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15-Deoxy-Δ12,14-Prostaglandin J2 Modifies Components of the Proteasome and Inhibits Inflammatory Responses in Human Endothelial Cells
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15-Deoxy-Δ12,14-prostaglandin J2 (15d-PGJ2) is an electrophilic lipid mediator derived from PGD2 with potent anti-inflammatory effects. These are likely to be due to the covalent modification of cellular proteins, via a reactive α,β-unsaturated carbonyl group in its cyclopentenone ring. This study was carried out to identify novel cellular target(s) for covalent modification by 15d-PGJ2 and to investigate the anti-inflammatory effects of the prostaglandin on endothelial cells (EC). The data presented here show that 15d-PGJ2 modifies and inhibits components of the proteasome and consequently inhibits the activation of the NF-κB pathway in response to TNF-α. This, in turn, inhibits the adhesion and migration of monocytes toward activated EC, by reducing the expression of adhesion molecules and chemokines in the EC. The effects are consistent with the covalent modification of 13 proteins in the 19S particle of the proteasome identified by mass spectrometry and the suppression of proteasome function, and were similar to the effects seen with a known proteasome inhibitor (MG132). The ubiquitin–proteasome system has been implicated in the regulation of several inflammatory processes and the observation that 15d-PGJ2 profoundly affects the proteasome functions in human EC suggests that 15d-PGJ2 may regulate the progression of inflammatory disorders such as atherosclerosis.
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INTRODUCTION

Prostaglandins are a family of related compounds derived from arachidonic acid that are released from cell membrane stores in response to a range of stimuli including cytokines (1). One of these products, PGD2, is an abundant prostaglandin in several tissues. PGD2 activates G-protein-coupled receptors on its target cells, but PGD2 also undergoes dehydration in vivo and in vitro to generate cyclopentenone metabolites of the J series, including 15-deoxy-delta12,14-prostaglandin J2 (15d-PGJ2) (2, 3). 15d-PGJ2 represses inflammatory responses in several models, including modulation of genes such as iNOS, TNF-α, and COX-2 (4, 5). 15d-PGJ2 was also identified as a potent ligand of the nuclear receptor, PPAR-γ (6–8). There is evidence that at least some of these anti-inflammatory effects are mediated through the covalent modification of cellular proteins, via its reactive α,β-unsaturated carbonyl group (9–15), which in turn modifies their biological functions (14).

One key target of 15d-PGJ2 is the NF-κB pathway comprising a cluster of proteins that regulate the inflammatory responses in cells. The NF-κB family consists of RelA (p65), NF-κB1 (p50/p105), NF-κB2 (p52/p100), c-Rel, and RelB. The p50 and p52 subunits are derived on proteolytic cleavage of precursors p105 and p100, respectively, by the proteasome. The binding of Rel proteins to p50 and p52 forms dimeric complexes that in turn bind DNA to regulate the transcription of many inflammatory genes, including cytokines, chemokines, and adhesion molecules, as well as antiapoptotic and antioxidant genes. In many cell types, the most abundant form of NF-κB is the p50/p65 heterodimer, which binds to a responsive element found in the promoter of several atherogenic genes, including adhesion molecules and chemokines which, in turn, regulate monocyte recruitment (16). The NF-κB heterodimer remains in an inactive form in the cytoplasm, forming a complex with the inhibitory protein of NF-κB, the IκBs. Potent NF-κB activators, such as TNF-α, cause almost complete degradation of IkBs (especially IkB-α) within minutes. This process is mediated by the 26S proteasome and depends on phosphorylation of IkBs. The control of IkB phosphorylation is mediated by IkB kinase (IKK) complex. 15d-PGJ2 inhibits IKK, thus preventing IkB degradation and NF-κB nuclear translocation (17). It can also directly modify NF-κB subunits blocking their ability to bind DNA (18). Activation of the NF-κB pathway is further dependent on the function of the ubiquitin–proteasome system (UPS), which is a key regulator of the protein turnover and degradation in human cells. Inflammatory cell signaling promotes the dissociation of IκB-α from NF-κB and is processed by the proteasome. Inflammatory cell signaling also promotes the processing of the p105 precursor by the proteasome, to generate mature P50 subunits. If the proteasome is inhibited, degradation of both IκB-α and p105 is prevented and they remain complexed to NF-κB heterodimer preventing its activation (19).

The 26S proteasome is a large proteolytic complex that regulates a variety of important physiologic and pathologic cellular processes by selective degradation of proteins (20). The 26S complex consists of two asymmetric 19S caps linked to a barrel-shaped core, the 20S proteasome. During the process of degradation, a polyubiquitinated protein is first recognized by the 19S regulatory particle, unfolding the protein and translocating it to the 20S core particle where it is subjected to various types of protease activity (21). The UPS regulates cellular processes and pathways implicated in the development of many diseases. For example, proteolysis and protein turnover in the brain are key processes in the formation of protein deposits in neurodegenerative disease (22). Also in cancer, UPS has been shown to control the abundance and activity of oncogenes and to promote tumorigenesis directly by the degradation of tumor suppressor p53 (23). Thus, proteasome inhibitors are currently used in cancer therapy (24).

Other inflammatory diseases have been shown to involve UPS, including atherosclerosis (25), in which the proteasome activity has been linked to foam cell formation, and to the smooth muscle cell transformation, proliferation, and migration that are characteristics of atherosclerotic plaque (26). In the current work, we explored whether inhibition of proteasomal activity occurred as a consequence of covalent modification of its component proteins by 15d-PGJ2, and the effect of 15d-PGJ2 on UPS activity, and the inflammatory responses, of human endothelial cells (EC).

MATERIALS AND METHODS

Antibodies

NF-κB p65, p50, and p105 subunits antibodies and Ik-β and anti-rabbit secondary antibody were obtained from Cell Signaling Technology (MA, USA). The β-actin, anti-ubiquitin, anti-biotin, PSMD2, PSMD3, PSMD11, 20S Proteasome β1, 20S Proteasome α1, polyclonal anti-mouse secondary antibodies, and Protein A/G plus agarose beads were from Santa Cruz Biotechnology (CA, USA). Anti-PSMD1 and anti-TBP antibodies were from Sigma-Aldrich (Dorset, UK).

Cell Culture and Prostaglandin Treatments

Human aortic endothelial cells were obtained from Cascade Biologics – Invitrogen cell culture (Carlsbad, CA, USA) and were grown in EC culture media MV plus growth supplements from Promo Cell (Heidelberg, DE, USA) supplemented with 100 units/ml penicillin and 100 μg/ml streptomycin. For experiments, 80% confluent ECs were incubated in EC basal media from Promo Cell (2% fetal calf serum, 0.4% EC growth supplements, 90 μg/ml heparin and with 100 U/ml penicillin, and 100 μg/ml streptomycin) for 24 h before treatments. THP-1 monocytes were purchased from the LGC Promochem (Middlesex, UK) and were maintained in RPMI 1640 media supplemented with 10% fetal bovine serum, 1% L-glut, and 1% P/S. The cells were passaged twice weekly in complete media at a ratio of 1:5. All cell lines were maintained in an incubator at 37°C and 5% CO2. For cell counts and viability determination, the cells were diluted 1:1 with trypan blue and counted using a hemocytometer. 15-Deoxy-Δ12,14-prostaglandin J2, biotin-15-deoxy-Δ12,14-prostaglandin J2, prostaglandin D2, and biotin-prostaglandin D2 were purchased from Cayman Chemical (Ann Arbor, MI, USA). To change the solvent for experiments, prostaglandins were dried down and re-suspended in ethanol at a concentration of 1 mg/ml. For experiments, ethanol was used as vehicle control.

Immunoprecipitation

Endothelial cells were treated with prostaglandins for 4 h at 37°C. After incubation, the EC were solubilized in lysis buffer (1% Non-idet P-40, 0.1% SDS, 150 mM NaCl, 50 mM Tris–HCl, pH 7.2) and complete protease inhibitor (Roche Diagnostics, Germany). Immunoprecipitation of human plaques proteins was carried out by solubilizing the tissues in T-PER Tissue Protein Extraction Reagent (Thermo Scientific, IL, USA) and complete protease inhibitor (Roche Diagnostics, Germany) and subsequent homogenization in a tissue lyser. The samples were centrifuged (12,000 × g for 10 min at 4°C) and 300 μg of total cell extract was diluted to 500 μl with lysis buffer. The sample was incubated in 2 μg of antibody at 4°C for 2 h and 25 μl of Protein A/G plus agarose beads added to the sample prior to incubation overnight at 4°C. The immunoprecipitates were washed four times with lysis buffer and proteins were eluted with SDS sample buffer (63 mM Tris–HCl, 10% glycerol, 2% SDS, 0.0025% bromophenol blue, pH 6.8) and analyzed by SDS-PAGE, followed by Western blotting. Antibodies to PSMD2, PSMD3, PSMD11, 20S Proteasome α1, and 20S Proteasome β1 were obtained from Santa Cruz Biotechnology (CA, USA) and used for immunoprecipitation experiments.

SDS-PAGE and Western Blotting

Protein samples of interest were run on 4–20% polyacrylamide gels and subjected to electrophoresis. The gels were electrophoresed in Tris–HEPES running buffer (0.1M Tris, 0.1M HEPES, 3 mM SDS, pH 8) using a Mini-PROTEAN 3 Electrophoresis System (Biorad) at 80 V for 15 min and 120 V for the duration of the run. SDS-PAGE separated proteins were transferred to nitrocellulose membrane in transfer buffer (25 mM Tris, 192 mM glycine, 20% v/v MeOH). Transfer was carried out for 90 min at 80 V on ice. The membranes were stained with the reversible stain Ponceau-S solution to check transfer efficiency and destained in distilled water. The membranes ware then blocked for 2 h in 5% BSA in TBS-T (20 mm Tris, pH 7.6, 150 mm NaCl, 0.1% Tween 20) at room temperature on an orbital shaker. The membranes were subsequently incubated with the appropriate dilution of primary antibody overnight. Following incubation, the membranes were washed three times in TBS-T and incubated with the appropriate dilution of secondary antibody for 1.5 h. After three washes in TBS-T for 15 min, the membranes were developed using Supersignal enhanced Chemiluminesence reagents (Thermo Scientific, IL, USA) and exposed to photographic X-ray film.

Bioinformatic Analysis

The 358 proteins covalently modified by 15d-PGJ2, in EC (27), were subjected to pathway mapping analysis and were distributed into categories according to their cellular component, molecular function, and biological process using Gene Ontology (GO), a web-based platform available for interpreting set of GO hierarchies and the PANTHER classification system.1 The identified proteins were subjected to pathway mapping analysis using the KEGG pathway database (DAVID Bioinformatics Resources 6.7). To filter the results, a threshold of two proteins per pathway and a significance level of p < 0.01 were applied.

MTT Assay for Cell Viability

The cell viability of EC treated with 15d-PGJ2 or MG132 was evaluated by MMT assay. The following dose–response was applied for 15d-PGJ2: 0, 1, 5, 10, and 25 μM. The cell viability after treatment with MG132 was assayed at 100 nM (the dose used for experiments). After 18 h of treatment, 5 mg/ml of dimethylthiazol-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich, Ireland) solution was added to EC and incubated at 37°C, 5%CO2 for 3.5 h. Following cell lysis with DMSO, absorbance was spectrophotometrically read at 570 nm. For experiments, 15d-PGJ2 doses which did not significantly reduce cell viability were chosen (97.2 ± 4% viability with 1 μM 15d-PGJ2, 95.4 ± 4% with 5 μM, and 90.5 ± 6% with 10 μM), while EC viability was significantly decreased at 72.7 ± 8% with 25 μM 15d-PGJ2. EC viability treated with 100 nM MG132 was 93.5 ± 4%.

Proteasome Activity Assay

Lysates of EC treated with 15d-PGJ2 or MG132 for 18 h were used to measure the chymotrypsin-like activity of the proteasome using the peptide substrate SUC-LLVY-AMC and 50 μg of proteins per assay. A commercially available kit (Cayman Chemical, Ann Arbor, MI, USA) was used to perform the assay according to the manufacturers’ guidelines. AMC hydrolysis was measure in a Spectramax M2 (Molecular Devices, CA, USA) plate fluorescence reader with 360-nm excitation and 460-nm emission wavelength. The proteasome inhibitor epigallocatechin gallate (EGCG) was used as control to demonstrate specificity of the substrate in this assay. The experiments were repeated in triplicate.

19S Proteasome-15d-PGJ2-Binding Assay

A high-binding polystyrene microplate (R&D, MN, USA) was coated overnight at 4°C with 40 μg/ml of purified 19S Proteasome (Boston Biochem, MA, USA) in PBS. After incubation, the plate was washed four times with 0.05% Tween 20 in PBS and 100 μl solution of biotinylated-15d-PGJ2 or biotinylated-15d-PGD2 in PBS was added to the wells and incubated for 2 h at RT with gentle shaking. A binding competition assay was performed to determine the binding specificity of biotinylated-15d-PGJ2 to the proteasome proteins. Specifically, the 19S-coated plate was pre-incubated with 10- and 20-fold molar excess of 15d-PGJ2 for 2 h at RT and subsequently with biotinylated-15d-PGJ2 for a further 2 h at RT. After incubation, the plate was washed four times with 0.05% Tween 20 in PBS. After washing, a blocking solution of 4% BSA in PBS was subsequently added for 2 h at RT with gentle shaking. Subsequently, a solution of 1:750 (v:v) streptavidin–horseradish peroxidase conjugate (GE Healthcare, USA) was incubated for 1 h at RT. After washing four times with 0.05% Tween 20 in PBS, 100 μl of substrate reagent solution (R&D, MN, USA) was incubated for 30 min at RT with gentle shaking. The reaction was stopped with 25 μl of 2M sulfuric acid, and the absorbance was read at 450 nm with correction at 540 nm in a Spectramax M2 (Molecular Devices, CA, USA) plate reader.

Immunocytochemistry

Endothelial cells were grown on cover slips for fluorescence microscopy and treated with 15d-PGJ2 or MG132 for 18 h and subsequently stimulated with 0.2 ng/ml TNF-α for 30 min. The cells were fixed with formaldehyde (3%) for 15 min followed by blocking in 5%BSA in PBS for 1 h. EC were then incubated with the appropriate dilution of primary antibody followed by incubation with fluorescent secondary antibody (Alexa Fluor 488, Invitrogen). Subsequently, the cells were stained with Alexa Fluor 568-phalloidin to stain actin microfilaments and with DAPI to visualize nucleic acid. The stained cells were analyzed by using a Zeiss AxioImager M1 fluorescent microscope, and the images were captured using an Olympus digital camera (Optronics, Goleta, CA, USA). Pictures were processed using AxioVision software.

Adhesion Assay

For static adhesion assay, 4 × 104 EC were seeded in a 96-well plate for 24 h and then treated with 15d-PGJ2 or MG132, for 18 h. Subsequently, EC were stimulated with TNF-α (0.2 ng/ml) for 6 h. After treatments, the wells were washed three times with medium, and 1 × 105 fluorescein-labeled THP-1 monocytes were added to each well and incubated for 30 min at 37°C. After incubation, the wells were washed three times with fresh medium and adherent monocytes were measured in a Spectramax M2 (Molecular Devices, CA, USA) plate fluorescence reader with 485-nm excitation and 530-nm emission wavelength. For photomicrographs, fluorescence-labeled adherent monocytes in the 96-well plate were analyzed using a Zeiss AxioImager M1 fluorescent microscope. Adhesion assay experiments were repeated in triplicate, and the average value was expressed as a percentage of vehicle control.

Migration Assay

THP-1 monocytes were applied to 24-well transwell migration plates (Invitrogen, USA), consisting of upper and lower chambers, separated by membranes punctuated with pores of 5 μm in diameter. The 1 × 105 monocytes were seeded in a final volume of 150-μl basal medium into the upper chamber. Conditioned medium was prepared from confluent EC treated with 15d-PGJ2 or MG132 for 18 h; the cells were washed, fresh medium was added, and then the cells were treated with TNF- α (0.2 ng/ml for 6 h). After incubation, conditioned medium was cleared by centrifugation (14,000 × g for 10 min at 4°C). Conditioned medium was added to the lower chamber in a final volume of 500 μl as a chemoattractant. Plates were incubated for 2 h at 37°C. Membranes were washed with PBS and were placed into 4% formaldehyde for 15 min to fix cells adherent to the underside of the membrane. Membranes were washed with PBS, and the upper chambers immersed in DAPI solution for 3 min, for nucleic acid staining. Following two PBS washes, the adherent cells were visualized using a Zeiss AxioImager M1 fluorescent microscope. The number of cells in five random 20× fields was counted, and the average value was expressed as a percentage of control.

Flow Cytometry

Following 15d-PGJ2 or MG132 treatments (18 h) and activation with TNF- α (0.2 ng/ml for 6 h), the EC were harvested to be stained for flow cytometric analysis. To block non-specific binding, EC were incubated in 2% BSA in PBS (blocking buffer) for 15 min before adding the antibodies. FITC-VCAM-1, PE-ICAM-1, and APC-E-selectin antibodies (BD, Rankling Lakes, NJ, USA) were used to label EC in 2% BSA in PBS. The antibodies were incubated for 30 min at room temperature. Following two washes with blocking buffer, the cells were fixed in 2% paraformaldehyde. Forward and side scatter gates were established to exclude non-viable cells and cell debris from the analysis. The mean fluorescence intensity of 2 × 105 cells was analyzed in each sample. Auto-fluorescence signals generated by unlabeled cells were used as negative controls in each experiment. Flow cytometric analysis was performed on an Accuri C6 instrument and analyzed with CFlow® Software (Accuri, Ann Arbor, MI, USA). The data were expressed as median fluorescence intensity of three independent experiments.

Statistical Analysis

The data were analyzed by parametric unpaired Student’s t-test and analysis of variance (ANOVA). The Student’s t-test was used to compare the mean of two data sets. ANOVA was used to examine any overall differences between treatments groups. Results were expressed as mean ± SEM. Experimental points were performed in triplicate with a minimum of three independent experiments. A value of p < 0.05 was considered statistically significant.

RESULTS

The Proteasome Complex Is a Target of 15d-PGJ2

In our previous work (27), conjugation targets of 15d-PGJ2 were identified by a chemical proteomic approach where human EC were exposed to 5 μM 15d-PGJ2 that had been biotinylated at the carboxyl group, leaving the reactive cyclopentenone ring unmodified. A total of 358 proteins complexing with 15d-PGJ2 were identified by affinity purification and subsequent liquid chromatography–tandem mass spectrometry (LC–MS/MS) (27). The MS data are available in PRIDE proteomics identification database2 under accession numbers 27957–27962. Functional annotations were available for 355 of the 358 proteins identified. The analysis showed the proteasome complex to be disproportionally represented (fold enrichment = 8.30, p = 2.20E−08) with 13 proteins in this pathway identified in our dataset. The identified proteasome proteins, together with the corresponding MS identification details, are detailed in Table 1. Validation of several 15d-PGJ2 targeted proteasome proteins (Rpn1, Rpn2, Rpn3, and Rpn6) was performed by immunoprecipitation from EC treated with 5 μM biotin-15d-PGJ2 and subsequent anti-biotin Western blot. As shown in Figures 1B,C, only the 19S proteasome proteins were modified by biotin-15d-PGJ2, while proteins in the 20S proteasome (α1 and β1) were not modified. These results show an extraordinary level of specificity for the interaction of the proteasome with 15d-PGJ2.

TABLE 1 | List and details of proteasome proteins identified by liquid chromatography–tandem mass spectrometry (LC–MS/MS).
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FIGURE 1 | The proteasome complex is a target of 15d-PGJ2. (A) (i) Structure of 15d-PGJ2 and (ii) mechanism of covalent modification of thiol-containing proteins by 15d-PGJ2 via S-conjugate addition. (B) EC were incubated with 5 μM biotin-15d-PGJ2 and biotin-15d-PGJ2 modified proteins were bound to neutravidin beads, analyzed by SDS-PAGE, and identified by LC–MS/MS (27). The red shapes in the schematic representation indicate the 13 proteins in the 19S regulatory particle modified by 15d-PGJ2. (C) Validation of MS results by Western blotting. EC were treated with or without 5-μM biotin-15d-PGJ2, and the proteasome proteins were affinity-precipitated using anti Rpn1, Rpn2, Rpn3, and Rpn6 antibodies. Modification by biotin-15d-PGJ2 was demonstrated by anti-biotin Western blot. Total cell lysates were used as positive controls (Control) for each antibody. Anti-20S proteasome antibodies (α1 and β1) were used to show the localization of the 15d-PGJ2 modification to the 19S regulatory subunits of the 26S proteasome.



15d-PGJ2 Covalently Binds to 19S Proteasome Proteins, Inhibits Proteasome Activity, and Induces Accumulation of Proteins Conjugated to Ubiquitin

To further examine the covalent modification of 19S proteasome proteins by 15d-PGJ2, an immunoplate was coated with purified 19S particle of the 26S proteasome and incubated in vitro with biotin-15d-PGJ2. Biotin labeling of 19S proteasome was observed at nanomolar concentration of biotin-15d-PGJ2 (Figure 2A) demonstrating direct interaction of 15d-PGJ2 and proteasome proteins at low levels of the prostaglandin. The specificity of the interaction was confirmed by pre-incubating the coated plate with 10- and 20-fold molar excess of unlabeled 15d-PGJ2, which prevented the binding of biotinylated prostaglandin, and by incubating 10 μM biotin-15d-PGJ2 with an irrelevant protein, BSA. In addition, biotin-PGD2 showed no binding, confirming the specificity of the interaction between 15d-PGJ2 and the 19S. In our previous work, we demonstrated that covalent modification by 15d-PGJ2 profoundly altered the biological function of several proteins (14). Here, we explored the effect of 15d-PGJ2 covalent modification of proteasome components on proteasome catalytic activity and assayed in lysates of EC pretreated with the prostaglandin. The effects were compared to that of MG132, a well-known synthetic proteasome inhibitor which acts by covalently binding to the beta subunits of the proteasome (28). The proteolytic activity of the proteasome was assayed using a fluorogenic substrate (SUC-LLVY-AMC) (Figure 2B). The treatment with 15d-PGJ2 inhibited the proteasome activity by 16 ± 2% at 1 μM, 36 ± 4% at 5 μM, and 44 ± 7% at 10 μM compared to the vehicle control. For comparison, 100-nM MG132 decreased the proteasome activity by 58 ± 1%. The proteasome system degrades proteins that have been targeted for proteolysis by the addition of ubiquitin molecules. As shown in Figure 2C, anti-ubiquitin Western blot analysis of EC treated with 10-μM 15d-PGJ2 or with 100-nM MG132 resulted in accumulation of proteins conjugated to ubiquitin, consistent with a decreased proteasomal activity.
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FIGURE 2 | 15d-PGJ2 covalently binds to 19S proteasome proteins, inhibits proteasome activity, and induces accumulation of proteins conjugated to ubiquitin. (A) The interaction of biotin-15d-PGJ2 with purified 19S proteasome was assayed on a 19S-coated ELISA plate. The specificity of the interaction was confirmed in competition assays using 10- and 20-fold molar excess of unlabeled 15d-PGJ2, and by using biotin-PGD2. Data are expressed as mean ± SEM vs. control of three independent experiments. ***p < 0.001, **p < 0.01, and *p < 0.05 biotin-15d-PGJ2 vs. vehicle (0 μM biotin-15d-PGJ2). $(p < 0.05) 10-fold molar excess of unlabeled 15d-PGJ2 vs. biotin-15d-PGJ2; ##(p < 0.01) 20-fold molar excess of unlabeled 15d-PGJ2 vs. biotin-15d-PGJ2; &&(p < 0.01) biotin-15d-PGJ2 in the absence of 19S proteasome. (B) The peptidase activity of the proteasome in EC lysates treated with 15d-PGJ2 for 18 h was measured using a fluorogenic substrate (SUC-LLVY-AMC). For comparison, the effect of the known proteasome inhibitor MG132 is shown. Inhibition of proteasome activity was expressed as fluorescence unit per wavelength and reported as percentage of control (ethanol) (mean ± SEM, n = 3); ***p < 0.001, **p < 0.01, and *p < 0.05 15d-PGJ2 or MG132 vs. vehicle. (C) Anti-ubiquitin Western blot analysis of EC treated with 10 μM 15d-PGJ2 or with 100-nM MG132 for 18 h resulted in accumulation of proteins conjugated to ubiquitin, consistent with a decreased proteasomal activity.



Effects of 15d-PGJ2 on Cell Signal-Induced Degradation of IκB-α and p105 and on NF-κB Nuclear Translocation

The proteasome system plays a critical role in the regulation of the inflammatory process in part by modulating the activation of the NF-κB pathway. In particular, the proteasome regulates two crucial steps of NF-κB activation, IκB-α degradation, and p105 processing, leading to the formation of active p50/p65 dimers. If proteasome activity is inhibited by 15d-PGJ2, then degradation of both IkB-α and p105 would be prevented, and consequently, NF-κB pathway activation would be suppressed. As shown in Figures 3A,B, treatment of EC with increasing concentrations of 15d-PGJ2 (1–10 μM) or with the proteasome inhibitor MG132 prevented the proteolysis of IκB-α and p105 induced by TNF-α. It should be noted however that 15d-PGJ2 inhibits a number of other components of the NF-κB signaling pathway resulting in the accumulation of IκB-α, including IKK and the p50 subunit, the latter by direct covalent modification (19).
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FIGURE 3 | Effects of 15d-PGJ2 on cell signal-induced degradation of IκB-α and p105 and on NF-κB nuclear translocation. (A) EC were treated with 15d-PGJ2 (1–10 μM) or MG132 (100 nM) for 18 h, followed by 30min stimulation with TNF-α (0.2 ng/ml). Proteasomal IkB-α degradation and p105 processing were estimated by Western blotting of the indicated protein, and β-actin was used as loading control. The effect of the proteasome inhibitor MG132 is also shown. The data for three independent experiments are shown. (B) Protein levels (assessed as ratio of protein OD normalized to the OD of β-actin) are shown as percentage of control (vehicle + TNF-α). Data are expressed as mean ± SEM of three independent experiments. $$(p < 0.01) vehicle vs. TNF-α; **p < 0.01 and *p < 0.05 15d-PGJ2 or MG132 vs. TNF-α. (C) Epifluorescence microscopy was performed on EC treated with 15d-PGJ2 (1–10 μM) or MG132 (100 nM) for 18 h prior to activation with TNF-α (0.2 ng/ml) for 30 min at 20× (top panel) and 63× (bottom panel) magnification. DNA was stained with DAPI dye (blue), and NF-κB was stained with an anti p65 antibody and Alexa-488 conjugated secondary antibody (green). Images are representative of three independent experiments. (D) Western blot analysis of p65 and p50 levels evaluated in nuclear extracts of TNF-α-activated EC pre-incubated with or without 15d-PGJ2 or MG132 (100 nM). An anti-TATA-binding protein (TBP) was used as loading control for EC nuclear fractions. (E) Protein levels (assessed as ratio of protein OD normalized to the OD of TBP) were shown as percentage of control (vehicle + TNF- α) (n = 3); **p < 0.01 and *p < 0.05 15d-PGJ2 or MG132 vs. TNF-α.



In addition, NF-κB is normally held in an inactive state in the cytoplasm through interactions with IκB-α. TNF-α induces IκB-α degradation, freeing NF-κB to translocate to the nucleus and initiate transcription of proinflammatory genes. The nuclear localization of active NF-κB was detected by immunofluorescence experiments using a fluorescein isothiocyanate (FITC)-conjugated p65 antibody (Figure 3C). While in resting EC, p65 showed strong staining in an exclusively cytoplasmic localization, p65 was predominantly localized to the nucleus in the presence of TNF-α. In contrast, in the presence of 15d-PGJ2 and MG132, nuclear translocation of p65 induced by TNF-α was reduced. These findings were confirmed by Western blotting of nuclear fractions obtained from TNF-α-activated EC, which showed that 15d-PGJ2 inhibited the nuclear localization of p65 and p50 induced by TNF-α, as did the synthetic proteasome inhibitor, MG132 (Figures 3D,E). In summary, in TNF-α-activated EC, treatment with 15d-PGJ2 resulted in the inhibition of the NF-κB pathway activation, by modulating the processing the NF-κB inhibitors, similarly to the effects of the proteasome inhibitor MG132.

Effect of 15d-PGJ2 on Adhesion Molecule mRNA and Protein Expression in EC

Inhibition of the nuclear translocation of p65 and p50 by 15d-PGJ2 would be expected to suppress the expression of NF-κB target genes induced in response to TNF-α, including adhesion molecules and chemokines. The effect of 15d-PGJ2 on TNF-α-induced expression of adhesion molecules was determined in EC activated by TNF-α for 6 h (Figure 4A). TNF-α markedly increased mRNA expression of VCAM-1, ICAM-1, and E-selectin compared to vehicle control (p < 0.001). Pretreatment with either 15d-PGJ2 or MG132 significantly suppressed the expression of mRNA for VCAM-1, ICAM-1, and E-selectin. These results were confirmed by flow cytometry (Figure 4B), which showed a dose-dependent decrease of EC surface protein expression of VCAM-1, ICAM-1, and E-selectin.
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FIGURE 4 | 15d-PGJ2 inhibits mRNA expression of adhesion molecules. (A) VCAM-1, ICAM-1, and E-selectin gene expression was performed in EC treated with 15d-PGJ2 (1–10 μM) or MG132 (100 nM) for 18 h, followed by 6 h stimulation with TNF-α (0.2 ng/ml). The treatment of EC with 15d-PGJ2 inhibited gene expression of all the adhesion molecules in a dose-dependent fashion. Similar effects were obtained in the MG132-treated samples. Data are expressed as mean ± SEM of three independent experiments. (B) The quantification of protein surface expression levels of the adhesion receptors VCAM-1, ICAM-1, and E-selectin was performed by flow cytometry analysis on TNF-α-activated EC (6 h, 0.2 ng/ml) pre-incubated with various concentration of 15d-PGJ2 or MG132 (100 nM). Results show a dose-dependent decrease of protein levels in EC treated with the 15d-PGJ2, as well as MG132. Data are expressed as mean ± SEM of three independent experiments. Data shown as percentage of control (vehicle + TNF-α-activated EC); $$$(p < 0.001) vehicle vs. TNF-α; ***p < 0.001, **p < 0.01, and *p < 0.05 15d-PGJ2 or M132 vs. TNF-α.



Effect of 15d-PGJ2 on Human Monocyte Adhesion to Activated Endothelial Cells

The induction of ICAM-1, VCAM-1, and E-selectin, among others, facilitates the rolling and firm adhesion of monocytes to the EC surface of the vessel wall, a key process in vascular inflammation. Having confirmed the ability of 15d-PGJ2 to reduce adhesion molecule expression in EC treated with TFN-α, further experiments were undertaken to examine the effect of 15d-PGJ2 on monocyte adhesion to TFN-α-treated EC. As shown in Figures 5A,B, TNF-α caused a significant increase in the adhesion of human monocytes compare to vehicle (~19-fold, p < 0.001). Pretreatment with 15d-PGJ2 inhibited the adhesion of monocytes on TNF-α-activated EC (by 11 ± 6, 89 ± 2, and 87 ± 4% with 1, 5, and 10 μM 15d-PGJ2, respectively). Similarly, MG132 decreased adhesion of monocytes by 90 1%, consistent with a role for the proteasome in regulating the pathways leading to monocyte adhesion.
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FIGURE 5 | 15d-PGJ2 inhibits human monocyte adhesion to endothelial cells. (A) EC were treated with 15d-PGJ2 or MG132 for 18 h, followed by 6 h stimulation with TNF-α (0.2 ng/ml), and a static adhesion assay with fluorescence-labeled THP-1 human monocytes was performed. Adherent monocytes were measured in a plate fluorescence reader with 485-nm excitation and 530-nm emission wavelengths. Data were calculated as mean ± SEM of three independent experiments. Data are reported as percentage of TNF-α-activated EC; $$$(p < 0.001) vehicle (ethanol) vs. TNF-α; ***p < 0.001 treatments vs. TNF-α. (B) Representative fluorescence microscopy photomicrographs of monocyte adhesion to EC are shown.



Effect of 15d-PGJ2 on EC-Conditioned Medium-Induced Monocyte Migration

Monocytes may be recruited to the vascular endothelium in early atherosclerosis through chemotactic factors such as MCP-1, MCP-4, and IL-8 that are released in response to activation of NF-κB pathway. As shown in Figure 6A, conditioned medium from 15d-PGJ2-treated EC that had been exposed to TNF-α promoted monocyte chemotaxis and this was suppressed by prior incubation of the EC with 15d-PGJ2 in a concentration-dependent manner. The proteasomal inhibitor MG132 showed similar effects, inhibiting moncoyte chemotaxis by the conditioned medium by 78 ± 2%. Furthermore, as shown in Figure 6B, both 15d-PGJ2 and MG132 significantly decreased EC generation of MCP-1, MCP-4, and IL-8 in the conditioned media assayed by ELISA, explaining, at least in part, their inhibition of monocyte chemotaxis.
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FIGURE 6 | 15d-PGJ2 inhibits EC-conditioned-media-induced monocyte migration. (A) (i) THP-1 monocyte migration in response to conditioned medium from EC that had been treated with 15d-PGJ2 (1–10 μM) or MG132 (100 nM) and activated with TNF-α was assayed using a 24-well transwell migration plate. Migrating cells were stained with DAPI and visualized using a fluorescent microscope. The number of cells in five random 20× fields was counted, and the average value was expressed as a percentage of TNF-α-activated EC. (ii) Representative fluorescence microscopy photomicrographs of migrating monocytes are shown. Each experiment was carried out independently three times. Data were calculated as mean ± SEM of three independent experiments and reported as percentage of TNF-α-activated EC; $$$(p < 0.001) vehicle vs. TNF-α; ***p < 0.001 and **p < 0.01 treatments vs. TNF-α alone. (B) 15d-PGJ2 suppresses chemokine generation. Conditioned-media from EC treated with 15d-PGJ2 (1–10 μM) or MG132 (100 nM) and activated with TNF-α was assayed to measure IL-8, MCP-1, and MCP-4 levels by ELISA. The results are from three independent experiments. Data were calculated as mean ± SEM and reported as percentage of TNF-α-activated EC; $$$(p < 0.001), $$(p < 0.01) vehicle vs. TNF-α; **p < 0.01 and *p < 0.05 treatments vs. TNF-α alone.



DISCUSSION

15d-PGJ2 downregulates expression or activity of proinflammatory genes induced by various stimuli (e.g., TNF-α, IL-1b, LPS, etc.) in several cell and potentially acts as an endogenous suppressor of inflammation (29, 30). There are a number of possible mechanisms for this activity (31). First, 15d-PGJ2 is a ligand for peroxisome proliferator-activated receptor gamma (PPAR-γ), a member of the nuclear receptor superfamily and a transcription factor with pleiotropic effects on adipocyte differentiation, glucose homeostasis, lipid metabolism, cell growth, and inflammation (29, 32). Second, 15d-PGJ2 also exerts effects by covalently modifying proteins through the reactive α,β-unsaturated carbonyl group located in the cyclopentenone ring, a structural feature unique to J series prostaglandins (Figure 1A) (9–15). In earlier studies, we used biotin-15d-PGJ2 to capture a wide range of protein candidates in EC (27). The biotin binds to the carboxyl group leaving the cyclopentenone free to interact with free thiol groups of proteins. We also showed that 15d-PGJ2 covalently modifies proteins in multiple pathways, thereby altering their cellular functions; for example, 15d-PGJ2 covalently modified nuclear transport proteins, blocked nuclear transport and as a consequence altered gene expression (14).

In the present study, we further examined the set of proteins previously reported (27) and noted a disproportionate representation of proteins from the proteasome, a cellular complex that ubiquinates and degrades cellular proteins. The 13 proteins identified were solely in the 19S regulatory subunit, demonstrating extraordinary selectivity. The results were confirmed by anti-biotin Western blot for several of the 19S component proteins and two 20S protein as control. As we had deliberately used a high concentration of 15d-PGJ2 to capture a wide range of proteins, we next examined the interaction between biotin-15d-PGJ2 and purified proteasome proteins. This demonstrated that the interaction occurred at nanomolar concentrations of the lipid and could be blocked by excess unlabeled 15d-PGJ2. We further showed that 15d-PGJ2 inhibited proteasome activity in human EC, as did MG132, a known proteasome inhibitor which acts by covalently binding to the beta subunits of the proteasome. Proteasome inhibitors are either synthetic compounds or natural products and have served as tools in the discovery of UPS targets and their role in different cellular processes. Several proteasome inhibitors are currently used in the treatment of cancer (33, 34). The main consequence of proteasome inhibition is a decrease in the rate of protein degradation in cells and as a result to a rapid accumulation of proteins conjugated to ubiquitin (Figure 2C).

As 15d-PGJ2 acts as an inhibitor of proteasome function, we next explored its effects on the activation of the NF-κB pathway in EC in response to TNF-α. The ubiquitous eukaryotic transcription factor NF-κB plays a central role in cellular inflammation processes (35, 36). NF-κB is sequestered in the cytoplasm within an inactive complex comprised of a family of repressors, including IκB-α. Phosphorylation of IκB-α triggers its conjugation to ubiquitin and subsequent degradation by the proteasome. As a result, NF-κB is liberated from the inhibitory protein and translocates to the nucleus where it induces the expression of genes, including genes for adhesion molecules, cytokines, and chemokines. Inhibition of the proteasome has an additional effect on the NF-κB pathway as p50 and p52 are generated from their corresponding p105 and p100 precursors by ubiquitin–proteasome-dependent degradation. Thus, the processing of IκB-α and p105 is modified by proteasome inhibitors such as MG132 (37, 38). Both 15d-PGJ2 and MG132 inhibited IκB-α degradation and p105 processing in response to TNF-α in our experiments. The consequence of preventing IκB-α degradation and p105 processing is to stablilise NF-κB and prevent its activation and downstream effects. Indeed, 15d-PGJ2 blocked p65 and p50 nuclear localization in EC in response to TNF-α and the expression of inflammatory genes including adhesion receptors (VCAM-1, ICAM-1, and E-sel) and chemokines (Figure 7).
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FIGURE 7 | The role of proteasome in the NF-κB pathway and the possible effects of inhibition of proteasome activity by 15d-PGJ2.



The incomplete inhibition of proteasomal activity by 15d-PGJ2 (~44%, p < 0.01) was comparable to that observed with MG132 (~58%, p < 0.01). Therefore, these results explain only in part the complete inhibition of adhesion molecule expression and monocyte recruitment to activated EC. It is possible that some of the 15d-PGJ2 anti-inflammatory effects detected in EC reflect the modification of other proteins processed by the ubiquitin–proteasome pathway (39), interference with other steps in the NF-κB signaling pathway, or by PPAR-γ-dependent mechanisms. Given the reactivity of the cyclopentenone structure, 15d-PGJ2 may likewise modify other inflammatory pathways, independently of proteasome-NF-κB signaling. The proteasome system is also responsible for the regulation of transcriptional activators such as Keap1-Nrf2, P53, and JAK/STAT, which, in turn, modulate inflammatory processes, cell cycle, growth, and differentiation (40). Nrf2 plays a crucial role in cellular defense (41) and is sequestered by Keap1 in the cytoplasm, which in turn undergoes proteasomal degradation under certain stress conditions, releasing Nrf2 (42). It has also been shown that 15d-PGJ2 is able to activate the Nrf2 regulatory pathway by covalent modification of Keap1 (43). The JAK/STAT cascade is an additional inflammatory signaling pathway modified by 15d-PGJ2 (44). 15d-PGJ2 is also an endogenous agonist of PPAR-γ, a nuclear receptor that modulates a variety of cellular processes (8, 45). Crystallographic analysis of PPAR-γ revealed that the ligand-binding domain (LBD) covalently binds to 15d-PGJ2 inducing conformational changes in the loop region of LBD (46). Finally, 15d-PGJ2 can modulate NF-κB activity by interfering directly with members of the NF-κB pathway independently of PPAR-γ activation or proteasome inhibition. For example, 15d-PGJ2 inhibited IKK and the DNA binding of NF-κB in several cell types (18), and 15d-PGJ2 directly inhibited and modified IKK-β subunit of IKK (17).

The implication of these findings is that 15d-PGJ2 may act as an endogenous suppressor of diseases where inflammation is a hallmark, for example, in atherosclerosis. The UPS has been implicated in the pathogenesis of this disease (25), and 15d-PGJ2 has been identified in atherosclerotic plaque (47). Furthermore, NF-κB is involved in several key processes that influence the development of atherosclerotic plaque (48, 49) through the activation of genes involved in inflammation. Consistent with this, modulators of proteasome activity and NF-κB inhibition have been demonstrated to be atheroprotective (50–52).

There is a question as to whether cells can produce sufficient amounts of free 15d-PGJ2 to have any significant effect. Whereas measured concentrations of 15d-PGJ2 in vivo are in the picomolar to nanomolar range, the biological effects in in vitro experiments are seen at micromolar concentrations. One explanation for the discrepancy is that assays of 15d-PGJ2 in vivo are designed to detect the free prostaglandin, while 15d-PGJ2 is largely protein bound. Binding to serum proteins (53), as well as sequestration by intracellular components (54) and their export from cells as water soluble glutathione S-conjugates (55), could explain the requirement of micromolar concentrations of 15d-PGJ2 to exert biological effects when added exogenously. The experiments here showed that exposure of purified 19S particle of the proteasome to biotin-15d-PGJ2 resulted in a dose-dependent formation of 15d-PGJ2–protein complexes at nanomolar concentration of biotin-15d-PGJ2, demonstrating the interaction between proteasome and 15d-PGJ2 at levels of prostaglandin that may be achieved in vivo. One might also speculate that localized concentrations of cyPG in the high nanomolar range may be possible given that COX isozymes functionally couple with downstream isozymes at discrete locations, such as the nuclear membrane. Finally, as 15d-PGJ2 exerts its biological effects through irreversible modification of cellular proteins, 15d-PGJ2 could induce a cumulative inactivation of protein targets over time even at very low rates of production.

In conclusion, this work was designed to identify novel protein targets of 15d-PGJ2 that may be responsible for its anti-inflammatory effects. We found that 15d-PGJ2 covalently modifies components of the proteasome thereby inhibiting its functions. The results raise the possibility that 15d-PGJ2 may regulate inflammatory processes in EC by modulating proteasome activity. Further understanding of the mechanisms involved may identify novel targets for the development of anti-inflammatory drugs.

AUTHOR CONTRIBUTIONS

SM participated in the design of the study, carried out the experiments, and prepared the manuscript. PE participated in the design of the study. DF conceived and designed the study and prepared the manuscript. All the authors read and approved the final manuscript.

ACKNOWLEDGMENTS

This work was supported by grants from the Health Research Board (Ireland) and the Higher Education Authority. The authors acknowledge the support of the UCD Conway Institute mass spectrometry, transcriptomics, flow cytometry, and imaging core facilities.

REFERENCES

1. Smith WL, Marnett LJ, DeWitt DL. Prostaglandin and thromboxane biosynthesis. Pharmacol Ther (1991) 49(3):153–79. doi:10.1016/0163-7258(91)90054-P

2. Fukushima M. Prostaglandin J2 – anti-tumour and anti-viral activities and the mechanisms involved. Eicosanoids (1990) 3(4):189–99.

3. Shibata T. 15-deoxy-delta(1)(2),(1)(4)-prostaglandin J(2) as an electrophilic mediator. Biosci Biotechnol Biochem (2015) 79(7):1044–9. doi:10.1080/09168451.2015.1012149

4. Ricote M, Li AC, Willson TM, Kelly CJ, Glass CK. The peroxisome proliferator-activated receptor-gamma is a negative regulator of macrophage activation. Nature (1998) 391(6662):79–82. doi:10.1038/34178

5. Lin TH, Tang CH, Wu K, Fong YC, Yang RS, Fu WM. 15-deoxy-delta(12,14)-prostaglandin-J2 and ciglitazone inhibit TNF-alpha-induced matrix metalloproteinase 13 production via the antagonism of NF-kappaB activation in human synovial fibroblasts. J Cell Physiol (2011) 226(12):3242–50. doi:10.1002/jcp.22685

6. Ward JE, Gould H, Harris T, Bonacci JV, Stewart AG. PPAR gamma ligands, 15-deoxy-delta12,14-prostaglandin J2 and rosiglitazone regulate human cultured airway smooth muscle proliferation through different mechanisms. Br J Pharmacol (2004) 141(3):517–25. doi:10.1038/sj.bjp.0705630

7. Penas F, Mirkin GA, Vera M, Cevey A, Gonzalez CD, Gomez MI, et al. Treatment in vitro with PPARalpha and PPARgamma ligands drives M1-to-M2 polarization of macrophages from T. cruzi-infected mice. Biochim Biophys Acta (2015) 1852(5):893–904. doi:10.1016/j.bbadis.2014.12.019

8. Behl T, Kaur I, Goel H, Kotwani A. Implications of endogenous PPAR-gamma ligand, 15-deoxy-delta-12, 14-prostaglandin J2, in diabetic retinopathy. Life Sci (2016) 153:93–9. doi:10.1016/j.lfs.2016.03.054

9. Cernuda-Morollon E, Pineda-Molina E, Canada FJ, Perez-Sala D. 15-deoxy-delta 12,14-prostaglandin J2 inhibition of NF-kappaB-DNA binding through covalent modification of the p50 subunit. J Biol Chem (2001) 276(38):35530–6. doi:10.1074/jbc.M104518200

10. Oliva JL, Perez-Sala D, Castrillo A, Martinez N, Canada FJ, Bosca L, et al. The cyclopentenone 15-deoxy-delta 12,14-prostaglandin J2 binds to and activates H-Ras. Proc Natl Acad Sci U S A (2003) 100(8):4772–7. doi:10.1073/pnas.0735842100

11. Shibata T, Yamada T, Ishii T, Kumazawa S, Nakamura H, Masutani H, et al. Thioredoxin as a molecular target of cyclopentenone prostaglandins. J Biol Chem (2003) 278(28):26046–54. doi:10.1074/jbc.M303690200

12. Stamatakis K, Sanchez-Gomez FJ, Perez-Sala D. Identification of novel protein targets for modification by 15-deoxy-delta12,14-prostaglandin J2 in mesangial cells reveals multiple interactions with the cytoskeleton. J Am Soc Nephrol (2006) 17(1):89–98. doi:10.1681/ASN.2005030329

13. Kalantari P, Narayan V, Henderson AJ, Prabhu KS. 15-deoxy-delta12,14-prostaglandin J2 inhibits HIV-1 transactivating protein, Tat, through covalent modification. FASEB J (2009) 23(8):2366–73. doi:10.1096/fj.08-124982

14. Hilliard M, Frohnert C, Spillner C, Marcone S, Nath A, Lampe T, et al. The anti-inflammatory prostaglandin 15-deoxy-delta(12,14)-PGJ2 inhibits CRM1-dependent nuclear protein export. J Biol Chem (2010) 285(29):22202–10. doi:10.1074/jbc.M110.131821

15. Wall SB, Oh JY, Mitchell L, Laube AH, Campbell SL, Renfrow MB, et al. Rac1 modification by an electrophilic 15-deoxy delta(12,14)-prostaglandin J2 analog. Redox Biol (2015) 4:346–54. doi:10.1016/j.redox.2015.01.016

16. Collins T, Cybulsky MI. NF-kappaB: pivotal mediator or innocent bystander in atherogenesis? J Clin Invest (2001) 107(3):255–64. doi:10.1172/JCI10373

17. Rossi A, Kapahi P, Natoli G, Takahashi T, Chen Y, Karin M, et al. Anti-inflammatory cyclopentenone prostaglandins are direct inhibitors of IkappaB kinase. Nature (2000) 403(6765):103–8. doi:10.1038/47520

18. Straus DS, Pascual G, Li M, Welch JS, Ricote M, Hsiang CH, et al. 15-deoxy-delta 12,14-prostaglandin J2 inhibits multiple steps in the NF-kappa B signaling pathway. Proc Natl Acad Sci U S A (2000) 97(9):4844–9. doi:10.1073/pnas.97.9.4844

19. Magnani M, Crinelli R, Bianchi M, Antonelli A. The ubiquitin-dependent proteolytic system and other potential targets for the modulation of nuclear factor-kB (NF-kB). Curr Drug Targets (2000) 1(4):387–99. doi:10.2174/1389450003349056

20. Saeki Y, Tanaka K. Assembly and function of the proteasome. Methods Mol Biol (2012) 832:315–37. doi:10.1007/978-1-61779-474-2_22

21. Groll M, Potts BC. Proteasome structure, function, and lessons learned from beta-lactone inhibitors. Curr Top Med Chem (2011) 11(23):2850–78. doi:10.2174/156802611798281320

22. Weimer JM, Kriscenski-Perry E, Elshatory Y, Pearce DA. The neuronal ceroid lipofuscinoses: mutations in different proteins result in similar disease. Neuromolecular Med (2002) 1(2):111–24. doi:10.1385/NMM:1:2:111

23. Hershko A, Ciechanover A. The ubiquitin system. Annu Rev Biochem (1998) 67:425–79. doi:10.1146/annurev.biochem.67.1.425

24. Adams J, Palombella VJ, Sausville EA, Johnson J, Destree A, Lazarus DD, et al. Proteasome inhibitors: a novel class of potent and effective antitumor agents. Cancer Res (1999) 59(11):2615–22. doi:10.1016/S1471-4914(02)02315-8

25. Marfella R, D’Amico M, Di Filippo C, Baldi A, Siniscalchi M, Sasso FC, et al. Increased activity of the ubiquitin-proteasome system in patients with symptomatic carotid disease is associated with enhanced inflammation and may destabilize the atherosclerotic plaque: effects of rosiglitazone treatment. J Am Coll Cardiol (2006) 47(12):2444–55. doi:10.1016/j.jacc.2006.01.073

26. Herrmann J, Ciechanover A, Lerman LO, Lerman A. The ubiquitin-proteasome system in cardiovascular diseases – a hypothesis extended. Cardiovasc Res (2004) 61(1):11–21. doi:10.1016/j.cardiores.2003.09.033

27. Marcone S, Fitzgerald DJ. Proteomic identification of the candidate target proteins of 15-deoxy-delta12,14-prostaglandin J2. Proteomics (2013) 13(14):2135–9. doi:10.1002/pmic.201200289

28. Lee DH, Goldberg AL. Selective inhibitors of the proteasome-dependent and vacuolar pathways of protein degradation in Saccharomyces cerevisiae. J Biol Chem (1996) 271(44):27280–4. doi:10.1074/jbc.271.44.27280

29. Surh YJ, Na HK, Park JM, Lee HN, Kim W, Yoon IS, et al. 15-deoxy-delta(1)(2),(1)(4)-prostaglandin J(2), an electrophilic lipid mediator of anti-inflammatory and pro-resolving signaling. Biochem Pharmacol (2011) 82(10):1335–51. doi:10.1016/j.bcp.2011.07.100

30. Li XY, Luo BL, Wang LJ, Zhang WD, Liu ZG. 15-deoxy-prostaglandin J2 anti-inflammation in a rat model of chronic obstructive pulmonary disease and human bronchial epithelial cells via Nrf2 activation. Genet Mol Res (2015) 14(4):14037–42. doi:10.4238/2015.October.29.22

31. Shibata T. 15-deoxy-Δ12,14-prostaglandin J2 as an electrophilic mediator. Biosci Biotechnol Biochem (2015) 79(7):1044–9. doi:10.1080/09168451.2015.1012149

32. Cheang WS, Fang X, Tian XY. Pleiotropic effects of peroxisome proliferator-activated receptor gamma and delta in vascular diseases. Circ J (2013) 77(11):2664–71. doi:10.1253/circj.CJ-13-0647

33. Teicher BA, Ara G, Herbst R, Palombella VJ, Adams J. The proteasome inhibitor PS-341 in cancer therapy. Clin Cancer Res (1999) 5(9):2638–45.

34. Teicher BA, Tomaszewski JE. Proteasome inhibitors. Biochem Pharmacol (2015) 96(1):1–9. doi:10.1016/j.bcp.2015.04.008

35. Yu XH, Zheng XL, Tang CK. Nuclear factor-kappaB activation as a pathological mechanism of lipid metabolism and atherosclerosis. Adv Clin Chem (2015) 70:1–30. doi:10.1016/bs.acc.2015.03.004

36. Mitchell S, Vargas J, Hoffmann A. Signaling via the NFkappaB system. Wiley Interdiscip Rev Syst Biol Med (2016) 8(3):227–41. doi:10.1002/wsbm.1331

37. Chen J, Chen ZJ. Regulation of NF-kappaB by ubiquitination. Curr Opin Immunol (2013) 25(1):4–12. doi:10.1016/j.coi.2012.12.005

38. Hsu SM, Yang CH, Shen FH, Chen SH, Lin CJ, Shieh CC. Proteasome inhibitor bortezomib suppresses nuclear factor-kappa B activation and ameliorates eye inflammation in experimental autoimmune uveitis. Mediators Inflamm (2015) 2015:847373. doi:10.1155/2015/847373

39. Mullally JE, Moos PJ, Edes K, Fitzpatrick FA. Cyclopentenone prostaglandins of the J series inhibit the ubiquitin isopeptidase activity of the proteasome pathway. J Biol Chem (2001) 276(32):30366–73. doi:10.1074/jbc.M102198200

40. Muratani M, Tansey WP. How the ubiquitin-proteasome system controls transcription. Nat Rev Mol Cell Biol (2003) 4(3):192–201. doi:10.1038/nrm1049

41. Itoh K, Chiba T, Takahashi S, Ishii T, Igarashi K, Katoh Y, et al. An Nrf2/small Maf heterodimer mediates the induction of phase II detoxifying enzyme genes through antioxidant response elements. Biochem Biophys Res Commun (1997) 236(2):313–22. doi:10.1006/bbrc.1997.6943

42. Zhang DD, Lo SC, Cross JV, Templeton DJ, Hannink M. Keap1 is a redox-regulated substrate adaptor protein for a Cul3-dependent ubiquitin ligase complex. Mol Cell Biol (2004) 24(24):10941–53. doi:10.1128/MCB.24.24.10941-10953.2004

43. Hosoya T, Maruyama A, Kang MI, Kawatani Y, Shibata T, Uchida K, et al. Differential responses of the Nrf2-Keap1 system to laminar and oscillatory shear stresses in endothelial cells. J Biol Chem (2005) 280(29):27244–50. doi:10.1074/jbc.M502551200

44. Siavash H, Nikitakis NG, Sauk JJ. Abrogation of IL-6-mediated JAK signalling by the cyclopentenone prostaglandin 15d-PGJ(2) in oral squamous carcinoma cells. Br J Cancer (2004) 91(6):1074–80. doi:10.1038/sj.bjc.6602055

45. Trindade-da-Silva CA, Reis CF, Vecchi L, Napimoga MH, Sperandio M, Matias Colombo BF, et al. 15-deoxy-delta(12,14)-prostaglandin J2 induces apoptosis and upregulates SOCS3 in human thyroid cancer cells. PPAR Res (2016) 2016:4106297. doi:10.1155/2016/4106297

46. Waku T, Shiraki T, Oyama T, Fujimoto Y, Maebara K, Kamiya N, et al. Structural insight into PPARgamma activation through covalent modification with endogenous fatty acids. J Mol Biol (2009) 385(1):188–99. doi:10.1016/j.jmb.2008.10.039

47. Shibata T, Kondo M, Osawa T, Shibata N, Kobayashi M, Uchida K. 15-deoxy-delta 12,14-prostaglandin J2. A prostaglandin D2 metabolite generated during inflammatory processes. J Biol Chem (2002) 277(12):10459–66. doi:10.1074/jbc.M110314200

48. Hajra L, Evans AI, Chen M, Hyduk SJ, Collins T, Cybulsky MI. The NF-kappa B signal transduction pathway in aortic endothelial cells is primed for activation in regions predisposed to atherosclerotic lesion formation. Proc Natl Acad Sci U S A (2000) 97(16):9052–7. doi:10.1073/pnas.97.16.9052

49. de Winther MP, Kanters E, Kraal G, Hofker MH. Nuclear factor kappaB signaling in atherogenesis. Arterioscler Thromb Vasc Biol (2005) 25(5):904–14. doi:10.1161/01.ATV.0000160340.72641.87

50. Orr AW, Sanders JM, Bevard M, Coleman E, Sarembock IJ, Schwartz MA. The subendothelial extracellular matrix modulates NF-kappaB activation by flow: a potential role in atherosclerosis. J Cell Biol (2005) 169(1):191–202. doi:10.1083/jcb.200410073

51. Marfella R, D’Amico M, Esposito K, Baldi A, Di Filippo C, Siniscalchi M, et al. The ubiquitin-proteasome system and inflammatory activity in diabetic atherosclerotic plaques: effects of rosiglitazone treatment. Diabetes (2006) 55(3):622–32. doi:10.2337/diabetes.55.03.06.db05-0832

52. Gareus R, Kotsaki E, Xanthoulea S, van der Made I, Gijbels MJ, Kardakaris R, et al. Endothelial cell-specific NF-kappaB inhibition protects mice from atherosclerosis. Cell Metab (2008) 8(5):372–83. doi:10.1016/j.cmet.2008.08.016

53. Oh JY, Giles N, Landar A, Darley-Usmar V. Accumulation of 15-deoxy-delta(12,14)-prostaglandin J2 adduct formation with Keap1 over time: effects on potency for intracellular antioxidant defence induction. Biochem J (2008) 411(2):297–306. doi:10.1042/bj20071189

54. Narumiya S, Fukushima M. Active transport and cellular accumulation of cyclopentenone prostaglandins: a mechanism of prostaglandin-induced growth inhibition. Adv Prostaglandin Thromboxane Leukot Res (1987) 17B:972–5.

55. Gayarre J, Avellano MI, Sanchez-Gomez FJ, Carrasco MJ, Canada FJ, Perez-Sala D. Modification of proteins by cyclopentenone prostaglandins is differentially modulated by GSH in vitro. Ann N Y Acad Sci (2007) 1096:78–85. doi:10.1196/annals.1397.072

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2016 Marcone, Evans and Fitzgerald. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



1www.pantherdb.org.

2www.ebi.ac.uk/pride.

OPS/images/fimmu-07-00459-g005.jpg
120.00 s

3 100.00

@
S
=3
S

60.00

Monocytes binding >
(% of control)

TNF-a
15d-PGJ2 (uM)
MG132 (M) 100

B
15d-PGJ2 (14M)
+TNF-a

Vehicle

15d-PGJ2 (51M) 15d-PGJ2 (10uM) MG132 (100nM)
+TNF-a +TNF-a +TNF-a





OPS/images/fimmu-07-00459-g006.jpg
12000
10000
8000
6000
4000
2000

000 3

s

% of migrating monocytes

NFa -
154-PGJ2 (M)
MG132 (M)

1 Vehicle

===20x

15d-PGJz (5 pM)
+TNF-a

TNF-a

15d-PGJ2(10 pM)
+TNF-a.

100

15d-PGJa(1 uM)
+TNF-a.

MG132 (100 nM)
+TNF-a

10000 ”
8000 x
E 6000
s
2 4000
2000

MCP-1

**

**x 7

0
MCP-4
200 s
o
150
_ * *
%, 100 "
2
; I %
o L [ |
IL-8
5000 s~
4000 & x%x *%
£3000
£ *
22000
1000 -
0 +FA
TNFa - + + + + +
15d-PGJ: (uM) 1 5 10
100

MG132 (nM)





OPS/images/fimmu-07-00459-g003.jpg
A
MG132 (nM) 100

c pes
15d-PGJ, (uM) 15 10
MEa ., o, 4 4 20x

37kD- SNB === EWE Ba
63x
10SKD - #= w105

NI
50kD -
KD .. S——— (-actin  15d-PG), (M) 1 5 0
MG132 (nM) 100
o IxB-a . E
pes
I i i
38 o
2% 32 (nM) 100 -
oo 15d PGJI(uM) 15 10 N .
. C e e e e i .%
B ) GSKD- S < pes o
. P05 . N " 050
£ :: . SOKD- W WA < s s D50 ao ®
it w g%,
38 w = 28
£° . ,—u—] = 38k0- RIS Anti-TBP - - .- .-
ol B At
hea e e s fr—— ros ow
154-PGJ: (uM) 1 s 10 MG132 (M) 100

MG132 (nM) 100





OPS/images/fimmu-07-00459-g004.jpg
A VCAM-1 B veam 8
= — 120 _N_\ F
i 3100 i
3508 £ 50 * LS
3
4 - - 8 8
£ te “ —
3 o2 20 =
i | o = BB - g
FTCVCAM-L
ICAM-1 CAMA g
1 120, s
g‘ 1 . 3 100 €
Hie . g 33
5808 S w0
;l“ S w0 24
N ®
i A lem
o 0
pEICAML
E-Selectin E-Selectin g
12y e
g e
1 g
§VW "
23 g is
04 ] oy - 8
£ m " WG =
. @ - D S c‘.-V LR I
TNF-a - + + + + + TNF-a - + + + + + AvcEa
15d-PGJ: (M) 1 5 10 15d-PGJ2 1M SUM 10uM — am
100 100nM — e
MG132 (nM) MG132 o
—— ponsm
T PGa210uM
T

10000





OPS/images/fimmu-07-00459-g007.jpg
NFkB pathway in
TNF-o activated endothelial cell
Treated with 15d-PGJ,
™R

FkB pathway in
TNF-o activated endothelial cell

™R

Adeshion molecules |
ines






OPS/images/fimmu-07-00459-t001.jpg
UniProt ID Protein identification MASCOT score Sequence coverage ol Peptide hits

PSMD2 265 proteasome non-ATPase regulatory subunit RPN1 107 394 508 21
PSD12 268 proteasome non-ATPase regulatory subunit RPNS 9 393 7.53 21
PSD11 268 proteasome non-ATPase regulatory subunit RPNG % 5.7 6.08 19
PRS8 265 protease regulatory subunit RPT6 87 456 7.11 18
PRS6B 265 protease regulatory subunit RPT3 72 416 500 8
PSD7 265 proteasome non-ATPase reguiatory subunit RPN8 7 222 629 5
PRS6A 268 protease reguiatory subunit RPTS 70 303 513 13
PSMD6 268 proteasome non-ATPase regulatory subunit RPN7 & 4041 5.45 14
PSMD3 265 proteasome non-ATPase regulatory subunit RPN3 53 322 847 13
PSD13 265 proteasome non-ATPase regulatory subunit RPN9 50 279 553 9
PSDE 265 proteasome non-ATPase regulatory subunit RPN11 49 355 606 7
PSMD1 26S proteasome non-ATPase regulatory subunit RPN2 43 33.1 5.26 24
PRS10 268 protease regulatory subunit RPT4 42 24.4 7.1 7

Biotin-150-PG.J-modified proteins from EC treated with § wM biotin-15d-PGJ, were purified by affinity precipitation using neutravidin beads, separated by SDS-PAGE, and identified
by LC-MS/MS.
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