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研究成果の概要（和文）：我々は、異なる病原体の感染に伴って発現が上昇する転移因子について検証した。こ
れらの病原性特異的サブファミリーは、多くが霊長類進化の前段階でゲノムに挿入さた転移因子であることがわ
かった。さらに、若いLTR配列の多くが誤ってアノテーションされていたため、系統解析を行うことで、より高
精度のアノテーションを得た。

研究成果の概要（英文）：We examined transposable elements that were up-regulated upon the infection 
of different pathogens. We identified many LTR subfamilies that were significantly activated 
following Salmonella infection; we found another set of LTR subfamilies that were activated 
following influenza infection. These pathogen-specific subfamilies were mostly integrated before 
primates during evolution. 
After we look into the candidate TE subfamilies, we found that many instances from these subfamilies
 were mis-annotated. We then performed the phylogenetic analysis to re-annotate instances from 
relatively young subfamilies. In the end, we validated that the new annotation that we achieved have
 a high sequence, epigenetics, and functional specificity validated by using the massive parallel 
reporter assay.
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  ２版

令和

研究成果の学術的意義や社会的意義
We revealled many pathogen specific TE subfamilies indicating their potential important functions 
during infection. We also found many young subfamilies were misannotated. We then proposed a new 
classification and annotation approach, which is key to resolve the role of TEs played during 
infection.

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 

Microbial pathogens are first detected by the innate immune system after they breach physical and chemical 

barriers, and then alter adaptive immunity to the presence of infection. Transposable elements (TEs) are 

interspersed repetitive sequences that cover a large fraction of numerous mammalian genomes. TEs have 

expanded the repertoire of transcription factor binding sites in mammalian genomes and, through this 

process, have been co-opted in various transcriptional networks, including the immune related pathways 

(Bourque et al. 2018; Chuong, Elde, and Feschotte 2016). On the other hand, TE transcription, especially 

endogenous retroviruses, were drastically upregulated in human immune cells upon pathogen infection. 

Although it remains unclear how and whether TEs were upregulated consistently upon different pathogens.  

    TE instances were annotated as a subfamily mainly through the sequence homology between genomic 

sequences and curated TE consensus sequences. As we known, many TE instances were mis-annotated due 

to the similarity between closely related subfamilies and the evolutionary complexity within the subfamily. 

Although most studies on TE functionality still relied on the current problematic TE annotation files. We 

hypothesized that the phylogenetic relationships should be used to achieve a proper classification and 

annotation of TEs.   

２．研究の目的 

In this project, we proposed to first analyze the transcriptomic data in human macrophages before and after 

infection with different pathogens to identify common and pathogen-specific upregulated TEs. We also 

aimed to develop a novel approach to improve TE classification and annotation in the human genome and 

to further dissect the function of TEs upon pathogen infection.   

３．研究の方法 

To identify common and pathogen-specific upregulated TEs upon infection, we first downloaded the single-

end RNA-seq data in human macrophages before and after infection with different pathogens, including 

Salmonella bacteria (SRA:SRP074274) and influenza virus (H1N1) (EBI:EGAC00001000250) (Nédélec 

et al. 2016; Aracena et al. 2024). We then ran TEtranscripts to quantify the TE expression level at the 

subfamily-level for all samples with the aligned BAM file as the input with the TE and gene annotation 

files. After we merged the count tables of all samples, we then used the DEseq2 tool to identify the 

differentially expressed subfamilies (|log2FC| >1 and log10(padj) >3) analysis before and after infection. 

Candidate subfamilies were kept and compared between pathogens. 

To re-annotate the TE subfamilies, we first downloaded the TE annotation files from the 

Repeatmasker database, and then retrieved the sequences of TE instances using BEDtools. We then 

performed the phylogenetic analysis for each subfamily using MAFFT, PRANK, trimAL, IQ-TREE2 and 

other tools. We then clustered the TE consensus sequences (Repbase) using Cytoscape tool for the network 

analysis and subfamilies with similar consensus sequences were categorized into a subfamily group. After 



we determined and obtained the clusters per subfamily based on the evolutionary tree and internal branch 

lengths, we further re-constructed the rooted tree including all cluster consensus sequences from the same 

subfamily group. In the end, TE instances from the clusters with amongst the top branch lengths to others 

were grouped as the new subfamilies. We then performed the lentiMPRA experiment to experimentally 

validate the new subfamilies have a higher specificity compared to the originally annotated subfamily. 

４．研究成果 

Using the RNA sequencing (RNA-seq) data in human macrophages during Salmonella infection, we 

identified 542 and 30 subfamilies that were significantly upregulated and downregulated after infection, 

respectively (Figure 1A). To examine whether the expression of these subfamilies was also changed upon 

the infection with other pathogens, we then performed the comparative analysis with the expression change 

during influenza infection (Chen et al. 2023). In the end, we identified 90, 16 and 36 subfamilies that were 

upregulated upon Salmonella, influenza, and both pathogens, respectively (Figure 1B).  

When we look at the annotation of LTR subfamilies we previously identified, we found that many 

sequences may be mis-annotated based on the distribution of divergence rates relative to the consensus 

sequences. We developed a new approach based on the phylogenetic analysis to re-annotate the sequences 

from the young LTR subfamilies (Figure 2A). To validate it, we picked MER11A/B/C subfamilies as 

examples and the sequences from these subfamilies were classified into four reconstituted MER11 new 

subfamilies, including MER11_G1/G2/G3/G4. We next functionally validated our new approach by 

looking at the regulatory potential and motifs in MER11_G1/G2/G3/G4 new subfamilies using MPRA 

experiment (Figure 2B). After that, we applied it to a total of 53 originally annotated subfamilies and 

successfully grouped them into 75 new subfamilies, which showed an increased transcription factor 

binding specificity.   

Figure 1. TE expression changes during pathogen infection. (A) TE expression changes during 

Salmonella infection. (B) Comparison of the upregulated subfamilies after the infection with 

Salmonella and influenza infection. Top candidate pathogen-specific subfamilies were labeled. 
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