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Rheumatoid arthritis (RA) occurs in about 5 per 1,000 people and can lead to severe joint damage and disability. However, the knowledge of pathogenesis and treatment for RA remains limited. Here, we found that histone demethylase inhibitor GSK-J4 relieved collagen induced arthritis (CIA) symptom in experimental mice model, and the underlying mechanism is related to epigenetic transcriptional regulation in macrophages. The role of epigenetic regulation has been introduced in the process of macrophage polarization and the pathogenesis of inflammatory diseases. As a repressive epigenetic marker, tri-methylation of lysine 27 on histone H3 (H3K27me3) was shown to be important for transcriptional gene expression regulation. Here, we comprehensively analyzed H3K27me3 binding promoter and corresponding genes function by RNA sequencing in two differentially polarized macrophage populations. The results revealed that H3K27me3 binds on the promoter regions of multiple critical cytokine genes and suppressed their transcription, such as IL6, specifically in M-CSF derived macrophages but not GM-CSF derived counterparts. Our results may provide a new approach for the treatment of inflammatory and autoimmune disorders.
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Introduction

Rheumatoid arthritis (RA) is an aggressive immune mediated joint disease with synovial inflammation and joint destruction of extracellular matrix, which involves various immune cell populations, such as T cells, B cells and macrophages (1). In the pathogenesis of RA, macrophages synthesize cytokines and chemokines which are involved in the process of joint tissue damage (2). As the highly plastic cell populations, macrophages respond rapidly to many stimuli, making them potentially very important in the pathogenesis of RA (3). The myeloid colony stimulating factors GM-CSF and M-CSF are known to modulate the magnitude, duration, and character of many forms of inflammatory response (GM-CSF promotes M1 while M-CSF promotes M2) in mice and human macrophage populations by promoting distinct patterns of inflammatory cytokine/chemokine expression (4, 5). Moreover, GM-CSF had proven to be excessive secreted and contributed to autoimmune arthritis in RA patients (6). Therefore, it is important to study macrophage behaviors under the treatment of these growth factors.

Abnormal levels of cytokines were observed in serum and synovial tissue of early RA patients (7, 8). Both transcription factors and epigenetic mechanisms were shown to control macrophage activation and cytokine expression in RA (9). Epigenetic histone modification, such as methylation and acetylation, which is an intense research area in gene transcriptional regulation (10, 11), was shown to play a vital role in the process of macrophage differentiation (12). As the most common modified site, lysine residues in histones play a key role in gene activation or silencing (13, 14). Tri-methylation of lysine 27 on histone H3 (H3K27me3), a widely studied histone modification, represses gene transcription and subsequently influences cellular biological functions and tissue homeostasis. Researchers found that loss of H3K27me2/3 results in increased production of IL6 and IFNβ in thioglycolate elicited mouse peritoneal macrophages (15). Recent study revealed that Leishmania donovani down-regulated iNOS gene expression by influencing H3K27me3 repressive role in LPS and IFNγ stimulated J774 macrophages (16, 17), indicating a close relationship between H3K27me3 and gene expression in macrophage populations.

Methylation on H3K27 is reversible and can be dynamically regulated by site-specific histone methyltransferases and demethylases. Enhancer of zeste homolog 2 (EZH2), a methyltransferase, which is the component of polycomb repressive complex 2 (PRC2) complex, is the “writer” that leads to high level of H3K27me3. In contrast, demethylases such as Ubiquitously Transcribed tetratricopeptide repeat on chromosome X (UTX) and Jumonji domain containing protein 3 (JMJD3), is the “eraser” that specifically decreases di- and trimethylation on H3K27, thus lead to transcriptional activation (18). Recently, numerous studies suggested that H3K27me3 could function as an effector of some chronic diseases, such as tumorigenesis (19–21), osteoarthritis (22), liver fibrosis (23) and virus infection (24). It was also demonstrated that JMJD3 fine-tuned host response to streptococcus pneumoniae (25), and suppressing JMJD3 expression is likely to modulate the inflammatory response and reduce the progression of RA (26). Neele et al. reported that tissue specific knockout kdm6b (encoding JMJD3) in myeloid population resulted in advanced atherosclerosis (27), and macrophage kdm6b was shown to control the profibrotic transcriptome signature of foam cells (28). GSK-J4, a JMJD3/UTX inhibitor (29), has been reported to perform anti-inflammatory effect, such as anti-acute myeloid leukemia (30, 31), anti-schistosomal (32), and repressing the inflammatory colitis (33). It was reported that epigenetic alterations such as DNA methylation and histone modification might contribute to RA pathogenesis (26, 34), however the underlining molecular mechanisms remain largely unknown.

In the current study, our results revealed that demethylase inhibitor GSK-J4 could relieve the RA symptoms in Collagen Induced Arthritis (CIA) mice by reducing IL6 expression in macrophage populations. We further compared the levels of common epigenetic modifications in M-CSF and GM-CSF derived macrophage populations (M-BMDMs and GM-BMDMs), and identified H3K27me3 as the transcriptional suppressor in M-BMDMs specifically. GSK-J4 was found to repress gene transcription and NFκB binding activities in GM-BMDMs, in which the steady state level of H3K27me3 is quite low. Overall, these findings identify H3K27me3 as a critical regulator of monocyte/macrophage-mediated inflammation during RA progression and demonstrate GSK-J4 is feasible to reduce RA severity, which might shed light on the potential therapeutic application of macrophage epigenetic regulators in RA patients.



Materials and Methods


Animals

Eight weeks C57BL/6J and DBA/1J male mice were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. Mice were housed under a 12-hour light/dark cycle in a temperature-controlled room (22°C) with free access to water and food. C57BL/6J mice were used for BMDM isolation, and DBA/1J mice were used for CIA model. All mice were maintained and used with the approval of the Committee of Experimental Animals of the Ocean University of China (OUC-SMP-2018-12-02) and conformed to the Guide for the Care and Use of Laboratory Animals published by the United States National Institutes of Health (NIH Publication No 85-23, revised 1996).



Cell Culture and Treatment

Human monocytic THP-1 cells were cultured in RPMI 1640, supplemented with 10% low-endotoxin fetal bovine serum (VivaCell, Shanghai, China), 1% Pen/Strep, and differentiated into macrophage by incubation with 100 nM Phorbol 12-myristate 13-acetate (PMA) for 72 hours.

Details of primary BMDM isolation have been described (35). After centrifugation and cell counting, BMDM were seeded in 60 mm cell culture dishes with 5 ml DMEM (supplemented with 10% low-endotoxin fetal bovine serum, 1% Pen/Strep) and differentiated with either 20 ng/ml GM-CSF or 50 ng/ml M-CSF (R&D) for 7 days.

For the experiments with inhibitors, DZNeP (Selleck, S7120) or GSK-J4 (TargetMol, T22819) were added into medium on the 5th day of growth factors mediated differentiation at the final concentration of 10 μM or 30 μM, respectively and the cells were further cultured for 48 hours. LPS (100 ng/ml) was then used to stimulate BMDM for indicated time before the sample collections.



RNA Isolation and Real-Time qPCR Analysis

Cells were lysed and RNA was extracted using TRIzol reagent. One microgram total RNA was reverse transcribed into cDNA using One Step PrimeScript™ RT-PCR Kit (Takara) according to the manufacturer’s instructions. The real-time PCR reaction was carried out on StepOne Plus (Vazyme, Cat. Q511-02) and the primer sequences were listed in Table 1. The PCR was carried out for 40 cycles of 95°C for 30 s, 58°C for 30 s, and 72°C for 45 s, and final elongation at 72°C for 5 minutes. The relative gene expression level was normalized to that of GAPDH in the same sample. Details of qPCR analysis have been described previously (36).


Table 1 | qPCR primer sequences.





RNA-seq

The mRNA of BMDMs were extracted using TRIzol, then reversed transcribed to make the cDNA library. The cDNA library was then sequenced on an Illumina platform. Genes with corrected p value < 0.05 and |log2 (Fold Change)| >1 were assigned as significant differentially expressed genes (DEGs). Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways analysis of DEGs were conducted by DESeq. Gene set enrichment analysis (GSEA) was performed on GSEA 4.1.0 according to the instructions provided on the GSEA website (https://www.gsea-msigdb.org/gsea/index.jsp).



Small Interfering RNA

BMDM were transfected with 20 nM of small interfering (siRNA) against UTX or JMJD3 by Lipofectamine™ RNAiMAX Transfection Reagent (Invitrogen) according to the manufacturer’s instructions. Forty-eight hours post transfection, BMDM were used for LPS treatment.



ChIP

Chromatin immunoprecipitation (ChIP) assay was carried out by using a ChIP assay kit (Cell Signaling Technology, Cat.9003), according to the manufacturer instructions and our previous experience (37). Briefly, cells were fixed with 1% formaldehyde in medium, then washed with phosphate-buffered saline (PBS), lysed and sonicated in ChIP buffer (Cell Signaling Technology, Cat.7008). Cell lysate was then immunoprecipitated with rabbit anti-H3K27me3 (Active Motif, Cat.39535), anti-H3K4me3 (Active Motif, Cat.61379) or anti-RNAPII (Active Motif, Cat.39497) antibodies. After de-fixation, the H3K37me3 bound DNA sequences were quantified by real-time PCR as described above, the primer sequences were listed in Supplementary Table 1.



Immunoblotting

Cells were lysed in lysis buffer (Cell Signaling Technology Cat.9803), briefly sonicated, kept on ice for 30 minutes, and centrifuged at 15,000 g for 15 minutes. The protein concentration in supernatant was quantified by BCA assay kit (Beijing Solarbio Science & Technology Co., Ltd.). Loading buffer were then added into 20-30 μg total proteins, heated at 95°C for 5 minutes, then cell lysates were resolved in 8%-12% SDS-PAGE. The proteins were then transferred onto a nitrocellulose membrane (Invitrogen). After overnight incubation with appropriate primary antibody at 4°C, the stripes were incubated with HRP linked second antibody for 1 hour at room temperature, then visualized with ECL western blotting substrate. The primary antibodies used in this study include: anti-EZH2 (CST, Cat.5246), UTX (CST, Cat.33510), JMJD3 (Absin, Cat.abs105155), GAPDH (Aksomics, Cat.KC-5G4), H3K27Ace (CST, Cat.8173), H3K4me (Active Motif, Cat.39635), H3K9me (Active Motif, Cat.39681), H3K20me (Active Motif, Cat.39027), H3K27me3 (Active Motif, Cat. 39535), and H4K20me3 (Active Motif, Cat.39672).



ELISA

The level of IL6 in the supernatants of cultured cells post LPS challenge were measured. For mice serum, peripheral blood was centrifuged at 1,000 g for 15 minutes before serum collection. For mice tissues, 10 mg tissues were isolated and grinded in 1.0 ml lysis buffer. After centrifugation at 1,000 g for 15 min, the supernatants were collected. The levels of IL6 (Animal union, Shanghai, China), IL10, TNFα (Cloud-clone) and IL17 (ExCell Bio) were measured by enzyme linked immunosorbent assay (ELISA) according to the manufacturer instructions.



Flow Cytometry

Cells in lymph gland were isolated to make single cell suspension. Cells were blocked with blocking buffer (20% FBS, 1:100 CD16/CD32 antibodies and 1:100 Rat IgG) for 20 minutes and then stained with fluorescence conjugated antibodies for 30 minutes at 4°C. The samples were washed with FACS buffer (PBS, 0.5-1% BSA or 5-10% FBS, 0.1% NaN3 sodium azide), acquired and analyzed by FACS Arial III (BD Biosciences). The FlowJo software was utilized for data analysis (Tree Star, San Carlos, Calif).



HE Staining and Immunofluorescence

Arthrosis tissues were fixed in 4% paraformaldehyde and embedded in paraffin and then stained with hematoxylin-eosin (H&E). For immunofluorescence, sections were deparaffinized, inactivated peroxidase, and after antigen retrieval, blocked in PBST containing 10% goat serum and incubated with primary antibodies against IL6 (CST, Cat.12912), H3K27me3 (Active Motif, Cat.39535) and CD11b (Santa cruze, Cat.sc-1186) overnight at 4°C. Sections were then counterstained with DAPI and examined using a Zeiss microscope. Randomly selected fields of ten views per mice, and the positive cell fluorescence intensity was calculated using Image J software. Six mice per group were analysed.



Lactate Dehydrogenase Assay

The media of GSK-J4 treated or siRNA transfected BMDMs were collected and centrifuged at 500 g for 10 mins. The lactate dehydrogenase (LDH) concentration in supernatants was detected using a LDH assay kit (NJJCBIO, China). Detailed experimental procedures have been described elsewhere (36).



EMSA and NFκB Binding Activity Measurement

Nuclear extracts from BMDMs were prepared by high salt extraction (36). Electrophoretic Mobility Shift Assays (EMSA) were conducted by using EMSA/Gel shift kit (Beyotime) with the standard method as described previously (38). The NFκB consensus oligo sequence is 5′-AGT TGA GGG GAC TTT CCC AGG C-3′ and 5′- CGG ACC CTT TCA GGG GAG TTG A -3′.

NFκB binding activity was measured using TransAM DNA binding ELISAs (Active Motif) following the manufacturer instructions. Quantitative data were analyzed with indicated statistical tests and visualized in R, Prism, or Excel software.



Statistical Analyses

Data is represented graphically as the mean ± SD. Statistical analyses were performed using Prism version 8. Paired or Unpaired t-test, One- or Two- way ANOVA were used for calculating p values as indicated in each figure legend. p < 0.05 was considered statistically significant.




Results


Demethylase Inhibitor GSK-J4 Ameliorates Collagen Induced Arthritis In Vivo

Abnormal secretion of IL6 and other cytokines have been found to play a critical role in RA pathology (39, 40). Using well established CIA models, we studied whether demethylase inhibitor GSK-J4 administration could relieve RA symptoms by reducing cytokine levels, such as IL6. CIA models and GSK-J4 administration were executed following the flowchart shown in Figure 1A. Sixteen days GSK-J4 treatment relieved CIA induced joint swelling (Figure 1B), reduced clinical score (Figure 1C) and the ankle circumference (Figure 1D), with limited influence on mice body weight (Figure 1E). Mice hind legs were decalcificated and fixed by paraformaldehyde, then visualized by HE staining (Figure 1F). There are significant amounts of immune infiltration in the synovial cavities of CIA mice, which were largely reduced in GSK-J4 treatment group. In addition, the synthesis of pannus, erosion, synovitis and pathological score (41) was evaluated. The results clearly showed that the reduced severity of joint upon GSK-J4 treatments (Figures 1G–J). Taken together, our results suggested that GSK-J4 could exert therapeutical effects on CIA mice.




Figure 1 | Demethylase inhibitor GSK-J4 ameliorates collagen induced arthritis (CIA) in vivo. (A) The flow diagram of CIA model and GSK-J4 treatments. (B) Therapeutical effect of GSK-J4 on DBA1 mice. (C) According to joint swelling extend, scored 0~5 to all the paws. The scale bars represent 100 μm. (D) Ankle circumferences were measured at the 44th day. (E) Mice body weights were measured every two days after GSK-J4 administration. (F) HE staining of the hind legs of CIA mice, scale bar represents 100 μm. (G–I) Pathologic score of pannus, erosion and synovitis. (J) Pathological score of each given groups. p < 0.05 (two-tailed Student’s T-test) is indicated by * for comparison with CIA vs. CIA+GSK-J4, # for comparison with NC vs. CIA, error bars indicate SD.





GSK-J4 Reduces H3K27me3 Level and Cytokine Expression in Macrophages in CIA Mice

To verify whether H3K27me3 in macrophages plays a vital role in GSK-J4 treated CIA mice, the slides of mice hind legs were stained for IL6, H3K27me3 and CD11b by immunofluorescence. There were at least two distinct CD11b positive macrophages, CD11b+H3K27me3+ and CD11b+IL6+, were found between cartilago articularis and synovial membrane of CIA mice. Upon CIA modeling, the level of H3K27me3 significantly reduced, which could be reversed by GSK-J4 administration (Figure 2A). Consistently, the amounts of CD11b+, IL6+ and CD11b+IL6+ cells increased in CIA mice, but decreased after 16 days GSK-J4 treatment (Figures 2B–F), suggesting that GSK-J4 could reduce the levels of H3K27me3+ and IL6 in macrophage populations. Furthermore, decreased levels of IL6, IL10, IL17 and TNFα in mice inguinal lymph glands were observed after treatment with GSK-J4 (Figures 2G–J), which was consistent with the reduced local inflammation. Moreover, systemically decreased levels of IL6 and TNFα were also observed in peripheral blood (Figure S1). As altered IL17 and IL10 levels were observed, which are crucial in Th17 and Treg differentiation and Th17 and Treg were reported to play indispensable roles in RA (42–44), the abundance of CD4+IL17+ and CD4+ CD25+FOXP3+ cells in mice inguinal lymph node was evaluated by flow cytometry. The ratio of Treg/Th17 has been used to characterize the severity of RA (45, 46), and our results showed that GSK-J4 could downregulate the ratio of Treg/Th17 (Figure S2), further suggesting that inhibition of demethylase activity could be beneficial to CIA, at least in the experimental RA mice model.




Figure 2 | GSK-J4 reduces H3K27me3 level and cytokine expression in macrophages in CIA mice. (A) Immunofluorescence staining of H3K27me3 (red) and CD11b (green) positive cells on CIA mice joints, the scale bars represent 100 μm. (B) Immunofluorescence staining of IL6 (red) and CD11b (green) positive cells, the scale bars represent 100 μm. (C, D) Average fluorescence intensity of IL6 and CD11b positive cells. (E, F) The proportion of H3K27me3 and IL6 in CD11b positive cells. (G–J) The concentration of IL6, IL10, IL17 and TNFα in mice lymph gland were detected by ELISA. p < 0.05 (two-tailed Student’s T-test) is indicated by * for comparison with CIA vs. CIA+GSK-J4, # for comparison with NC vs. CIA, error bars indicate SD.





GSK-J4 Inhibits Cytokine Expression in Macrophage

Numerous studies have demonstrated that GM-CSF (GM-BMDM) and M-CSF (M-BMDM) derived macrophages exert quite different phenotypes, which are partially represented by their different gene expression patterns (4, 47–49). Moreover, the high level of GM-CSF was shown to be associated with RA (5, 50–52), while M-CSF is the default macrophage growth factor almost in all tissues (53–55). Therefore, we investigated the response of GM-BMDM and M-BMDM to GSK-J4 in order to better understand the mechanisms underlying the protective effects of GSK-J4 for CIA mice. First of all, we measured cytokine expression patterns in GM-BMDMs and M-BMDMs post LPS stimulation. The results showed distinct cytokine expression profiles in these macrophage populations, and some pro-inflammatory cytokines, such as TNFα, IL12p70 and IL6 exhibited the significantly high levels in GM-BMDMs, with IL6 being the most dominant one (Figure 3A). Not only IL6, other cytokines or chemokines, such as IL1β and IL12b, showed higher expression in GM-BMDMs as well, and the RNA expression of TNFα and IL1β was reversed by GSK-J4 (Figures 3B–E). Quite interestingly, the expression levels of IL6, TNFα and IL1β were also influenced by GSK-J4 in human monocyte THP-1 cells challenged with LPS (Figures 3F–I), which indicated that GSK-J4 regulated cytokine gene expression may also operate in human macrophages. To sum up, GSK-J4 could alter cytokine gene expression in GM-BMDMs.




Figure 3 | GSK-J4 inhibits cytokine expression in macrophages. (A) The expression of cytokines in the culture media of BMDMs. (B–E) BMDMs were treated with GSK-J4 for 48 hours, the RNA levels of TNFα, IL12b, IL1β and IL10 were determined by qRT-PCR. (F–I) THP-1 cells were firstly differentiated with PMA for 72 hours and followed by treatment with GSK-J4 for 48 hours, the RNA levels of IL6, TNFα, IL1β and IL12b were measured by qRT-PCR. p < 0.05 (two-tailed Student’s T-test) is indicated by * for comparison with LPS+GSK-J4 vs. LPS, # for comparison with NC vs. LPS, error bars indicate SD.





GSK-J4 Inhibits IL6 Expression via Regulating H3K27me3 Activity in Macrophage

To further analyze the mechanism of GSK-J4 regulation of IL6 expression in macrophages, a variety of common epigenetic modifications that have either enhanced or inhibited roles on transcription, including H3K27Ace, H3K4me3, H4K20me, H3K9me3, H4K20me3, H3K27me3 were evaluated in M-BMDMs and GM-BMDMs. Interestingly, the level of H3K27me3 was significantly different in these two populations (Figure 4A) with dominant expression in M-BMDMs. Interestingly, we found one locus -1000 to -900 bps upstream of TSS on IL6 promoter only exists in M-BMDMs (Figure S3). Similar to H3K27me3, its “writer” methyltransferase EZH2 and “eraser” demethylases (UTX and JMJD3) were found to be dominantly expressed in M-BMDMs, and 2 hours LPS stimulation cannot influence their expression (Figure 4B), suggesting that these differences mainly originated from 7 days GM-CSF and M-CSF treatments. Consistent with this observation, we previously found that IL6 expression was largely repressed in M-BMDMs comparing with GM-BMDMs (52). To further verify if H3K27me3 modification is critical to regulating IL6 expression, both GM-BMDMs and M-BMDMs were cultured at the presence of EZH2 inhibitor (10 μM DZNeP) or UTX/JMJD3 inhibitor (30 μM GSK-J4) to modulate the level of H3K27me3. Of note, GSK-J4 inhibited IL6 mRNA level in GM-BMDM (Figure 4C), and DZNeP increased IL6 mRNA level in M-BMDM (Figure 4D). IL6 protein levels determined by ELISA with the media from LPS stimulated GM- or M-BMDMs showed the similar results (Figure 4E). Next, ChIP assay were applied to analyze the binding of RNAPII and H3K27me3 on IL6 promoter. As expected, GSK-J4 reversed RNAPII binding activity of IL6 promoter in GM-BMDMs (Figure 4F), and H3K27me3 bound on IL6 promoter much less in GM-BMDMs than in M-BMDMs. Besides, increased H3K27me3 level by GSK-J4 could reverse LPS induced binding loss of H3K27me3 to IL6 promoter in GM-BMDM (Figure 4G). To rule out the possibility that GSK-J4 might stimulate transcription independent of H3K27me3, the parallel H3K4me3 ChIP assay were conducted in Figure 4H. We found that GSK-J4 influenced little on H3K4me3 binding activity, whose methylation usually correlate with transcriptional enhancement. Collectively, these data suggest that GM-CSF and M-CSF polarized macrophages exhibits different epigenetic modification profiles, which might contribute to their different gene expression patterns (4). Among the tested, H3K27me3 showed most distinct expression levels in two macrophage populations, which were also the case for its “writer” and “eraser”. Besides, H3K27me3 could alter IL6 expression by binding on its promoter regions and further inhibiting transcription.




Figure 4 | GSK-J4 inhibits IL6 expression via regulating H3K27me3 activity in macrophages. (A) Levels of epigenetic modifications (H3K27Ace, H3K4me3, H4K20me, H3K9me3, H4K20me3, H3K27me3) were detected in GM-BMDMs and M-BMDMs. (B) BMDMs were stimulated with 100 ng/ml LPS for 2 hours, the expression levels of EZH2, JMJD3 and UTX were determined by Western Bot. (C, D) After exposing to DZNeP and GSK-J4 for 48 hours, qPCR determines IL6 mRNA level changes upon LPS stimulation in GM-BMDMs (C) and M-BMDMs (D). (E) GM-BMDMs and M-BMDMs were stimulated with LPS (100 ng/ml) for 6 hours, the concentration of IL6 in the media were measured by ELISA. ChIP experiments were performed with anti-RNAPII (F), anti-H3K27me3 (G) and anti-H3K4me3 (H), the abundance of IL6 promoter fragment (-1000 to -900 bps relative to TSS) was determined by qPCR. p < 0.05 (two-tailed Student’s T-test) is indicated by * for comparison with LPS+GSK-J4 vs. LPS, # for comparison with NC vs. LPS, $ for comparison DZNeP vs. NC under LPS stimulation, error bars indicate SD.





H3K27me3 Influences Gene Transcription via Reducing NFκB Binding Activity

It is not difficult to speculate that H3K27me3 should inhibit a set of genes’ transcription besides IL6. To verify this hypothesis, GM-BMDMs were stimulated with LPS, and GSK-J4 was used to evaluate the contribution of H3K27me3 on gene expression via RNA sequencing analysis. After comparison with the reference genome, all the genes were filtrated and DEGs were identified. GSK-J4 was shown to be able to significantly down-regulate LPS stimulated genes. However, GSK-J4 itself has limited effects on transcriptome (Figures 5A–D). Further, the relative expression levels of some immune related genes, such as IL6, TNF, IL23a, etc. were influenced by GSK-J4 only upon LPS stimulation (Figure 5E). To explore the function of these DEGs, We compared the differences in biological functions before and after GSK-J4 administration by GO analysis and screened the top 10 biology processes (Figure 5F). As a result, most of them links to immune responses to stimuli. Enrichment plot “Regulation of Innate Immune Response” ranked the top1 in Gene Set Enrichment Analysis (GSEA) (Figure 5G), and other immune regulation gene sets were also ranked top 4 in the gene matrix downloaded from ftp.broadinstitute.org://pub/gsea/gene_sets/c5.bp.v6.0.symbols.gmt (Figure S4). NFκB is known to be the major transcription factor for IL6 (56, 57), therefore we speculate that modulation of H3K27me3 by GSK-J4 might influence NFκB activities. By applying EMSA assay with NFκB consensus probe, we found that GSK-J4 treatment could significantly alter NFκB binding activities (Figure 5H). Further assay on the activity of four different NFκB subunits showed that p65 and noncanonical pathways subunits p50 and p52 were actively translocated into the nucleus under GSK-J4 treatments. In contrast, activity of Rel B changed little when stimulated by LPS or GSK-J4 (Figure 5I). In summary, demethylase inhibitor GSK-J4 could reduce LPS stimulated gene transcription by reducing NFκB binding activities in GM-BMDMs.




Figure 5 | H3K27me3 influences gene transcription via reducing NFκB binding activity. (A–G) GM-BMDMs were treated with GSK-J4 for 48 hours (GSK-J4), or LPS for 1 hours (LPS), or pretreat with GSK-J4 for 48 hours then LPS for 1 hour (GSK-J4+LPS), or GSK-J4 and LPS co-stimulation for 1 hour (LPS+GSK-J4). After treatments, the cells were harvested, and the RNA were used for RNA-seq. (A) Amount of up (red) and down (blue) regulated genes, GSK-J4 stimulated for 48 hours or co-stimulated with LPS for 1 hour. (B) Volcano diagrams represent the distribution of DEGs in LPS vs. GSK-J4+LPS groups in GM-BMDMs. (C) Gene expression correlation index after normalization. (D) PCA analyses of indicated treatment groups in GM-BMDMs. (E) Heatmap of portion of immune related genes in the indicated treatment groups in GM-BMDMs. (F) Top 10 biology processes of GO terms with DEGs of LPS vs. GSK-J4+LPS groups. (G) GSEA analyzed Top one GSEA plot of LPS vs. GSK-J4+LPS. (H) EMSA assay detected NFκB probe binds to nucleus samples of LPS stimulated GM-BMDM with or without GSK-J4 treatment. (I) GM-BMDMs were left untreated (NC), LPS treated for 1 hour, or LPS+GSK-J4 co-treated for 1 hour. The cells were harvested, and the nuclei were isolated. The nuclear lysis was then applied to the ELISA plate coated with the antibodies against different NFκB subunits. Binding activities of these samples on p65, p50, p52, Rel B subunits were then detected, Raji samples provided by kit worked as the positive control.





JMJD3 Regulates Macrophage Survival and Is the Major Contributor to H3K27me3 Mediated IL6 Transcription

Previous reports have described that inhibition of JMJD3 can reduce proliferation and promote apoptosis of tumor cells (53), and STAT3-JMJD3 signaling is involved in macrophage death (54). In our experiment, we observed an increased mortality in M-BMDMs upon GSK-J4 treatment or knock down of H3K27me3 demethylases by transfection of UTX/JMJD3 siRNAs (Figure 6A). Upon GSK-J4 treatment, 18.6% cell death was observed in M-BMDMs, while si-JMJD3 treatment could increase the death rate to 32.2%. However, neither GSK-J4 nor si-JMJD3 exerted obvious cytotoxicity to GM-BMDMs. Surprisingly, it was not the case when UTX was silenced. Therefore, we considered that the toxic effect of si-UTX was trivial comparing to si-JMJD3 in M-BMDMs. Similar results were observed by DAPI staining (Figures 6B, C). These results suggested that JMJD3 played a more essential role in macrophage survival than UTX. And this observed cell death seems not because of induced apoptosis, as the expression levels of pro-Caspase3 and Bcl2 had no obvious changes after GSK-J4 treatment (Figure S5). Moreover, knock down of either UTX or JMJD3 could reduce IL6 secretion, simultaneously silencing of both could further lower IL6 expression only in GM-BMDMs but not in M-BMDMs (Figures 6D, E), indicating both UTX and JMJD3 have non-redundant roles in regulating IL6 expression. Interestingly, silencing UTX could reduce JMJD3 expression and vice versa (Figure 6F). By analyzing the H3K27me3 binding DNA fragments, we found that only in GM-BMDMs, knock down of JMJD3 but not UTX, reversed H3K27me3 binding activity on IL6 promoter (Figures 6G, H), indicating that the therapeutical effect of GSK-J4 mainly depends on its inhibition to JMJD3. Ingenuity Pathway Analysis (IPA) was used to predict the potential upstream regulators by analyzing the gene expression profiles of JMJD3 knocked down GM-BMDMs (55), IL6 was identified as a top upstream regulator and its downregulated expression level could contribute to the changes of its downstream gene expression (Figure 6I). Besides various immune related pathways, cell survival related pathways were also downregulated in M-BMDMs transfected with si-JMJD3 comparing with their GM-BMDMs counterparts (Figure 6J). All these results indicated JMJD3 is the major contributor in the H3K27me3 mediated transcription repression of IL6.




Figure 6 | JMJD3 regulates macrophage survival and is the major contributor to H3K27me3 mediated IL6 transcription. (A) GM-BMDMs and M-BMDMs were left untreated (NC), or treated with GSK-J4 for 48 hours, or transfected with UTX siRNAs (si-UTX) or JMJD3 siRNAs (si-JMJD3) for 48 hours. The culture media were collected and the LDH concentration in the media were determined. (B) Representative images from M-BMDMs prepared as in (A) and stained with DAPI, white scale bar represents 50 μm. (C) Quantification of slides prepared as in (B) (5 slides/treatment group). (D, E) GM-BMDMs and M-BMDMs were treated as in (A), and the IL6 concentrations in the media were detected by ELISA. (F) GM-BMDMs were treated as in (A), and cell lysates were used to detect the protein levels of UTX, JMJD3 and H3K27me3. (G, H) GM-BMDMs or M-BMDMs were treated with PBS for 48 hours (PBS), or PBS 48 hours followed by LPS 1 hour (PBS+LPS), or transfected with UTX siRNAs (si-UTX) or JMJD3 siRNAs (si-JMJD3) for 48 hours. The cell nuclei lysates were used for H3K27me3 ChIP assays. After de-crosslinking, the H3K27me3 binding DNA fragment were examined for IL6 promoter (-952 to -1008) enrichment. (I) IPA analyzed RNA-seq data of si-JMJD3 transfected GM-BMDMs, and summarized the top upstream regulator, the detailed information of IL6 was shown. (J) IPA analyzed the activation scores of different signaling pathways in LPS (100 ng/ml for 1 hour) stimulated, si-JMJD3 transfected GM-BMDMs or M-BMDMs. Error bars indicate SD, p < 0.05 (two-tailed Student’s T-test) is indicated by * for comparison with si-UTX vs. si-JMJD3, # for comparison with NC vs. LPS, $ for comparison with si-JMJD3 vs. si-JMJD3 and UTX.






Discussion

The strategic role of macrophage in RA has been described and discussed in detail (56–58). Macrophages have been characterized to be the key producers of cytokines relevant to the physiopathology of RA, such as IL6. These cytokines in turn promote local inflammation and induce osteoclast differentiation and further destruct the cartilage and bone (56). As the major macrophage growth and differentiation factor, the roles of GM-CSF have long been studied in the regulation of polarization and gene expression in macrophages, as well as in the pathogenesis of RA (59, 60). During the process of RA, GM-CSF is produced in large quantity and concentrated at the site of the lesion, as a result, macrophages are more inclined to differentiate into GM-BMDM phenotype. GM-CSF deficiency has been shown to protect mice from CIA (61). Moreover, GM-CSF and its induced macrophage polarization have been suggested to be the potential therapeutic targets in RA, psoriatic arthritis and all types of undifferentiated arthritis in patients (62). Indeed, targeting GM-CSF or its receptor has been shown the sustained clinical responses in RA patients (63). In the current study, we found that GM-CSF derived macrophages has less H3K27me3 expression. Demethylase inhibitor GSK-J4 could enhance the level of H3K27me3, and decrease the levels of proinflammatory cytokines, not only in the cultured cell system, but also in the CIA mice model. Both local and systemic inflammation are reduced upon GSK-J4 treatment, which establishing a link between the H3K27me3 demethylases’ activity with GM-CSF as well as the collagen induced arthritis, suggested a potential application of targeting epigenetic modifiers in RA patients.

Recent years, monoclonal antibody drugs against IL6 or its receptors have been developed as new methods for RA treatment in clinic, such as Sarilumab and Olokizumab (64–67). In the CIA model mice, we found that IL6 production was mainly from macrophage populations. Therefore, we proposed that reversing the H3K27me3-IL6 axis activity in macrophages may play a significant role in the process of RA. Furthermore, plenty of GM-CSF in RA lesion tends to divide macrophage into proinflammatory phenotype, and that matches with higher IL6 expression in our in vitro studies. Besides IL6, multiple proinflammatory cytokines, such as TNFα, IL1β and GM-CSF itself were identified to be regulated by H3K27me3. Enhancing levels of H3K27me3 by GSK-J4 treatment could inhibit the expression of these crucial cytokines, which further contribute to the relief of RA symptoms. In addition, Cribbs observed GSK-J4 induced suppression of IL17 expression and reduced Th17 cell proliferation (68). IL17 was suggested to increase IL6 transcription in turn (69), which might be another feedback mechanism that GSK-J4 regulates IL6 transcription. Finally, the EMSA and binding activity assay suggested that H3K27me3 inhibited NFκB binding to its consensus sequences in macrophages, and GSK-J4 also inhibited the activities of p52 and p50 subunits besides canonical p65, indicating that noncanonical pathway may also involve in the process of H3K27me3 dependent IL6 transcriptional inhibition.

H3K27me3 silences gene transcription through fasten nucleosome to chromosome so that transcription regulates sequence elements, such as promoter, enhancer, response element, etc., become hard to perform their functions. Laurens Kruidenier preliminary clarified that GSK-J4 could control TNFα transcription in 2012 (29). As the main demethylases of H3K27me3, most researchers consider them playing redundant roles in erasing H3K27me3 modification (70, 71). Takashi Satoh et al. showed that JMJD3 mediated H3K27 demethylation was crucial for regulating M-BMDMs development process, but dispensable for GM-BMDMs (72). Cao’s research provided the evidence that UTX epigenetically promotes IL6 and IFNβ production in mice peritoneal macrophages (73). However, JMJD3, but not UTX, was shown to play a critical role in axial pattern formation in mice (74). In the current study, we observed that the expression of both UTX and JMJD3 was higher in M-BMDMs. EZH2 and UTX/JMJD3 modified H3K27 methylation and demethylation become more active in M-BMDMs comparing with GM-BMDMs. Both of UTX and JMJD3 contribute to IL6 transcriptional regulation, whereas JMJD3 but not UTX plays dominant roles in cell survival. JMJD3 was associated with apoptosis in osteoblast differentiation (75, 76) or stroke (57), however no obviously different pre-caspase3 and Bcl2 expression in GSK-J4 treated M-BMDMs and GM-BMDMs. Takashi Satoh suggested that JMJD3 was required for the cell-cycle progression of M-BMDMs (72), which may explain the phenomenon we observed, however more detailed work is needed for fully elucidating the specific roles of UTX and JMJD3 in the settings of H3K27me3 regulation, as well as in cell proliferation and survival.
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