indicated for three more weeks. A, 

Plasma ET-1 levels were determined by ELISA. B, Body weight of mice from indicated 

group. C, Representative immunohistochemical staining of RIP140 in epididymal adipose 

tissue of the ND or HFD animals. D, The expression level of total RIP140 in epididymal 

adipose tissue of indicated group of mice. E, Basal and insulin-stimulated glucose uptake 

of primary adipocytes isolated from epididymal adipose tissues. Glucose uptake, per 106 

cells, was measured. The relative fold was obtained by normalization to the control of the 

ND group that was arbitrarily set at the value of 1.  All values represent the means ± SD., 

n=4-7; *: P < 0.05. Hydra.: hydralazine (10 mg/kg); Am-10: ambrisentan (10 mg/kg); 

Am-30: ambrisentan (30 mg/kg). 
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Figure 5-5 ETA antagonist, ambrisentan, ameliorates metabolic dysfunctions in HFD-fed 

mice. A, Plasma adiponectin levels of mice fed a normal (ND) or high-fat diet (HFD) 

were determined by ELISA. All values represent the means ± SD, n=4-7; *: P < 0.05. B, 

H&E staining of epididymal adipose tissue to detect crown-like structures. C, 

Quantitative analysis of crown-like structures in adipose tissue. All values represent the 

means ± SD, n=5~7 random images from 3 different mice in the same group; *: P < 0.05. 

D, Fasting blood glucose. E, plasma insulin levels from overnight fasted mice fed with a 

ND or HFD. F, Glucose tolerance test. G, The area under curve (AUC) in glucose 

tolerance tests. H, Upper panel: Representative images of liver appearance. Lower panel: 

Representative images of H&E staining of liver sections. I, Triglyceride (TG) contents in 

animal livers. All values represent the means ± SD, n=4-7; *: P < 0.05. Hydra.: 

hydralazine (10 mg/kg); Am-10: ambrisentan (10 mg/kg); Am-30: ambrisentan (30 

mg/kg). 
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Figure 5-6. Proposed model for ET-1-mediated nuclear export of RIP140. ET-1 binds 

with ETA receptor on adipocytes and then activates cytoplasmic PLC. Activated PLC 

promotes nuclear accumulation of PKC that initiates the PTMs of RIP140 and its 
nuclear export. 
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CHAPTER VI 

 

Cholesterol regulation of receptor-interacting protein 140 via 

microRNA-33 in inflammatory cytokine production  
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Introduction 

Macrophages are central components of the innate immune system and important players 

in maintaining cholesterol homeostasis [124-126]. Resident and circulating macrophages 

can recognize invading pathogens and sense tissue damage mediated by Toll-like 

receptors (TLRs), and produce proinflammatory cytokines that evoke inflammation. 

However, massive production of TNF and IL-1 by activated macrophages can also 

lead to septic shock, causing tissue damage, multiple organ failure and death. Clinically, 

both the susceptibility to, and mortality from, septic shock are dramatically higher in 

obese patients [127-129]. Studies over the past decade revealed that nutrient status 

(especially lipid and cholesterol) could be sensed by macrophages to modulate 

inflammation in metabolic diseases [130, 131].  

 

Although free fatty acids have been shown to promote proinflammatory cytokines 

production via TLRs, the role of cholesterol in modulating macrophage activity remains 

unclear. Modified forms of low-density lipoprotein (LDL) are engulfed by macrophages, 

and the cholesterol is either stored in lipid droplets or transported out by cholesterol 

efflux. Defects in cholesterol efflux result in cholesterol accumulation in the 

macrophages; this has been implicated in inflammation-related diseases such as 

atherosclerosis [130, 132, 133]. Interestingly, the HMG-CoA reductase inhibitor statin 

(which is used to lower plasma cholesterol) has been shown to possess anti-inflammatory 

properties that act by both cholesterol-dependent and –independent mechanisms [134-

136]. Although these studies suggest that cholesterol is important to the proinflammatory 

potential of macrophages and might play a role in related diseases, the exact mechanisms 

by which cholesterol modulates macrophage activity remain elusive [132, 133, 137, 138]. 

 

Receptor-interacting protein 140 (RIP140) is a master coregulator for a variety of 

transcription factors [2, 3, 66, 82] and affects gene expression in ovary and metabolic 

tissues including liver, muscle, and adipocytes. In addition to being infertile, RIP140-null 

mice are lean and resistant to diet-induced diabetes [5, 67, 82-85]. Recent proteomic 

analyses identified several post-translational modifications (PTMs) of RIP140 that play 
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important roles in modulating RIP140’s function and cellular localization [4, 14, 15, 20, 

21]. Furthermore, changes in these PTMs in response to nutrient status in adipocytes 

trigger different signaling pathways that modulate RIP140’s functions [16, 19, 85]. In 

addition to its role in metabolic tissues, RIP140 can associate with NF-B in 

macrophages to coactivate proinflammatory cytokines production [11]. Specifically, 

RIP140 is essential for TLR2-, TLR3- and TLR4-mediated production of inflammatory 

cytokines. However, it remains unclear if the expression of RIP140 in macrophages is 

altered in response to changes in cellular lipid contents, and whether this underlines the 

regulation of macrophages’ inflammatory potential.   

 

MicroRNAs (miRNAs) are single-stranded non-coding RNAs 21-23 nucleotides in 

length. These molecules regulate gene expression by recognizing targets in either the 5- 

or 3-untranslated region (UTR). Binding to 3-UTR is the major mechanism by which 

miRNAs form miRNA-RNA-induced silencing complexes, thus promoting the 

degradation of target mRNAs and reducing protein expression [139]. Unique miRNA 

expression profiles have been identified in both innate and adaptive immune systems and 

are believed to control their development and functions. For example, several miRNAs 

modulate macrophage inflammatory responses by negative- or positive-feedback [139-

142]. These miRNAs could play roles in the progression of inflammation-related diseases 

such as atherosclerosis, Alzheimer’s disease and rheumatoid arthritis [139]. Recent 

studies have revealed that cholesterol content within macrophages can affect miRNA-33 

expression, modulating cholesterol efflux [143-147].  

 

This study examines RIP140 expression levels in macrophages in response to alterations 

in cholesterol content, both in vitro and in vivo. The results show that miR-33 mediates 

the regulation of RIP140 expression by intracellular cholesterol. Specifically, high-fat-

diet (HFD)-feeding reduces miR-33, but elevates RIP140, levels in peritoneal 

macrophages, and promotes an inflammatory response that manifests as acute septic 

shock. Consistently, simvastatin treatment (to block cholesterol synthesis) reduces 

RIP140 expression by increasing miR-33 expression. Further investigations reveal that 
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miR-33 affects RIP140 by recognizing a highly conserved sequence in its 3-UTR. These 

findings demonstrate the importance of the levels of the transcription coregulator RIP140 

in the macrophage inflammatory response and establish that its expression in 

macrophages can be modulated by cholesterol content. This study also identifies miR-33 

as an anti-inflammatory miRNA that acts in response to cholesterol depletion.  

 

Materials and Methods 

Materials 

Male C56BL/6J mice were from Jackson labs (Bar Harbor, ME, USA). Raw264.7 murine 

macrophage and 293T cell lines were from ATCC (Manassas, VA, USA). Modified 

LDLs (Ox-LDL and Ac-LDL) were purchased from Intracel (Frederick, MD, USA). 

Simvastatin, mevalonate, Sandoz 58-035, LPS and D-galactomsamine were from Sigma 

Aldrich (St. Louis, MO, USA). Cholesterol assay kit was from Cayman Chemicals (Ann 

Arbor, MI, USA). ELISA kits for TNF and IL-1 were from BD Biosciences (San Jose, 

CA, USA) and RayBiotech (Norcross, GA, USA), respectively. Anti-beta-actin antibody 

was from Santa Cruz (Santa Cruz, CA, USA). Antibodies for RIP140 and F4/80 were 

from Abcam (Cambridge, MA, USA). Hiperfect, miScript Reverse Transcription kit, 

miScript SYBR PCR kit, miR-33 PCR primer, siRNAs, miRNA-33 and miRNA-33 

inhibitor were from Qiagen (Valencia, CA, USA). Lipofectamine 2000 was from 

Invitrogen (Carlsbad, CA, USA). 

Cell culture and transfection 

Raw 264.7 murine macrophages, BV2 microglia cell line and 293T cells were maintained 

in DMEM with 10%FBS and 1% antibiotics. For modified LDL treatment, Raw264.7 

cells were treated with 50 g/ml oxidized LDL or 50 g/ml acetylated LDL for 8 hr. For 

simvastain treatment, Raw264.7 cells were treated with 5 M simvastatin alone, 100 M 

mevalonate alone or 5 M simvastatin plus 100 M mevalonate for 24 hr. Plasmid 

transfection was performed using Lipofectamine 2000 and siRNAs and miRNAs 
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transfection was performed using Hiperfect according to the manufacturer’s instructions. 

For proinflammatory cytokine production, Raw264.7 macrophages or peritoneal 

macrophages were treated with vehicle or 20 ng/ml LPS for 4 hr. Media were collected to 

determine TNF and IL-1 levels by ELISA kits.  

Plasmids and luciferase reporter assays  

RIP140 3'-UTR was amplified from cDNA of 3T3-L1 cell by primers as following: 

Forward primer: 5’-gagtcatctagaatgtgtacctgccataccac-3’; Reverse primer: 5’- 

gagtcatctagactggtgaagttgtgcattttaatg-3’. The amplified 3’UTR was cloned into pGL3-

promoter vector (Promega, Madison, WI, USA) with the XbaI site. The mutant with point 

mutations in the seed sequence of miR-33 was cloned by different reverse primer with 

point mutations: Reverse primer: 5’-gagtcatctagactggtgaagttgtcgattttaatg-3’. 

For RIP140 3’-UTR luciferase reporter assay, 293T cells were transfected with 0.03 g 

reporter plasmid, 0.2 g LacZ plasmid and 100nM microRNA by Lipofectamine 2000 

according to manufacturer’s instruction. After twenty-four hours, luciferase and LacZ 

activities were determined as described previously [18]. For reporter assay with 

simvastatin, BV2 microglia cells were transfected with 0.03 g reporter plasmid and 0.2 

g LacZ plasmid using Lipofectamine 2000. Twenty-four hours after transfection, cells 

were treated with or without 50 M simvastatin for another 24 hr. For NF-B reporter 

assay, 293T cells were transfected with 0.6 g NF-B reporter [148] and 0.2 g Flag-

RIP140 containing different 3’-UTR or control vector.  

Animal studies and peritoneal macrophage isolation 

5-week-old male C56BL/6J mice were fed with a normal diet containing 18% calories 

from fat and undetectable cholesterol (#2018, Harlan Teklad, Madison, WI, USA) or a 

high-fat diet containing 60% calories from fat and 345 mg cholesterol per kg body weight 

(#F3282, Bio-Serv, West Chester, PA, USA). After 2 weeks, mice were analyzed for 

acute septic shock and peritoneal macrophage isolation. For primary peritoneal 

macrophage isolation, mice were injected intraperitoneally with 3 ml thioglycolate. After 

3 days, mice were sacrificed to isolate peritoneal macrophages as described previously. 
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Peritoneal macrophages were plated within RPMI-1640 medium containing 0.2% fatty 

acid-free BSA. After 2 hours, cells were washed with same medium once and then used 

for indicated analysis. 

Acute septic shock animal model 

Acute septic shock was performed as previous report [149]. Briefly, mice were injected 

intraperitoneally with LPS ( 0.1 mg per 25 g body weight) plus D-galactosamine ( 0.5 mg 

per g body weight). Survival was monitored every hour for the next 18 hr.  

Flow cytometry  

Macrophages derived from mice were cultured for two hours for adhesion. Macrophage 

surface antigens were stained with rat-anti mouse F4/80 antibody for 30 min. in staining 

buffer (1% heat-inactivated FCS, 0.09% (w/v) sodium azide in DPBS) at 4°C and fixed 

as well as permeabilized with Fixation/Permeabilization solution (BD Bioscience) for 30 

min. at 4°C. Cells were further stained with rabbit-anti RIP140 antibody for 30 min. in 

staining buffer. PE F(ab')2 Donkey anti-Rabbit IgG (BD Bioscience) and Goat F(ab')2 

anti-rat IgG-PerCP (R&D system, Minneapolis, MN, USA) in staining buffer were 

incubated with cells at 4°C 30 min in the dark. The stained cells were analyzed with 

fluorescence-activated cell sorting (FACS) (BD Biosciences) according to the 

manufacturer’s instructions. Fluorescence of F8/40 was collected in the FL3 detector, and 

fluorescence of RIP140 was collected in the FL2 detector. 

Semi-quantitative real-time PCR and quantitative microRNA real-time PCR 

mRNA from cells were extracted by Trizol (Invitrogen, Carlsbad, CA, USA) and then 

converted into cDNA by Omniscript RT kit or miScript Reverse Transcription kit 

(Qiagen, Valencia, CA, USA). Real-time PCR for gene expression was performed with 

specific primer sets by Brilliant II Fast SYBR Green QPCR reagent (Agilent, Santa Clara, 

CA, USA) in Mx3005P QPCR system (Agilent). Primers for QPCR are as following:  

mouse RIP140 forward 5’- GGCAGCAAACCTGAATTCGGC-3’;  

mouse RIP140 reverse 5’-CTCACCGGGCACGGAACATC-3’;  
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mouse TNF forward: 5’-ATGAGCACAGAAAGCATGATCCGC-3’;  

mouse TNF reverse: 5’- CCAAAGTAGACCTGCCCGGACTC-3’;  

mouse IL-1 forward: 5’-TCAGGCAGGCAGTATCACTCA-3’;  

mouse IL-1 reverse: 5’-GGAAGGTCCACGGGAAAGAC-3’.  

For miR-33 expression, real-time PCR was performed by miScript SYBR PCR kit 

(Qiagen) with miR-33 specific primer.  

Statistical analysis 

Results were presented as means ± SD. Statistical analysis was performed by Student’s t 

test and P value < 0.05 was considered as significant difference. For survival rate, result 

was analyzed by Kaplan-Meier analysis. 

 

Results 

High-fat diet upregulates RIP140 expression in macrophages 

Hypercholesterolemia is a risk factor contributing to various inflammatory diseases, and 

RIP140 has been shown to be involved in inflammatory cytokine production [11]. We 

asked if a high-fat diet (HFD), that drastically elevates cholesterol levels in the animals, 

could affect RIP140 expression in macrophages through which their proinflammatory 

potentials might be modulated. We compared the RIP140 expression levels in peritoneal 

macrophages from male C56BL/6J mice fed with either a normal diet (ND) or HFD for 2 

weeks. We co-stained peritoneal macrophages with anti-RIP140 and an antibody against 

the macrophage surface marker, F4/80, which were analyzed by flow cytometry. 

Approximately 30.4% of macrophages from ND mice expressed high levels of RIP140; 

whereas HFD dramatically expanded the population expressing high-RIP140 levels to 

approximately 50% (Fig. 1A). Importantly, although the profile of macrophage RIP140 

levels was altered in HFD mice, there was no change in the F4/80 expression profile. We 

compared the histograms of RIP140 expression between the F4/80-positive macrophage 
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populations from ND and HFD mice, and found a substantial increase in the mean of 

RIP140 expression levels for the HFD mice (Fig. 1B). This was further supported by 

real-time qPCR analyses of RIP140 mRNA in peritoneal macrophages from ND and 

HFD mice, which detected approximately a 3-fold increase in RIP140 mRNA for the 

HFD mice (Fig. 1C). Taken together, these results show that HFD feeding can increase 

RIP140 mRNA and protein levels in macrophages. 

 

Intracellular cholesterol content modulates RIP140 levels 

Under a HFD, circulating LDL can be acetylated and oxidized, which can then be 

recognized and engulfed by macrophages. These cholesterol-loaded macrophages 

become foam cells [125, 132], increasing their proinflammatory potential [132, 133]. 

Given that a short-term HFD feeding in animals substantially increased their RIP140 

expression in macrophages (Fig. 1) and intracellular cholesterol content in peritoneal 

macrophages (Fig. 2A), we asked if intracellular cholesterol accumulation could promote 

RIP140 expression in Raw264.7 mouse macrophage cell line. It appeared that both 

acetylated LDL and oxidized LDL significantly enhanced RIP140 mRNA levels (Fig. 

2B), suggesting that intracellular cholesterol content might be an important regulator for 

RIP140 expression in macrophages. We then applied an HMG-CoA reductase inhibitor, 

simvastatin, to block cholesterol synthesis (mimicking a cholesterol-depletion state) in 

these macrophages [144, 150], and found that simvastatin treatment for 24 hr indeed 

significantly decreased RIP140 mRNA levels. Further, in the presence of mevalonate, the 

product of HMG-CoA reductase, simvastatin failed to reduce RIP140 mRNA levels (Fig. 

2C). Consistently, the reduction in RIP140 protein level after simvastatin treatment was 

also abolished by mevalonate treatment (Fig. 2D). These results show that indeed, 

RIP140 expression in macrophages, at both mRNA and protein levels, is negatively 

regulated by intracellular cholesterol accumulation.  

Cholesterol up-regulates RIP140 expression via repressing microRNA-33 that 

down-regulates RIP140 by targeting its conserved 3’-UTR  
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Recent studies have shown that miR-33 is produced from an intron of SREBP-2 in 

response to intracellular cholesterol accumulation, which inhibits cholesterol efflux by 

down-regulating ABCA1 and ABCG1 expression at the post-transcriptional level [143-

147]. Based on the reverse correlation between cholesterol content and RIP140 mRNA 

level shown above, we suspected a potential role for miR-33 in RIP140 expression. 

Interestingly, miR-33 was predicted to recognize a conserved 3-UTR of RIP140 mRNA 

(Fig. 3A). We then compared RIP140 mRNA and mature miR-33 levels in Raw264.7 

macrophages treated with or without simvastatin. It appeared that simvastatin not only 

reproducibly reduced RIP140 mRNA level but also increased miR-33 level (Fig. 3B). We 

further compared miR-33 levels in primary peritoneal macrophages from ND- and HFD-

fed animals, and found that peritoneal macrophages from HFD-fed mice expressed a 

much lower level of mature miR-33 as compared to the ND group (Fig. 3C). To obtain 

direct evidence for a functional role of miR-33, we used Raw264.7 cell to assess the 

effects of gain- and loss-of-function of miR-33 on RIP140 expression. Figs. 3D and E 

show that RIP140 mRNA and protein levels were both reduced in Raw264.7 cells 

transfected with miR-33 mimic even without depleting cholesterol (by simvastatin 

treatment), and simvastatin-triggered reduction in RIP140 was abolished by a miR-33 

inhibitor (Anti-miR-33).  

To further confirm the effect and target of miR-33 on RIP140 mRNA, we generated 

luciferase reporter constructs containing either the wild type, or miR-33 target mutated, 

3-UTR of RIP140 mRNA (Fig. 4A) to assess the effects in 293T cells. In the presence of 

miR-33 mimic, the wild type, but not the mutated, reporter activity was significantly 

lowered as compared to the control reporter activity (Fig. 4B). Further, miR-33 mimic 

repressed the reporter activity in a dose dependent manner (Fig. 4C). These results 

confirm that miR-33 indeed acts by targeting the conserved 3-UTR of RIP140 mRNA to 

suppress its expression. To further evaluate if this conserved miR-33 target sequence in 

the 3-UTR of RIP140 was important for simvastatin-triggered reduction in RIP140 

expression, we used this reporter system to assess the effect of simvastatin. Indeed, 

simvastatin inhibited only the wild type, but not the mutated or control reporter (Fig. 4D). 

Together, these experiments identify RIP140 as a target of miR-33, and delineate the 
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mechanism of cholesterol action in elevating RIP140 expression, which is mediated by 

down-regulating miR-33 that targets the 3-UTR of RIP140 mRNA.  

 

MicroRNA-33 decreases RIP140 expression to down-regulate inflammatory 

cytokines production   

Simvastatin has been shown to possess anti-inflammatory activities by blocking NF-B 

activity thereby reducing TNF and IL-1 expression [151]. Since RIP140 could 

function as coactivator for NF-B to activate TNF and IL-1 expression, we 

hypothesized that reducing cholesterol content, such as by simvastatin treatment, may 

modulate NF-B activity by, at least partially, controlling the level of RIP140. We used 

an NF-B reporter in 293T cells to assess the effects of reducing cholesterol content (by 

simvastatin treatment) and expressing an RIP140 expression vector containing either the 

wild type or miR-33 target mutated 3-UTR. As shown in Fig. 5A, co-transfection with 

either the wild type, or 3-UTR mutated, RIP140 vector with NF-B increased the NF-B 

reporter activity in cells without simvastatin (Ctrl), supporting that RIP140 can co-

activate NF-B activity. However, simvastatin treatment significantly inhibited the NF-

B reporter activity in cells co-transfected with the wild type, but not the miR-33 target 

mutated, RIP140 vector. This result indicates that reducing cholesterol content by 

simvastatin treatment can repress NF-B activity by reducing its co-activator RIP140 via 

elevating miR-33 that targets RIP140’s 3’-UTR, and suggests that miR-33 can be anti-

inflammatory and reduce inflammatory cytokines production in macrophages. Indeed, 

transfection of Raw264.7 macrophages with miR-33 not only reduced RIP140 mRNA 

level but also suppressed LPS-stimulated production of TNF and IL-1mRNA (Fig. 

5B). Consistently, the secreted levels of TNF and IL-1 in the cell culture media were 

also decreased (Fig. 5C). These experiments support our hypothesis that miR-33 can be 

anti-inflammatory in macrophages by inhibiting RIP140 expression. These results 

delineate a new mechanism by which simvastatin can exert an anti-inflammatory effect, 
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and identify miR-33 as a new microRNA involved in the regulation of macrophage 

inflammatory response.   

 

RIP140 upregulates inflammatory cytokines production and increases the potential 

of acute septic shock 

To provide a direct gain-of-function evidence for RIP140’s role in TNF and IL-

1expression, we over-expressed RIP140 in Raw264.7 macrophages and determined the 

mRNA levels of TNF and IL-1. Fig. 6A shows that over-expressing RIP140 in 

Raw264.7 macrophages significantly elevated both TNF and IL-1mRNA levels, with 

or without LPS stimulation. In contrast, silencing RIP140 in macrophages reduced the 

basal and LPS-stimulated levels of TNF and IL-1 Fig. 6B). These results further 

support that RIP140 can positively regulate proinflammatory cytokine production, and 

suggest that HFD might affect inflammatory potential, at least partially, through 

increasing RIP140 expression in macrophages.    

To address this mechanism in the context of whole animals, we compared the immune 

responses of mice fed with either ND or HFD, using acute septic shock as the indicator. 

Mice fed with ND or HFD for 2 weeks were challenged with LPS and D-galactosamine 

and their survival rates within 18 hrs were monitored. It appeared that the HFD-fed mice 

had a higher mortality rate in response to LPS challenge, and they also died earlier, as 

compared to the ND-fed mice (Fig. 6C). In this septic shock model, robust elevation in 

circulating TNF and IL-1 is responsible for multiple organ failure, tissue damage and 

death, and macrophages are the central players in the production and secretion of these 

cytokines [127, 152]. Accordingly, we predicted that HFD would elevate TNF and IL-

1 levels in macrophages and enhance their inflammatory potential. As expected, the 

basal and LPS-stimulated mRNA levels of TNF and IL-1 in peritoneal macrophages of 

HFD-fed mice indeed were much higher as compared to that of ND-fed mice (Fig. 6D). 

The results are consistent with a contributory role for RIP140 in the response of HFD-

animals to septic shock. Together with data shown in Fig.1, the results support that HFD 
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elevates RIP140 expression in peritoneal macrophages, which activates TNF and IL-1 

expression and enhances macrophages’ inflammatory potential, thereby contributing to 

increased susceptibility to septic shock in certain conditions such as obesity. 

 

 

Discussion 

RIP140 is known to be involved in diet-induced diabetes and can be an important player 

in TLR-mediated inflammatory response. Because of its significantly altered subcellular 

distribution following a HFD, at least in adipocytes, it has also been proposed as a 

disease marker for the progression of metabolic diseases [85]. However, whether and 

how its expression level may alter in response to diet/nutritional factors or as a result of 

disease progression, remains elusive. Here, we identify intracellular cholesterol 

accumulation as an important trigger to elevate RIP140 expression in macrophages 

through decreasing a specific microRNA that negatively regulates RIP140 expression 

post-transcriptionally. Because RIP140 can function as a co-activator for NF-B, its 

increased expression in macrophages would enhance their inflammatory responses. 

Interestingly, the key to this regulatory mechanism relies, at least partially, on the 

expression of a recently discovered microRNA, miR-33, derived from an intron of 

SREBP-2 and reported to regulate several important genes in homeostatic control of 

cholesterol [143-147]. This current study further extends the finding to provide a 

potential mechanistic explanation for certain clinically important inflammatory diseases 

such as acute septic shock that can be more severe under the obese condition. Finally, this 

study also demonstrates miR-33 as an anti-inflammatory miRNA in macrophages.  

ABCA1- and ABCG1-knockout mice aberrantly accumulated cholesterol and exhibited a 

higher inflammatory potential, i.e. they had increased inflammatory cytokines [132, 133]. 

It would be interesting to examine RIP140 expression in peritoneal macrophages from 

ABCA1- or ABCG1-knockout mice, which may provide a potentially new mechanism 

different from TLR activation. It is quite likely that macrophages utilize multiple 
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mechanisms/pathways to elicit inflammatory responses. Five groups recently reported 

miR-33 and proposed the therapeutic potential of anti-miR-33 in enhancing HDL level 

[143-147]. Based upon data presented in this current study, we propose that miR-33 may 

also be a potential anti-inflammatory therapeutic.  

The mouse miR-33 is produced from an intron of SREBP-2. Human expresses miR-33a 

and miR-33b from introns of SREBP-2 and SREBP-1, respectively. Cholesterol-depletion 

caused by HMG-CoA reductase inhibitor such as simvastatin results in the induction of 

miR-33 expression along with SREBP-2 expression [144]. SREBP-2 elevation can 

trigger reactions replenishing depleted intracellular cholesterol pool. Increased miR-33 in 

a cholesterol depleted state not only blocks cholesterol efflux by targeting ABCA1 and 

ABCG1 to facilitate the accumulation of intracellular cholesterol but also reduces RIP140 

level in order to prevent potential inflammation caused by over-accumulation of 

cholesterol. In contrast, when macrophages engulf a massive amount of modified LDL, 

accumulation of cholesterol signals cells to reduce the expression of miR-33 along with 

SREBP-2. As a result, ABCA1 and ABCG1 are elevated to promote cholesterol efflux 

and RIP140 is also increased to promote inflammatory responses. The enhancement in 

macrophages’ inflammatory response may be needed to react to tissue damage in the 

pathophysiological condition caused by hypercholesterolemia. Under other 

pathophysiological conditions, macrophages may infiltrate into damaged tissues and 

increase their intracellular cholesterol contents by taking up damaged or apoptotic cells 

via phagocytosis. This newly uncovered mechanism could also be in operation to 

modulate macrophages’ inflammatory potential in these circumstances. This would allow 

fine-tuning the functions of macrophages in response to changes in the cholesterol status, 

and may also be involved in other metabolic disorders.  

This study shows miR-33 as a novel anti-inflammatory microRNA by targeting the 3’-

UTR of RIP140 mRNA. We previously reported another microRNA, miR-346, that could 

enhance RIP140 translation by associating with its 5-UTR [96].  We also demonstrated 

that coregulators  could modulate transcription factors’ activity via competitive 

interaction and the level of their expression can be critical to specific gene regulation 
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[153, 154].  In future studies, it would be interesting and important to dissect the 

relationship of these microRNAs and the expression level of RIP140 in particular 

physiological conditions or during disease progression. It would also be interesting to 

explore the therapeutic potential of specific microRNAs to target RIP140. 

Finally, simvastatin is the most potent cholesterol-lowering statin. We show its anti-

inflammatory and RIP140-suppressing properties in macrophages in this current study, 

which is partially attributed to a cholesterol-dependent mechanism [134, 135]. However, 

the effects of simvastatin on RIP140 expression in other metabolic tissues remain to be 

examined. It is also important to investigate the effects of simvastatin on the expression 

of RIP140 in other types of cells Further, HFD could potentially affect not only 

cholesterol levels but also fat contents; therefore the effects observed in this HFD mouse 

model may also be contributed by alteration in fat content.  
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Figure 6-1 The effect of high-fat diet on RIP140 expression in peritoneal macrophages. A) 

Primary peritoneal macrophages were obtained from C56BL/6J mice fed with wither a 

normal diet (ND) or a high-fat diet (HFD) for 2 weeks. RIP140 and F4/80 expression 

profiles were determined by flow cytometry. Y-axis shows the staining intensity of 

macrophage marker F4/80. X-axis shows the staining intensity of RIP140. B) Histogram 

showing RIP140 expression from F4/80-positive peritoneal macrophages. Geological 

means for ND and HFD were indicated. C) Real-time analysis of RIP140 mRNA levels 

in peritoneal macrophages from animals fed the indicated diets. All values represent 

means ± SD., n=3; *: P < 0.05 compared to normal diet. 
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Figure 6-2. The effect of intracellular cholesterol level on RIP140 expression. A) 

Intracellular cholesterol contents of primary peritoneal macrophages from ND or HFD. 

The value represent means ± SD., n=3; *: P < 0.05 compared to normal diet. B) 

Raw264.7 murine macrophages were treated with vehicle, acetylated LDL (AcLDL) or 

oxidized LDL (OxLDL) in the media for 8 h. mRNA levels of RIP140 were determined 

by semi-quantitative real-time PCR. The values represent means ± SD., n=3; *: P < 0.05 

compared to normal diet.  C)  mRNA and D) protein levels of RIP140 from Raw264.7 

murine macrophages treated, as indicated, for 24 h. Quantified results are shown under 

the image. mRNA levels were determined by semi-quantitative real-time PCR and data 

show means ± SD., n=3; *: P < 0.05.   
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Figure 6-3. Simvastatin reduces RIP140 expression, mediated by miR-33. A) The 

predicted target site of miR-33 located in a conserved 3’-UTR of RIP140 mRNA, 

conducted by TargetScan. B) Left: RIP140 mRNA level. Right: mature miR-33 level. 

Samples were from Raw264.7 macrophages under control or simvastatin treatment for 24 

h. C) Real-time analysis of mature miR-33 levels in peritoneal macrophages from mice 

fed with either ND or HFD for 2 weeks. D) RIP140 mRNA levels from Raw264.7 

macrophages treated with control vehicle or  simvastatin in the presence of miR-33 or 

miR-33 inhibitor. Anti-miR-33: miR-33 inhibitor. E) RIP140 protein levels from 

Raw264.7 macrophages treated with control vehicle or simvastatin in the presence of 

miR-33 or miR-33 inhibitor (Anti-miR-33). Quantified data are shown under the image. 

All values show means ± SD., n=3;  *: P < 0.05. 
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Figure 6-4. miR-33 targets a conserved 3’-UTR of RIP140 mRNA to repress RIP140. A) 

The schematic diagram showing reporter constructs containing the wild type or mutated 

3’-UTR of RIP140 mRNA. B) miR-33 represses the luciferase activity of the wild type 

reporter but not the mutant reporter in 293T cells. C) Dose-dependent repressive effects 

of miR-33 mimic on the wild type reporter in 293T cells. All values show means ± SD., 

n=3;  *: P < 0.05 compared to 0 nM. D) Simvastatin suppresses the luciferase activity of 

the wild type reporter but not the mutant reporter in BV2 cells. Ctrl: Control vector; Wt: 

wild type 3’-UTR reporter; Mutant: 3’-UTR reporter with mutations in the miR-33 target 

site. All values show means ± SD., n=3;  *: P < 0.05 compared to control treatment. 
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Figure 6-5 miR-33 modulates inflammatory cytokine production by controlling RIP140 

expression. A) Simvastatin suppresses the effect of RIP140 on promoting NF-B-driven 

reporter activity in 293T cells. After transfection with plasmids for 12 h, 293T cells were 

treated with vehicle (Ctrl) or simvastatin for another 24 h and, followed by assays of 

luciferase activity. B) Real-time analysis of mRNA levels of IL-1 and TNF expression 

in Raw264.7 murine macrophages transfected with the control miR or miR-33 in the 

absence or presence of LPS for 4 h. All values show means ± SD., n=3;  *: P < 0.05 C) 

miR-33 reduces IL-1 and TNF contents in the culture supernatant of Raw264.7 

macrophages in the absence or presence of LPS. Cytokine production was determined by 

ELISA.  All values show ± SD., n=3;  *: P < 0.05. 
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Figure 6-6. Expression of RIP140 in macrophages modulates inflammatory cytokines 

production and acute septic shock. A) Overexpression of RIP140 in Raw264.7 cells 

upregulated basal and LPS-induced levels of IL-1 and TNF. B) Silencing RIP140 in 

Raw264.7 macrophages reduced the levels of IL-1 and TNF. mRNA, determined by 

real-time qPCR. All values show means ± SD., n=3;  *: P < 0.05 compared to LPS 

treatment in the control vector or control siRNA group.  **: P < 0.05 compared to the 

control treatment in the control vector or control siRNA group. C) HFD reduced the 

animal survival rate in the acute septic shock model. The difference was significant 

between ND and HFD in Kaplan-Meier analysis. D) Real-time analysis of mRNA levels 

of proinflammatory cytokines including IL-1 and TNF in the absence or presence of 

LPS, in peritoneal macrophages. Ctrl: control treatment. All values show means ± SD., 

n=3-4; *: P < 0.05 compared to LPS treatment in the ND group.  **: P < 0.05 compared 

to the control treatment in the ND group. 
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Introduction 

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-B and MAPK pathways and promote 

proinflammatory cytokine production such as tumor necrosis factor (TNF and 

interleukin-1 (IL-1) [38, 39]. 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 [150, 155, 156]. 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 and microRNA production induced by inflammatory stimuli have all been 

shown to resolve inflammation by impairing proinflammatory cytokine production via 

inhibiting NF-B and MAP kinase (MAPK) activities [39, 157-160].  

    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 [43, 46]. 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 [160, 161]. 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 [159]. A growing number of studies have 
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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 [159-162]. 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 [2, 66, 82]. 

RIP140-null mice resist diet-induced T2DM, and RIP140 regulates lipid and glucose 

metabolism in metabolic tissues through its nuclear and cytoplasmic functions [5, 10, 82, 

84, 85, 163]. 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 [4, 18, 19, 21]. 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-B by recruiting CREB-binding protein (CBP) to modulate TLR-

induced (at least TLR2, TLR3, and TLR4)  production of proinflammatory cytokines 

such as TNF, IL-1, and IL-6 [11]. Additionally, modulation of RIP140 expression by 

microRNA-33 affected inflammatory potential of macrophages in response to 

intracellular cholesterol levels [10]. 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 [164]. Ubiquitination 

and proteasome-mediated protein degradation are involved in both positive and negative 

regulation of TLR signal transduction. To this end, IB degradation is best characterized, 

which controls NF-B activity by regulating subcellular localization of NF-kB  [38, 39]. 

Additionally, SOCS1 (suppressor of cytokine-signaling-1)-Rbx1 (ring-box protein 1) is 

known to interact with RelA and promote RelA degradation in nuclei [165, 166]. But it is 
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largely unknown how 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 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 IFN 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. 

Materials and 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 [10]. 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 [167]. The expression of this shRNA was driven by hCD68 

promoter [168] and the expression DNA fragment was cloned into pWhere vector. 

Transgenic DNA fragment was excised by PacI and then injected into C57BL/6 mouse 
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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 IFN were purchased from Sigma-Aldrich and Invitrogen, 

respectively. Recombinant mouse IL-4 was purchased from eBioscience. TNFwas from 

Cell Signaling. Mouse TNF ELISA kit and mouse IL-1 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 g/25 g  body weight) [10]. 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 [10]. 

In vivo ubiquitination assay. For in vivo ubiqtuination assay, 2 g Flag-RIP140 and 0.2 

g HA-ubiquitin plasmids were transfected into 293T cell with or with 1 g HA-SOCS1 

or HA-Rbx1. After 24 h, the media were changed to normal culture medium with 5 g/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. 
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Immunofluorescence analysis and proximal ligation assay. Immunofluorescence 

analysis was conducted as previous report [85]. 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 -glycerophosphate, 1mM EGTA, 0.4 

mM EDTA, 5 mM MgCl2, 0.05 mM DTT and 200 M ATP) at 25oC 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 x 

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 [163]. 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, 1x106 peritoneal macrophages in 1 

ml medium with polybrene (10 g/ml) were incubated with lentivirus (MOI:50). Cells 
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were spun down at 1,000 X g for 1 h at 25oC 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 g 

LPS/25 g body weight. After 16 h, mice were injected with LPS (100 g/ 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-week-old male C56BL/6J mice were injected peritoneally with 200 

l clondronate-containing liposome (Encapsula Nano Sciences) to deplete their 

macrophages. After 2 day, 5 x 106 primary macrophages were injected peritoneally. 6 h 

later, mice were injected with LPS (500 g/ 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.  

 

Results 

TLR ligands decreases RIP140 protein levels 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 [48](Fig. 1a). We monitored the 

intensity of RIP140 in F4/80+-peritoneal macrophages, and found RIP140 protein in LPS-
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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-

B co-activator [10, 11], down-regulation of RIP140 level 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 siRNA[168] 

(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-1 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 [40, 44]. 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 (IFN+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 levels in a dose- and time-

dependent manner (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 SOCS1-Rbx1 E3 ligase complex. To determine 

whether protein degradation contributes to LPS-triggered reduction in RIP140 protein 
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levels, 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 [165], 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 [169-171]. 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 [165, 166, 171], 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 
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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 [11, 165, 166], we then asked whether RIP140 associates 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 RIP140 [11], 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-1 

(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-B mediated proinflammatory cytokine production [155, 161], but it promotes ET 

through distinct mechanisms from that of LPS-induced ET [161]. 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 levels 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 
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recruitment of SOCS1-Rbx1 E3 ligase in a TLR-specific manner, which is required for 

RIP140’s degradation. 

RIP140 degradation requires phosphorylation on RIP140. Tyrosine phosphorylation 

has a critical role in regulating proteasome-mediated protein degradation via various 

mechanisms [158, 164]. 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 [172, 173]. We found that treating LPS-exposed RAW 

cells with the Syk inhibitor helped to sustain their RIP140 protein levels (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 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 
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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’s 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- activates macrophages to amplify the inflammatory response, 

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

production [160, 174]. Pre-treatment of macrophage with IFN- has been shown to 

overcome LPS-induced ET [160]. Therefore we asked whether pre-treatment with IFN- 

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

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

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

degradation in primary (Fig. 6a) and RAW (Supplementary Fig. 12) macrophages, and 

IFN failed to restore TNF and IL-1 production when RIP140 was silenced 

(Supplementary Fig. 13). We also confirmed the requirement for RIP140 in IFN-’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- 

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 
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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-1 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 (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 levels were determined by 

ELISA assays. 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 TNF 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-1 

production. Moreover, prevention of RIP140 degradation, such as by pre-treatment with 

IFN-, 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 [45, 159]. Microarray 

analysis has shown that most differentially expressed genes in RIP140-null macrophages 
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were proinflammatory genes [11]. We therefore compared the genes differentially 

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

categorized in previous publications [11, 159], 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 Tnf 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-1, are characterized by their non-

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

challenge[45, 159-162, 175]. 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-1, Ccl5 

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

response to LPS treatment, RIP140 binding on its targets (TNF and IL-1) was enhanced, 

which did not happen on the non-RIP140 targets (Ccl5 and Nos2). RelA binding on 

promoters of TNF and IL-1was also increased in the Y3F-transfected macrophages but 

not the other groups (Fig. 7b). We also monitored active histone modification, including 

acetylated histone H4 (AcH4), acetylated histone H3 (AcH3) and phosphor-S10 histone 

H3 (p-S10 H3) on RelA binding regions of TNF and IL-1 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 
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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-B 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-B 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 

[43, 45, 46]. 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 [39, 45, 175]. 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-B’s transcriptional 

activity [165, 166, 176] and SOCS1 recognizes its substrate via its SH2 domain which 

interacts with phospho-tyrosine residues on substrate protein [171]. 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 
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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 [165, 

176], 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 [169, 170], 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.   

    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 

[172]. A recent study reported that CD11b reduced TLR-triggered inflammatory response 

via Syk-mediated phosphorylation of MyD88 and TRIF [173]. 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 [177, 178]. 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-B interacts with RIP140 to activate only specific genes. 
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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 [179], 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 [7, 180], but it functions as a co-

activator for NF-B by recruiting CBP [11]. 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-B binding on chromatin [179]. 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-1 [66]. A previous study showed that a high-fat diet (HFD) increases RIP140 

expression in macrophages, which enhances their proinflammatory potential [10]. PGC-

1 can promote M2 activation of macrophages [168] 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 level, is related to individuals’ sensitivity to septic shock in clinical conditions.  
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Figure 

 

 

 

 

 

 

 

 

 

 

Figure 7-1. Exposure to TLR ligands reduces RIP140 levels 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 TNF and IL-1 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 primary peritoneal macrophages after stimulating 

with the vehicle (Ctrl), M1 stimulus (LPS plus IFN-) 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-for 24 h. 
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Figure 7-2. 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 M 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 M 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 7-3. 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-1 was 

determined by quantitative PCRResults 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 g/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 7-4. 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 levels were 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 7-5. 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 7-6. Degradation of RIP140 is involved in the establishment of ET. (a) Pre-

treatment of IFN- in primary peritoneal macrophages prevents LPS-facilitated 

degradation of RIP140. Cells were pre-treated with or without IFN- for 16 h and then 

challenged with LPS for another 6 h.  (b) The mRNA levels of TNF (upper panel) and IL-

1 (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 7-7. 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 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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Supplementary Figure 7-1. Endotoxin tolerance in vivo model. A schematic diagram for 

the experimental design: mice were injected peritoneally with saline or LPS (0.1 g/25 g 

body weight) for 16 h, followed by a lethal dose of LPS with D-galatosamine.  
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Supplementary Figure 7-2. Macrophage-specific knocking down of RIP140. (a) 

Illustration of transgenic vector.  RIP140 siRNA was mimicked as endogenous miRNA 

and the expression was driven by human CD68 promoter. (b) The mRNA levels of  

RIP140 of indicated organs, tissues or primary peritoneal macrophages were measured by 

quantitative PCR. The expression level of RIP140 of indicated group from wild type mice 

was calculated as 100%.  Result present in mean ± SD., n=3; *: P < 0.05. 
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Supplementary Figure 7-3. M1, but not M2, stimulus reduces RIP140 level. 

Immunoblot and semi-quantitative PCR analyses of RIP140 protein and mRNA levels in 

Raw264.7 macrophages after stimulating with the vehicle (Ctrl), M1 stimulus (LPS plus 

IFN-) or M2 stimulus (IL-4) for 24 h. 
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Supplementary Figure 7-4. LPS down-regulates RIP140 expression in a dose- and time-

dependent manner. (a) Raw264.7 macrophages were treated with indicated treatments for 

24 h. RIP140 and actin levels were analyzed by immunoblot. (b) Raw264.7 macrophages 

were co-treated with LPS plus IFN= for indicated duration. Cells were collected and the 

expression levels of indicated proteins were examined by immunoblot.   
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Supplementary Figure 7-5. LPS promotes proteasome-mediated RIP140 degradation in 

macrophages.  Raw264.7 macrophages were transfected with Flag-tagged wild type 

RIP140. Cells were then cultured in the media containing 35S-labeled methionine and 

cysteine. After 16 h, cells were washed by normal culture media and then treated control 

vehicle or LPS in the absence or presence of MG132 (5 g/ml) for indicated duration. 

300 g cell lysate of each sample was used for immunoprecipitation of anti-Flag. 

Immunoprecipitates were then subjected into SDS-PAGE and Flag-RIP140 levels were 

determined.   
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Supplementary Figure 7-6. Targeting SOCS1, Rbx1 or Syk diminished LPS-triggered 

reduction of RIP140 in Raw264.7  macrophages. Raw264.7 cells were transfected with 

control siRNA or indicated siRNA for 48 h. Cells were then treated with or without 100 

ng/ml LPS for 24 h and whole cell lysates were collected for immunoblots of indicated 

proteins. Silencing of (a) SOCS1, (b) Rbx1 or (c) Syk blocked LPS-mediated reduction 

of RIP140. 
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Supplementary Figure 7-7. TNF fail to reduce RIP140 protein level in Raw264.7  

macrophages. The expression of RIP140 in Raw264.7 macrophages after 24 h treatments 

as indicated was determined by immunoblot analyses of RIP140 and actin. 
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Supplementary Figure 7-8. LPS facilitates nuclear accumulation of Syk and the 

interaction of RIP140 with Syk in Raw264.7 macrophages. (a) Raw264.7 macrophages 

were treated with 100 ng/ml LPS for different duration. Whole cell extract (WCE), 

nuclear (Nu.) and cytoplasmic (Cyto.) fractions were collected and subjected into SDS-

PAGEs for immunoblotting of indicated proteins. Actin, lamin and tubulin were used for 

loading controls. (b) LPS-facilitated interaction of RIP140 with Syk in the nuclei was 

determined by proximal ligation assay. DAPI shows nuclear staining. Right: a 

quantitative result for interaction signal intensity. Results are presented in mean ± SD. ; *: 

P < 0.05.   
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Supplementary Figure 7-9. LPS facilitates tyrosine phosphorylation of RIP140 on 

Y364,418,436 in Raw264.7 macrophages. Raw264.7 macrophages were transfected with 

wild type RIP140 (Wt) or tyrosine mutant RIP140 (Y3F) and then treated with or without 

LPS for 1 h. 
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Supplementary Figure 7-10. LPS-stimulated interaction of RIP140 with RelA does not 

require tyrosine phosphorylation on Y364,418,436 of RIP140. Raw264.7 macrophages 

were transfected with Flag-tagged wild type RIP140 (Wt) or tyrosine mutant form of 

RIP140 (Y3F). Cells were then treated with or without LPS for 2 h. Cell lysates were for 

co-immunoprecipitation of Flag-RIP140. RelA and Flag-RIP140 levels in 

immunoprecipitates were determined by immunoblot. The levels of RelA and actin in 

inputs were determined by immunblot.    
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Supplementary Figure 7-11. SOCS1 associates with RIP140 does not require Syk-

mediated tyrosine phosphorylations on RIP140. (a) 293T cells were transfected with  

Flag-tagged wild type (Wt) or tyrosine mutant form (Y3F) of RIP140 with control vector 

or HA-tagged SOCS1. After 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 HA-SOCS1. (b) Cell lysates from 293T cell over-expressed 

Falg-tagged wild type RIP140 were immunoprecipitated by anti-Flag agarose. 

Immunoprecipitates were incubated with or without active Syk in kinase reaction buffer 

for 1 h. After washing, reacted immunoprecipitates were then incubated with in vitro 

translated HA-SOCS1 for 16 h to examine direct interaction. Afetr washing, the 

precipitates were subjected into SDS-PAGE and immunblots of anti-phospho-tyrosine, 

andti-Flag and anti-HA were performed to examine the levels of phosphor-Flag-RIP140, 

Flag-RIP140 and HA-SOCS1 in these reacted immunoprecipitates. 
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Supplementary Figure 7-12. IFN- prevent LPS-induced RIP140 degradation in 

Raw264.7  macrophages. Pre-treatment of IFN- in primary peritoneal macrophages 

prevents LPS-facilitated degradation of RIP140. Cells were pre-treated with or without 

IFN- for 16 h and then challenged with LPS for another 6 h. 
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Supplementary Figure 7-13. IFN- fails to prevent endotoxin tolerance in RIP140-

silencing macrophages. Raw264.7 macrophages were treated with or without IFN for 16 

h, followed by control treatment or LPS challenge. After 24 h, cells were then re-

challenged with LPS for another 2 h. The mRNA levels of (a) TNF and (b) IL-1 from 

Raw264.7 macrophages were measured by quantitative PCR. Result present in mean ± 

SD., n=3; *: P < 0.05. 
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Supplementary Figure 7-14. Experimental design for IFN- effect on endotoxin 

tolerance. A schematic diagram for experimental design: macrophages were treated with 

or without IFN for 16 h, followed by control treatment or LPS challenge. After 24 h, 

cells were then re-challenged with LPS. 
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Supplementary Figure 7-15. Degradation of RIP140 involves in the establishment of 

endotoxin tolerance on IL-1 production. Raw264.7 macrophages were transfected with 

control vector (Ctrl), Flag-tagged wild type RIP140 (Wt) 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 for another 2 

h. mRNA levels of IL-1 were determined by quantitative PCR. Result present in mean ± 

SD., n=3; *: P < 0.05 as compared to control treatment of tolerated group. 
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Supplementary Figure 7-16. RIP140 does not affect proinflammaotry signaling in 

endotoxin tolerance state in macrophages. Raw264.7 macrophages were transfected with 

control vector (Ctrl), Flag-tagged wild type RIP140 (Wt) or tyrosine mutant RIP140 

(Y3F). Cells were treated with or without LPS for 16 h to become tolerated states. After 

24 h, cells were then challenged with LPS for various durations. Indicated protein levels 

were determined by immunoblot analyses of whole cell lysates. 
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Supplementary Figure 7-17. Non-degradable RIP140 prevents endotoxin tolerance in 

macrophage reconstitution model. A schematic diagram for macrophage reconstitution 

experiment. Macrophage depletion was achieved by injecting animals with clondronate 

liposome. Primary peritoneal macrophages were isolated from normal mice and 

transduced by lentivirus containing the indicated form of RIP140. These macrophages 

were induced into a non-tolerated or tolerated state in vitro, and injected into the 

macrophage-depleted mice. 
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Supplementary Figure 7-18. Most proinflammatory genes affected by RIP140 are 

tolerated genes. This table is an organized list for comparison of genes affected by 

RIP140 with tolerated and non-tolerated genes categorized by Medzhitov’s group. Nine 

genes affected by RIP140 are tolerated genes and only one gene, Thbs1, affected by 

RIP140 is non-tolerated. 

  



148 

 

 

 

 

 

 

 

 

 

Supplementary Figure 7-19. RIP140 degradation contribute to endotoxin tolerance in 

Raw264.7 macrophages. Real-time PCR analysis of mRNA of indicated genes in non-

tolerated or tolerated Raw264.7 macrophages transfected with the control vector (Ctrl), 

wild type RIP140 (Wt) or non-degradable RIP140 (Y3F). 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. 
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Supplementary Figure 7-20. A model for RIP140 degradation during the establishment 

of ET. Following the exposure of macrophages to LPS, RelA translocates into the 

nucleus and interacts with RIP140 to activate transcription of TNF and IL-1 and Syk 

phosphorylates RIP140 on Tyr364/418/436. The interaction of RelA with RIP140 further 

recruits SOCS1-Rbx1 E3 ligase to RelA-RIP140 complex on specific chromatin targets. 

In cooperation with Syk-mediated phosphorylation, SOCS1-Rbx1 E3 ligase promotes 

RIP140 polyubiquitination and subsequent degradation, which in turn reduces 

proinflammatory cytokine production and promotes the establishment of ET on specific 

genes. When these macrophages are challenged with the second LPS, although RelA still 

translocates into the nucleus, it fails to activate promoters of TNF and IL-1 because of 

the lack of specific coactivator RIP140 for these genes.  
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The abundant expression of RIP140 in adipocytes and macrophages indicates that 

RIP140 must regulate essential functions in these cells. Using whole-body RIP140-null 

mice, the importance of RIP140 in regulating lipid and glucose metabolism in adipose 

tissue and the inflammatory response in macrophages has been identified [5, 11, 84]. 

Activity of RIP140 in the nuclei is considered the major driver for these phenotypes. 

Based on proteomic analysis, many PTMs of RIP140 have been identified. These PTMs 

have been shown to affect RIP140’s activity and cellular distribution in a transrepressive 

reporter assay and an overexpression system in COS-1 cells [4, 14-18, 20]. However, the 

involvement of RIP140 PTMs in T2DM and the role of cytoplasmic RIP140 in T2DM 

remain unknown.  Moreover, the regulation of RIP140’s expression and stability also 

remain largely unknown. The mRNA of both human and mouse RIP140 contains long 5’- 

and 3’-UTRs and RIP140’s amino acid sequence is highly conserved among species. 

These results and observations led us to following hypotheses: 1) cytoplasmic RIP140 

may contribute to parts of the phenotype exhibited by RIP140-null mice, especially in 

lipid and glucose metabolism in adipocytes, 2) PTMs of RIP140 may regulate 

endogenous RIP140’s stability and its ability to interact with partners, 3) RIP140’s PTMs 

may play a role in sensing nutrient status to regulate RIP140’s activity, and 4) the long 

UTR of RIP140’s mRNA may be involved in modulating RIP140’s expression. 

        In the study described here, we demonstrate that feeding mice a HFD can promote 

the accumulation of cytoplasmic RIP140 in adipocytes by activating nuclear PKC[10, 

85, 181]. Further analyses demonstrated that two stimuli can elevate nuclear PKC 

activity: the extrinsic pathway which is activated by ET-1, and the intrinsic pathway, 

which is stimulated by intracellular lipid content [10, 181]. More importantly, we showed 

that cytoplasmic RIP140 can dampen the trafficking of GLUT4 vesicles and adiponectin 

vesicles by interacting with AS160 and also boost lipolysis by interacting with perilipin 

A on the surface of lipid droplets [85, 123]. These findings demonstrate that cytoplasmic 

RIP140 is not only an early marker for pre-diabetes under HFD feeding, but also a 

contributor to adipocyte dysfunctions, including lower glucose uptake, lower secreted 

adiponectin, and increased lipolysis. This study reveals that cytoplasmic RIP140 can be a 

therapeutic  target for treating adipocyte dysfunctions and other metabolic disorders. Of 
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note, we also found evidence that administering ETA antagonist to mice can block HFD-

induced cytoplasmic RIP140 accumulation and its associated metabolic dysfunctions 

[181]. In addition to exploring RIP140’s role in adipocytes, we explored the role and 

regulation of RIP140 in macrophages. We showed that cholesterol content within 

macrophages can modulate the stability of RIP140 mRNA in an miR-33-dependent 

manner. This finding indicates that HFD feeding reduces miR-33 expression in 

macrophages and elevates the inflammatory potential of macrophages by increasing 

RIP140 expression [10]. With further investigation, we demonstrated that TLR ligands 

can promote RIP140 degradation in macrophages by enhancing Syk-mediated tyrosine 

phosphorylation on RIP140 and E3 ligase recruitment in a RelA-dependent manner. This 

represents a new negative feedback mechanism for resolving inflammation and 

promoting the establishment of endotoxin tolerance in specific genes (Ho, Tsui, Feng et 

al., 2012). The failure of RIP140 to be degraded in response to TLRs ligands may cause a 

high incidence of septic shock and mortality in mice. These findings demonstrate that the 

expression and stability of RIP140 in macrophages are important for modulating 

macrophage inflammatory potential and may be involved in modulating systemic 

immune response by sensing nutrient status. Taken together, our results address the major 

parts of our hypotheses listed above and offer new perspectives on RIP140’s 

pathophysiological functions and the importance of regulating RIP140’s expression. 

        Using ultracentrifuge in combination with immunofluorescence analysis and 

immunoblotting, we confirmed that cytoplasmic RIP140 can be detected in cytosolic 

fraction, lipid droplets, and endoplasmic reticulum (ER) [10]. We also confirmed the 

interacting proteins of cytoplasmic RIP140 in the cytosolic fraction and lipid droplets but 

we do not know the functional role of cytoplasmic RIP140 in the ER fraction. Based on 

multiple functions of the ER, the functions of cytoplasmic RIP140 in the ER could link to 

the known functions of RIP140 in lipid and glucose metabolism and mitochondrial 

activity. Although we showed that cytoplasmic RIP140 contributes to adipocte 

dysfunctions by interacting with various proteins, we do not know the regulatory 

mechanisms that modulate RIP140’s specificity for different interacting partners. We 

hypothesize that the extensive PTMs on RIP140 may play a regulatory role in modulating 
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RIP140’s specificity with regard to its interacting proteins and cytoplasmic localization. 

It would be informative to enrich RIP140 in specific locations and then perform 

proteomic analysis. The comparison of the PTM patterns of RIP140 in different locations 

may reveal new mechanisms for regulating the distribution of RIP140 and help us design 

therapies for modulating specific functions of RIP140. It would also be interesting to 

isolate cytoplasmic RIP140 and analyze its interacting proteins by mass spectrometry. 

These analyses would allow us to determine the full spectrum of cytoplasmic RIP140’s 

activities.  

        Chronic low grade inflammation mediated by macrophages is key factor in many 

metabolic disorders [23, 39]. In our study, we confirmed the role of RIP140 in the 

production of pro-inflammatory cytokines in macrophages [10, 11]. This indicates that 

RIP140’s functions in macrophages may contribute to some phenotypes shown by 

RIP140-null mice on diet-induced metabolic disorders [5, 84]. We further confirmed that 

1) cholesterol content within macrophages can control RIP140 levels to modulate 

inflammatory potential, and 2) LPS, as well as other TLRs ligands, can induce RIP140 

protein degradation to resolve inflammation and promote endotoxin tolerance in a gene-

specific manner. In the production of pro-inflammatory cytokines, LPS can trigger the 

interaction of RIP140 with NF-B, and RIP140 acts as a co-activator for NF-B. 

However, we do not know the underlying mechanisms by which NF-B recruits RIP140 

and why RIP140 acts as a co-activator for NF-B, instead of a co-repressor for other 

transcription factors. Although LPS triggers Syk-mediated phosphorylation of three 

tyrosine residues on RIP140, the phosphorylation status does not affect the RIP140 

interaction with NF-B  or RIP140 co-activator activity. It will be important for future 

studies to examine the difference between PTM patterns of NF-B-associated RIP140 

and RIP140 that acts as co-repressor. Moreover, differences in the recruiting of co-

regulator complexes by these RIP140s need to be examined.  

        Recently, the balance of M1 and M2 macrophages has been shown to be important 

for many diseases, including metabolic disorders and autoimmune diseases [40, 44, 155]. 

Several studies show that after M1 activation, endotoxin tolerated macrophages exhibit 
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some features of M2 activation. Importantly, these M2-skewed macrophages are 

important for tissue repair and can prevent further inflammation [40-42, 44]. Although 

current studies of RIP140 in macrophages mainly focus on its role in M1 activation, it is 

not clear if RIP140 has a regulatory role in M2 activation. Our study demonstrates that 

TLRs ligands can promote RIP140 degradation for resolving inflammation and 

promoting the establishment of endotoxin tolerance [182]. Although several studies 

demonstrate the M1/M2 switch in inflammation and the importance of the phenotype 

switch in tissue homeostasis and repair, the underlying mechanisms regulating this 

phenotype switch remain unknown. It would be interesting to determine if RIP140 

degradation is involved in the M1/M2 switch in the future studies.  
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