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            Abstract
Varieties of RNA modification form the epitranscriptome for post-transcriptional regulation1. 5-Methylcytosine (5-mC) is a sparse RNA modification in messenger RNA (mRNA) under physiological conditions2. The function of RNA 5-hydroxymethylcytosine (5-hmC) oxidized by ten-eleven translocation (Tet) proteins in Drosophila has been revealed more recently3,4. However, the turnover and function of 5-mC in mammalian mRNA have been largely unknown. Tet2 suppresses myeloid malignancies mostly in an enzymatic activity-dependent manner5, and is important in resolving inflammatory response in an enzymatic activity-independent way6. Myelopoiesis is a common host immune response in acute and chronic infections; however, its epigenetic mechanism needs to be identified. Here we demonstrate that Tet2 promotes infection-induced myelopoiesis in an mRNA oxidation-dependent manner through Adar1-mediated repression of Socs3 expression at the post-transcription level. Tet2 promotes both abdominal sepsis-induced emergency myelopoiesis and parasite-induced mast cell expansion through decreasing mRNA levels of Socs3, a key negative regulator of the JAKâ€“STAT pathway that is critical for cytokine-induced myelopoiesis. Tet2 represses Socs3 expression through Adar1, which binds and destabilizes Socs3 mRNA in a RNA editing-independent manner. For the underlying mechanism of Tet2 regulation at the mRNA level, Tet2 mediates oxidation of 5-mC in mRNA. Tet2 deficiency leads to the transcriptome-wide appearance of methylated cytosines, including ones in the 3â€² untranslated region of Socs3, which influences double-stranded RNA formation for Adar1 binding, probably through cytosine methylation-specific readers, such as RNA helicases. Our study reveals a previously unknown regulatory role of Tet2 at the epitranscriptomic level, promoting myelopoiesis during infection in the mammalian system by decreasing 5-mCs in mRNAs. Moreover, the inhibitory function of cytosine methylation on double-stranded RNA formation and Adar1 binding in mRNA reveals its new physiological role in the mammalian system.
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                    Figure 1: Reduced emergency myelopoiesis in Tet2-deficient mice in abdominal sepsis.[image: ]


Figure 2: Deficiency of Tet2 leads to increased transcripts and decreased A-to-I RNA editing for Socs3.[image: ]


Figure 3: Adar1 binds unmethylated Socs3 mRNA and inhibits Socs3 expression in a Tet2-dependent manner.[image: ]


Figure 4: Tet2 decreases mRNA methylation level in an oxidation-dependent manner for Adar1 targeting.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Tet2 promotes mast cell expansion during parasite infection.
a, In vivo experimental design of transplantation and infection studies with bone marrow cells from Tet2-deficient (knockout) and littermate control (wild-type) mice. b, Quantitative assessment of toluidine blue-positive mast cells in the intestinal tissues (nâ€‰=â€‰6 biologically independent mice). c, Representative photomicrographs of toluidine blue-stained tissue sections derived from KitW-sh/W-sh mice transplanted with bone marrow cells from the indicated genotypes. Arrows indicate mast cells. Scale bars, 50â€‰Î¼m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, unpaired two-sided Studentâ€™s t-test. Mean and s.d. of n samples (b). Data are representative of three independent experiments with similar results (c).

                          Source data
                        


Extended Data Figure 2 Impaired IL-3 signalling pathway in Tet2-deficient myeloid cells.
aâ€“c, qPCR analysis of mRNA levels of indicated genes in wild-type (WT) and Tet2-deficient (KO) BMMCs treated with IL-3 (10â€‰ng mlâˆ’1). d, e, Immunoblot assays of the phosphorylated (p-) or total proteins in lysates of wild-type and knockout BMMCs (d) and bone marrow cells (e) stimulated with IL-3 for the indicated time. Bone marrow cells were collected from Tet2-deficient (knockout) and littermate control (wild-type) mice and pre-stimulated with IL-3 for 12â€‰h. f, Immunoblot assays of the phosphorylated (p-) or total proteins in lysates of knockout BMMCs treated with non-targeting control siRNA (siCtrl) or Socs3-specific siRNA (siSocs3). Before being re-stimulated for the indicated times for subsequent analysis, BMMCs and bone marrow cells were starved for 12â€‰h in the absence of cytokines. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, unpaired two-sided Studentâ€™s t-test. Mean and s.e.m. of triplicate biological replicates (aâ€“c). Blots are representative of three independent experiments (dâ€“f).

                          Source data
                        


Extended Data Figure 3 Tet2 binds and represses Socs3 mRNA.
a, b, Bisulfite-PCR assay of methylation states of CG dinucleotides in DNA regions of chromosome 11: 117969004-258 (a) or chromosome 11: 117969363-777 (b) in Tet2-deficient BMMCs and the control cells. c, Wild-type and knockout BMMCs were starved for 12â€‰h in the absence of cytokines, and then treated with 5â€‰mg mlâˆ’1 actinomycin D (actD) for 0, 15, 30, 60â€‰min. Socs3 mRNA decay was quantified by qPCR and normalization by Î²-actin. d, Immunoblot of Tet2 immunoprecipitation during CLIP. Black line indicates region excised for CLIP library preparation. e, PCR amplification products from CLIP experiments before indexing. Red box indicates gel region where DNA products were extracted for further indexing and high-throughput sequencing. Biorep 1, 2 and 3 are biological replicates from three BMMC samples which have different culture start dates and crosslinked end dates. f, Pairwise correlation analysis between biological replicates with normalized tag numbers in common peaks (from left to right: biorep 1 versus biorep 2, biorep 1 versus biorep 3, biorep 2 versus biorep 3). *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, unpaired two-sided Studentâ€™s t-test. Mean and s.d. of triplicate biological replicates (c). Blots are representative of three independent experiments (d).

                          Source data
                        


Extended Data Figure 4 Adar1 binds and represses Socs3 mRNA.
a, b, ViennaRNA prediction of secondary structure of sequences near editing sites in Socs3 and Lrrc47 3â€² UTR. Arrows highlight edited adenosines. c, Experimental validation of the A-to-G mutation (0) and the nearby adenosines (âˆ’2, âˆ’1, 1, 2) in control BMMCs. d, RIPâ€“qPCR analysis of Socs3 or Lrrc47 transcripts in RNAs from anti-Adar1 immunoprecipitated wild-type and knockout BMMCs lysates. e, Immunoblot of ADAR1 immunoprecipitation during CLIP. Black line indicates region excised for CLIP RNA preparation. f, RTâ€“PCR sequencing assay of A-to-G mutation frequencies in Socs3 mRNA from wild-type BMMCs at the indicated culture stages. g, Immunoblot of Adar1 protein expression in BMMCs from wild-type and Tet2-deficient (knockout) mice. h, Immunoblot of Adar1 among cytoplasm and nuclear proteins of BMMCs. i, Immunoblot of Adar1 protein expression in BMMCs treated with non-targeting control siRNA (siCtrl) or Adar1-specific siRNA (siAdar1). j, qPCR analysis of HEK293T cells transiently transfected for 24â€‰h with vectors coding haemagglutinin-tagged Socs3, Flag-tagged Adar1 and indicated Myc-tagged Tet2 mutants. k, Dot blot assays of 5-hmC levels in 10â€‰ng DNA from Tet2- and Tet2 mutant-overexpressed HEK293T cells. Error bars, s.d. of triplicate technical replicates (d, j). Blots are representative of three independent experiments (e, gâ€“i, k).

                          Source data
                        


Extended Data Figure 5 Tet2 promotes cytosine demethylation of mRNA.
a, One microgram of in vitro transcribed RNAs containing 1% 5-mC, or 3% mixture of 5-hmC, 5-fC and 5-caC was analysed by dot blots using 5-mC antibody. b, c, The 5-mC levels in mRNAs (b) and 5-hmC and 5-caC levels of DNAs (c) from in vitro Tet2 oxidation assay with or without Î±-KG were analysed by dot blots. Twofold gradient dilutions of 20â€‰ng synthetic Socs3 mRNAs (b) and 10â€‰ng DNAs (c) after oxidation were used for quantification. d, LCâ€“MS for quantifying 5-mC levels of mRNAs from HEK293T cells overexpressing the indicated mutant forms of Tet2. e, g, Dot blot assays of 5-mC levels in 800â€‰ng mRNAs (e) and 1â€‰Î¼g total RNA (g) from Tet2- and Tet2âˆ†DNA mutant-overexpressed HEK293T cells. Twofold gradient dilutions of 800â€‰ng in vitro transcribed Socs3 mRNAs containing 0.4% 5-mCs were used for the dilution curve of grey value-based quantification. f, In vitro RNA 5-mC oxidation assay of Tet2 mutants. The overexpressed Myc-tagged Tet2 mutants immunoprecipited from HEK293T cells were subjected to in vitro oxidation. Oxidized RNAs pretreated with DNase were used for dot blot analysis of 5-hmC levels. h, Bisulfite-PCR assay of the 4th to 14th cytosines in tRNAAsp(GUC) in Tet2-overexpressed HEK293T cells or Tet2-deficient BMMCs and the control cells. i, j, Immunoblot of Tet2 protein expression and LCâ€“MS for quantifying 5-mC levels of mRNAs in HEK293T cells treated with non-targeting control siRNA (siCtrl) or Tet2-specific siRNA (siTet2). Mean and s.d of triplicate technical replicates (b, d, e, g, j). Blots are representative of three independent experiments (aâ€“c, eâ€“g, i).

                          Source data
                        


Extended Data Figure 6 Specific profiles of mRNA 5-mCs in Tet2-deficient BMMCs.
a, Overlap rates of methylcytosines with methylation levels above the indicated values in bisulfite sequencing assay between indicated technical replicates for Tet2-deficient (knockout, K1/2) and control (wild-type, W1/2) groups. b, Overlap rates of methylcytosines between the two biological replicates from common cytosines with read coverage above four. c, Methylcytosines in the knockout group were chosen, and mean methylation rates of these methylcytosine sites in both the wild-type and knockout groups were categorized with indicated variation folds and are presented in the scatter plot. Different colours indicate the variation of mean methylation levels of each of the methylcytosines in the knockout group compared with those in the wild-type group. d, Fraction of genes associated with knockout group-specific methylcytosines (mCgene) or CLIP peaks (CLIPgene) with variations of mRNA levels (>1.3-fold, up; <0.77-fold, down; Pâ€‰<â€‰0.05) in the knockout group, compared with the control group. e, Exon-located CLIP peak and methylcytosine in the same gene were chosen, and the distance in mature mRNA between the CLIP peak boundary and the methylcytosine clusters with the shortest gap was calculated. These distances for each of the genes are presented in the box plot (centre, median; box boundaries, 25% and 75% percentiles; whiskers, 1.5-fold interquartile range; diamond, outlier; nâ€‰=â€‰11 distance values). f, Bisulfite-PCR sequencing assay of cytosine sites with methylation-supported reads in the 3â€² UTR of Socs3. g, Genome browser views of gene loci containing 5-mCs in the Tet2-deficient group. Black signals indicate mean mC-supporting read numbers of all the replicates in the Tet2-deficient group. h, Genome browser view of the indicated region with RepeatMasker Viz containing the editing site in the 3â€² UTR of Zfp65. i, ViennaRNA prediction of secondary structure of sequences containing the methylation sites in the 3â€² UTR of Tmed10. j, qPCR analysis of gene transcripts from anti-5-mC immuno-selected RNAs from total RNAs of wild-type and knockout BMMCs. Unmethylated and methylated spike-ins as the negative and positive controls. Cytosine with coverage above 4, at least two reads supporting methylation and methylation level equal or above 0.1 was chosen as methylcytosine, considering both boinformatic and biological significance. Mean and s.d of triplicate technical replicates (j).

                          Source data
                        


Extended Data Figure 7 Cytosine methylation in the 3â€² UTR of Socs3 inhibits dsRNA structure.
a, qPCR analysis of overexpressed Socs3 transcripts from anti-5-mC immuno-selected RNAs from total RNAs of HEK293T cells transfected with Tet2 or Tet2 mutants. b, qPCR analysis of Socs3 transcripts from specific-modification antibodies immuno-selected RNAs from total RNAs of wild-type BMMCs. Unmodified and modified spike-ins as the negative and positive controls. c, qPCR analysis of HEK293T cells transiently transfected for 24â€‰h with vectors coding haemagglutinin-tagged wild-type Socs3 or C-to-G mutant Socs3 (Socs3C-to-G), with or without Flag-tagged Adar1 and Myc-tagged Tet2. d, RIPâ€“qPCR analysis of Socs3 3â€² UTR levels in RNAs from Flag-tagged Adar1-immunoprecipitated HEK293T cell lysates overexpressed with Socs3 or Socs3C-to-G together with Adar1. Lysates (1%) were used for normalization as input. e, A-to-I editing rates in Socs3 3â€² UTR with cytosine or 5-mC after Adar1 editing in vitro. f, Socs3 transcript levels determined by RT-qPCR from J2 immuno-selected dsRNA; p1, primer 1; p2, primer 2. Mean and s.d. of triplicate technical replicates (aâ€“d, f). Data are representative of three independent experiments (e).

                          Source data
                        


Extended Data Figure 8 Schematic illustration of Tet2-mediated repression of Socs3 via Adar1.
a, Genome browser view of sequencing data on Socs3 locus. Blue, A-to-G mutant reads in wild-type BMMCs; red, mean mC-supporting read numbers in knockout BMMCs; black, CLIP tag coverage. b, Tet2 promotes mRNA cytosine demethylation for effective formation of dsRNA which is bound by Adar1, leading to the suppression of Socs3 expression at the post-transcriptional level.
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