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Transposable elements (TEs) are mobile DNA sequences that can jump from one genomic locus to another and
that have colonized the genomes of all living organisms. While TE mobilization is an important source of genomic
innovations that greatly contribute to the host species evolution, it is also a major threat to genome integrity that

can lead to pathologies.

transposable elements endogenous retroviruses horizontal transfer

| 1. Introduction

Transposable elements (TEs) are DNA sequences that can move and multiply within the genome by transposition.
They were discovered by Barbara McClintock in the maize genome in 1950 [2l. Since then, TEs have been found in
all living organisms in which they have been searched for. The TE community is still debating whether there are
organisms without TE sequences in their genome. Their amplification within genomes leads to the formation of
families of repeated sequences that can be present, for some of them, in thousands of copies spread in all
chromosomes. They are currently classified in two categories [&: (i) class | elements, also referred to as
retrotransposons, that transpose through a copy-and-paste mechanism, and (ii) class Il elements, referred to as
DNA transposons, that transpose through a cut-and-paste mechanism (excision and re-insertion at a new locus).
TE transposition is a major source of genetic instability, especially through chromosome breakages and insertions
that result in mutations, ectopic recombination, and genomic rearrangements. To preserve genome integrity, TE
mobilization is strictly controlled by several elaborate defense mechanisms, such as silencing strategies based on
KRAB zinc-finger proteins, small RNAs, DNA methylation, and chromatin modifications [BI4IRIBI7 Moreover, most
transposon sequences accumulate mutations that do not allow them to produce the proteins required for their
transposition and that may ultimately lead to elimination of all active copies of that mobile element in a population.
The combined actions of silencing, mutations, and elimination should result in the complete elimination of TEs from
the genome. Yet, TEs represent a large part of the genome in all organisms (prokaryotes, unicellular and
multicellular eukaryotes), ranging from 3% in yeast to 85% in maize [&. Indeed, it is assumed that TE movement
and accumulation are an important source of genomic and epigenomic variations that strongly influence the
species evolution and adaptation to changing environments BRI However, it remains unclear how TEs
persist in the genome, reach such high proportions, and expand in all living species, while transposition is strictly

controlled.

2. Genome Invasion by Transposable Elements: Strategies
for Effective Spreading
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2.1. Horizontal Transfer: TE Propagation between Species

A major step in understanding how TEs might persist over time was the discovery that some TEs can colonize
“naive” genomes through horizontal transfer (HT). HT is the transmission of genetic material between closely or
distantly related organisms in the absence of reproduction. These events permit the acquisition of exogenous
genetic material and, therefore, are responsible for the appearance of genetic novelties. The first evidence of HT
involving TEs (Horizontal Transposon Transfer, HTT) in eukaryotes was the HT and subsequent invasion by the P-
element, a DNA transposon, between two fruit fly species (i.e., from Drosophila willistoni to Drosophila
melanogaster). P-elements rapidly spread through natural populations of D. melanogaster between 1950 and
1980, and all flies collected in the wild after 1980 have P-elements, unlike laboratory strains derived from flies
collected before 1950 [L3I14I151116] The p-element in the D. melanogaster genome differs by only one nucleotide
from that in the D. willistoni genome. This demonstrated that the P-element found in D. willistoni was transferred to
D. melanogaster some time before 1950. Currently, the number of fully sequenced genomes is sufficiently high to
reveal that HTT is a widespread phenomenon in metazoans. For instance, more than 500 putative HTT events
have been described between Drosophila species [17. In insects, HTT is not an anecdotic event because up to
24% of all nucleotides of insect genomes might come from HTTs 4. The same authors showed that DNA
transposons transfer horizontally more frequently than retrotransposons. These findings indicate that HTT is a
fundamental mechanism implicated in eukaryotic genome evolution. It allows TEs to bypass the host silencing

machinery by introduction into naive species that have not yet adapted to silence new TEs.

TE mobility and replication characteristics may facilitate the invasion and integration into the host genome.
However, the precise mechanisms by which TEs can be shuttled between organisms and the nature of the
potential vectors remain speculative (Figure 1 panel 1). It has been suggested that host—parasite interactions favor
HTT. For instance, the P-elements could have been transmitted from D. willistoni to D. melanogaster thanks to the
mite Proctolaelaps regalis 18, During feeding by piercing and sucking the fly eggs and larvae, this mite might
transmit genetic material (e.g., DNA transposons) from one fly to another. Insects, such as wasps or the
hemipteran Rhodnius prolixus, that feed on the blood of mammals, birds, and reptiles might be involved in HT as
vectors (reviewed in 19). Bacteria and viruses also might be interesting vectors of HTT between species. Indeed,
their capacity to transfer DNA and recombine with the host genome might allow them to transport various TE
sequences from host to host. Gilbert et al. analyzed 21 genomes of a baculovirus population and demonstrated
that a substantial number of TEs from the infected host can transpose into the baculovirus genome 29 The
discovery of a retroposon sequence (Short Interspersed Nucleotide Element, SINE) and its flanking regions coming
from the genome of a West African snake (Echis ocellatus) in the genome of the taterapox virus (TATV) is another
piece of evidence that viruses are frequently used as vectors for HTT 1. Wolbachia is an intracellular parasitic
bacterium that infects mainly arthropod species and also some nematodes. This bacterium transfers vertically and
horizontally between species and can also transit from cell to cell and infect the host germ cells. Interestingly, many
gene transfer events have been detected between Drosophila and Wolbachia, suggesting that this bacterium is a
good candidate vector for HTT between arthropods 2223 As a final example, it has been proposed that
nematodes may be both great vectors for HTT but also serve as TE reservoirs 24, Nematodes are ubiquitous

organisms and the geographical proximity with many different species increased their chance to participate either
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as a donor or as a recipient in HTT events. In line with that, many horizontal transfer events involving TEs have
been reported to occur between nematodes and unrelated organisms. Future phylogenetic studies will probably
reveal many other HTT events involving many different mechanisms and vectors. Combined with geographical and
ecological data, these findings will help to unravel the complex and dynamic network of gene transfer and HTT that
break down taxon boundaries, and to determine the contribution of ancient HTT events to the evolution of different
organisms.
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Figure 1. Strategies for effective spreading of transposable elements in the Drosophila genome. Transposable
elements (TE), DNA transposons and LTR and non-LTR retrotransposons, can colonize “naive” genomes through
horizontal transfer (panel 1). This may occur via vectors (e.g., parasites, viruses, and bacteria) that transfer genetic
content from one organism to another. It has also been proposed that LTR retrotransposons (ERV) can form
pseudo-viral particles with infectious properties. Then, invading TEs need to reach the host’s germline (panel 2) for
vertical transmission to the progeny. To this end, TE sequences (excised DNA or RNA for retrotransposons) might
circulate in the blood or be transported to germ cells by intra-organism vectors (viruses, bacteria).
Retrotransposons can hijack pre-existing cell pathways, such as the vitellogenin trafficking (ZAM), Gurken (/-
element) or Oskar (TAHRE) pathways, to transfer their RNA to germ cells. LTR-retrotransposons (ERV), through
the formation of infectious pseudo-viral particles, might also be transferred between cells and/or circulate through
extracellular fluids to reach the host's germline. Extracellular vesicles have also been proposed to be efficient
vectors for transferring TEs between host cells The last step for efficient invasion requires transposition in germ
cells (panel 3) that allows or not (in function of the cell type) the TE transmission and propagation in the specie.
GSC = Germinal Stem Cells, PGC = Primordial Germ Cells.

2.2. Spread within an Organism and Vertical Transfer to Descendants

2.2.1. Germ Cell Invasion: A Life or Death Issue

After invasion of an organism, TEs must then reach the host’s germ cells, the only cells whose genetic material will
be transmitted to the offspring (vertical transmission) (Figure 1 panel 2). Indeed, if transposition occurs only in
somatic cells, the horizontally transferred TEs will die with the host and will never spread within that species.
Therefore, successful HTT requires the TE integration into the germ cell genome. Although germline and soma are
well distinct cell types in animals, HTT is not rare in complex multicellular eukaryotes, showing that genetic material
is transferred from soma to germline. It is still unknown when and in which cells during germ cell development TEs
transpose and integrate the germline genome after HTT. Indeed, TE sequences must circulate in the body to reach
the germline. They may be transported by their own pseudo-viral particles or by vectors, such as Wolbachia
bacteria, or even in the form of free RNA or DNA [23]. DNA and RNA molecules can circulate in the extracellular
body fluids, such as blood, plasma, lymph, saliva, or milk [28. |t has also been proposed that extracellular vesicles
(EVs) could be efficient vectors for transferring TEs between host cells 4. EVs, such as exosomes or
microvesicles, are cell-derived vesicles that deliver biological molecules between different cells and cell types in
organisms 28 LINE1 retrotransposon RNAs have been detected in EVs isolated from cells expressing LINE1
active elements, and these EVs can then deliver LINE1 RNA to recipient cells. Thus, EVs could deliver

retrotransposon RNA to neighboring and distant cells, potentially permitting germ cell invasion.

Once the TE reaches the germ cells, transposition into the germ cell genome is the next critical step to ensure its
inheritance. It is important to note that gonads are made of different cell types and that transposition can occur at
different stages of gametogenesis and in the different cell types (Figure 1 panel 3). The consequences of
transposition depend on the type of gonad cells in which transposition occurs. For instance, in Drosophila embryos,

Primordial Germ Cells (PGCs) give rise to all Germinal Stem Cells (GSCs) present in adult gonads. In adults,
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GSCs divide asymmetrically to produce one daughter GSC and one cystoblast. The cystoblast begins to
differentiate and undergoes four rounds of mitotic divisions to form a cyst of 16 germinal cells. Most of them
become nurse cells and only one will differentiate into the future oocyte. The oocyte is the only germ cell that will
progress through meiosis and will be fertilized. Nurse cells do not transfer their genetic content to the progeny.
Consequently, transposition in nurse cells is not expected to be beneficial to the TE. However, these cells show a
high level of polyploidy and produce huge RNA quantities. For TEs, nurse cell invasion could be an intermediate
and suitable strategy to reach the oocyte, especially if they transpose through an RNA intermediate, as
retrotransposons do. Once inserted in the DNA of nurse cells, TEs might be expressed and produce a huge
qguantity of RNA that will then be transmitted to the oocyte when nurse cells dump their content into the oocyte. In
agreement, the I-element (a Drosophila retrotransposon) is expressed only in nurse cells and then /-element RNA
transits to the oocyte to integrate its genome 22, The RNAs of other TEs (HMS-Beagle, 3518, Blood, Max,
TAHRE, Burdock, and HeT-A) also can target the oocyte [2220B1] TEs have developed a variety of strategies to
optimize their transfer to specific target cells, such as the oocyte, particularly by hijacking pre-existing pathways in
the host organism. For instance, I-elements target the oocyte nucleus by exploiting the host transport machinery of
gurken mRNA B2 |-element transcripts contain a small loop of secondary structure that resembles a structure
present in gurken mRNA. This loop represents a consensus signal for targeting RNAs to the oocyte nucleus by
dynein-mediated transport. Similarly, TAHRE transcripts migrate to the oocyte germ plasm by mimicking oskar
RNAs and engaging the Staufen-dependent active transport machinery B9, Once in the oocyte, TE RNA can be
reverse transcribed before integration in the oocyte DNA. However, the highly condensed oocyte genome makes
transposition events difficult and unlikely in this cell type. Yet, RNAs present in the ooplasm are transmitted to the
embryo. Thus, transposition can also occur in the embryo, particularly in its PGCs. TE integration in the embryo
PGCs is particularly advantageous because the new insertions will be inherited by the next generation through the
myriad of gametes produced. For example, P-elements can transpose to PGCs in embryos and in GSCs in adult

ovaries, and this could explain their rapid propagation in D. melanogaster populations 231,

2.2.2. Last Step for an Efficient Invasion: Transposition and Fixation in Target Cells

Transposition in the germ cell genome is crucial for TE propagation in a population because it allows the vertical
transmission of new insertions. However, the transposition rate is very low. For example, 107 transposition events
per TE copy per generation occur in Drosophila natural and laboratory populations [B4IE3IS6] - Although the
transposition rate can be higher in conditions of environmental or genomic stress, this is not sufficient to explain
how genome invasion is quickly observed after HTT. According to the model proposed by Le Rouzic and Capy,
following invasion by HT, an initial transposition burst occurs BZ that leads to TE accumulation in the genome
before the induction of an adaptive response by the host to control transposition. Unfortunately, it is almost
impossible to observe transposition bursts in real time because they can be very fast. However, the rapid invasion
of P-elements in natural D. melanogaster populations following HTT strongly suggests that the rate of P-element
transposition must have been very high at one point. Interestingly, Kofler and al. have demonstrated that D.
simulans populations that are at their starting point of P-element invasion have a high P-element transposition rate
during the first time of invasion B8, A similar observation has been made analyzing the transposition dynamics of

the mariner DNA transposon after its introduction into D. melanogaster populations containing no active mariner
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391 The high transposition rate of the introduced mariner element leads to the invasion of the population and the
colonization of the genome. Finally, by artificially introducing TEs in naive species to mimic HTT, it has been
demonstrated that the introduction of DNA transposons (e.g., Tc1, hAT, and PiggyBag) in the genome of species
that belong to different kingdoms or domains of life leads to high transposition rates that depend on the TE class
and expression pattern 2%, |t is important to note that the capacity to transpose may vary among TEs. As an
example, it has been proposed that the great success of DNA transposons to transfer horizontally compared to
retrotransposons could be explained by their “blurry promoters” 21 Actually, DNA transposon expression shows
very low dependence on host factors; these TEs are more broadly expressed in diverse organisms allowing them
to transpose in a large panel of hosts. Another explanation could be that DNA intermediate molecules of DNA

transposons are more stable than RNA intermediate molecules used for retrotransposon transposition.

At the end, TEs that can invade genomes are certainly those that can implement an efficient invasion strategy and
transposition mechanisms. Moreover, insertions that are neutral or that increase the host fithess have higher
chances to be fixed in a population 2. However, a quantitative population genetics model showed that a TE may
persist as long as its deleterious effect on the host is lower than the advantage of transposition explaining that even
TEs with negative fitness effects may spread in populations 431441,

This led to the conclusion that selective pressure is exerted on TEs during the first steps of invasion, depending on
their burst capacity and the effect of TE insertions on population fithess. However, there is a “common advantage”
for both host and TEs in limiting massive transposition in the whole organism. In fact, transposition in somatic cells
can be deleterious by creating detrimental mutations that lead to the host death and concomitantly to the TE
disappearance. From this point of view, TEs resemble viruses: they must multiply and spread, but the host also
must survive. It has been hypothesized that several TEs, such as the P-element and the I-element, have
developed the ability to be expressed only in germ cells 424811471 This avoids the deleterious effects of mutations
in somatic cells and ensures the transmission of new TE insertions to the progeny. However, transposition in germ
cells could also have dangerous outcomes because these mutations are inheritable. Transposition in PGCs (the
precursors of all germ cells) is certainly very efficient for TE invasion, but it is highly risky. Indeed, germline
transpositions may induce infertility and also deleterious inheritable pathology-causing mutations that potentially
endanger the species’ survival. One of the best described deleterious effects of TE transposition in the germline
concerns the massive mobilization of TEs that might have contributed to the extinction of Wrangel island
mammoths. This small population of mammoths accumulated a large number of detrimental mutations, including
deletions and point mutations, and also many TE sequences. This suggests high TE activity in the mammoth
germline that led to a very high number of heritable mutations. This high transposition rate in the germline may

have contributed, with other factors, to the extinction of this small endangered population 48,

Therefore, TE transposition must be controlled in all cell types to limit its negative effects on the host and its
progeny. On the other hand, a too strict control can cause the TE loss from the host genome and deprive the
organism of an important source of genetic diversity. For example, Spermophilus tridecemlineatus is a rodent in
which transposon activity has declined over at least 4 million years. Its genome does not harbor any recent TE,

Long Interspersed Nucleotide Element (LINE), SINE, retrotransposon with long terminal repeats (LTR), or DNA
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transposon activity. Moreover, no functional TE copy is found in the genome of this species because all harbor a
huge number of mutations. This is explained by the strong TE silencing, leading to complete inhibition of TE
mobilization “9. To be conserved in a genome, a minimum of transposition is required. Interestingly, in several
eukaryotes, temporary relaxation of the TE silencing machinery has been observed in the germline and its
associated cells. For instance, during Drosophila early oogenesis, there is a short spatiotemporal window when the
piRNA pathway seems to be less efficient and at least some TEs might escape the host control. It has been
proposed that this window, termed the ‘Piwiless pocket’, allows the insertion of new TEs in the developing germline
genome BABLB2 |n mammals, transient TE relaxation during germ cell development has been observed mainly
during epigenetic reprogramming periods BI53l - Specifically, during the first wave of global reprograming that
occurs following fertilization, 10% of the transcriptome in 2-cell stage mouse embryos is made of specific TE
transcripts, including transcripts from the MuERYV retroelement 241531561 The second reprogramming wave occurs
in PGCs of the developing mouse embryo. Although no general transcriptional burst has been observed for TEs at
this step, some specific TE transcripts (i.e., LINE1 transcripts) are overrepresented 23 reviewed in BZ. The
presence of such spatiotemporal windows during germline development in which TE control is weaker could help to
explain the very successful genome invasion by TEs. Once settled in the germline genome, new TE insertions are

then vertically transmitted, like any other DNA sequence.

2.3. Retrotransposons: A Formidable Capacity of Propagation
2.3.1. Retrotransposons Can Do Intercellular Transposition

Retrotransposons have evolved in a variety of organisms, from protozoa to humans, and display outstanding
capacities of rapid invasion and propagation. There are two types of retrotransposons: with and without LTR. Non-
LTR retrotransposons lack LTR and have generally two open reading frames of which one encodes a reverse
transcriptase and an endonuclease. SINEs do not encode a functional reverse transcriptase and are non-
autonomous elements because their transposition relies on enzymes encoded by other non-LTR retrotransposons:
the LINEs. Thus, SINEs cannot colonize a naive genome after HT if the genome does not have a corresponding

element for trans-complementation.

The other retrotransposon group: LTR retrotransposons. LTR retrotransposons resemble retroviral proviruses.
Indeed, they have LTRs at each extremity and open reading frames equivalent to the gag and pol genes. Gag
encodes a structural protein involved in the formation of virus-like particles. Pol encodes proteins that are
necessary for transposition mechanisms: an integrase, a RNase H, a protease, and a reverse transcriptase. Some
LTR retrotransposons also harbor the envelope gene (env) that encodes a viral surface glycoprotein, and they are
called endogenous retroviruses (ERV). ERVs are assumed to be derived from past retroviral infections that have
been integrated as permanent residents in host genomes. Like retroviruses, most ERVs can form virus-like
particles (VLP). The Env protein interacts with target host cell receptors and allows the fusion of the VLP with the
target cell membrane and ERV propagation between cells. ERVs make up approximatively 10% of the mouse, rat,

and human genomes and they have been extensively studied in Drosophila 8. In the Drosophila genome, many
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ERVs copies are present, such as the very diverse Gypsy-like elements including ZAM for instance. These TEs

can form VLPs and infect neighboring cells 581591,

2.3.2. Horizontal Transfer of Retrotransposons: Do They Really Need Vectors?

It has been hypothesized that VLPs produced by ERVs can propagate between organisms, like retrovirus particles,
without vectors (Figure 1 panel 1). In this case, these particles could be infectious. VLPs of the Gyspy ERV have
been found as extracellular particles in the medium in which D. melanogaster follicular cells were cultured. This
means that Gypsy VLPs are secreted by cells 89, Moreover, these VLPs can infect cultured cells belonging to
another Drosophila species: Drosophila hydei. Interestingly, a recent study showed that Gypsy also transits
between cells that are not in contact 81, Furthermore, experiments in which flies were grown on medium
containing crushed pupae that produced Gypsy VLPs suggested a possible HTT via food: these flies became
infected by Gypsy [62. Once transmitted to a new individual by HTT, retrotransposons could use their retroviral
properties to propagate between cells and through body fluids to reach the germline, ensuring their spread in that

species.

2.3.3. Drosophila Germ Cell Invasion by Retrotransposons

Most TEs can insert in the germline by being active directly in these cells. On the other hand, ERVs do not seem to
be expressed in germ cells. In Drosophila ovaries, when the pathway regulating TEs is abolished in all cell types,
ERVs are only expressed in a patch of somatic cells that are called follicular cells and that surround germ cells 63
[64][65](66][67][68] |ndeed, as described for gene transcription, TE transcription requires transcription factors that are
present in specific cell subsets B9 For instance, ZAM retrotransposon expression requires the presence of
Pointed 2, a transcription factor only expressed in a patch of follicular cells 29, This means that ERV RNAs are not
produced directly in germ cells and that transposition into the germ cell genome requires ERV transmission from
somatic cells. VLPs formed in the producing somatic cells could infect germ cells via the Env transmembrane
protein, but other routes could also be used (Figure 1 panel 2). For instance, the 412 element can infect germ
cells, although it does not encode Env 1. This retrotransposon might use the Env protein encoded by another
ERV for germ cell infection. Moreover, the ZAM ERV encodes an Env protein, but it reaches germ cells by usurping
the endosome/exosome pathway in Drosophila ovaries for VLP transfer to the oocyte B9, This route is normally
employed for vitellogenin release and uptake by germ cells. It is not known whether ZAM also uses its Env protein
to transit to germ cells. The detection of many new ZAM insertions in the progeny of flies in which ZAM is
derepressed in somatic follicular cells indicates that after VLP transfer, ZAM can insert into the germ cells genome
[72[73], Therefore, this mechanism of propagation, using transfer from somatic to germ cells, is an efficient way to
spread in a population. This suggests that ERVs expressed in somatic cells close to germ cells might create
particles that infect the germline or might use a more passive mechanism to reach germ cells for insertion in the

genome and vertical transmission.

It is clear that even if most ERVs are not expressed in the germline, they have many strategies for efficient

propagation. Thanks to their capacity of intercellular and potentially inter-organism transfers, ERVs seem
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particularly well suited to efficiently propagate in an organism, to its descendants, and also to other species. This

could explain why retrotransposons occupy such an important place in eukaryote genomes &,
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