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            Abstract
N6-methyladenosine (m6A) is the most prevalent modification of messenger RNA in mammals. To interrogate its functions and dynamics, there is a critical need to quantify m6A at three levels: site, gene and sample. Current approaches address these needs in a limited manner. Here we develop m6A-seq2, relying on multiplexed m6A-immunoprecipitation of barcoded and pooled samples. m6A-seq2 allows a big increase in throughput while reducing technical variability, requirements of input material and cost. m6A-seq2 is furthermore uniquely capable of providing sample-level relative quantitations of m6A, serving as an orthogonal alternative to mass spectrometry-based approaches. Finally, we develop a computational approach for gene-level quantitation of m6A. We demonstrate that using this metric, roughly 30% of the variability in RNA half life in mouse embryonic stem cells can be explained, establishing m6A as a main driver of RNA stability. m6A-seq2 thus provides an experimental and analytic framework for dissecting m6A-mediated regulation at three different levels.
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                    Fig. 1: m6A-seq2 reduces batch-induced variability between replicates.[image: ]


Fig. 2: Development of an m6A sample index.[image: ]


Fig. 3: Development of an m6A gene index.[image: ]
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                Data availability

              
              All the m6A-seq/2 datasets that were generated by us are stored at GSE178832. The GSE accession number of datasets that were not generated by us are listed in Supplementary Table 11. Source data are provided with this paper.

            

Code availability

              
              The used in-house python script for demultiplexing as the script (bam2ReadEnds.R) used for paired-end transcript coverage are stored at https://github.com/SchwartzLab.
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Extended data

Extended Data Fig. 1 m6A-seq2 reduces batch-induced variability while maintaining m6A-enrichment capacities.
m6A-seq2 reduces batch-induced variability while maintaining m6A-enrichment capacities a) Sequencing complexity metric based on the ratio of distinct- to total read numbers for 500,000 sampled reads (Supplementary Table 11) b) m6A-IP and Input normalized coverage profile of MEI5 for the 12 m6A-seq2 replicates and the 3 m6A-seq replicates c) Metagene coverage densities of m6A-IP and Input for the 12 m6A-seq2 replicates (red) and 3 m6A-seq replicates (black). d) Motif analysis showing the most significant HOMER (Supplementary Table 11) de novo motif analysis, based on detected peaks (see Methods) of the 12 m6A-seq2 replicates (red) and 3 m6A-seq replicates (black) e) m6A-seq2 number of reads of the 12 technical replicates. f) Identity of nucleotide of the first position of read 2 (top), which resembles the 3â€² terminus of a sequenced RNA fragment. Stacked barplot of the mean nucleotide identity of the first 30 positions (bottom). g) Principal component analysis of m6A-site score 2 of 486 m6A sites. h Cumulative plot showing the fraction of false-positive detected â€˜differential-methylationâ€™ cases and the effect-size as the absolute fold-change of the mean score1 between the sampled groups.
Source data


Extended Data Fig. 2 m6A-seq2 reduces batch-induced variability in technical replicates of mouse embryonic fibroblasts.
m6A-seq2 reduces batch-induced variability in technical replicates of mouse embryonic fibroblasts. a) Library complexity metric as the ratio of distinct- to total read numbers based on one million reads of the m6A-seq2 and m6A-seq MEF dataset (preseq70) b) Motif analysis showing the most significant HOMER (Supplementary Table 11) de novo motif analysis, based on detected peaks (see Methods) of the m6A-seq2 technical replicates (left) and m6A-seq technical replicates (right). c) Metagene m6A-peak distribution (see Methods) of the m6A-seq technical replicates (top) and m6A-seq2 replicates (bottom). d) m6A-site score 1 comparison between technical replicates generated via m6A-seq or m6A-seq2. score2 for 3416 m6A-sites passing the coverage thresholds for high-confidence m6A site estimation (see Methods). e) Principal component analysis of m6A-site score 1 of 3416 high-confidence m6A sites. f) Comparison of the percentage coefficient of variation (%CV) of score1 (left) and score2 (right) estimates across the technical replicates measured via m6A-seq and m6A-seq2. Wilcoxon two-sided test p value annotated. Comparison of nâ€‰=â€‰3416 m6A-sites for score1 and score 2. Boxplot: Center is the median, lower and upper hinges depict the first and third quartile and the whiskers stretch to 1.5 times the interquartile range from the corresponding hinge. g) Cumulative plot showing the fraction of false-positive detected â€˜differential-methylationâ€™ cases and the effect-size as the absolute fold-change of the mean score between the sampled groups.
Source data


Extended Data Fig. 3 m6A-methylome profiling upon genetic perturbations during yeast meiosis.
m6A-methylome profiling upon genetic perturbations during yeast meiosis a) m6A-SI based on m6A-Seq2 measurements on individual genetic perturbations strains with ndt80Î”/Î” background. Barplot for each of the m6A-seq2 batches. In total 3 gene deletion strains (pho92Î”/Î”, not3Î”/Î”, gis2Î”/Î”), 12 genes with an auxin-inducible degrons (AID), 5 positive controls (only ndt80Î”/Î”, red) and 5 negative controls (ime4Î”/Î” & ndt80Î”/Î”, blue) (noted in legend) and AID-control (TIR1). U: untreated samples and T: treatment with CU and IAA (see Methods). b) Raf1 m6A-IP fragment coverage normalized by sample library size and Raf1 expression level (RPM) based on the input sample for all 24 samples (% amount of WT mESC RNA per triplicate is annotated at the right). The Y-axis is fixed to an identical range across all samples. c) Heatmap of log2 transformed m6A-site score 1 of 4505 annotated high-confidence m6A-sites (scaled by row) of the samples (merged triplicates).
Source data


Extended Data Fig. 4 m6A-GI infers with half-life and steady-state expression.
m6A-GI infers with half-life and steady-state expression a) m6A-GI of the mESC WT cells plotted against mRNA half-life in Mettl3-KO mESC b) HPLC-MS abundances of m6A across WT and m6A-writer perturbed mESC clones plotted against the â€˜expression-vs-methylation indexâ€™, defined as the spearman correlation between normalized expression (TPM, see Methods) and m6A-GIs calculated based on 3 previously published m6A-seq datasets23. Annotated is the Pearsonâ€™s R coefficient and p-value (two-sided analysis) and 95 % confidence interval.
Source data


Extended Data Fig. 5 m6A-gene index correlates with the increase of m6A.
m6A-gene index correlates with the increase of m6A a) m6A-gene index (m6A-GI) of 100 % WT sample (merged triplicates) plotted against the other sample concentrations (merged triplicates) with a linear model fit (blue line). b) Scatterplot of the slope of the linear modeling fit of all unique combinations of m6A-GIs derived from different % WT mESC (as in a)), plotted against the log2 transformed fold-change (FC) of the corresponding unique combination out of the 7 samples (14 % WT to 100 % WT). Annotated is the Pearsonâ€™s R coefficient and p-value (two-sided analysis) and 95 % confidence interval c) Heatmap of the log2 transformed m6A-GIs (scaled by gene) for 6572 genes of the different samples (merged triplicates). d) Scatter plots of the m6A index of five distinct in vitro transcribed spikes (IS1-5, see Supplementary Table 1) with a defined amount of m6A ranging from 0% m6A (in red) over 7 increasing concentrations to 100% (in black). Linear-modeling and Pearsonâ€™s R determined and p-value (two-sided analysis) for all data points with m6A (black) annotated. Spikes with 0% methylation are plotted in red, and were not taken into account for the linear model.
Source data
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