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Abstract: Transposable elements (TEs) have been extensively studied for decades. In recent years, the
introduction of whole-genome and whole-transcriptome approaches, as well as single-cell resolution
techniques, provided a breakthrough that uncovered TE involvement in host gene expression regula-
tion underlying multiple normal and pathological processes. Of particular interest is increased TE
activity in neuronal tissue, and specifically in the hippocampus, that was repeatedly demonstrated
in multiple experiments. On the other hand, numerous neuropathologies are associated with TE
dysregulation. Here, we provide a comprehensive review of literature about the role of TEs in
neurons published over the last three decades. The first chapter of the present review describes
known mechanisms of TE interaction with host genomes in general, with the focus on mammalian
and human TEs; the second chapter provides examples of TE exaptation in normal neuronal tissue,
including TE involvement in neuronal differentiation and plasticity; and the last chapter lists TE-
related neuropathologies. We sought to provide specific molecular mechanisms of TE involvement
in neuron-specific processes whenever possible; however, in many cases, only phenomenological
reports were available. This underscores the importance of further studies in this area.

Keywords: transposons; transposon silencing; transposon exaptation; somatic mosaicism in neurons;
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1. Mobile Genetic Elements in the Human Genome and Their Regulation
1.1. Transposon Classification and Types of Transposable Elements in Our Genome

Transposable elements (TEs), also known as transposons, mobile genetic elements,
or “jumping genes”, constitute a large fraction of most eukaryotic genomes. Since their
discovery by Barbara McClintock [1], transposons in genomes of multiple species have
been thoroughly studied and classified, but their interaction with host genes is so complex
and diverse that it is still a subject of many ongoing research projects.

TE mobilization is a powerful source of mutagenesis. Besides insertion mutations,
repetitive elements provide a basis for nonallelic homologous recombination, leading to
the deletion or duplication of genomic fragments [2,3]. An impressive example of TE-
mediated adaptive mutation is the famous industrial melanism of the peppered moth [4].
TE-induced mutagenesis may also affect epigenetic regulation, gene expression rate and
mRNA processing (see [3,5] for a review).

TEs differ by their mechanisms of mobilization, structure and size. Two main classes
of TEs are retrotransposons (class 1) and DNA transposons (class 2). DNA transposons are
more ancient; they do not use RNA intermediates for transposition and most of them do
not replicate, but use “cut and paste” mechanisms. Retrotransposons replicate using RNA
intermediates and reverse transcription (RT) [3,6]. Although the origin of retrotransposons
can be traced to near the split of prokaryotes from eukaryotes, these elements only started
to thrive around the beginning of mammalian evolution [7]. Retrotransposons include
LTR and non-LTR elements, distinguished by the presence or absence of long terminal
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repeats. Non-LTR elements include two major groups: long interspersed nucleotide ele-
ments (LINEs), which are a few kilobases long, and short interspersed nucleotide elements
(SINEs), which are usually under 600 bp [6,8]. Another essential difference is that LINEs
(and LIRs) are transcribed by RNA polymerase II (pol II), while most SINEs are tran-
scribed by RNA polymerase III (pol III) [8,9]. All active SINEs in mammalian genomes are
derived from pol llI-transcribed genes [10]. Quite obviously, SINEs inserted within pol
II-transcribed genes are also transcribed by pol Il as a part of a corresponding transcript [11].
SINEs are nonauthonomous, meaning they depend on the machinery of LINEs in order
to retrotranspose. Nevertheless, SINE transcription is controlled by their own regulatory
elements [12]. Most mammalian SINEs have a 3’ tail homologous to a “partner” LINE; this
LINE-like region allows SINESs to be recognized by LINE retrotransposition machinery [13].
More complex TE classification systems are used to accommodate specific minor TE groups
across different taxa [14,15].

The initial sequencing of the human genome estimated that about 45% of our genome
is derived from different TEs [16]. More recent TE annotation demonstrated that this
fraction is actually higher [17]. By some estimates, TEs and products of their activity may
even constitute up to 69% of the human genome [18]—TE insertions that experience no
purifying selection inevitably accumulate mutations with time, so the most ancient TE
copies may be unrecognizable by homology-based methods [13]. By the current estimation,
the human genome contains traces of 10 clades of LINEs, 3 types of SINEs, 1 composite
retrotransposon family (SVA), 5 classes of LTR retrotransposons, and 12 superfamilies
of DNA transposons [19]. Among these, only three groups of non-LTR retrotransposons
(Figure 1): L1 (LINE), Alu (SINE) and SVA, are currently capable of mobilization [3,20].
These three groups of TEs together comprise about a third of the human genome [5,7], with
L1 taking up the largest fraction of the genome [5] but Alu being the most numerous [11].
The current estimated rates of germline insertion are about 1 in 20 births for Alu, 1 in
270 births for L1, and 1 in 916 births for SVA [7]. These three TE groups are discussed in
detail in Sections 1.3-1.6.

Mechanisms of TE interaction with host cells are summarized in Table 1 and described
in detail in Sections 1.7 and 1.8.

Table 1. Mechanisms of interaction between TEs and host organisms. The right column shows section

numbers in the present review.

DNA methylation 1.7.1
Epigenetic Histone methylation 1.7.2

. KRAB-ZFP transcriptional
TE repression repressors p 1.7.3
Epigenetic and post-transcriptional RNA interference 1.7.4
Other mechanisms 1.7.5
TE derepression in cell stress conditions 1.7.7
Gene expression rate tuning 1.8.1
Regulation of host gene expression by TE sequences Promoters, enhancers, insulators 1.8.2
TF binding sites 1.8.3
Insertions within exons, coding sequence mobilizations 1.8.4

. Exonization (new
TE exaptation ff splice isoforms) 1.8.5
;?gf;;ﬁosrés(]ieiizng TE insertions affecting the fate Alternative 18.6
of RNA polyadenylation sites

RNA A-T editing 1.8.7
Other mechanisms 1.8.8
TE-encoded proteins and non-coding RNAs used by the host cell 1.8.9

TEs and DNA repair 1.8.10
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Interestingly, TEs are able to horizontally transfer between genomes of diverse eukary-
otic species. This happens more often with DNA transposons and LTRs, but horizontal
transposon transfer was also reported for some non-LTR retrotransposons [21-23].

1.2. Inactive TEs in the Human Genome

Our genome harbors multiple copies of TEs that are no longer able to transpose but
may still be transcribed and/or used by the host cell as regulatory elements.

Human LTR elements are represented by endogenous retroviruses (ERVs) or their
remnants (solitary LTRs), which together account for about 8% of our genome [24]. The
genomic organization of intact ERVs is similar to the provirus of their exogenous ances-
tors [3]. A typical replication-competent provirus is 7-11 kb in size. Its 3’ and 5 ends
have identical LTRs containing a pol II promoter and binding sites for cellular transcrip-
tion factors (TFs). The canonical ERV genome in its simplest form contains four genes
(more accurately, four ORFs): gag, pro, pol, and env (Figure 1). More complex ERVs have
additional ORFs. In the ERV genome, gag encodes structural components of the virion
capsid, pro encodes protease, pol encodes reverse transcriptase/integrase, and env encodes
a glycoprotein that binds with the receptor on the host cell surface, allowing the virus
to enter the cell (pro and pol sequences are often considered as parts of one gene). Very
few ERVs still retain the ability to produce infectious extracellular particles [9,25,26]. In
the case of human ERVs (HERVs), such particles were found in pathologic tissues and
cancer cell lines [27-29]. HERVs may still be transcribed in both healthy and pathologic
tissues [9,30-32], but the ability of mobilization in HERVs is either nonexistent or very
limited [33-35]. Out of at least 31 HERV subfamilies, only HERV-K has some indications
of recent retrotransposition activity [3]. About 90% of human LTR elements are solitary
LTRs [3,24]—products of homologous recombination between two LTRs that excludes viral
genes and leaves one LTR at the locus [3,9,25,35]. DNA transposons are apparently extinct
in mammals, with very few exceptions [22,36]; in the human genome, they constitute
about 3% but are unable to mobilize [3,5]. DNA transposons have a single ORF encoding
a transposase enzyme (Figure 1); this ORF is usually rendered inactive by nonsense or
frameshift mutations. However, some of these are still transcribed and present a potential
threat to the genome [37].

There are also multiple non-LTR retrotransposon families that are currently unable
to mobilize but have many copies in the human genome [19]. A prominent example is
mammalian-wide interspersed repeats (MIRs, also called CORE-SINEs [38]) that were
actively propagating prior to the radiation of mammals and still represent the second most
numerous SINE subfamily in humans [9].

1.3. L1 Elements: Their Structure and Mechanism of Mobilization

L1 elements (also known as LINE-1) are a subset of long interspersed nucleotide
elements. L1s are the only autonomous human retrotransposons because they encode their
own reverse transcriptase. They constitute about 17% of our genome [5], with roughly
500,000 L1 copies per haploid genome [33] (by some estimations, there are ~900,000 copies
of L1-derived sequences, including numerous fragmented elements [39]). About 79% of
human genes contain at least one segment of L1 in their transcription unit, mostly in
introns [40]. However, the overwhelming majority of L1 copies are degenerated—they are
incapable of mobilization because of 5’ truncations, internal rearrangements, and other
mutations. The number of L1 copies currently capable of retrotransposition is less than 100,
and just a few of these were shown to be highly active, or “hot” [41]. Nevertheless, more
recent analysis of newly inserted L1 elements from geographically diverse individuals
demonstrated that “hot” L1s must be more abundant in the human population than was
previously estimated; Beck et al. identified dozens of polymorphic active L1s with low
allele frequencies [42].

A full-size L1 element is about 6000 bp long [34]; however, L1 truncation during
retrotransposition is in fact so common that, in the human genome, an average size of
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all L1 copies is only 900bp [16]. The L1 sequence includes an internal pol II promoter,
which allows every full-size L1 copy to be transcribed independently of its location in the
genome, and two open reading frames, ORF1 and ORF2, which encode proteins necessary
for retrotransposition [34,43]. The L1 sequence also contains some elements that seem to
be functional, but their role in L1 mobilization is not obvious. Two additional promoters
reading “outwards” into the flanking genomic sequence were identified within L1: an
antisense promoter in the 5'-UTR [44,45], and a sense promoter in the 3’-UTR [46,47]. These
promoters were found in both human and mouse L1 elements [46,48]. There is also an
antisense open reading frame, ORFO0, that is only found in primate-specific L1s [49].

The strength of the main L1 promoter strongly depends on upstream flanking genome
sequences that may either repress or enhance the promoter activity [50]. ORF1 encodes an
RNA-binding chaperone ORF1p, and ORF2 encodes ORF2p, an enzyme with endonuclease
and reverse transcriptase activities [5,34]. These proteins form a complex with L1 RNA (L1
ribonucleoprotein particle, or L1 RNP) in cytoplasm. L1 RNP includes one L1 mRNA, many
ORF1p molecules, and one or two ORF2p molecules, so ORF1p expression level is much
higher than that of ORF2p, and ORF1p is much easier to detect in experiments [51]. After
being assembled in the cytoplasm, L1 RNP must enter the nucleus, and the exact mechanism
of this is still not well understood. However, a noncanonical nuclear localization signal
(NLS) was identified within ORF1p [52]. Host proteins that supposedly participate in L1
RNP nuclear import are transportin 1 (TNPO1) [53] and hnRNPA1, which associates with
poly(A)+ RNAs [54]. The mechanism of L1 retrotransposition is called target-site primed
reverse transcription (TPRT): ORF2p generates a single-strand nick in genomic DNA to
expose a 3'-OH. The free DNA 3’ end is then used as a primer for ORF2p to initiate cDNA
synthesis using the L1 mRNA as a template [55]. However, the processes of second-strand
target site DNA cleavage and second-strand L1 cDNA synthesis are not well-understood
yet [56]. Host DNA repair mechanisms are then necessary to restore dsDNA. DNA repair
proteins may facilitate or prevent L1 integration, and experiments studying specific proteins
produced inconsistent results in different models [57-60]. L1 endonuclease has relatively
weak target-site specificity, preferentially cleaving a loosely defined motif 5'-TTTT/A-3
(where “/”denotes the cleavage site) [61]. TPRT typically results in L1 insertions with
recognizable features: insertion at an L1 endonuclease motif, target site duplications and
a poly(A) tail. The resulting L1 insertion is very often truncated at the 5’ end. The exact
reason of truncation is not clear, although there are some data suggesting that host DNA
repair systems may intervene in the RT before it is complete [58,59]. In addition, during the
insertion, a 5" segment of an L1 may become inverted with respect to its 3" end [62]. The
supposed mechanism of such inversion is “twin priming”, when one overhang of the nicked
host-DNA strand anneals to the poly(A) tail of the L1 RNA, while the other one folds and
anneals somewhere in the middle of the L1 RNA [63]. A minor fraction of L1s insertions
happens not by TPRT but rather by an endonuclease-independent mechanism. These
insertions likely occur at pre-existing DNA lesions and lack target site duplications [61,64].
There is also evidence that L1 endonuclease activity may cause DNA double-strand breaks
(DSBs) without subsequent insertion of the retrotransposed sequence [57].

L1s are the major source of insertional mutagenesis in the human genome [65]. Each
individual has L1 copies not present in the reference genome, which contribute to as much
as 20% of all structural variants in humans [66]. Moreover, in some cases, L1 insertions may
cause significant deletions of genomic sequence at the target site [67]. Even chromosome
rearrangements may potentially result from L1 activity [68]. L1 insertions are interspersed
throughout the genome [36]. However, the analysis of de-novo L1 insertions and of recently
integrated elements in the human genome revealed the presence of insertional hotspots [69].
Recent studies provide evidence that L1 integration events do not target expressed genes,
open chromatin or transcribed regions but instead associate with DNA replication [66].
Another aspect of L1 endonuclease specificity is that this enzyme preferentially attacks
pre-existing (germline) L1 elements, which makes these regions particularly prone to
DSBs [70].
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Nearly all of the current L1 activity in the human genome is due to one particular
subfamily, Tal within the L1HS family. This family is also human-specific, hence the
name [42,71,72].

1.4. Trans RNA Targets Mobilized by L1 Elements and Gene Retrocopying

L1 elements are not just able to copy themselves, but their enzymatic machinery may
also be used to mobilize other DNA sequences if the latter are transcribed. Non-autonomous
retroelements, such as Alu and SVA, “hijack” L1s to be retrotransposed. Similar hijacking
is possible for some host genes: both non-coding and messenger RNA transcripts may
be used as templates for TPRT. This causes formation of retrocopies with a set of specific
features—loss of introns and promoter, acquisition of a poly(A) on the 3’ end and target-site
duplications of varying lengths [34,65]. It must be noted that there is some confusion about
the usage of “pseudogene”, “processed gene”, “retrogene” and similar terms [73], especially
in some early works. These terms are used in different papers, sometimes interchangeably,
to describe a gene retrocopy generated by L1 reverse transcriptase from a host mRNA; for a
long time, all retrocopies were routinely annotated as pseudogenes [74]. Nevertheless, the
term “pseudogene” means any genomic sequence that is similar to a specific gene but is
somehow defective, and while most pseudogenes are indeed formed by retrocopying, there
are also TE-independent mechanisms of pseudogene formation [75,76] and retrocopies that
are functional genes [77]. Most pseudogenes originate from genes highly expressed in the
germline, such as housekeeping genes and ribosomal protein genes [73,75]. In the human
genome, 3391 fully functional “parent” genes were associated with pseudogenes, and it was
found that almost two thirds of parent genes have only given rise to a single pseudogene,
while a small fraction of parent genes produced dozens of pseudogenes each [75].

L1 retrotransposition machinery has a strong cis preference, meaning that ORF1p and
ORF2p preferentially associate with their own mRNA, so L1-mediated retrocopy formation
is quite rare. Experiments with retrotransposition assay in cultured cells showed that
mobilization of other cellular RNAs happens in less than 0.05% of all L1 transposition
events [78]. Nevertheless, it is suggested that trans retrotransposition events may account
for at least an additional 10% of human DNA [79]. The very low efficiency of trans retrocopy
formation observed by Wei et al. in cell cultures [78] may reflect only the retrotransposition
of two specific trans targets used in this experiment. Indeed, there are reports that some trans
sequences are retrocopied by the L1 machinery more effectively. Based on the hallmarks of
L1-mediated retrotransposition in the human genome, most retrotransposed trans RNAs
(that are not Alu and SVA elements) are pol I1I transcripts associated with the ribosome
and nucleolus. L1 preferential targets include some highly structured small RNAs and
some mRNAs encoding housekeeping proteins. The suggestion that L1 machinery has
a preference for some specific trans RNA targets based on the the high copy number of
these sequences in the genome was confirmed in vitro in cells with ectopically expressed
ORF2p: analysis of RNAs associated with L1 RNPs showed the presence of Alu, SVA,
U snRNAs and hYRNAs. Surprisingly, it was shown that RPLP1, GAPDH and (-actin
mRNAs are not only present in the L1 RNPs, but are more abundant there than the L1
transcript itself [80]. Similarly, a recent study showed that, among all RNA species bound
by ORF1p in prostate cancer cells, only a small percentage is represented by L1 RNA [81].
It is therefore possible that the cis preference of L1 machinery should be explained not by
preferential RNA binding but by some other factors. However, the secondary structure of
RNA seems to be important for succesful retrotransposition by L1 [82]. L1 RNPs binding
trans RNA targets is not the only mechanism of retrocopy formation: there is some evidence
that ORF2p may switch from L1 RNA to other RNA templates after TPRT has already
started. Such template switching was confirmed to mobilize some small non-coding
RNAs [83]. The total number of retrocopies in the human genome is estimated to be from
8000 to 17,000 [84]. Ewing et al., by comparing individual whole-genome sequence data
with corresponding reference genome assemblies, estimated the rate of novel germline
retrocopy insertions in humans as about 1 insertion per 6000 individuals [73]. Very few
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retrocopies are expressed because they generally lack a functional promoter [34]. As in
other cases of gene duplication, retrocopies have a functional counterpart elsewhere in the
genome, so they are free from selective pressure and thus can accumulate mutations and
acquire novel functions [2,74]. Alternatively, retrocopies may substitute for their parental
genes. In mammals, many housekeeping X chromosome genes have given rise to functional
retrocopies located on autosomes. Autosomal retrocopies are specifically expressed in testis
during and after the meiotic stages of spermatogenesis, when all X chromosome genes are
transcriptionally silenced due to male meiotic sex chromosome inactivation [74,77]. Lastly,
functional retrocopies may simply provide more resources for producing similar proteins,
an example of this being genes encoding APOBECS3 antiviral proteins [85].

Exogenous RNA species may also be retrotransposed. cDNA copies of nonretroviral
RNA virus sequences have been detected in genomes of many vertebrate species, and some
of these elements have signs of integration assisted by LINE retrotransposons. A very
recent study showed that SARS-CoV-2 sequences can integrate into genomes of cultured
human cells by an L1-mediated mechanism [86].

The ability of L1 machinery to process trans RNA templates was used to create a
reporter assay that is now a common method for estimating L1 retrotransposition rate.
Ostertag et al. designed an L1-EGFP retrotransposition reporter cassette that is capable to
express EGFP only after being retrotransposed. The cassette containing the EGFP coding
sequence and regulatory elements (a promoter and a poly(A) signal) was inserted into the
L1 3’-UTR in the antisense orientation. Importantly, the EGFP gene within this cassette
is disrupted by an intron (containing splice donor and splice acceptor sites) in a sense
orientation. The L1 element tagged with the EGFP cassette was then cloned into a pCEP-
based mammalian expression vector. Thus, cells transfected with this construct may only
express EGFP after an L1 transcript containing the antisense EGFP marker has undergone
splicing, RT and integration into chromosomal DNA [87]. This method was used in many
of the articles cited below.

1.5. Alu Elements

Alu elements constitute about 11% of the human genome [5,88], with about one
million copies of Alu per haploid genome [33], which makes them the most successful
retrotransposons in humans [11]. Three quarters of human genes have Alu insertions [88].

The name of these elements originally comes from Alul, an Arthrobacter luteus en-
donuclease, because most of these TEs bear an Alul restriction site [89,90]. Alus are about
280 bp long [88,91]. Alu elements are derived from the 7SL RNA gene [90,92,93]. The RNA
encoded by this gene is a component of the protein signal recognition complex that directs
translating ribosomes to the endoplasmic reticulum membrane [94]. Alu elements contain
two monomeric sequences derived from 7SL RNA and end in an A-rich tail. The left
monomer contains an internal pol III promoter and is separated from the right monomer by
an adenosine-rich sequence [93]. Left and right Alu monomers are imperfect repeats of each
other. A number of independent left and right Alu monomers have also been identified,
the most important of them is a part of the human BC200 RNA gene [95] (discussed in the
Section 2.7.3). The internal pol III promoter is too weak to support efficient transcription
by itself; genes of pol III transcripts require additional cis-acting elements to stimulate
their transcription. In the case of Alus, their ability to be transcribed depends on their
flanking sequences, so each of one million Alu members might be, to some extent, uniquely
regulated [93,96].

Alus are not autonomous and may only be mobilized by hijacking L1 molecular
machinery [90]. However, Alus do not have a specific region homologous to L1 or any
other “partner” LINE; L1 ORF2p binds tightly to the A-rich tail and the adjacent RNA
sequence is not very important for this [97,98]. Still, L1 machinery somehow discriminates
between Alu RNAs and mRNAs that also have a poly-A tail. Grechishnikova and Poptsova
identified a highly conserved 3'-UTR stem-loop structure in human L1 and Alu RNAs and
suggested that this secondary structure is necessary for binding ORF2p [82]. L1 ORF2p also
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has relatively weak target-site specificity as an endonuclease, and this explains why more
recent Alu and L1 insertions exhibit similar interspersed integration patterns. However, it
was repeatedly demonstrated that evolutionarily older L1 and Alu insertions show distinct
genomic distributions: older L1s are found mostly in gene-poor AT-rich sequences, whereas
older Alus are common in gene-rich GC-rich regions of the genome. This difference likely
results from post-integration selection pressure. Some researchers suggest that Alus may
possibly have some useful function in gene-rich regions of the genome; the other version is
that L1 insertions into genic regions are more deleterious compared with Alu insertions [36].
Indeed, even while human Alus are enriched in genes compared with intergenic regions,
they are rarely found in exons [88], suggesting that exon disruption by Alus is harmful.

Alu elements are primate-specific [91], even though there are 7SL RNA-related SINEs
in other species. Rodent B1 SINEs are the most well-known example. The Bl sequence
is very similar to the left Alu monomer [99]. It must be noted that, in RepeatMasker,
a commonly used bioinformatics tool, rodent Bl elements are classified as “Alu family
repeats” [100], which sometimes leads to confusion. Rodents also have B2 SINEs that
bear no structural homology with Alus, being tRNA-related, but may be regarded as Alu
counterparts by their functions. Rodent B2s, just like primate Alus, participate in RNA
editing and cell stress response (discussed in Sections 1.7.7 and 1.8.7, respectively) [11]. Alu-
insertion polymorphisms are very useful for studying human phylogeny and population
genetics [90]. The most active Alu subfamilies are AluYa5 and AluYb8 [72].

1.6. SVA Elements

SVA elements only comprise about 0.13% of the human genome, with about 2700 copies.
This is the smallest of the known retrotransposon families [20]. Notably, ~1000 of SVA repeats
reside within introns of genes [101].

SVAs stand out because they are composite elements. The acronym “SVA” means
“SINE-R, VNTR, and Alu” since these elements contain a SINE-R sequence, a variable-
number-of-tandem-repeats (VNTR) locus and an Alu-like sequence. The SINE-R sequence
had been historically described as a SINE transposon; however, it is related to the endoge-
nous retrovirus HERV-K10, sharing high homology with its 3’ part that includes env gene
and the 3/-LTR [20,102]. A “canonical” SVA sequence is about 2000 bp long, but different
SVA insertions may have sizes from 700 to 4000 bp [103]. This length variation is due
to differing numbers of hexamer repeats in the SVA 5’ region and tandem repeats in the
VNTR part [104]. Just like Alus, for their mobilization, SVAs need L1 molecular machinery.
Endogenous SVAs are very likely transcribed by pol II [105]. However, SVAs do not have
any obvious promoters at their 5’ end. Despite the lack of promoters and small copy
number, SVAs are retrotranspositionally quite active; a few pathogenic mutations caused by
SVA insertions have been described [106]. It was shown that SVA elements can use external
heterologous promoters for their own transcription [107]. SVA sequnce contains an internal
enhancer element which was suggested to recruit TFs to such promoters [103]. GC content
in SVAs is generally around 60%, with >70% within the VNTR region; this means that
SVA insertions may be considered CpG islands and may thus function as transcriptional
regulators, binding TFs, altering the local chromatin structure or forming alternative DNA
structures that affect transcription. SVAs make up nearly 2% of genome regions predicted to
form G-quadruplex structures [108]. Experiments with reporter gene expression confirmed
the ability of SVA elements to act as transcriptional regulators in vitro and in vivo; the effect
was different in different models. Notably, different parts of the SVA sequence displayed
distinct regulatory properties [20,109].

SVA elements are hominid-specific and represent the youngest family of hominid
non-LTR retrotransposons [7,104,107]. SVA insertions are valuable markers for human
phylogenetic and population genetic studies. The most active SVA subfamilies are SVAE, F
and F1 [72].
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Figure 1. Types of human transposons. (a). L1 element. Two ORFs of human L1 are separated by a
non-coding spacer region containing a stop codon [48]. The L1 5'-UTR has promoter activity in both
sense and antisense directions. A small primate-specific antisense ORF0 was identified within L1
5'-UTR downstream of the antisense promoter [49]. An additional sense promoter was identified in
3'-UTR [46]. ORF1 encodes a protein that contains a coiled—coil domain (CC), a non-canonical RNA
recognition motif domain (RRM) and a basic C-terminal domain (CTD). ORF2 encodes a protein that
has endonuclease (EN) and reverse transcriptase (RT) activities. Functions of the Z domain and the
cysteine-rich motif (C) are unknown [101]. (b). Alu element. These elements contain two monomeric
sequences derived from 7SL RNA and end in an A-rich tail. The left monomer contains an internal
pol III promoter and is separated from the right monomer by an adenosine-rich sequence [34].
Alu pol IIT promoter elements (Box A and Box B) may only provide efficient transcription if an
upstream pol III enhancer is present at the site of integration [93]. (c). SVA element. These elements
include CCCTCT hexameric repeats, the Alu-like domain consisting of two antisense Alu fragments
separated by a unique sequence, a GC-rich VNTR domain consisting of tandem repeats, and the
SINE-R domain sharing homology to the 3’ end of the HERV-K10 element (a fragment of its env
gene and right LTR) [103]. (d). ERV. The order of the structural genes and the arrangement of their
major cleavage products are completely conserved among all retroviruses and are necessary for
correct virion assembly. Domains within Gag protein: matrix (MA), capsid (CA), nucleocapsid (NC).
Domains within Pol protein: reverse transcriptase (RT), integrase (IN). Domains within Env protein:
surface protein (SU), transmembrane protein (TM). Env is translated from a spliced subgenomic RNA
and is then cleaved to generate SU and TM subunits. Each of the LTRs is composed of the unique
U3 and U5 regions separated by a segment (R) repeated at each end of the viral RNA. U3 contains
TF binding sites. Transcription from the provirus starts at the left U3-R junction, and the right R-U5
junction provides the site of 3’'-polyadenylation. The left U3 and the right U5 are restored during
dsDNA formation in the virus replication cycle [25]. (e). DNA transposon (Tcl/mariner family). The
terminal inverted repeats (IR) contain binding sites for the transposase. The N-terminal part of the
transposase contains a DNA binding domain. The C-terminal part of the protein performs target
DNA site cleavage and transposon integration. NLS—nuclear localization signal [110]. The elements
in this figure are not drawn to scale.
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1.7. Molecular Mechanisms Suppressing TE Activity and Specific Cases of TE Unsilencing

TE mobilization or expression can have detrimental consequences for the cell, in-
cluding genome instability, activation of DNA damage stress response, or toxic effects
from accumulation of TE-derived RNAs and proteins. For example, ectopic expression of
full-length L1 in cultured cells was shown to cause high levels of DSBs, cell cycle arrest,
induction of a senescence-like cellular state and apoptosis; moreover, somatic L1 insertions
within genes are associated with cancer [111]. Due to this, host organisms have evolved
multiple elaborate mechanisms to control transposition events [112]. Systems that suppress
TE activity overlap with mechanisms regulating host chromatin structure and DNA re-
pair [36]. TE repression includes epigenetic silencing, RNA interference and some other
mechanisms discussed in Sections 1.7.1-1.7.5.

There are specific cases when TE activity is permitted. Notably, TEs play an integral
role in early mammalian embryonic development. Regulation of TEs is stage-specific,
and on some stages TE repression is temporarily lifted [113-115]. Strikingly, L1 RNA
in embryonic stem cells (ESCs) is critical in recruiting necessary machinery to direct a
transcriptional program specific to the two-cell stage [115]. L1 epigenetic repression is
usually established during early gastrulation and maintained thereafter [116]. Other cases
of TE derepression include cell stress response and neuronal differentiation; we discuss
these processes below in Sections 1.7.7 and 2.4, respectively.

It must be noted that some regions in vertebrate genomes seem to be absolutely intoler-
ant of TE insertions. Human and mouse genomes each contain almost 1000 transposon-free
regions (TFRs) longer than 10 kb. Human, mouse, opossum, Xenopus tropicalis and zebrafish
genomes have many orthologous TFRs; however, the sequence of most TFRs is not highly
conserved. Over 90% of the TFR sequence is noncoding, and most of these regions do not
show unusual nucleotide composition. Apparently, these regions are kept TE-free because
most of them are significantly associated with genes encoding vertebrate developmental
regulators, such as members of the HOX, SOX, FOX and TBX gene families [117,118].

1.7.1. DNA Methylation

Most TEs are normally silenced by DNA methylation. The majority of cytosine
methylation in mammals occurs within repetitive elements [36]. TE methylation in the
human genome is in fact so thorough that, considering the large portion of the genome
occupied by TEs, measuring overall TE methylation level may be used as a simplified
approach to estimate global DNA methylation level [119]. This is a potentially heritable
epigenetic modification, so it may suppress deleterious TE insertions in the germline [120].
In mammalian cells, DNA methyltransferases DNMT3A and DNMT3B perform de-novo
methylation, while DNMT1 shows preference towards hemimethylated substrates and
maintains the methylation landscape. Recently, it was shown that DNMT1 also has de-novo
methylation activity targeted specifically at retrotransposons [121]. Lack of TE methylation
strongly reactivates their transcription: knock out (KO) of Dnmt3L (a testis-specific DNA
methylathion regulator) in mice prevents de-novo methylation of L1 and LTR elements
in male germ cells, leading to TE derepression, meiotic catastrophe and cell death [122].
DNA hypomethylation and transcriptional reactivation of replication-competent L1 copies
happens in some tumors, causing increased rate of transposition [24,37]. Hypomethylation
of different human TEs (usually HERVSs or L1s) was also reported in some autoimmune
diseases [123] and after exposure to various toxic substances or radiation [124,125]. Overall
methylation of human Tes, especially Alus, decreases with age. Different TEs have different
age-dependent demethylation rates, with L1 methylation being largely unaffected by aging;
L1 demethylation occurring in cancer likely has different mechanisms [126,127]. However,
it seems like highly specific TE demethylation happens in normal tissues and is important
for their function. Examination of genome-wide TE DNA methylation status in 11 human
cell types revealed tissue-specific hypomethylation signatures. Many genes proximal to
hypomethylated TEs were important for tissue functions, and expression of these genes
correlated strongly with TE hypomethylation. Moreover, some of these TEs contained
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tissue-specific TF binding motifs. For 26 of such TEs, enhancer activity was confirmed in
a reporter gene assay [128]. Similar results were obtained by Philippe et al., in a study
where transcriptional and epigenetic signatures of specific L1 copies were identified in
12 human somatic cell lines. The authors found that the bulk of L1 expression happens
in a very restricted subset of L1 loci, and these loci are differentially expressed between
distinct cell lines. Strikingly, even in cancer cell lines exhibiting high L1 expression, only
selected L1 copies were unsilenced [129]. Using different strategies, Muotri et al. have
shown that L1 retrotransposition can be modulated by MeCP2, a protein involved in global
DNA methylation. They demonstrated that knock down (KD) of MeCP2 increases L1
promoter activity; that removal of DNA methylation with 5-azacytidine reduces MeCP2
association to L1 promoter and increases L1 expression; that MeCP2 KO in mice causes
higher retrotransposition in the brain; and that MeCP2 KO neuroepithelial cells have more
L1 copies in their genome than WT cells [130].

1.7.2. Histone Methylation

Modifications of histone N-terminal tails alter the binding of proteins with DNA
sequences. Nucleosomes associated with TEs are enriched for methylation of histone
H3 at lysine 9 (H3K9), marking transcriptionally repressive and inactive chromatin [131].
There are at least two pathways of H3K9me3-mediated TE silencing in human cells: by
the KZNF/KAP1 system (described in the next section), or by the human silencing hub
(HUSH) complex partnering with the ATPase MORC2. HUSH preferentially binds young,
full-length L1s within euchromatic regions, indicating that this is a targeted mechanism
of host defense with the capacity to respond to novel insertions [132]. Another important
histone modification involved in (less stringent) TE silencing is H3K27 tri-methylation
(H3K27me3) deposited by the Polycomb repressive complex 2 (PRC2). H3K27me3 was
previously considered to be specific for the silencing of protein-coding genes (facultative
heterochromatin), but there is increasing evidence that this modification also targets TEs
in diverse eukaryotic species [133]. Disruption of TE silencing by histone methylation
may be seen in various cancer types overexpressing