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Transposable elements (TEs) are mobile genetic elements that constitute a sizeable portion of many eukaryotic
genomes. Through their mobility, they represent a major source of genetic variation, and their activation can cause

genetic instability and has been linked to aging, cancer and neurodegenerative diseases.

chromatin transposable elements DNA

| 1. Introduction

Eukaryotic genomes are historical records of transposable element (TE) integration and mobilization events that
occurred over millions of years. TEs and their remnants (degenerated TE sequences) represent a large fraction of
eukaryotic genomes, constituting approximately half of the human genome. Transposable elements are mostly
repetitive DNA sequences, and as their name indicates, they are capable of moving within the genome. Once
considered “junk” DNA, it is now clear that TEs can both negatively and positively impact their host genomes
(Figure 1A). TEs can threaten genomic stability through their ability to move around the genome; the insertion of a
TE into a coding gene or a gene regulatory element impacts gene structure and expression and can lead to
diseases such as cancer, hemophilia or neurodegenerative disorders (Figure 1B) L2, TEs can also trigger
chromosome deletions, duplications, inversions and translocations through ectopic recombination between TEs
belonging to the same family B! (Figure 1C). TE-driven genomic rearrangements have been responsible for major
genomic expansions, and there is evidence that they have contributed to speciation #IE=I8], |ntact TEs can code for
proteins that allow them to hop within the genome; however, most TE sequences degenerate over time and lose
this ability [l. Nevertheless, they can still play important roles in the host genome. Some have become host cell
genes, a phenomenon known as TE domestication. This is the case of the Syncytin genes involved in placental
development [ (Figure 1A,D). In addition to producing coding transcripts, some TEs can be transcribed to
produce non-coding RNAs. These non-coding RNAs can exert specific biological functions, as is the case of a
transcript produced by the LINE-1 retrotransposon that works as an RNA scaffold during mouse early
developmental stages [ (Figure 1E). Additionally, a growing body of evidence shows that TE sequences have
been co-opted to serve as regulatory elements to host genes. TEs carry cis-regulatory elements that, by
duplication and insertion, can redistribute transcription factor binding sites and alter gene expression patterns.
Epigenomic analyses indicate that a large fraction of mammalian regulatory binding sites (promoters/enhancers)
have been provided by TE-derived sequences (Figure 1F) L1 TE derived cis-regulatory elements can also
influence chromatin architecture by serving as binding sites for CTCF (the CCCTC-binding factor), a sequence-
specific DNA-binding protein that contributes to the establishment of chromatin loops 218l Sometimes, TE

presence itself can regulate host genome expression by modifying chromatin accessibility. For example, TEs can
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act as heterochromatin nucleation centers by inducing the spread of silencing marks from the TE to the adjacent
cis-regulatory elements of host genes, thus inducing their repression (Figure 1G) 4. However, TEs can also

create de novo insulator regions, shielding a gene from heterochromatin expansion and allowing its expression 23]
[16][17]
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Figure 1. Impact of TEs on their host genome. (A) Examples of how TEs can impact genomes. (B) Schematic
representation of a how insertion of a transposable element (TE) into the open reading frame of the coagulation
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factor VIII (F8) gene can induce insertional mutagenesis. This mutation was found in patients with hemophilia LI,
(C) Schematic representation of TE-induced ectopic recombination. (D) An example of TE domestication. Ancient
env genes from ERVs have evolved into syncytin genes, which are involved in placenta formation [&l. Another
example not represented here is that of Ragl and Rag2, which are involved in V(D)J somatic recombination in the
immune system of vertebrates 28, (E) An example of a TE transcript (LINE1) acting as an RNA scaffold for
chromatin regulators and transcription factors. (F) TE sequences carry transcription factor binding sites, and their
insertion can lead to novel gene-regulatory patterns in the host organism. (G) Example of how a TE can modulate
chromatin by inducing the spread of heterochromatin. Abbreviations: E, exon; TE, transposable element; LTR, long
terminal repeat; ORF, open reading frame; UTR, untranslated region; CR, chromatin regulator; TF, transcription

factor.

In summary, TEs, through their capacity to impact gene expression patterns and induce genome instability, are an

important source of genetic variation and a driving force of genomic evolution.

| 2. Classes of Transposable Elements

Transposable elements are broadly classified on the basis of their mechanism of transposition as class | elements
(retrotransposons) and class Il elements (DNA transposons). Class | elements are transcribed into an RNA
intermediate and use reverse transcriptase to form a new copy of their DNA, which is then inserted into the host
genome (copy and paste) (Figure 2A). Class | elements are subdivided, on the basis of the presence or absence
of long terminal repeats (LTRs), into LTR and non-LTR elements (Box 1). For LTR elements, the retrotranscription
occurs in cytoplasmic virus-like particles, and the resulting dsDNA is then imported into the nucleus, where an
integrase inserts it into the host genome. For non-LTR retrotransposons, retrotranscription occurs at the target
locus of the host genome, a process known as ‘target-primed reverse transcription’ 22, Class Il elements encode a
transposase enzyme that excises the parental sequence from a donor site and reintegrates it into another location
in the genome (cut and paste) (Figure 2B). Therefore, in contrast to retrotransposons, they generally do not
accumulate in copy number. However, they have adopted strategies to increase in copy number by transposing
during host DNA synthesis from replicated to unreplicated sites or by taking advantage of the error-prone
homologous recombination repair process 2%, More recently, rolling-circle elements (e.g., Helitrons) have been
identified as a distinct group of abundant DNA transposons that do not replicate via the “cut-and-paste” mechanism
but through a “peel-and-paste” mechanism. It has been hypothesized that the sense strand is “peeled” off, serving

as a template to synthesize a second strand to form a circular double-stranded DNA (dsDNA) intermediate (Figure
2B) 20,
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Figure 2. Schematic representation of the mobilization mechanisms of transposable elements. (A) Schematic
representation of the “copy-and-paste” mobilization mechanism of retrotransposons. Retrotransposons replicate
through an RNA intermediate and a reverse transcription step. LTR retrotransposons produce a double-stranded
DNA (dsDNA) intermediate that integrates into a new locus, whereas non-LTR retrotransposons retrotranscribe
directly at the target locus after cleaving genomic DNA, a process known as ‘target-primed reverse transcription’.
(B) Schematic representation of the “cut-and-paste” and “peel-and-paste” mobilization mechanisms of DNA
transposons. Both mobilization mechanisms require the excision of the transposon DNA from its original locus and
its reintegration into another locus, but the “peel-and-paste” mechanism requires the formation of a circular double-
stranded DNA (dsDNA) intermediate. The mechanism of replication of maverick and crypton elements has not
been determined. (C,D) Classification of eukaryotic transposable elements (as proposed by Wicker et al. [ﬂ]@).
Genetic structures of representative transposable elements from each order. Yellow boxes represent open reading
frames (ORFs), and grey boxes represent non-coding domains. Element lengths are not to scale. Abbreviations:
LTR, long terminal repeat; ORF, open reading frame; UTR, untranslated region; ENV, envelope protein; GAG,
capsid protein; RT, reverse transcriptase; RH, ribonuclease H domain; ITR, inverted terminal repeat; TR, terminal

repeat; EN, endonuclease; YR, tyrosine recombinase; TIR, terminal inverted repeats; Tase, transposase; REP,
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replication initiator; Hel, helicase; C-INT, integrase; ATP, packaging ATPase; CYP, cysteine protease; POL B, DNA

polymerase B.

Independent from their mechanism of amplification, transcription is a crucial step in the replication of all groups of
transposons. In the case of retrotransposons, RNA serves as a template for both the translation of TE proteins and
for reverse transcription. For DNA transposons, transcription allows the expression of the transposase, which is
essential for mobilization. These observations underline the need to fully understand the mechanisms underlying

TE transcriptional regulation.

Box 1. Classification of Transposable Elements.

The classification of TEs is constantly being updated thanks to the development of novel tools that allow for a
more refined TE classification and the discovery of new TE types. Traditionally, TEs have been classified into
two classes on the basis of the DNA or RNA intermediate of their element: retrotransposons (class 1) and DNA
transposons (class 2) (Figure 2A,B). Retrotransposons can be further classified into five orders based on their
structural organization and mechanistic aspects of replication: long terminal repeats (LTRs), long interspersed
nuclear elements (LINES), short interspersed nuclear elements (SINEs), DIRS-like elements (DIRSs) and
Penelope-like elements (PLEs) (Figure 2C). LTR elements are characterized by the presence of 5’ and 3’ non-
coding long terminal repeat sequences that control the expression of retroviral genes. LINEs contain a 5’UTR
and a polyA signal and encode all the proteins necessary for retrotransposition. SINEs are non-autonomous
elements, the retrotransposition of which relies on functions coded by coexisting LINEs. DIRS-like elements
have diverged from the other retrotransposons because they do not possess an integrase (INT) but rather use
a tyrosine recombinase (YR) to integrate in the host genome. PLEs harbor an ORF coding for a protein that
contains reverse transcriptase (RT) and endonuclease (EN) domains. PLEs are absent from mammalian
genomes but can be found in some other eukaryotic genomes, including Drosophila, where they can cause
hybrid dysgenesis syndrome, which is characterized by simultaneous mobilization of several unrelated TE

families in the progeny of crosses involving different strains of the same species.

DNA transposons (class 2) are subdivided into the following orders: terminal inverted repeats (TIRs), Cryptons,
Helitrons and Mavericks (Figure 2D). TIRs are characterized by the presence of terminal inverted repeats
(TIRs) and encode a transposase that mediates excision and integration through binding to TIRs. Cryptons are
simple transposons consisting in a single ORF coding for a tyrosine recombinase (YR). Helitrons code for a
helicase. They replicate via the “peel-and-paste” mechanism by forming a circular double-stranded DNA
(dsDNA) intermediate, earning the name of rolling-circle transposons. Mavericks are large DNA transposons

encoding various proteins, including a DNA polymerase and an integrase.
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