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Abstract: Transposable elements (TEs) are ubiquitous genetic elements, able to jump from one
location of the genome to another, in all organisms. For this reason, on the one hand, TEs can
induce deleterious mutations, causing dysfunction, disease and even lethality in individuals. On
the other hand, TEs can increase genetic variability, making populations better equipped to respond
adaptively to environmental change. To counteract the deleterious effects of TEs, organisms have
evolved strategies to avoid their activation. However, their mobilization does occur. Usually,
TEs are maintained silent through several mechanisms, but they can be reactivated during certain
developmental windows. Moreover, TEs can become de-repressed because of drastic changes in the
external environment. Here, we describe the ‘double life’ of TEs, being both ‘parasites’ and ‘symbionts’
of the genome. We also argue that the transposition of TEs contributes to two important evolutionary
processes: the temporal dynamic of evolution and the induction of genetic variability. Finally, we
discuss how the interplay between two TE-dependent phenomena, insertional mutagenesis and
epigenetic plasticity, plays a role in the process of evolution.
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1. Introduction

The history of the evolutionary thought is an exciting story. Although the Darwinian
theory of evolution by natural selection is now commonly accepted, it is still rich in
implications and facets that define all its possible mechanisms. One point of debate is
the temporal dynamic of evolution. Evidence suggests that evolution is continuous, yet it
does not proceed at a constant speed. This notion is supported, on the one hand, by the
presence of species that have remained substantially unchanged over millions of years,
and on the other hand, by cases of rapid evolution. Additionally, from a paleontological
point of view, evolution is evidenced by the abrupt appearance of new variants, followed
by stasis, before a new explosion of life forms emerge again [1–7]. This concept was
originally proposed by Cuvier in the 1790s [8], and subsequently re-elaborated [9–11] in
the theory of punctuated equilibrium [12,13]. This view, applied to a biological scale, is not
strictly consistent with neo-Darwinism. Instead, the hypothesis by McClintock [14], that
the production of new species occurs by ‘saltation generation’, fully falls within this idea.
According to McClintock’s theory, transposable elements (TEs), jumping from one part of
the genome to another, create mutations that increase genetic variability and eventually
induce morphological alterations that allow adaptation to environmental change.

TEs belong to several families, which differ in structure and in the modality of trans-
position. TEs make up about half of the human genome, and about 85% of the maize
genome [15,16]. There are several types of TEs [17,18] but they can be divided into two
major classes, depending on the mechanism of transposition. Class I contains the so-
called retrotransposons elements, which move via reverse-transcribed RNA sequences that
integrate into the genome. They are represented by long terminal repeat/endogenous
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retrovirus (LTR/ERV) elements, non-LTR retrotransposons (such as long interspersed
nuclear elements or LINEs) and non-autonomous elements (such as short interspersed
nuclear elements or SINEs). Class II elements mobilize via a DNA intermediate, either by
a cut-and-paste mechanism, catalyzed by transposase enzymes, or by rolling-circle DNA
replication (helitrons) [19], or by other unknown mechanisms (polinton/mavericks) [20].
This class also includes non-autonomous TEs, such as truncated DNA transposons and
miniature inverted-repeat TEs (MITEs) [17,21] (Figure 1). The presence of transposons
within genomes is dynamic [22–24]. TEs tend to increase in number via transposition but
can also accumulate mutations, leading to their extinction. However, TEs are widespread in
the genome of all organisms. This is because at least some TEs remain active and maintain
the capacity to invade new species through horizontal transfer [25,26].
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Figure 1. Schematic representation of the different mechanisms of transposition. Generally, TEs
can be distinguished in two major classes on the basis of their mechanism of transposition: active
eukaryotic Class I (retrotransposons) and active eukaryotic Class II (DNA transposons). Additionally,
TEs can be divided into autonomous and non-autonomous. (a) Class I (retrotransposons) require
RNA transcription to be able to move to different genome locations. They encode for a reverse
transcriptase enzyme that uses the transcript as a template to produce a cDNA sequence that reinserts
randomly into a new genomic site. This is the so-called “copy and paste” mechanism. Autonomous
Class I RNA transposons encode all proteins necessary for moving. They include long terminal
repeats/endogenous retroviruses (LTR/ERV; e.g., the yeast Ty element) and non-LTR retrotransposons
such as the long interspersed nuclear elements or LINEs (e.g., human L1). LTR-retrotransposons
contain two long terminal repeats (LTRs, grey arrows) and genes encoding for functional proteins,
such as Gag (group-specific antigen), Pol (reverse transcriptase), Int (integrase) and Prt (protease). The
non-LTR retrotransposons also contain genes encoding for enzymes required for transposition but
lack LTRs. Instead, they have two open reading frames flanked by a 5′ and a 3′ untranslated region
(UTR). Generally, these TEs mobilize by a target-site primed reverse transcription (TPRT) mechanism.
After the hydrolysis of one strand of DNA at a new insertion site, the 3′OH end of this strand is used
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to prime the reverse transcription of a new LINE cDNA by the reverse transcriptase encoded by
the element. Subsequently, hydrolysis of the second DNA strand releasing a 3′OH end that primes
replication of the second strand of the LINE cDNA. Finally, the integrase completes the insertion.
(b) Non-autonomous retrotransposons rely on “true” (autonomous) retrotransposon activity for
mobility. For example, SINE elements (like Alu) have an internal promoter for RNA polymerase III
flanked by a 5′ and a 3′ UTR but lack genes encoding enzymes required for transposition. SINEs
use the same TPRT mechanism to transpose, but they must borrow the necessary activity from
LINE to insert. (c) Class II (DNA transposons) encode the protein transposase (TPase) flanked by
terminal inverted repeats (TIRs). TPases are responsible for removing and inserting TEs in a new
genomic location according to two different mechanisms. One is the so-called “cut and paste” or
“non-replicative pathway” mechanism through which a TE is excised from its locus and reinserted
at another site. The second is the “replicative pathway” in which a TE is copied, and the copy is
relocated, leaving behind the original.

2. TEs as Parasites of the Genome

The transposition of TEs can be deleterious for the host, as this can induce gene mu-
tation by insertional mutagenesis and chromosomal rearrangements [18,27–30]. TEs that
move with a cut-and-paste mechanism can generate frame shift mutations by inserting
into coding sequences or by causing small deletions through imprecise excision. Addition-
ally, TEs can induce chromosomal inversions or large deletions/duplications, following
recombination between different copies of the same element. Furthermore, more com-
plex chromosomal rearrangements can result from alternative transposition events when
complementary TE ends from separate TEs form a hybrid element on sister chromatids.
This mechanism could produce a dicentric chromosome and an acentric fragment [27,31].
For this reason, TEs have been considered genomic parasites that exploit the host machin-
ery for their maintenance and propagation. In line with their parasitic origin and selfish
behavior, TEs have long been associated with mutant phenotypes and diseases, in both
humans and animals. For example, hybrid dysgenesis is a complex syndrome, discovered
in Drosophila [32,33], and caused by the mobilization of P-elements in crosses between
males that carry these TEs and females that lack them. This syndrome is characterized by
germline abnormalities, frequent mutations, and chromosome breakages. However, these
abnormalities are not seen in the reciprocal crosses because of the presence of a ‘cytoplasmic
factor’ in the female germline that prevents TEs’ mobilization.

De novo germline TE insertions that disrupt normal gene function have been implicated
in more than one hundred human inherited diseases [34,35] (Figure 2a). For instance, LINE-
1 retrotransposons are, themselves, responsible for at least 25 reported cases of human
illness, including Duchenne muscular dystrophy, hemophilia B, β-thalassemia trait, and
chronic granulomatous disease [36]. LINE-1 retrotransposition can disrupt coding exons
or occur into introns [37], which may induce exon skipping or mis-splicing and lead to
the generation of null or hypomorphic alleles. As an example, a SINE-VNTR-Alu (SVA)
insertion into the fukutin gene results in abnormal splicing and in the development of
Fukuyama muscular dystrophy (FCMD). Fukutin is a putative transmembrane protein
localized to the cis-Golgi compartment and found at high levels in skeletal muscle, the
heart and brain [38]. Additionally, some evidence suggests an intricate association between
TEs de-repression and ageing [39–41]. Indeed, the weakening of defense mechanisms with
age contributes to the de-repression of retrotransposons and, thus, to several age-related
diseases [42,43]. Evidence suggests that retroelements can reactivate in senescent cells, with
direct repercussions on longevity [44]. A clear demonstration comes from Sirt-6-deficient
mice and flies, showing greatly improved longevity after Nucleoside Reverse Transcriptase
Enzyme Inhibitor (NRTI) treatment [45].
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Figure 2. TEs as ‘molecular parasites’ or ‘functional symbionts’. As ‘molecular parasites’ TEs
can produce a variety of detrimental effects on the host genome. (a) The insertion of TEs within
coding exons can cause frame shift mutations disrupting protein sequence and function. (b) TEs can
cause genomic instability being the substrate for chromosome rearrangements, such as duplications,
deletions, inversions and translocations. (c) The insertions of TEs in regulatory stretches such as in
5′ or 3′ regions or introns can cause epigenetic modifications resulting in inappropriate activation
or repression of gene expression. The co-option of TEs by the host genome may generate new
regulatory signals or coding sequences. This process is referred to as ‘molecular domestication’.
(d) TEs may contribute new enhancer sequences for transcription factors (grey circle) changing the
spatial/temporal regulation of gene expression. (e) After the loss of telomerase, retrotransposons
can actively participate in the maintenance of telomeres. Three non-LTR families, HeT-A, TAHRE,
and TART form a head-to-tail array. They express Gag and Reverse Transcriptase proteins that are
necessary for the elongation of telomeres. (f) TEs can contribute to the maintenance of genome
architecture by providing binding sites for the CTCF protein that is responsible for establishing
“topologically associated domains” (TADs). “Created with BioRender tool. https://app.biorender.
com/” (accesed on 8 February 2022).

The mobility of TEs can induce genomic instability [34,46–48] (Figure 2b). In somatic
cells, both transposition and TE-mediated inter- and intra-chromosomal rearrangements
appear casually linked to several types of cancer [35,49–54]. Possibly, the human DNA
transposon Tigger 1 is the cause of a new deletion/insertion mutation in the BRCA-1 gene,
related to cancers of the breast and ovaries. An excision event of Tigger 1 would have
caused the deletion of some nucleotides in the BRCA-1 gene that have become incorporated
into the sequence of the terminal inverted repeats (TIRs) of the transposon [49]. In Hodgkin
Lymphoma cell lines, the pro-inflammatory factor IRF5 is upregulated, following the acti-
vation of an LTR-IRF5 chimeric transcript. This can give rise to a singular mechanism of
oncogene activation, named “onco-exaptation”, widely studied in cancer [51]. Interestingly,
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Human endogenous retroviruses (HERVs) seem involved in the remodeling of transcrip-
tional networks. For example, the upregulation of the oncogenes ETV1 and CSF1R causes
prostate cancer and glioblastoma, respectively. These effects allegedly depend upon HERV
LTR producing chromosomal rearrangements in the former and cis promoter activation in
the latter [53]. In addition, mutations of p53, a protein involved in cellular stress responses
and apoptosis, can lead to transposition and to genomic instability in cancerous cells [55].

3. TEs as Symbionts within the Host Genome

As mentioned above, transposons can modify gene expression and impact regulatory
networks through their insertion into functioning genes. However, the majority of new
TE insertions are not harmful and are not selected against. Thus, they may persist in a
population as polymorphisms, and genetic drift may drive a subset of them to become
common alleles or to becoming fixed in a species.

There is growing evidence that TEs are inducers of biodiversity, having acquired
important functions during evolution [56,57]. In this context, transposons can also be
considered ‘symbionts’ of the genome.

3.1. TEs and New Regulatory Programs

TEs can act at various levels: gene, chromatin and chromosomal. For example, the host
organism can benefit from abrupt new regulatory programs, emerging from new integration
events that provide additional enhancers, alternative promoters, silencers [56,58–63] or the
creation of new exons that add useful functions to gene products [64–68] (Figure 2c,d).

In the last few years, evidence has shown that TEs display the hallmark of active
regulatory elements [69–73]. In fact, if, on the one hand, transposons are a source of disease,
on the other hand, they are also the source of numerous and valuable regulatory sequences,
recruited by “molecular domestication” [74,75]. These sequences have facilitated the
evolution of further complexity in the regulation of transcription, and as such, components
with contradictory effects may be involved. For example, the tumor suppressor p53 protein
is responsive to DNA damage and cell stress signals, mainly through its transcription
factor activity. Many p53 DNA-binding sites are highly enriched in ERV-LTR elements
that impact the expression of p53 target genes and seem to contribute to the generation of
species–specific regulatory networks [76]. In the fungal plant pathogen Zymoseptoria tritici,
the insertion of TEs can create different patterns of expression of gene clusters engaged in
melanin biosynthesis, through the formation of new epialleles [77]. The DNA transposon
mPing, recently detected in several rice strains, is another interesting example of a TE acting
as a master gene regulator. Preferentially, mPing targets the 5′-region of genes and is able
to increase gene expression under conditions of stress [78]. This demonstrates that TEs
can create new regulatory networks upon insertion, but can also modulate such networks
in response to environmental stress. Tail loss in hominids and apes was mediated by the
insertion of a single Alu element into the intron of the TBXT (Brachyury) gene, which, with
a copy already present in the opposite orientation, resulted in the formation of a hairpin
and an event of alternative junction [79,80].

In a long-term evolutionary perspective, TE-sequences reactivation (exaptation or
co-option) could bring about advantages to the host, becoming coding and non-coding
exapted TEs. More recently, genome sequencing is contributing new insights, facilitating
the identification of exapted TEs that bring benefit to the host [81]. In fact, in addition
to providing cis-regulatory elements, TEs can contribute to the production of a wide
range of non-coding regulatory RNA transcripts, such as microRNAs (miRNAs) [82,83]
and long non-coding RNAs (lncRNAs), which can modulate gene expression in cis or in
trans [84,85]. For example, TE-derived ncRNAs have been coopted in the regulation and
development of adaptive immunity, of the nervous system, and of the mammalian placenta.
Indeed, some envelope glycoprotein-encoding (env) genes of Endogenous Retroviruses (ERV)
have undergone a process of positive selection in different mammalian lineages, which
has led to the expression of the syncytin 1 and 2 genes, essential to the formation of the
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syncytiotrophoblast during placenta development [86]. The lncRNA LincGET and lnc-RoR,
were derived from the MERV-L and the HERV-RoR loci, respectively. They both have a
function as recruiters of transcription factors (TFs), involved in maintaining the pluripotent
state of embryonic stem cells (ESC) in mice [87]. Novel insights on TFs’ occupancy and
their ability to activate TEs, have provided interesting correlations between the co-option
process of TEs and their impact on the regulation of gene expression of the host [88]. Often,
TEs contain binding sites for TFs, through which they can recruit lineage-specific targets
and regulate gene expression in specific tissues [89].

3.2. TEs and New Epigenetic Landscapes

TEs can also alter the epigenetic landscape. New insertions may cause local changes in
DNA methylation or histone tail modifications, eventually affecting gene expression [90–93].
For example, in a recent study, Noshay et al. showed that in maize, the insertion of TEs
into active regions of the genome is associated with an increased mutation load and ab-
normal histone tail modifications [94]. In fact, Slotkin and Martienssen have demonstrated
that methylation of DNA and histone tail alterations, two classical marks of constitutive
heterochromatin, suppress the activity of TEs [95]. These processes involve chromatin
remodeling factors, such as KRAB-zinc finger proteins (KZFPs) in mammals [96–98] and
DDM1 in plants [99]. The epigenetic silencing of TEs, by RNA-directed DNA methylation
(RdDM), can expand to the promoter of neighboring genes and suppress their expres-
sion [100]. For instance, in the genome of maize, the transposon-mediated epigenetic
downregulation of ZmNAC111, encoding for a widely expressed transcription factor, causes
diminished resistance to drought [101]. Conversely, mutations in genes required to intro-
duce ‘repressive’ histone tail modifications can lead to a significant reactivation of TEs,
as evidenced in mice by a mutated SUV39 gene encoding for a H3K9 (histone 3 lysine 9)
methyltransferase [90]. Another interesting example of an interaction between TEs and
chromatin modifications has been discovered in mice, where polymorphic copies of B2
SINEs serve as a boundary element that can modulate chromatin modifications and gene
expression [102] (Figure 2c).

In the context of the symbiotic interaction between host and TEs, it has been argued
that much of the adaptive epigenetic flexibility arose because of the need for eukaryotic
genomes to control and domesticate parasitic TEs [103]. Evidence from epigenomic data
suggests that some TE families have contributed to the evolution of tissue-specific gene
regulatory networks in several contexts, such as early development [59,104–107], organo-
genesis [108–110], immunity [111], placentation [61] and pregnancy [60]. A good example
in this regard is the DNA transposon (Class II TEs) MER20, which contains binding sites
for various TFs, and chromatin signatures, associated with functional regulatory elements.
MER20 was found associated with more than 1500 differentially expressed genes in the
stromal cells of the endometrium across eutherian mammals. Moreover, it is thought to
have re-modelled the gene regulatory network of the placenta in endometrial cells [60].
Evidence that the host utilizes genes derived from TEs to develop new tissues or organs
comes, for example, from the conserved PEG10. This is a paternally expressed imprinted
gene that is highly conserved across mammals and that has a variety of functions, among
which is contributing to the development of the placenta. PEG10 is thought to be derived
from a Ty3/Gypsy LTR retrotransposon [112]. Remarkably, Pax6 an evolutionary conserved
“master control” gene that regulates the morphogenesis of the eye, seems to have inherited
its paired domain (a DNA binding region) from an ancestral transposase [113]. Gage and
collaborators have shown, both in the developing brain and in adult hippocampal neuroge-
nesis, that active LINE-1 transposons, causing somatic mosaicism, could be essential for
generating the complexity of the brain [114–116]. Furthermore, LINE-1 retrotransposition
events have been documented in cultured mouse neuronal progenitor cells, and a higher
number of copies of LINE-1 were found in adult human brains than in other tissues. These
results suggest that LINE-1 may play a role in neuronal plasticity [117,118]. Indeed, the
LINE-1 promoter becomes activated when neural precursors differentiate into neurons
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and glia, whereas in stem cells, both neural transcription factors and epigenetic modifica-
tions repress the activity of TEs. This repression decreases with differentiation [117,119].
Interestingly, specific insertions in genes important for neural function have also been iden-
tified in the brain of D. melanogaster [120]. This finding supports the attractive hypothesis
that transposition may be a conserved mechanism for neuronal plasticity, in response to
environmental signals [114].

3.3. TEs and Chromosome Structure

TEs and derived sequences comprise 22% of the D. melanogaster genome [121] and
roughly half of the human genome [122]. They reside primarily in heterochromatic (repres-
sive chromatin) regions in diverse species, from flies [123] to plants [124].

There are several ways in which transposable elements may have contributed to the
formation of heterochromatin. First, by gene silencing [125]. Heterochromatin proteins
can recognize and silence transposon arrays when located in euchromatin (active chro-
matin) [126]. Therefore, the heterochromatin may have evolved through a progressive
expansion of domains, rich in transposable elements.

Furthermore, it has been suggested that the first step leading to the formation and
degeneration of the Y chromosome was the accumulation of transposable elements in one
of two autosomes, then evolved into sex chromosomes. In flies, the neo-Y chromosome
accumulated several insertion elements, especially retrotransposons, accounting for the
gradual transformation of euchromatin in heterochromatin [127–129].

TEs actively contribute to the formation and function of centromeres and telom-
eres. Both structures are essential for chromosome function and genome integrity. The
centromere is crucial for the segregation of chromosomes at cell division; telomeres are
required for preventing chromosome shortening following replication (Figure 2e).

The telomeres of D. melanogaster consist of three TEs, located at the chromosome ends:
healing transposon (HeT-A), telomere associated retrotransposon (TART), and telomere associated
and HeT-A related (TAHRE); collectively, they are known as the “HTT array” [130–136].
These non-LTR retroelements transpose, specifically, to chromosome ends, where they are
present as tandem arrays [137,138]. In flies, the stability of the telomeres is regulated by
specific proteins, among which are HOAP and HIPHOP, belonging to the telomere capping
complex [139,140]. Another important factor is Heterochromatin Protein 1 (HP1). HP1
binds to telomeric DNA, thus, participating in telomere capping [141]. Additionally, by
interacting with methylated histone 3 at lysine 9 (H3-MeK9), it contributes to the elongation
of telomeres and to the transcriptional repression of telomeric sequences [142]. In some
Drosophila species, telomeres can carry degenerate elements unable to transpose. In such
species, the stability of the telomeres is orchestrated by additional mechanisms. For instance,
in D. virilis, the HeT-A transposon carries within the 3′-UTR a chimeric element, Uvir, that
contains a pol coding sequence from Jockey, a LINE retrotransposon [143]. Uvir was the first
recombinant element found in D. virilis telomeres and, as shown by genetic studies, its
continued presence suggests recombination between telomeric arrays.

In plant genomes, TEs are not randomly distributed [144]. In rice (Oryza sativa),
sorghum (Sorghum bicolor) and maize, LTRs are mainly located in heterochromatic cen-
tromeric regions, whereas DNA transposons are preferentially sited in telomeric por-
tions [145,146]. Indeed, studies in plants suggest that recombination and rolling circle
replication, mechanisms through which some DNA transposons can mobilize, may func-
tion as methods of alternative lengthening of telomere (ALT), in cases where there is loss of
telomerase activity [147].

TEs also seem to be important in centromeric function. Most eukaryotes, includ-
ing Drosophila [148], humans [149], and maize [150], have centromeres of variable size
and sequence but all consisting of long tandem arrays of short repeats (satellite DNA,
satDNA) and mobile elements, which probably contribute to their establishment and main-
tenance [129,148,151,152]. In the centromeres of A. thaliana, the internal satellite arrays are
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interspersed with retrotransposons, while the external pericentromeric region is enriched
with DNA transposons [153].

Interestingly, in Drosophila, the telomeric transposons Het-A and TART are localized
also in the centromeric heterochromatin of the Y chromosome, suggesting that centromeres
may have derived from telomeric sequences [154,155]. More generally, sequence homolo-
gies between satDNA and transposons/retrotransposons have been identified in several
species, which raises the possibility that satellite repeats may originate from mobile ele-
ments. For instance, in many Drosophila species the abundant Minime elements contain
two internal proto-microsatellite regions, one of which can expand into long microsatellite
repeats [156], such as those found in satDNA.

In addition to contributing novelty in gene function, regulatory networks, and chromo-
some structure, TEs have been involved in the generation of chromosome rearrangements
that change the organization and the architecture of the genome [157,158].

Ectopic recombination between repeated DNA sequences has been implicated in
the generation of inversions in diverse organisms, such as yeast [159], humans [160] and
Drosophila. In D. buzzatii, there is a clear example of chromosome reshuffling, in the form of
a wide inversion on chromosome 2, generated by recombination between opposite-oriented
copies of the Galileo TE [158,161].

Recently, a growing number of studies have highlighted that the activity of TEs may be
involved in shaping 3D chromosome structure [162]. For example, TEs of diverse families
have a role in the establishment and maintenance of insulator boundaries, between so-
called “topologically associated domains” (TADs) [163,164] (Figure 2f). The boundaries
play a structural role in preventing the spread of heterochromatin marks to transcriptionally
active regions [165,166]. Studies in mouse and human embryonic stem cells (mESC and
hESC), using Hi-C analysis [167] (a technique for studying the spatial organization of
chromatin), have shown that the boundary regions of TADs are enriched in SINE Alu
retrotransposons [163]. In addition, Murine Endogenous Retroviral Elements (MERVL),
which can preferentially integrate at TADs boundaries, have been shown to drive chromatin
organization during zygotic genome activation in mammals [168].

Following transposition, an increase in copy number of transposable elements can re-
sult in a significant expansion in the size of the genome, over a relatively short evolutionary
time. For instance, the genome of maize doubled during the last few million years [169].

In some cases, structural changes, such as inversions, resulting from the activity of TEs,
can pose reproductive barriers among individuals of the same species in relatively short
time and lead to speciation [151]. The P-element-mediated hybrid dysgenesis, described
above, is a notable example [32,33].

4. Regulation of the Transposition of TEs

Summarizing, on the one hand, TEs can induce deleterious mutations, causing dys-
function, disease and even lethality in individuals. On the other hand, TEs can increase
genetic variability, affording to populations a better adaptive response to environmental
change. For this double effect, TEs can be considered at the same time ‘parasites’ and
‘symbionts’ of the genome, according to the modulation of their activity at the cellular level.

To counteract the deleterious effects of TEs, organisms have evolved strategies to avoid
their activation and mobilization. Epigenetic mechanisms for suppressing TE mobilization
are mainly based on RNA silencing and are highly conserved in eukaryotes [170]. Small non-
coding RNAs (sncRNAs) degrade cytoplasmic RNA by post-transcriptional gene silencing
(PTGS). Furthermore, TEs can be repressed by the formation of heterochromatin [171].

In the Drosophila germline, transposable elements and other repetitive sequences are
repressed by Piwi-interacting RNAs (piRNAs) [172,173] (Figure 3a), whose expression is
mediated by the heat shock 90 (HSP90) protein [174]. Importantly, in Drosophila mutants
defective for piRNA biogenesis, p53 is constitutively active. Further confirmation comes
from the findings that TAHRE elements, known targets of piRNAs, are strongly upregulated
in the ovaries of p53-null flies but not in transgenic flies, whose p53 activity is rescued [175].
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Additionally, the ovaries of Drosophila and zebrafish p53 mutants show up-regulation of
Idefix, Burdock, and Gypsy retroelements. These data suggest that the repression of retro-
transposition requires the interaction between p53 and piRNA pathways [176].
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Figure 3. Regulation of TEs in germline and soma under standard and stress conditions. (a) Stepwise
model of transcriptional silencing guided by Piwi-interacting RNAs (piRNAs). In the germline of
Drosophila the silencing of TEs is guided by specific, small RNAs organized in piRNA clusters enriched
in TE sequences. At the core of the pathway is the piRNA-induced silencing complex (pi-RISC) that
consists of a single-stranded piRNA bound to a Piwi family protein. Piwi (light green) can guide the
transcriptional silencing of TEs through direct assembly of the complex at heterochromatin target
sites. Drosophila harbors three Piwi-like proteins: Piwi, Aubergine (Aub, orange), and Argonaute
3 (Ago3, dark green), which, guided by piRNAs, silence TEs post-transcriptionally (in addition
to transcriptional silencing referred to above) through homology-dependent cleavage. Anti-sense
TE sequences are exported from the nucleus and processed into smaller fragments by Aub before
being loaded into Ago3. The resulting piRNA–Ago3 complexes cleave newly antisense piRNA
precursors from clusters loaded into Aub to produce anti-sense piRNAs, resulting in a “ping-pong”
amplification cycle. Additionally, Aub–piRNA complexes can bind TE transcripts and repress
their translation directly. (b) In the soma the repression of TEs is mediated predominantly by the
small interfering RNA (siRNA) pathway. siRNA precursors form short hairpin structures before
being processed and incorporated into the RNA-induced silencing complex (RISC). Once a siRNA
binds to its target TE mRNA, it induces the cleavage of such an mRNA by RISC. Other silencing
mechanisms involve chromatin remodeling. Several inhibitory marks, such as DNA methylation and
histone methylation and deacetylation play an important role in repressing the mobilization of TEs.
These epigenetic modifications may be passed on by dividing cells from one generation to the next.
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(c) When individuals When individuals are exposed to drastic environmental changes, they may
experience stress-induced (re)activation of TEs. Epigenetic mechanisms like DNA methylation,
histone modifications, expression of non-coding RNAs (ncRNAs) seem particularly relevant for
this phenomenon. Additionally, environmental stress, such as heat shock, can induce de-repression
of TEs by inducing the disruption of RISC through the action of the inducible Hsp70 chaperone,
which targets the complex to the lysosome. The generalized reactivation of TEs can generate genome
instability leading to higher risk of disease when occurring in somatic cells and to infertility when
arising in germ cells. However, in the latter it brings about increased genetic variability also, which is
key for an adaptive response to extreme environmental change.

In the somatic cells of flies, small interfering RNAs (siRNA) are main players in the
repression of transposons via the direct RNA interference (RNAi) mechanism (Figure 3b).
As demonstrated by Ghildiyal et al., some endo-siRNAs, most probably derived from
exogenous double-stranded RNA (dsRNA), can silence TEs through the synergistic action
of the ribonucleases Dicer-2 and Argonaute 2 (Ago2) [177].

In A. thaliana, retrotransposons are inactivated by DNA methylation, following an
increase in their copy number. In fact, in ddm DNA methylation mutants TEs are reacti-
vated [178,179]. Such an outcome (reactivation of retroelements due to the lack of DNA
methylation) occurs also in mice, suggesting that this mechanism may have evolved as a
basic defense to prevent the harmful activity of mobile elements [90,180–182].

In the human genome, LINE-1 elements are the most abundant family of transposons.
As for other elements and other organisms, LINE-1 are silenced through the concerted action
of several mechanisms, amongst which are the piRNA pathway, DNA methylation and
histone modifications [183]. For instance, MORC1, encoded by the founder member of the
Morc gene family Morc1 [184], represses LINE1 (and IAP retrotransposons) via modulation
of DNA methylation [181,185].

APOBEC (Apolipoprotein B mRNA Editing Catalytic Polypeptide-like) proteins con-
trol LINE-1 integration [186,187], although the mechanism is not fully understood [188].
The Microprocessor complex (Drosha/DGCR8), a nuclear complex implicated in microRNA
(miRNA) biosynthesis, restraints LINE-1 abundance through cleavage-dependent degrada-
tion [189,190]. The longevity-regulating protein SIRT6 intervenes also by binding to LINE-1
promoters and mono-ADP ribosylating the nuclear corepressor protein KRAB-associated
protein 1 (KAP1), causing chromatin compaction. Under conditions of stress, SIRT6 relo-
cates to DNA damage sites, removing an important obstacle to LINE-1 mobilization [191].
Additionally, some of these pathways mediate the deposition of chromatin modification
marks, mostly histone tail modifications, such as H3K9- and H4K20-trimethylation [90,192],
causing further silencing.

Although TEs are maintained silent through these mechanisms, they can reactivate
under some conditions. For example, studies have shown that some TEs become highly
expressed during short temporal windows of germline development. Perhaps, the cycles
of replication occurring in these cells could lead to TE mobilization. This also raises the
possibility that TE transcripts, produced at these specific stages, may play a cellular role
during early development [193].

In the Drosophila germline, TEs are transcribed, but the piRNA pathway blocks their
activity post-transcriptionally. Conversely, we know little about relaxation of silencing that
may occur during embryonic, larval, and pupal development. Marie et al. reported that
P-element repression might be occasionally relaxed due to incomplete silencing, established
in embryonic germ cells and stably maintained throughout development [194]. Beside
such early de-repression, a spatiotemporal window, named the “PiwiLess Pocket” (Pilp),
exists in the dividing cysts of adult ovaries, during which TEs can escape silencing from
the host [193].

De-repression of TEs can occur because of external changes (Figure 3c). McClintock
discussed the phenomenon of TE activation and transposition during stress, suggesting that,
as a result, rearranged genomes may induce the formation of new species [14]. Evidence
shows that some TEs are expressed and/or mobilized under stress [191,195–201]. TEs are
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known to be expressed in response to biotic factors, such as competition, predation and
parasitism [202–204], and abiotic factors, such as heat shock, DNA damage, UV radiation,
climate, and chemical compounds [205–214].

Several studies have identified molecular mechanisms that cause the activation of TEs
under stress. As mentioned above, while LINE1s are silenced by SIRT6 under normal con-
ditions, under stress, this protein relocates to DNA damage sites, providing an opportunity
for activation [191].

Under conditions of stress, the insertion of TEs is often associated with upregulation
of nearby genes [215]. In the mouse genome, the chaperone heat-shock protein HSP90
forms a complex with KAP1 that binds to ERVs. Following stress, the function of the
HSP90–KAP1 complex is compromised and, as a result, ERVs located in gene regulatory
regions drive the expression of nearby genes [199]. In Drosophila germ cells, heat shock
increases the expression of TEs, mainly at the post-transcriptional level, by affecting piRNA
biogenesis through the action of the HSP70 chaperone. The interaction of HSP70 with the
HSC70-HSP90 complex and other factors induces their displacement to the lysosome and
their degradation, resulting in the decrease in piRNA biogenesis [216].

5. Environmental Stress and Evolution

As predicted by Barbara McClintock, TEs are not only able to clarify some aspects
of the temporal dynamics of evolution. Additionally, they can also explain how genetic
variability, which is necessary for the adaptation of living organisms to a changing environ-
ment, is produced. In a changing environment, organisms are faced with three possibilities:
to move to a different geographic area, to adapt to the different environmental condi-
tions [217] or to become extinct. Adaptation to new environments can occur either through
phenotypic plasticity or through induction of genetic variability. In both cases, the resulting
phenotypes must pass the sieve of natural selection. Phenotypic plasticity is defined as the
ability for a genotype to express several phenotypes, according to different environmen-
tal cues [218,219]. Plastic responses represent the initial morphological, physiological or
behavioral answer to environmental change [220], but to be adaptive, the ability to give
plastic responses has to be transmitted. Evolutionary responses occur across generations,
and the rate at which populations can evolve depends on the strength of selection and on
the amount of genetic variation [221].

Several reports highlight the role of TEs in inducing genetic variability and adap-
tation [222–225]. Recently, a new evolutionary mechanism has been proposed within a
Darwinian framework. It is based on the ability of the environment to induce genetic
variability through the expression and mobilization of TEs, following stress [198,226]. This
model results from experiments aimed at verifying the validity of Conrad Waddington’s
theory of “canalization and assimilation” [227–229], reviewed and revisited in [230–233].
Waddington tried to explain how a population could inherit a trait acquired in response to
an environmental stimulus, without falling into a Lamarckian scenario. He introduced the
concept of “epigenetic landscape” where organisms (exemplified as spheres/cells), glide
through valleys and ridges, following a random trajectory that he defined a “creode”, a
“necessary path”. Trajectories indicate the set of phenotypes that a given genotype can
produce when exposed to different environments during development. Such a theory is
based on the idea of pre-existing cryptic genetic variability within populations, kept hidden
by the robustness of the developmental processes (canalization), through a buffer system,
later identified as the HSP90 chaperone [234]. However, such a cryptic variability would
manifest itself following specific environmental conditions. Waddington exposed Drosophila
flies at the pupal stage to heat shock. He observed that some individuals, once adults,
showed morphological anomalies of the posterior veins of the wing, thus, simulating the
“crossveinless” mutation. The explanation, under a phylogenetic and ontogenetic scenario
of the epigenetic landscape theory, is that the presence of a selective pressure would favor
one trajectory over the others, allowing the expression of a new phenotypes. Subsequently,
Waddington heat shocked pupae at every generation and selected individuals with the
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same morphological anomalies. Eventually, he obtained individuals with the wing anomaly
also in the absence of heat shock. His interpretation was that the expression of this character,
and not the character itself (because it was already present), had been fixed in the genotype,
through a mechanism that he named “genetic assimilation” [228,229].

Recently, a different explanation of the results by Waddington has been proposed.
Individuals from natural populations of Drosophila that were subject to heat stress as
pupae, as done by Waddington, often presented morphological anomalies when adults.
In principle, these variants could represent epigenetic modifications or genetic mutations.
Epigenetic modifications follow heat shock and change the activation status of genes,
inducing phenocopies. However, among the variants discovered, some of them continued
to manifest and to be transmitted across generations, even in the absence of stress, showing
to be true mutations. When characterized molecularly, they appeared to be caused by the
insertion of transposons into coding genes. The concomitant appearance of phenocopies
and true mutations with the same phenotype is interpreted as a process of co-selection or
pseudo-assimilation of genetic variants [198]. There is a correlation between the insurgence
of epigenetic modifications and transposition [235]. Thus, the phenomenon of co-selection
between phenocopies and true mutations with the same phenotype is probably more
frequent than one may imagine at first. Indeed, not only TEs can modify the epigenetic
landscape at the insertion site with repercussions on gene expression and the production of
a phenocopy. Additionally, changes in chromatin can create preferential capture site for
TEs, inducing new mutations.

Importantly, such mechanisms allow correlating environmental stresses with HSP-
mediated activation of TEs, resulting in the generation of genetic variability that underlies
evolution [198]. To explain: in Drosophila, HSP70 is stress-inducible and plays a key role in
protecting individuals and populations. It does so by increasing cell survival throughout
its chaperone function [236], but also by increasing the frequency of mutations in the
germline [216,226]. The induction of HSP70, following stress, is precisely regulated. The
transcription of the Hsp70 gene is activated by heat-shock factors (HSFs) that recognize
unfolded proteins in the cells [237–240]. However, transcription becomes rapidly attenuated
when stress conditions decline, to mitigate the influence that HSP70 has on cell growth and
division [241,242]. Therefore, it is conceivable that the transcription of Hsp70 recapitulates
the environmental stress that organisms experience [243,244]. Once produced, HSP70
interacts with HSP90 “distracting” it from its piwi-RNAs regulatory function and allowing
TE expression [216]. It follows that the severity of the stress, which is reflected by the level
of expression of HSP70, modulates the consequent activation of TEs.

This is a well-documented example of how environmental change can drive the
insurgence of genetic variability, specifically, by hitchhiking the complex regulation of
HSPs and inducing a relaxation in the repression of TEs. Despite such a mechanism being
demonstrated in Drosophila, limited to laboratory conditions, currently, many laboratories,
including ours, are testing this phenomenon in natural populations of Drosophila and
in additional species. These investigations are important and timely and will help us
understand the effects that environmental change may have on natural populations.

6. Conclusions

Transposons modify the architecture of genomes and influence evolutionary processes.
The fine balance in their repression and activation affects both the temporal dynamics of
evolution and the production of genetic variability. At the level of populations, it appears
that TEs may become more active when it is advantageous to increase genetic variability;
that is, when the environmental changes are such that the previous adaptations are no
longer effective [222]. In principle, the TE-mediated stress response is not only adaptive,
but also evolvable [245]. In fact, only populations capable of modulating the intensity of the
response to environmental conditions would be positively selected and will be resistant to
extinction. Populations that give too weak or too high a response would succumb, because
they would not be able to induce sufficient genetic variability (the former) or because
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they will be overwhelmed by excessive mutagenesis (the latter) [226]. We speculate that
the ability of TEs to increase genetic variability, by causing mutation, following harsh
environmental conditions, may be a common phenomenon across species. If proven true,
one interesting evolutionary consequence would be that several genetic diseases found in
human populations may be considered collateral damage [246] that falls on individuals,
because of a mechanism that has evolved to protect species from extinction.
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129. Meštrović, N.; Mravinac, B.; Pavlek, M.; Vojvoda-Zeljko, T.; Satovic, E.; Plohl, M. Structural and functional liaisons between

transposable elements and satellite DNAs. Chromosome Res. 2015, 23, 583–596. [CrossRef]
130. Traverse, K.L.; Pardue, M.L. A spontaneously opened ring chromosome of Drosophila melanogaster has acq-uired He-T DNA

sequences at both new telomeres. Proc. Natl. Acad. Sci. USA 1988, 85, 8116–8120. [CrossRef]
131. Biessmann, H.; Carter, S.B.; Mason, J.M. Chromosome ends in Drosophila without telomeric DNA sequences. Proc. Natl. Acad.

Sci. USA 1990, 87, 1758–1761. [CrossRef] [PubMed]
132. Sheen, F.M.; Levis, R.W. Transposition of the LINE-like retrotransposon TART to Drosophila chromosome termini. Proc. Natl.

Acad. Sci. USA 1994, 91, 12510–12514. [CrossRef] [PubMed]
133. Mason, J.M.; Biessmann, H. The unusual telomeres of Drosophila. Trends Genet. 1995, 11, 58–62. [CrossRef]
134. Abad, J.P.; De Pablos, B.; Osoegawa, K.; De Jong, P.J.; Martin-Gallardo, A.; Villasante, A. TAHRE, a novel telo-meric retrotranspo-

son from Drosophila melanogaster, reveals the origin of Drosophila telomeres. Mol. Biol. Evol. 2004, 21, 1620–1624. [CrossRef]
[PubMed]

135. Pardue, M.L.; DeBaryshe, P.G. Drosophila telomeres: A variation on the telomerase theme. Fly 2008, 2, 101–110. [CrossRef]
[PubMed]

136. Markova, D.N.; Christensen, S.M.; Betrán, E. Telomere-Specialized Retroelements in Drosophila: Adaptive Symbionts of the
Genome, Neutral, or in Conflict? BioEssays 2020, 42, e1900154. [CrossRef] [PubMed]

137. Biessmann, H.; Champion, L.E.; O’Hair, M.; Ikenaga, K.; Kasravi, B.; Mason, J.M. Frequent transpositions of Drosophila
melanogaster HeT-A elements to receding chromosome ends. EMBO J. 1992, 11, 4459–4469. [CrossRef] [PubMed]

138. Levis, R.W.; Ganesan, R.; Houtchens, K.; Tolar, L.A.; Sheen, F.M. Transposons in place of telomeric repeats at a Drosophila
telomere. Cell 1993, 75, 1083–1093. [CrossRef]

139. Cacchione, S.; Cenci, G.; Raffa, G.D. Silence at the end: How Drosophila regulates expression and transposition of telomeric
retroelements. J. Mol. Biol. 2020, 432, 4305–4321. [CrossRef]

140. Saint-Leandre, B.; Christopher, C.; Levine, M.T. Adaptive evolution of an essential telomere protein restricts telomeric retrotrans-
posons. eLife 2020, 9, e60987. [CrossRef]

141. Fanti, L.; Giovinazzo, G.; Berloco, M.; Pimpinelli, S. The Heterochromatin protein 1 Prevents Telomere Fusions in Drosophila.
Mol. Cell 1998, 2, 527–538. [CrossRef]

http://doi.org/10.1007/s004270000106
http://doi.org/10.1038/nrn3730
http://doi.org/10.1016/j.coisb.2016.12.004
http://doi.org/10.1098/rsob.180074
http://www.ncbi.nlm.nih.gov/pubmed/30021882
http://doi.org/10.1038/nature03663
http://doi.org/10.1038/nature08248
http://www.ncbi.nlm.nih.gov/pubmed/19657334
http://doi.org/10.1038/nature09544
http://www.ncbi.nlm.nih.gov/pubmed/21085180
http://doi.org/10.1126/science.1231965
http://www.ncbi.nlm.nih.gov/pubmed/23559253
http://doi.org/10.1073/pnas.0732024100
http://www.ncbi.nlm.nih.gov/pubmed/12743378
http://www.ncbi.nlm.nih.gov/pubmed/11237011
http://doi.org/10.1073/pnas.92.9.3804
http://www.ncbi.nlm.nih.gov/pubmed/7731987
http://doi.org/10.1016/S1369-5266(99)80021-1
http://doi.org/10.1016/0092-8674(94)90439-1
http://doi.org/10.1007/s004120050310
http://www.ncbi.nlm.nih.gov/pubmed/9880761
http://doi.org/10.1023/A:1017058119760
http://www.ncbi.nlm.nih.gov/pubmed/9720292
http://doi.org/10.1007/s10577-015-9483-7
http://doi.org/10.1073/pnas.85.21.8116
http://doi.org/10.1073/pnas.87.5.1758
http://www.ncbi.nlm.nih.gov/pubmed/2308935
http://doi.org/10.1073/pnas.91.26.12510
http://www.ncbi.nlm.nih.gov/pubmed/7809068
http://doi.org/10.1016/S0168-9525(00)88998-2
http://doi.org/10.1093/molbev/msh180
http://www.ncbi.nlm.nih.gov/pubmed/15175413
http://doi.org/10.4161/fly.6393
http://www.ncbi.nlm.nih.gov/pubmed/18820466
http://doi.org/10.1002/bies.201900154
http://www.ncbi.nlm.nih.gov/pubmed/31815300
http://doi.org/10.1002/j.1460-2075.1992.tb05547.x
http://www.ncbi.nlm.nih.gov/pubmed/1330538
http://doi.org/10.1016/0092-8674(93)90318-K
http://doi.org/10.1016/j.jmb.2020.06.004
http://doi.org/10.7554/eLife.60987
http://doi.org/10.1016/S1097-2765(00)80152-5


Cells 2022, 11, 1048 18 of 21

142. Perrini, B.; Piacentini, L.; Fanti, L.; Altieri, F.; Chichiarelli, S.; Berloco, M.; Turano, C.; Ferraro, A.; Pimpinelli, S. HP1 controls
telomere capping, telomere elongation, and telomere silencing by two different mechanisms in Drosophila. Mol. Cell 2004, 15,
467–476. [CrossRef] [PubMed]

143. Casacuberta, E.; Pardue, M.L. HeT-A elements in Drosophila virilis: Retrotransposon telomeres are conserved across the
Drosophila genus. Proc. Natl. Acad. Sci. USA 2003, 100, 14091–14096. [CrossRef] [PubMed]

144. Tenaillon, M.I.; Hollister, J.D.; Gaut, B.S. A triptych of the evolution of plant transposable elements. Trends Plant Sci. 2010, 15,
471–478. [CrossRef] [PubMed]

145. The International Rice Genome Sequencing Project; Sasaki, T. The map-based sequence of the rice genome. Nature 2005, 436,
793–800. [CrossRef] [PubMed]

146. Paterson, A.H.; Bowers, J.E.; Rokhsar, D.S. The Sorghum bicolor genome and the diversification of grasses. Nature 2009, 457,
551–556. [CrossRef] [PubMed]

147. Fajkus, J.; Sýkorová, E.; Leitch, A.R. Telomeres in evolution and evolution of telomeres. Chromosome Res. 2005, 13, 469–479.
[CrossRef] [PubMed]

148. Chang, C.H.; Chavan, A.; Palladino, J.; Wei, X.; Martins, N.M.C.; Santinello, B.; Chen, C.; Erceg, J.; Beliveau, B.J.; Wu, C.; et al.
Islands of retroelements are major components of Drosophila centromeres. PLoS Biol. 2019, 17, e3000241. [CrossRef] [PubMed]

149. Chueh, A.C.; Northrop, E.L.; Brettingham-Moore, K.H.; Choo, K.H.A.; Wong, L.H. LINE Retrotransposon RNA is an essential
structural and functional epigenetic component of a core neocentromeric chromatin. PLoS Genet. 2009, 5, e1000354. [CrossRef]

150. Liu, Y.; Su, H.; Zhang, J.; Liu, Y.; Feng, C.; Han, F. Back-spliced RNA from retrotransposon binds to centromere and regulates
centromeric chromatin loops in maize. PLoS Biol. 2020, 18, e3000582. [CrossRef]

151. Brown, J.D.; O’Neill, R.J. Chromosomes, conflict, and epigenetics: Chromosomal speciation revisited. Annu. Rev. Genom. Hum.
Genet. 2010, 11, 291–316. [CrossRef] [PubMed]

152. Hartley, G.; O’Neill, R.J. Centromere repeats: Hidden gems of the genome. Genes 2019, 10, 223. [CrossRef] [PubMed]
153. Kaul, S.; Koo, H.L.; Jenkins, J.; Rizzo, M.; Rooney, T.; Tallon, L.J.; Feldblyum, T.; Nierman, W.; Benito, M.I.; Lin, X.; et al. Analysis

of the genome sequence of the flowering plants Arabidopsis thaliana. Nature 2000, 408, 796–815.
154. Agudo, M.; Losada, A.; Abad, J.P.; Pimpinelli, S.; Ripoll, P.; Villasante, A. Centromeres from telomeres? The centromeric region

of the Y chromosome of Drosophila melanogaster contains a tandem array of telomeric HeT-A- and TART-related sequences.
Nucleic Acids Res. 1999, 27, 3318–3324. [CrossRef] [PubMed]

155. Villasante, A.; Abad, J.P.; Planelló, R.; Méndez-Lago, M.; Celniker, S.E.; de Pablos, B. Drosophila telomeric re-trotransposons
derived from an ancestral element that was recruited to replace telomerase. Genome Res. 2007, 17, 1909–1918. [CrossRef] [PubMed]

156. Wilder, J.; Hollocher, H. Mobile elements and the genesis of microsatellites in Dipterans. Mol. Biol. Evol. 2001, 18, 384–392.
[CrossRef] [PubMed]

157. Lim, J.K.; Simmons, M.J. Gross chromosome rearrangements mediated by transposable elements in Drosophila melanogaster.
BioEssays 1994, 16, 269–275. [CrossRef] [PubMed]

158. Cáceres, M.; Ranz, J.M.; Barbadilla, A.; Long, M.; Ruiz, A. Generation of a widespread Drosophila inversion by a transposable
element. Science 1999, 285, 415–418. [CrossRef] [PubMed]

159. Roeder, G.S.; Fink, G.R. Movement of yeast transposable elements by gene conversion. Proc. Natl. Acad. Sci. USA 1988, 79,
5621–5625. [CrossRef] [PubMed]

160. Lakich, D.; Kazazian, H.H.; Antonarakis, S.E.; Gitschier, S. Inversions disrupting the factor VIII gene are a common cause of
severe haemophilia A. Nat. Genet. 1997, 5, 236–241. [CrossRef] [PubMed]

161. Cáceres, M.; Puig, M.; Ruiz, A. Molecular Characterization of Two Natural Hotspots in the Drosophila buzzatii Genome Induced
by Transposon Insertions. Genome Res. 2001, 11, 1353–1364. [CrossRef] [PubMed]

162. Bousios, A.; Nützmann, H.W.; Buck, D.; Michieletto, D. Integrating transposable elements in the 3D genome. Mob. DNA 2020, 11,
8. [CrossRef] [PubMed]

163. Dixon, J.R.; Selvaraj, S.; Yue, F.; Kim, A.; Li, Y.; Shen, Y.; Hu, M.; Liu, J.S.; Ren, B. Topological domains in mammalian genomes
identified by analysis of chromatin interactions. Nature 2012, 485, 376–380. [CrossRef] [PubMed]

164. Rao, S.S.; Huntley, M.H.; Durand, N.C.; Stamenova, E.K.; Bochkov, I.D.; Robinson, J.T.; Sanborn, A.L.; Machol, I.; Omer, A.D.;
Lander, E.S.; et al. A 3D map of the human genome at kilobase resolution reveals principles of chromatin looping. Cell 2014, 159,
1665–1680. [CrossRef]

165. Ciabrelli, F.; Cavalli, G. Chromatin-driven behavior of topologically associating domains. J. Mol. Biol. 2015, 427, 608–625.
[CrossRef]

166. Penagos-Puig, A.; Furlan-Magaril, M. Heterochromatin as an Important Driver of Genome Organization. Front. Cell. Dev. Biol.
2020, 8, 579137. [CrossRef]

167. Belton, J.M.; McCord, R.P.; Gibcus, J.H.; Naumova, N.; Zhan, Y.; Dekker, Y. Hi-C: A comprehensive technique to capture the
conformation of genomes. Methods 2012, 58, 268–276. [CrossRef]

168. Kruse, K.; Díaz, N.; Enriquez-Gasca, R.E.; Gaume, X.; Torres-Padilla, M.E.; Vaquerizas, J.M. Transposable elements drive
reorganisation of 3D chromatin during early embryogenesis. bioRxiv 2019, 1, 523712.

169. SanMiguel, P.; Gaut, B.S.; Tikhonov, A.; Nakajima, Y.; Bennetzen, J.L. The paleontology of intergene retrotrans-posons of maize.
Nat. Genet. 1998, 20, 43–45. [CrossRef]

http://doi.org/10.1016/j.molcel.2004.06.036
http://www.ncbi.nlm.nih.gov/pubmed/15304225
http://doi.org/10.1073/pnas.1936193100
http://www.ncbi.nlm.nih.gov/pubmed/14614149
http://doi.org/10.1016/j.tplants.2010.05.003
http://www.ncbi.nlm.nih.gov/pubmed/20541961
http://doi.org/10.1038/nature03895
http://www.ncbi.nlm.nih.gov/pubmed/16100779
http://doi.org/10.1038/nature07723
http://www.ncbi.nlm.nih.gov/pubmed/19189423
http://doi.org/10.1007/s10577-005-0997-2
http://www.ncbi.nlm.nih.gov/pubmed/16132812
http://doi.org/10.1371/journal.pbio.3000241
http://www.ncbi.nlm.nih.gov/pubmed/31086362
http://doi.org/10.1371/annotation/3b497aec-b7d3-442e-9086-751251f649dd
http://doi.org/10.1371/journal.pbio.3000582
http://doi.org/10.1146/annurev-genom-082509-141554
http://www.ncbi.nlm.nih.gov/pubmed/20438362
http://doi.org/10.3390/genes10030223
http://www.ncbi.nlm.nih.gov/pubmed/30884847
http://doi.org/10.1093/nar/27.16.3318
http://www.ncbi.nlm.nih.gov/pubmed/10454639
http://doi.org/10.1101/gr.6365107
http://www.ncbi.nlm.nih.gov/pubmed/17989257
http://doi.org/10.1093/oxfordjournals.molbev.a003814
http://www.ncbi.nlm.nih.gov/pubmed/11230539
http://doi.org/10.1002/bies.950160410
http://www.ncbi.nlm.nih.gov/pubmed/8031304
http://doi.org/10.1126/science.285.5426.415
http://www.ncbi.nlm.nih.gov/pubmed/10411506
http://doi.org/10.1073/pnas.79.18.5621
http://www.ncbi.nlm.nih.gov/pubmed/6291054
http://doi.org/10.1038/ng1193-236
http://www.ncbi.nlm.nih.gov/pubmed/8275087
http://doi.org/10.1101/gr.174001
http://www.ncbi.nlm.nih.gov/pubmed/11483576
http://doi.org/10.1186/s13100-020-0202-3
http://www.ncbi.nlm.nih.gov/pubmed/32042316
http://doi.org/10.1038/nature11082
http://www.ncbi.nlm.nih.gov/pubmed/22495300
http://doi.org/10.1016/j.cell.2014.11.021
http://doi.org/10.1016/j.jmb.2014.09.013
http://doi.org/10.3389/fcell.2020.579137
http://doi.org/10.1016/j.ymeth.2012.05.001
http://doi.org/10.1038/1695


Cells 2022, 11, 1048 19 of 21

170. Buchon, N.; Vaury, C. RNAi: A defensive RNA-silencing against viruses and transposable elements. Heredity 2006, 96, 195–202.
[CrossRef]

171. Castel, S.E.; Martienssen, R.A. RNA interference in the nucleus: Roles for small RNAs in transcription, epigenetics and beyond.
Nat. Rev. Genet. 2013, 14, 100–112. [CrossRef] [PubMed]

172. Ghildiyal, M.; Zamore, P.D. Small silencing RNAs: An expanding universe. Nat. Rev. Genet. 2009, 10, 94–108. [CrossRef]
173. Bozzetti, M.P.; Fanti, L.; Di Tommaso, S.; Piacentini, L.; Berloco, M.; Tritto, P.; Specchia, V. The “Special” crystal-Stellate System in

Drosophila melanogastert Reveals Mechanisms Underlying piRNA Pathway-Mediated Canalization. Genet. Res. Int. 2012, 2012,
324293.

174. Specchia, V.; Piacentini, L.; Tritto, P.; Fanti, L.; D’Alessandro, R.; Palumbo, G.; Pimpinelli, S.; Bozzetti, M.P. Hsp90 prevents
phenotypic variation by suppressing the mutagenic activity of transposons. Nature 2010, 463, 662–665. [CrossRef] [PubMed]

175. Wylie, A.; Lu, W.J.; D’Brot, A.; Buszczak, M.; Abrams, J.M. p53 activity is selectively licensed in the Drosophila stem cell
compartment. elife 2014, 3, e01530. [CrossRef]

176. Wylie, A.; Jones, A.E.; D’Brot, A.; Lu, W.J.; Kurtz, P.; Moran, J.V.; Rakheja, D.; Chen, K.S.; Hammer, R.E.; Comerford, S.A.; et al.
p53 genes function to restrain mobile elements. Genes Dev. 2016, 30, 64–77. [CrossRef]

177. Ghildiyal, M.; Seitz, H.; Horwich, M.D.; Li, C.; Du, T.; Lee, S.; Xu, J.; Kittler, E.L.; Zapp, M.L.; Weng, Z. Endogenous siRNAs
derived from transposons and mRNAs in Drosophila somatic cells. Science 2008, 320, 1077–1081. [CrossRef]

178. Hirochika, H.; Okamoto, H.; Kakutani, T. Silencing of retrotransposons in Arabidopsis and reactivation by the ddm1 mutation.
Plant Cell 2000, 12, 357–369. [CrossRef]

179. Miura, A.; Yonebayashi, S.; Watanabe, K.; Toyama, T.; Shimada, H.; Kakutani, T. Mobilization of transposons by a mutation
abolishing full DNA methylation in Arabidopsis. Nature 2001, 411, 212–214. [CrossRef] [PubMed]

180. Walsh, C.P.; Chaillet, J.R.; Bestor, T.H. Transcription of IAP endogenous retroviruses is constrained by cytosine methylation. Nat.
Genet. 1998, 20, 116–117. [CrossRef] [PubMed]

181. Lorincz, M.C.; Schubeler, D.; Hutchinson, S.R.; Dickerson, D.R.; Groudine, M. DNA methylation density influences the stability of
an epigenetic imprint and Dnmt3a/-independent de novo methylation. Mol. Cell. Biol. 2002, 22, 7572–7580. [CrossRef] [PubMed]

182. Reuter, M.; Chuma, S.; Tanaka, T.; Franz, T.; Stark, A.; Pillai, R.S. Loss of the Mili-interacting Tudor domain-containing protein-1
activates transposons and alters the Mili-associated small RNA profile. Nat. Struct. Mol. Biol. 2009, 16, 639–646. [CrossRef]

183. Yang, F.; Wang, P.J. Multiple LINEs of retrotransposon silencing mechanisms in the mammalian germline. Semin. Cell Dev. Biol.
2016, 59, 118–125. [CrossRef] [PubMed]

184. Moissiard, G.; Cokus, S.J.; Cary, J.; Feng, S.; Billi, A.C.; Stroud, H.; Husmann, D.; Zhan, Y.; Lajoie, B.R.; McCord, R.P.; et al. MORC
Family ATPases Required for Heterochromatin Condensation and Gene Silencing. Science 2012, 336, 1448–1451. [CrossRef]
[PubMed]

185. Pastor, W.A.; Stroud, H.; Nee, K.; Liu, W.; Pezic, D.; Manakov, S.; Lee, S.A.; Moissiard, G.; Zamudio, N.; Bourc’his, D.; et al.
MORC1 represses transposable elements in the mouse male germline. Nat. Commun. 2014, 5, 5795. [CrossRef] [PubMed]
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