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            Abstract
N6-methyladenosine (m6A) is the most common and abundant messenger RNA modification, modulated by â€˜writersâ€™, â€˜erasersâ€™ and â€˜readersâ€™ of this mark1,2. In vitro data have shown that m6A influences all fundamental aspects of mRNA metabolism, mainly mRNA stability, to determine stem cell fates3,4. However, its in vivo physiological function in mammals and adult mammalian cells is still unknown. Here we show that the deletion of m6A â€˜writerâ€™ protein METTL3 in mouse T cells disrupts T cell homeostasis and differentiation. In a lymphopaenic mouse adoptive transfer model, naive Mettl3-deficient T cells failed to undergo homeostatic expansion and remained in the naive state for up to 12 weeks, thereby preventing colitis. Consistent with these observations, the mRNAs of SOCS family genes encoding the STAT signalling inhibitory proteins SOCS1, SOCS3 and CISH were marked by m6A, exhibited slower mRNA decay and showed increased mRNAs and levels of protein expression in Mettl3-deficient naive T cells. This increased SOCS family activity consequently inhibited IL-7-mediated STAT5 activation and T cell homeostatic proliferation and differentiation. We also found that m6A has important roles for inducible degradation of Socs mRNAs in response to IL-7 signalling in order to reprogram naive T cells for proliferation and differentiation. Our study elucidates for the first time, to our knowledge, the in vivo biological role of m6A modification in T-cell-mediated pathogenesis and reveals a novel mechanism of T cell homeostasis and signal-dependent induction of mRNA degradation.
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                    Figure 1: Mettl3-KO naive T cells do not promote disease in CD45RBhi adoptive transfer colitis mouse model.[image: ]


Figure 2: Mettl3-KO naive T cells are locked in the naive state and proliferate much more slowly than wild-type cells after transfer into Rag2âˆ’/âˆ’ mice.[image: ]


Figure 3: Overexpressed m6A target genes Socs1, Socs3 and Cish in Mettl3-KO naive T cells suppress IL-7â€“STAT5 signalling pathway.[image: ]


Figure 4: m6A specifically targets a group of immediate-early genes for degradation upon IL-7 stimulation.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Abnormal T cell homeostasis in generated Mettl3 CD4-Cre conditional knockout mice.
a, The two lox sites were inserted into the first and last introns by CRISPR technology. b, Protein levels of METTL3 and its associated METTL14 were analysed by western blot in the naive T cells and in in vitro differentiated TH1, TH2 and TH17 cells from Mettl3-KO and wild-type mice. c, Overall levels of RNA m6A methylation in naive T cells from Mettl3-KO and wild-type mice (nâ€‰=â€‰3, Pâ€‰=â€‰0.0032). d, Naive T cells increased in all lymphoid organs from Mettl3-KO mice compared to littermate control wild-type mice. Cells from spleen (SPL), mesenteric lymph node (mLN), and peripheral lymph node (pLN) were analysed by FACS by staining with CD4/CD44/CD62L. e, f, The percentage of CD4+CD44loCD62+ naive T cells increased in all three lymphoid organs in Mettl3-KO mice (e) and the total number of naive T cells in mLN and pLN also increased in knockout mice (f; nâ€‰=â€‰3). g, The cell population in the thymus did not change in Mettl3-KO (nâ€‰=â€‰3). nâ€‰=â€‰number of biological replicates. Repeated three times and one set of data is shown. **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001.

                          Source data
                        


Extended Data Figure 2 Naive T cells from Mettl3-KO mice differentiated into fewer TH1 and TH17 cells and more TH2 cells ex vivo compared to wild-type naive T cells.
a, Naive T cells isolated from Mettl3 wild-type and knockout mice were differentiated into effector subsets under defined optimal conditions. b, The percentages of each T cell subtype over total CD4+ T cells were analysed by FACS (nâ€‰=â€‰3). c, No apoptosis defects were found in ex vivo cultured cells from wild-type and Mettl3-KO naive T cells by FACS staining of annexin V and 7AAD. Double-negative stained cells are live cells, and the remaining are apoptotic cells. The percentage is listed in the right graph (nâ€‰=â€‰2). d, No proliferation differences were found in ex vivo cultured cells from wild-type and Mettl3-KO naive T cells. Naive T cells labelled with CellTrace were cultured ex vivo under different concentrations of anti-CD3/CD28 beads for 4 days. The percentages of proliferating cells are listed in the right graph (nâ€‰=â€‰2). nâ€‰=â€‰number of biological replicates. Repeated three times and one set of data is shown. ***Pâ€‰<â€‰0.001.

                          Source data
                        


Extended Data Figure 3 m6A methylation function of Mettl3 controls naive T cell homeostatic expansion.
a, Mettl3âˆ’/âˆ’ recipients had normal colon length, and Mettl3+/+ recipients had shorter colon length. b, Mettl3+/+ recipients had enlarged spleens indicative of normal homeostatic expansion, while Mettl3âˆ’/âˆ’ recipients had very small spleens. c, All lymph organs had many fewer transferred knockout cells compared to wild-type cells analysed by FACS. d, The percentage of transferred Mettl3-KO and wild-type cells in Rag2âˆ’/âˆ’ host mice (nâ€‰=â€‰3). e, No apoptosis defects were found in in vivo cells recovered from peripheral lymph nodes of Mettl3 wild-type and knockout recipient mice by FACS staining of annexin V and 7AAD. Double-negative stained cells are live cells, and the remainder are apoptotic cells. The percentage is listed in the right graph (nâ€‰=â€‰3). fâ€“g, Wild-type Mettl3 constructs, but not m6A catalytic dead Mettl3 constructs, could rescue Mettl3-KO phenotypes in vivo. Empty construct (N103), catalytic dead Mettl3 construct (N103-CD), and wild-type Mettl3 construct (N103-M3) were electroporated into Mettl3-KO naive T cells, and then transferred into Rag2âˆ’/âˆ’ mice. Four weeks after transfer, the cell number (proliferation) and CD45RB marker (differentiation) were analysed by FACS. Representative images are shown in f, and the numbers of cells are shown in g (nâ€‰=â€‰3). nâ€‰=â€‰number of biological replicates. Repeated twice and one set of data is shown. **Pâ€‰<â€‰0. 01, ***Pâ€‰<â€‰0.001.

                          Source data
                        


Extended Data Figure 4 Mettl14-KO naive T cell adoptive transfer pheno-copies Mettl3-KO cells.
a, Mettl14-KO recipient mice have smaller lymphoid organs, including spleen, peripheral lymph nodes, and mesenteric lymph nodes. b, c, The percentage and the number of transferred Mettl14-KO cells in Rag2âˆ’/âˆ’ recipient mice were much lower than those of wild-type cells 4 weeks after transfer in all lymphoid organs (n=3). d, The MFI (median fluorescence intensity) of naive cell marker CD45RB is much higher in knockout than wild type, suggesting Mettl14 naive T cells were locked in naive state, whereas wild-type naive T cells differentiated after 4 weeks in Rag2âˆ’/âˆ’ mice (nâ€‰=â€‰3). nâ€‰=â€‰number of biological replicates. Repeated twice and one set of data is shown. ***Pâ€‰<â€‰0.001.

                          Source data
                        


Extended Data Figure 5 Socs genes are the m6A targets that contribute to the observed phenotypes.
a, Upregulated KEGG pathways in Mettl3-KO cells over wild-type cells based on RNA-seq data. b, Downregulated pathways in Mettl3-KO cells over wild-type cells. c, RTâ€“qPCR validated the RNA-seq data, showing that the mRNA expression levels of other genes and regulators in IL-7 pathways did not change in Mettl3-KO naive T cells compared to wild-type cells (nâ€‰=â€‰6). d, Socs1 siRNAs knock down Socs1 gene expression by half in vitro (nâ€‰=â€‰3). Naive T cells were incubated with Socs1 or control siRNA in vitro for 3 days, and RTâ€“qPCR was used to measure the mRNA levels of Socs1. e, Socs1, Socs3 and Cish mRNA 3â€² UTRs are enriched with m6A peaks from published ES cell and dendritic cell m6A-RIP genome mapping. Red denotes the IP RNA counts, and grey denotes input. nâ€‰=â€‰number of biological replicates. Repeated three times and one set of data is shown. **Pâ€‰<â€‰0.01.

                          Source data
                        


Extended Data Figure 6 Ribosome profiling does not reveal any ribosome occupancy differences in IL-7 and TCR signalling related genes.
a, Overall statistical analysis for all genes. Socs genes and other IL-7 pathway genes are highlighted. The y-axis is the log2 fold change of Mettl3-KO over wild type, and the x-axis plots the P value of the fold change value. b, Calculated translation efficiency for all genes, and the IL-7 and TCR pathway genes, do not show differences in translation efficiency between Mettl3-KO and wild-type naive T cells. c, Overall levels of RNA m6A methylation in naive T cells from Mettl3-KO and wild-type mice. c, d, Example ribosome profiles of Socs1 and Socs3 mRNAs, which do not show any significant differences between wild-type (right panel) and Mettl3-KO (left panel) samples. The RNA-seq for the inputs are shown below the ribosome profiles, which also demonstrate enhanced mRNA expression for Socs genes.


Extended Data Figure 7 Socs genes are signal-inducible degradation-controlled genes.
a, Upregulated genes in Mettl3-KO naive T cells are significantly enriched in the degradation-controlled group of genes from LPS-stimulated dendritic cells. We compared the genes that were differentially regulated by m6A in naive T cells to degradation-controlled genes in dendritic cells. We can assign cluster information to 5,784 genes in our sequencing data set. We looked at the clusters where fast degradation played a key role (clusters 2, 4 and 6), and tested whether the number of genes upregulated was significant with a chi square test. The P value was <0.0001. â€˜Fast degâ€™, genes in clusters 2,5,6; â€˜not fast degâ€™, all other clusters; â€˜upâ€™, genes upregulated (marked as significant and positive fold change); â€˜not upâ€™, genes that did not change or were downregulated. b, Socs1, Socs3 and Cish, but not Socs2, degraded faster upon IL-7 treatment in wild-type cells, and the faster degradation with IL-7 stimulation was abrogated in Mettl3-KO naive T cells. The naive T cells isolated from both wild-type and Mettl3-KO mice were pre-treated with actinomycin-D for 1â€‰h to fully stop transcription before IL-7 stimulation, and the residual mRNAs at different time points were normalized back to tâ€‰=â€‰0 (100%).

                          Source data
                        


Extended Data Figure 8 Summary of s4U-seq data.
a, Analysis of reads mapping to introns demonstrates high intronic read density in s4U-enriched samples. The ratio of reads mapping to introns is expressed as a ratio to the total number of reads that map to each transcript in each sample. b, Plot illustrating the Spearman correlations of the transcript-level read frequencies in total and s4U-enriched samples for wild-type and Mettl3-KO cells at various times after IL-7 stimulation. c, Changes in transcript frequencies after IL-7 stimulation for wild-type or Mettl3-KO cells with and without s4U enrichment on the basis of s4U-seq data. Expression levels are presented relative to the transcript levels of wild-type cells before IL-7 stimulation. Shown are cluster-3 Socs genes and a control gene Xist.


Extended Data Figure 9 Working model for m6A-controlled naive T cell homeostasis.
a, Mettl3-KO naive T cell molecular mechanism: loss of m6A leads to slower Socs mRNA degradation and increased SOCS protein levels, which blocks the IL7 pathway. b, Revised T cell differentiation model: m6A targets Socs1, Socs3 and Cish for inducible and rapid mRNA degradation upon IL-7 stimulation, allowing IL-7â€“JAKs signalling to activate the downstream target STAT5, to initiate the re-programming of the naive T cells for differentiation and proliferation.
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