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            Abstract
RNA modifications, such as N6-methyladenosine (m6A), modulate functions of cellular RNA species. However, quantifying differences in RNA modifications has been challenging. Here we develop a computational method, xPore, to identify differential RNA modifications from nanopore direct RNA sequencing (RNA-seq) data. We evaluate our method on transcriptome-wide m6A profiling data, demonstrating that xPore identifies positions of m6A sites at single-base resolution, estimates the fraction of modified RNA species in the cell and quantifies the differential modification rate across conditions. We apply xPore to direct RNA-seq data from six cell lines and multiple myeloma patient samples without a matched control sample and find that many m6A sites are preserved across cell types, whereas a subset exhibit significant differences in their modification rates. Our results show that RNA modifications can be identified from direct RNA-seq data with high accuracy, enabling analysis of differential modifications and expression from a single high-throughput experiment.
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                    Fig. 1: Schematic workflow: quantification of RNA modifications from direct RNA-seq data using xPore.[image: ]


Fig. 2: Detection of m6A sites in the human transcriptome.[image: ]


Fig. 3: xPore modification-rate estimates correspond to the fraction of modified RNA species in the cell.[image: ]


Fig. 4: Transcriptome-wide identification of differentially modified positions.[image: ]


Fig. 5: Identification of m6A sites across different tissues and cell lines.[image: ]


Fig. 6: Identification of m6A in clinical samples using direct RNA-seq.[image: ]
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                Data availability

              
              All data generated in this study are publicly available through the ENA (PRJEB40872). Here we used the following samples: HEK293T METTL3-KO cells (three replicates); HEK293T WT cells (three replicates); HEK293T METTL3-KD cells (three replicates); HEK293T KD control WT cells (three replicates); HEK293T WT–KO mixture, 100% modified (three replicates); HEK293T WT–KO mixture, 75% modified (four replicates); HEK293T WT–KO mixture, 50% modified (four replicates); HEK293T WT–KO mixture, 20% modified (four replicates); HEK293T WT–KO mixture, 0% modified (three replicates); multiple myeloma patient samples (three patient samples).

              In addition, we used direct RNA-seq data from the SG-NEx project33, which are available at https://github.com/GoekeLab/sg-nex-data and https://www.ebi.ac.uk/ena/browser/view/PRJEB44348.

              Preprocessed files for all samples are available at https://doi.org/10.5281/zenodo.4604945 for SG-NEx data and https://doi.org/10.5281/zenodo.4587661 for the other samples, which can be directly used to identify differential RNA modifications with xPore. The list of all samples can be found in Supplementary Data 7.

              Samples from the three patients with myeloma were obtained after informed consent. The use of these samples for research was approved by the Domain Specific Review Board in Singapore.

            

Code availability

              
              Our implementation in Python is available at https://github.com/GoekeLab/xpore. xPore’s documentation is available at https://xpore.readthedocs.io.
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