Lnc-M2 controls M2 macrophage differentiation via the PKA/CREB pathway 
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Summary

LncRNAs play an indispensable role in the process of M1 macrophage via regulating the development of macrophages and their responses to bacterial pathogens and viral infections. However, there are few studies on the lncRNA-mediated functions and regulatory mechanisms of M2 macrophage polarization. In this study, we found a number of differentially expressed lncRNAs between human monocyte derived M0 and M2 macrophages according to array analysis and qRT-PCR validation. The lncRNA RP11-389C8.2 (we named lnc-M2 in this study) was observed to be highly expressed in M2 macrophages. In Situ Localization and Quantification Analysis showed that lnc-M2 was expressed in the nucleus and cytosolic compartments of M2 macrophages. Notably, lnc-M2 knockdown enhanced the phagocytic ability of M2 macrophages. Ulteriorly, the results of RNA-Protein interaction experiments indicated that protein kinase A (PKA) was a lnc-M2 associated RNA-binding protein (RBP). Western blot showed that p-CREB, a well-known key downstream transcription factor of PKA, was lowly phosphorylated in lnc-M2-silencing M2 macrophages. Furthermore, we found that transcriptional factor STAT3 promoted lnc-M2 transcription along with the up-regulation of epigenetic histone modification markers at the lnc-M2 promoter locus, indicating that STAT3 activated lnc-M2 and eventually facilitated the process of M2 macrophage differentiation via the PKA/CREB pathway. Collectively, our date provide evidence that the transcription factor STAT3 can promote the transcription of lnc-M2 and facilitated the process of M2 macrophage differentiation via the PKA/CREB pathway. This study highlights a novel mechanism underlying the M2 macrophage differentiation. 

Introduction
Macrophages are found throughout the body tissues, and they are a heterogeneous population of cells that can promptly switch their functions in response to the micro-environmental signals. For instance, they dispose extraneous substances, ingest dead cells, and recruit more immune cells in response to inflammatory stimulations [1]. Macrophages also have a central role in metabolic disorders, tumorigenesis, autoimmunity, allergy and asthma, atherosclerosis, as well as the pathogenesis of fibrosis [1]. In recent years, macrophage polarization has aroused extensive interest and research  ADDIN EN.CITE 
[2, 3]
. 

Non-coding RNAs (NcRNAs) are divided into two subclasses, small or short non-coding RNAs which are smaller than 200 nucleotides (nt), and long non-coding RNAs (lncRNAs) referring to those longer than 200 nt [4]. Transcriptome sequencing projects of late years have demonstrated that over 70% of the genome is transcribed, and that a large majority of transcribed DNA encodes lncRNAs  ADDIN EN.CITE 
[5-7]
. Among all types of ncRNAs, miRNAs are widely distributed and have been well-characterized by scientists in numerous pathophysiological settings  ADDIN EN.CITE 
[8, 9]
, while the functions of lncRNAs are gradually explored as well. LncRNAs were considered to be nonfunctional background transcriptional noise due to their lack of evolutionary conservation and low cellular abundance compared to protein-coding mRNAs  ADDIN EN.CITE 
[10, 11]
. However, recent studies have suggested that lncRNAs actually play key roles in cellular, developmental, and pathological processes, such as cell differentiation and apoptosis [12], tumor formation and development [13], and X-inactivation ADDIN EN.CITE 
[14, 15]
. In addition, lncRNAs function by regulating the expression of their target genes through epigenetic, transcriptional, and translational mechanisms. LncRNAs also contribute to maintaining subnuclear structures by serving as molecular scaffolds [16].

Although progress has been made in other ﬁelds, research on lncRNAs in immune system has just started. Studies revealed that lncRNAs played important roles in various immune process of M1 macrophages, NK, and DC, etc  ADDIN EN.CITE 
[17-19]
.  Several transcriptional factors  ADDIN EN.CITE 
[20, 21]
 and cytokines [22] were also identified to be critical in the generation and homeostasis of macrophages. However, the roles of ncRNA especially lncRNAs in the differentiation and functions of M2 macrophage are largely unknown.

In this study, we identified differentially expressed lncRNAs between M0 and M2 macrophages, and found that the lncRNA RP11-389C8.2 (we named lnc-M2 in this study) was observed to be highly expressed in M2 macrophages. Furthermore, we studied effects of lnc-M2 knockdown on the phagocytic ability and differentiation of M2 macrophages, and investigated the underlying mechanisms.
Materials and Methods 

Cell cultures

Jurkat T cells, CNE-2 cells, HONE-1 cells, SW480 cells, MDA-MB-231 cells, HepG2 cells, U266 cells were obtained from Cancer institute, Southern medical university. THP-1 cells, Jurkat T cells, CNE-2 cells, HONE-1 cells, SW480 cells, MDA-MB-231 cells were cultured in RPMI-1640 medium containing 10% FBS and 100U/ml penicillin, 100 mg/ml streptomycin. Cells were grown in a 5% CO2 humidified incubator at 37°C. 

Blood monocyte derived macrophage preparation

Human peripheral blood mononuclear cells (PBMCs) were collected from buffy coats of healthy donors obtained from Panyu District Central Blood Station, by density gradient separation using Ficoll-Paque PREMIUM according to manuscripts. Brieﬂy, the contents of the bag were diluted three times its volume in PBS. The dilution was layered onto Ficoll-Paque PREMIUM at a 1:1 ratio and centrifuged for 25 minutes at 25℃ and 450g using a desktop centrifuge. PBMC were collected at the interface and washed three times. To reduce platelet contamination, cell suspensions were centrifuged at 800 rpm for 5 minutes at the last washing step. To differentiate PBMC into monocyte-derived macrophages (MDMs), the cells were plated into six-well cell culture plates at a concentration of 5x106/ml, and 2 hours later, non-adherent cells were removed by gentle washing with PBS. To obtain resting macrophages (M0), the remaining cells were cultured for 7 days in RPMI 1640 supplemented with 10% heat-inactivate d FBS, 50ng/ml recombinant human M-CSF, 100 mg/ml streptomycin, and 100 U/ml penicillin. Macrophage polarization was obtained by removing the culture medium and culturing cells in RPMI 1640 medium supplemented with 10% FBS and 20 ng/ml IL-4 and IL-13 (M2 macrophage) for 48 hours as described ADDIN EN.CITE 
[20]
. 

CD14+ monocytes and CD56+ NK cells preparation
CD14+ monocytes and CD56+ NK cells were isolated from PBMCs using CD14 Microbeads and CD56 Microbeads (both were from Miltenyi Biotec, Bergisch Gladbach, Germany) according the manuscripts.

PMA-differentiated THP-1 macrophage

Human monocytic THP-1 cells were obtained from the Institute of Biochemistry and Cell Biology, Chinese Academy of Science (Shanghai, China), and cultured in RPMI 1640 medium supplemented with 10% heat-inactivated FBS. To get macrophage-like differentiated THP-1 (dTHP-1) cells, THP-1 monocytes were exposed to 100  ng/mL phorbol-12-myristate-13-acetate (PMA) in the culture medium for 2 days followed by an additional 72 hours in PMA-free medium. To generate M2-polarized THP-1 macrophages, dTHP-1 cells were cultured with 20 ng/ml IL-4 and IL-13 for 24 hours. 

LncRNA microarray profiling 

Arraystar Human LncRNA + mRNA Microarray v3.0 (8×60K) platform (Kangcheng, Shanghai, China) was used for Microarray analysis. The GEO serial numbers: GSE144789. Total RNAs from six independent groups of M0 macrophages or M2 macrophages were isolated using Trizol reagent (Invitrogen life technologies, CA, USA). Quantile normalization of the raw signal intensities was processed using Gene Spring GX v11.5.1 software. Heat maps representing differentially regulated lncRNAs were generated using Multiple Array Viewer. 

Quantitative PCR assay

Quantitative PCR assay was performed as described ADDIN EN.CITE 
[23]
. Briefly, total RNAs of macrophages and other cells were extracted using TRIzol, and were reversely transcribed into first-strand cDNA using PrimeScriptTM RT reagent Kit with gDNA Eraser (TaKaRa BIO INC, Japan). Quantitative RT-PCR was performed using SYBR Premix Ex TaqTM II (TaKaRa BIO INC, Japan) on Stratagene Mx3005P (Agilent, Singapore）. The results were normalized to GAPDH and presented as the fold change of each lncRNA/mRNA. The expression level of lncRNAs and mRNAs was determined using 2-△△Ct. The sequences of the primers used for quantitative real time-PCR were listed in Supplementary Material, Table 1.

Cell transfection

The siRNAs used to silence indicated targets were produced by RiboBio (Guangzhou, China). The sequences of siRNAs were as follows:

siRNA-lnc-M2-1: sense: 5’GCUAGGUACUGGUUAUUAU dTdT 3’, antisence: 5’ dTdT CGAUCCAUGACCAAUAAUA 3’; 

siRNA-lnc-M2-2: sense: 5’CCUGUUGUCCCAGGAUAAU dTdT 3’, antisence: 5’dTdT GGACAACAGGGUCCUAUUA 3’.

siRNA and jetPrime were transfected into cells according to the manufacturer’s recommendations.

ELISA

Culture supernatants were collected from lnc-M2 silenced M2 macrophages cells and the siRNA control cells. The cytokine levels were measured by Human IL-10 and IL-12p70 ELISA kits (all from NeoBioscience, Shenzhen, China).

mRNA Microarray Assay 

Agilent Whole Human Genome Microarray (4×44K) platform (Sinotech Genomics Co., Ltd. Shanghai, China) was used for Microarray analysis. The GEO serial numbers: GSE144790. Total RNAs from two independent groups of lnc-M2 silenced M2 macrophages and the control cells were extracted using TRIZOL Reagent (Invitrogen life technologies, CA, US). Each slide was hybridized with Cy3-labeled cRNA. After hybridization, slides were washed and then scanned by Agilent Microarray Scanner. Raw data were normalized by Quantile algorithm, GeneSpring Software 12.6.1.

Western blot analysis

Cells were resuspended in lysis buffer according to the manufacturer’s speciﬁcations. Then cell lysates were subjected to western blotting using the anti-PKA, anti-p-PKA, anti-p-CREB (all from Cell Signaling Technology, MA, USA) and HRP-conjugated anti-β-tubulin (Proteintech, IL, USA) antibodies. The protein bands were analyzed using Image Lab analysis (Bio-Rad, CA, USA).

In situ hybridization (ISH) assay 

To detect lnc-M2 RNA, cells were fixed in phosphate-buffered saline (PBS) with 4% paraformaldehyde for 20 minutes at room temperature and subsequently washed with PBS. Cells were permeabilized in PBS containing 0.5% Triton X-100 on ice for 5 minutes, washed in PBS and SSC buffer. Hybridization was carried out using a digoxin-labeled oligonucleotide probe sets (5’-CACTTCCCAGAGACTTCATA AGTATTTCTGTTCCT-3’; 5’-GCGCTCAGCCCTGTGCCACCTGTGG TCCAC-3’; 5’-GGGAGATGTCACCCCTGGTGGACAACATCG-3’) in a moist chamber at 37℃ for 1 hours according to the protocol. The cells were observed under a microscopy.

RNA pull-down 

RNA pull-down was performed as described ADDIN EN.CITE 
[24]
. Biotin-labeled RNAs were transcribed using the Biotin RNA Labeling Mix (Roche, Basel, Switzerland) in vitro. Biotinylated RNAs were treated with RNase-free DNase I (Ambion, CA, USA) and purified using RNeasy Mini Kit (QIAGEN, Venlo, Netherlands). Next, secondary structure formation process of Biotinylated RNAs was performed, and folded RNAs were then mixed with macrophages extract in RNA Binding Protein Immunoprecipitation buffer (Millipore, MA, USA) and incubated at RT for 1 hour. 60 ul of washed streptavidin agarose beads (Invitrogen, CA, USA) were added to each reaction and the mixture was incubated at RT for 1 hour. Before western blotting, beads were washed briefly 5 times and boiled in SDS buffer. Then the retrieved proteins were examined by Western blot or resolved in gradient gel electrophoresis for mass spectrometry (MS) detection. 

RNA Binding Protein Immunoprecipitation (RIP) assay 

RIP was performed as previously described ADDIN EN.CITE 
[25]
. Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore, MA, USA) was used according to the manufacturer's instructions. By qRT-PCR, the ratio of RNA precipitated by a specific antibody was calculated versus the total RNA.

ChIP analysis 

ChIP (Chromatin Immunoprecipitation) experiments were performed as reported ADDIN EN.CITE 
[26]
. Briefly, ChIP assays of macrophages were performed using a Pierce™ Agarose ChIP Kit (Thermo Scientific, MA, USA). qRT-PCR was used to detect DNA fragments binding with STAT3 (Cell Signaling Technology, MA, USA). The ratio of DNA binding with specific antibodies versus total DNA was calculated.

Dual-luciferase assay

HEK 293T cells were seeded into 24-well plates, and transfected with a pGL3-basic luciferase reporter gene plasmid (Promega, WI, USA) carrying STAT3 (TCTTCCCA) or STAT3-mut (AGAAGCTG) using Lipofectamine 2000 (Invitrogen, CA, USA). pRL-TK (Promega, WI, USA) was co-transfected as a normalization control for transfection activity. 48 hours after transfection, cells were lysed and the luminescent activity of firefly luciferase was detected using dual-luciferase reporter assay (Promega, WI, USA). 

Phagocytosis Assay

Phagocytosis assay was performed as previously described ADDIN EN.CITE 
[27]
. Nasopharyngeal carcinomas HONE-1 cells were stained using a PKH-67 green fluorescent cell linker kit (Sigma, MO, USA) according to the manufacturer’s protocol. PKH-67-stained HONE-1 cells (green) were reseeded and co-cultured with PKH-26-stained M2 macrophages or PKH-26-stained lnc-M2 silenced M2 macrophages (red) for 3 hours. Phagocytic activity was determined by the percentage of cells exhibited both red fluorescence and green fluorescence using fluorescence microscope.

RACE 

The 5’ and 3’ RACE analyses were performed using the SMARTer RACE cDNA ampliﬁcation Kit (Clontech, CA, USA) following the manufacturer’s instructions. 

Protein-coding capacity

The protein-coding potential of lnc-M2 sequence was evaluated by CPC (http://cpc.cbi.pku.edu.cn/programs/run_cpc.jsp), CPAT (http://lilab.research.bcm.edu/cpat/index.php), and Conserved Domain Database (http://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi).

Results 
LncRNA and mRNA array expression data between M0 and M2 macrophage. 

To study the potential functions of lncRNAs in regulating M2 macrophage polarization, we initially induced M0 (M-CSF) and M2 macrophages (IL-4 and IL-13), and then compared the expression profiles of lncRNA and mRNA between M0 and M2 macrophage using microarray analysis. We found that IL-4 and IL-13 induced the transcription of numerous lncRNAs and mRNAs involved in this process (Fig. 1a). We created a supervised list of the most differentially expressed lncRNAs (fold-change > 3.0, P < 0.00001) of M2 versus M0 macrophages according to the analysis of lncRNA microarray. Results showed that there were a number of lncRNAs including RP11-389C8.2, LOC100129269, XLOC_003077, LINC00475 were significantly upregulated in M2 macrophages compared with M0 macrophages (Fig. 1b). 

To validate the array data, we next selected 9 candidate lncRNAs for further analyses based on the change in expression (fold-change > 11.0, P < 0.001), and qRT-PCR conﬁrmed the expression of these lncRNAs (Fig.1c). Among these upregulated lncRNAs, a modestly intergenic conserved lncRNA (Gene symbol RP11-389C8.2) encoded by a gene at chromosome 5q13.2 was robustly induced in the process of M2 macrophage differentiation (Fig.1d, e). This suggested that RP11-389C8.2 might be involved in macrophage differentiation. Therefore, we focused on RP11-389C8.2 in the follow-up study and named it lnc-M2. 

Lnc-M2 is highly expressed in M2 macrophages.

We used 5′ and 3′ rapid ampliﬁcation of cDNA ends (RACE) to map the exact sequence of lnc-M2, and found that it was a 2,410 nucleotide (nt) intron-less transcript (Fig.2a). Notably, lnc-M2 was highly expressed in M2 macrophages compared with other immunocytes and some tumor cells (Fig. 2b). Moreover, sustained induction of lnc-M2 was observed in M2 macrophages exposing to IL-4 and IL-13 (Fig. 2c). Long non-coding RNAs have been reported in the nucleus or in the cytoplasm, or in both compartments. Therefore, we examined the localization of lnc-M2 in M0 and M2 macrophages. After separating cell nucleus from the cytoplasm and detecting lnc-M2 by qRT-PCR in both fractions, we found that lnc-M2 was expressed in both nucleus and cytoplasm (Fig. 2d). The results were further confirmed by in situ hybridization assay (Fig. 2e).

Next, we analyzed the protein coding potential of lnc-M2 using two extensively used algorithms as described  ADDIN EN.CITE 
[26]
. As for Coding Potential Calculator (CPC), transcripts with scores less than −1 are categorized as “non-coding”. The CPC score of lnc-M2 is −1.03683(Fig. S1a). As for CPAT, human coding probability (CP) cutoff is 0.364 (CP >=0.364 indicates coding sequence, CP < 0.364 indicates noncoding sequence). The CPAT score of lnc-M2 is −0.1709(Fig. S1b). These two algorithms consistently indicated that lnc-M2 was a non-coding transcript. 

We recognized all putative open reading frames (ORFs) of lnc-M2 using ATG as start codon and TAG, TAA, TGA as stop codons and found a few short ORFs. In current proteome databases, none of the predicated short open reading frames (ORFs) in lnc-M2 was found to match any known functional protein motifs, further supporting that lnc-M2 is a non-coding transcript (Fig. 2f, Fig. S1c).  
Lnc-M2 impairs M2 macrophage differentiation and function.

To determine whether lnc-M2 participated in macrophage polarization, we used small interfering RNAs (siRNAs) to silence lnc-M2 during M2 macrophage differentiation. qRT-PCR showed that two of the siRNAs silenced lnc-M2 efficiently (Fig. 3a). We found that knockdown of lnc-M2 up-regulated the M1 macrophage markers TNF-α, IL-1β, and IL-6 and down-regulated the M2 macrophage markers ARG1, MRC1 and CD163 (Fig. 3b). IL-12 expression was significantly increased and the expression of IL-10 was decreased in lnc-M2-silenced M2 macrophages (Fig. 3c, 3d). We also conducted phagocytosis experiment to investigate biological functions of lnc-M2 silenced M2 macrophage, and observed that the proportion of macrophages that engulfed tumor cells (HONE-1) increased in lnc-M2 silenced M2 macrophages. This indicated that silencing of lnc-M2 enhanced phagocytosis of M2 macrophages (Fig. 3e, Fig. S2). To identify potential targets of lnc-M2, we conducted mRNA Microarray assay in both control and lnc-M2 silenced M2 macrophages, and found that a considerable change in gene expression (fold change > 2, P < 0.05) was observed after silencing lnc-M2, especially that some M2 function-related genes (in which there were some immune related genes) were attenuated in lnc-M2 knockdown cells (Fig. 3f). Gene cluster analysis revealed that the associated gene sets are mainly antigen presenting cells, inflammatory response, T cell activation, and monocyte chemotactic related genes (Fig. 3g), including IFNB1, IDO1, GAPT, MMP13, chemokine (CCL8) and chemokine ligands (CXCL10, CXCL11, CXCL12). The expression of these genes was confirmed by qRT-PCR in lnc-M2-knockdown M2 macrophages (Fig. 3h). Taken together, our data suggest that lnc-M2 is essential for M2 macrophage differentiation and function.

Lnc-M2 regulates M2 macrophage differentiation via PKA-CREB

THP-1 monocyte cell line has been extensively used to study the response of monocytes/macrophages to innate ligands, because THP-1 cells can differentiate into macrophage-like cells upon treatment with phorbol-12-myristate-13-acetate (PMA), allowing a large number of macrophages to be produced in culture. 

Many lncRNAs regulate gene transcription through their interactions with proteins, chromatin-modifying complexes or with heterogeneous nuclear ribonucleoproteins (hnRNPs). To identify binding partners of lnc-M2, we performed RNA pull-down assays. To prepare cell samples for RNA pulldown analysis, THP-1-derived macrophages were stimulated with IL-4 and IL-13, and proteins were extracted from the cells. In vitro-transcribed biotinylated lnc-M2 or an antisense lnc-M2 control RNA was used to pull down proteins from the extracts of macrophages, and the RNA binding proteins were determined by Mass Spectrometry. Results demonstrated that Protein Kinase A (PKA), a kind of the simplest structure and the clearest biochemical characteristics protein kinase, was identified as a specific binding partner of lnc-M2 (Fig. 4a). The binding between PKA and lnc-M2 was confirmed by Western blot analysis (Fig. 4b). RIP further verified the specificity of this interaction (Fig. 4c). Also, Immunoblotting revealed that PKA and CREB phosphorylation was reduced in lnc-M2-knockdown M2 macrophage (Fig. 4d). More interestingly, cell immunofluorescence assay showed that phosphorylated CREB decreased in the nucleus after silencing lnc-M2 (Fig.4e). These data suggest that lnc-M2 promotes PKA signaling. These above mentioned data indicate that lnc-M2 is vital for M2 macrophage differentiation. 

STAT3 promoted the expression of lnc-M2 by directly binding to the promoter region of lnc-M2

In general, the active transcriptional initiation sites are usually characterized by H3K4me3 and H3K27ac. We searched for annotation information of lnc-M2 in several types of cells using the UCSC genome browser, and found that the expression of H3K4me3 and H3K27ac increased in the 5' region of lnc-M2 (Fig. 5a). Notably, the ChIP-seq public data of transcription factors in UCSC indicated that some important transcription factors such as STAT3, C-myc, C-jun, Fos, etcs. had binding sites at the lnc-M2 promoter region in non-immune cells such as embryonic stem cells, keratinocytes, skeletal muscle myoblasts, lung fibroblasts, and umbilical vein endothelial cells (Fig. 5b). As transcription factor STAT3 played important roles in the regulation of macrophage differentiation [28], we hypothesized that it might also have binding sites at lnc-M2 promoter region in M2 macrophages. To confirm our hypothesis, we performed ChIP-qPCR experiments. The results showed that STAT3 indeed had binding site at the lnc-M2 promoter region in M2 macrophages, suggesting that STAT3 promoted transcription of lnc-M2 by directly binding to the promoter region of lnc-M2 and affected the differentiation of M2 macrophages by mediating the expression of lnc-M2 (Fig. 5c, 5d). To further confirm the regulation of lnc-M2 by STAT3, we cloned the lnc-M2 promoter region containing STAT3 binding site (or mutation site) into the promoter locus of a luciferase reporter vector, and co-transfected it with the STAT3 expression vector or control vector into HEK293T cells. By reporter gene assay, the results showed that the reporter vector containing STAT3 binding site was highly activated (Fig. 5e, f), indicating that STAT3 promoted the expression of lnc-M2 by directly binding to the promoter of lnc-M2.

Discussion
Macrophages are heterogeneous and dynamic cells because their phenotypes and functions can be easily influenced by micro-environmental signals. Studies have shown that the expression of lncRNAs changes in human and murine monocytic cells in responding to selected inflammatory conditions  ADDIN EN.CITE 
[29-31]
. Recent studies indicated that a subset of lncRNAs could be induced by the inflammation-inducing stimuli, and contributed to the inflammation phenotype of macrophages  ADDIN EN.CITE 
[32]
. We questioned whether lncRNAs also modify gene expression which is required to conduct macrophage activation patterns. Therefore, our study was designed to identify lncRNAs that contribute to M2 macrophage activation. 

In this study, we firstly analyzed lncRNA expression profiles in distinct polarizing conditions of macrophages and found a number of differentially expressed lncRNAs in M2 macrophages compared with M0 macrophages. Our data provide a comprehensive profile of lncRNAs in the macrophages with different polarized phenotypes. We conclude that lnc-M2 plays a critical role in M2 macrophages differentiation.

The clue of lncRNA mechanism is very closely related to its cell organelle location. LncRNAs located in the nucleus play different roles from those in cytoplasm. Generally, lncRNAs distributed in the nucleus work mainly by binding to related proteins, whereas those located in the cytoplasm has two modes of action, either serving as ceRNAs  ADDIN EN.CITE 
[33-36]
 or mediating RNA degradation via an Alu element  ADDIN EN.CITE 
[37-39]
. Our results also showed that in both M0 and M2 macrophages, lnc-M2 was observed in both nucleus and cytoplasm, suggesting that during the polarization of M0 macrophages to M2 macrophages, lnc-M2 may affect modifications such as methylation, acetylation and phosphorylation on some downstream genes by binding to some transcription factors involved in the nucleus as reported  ADDIN EN.CITE 
[40-42]
, thereby promotes their transcription and translation, which in turn affects the differentiation of M2 macrophages. 

LncRNAs play an important role in both innate and adaptive immune responses, such as presenting antigens, secreting multiple biomolecules, participating in immune responses, and regulating inflammatory responses  ADDIN EN.CITE 
[43-45]
. M2 macrophages was reported to mediate immune repair, secrete high levels of IL-10, TGF-β and low levels of IL-12, and inhibit immune killing mainly by secreting high levels of the anti-inflammatory cytokine interleukin-10  ADDIN EN.CITE 
[46-49]
. So far, little is known about the regulation patterns and mechanisms of lncRNA in M2 macrophage differentiation. It was surprising that lnc-M2 knockdown decreased the expression of IL-10 and increased the expression of IL-12 in M2 macrophages, suggesting that lnc-M2 promotes macrophages to polarize into M2 phenotype. Microarray assay revealed that genes related to immune presentation, inflammatory response, T cell activation, and unicellular chemotaxis were up-regulated in lnc-M2 silenced M2 macrophages.

Current studies have shown that lncRNAs bind to the encoded proteins to regulate the expression of targeted genes. We found that lnc-M2 regulated the expression of transcription factor CREB (cAMP response element binding protein) by binding to protein kinase A (PKA). PKA is one of the first reported classical signal transduction kinases, and studies have shown that PKA regulates a range of different cellular functions, including proliferation, differentiation, and survival  ADDIN EN.CITE 
[50, 51]
. cAMP activates CREB by phosphorylating CREB transcription factor specific site. Phosphorylated CREB binds to CRE (cAMP response element) on the DNA molecule, thereby regulates the expression of the target genes [52]. CREB is an important transcription factor of PKA signaling pathway, and it plays a key role in variety human diseases  ADDIN EN.CITE 
[53-55]
. In this study, we demonstrate that lnc-M2 promotes PKA signaling by binding to PKA and thereby regulating CREB phosphorylation.

Signal transduction and activator of transcription 3 (STAT3) belongs to a family of transcription factors consisting of STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B and STAT6. It is involved in the regulation of various cellular processes[56]. Evidences suggest that STAT3 signaling abnormalities are key factors in tumor formation, chronic inflammation, and autoimmune diseases, and STAT3 signaling serves as a promising therapeutic target ADDIN EN.CITE 
[57-59]
. STAT6 is known to promote M2 macrophage activation[60]. Researches show that STAT6 acetylation is an essential negative regulatory mechanism that restrains macrophage M2 polarization ADDIN EN.CITE 
[61]
. The mechanism of STAT3 in macrophages, especially in the differentiation from M0 macrophage to M2 macrophage, has been rarely reported so far. Using ChIP-qPCR, we detected STAT3 binding site in the lnc-M2 promoter region and found a recruitment of STAT3 as well as prominent histone chromatin modifications at lnc-M2 promoter locus in M2 macrophages compared with M0 macrophages. Whether other transcription factors, such as STAT6, can also play an important role in the differentiation of M2 macrophages through lnc-M2? This is worth being further researched. 

In summary, this study examined the differential expression of lncRNAs in M2 macrophage polarization, contributed to a better understanding of the roles of lncRNAs in macrophages, and provided an evidence for potential clinical immunotherapy research from a new perspective. Among the lncRNAs, we found that lnc-M2 played a critical role in regulating M2 macrophage polarization via the PKA/CREB pathway, and STAT3 stimulated the regulation of lnc-M2. Further studies are still needed to clarify the underling mechanisms of how lncRNAs contribute to M2 macrophage polarization, and the potential clinical targets when macrophages are exposing to different activating conditions in diseases including inflammation and cancers.
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Figure legends:

Fig1. LncRNA and mRNA array expression data between M0 and M2 macrophage. 

(a) Scatter plots showing the variation of lncRNA and mRNA expression between human PBMC derived M0 and M2 macrophages. The expression values are represented in yellow and blue, indicating expression above and below the median expression value across all samples, respectively. The values of the X and Y axes in the scatter plot are averaged normalized values in each group (log2-scaled). 

(b) The cluster heat map shows lncRNAs with expression fold change >3 from microarray data (P < 0.00001). “Red” represents high relative expression and “green” represents low relative expression.

(c) LncRNAs expression verified by qRT-PCR. Individual qRT-PCR assays were performed using human PBMC derived M0 and M2 macrophages. Unless noted otherwise, all results in this and other figures are representative of at least three independent experiments. Data are presented as mean ± SEM normalized to GAPDH. Student’s t test for two groups is used. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001. P value < 0.05 is considered statistically significant. Error bars in graphs refer to standard deviation.

(d) RP11-389C8.2 is highly expressed in human PBMC derived M2 macrophages. 

(e) RP11-389C8.2 is located on chromosome 5 and moderately conserved. 

Fig2. Lnc-M2 highly expressed in M2 macrophages. 

(a) The 3' and 5' end of lnc-M2 were detected in human PBMC derived M2 macrophages by rapid amplification of cDNA ends (RACE). 

(b) Expression of lnc-M2 in human PBMC, human PBMC derived immune cells, Jurkat T cell and some tumor cells. The expression of lnc-M2 in M0 was set to a value of 1. NK cells: natural killer cells. 

(c) Expression of the lnc-M2 transcript in human PBMC derived M0 and M2 macrophages at different time points.

(d) Detection of lnc-M2 distribution in nucleus and cytoplasm of human PBMC derived M0 and M2 macrophages.

(e) In situ hybridization analysis of lnc-M2 in human PBMC derived M0 and M2 macrophage. The probe to lnc-M2 detected a positive signal (red arrows). Scal bar, 50um.

(f) Bioinformatics confirmed that lnc-M2 does not encode protein.  

Fig3. Knockdown of lnc-M2 impairs M2 differentiation and function. 

(a) and (b) Quantitative RT-PCR of lnc-M2 and macrophages markers in human PBMC derived lnc-M2 knockdown M2 macrophage compared with control cells. 

(c) and (d) Human IL-10 and IL-12 in human PBMC derived lnc-M2 knockdown M2 macrophage detected by ELISA.  

(e) The phagocytic ability of human PBMC derived lnc-M2 knockdown M2 macrophages. 

(f) Lnc-M2 knockdown leads to markedly changes of gene expression. Heat map result shows significantly altered coding genes in human PBMC derived lnc-M2 silenced M2 macrophages compared with the control (log 2 fold >1，P <0.05). 

(g) Gene cluster analysis reveals that this gene set is highly relevant to immunity (GenClip 2.0 : http://ci.smu.edu.cn/GenCLiP2/input_enrichment.php.).

(h) Gene expression levels from mRNA Microarray assay in human PBMC derived lnc-M2-silenced M2 macrophages compared with the control macrophages. 

Fig4. lnc-M2 associated pathway protein. 

(a) and (b) Exploring of lnc-M2 associated protein in THP-1 derived M2 macrophages by RNA pulldown. 

(c) RIP enrichment of lnc-M2 in THP-1 derived M2 macrophages was tested by qRT-PCR in immunoprecipitated PKA complex compared with IgG. 

(d) Western blot indicates that the phosphorylation of PKA and CREB is decreased in THP-1 derived M2 macrophages after silencing lnc-M2.

(e) Cell immunofluorescence assay shows the decreased phosphorylated CREB in the nucleus of human PBMC derived M2 macrophages after silencing lnc-M2. Scal bar, 50um.

Fig5. Epigenetic marker about Transcription control lncRNA-M2 analysis

(a) Data from UCSC public database indicate that there are H3K4me3 and H3K27ac histone modifications at the 5’ locus of lnc-M2. 

(b) There were several important transcription factor binding sites in the 5' region of lnc-M2. 

(c) and (d) ChIP-PCR confirmed the binding of STAT3 and lnc-M2 in THP-1 derived M2 macrophages. 

(e) and (f) Luciferase reporter assay conducted in HEK293T cells verified that STAT3 promotes lnc-M2 transcription activity.

Supplemental Materials: The online version of this article contains supplemental material. 
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