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Retrotransposon long interspersed nuclear element-1 (LINE-1, L1) constitutes a large proportion of the mammalian genome. A fraction of L1s, which have no deleterious mutations in the structure, can amplify their copies via a process called retrotransposition (RT). RT affects genome stability and gene expression and is involved in the pathogenesis of many hereditary diseases. Measuring expression of RT-capable L1s (rc-L1s) among the hundreds of thousands of non rc-L1s is an essential step to understand the impact of RT. We developed mobile element-originated read enrichment from RNA-seq data (MORE-RNAseq), a pipeline for calculating expression of rc-L1s using manually curated L1 references in humans and mice. MORE-RNAseq allows for quantification of expression levels of overall (sum of the expression of all rc-L1s) and individual rc-L1s with consideration of the genomic context. We applied MORE-RNAseq to publicly available RNA-seq data of human and mouse cancer cell lines from the studies that reported increased L1 expression. We found the significant increase of rc-L1 expressions at the overall level in both inter- and intragenic contexts. We also identified differentially expressed rc-L1s at the locus level, which will be the important candidates for downstream analysis. We also applied our method to young and aged human muscle RNA-seq data with no prior information about L1 expression, and found a significant increase of rc-L1 expression in the aged samples. Our method will contribute to understand the role of rc-L1s in various physiological and pathophysiological conditions using standard RNA-seq data. All scripts are available at https://github.com/molbrain/MORE-RNAseq.
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INTRODUCTION
Long interspersed nuclear element-1 (LINE-1, L1) is the most representative class of retrotransposons in the mammalian genome, representing 17% of the human (Lander et al., 2001) and 19% of the mouse (Waterston and Lindblad-Toh, 2002) genomes. In the human genome, there are more than 600,000 L1 copies, and approximately 5,000 L1s are 6 kb-long, full-length L1s. Full-length L1 includes two protein coding regions called open reading frame 1 (ORF1) and ORF2. ORF1 encodes an RNA-binding protein, and ORF2 encodes a protein that has endonuclease and reverse-transcriptase activities. Among them, approximately 150 L1s harbor no deleterious mutations in the structure (Pickeral et al., 2000; Ostertag and Kazazian, 2001; Kazazian, 2000), and can amplify L1 copies by a process called retrotransposition (RT) (Beck et al., 2011). In humans, the RT capable L1s (rc-L1s) mostly belong to the youngest L1 subfamily, Hs. L1 has evolved in a species-specific manner. In mouse genome, there are more than 9,000 full-length L1 copies. Among them, about 2,800 L1s are considered to be rc-L1s and they composed of several active subfamilies (Sookdeo et al., 2013). Additionally, in mice, there are mouse-specific repeat tandems, called monomers, at the upstream region of the 5′UTR (Adey et al., 1991).
The rc-L1s can autonomously retrotranspose in the mammalian genome. RT affects genome stability, gene structure, and gene expression and is often identified as the cause of many heritable diseases. In addition, the L1 ORFs are required for RT of other classes of retrotransposons, such as Alu and SVA in human. Accumulating evidence further suggests that increased activity of L1s in somatic cells is involved in the aging, inflammation, and pathophysiology of neuropsychiatric disorders (St Laurent et al., 2010; De et al., 2019; Simon et al., 2019; Bundo et al., 2014; Watanabe et al., 2023).
Measuring the activity of rc-L1s is therefore particularly important, and provides the insights into the molecular physiology and pathophysiology of the disease. Typically, qPCR targeting conserved L1 regions was used to quantitate their transcription level. Although convenient, as both a rare fraction of rc-L1s and major fraction of non rc-L1s are amplified together, this method has disadvantages in the specificity and resolution. Several bioinformatic procedures have been developed to assess L1 expression from next-generation sequencing-based data (Jin et al., 2015; Streva et al., 2015; Deininger et al., 2017; Lerat et al., 2017; Criscione et al., 2014; Yang et al., 2019; Ansaloni et al., 2022). Typically, their references of L1s were RepeatMasker data (http://www.repeatmasker.org/). However, lack of detailed curation resulted in reduced accuracy due to the incompleteness of the L1 definition in the database as well as the intrinsic complexity of L1s. For example, full-length L1 entries are often divided into several subregions, and some L1s are not identified in RepeatMasker. In addition, L1s often contain repetitive regions at their 5′ and 3′ ends, such as monomers at the 5′ ends in mice and around polyA signals at the 3′ ends in both human and mouse. Therefore, simple use of L1 entries causes erroneous mapping, such as multimatch and/or false-negative mapping results. In addition, several procedures do not distinguish expression between non-rc-L1s and rc-L1s, or do not estimate expression of rc-L1s at the single locus level. Technically, some procedures involve separate expression analysis of conventional genes and L1s, requiring additional procedures for direct comparison.
To address these shortcomings, we developed mobile element-originated read enrichment from RNA-seq data (MORE-RNAseq), a pipeline for quantitative analysis of rc-L1s. In MORE-RNAseq, sequence reads are mapped to the reference consisting of genes and manually curated rc-L1s. It is applicable to standard human and mouse short-read RNA-seq data with a few simple parameter adjustments and allows for simultaneous quantification of expression of genes and overall or individual rc-L1s.
METHODS
Preparation of the curated L1 reference
Chromosomal locations of rc-L1s in humans and mice were acquired from L1Base 2 (Penzkofer et al., 2017). All L1 sequences were then manually curated, and L1-specific regions were chosen as the references. Repetitive sequence regions such as monomers at 5′termini in mice, conserved poly-A signals and the A stretch at 3′termini were excluded from the L1 reference to avoid artificial results from reads other than L1-originated reads. The curated rc-L1 reference and the gene annotation related to GRCh38/GRCm38 (Ensembl release 102) were included in the MORE references. Intergenic/intragenic annotations of rc-L1 were also based on the same Ensembl data. All information and annotation files are available on GitHub (https://github.com/molbrain/MORE-reference). This study also used the MORE reference as the TE GTFs (option '--TE’) with the GTF of normal genes (option '--GTF’) in TEtranscripts (Jin et al., 2015) analysis.
Implementation of MORE-RNAseq
All scripts in the MORE-RNAseq pipeline and the Dockerfile including required tools are available at the GitHub site (https://github.com/molbrain/MORE-RNAseq). MORE-RNAseq involves a series of steps written by the ZSH (v5.0.2) shell script supported by CentOS7/8/Rocky or other Linux distributions. Some scripts rely on Perl5 (v5.16.3) and Java (v1.8.0), and installation of fastqc (v0.11.8), ea-utils (v1.01), Cutadapt (v1.18), Trimmomatic (v0.38), STAR (v2.6.0c), Samtools (v1.11) and RSEM (v1.3.3) should be required to use MORE-RNAseq. For visualization of the results with our workflow, downloading the relevant packages in the R language (v3.5.1) is needed. The version numbers of each tool shown above in brackets are those we used to develop and verify the pipeline.
Application of MORE-RNAseq
We examined two human RNA-seq datasets [GSE100751 (Ansaloni et al., 2022) and GSE159217 (Penzkofer et al., 2017)] and one mouse RNA-seq dataset [GSE217036 (Guler et al., 2017)] to validate the MORE-RNAseq.
RESULTS
Curation of rc-L1s and the workflow of MORE-RNAseq
We retrieved rc-L1s in humans (N = 146) and mice (N = 2,811) using L1Base 2 (Penzkofer et al., 2017), followed by manual curation of all L1 sequences. Since some L1s are divided into multiple entries with different annotations or are only partially present in RepeatMasker, and given that nearly all rc-L1s are located within repetitive surrounding sequences, the reference regions of rc-L1s were curated and selected carefully (Supplementary Figure S1). For human rc-L1s, we defined the reference region from the 5′termini of the L1 entries to the nearest polyA signal downstream of each ORF2. For mice, we applied a 5′ cutoff at −195 bp upstream of the ORF1 start site to exclude the monomer repeat region and a 3′ cutoff at 665 bp downstream of the ORF2 end to avoid incorrect mapping of reads derived from other repetitive sequences other than L1. The selected L1 sequences are shown in Figure 1A,B. They were compiled into fasta, bed, and gtf format data for MORE-RNAseq, and are available on GitHub at https://github.com/molbrain/MORE-reference. The workflow of MORE-RNAseq is the same as for general RNA-seq analysis, with only the exchange from conventional GTF files for RNA-seq analysis to new GTF files, which include both the curated rc-L1s and general genes (Figure 1C).
[image: Figure 1]FIGURE 1 | MORE reference and MORE-RNAseq workflow. (A,B) Alignment of all rc-L1s (full-length intact L1s) used as MORE references for humans (A) and mice (B). In the plots, all L1s are aligned with the ORF1 start position as zero. The IDs of L1 are the same as L1Base2 entries. The L1 entries required for additional curations are shown by blues (Supplementary Figure S1). (C) The typical workflow of the MORE-RNAseq pipeline. The RNA-seq data in the fastq format from local labs or public data can be used. Quality control was performed on the raw data, followed by removal of adaptor and low-quality reads, and then alignment was performed to the reference genome. After alignment, expression values were calculated corresponding to the GTF data, and a dataset of TPM values was generated as a profile of the transcriptome, including L1s and other genes. The obtained results were imported into R for visualization and statistical analysis.
Case study results
To validate the reliability of MORE-RNAseq, we examined two human RNA-seq datasets [GSE100751 (Guler et al., 2017) and GSE159217 (Lagerwaard et al., 2021)] and one mouse RNA-seq dataset [GSE217036 (Novototskaya-Vlasova et al., 2022)].
First, we examined the GSE100751 data (Figure 2) from a study that reported increased L1 expression in PC9 human cancer cells in response to carboplatin or erlotinib (Guler et al., 2017). In the previous study (Guler et al., 2017), L1 expression was analyzed with Salmon software (Patro et al., 2017) at the L1 subfamily level. We successfully confirmed increased expression of overall rc-L1s (sum of the expression of all rcL1s) by MORE-RNAseq (Figures 2A,E). In addition, we found increased expression in intragenic and intergenic rc-L1s (Figures 2B,F) and identified differentially expressed individual rc-L1s (Figures 2C,D,G,H).
[image: Figure 2]FIGURE 2 | Application of MORE-RNAseq to human RNA-seq data (GSE100751). PC9 cells were treated with carboplatin (A–D) or erlotinib (E–H). (A,E) Increased expression of overall rc-L1s in the carboplatin (P = 0.004 in Welch’s t-test) and erlotinib (P = 0.032) groups compared to the DMSO group. (B,F) Genomic context analysis. Carboplatin treatment led to significantly increased expression of intergenic (P = 0.002) and intragenic (P = 0.005) rc-L1s compared to the DMSO group. Erlotinib led to a significant tendency toward increased expression of intergenic (P = 0.034) and intragenic (P = 0.075) rc-L1s, respectively. (C,G) Volcano plots of rc-L1s. rc-L1s showing P < 0.05 in Welch’s test are indicated in red. (D,H) Heatmaps of differential expression of individual rc-L1s based on normalized values.
We compared the results obtained from MORE-RNAseq with those from TEtranscripts (Jin et al., 2015), one of the widely used tools for quantifying all L1 expressions. In addition to using the default GTF reference file of TEtranscripts, we included the GTF reference file from MORE-RNAseq following the instructions provided. Since the downstream analyses of MORE-RNAseq and TEtranscripts differ, we compared the expected counts. As expected, TEtranscripts detected a significant increase in overall L1 expression levels, as well as rc-L1 expressions, when using the MORE reference (Supplementary Figure S2). Both methods demonstrated high concordance between the expected counts of rc-L1s from MORE and those of all L1s from TEtranscripts (R2 = 0.955). Similarly, a high concordance was observed between the expected counts of rc-L1s from MORE and those from TEtranscripts using the MORE reference (R2 = 0.941).
Previous studies have suggested that L1 expression increases with cellular senescence or tissue aging (De et al., 2019; Lagerwaard et al., 2021; Novototskaya-Vlasova et al., 2022; Patro et al., 2017; Kumari and Jat, 2021). Based on this, we selected skeletal muscle RNA-seq data for young (19–25 years) and old (65–71 years) people (GSE159217) (Lagerwaard et al., 2021), with no prior information about L1 expression. We found that expression of overall rc-L1s was significantly increased in the skeletal muscle cells of older people compared to younger people (Figure 3A). We also found significantly increased expression of both intergenic and intragenic rc-L1s (Figure 3B).
[image: Figure 3]FIGURE 3 | Application of MORE-RNAseq to human skeletal muscle RNA-seq data (GSE159217). (A) Overall rc-L1 expression levels were significantly increased in older skeletal muscle (P = 0.036, Welch’s t-test). (B) Both intergenic (P = 0.041) and intragenic rc-L1s (P = 0.011) showed significant increases.
To verify the applicability of MORE-RNAseq to mouse RNA-seq data, we selected the RNA-seq dataset (GSE217036) from a study that reported increased expression of retroelements, including L1, in 4T1 mouse cancer cells that acquired chemical resistance (4T1R) (Novototskaya-Vlasova et al., 2022). In that study (Novototskaya-Vlasova et al., 2022), L1 expression was analyzed using TEtranscripts (v2.2.3) (Jin et al., 2015). We confirmed the increased expression of overall rc-L1s (Figure 4A), observed elevated levels of both intergenic and intragenic rc-L1s (Figure 4B), and identified differentially expressed individual rc-L1s (Figures 4C,D). Additionally, increased expression was noted at the subfamily level, except for subfamily G (Figure 4E).
[image: Figure 4]FIGURE 4 | Application of MORE-RNAseq to mouse RNA-seq data (GSE217036). Comparison between 4T1 mouse cancer cells and cells with acquired 17-DMAG resistance (4T1R1). (A) Increased expression level of overall rc-L1s in 4T1R1 cells (P < 0.0001 in Welch’s t-test). (B) Genomic comparison. Both intergenic (P = 0.006) and intragenic rc-L1s (P = 0.005) showed significant increases. (C) Volcano plot of individual rc-L1s. rc-L1s showing P < 0.05 in Welch’s t-test are indicated in red. (D) Heatmap of differentially expressed rc-L1s based on normalized values. (E) Expression level at the subfamily level. Subfamilies except G (P = 0.199) showed significantly increased expression of rc-L1s (P < 0.005).
DISCUSSION
Rapid and efficient expression analysis of rc-L1s from massive RNA-seq data is of significance to develop biomarkers and understand the pathophysiology of diseases. By using the curated rc-L1 reference, MORE-RNAseq enables estimation of expression of overall, subfamily, and individual rc-L1s. In our case study, MORE-RNAseq successfully detected increased expression of rc-L1s, including a case without prior information on L1 expression. In addition, genomic context analysis provided insights into the possible molecular mechanisms underlying altered expression of rc-L1s. For example, altered expression at the intergenic level suggests dysregulation of L1 expression mechanisms, whereas altered expression at the intragenic level may involve dysregulation of expression of nearby genes. Analysis of individual rc-L1s will provide important candidates for further biological study. For instance, five individual intragenic rc-L1s were commonly identified in PC9 cells in response to carboplatin or erlotinib (Figure 2). It should be noted that increased expression of overall rc-L1s did not always indicate increased expression of all individual rc-L1s. In our case study, differentially expressed individual rc-L1s showed both directions of change in all cases.
For genomic context analysis, we utilized only intergenic or intragenic information in this study. However, our GTF files and L1-related information consist of detailed annotations based on not only L1s but also locational relationships with nearby genes. Therefore, more precise analysis, such as the consideration of L1 orientation, could be conducted.
In the MORE-RNAseq analysis, we created references using only rc-L1s. Therefore, it is possible that sequence reads from non-rc-L1, such as full-length nonintact L1s, were mapped to the references. However, multimapped reads are processed as expected values by averaging the number of matching sites with STAR and RSEM, and the effect is alleviated. For L1 expression estimation with previous approaches, the sequencing library needs to be constructed with a specific method, and the analytical pipeline also should be adopted accordingly (McKerrow et al., 2023; Linker et al., 2020). Otherwise, MORE-RNAseq will be useful for the majority of currently deposited RNA-seq data, as they do not necessarily contain the specific procedures for making libraries, such as the enrichment of 5′UTR of L1s or the poly-A depending method. For the other detection tools of L1 expression, as-is RepeatMasker entries are employed without curating the divided entries of full-length L1s and/or the monomer regions, causing unsuitable calculations and multimapping. For example, mouse fliL1-ID2022 is the same site as ID2022 on L1Base2, which shows no complete location information because of missed and divided entries by RepeatMasker (http://l1base.charite.de/details.php?DBN=mmflil1_8438&UID=2022). In MORE reference, these have been curated and available for use. Therefore, the MORE reference has advantages, including curated L1 information for analysis.
For our pipeline, we used STAR and RSEM for mapping and read count and R for statistical analyses and visualization, which are independently changeable based on the purpose of the user. It should be noted that some aligners limited the maximum number of mappable reads at one site, making it impossible to estimate expression from multicopy genes or elements. We used STAR as an aligner and set the values of several options as large ones that do not practically limit the computation (--outFilterMultimapNmax 100,000, --outSAMprimaryFlag AllBestScore, and--outSAMmultNmax −1 is our typical settings of STAR for MORE-RNAseq, for example). There are limitations regarding actively expressed non-rc-L1s and population-specific rc-L1s, which merit further attention and analysis. Development of curated reference set and customizable pipeline will present a valuable resource for the scientific community.
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