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Abstract: Most living organisms have in their genome a sizable proportion of DNA sequences capable
of mobilization; these sequences are commonly referred to as transposons, transposable elements
(TEs), or jumping genes. Although long thought to have no biological significance, advances in DNA
sequencing and analytical technologies have enabled precise characterization of TEs and confirmed
their ubiquitous presence across all forms of life. These findings have ignited intense debates over their
biological significance. The available evidence now supports the notion that TEs exert major influence
over many biological aspects of organismal life. Transposable elements contribute significantly to
the evolution of the genome by giving rise to genetic variations in both active and passive modes.
Due to their intrinsic nature of mobility within the genome, TEs primarily cause gene disruption and
large-scale genomic alterations including inversions, deletions, and duplications. Besides genomic
instability, growing evidence also points to many physiologically important functions of TEs, such as
gene regulation through cis-acting control elements and modulation of the transcriptome through
epigenetic control. In this review, we discuss the latest evidence demonstrating the impact of TEs
on genome stability and the underling mechanisms, including those developed to mitigate the
deleterious impact of TEs on genomic stability and human health. We have also highlighted the
potential therapeutic application of TEs.
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1. Introduction

Transposable elements (TEs) were first discovered by Barbara McClintock as “jumping
genes” in maize in the late 1940s [1]. Subsequently, TEs were characterized as ubiquitously
present mobile DNA sequences in plants and animals that integrate into new sites within
the genome following mobilization, often leading to duplications, insertions, deletions,
and/or creation or reversion of mutations which in turn lead to altered cellular genotypes.
The mammalian genome is comprised of about 45% TEs that are categorized as DNA
transposons and retrotransposons [2]. DNA transposons, also referred as Class II TEs,
comprise about 3% of our genome [3] but are less-characterized due to their lesser bio-
logical significance as compared to the retrotransposons, also referred as Class I TEs. The
DNA transposons predominantly transpose via a cut-and-paste mechanism, also known
as a conservative or non-replicative mechanism, by encoding a transposase required for
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the transposition or via a less commonly used mechanism known as replicative trans-
position [4]. During replicative transposition, the transposons replicate as a part of the
chromosome, followed by transposition of the newly replicated transposon to a locus in
front of the replication fork. DNA transposons consist of two terminal inverted repeats
(TIRs) that flank a transposase gene body. These TIRs are recognized by transposases
to perform transposon DNA excision followed by insertion of the excised DNA into a
new genomic location [4]. A unique hallmark associated with DNA transposons is the
target site duplication (TSD) event that happens after the insertion at new location is com-
pleted [4]. Out of the nine superfamilies of DNA transposons identified in the eukaryotic
genome, the human genome possesses eight superfamilies viz hAT, Tc1/mariner, Crypton,
Helitron, Kolobok, Merlin, MuDR, and piggyBac, with hAT and Tc1/mariner superfamilies be-
ing the predominant ones [5,6]. Retrotransposons, which have been subjected to extensive
investigation, as compared to the DNA transposons, move within the genome via a copy-
and-paste mechanism by forming RNA intermediates which are then reverse-transcribed
to DNA, followed by their integration at new genomic sites [7]. Retrotransposons are
further classified into two classes: long terminal repeat (LTR) and non-LTR transposons,
based on the presence or absence of long terminal repeats (Figure 1). In humans, LTR
transposons include human endogenous retroviruses (HERVs), which are estimated to have
been incorporated into the genome more than 25 million years ago [2]. Human endogenous
retroviruses constitute 8% of the genome, most of which is either in the form of single LTRs
(2%) or defective mammalian-apparent LTR retrotransposon (MaLR) elements (4%) [3].
Like their exogenous retrovirus counterparts, the majority of the HERVs have a typical
proviral structure of two LTRs that flank the viral gag, pro-pol, and env genes, with a few
HERVs, such as HERV-K, having a more complex genome. The non-LTR transposons
include Long Interspersed Nuclear Elements (LINEs) and Short Interspersed Nuclear El-
ements (SINEs), among which LINE-1, Alu, SVA (SINE, VNTR and Alu) elements are
the only ones currently active in human genome [8-11]. Of note, LINE-1s are the only
autonomously active family of retrotransposons present in the human genome [12].
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Figure 1. Classification of human transposons.

Although it was originally thought that TEs are devoid of any biological role, tech-
nological advances over the past 20 years have enabled greater understanding and ap-
preciation of their roles in gene regulation and expression [8-11]. Transposon elements
also contribute to genomic evolution and are thus considered useful markers of plastic-
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ity [13]. However, mobilization of TEs often poses a threat to genome integrity as they
can be linked to silent mutations, non-allelic homologous recombination (NAHR), alter-
native splicing, and various epigenetic changes leading to genomic instability [14]. The
genomic instability caused by TE insertions can accelerate various diseases, including
genetic disorders, psychiatric disorders, and cancer [15-20]. Though transcriptional and
posttranscriptional mechanisms have evolved to neutralize most TE insertions in the host
cell [21], several diseases have been linked to more than 120 TE insertions [22]. DNA
sequencing technology has enabled the scientific community to precisely characterize the
location of and polymorphisms associated with TEs [23]. Also, computational tools have
added to our understanding as to how epigenetic changes caused by TE insertions can
have a significant effect on the expression of neighboring genes [23,24]. The activity of TEs
is not only restricted to deleterious impacts but also involves the generation of regulatory
differences in the human genome [25]. In this review, we discuss the impact of TEs on
genomic stability, their physiological functions in the host cell, the role of TEs in human
diseases, and their therapeutic potential.

2. Transposable Element Induced Genomic/Epigenomic Instability and Tumorogenesis

The characteristic features of TEs include their ubiquitous presence as repetitive el-
ements along with their ability to mobilize within the genome. Due to these properties,
both Class I and Class II TEs serve as frequent causal factors in genome rearrangements.
Genomic alterations involving TE insertions are often deleterious in nature and range from
insertions/ deletions to large-scale chromosomal rearrangements [26]. Activated TEs have
the potential to enter alternate genomic sites to disrupt the DNA repair process, thereby
inducing genomic instability in the host cell. DNA transposons, for instance, inactivate
or dysregulate gene expression by insertion within intronic, exonic, or other regulatory
regions [27,28]. PiggyBac transposable element derived 5 (PGBD5) gene, belonging to
the class of piggyBac TEs, was shown to be an oncogenic mutator by causing site spe-
cific DNA rearrangements, thus leading to various aggressive childhood tumors [29]. In
another instance, the recombination-activating gene 1 and 2 (RAG1/2) recombinases, de-
spite playing an essential role in V(D)] recombination in developing lymphocytes, also
exhibit high similarity to DNA transposons by promoting chromosomal translocations
and deletions, thereby inducing lymphocytic malignancies [30]. Additionally, the human
THAP domain containing 9 (THAP9) gene is found to encode an active DNA transposase
responsible for transposition of P elements across the species [31]. Endonucleases en-
coded by the autonomous LINE-1 retrotransposons are regarded as the main culprits of
DNA double-stranded breaks (DSBs), thus disrupting cellular DNA repair systems [26,32].
LINE-1 integration into the genome can also lead to large deletions and rearrangements of
the genomic sequence, which in turn halt and modulate the DNA repair process [33,34].
The impact of retrotransposon insertions has been well-studied, with about 0.3% of total
mutations estimated to be caused by retrotransposon insertions [35]. Insertion of TEs into
coding regions of the genome may lead to frameshift mutations associated with premature
termination or may induce missense or non-sense mutations. For instance, insertion of Alu
elements into exonic regions of mRNA causes a change in the open reading frame (ORF)
of that particular coding region and affects gene expression [35]. Also, insertion of TEs
into intronic regions can have deleterious effects, as insertion of Alu elements and LINE-1
within an intron can introduce novel splice sites, leading to alternative splicing events that
disrupt transcriptional integrity [36,37]. Some studies have also shown that insertion of
TEs into 5’ or 3’ regions of genes may disrupt normal gene expression [38]. Therefore, the
collective impact of alterations in gene expression due to TE insertions has been associated
with various disease conditions such as cancer and genetic disorders [39].

It has been suggested that the presence of TE sequences, even without the ability
to transpose, can disrupt the integrity of the genome [40]. The insertion of TEs often
attracts epigenetic modifiers that not only modify the transposon sequences but also impact
surrounding regions. For instance, the suppression of CpG rich TE inserts by methylation
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eventually leads to the loss of CpG sites in the surrounding DNA of the host genome [41].
Also, it has been reported that short repeats tend to be the hotspots of genomic instability,
as TE sequences are prominent sites for DSBs in cancer cell genomes [42]. Short, inverted
repeats like Alu elements are believed to form hairpin structures which cause stalling of
DNA replication [43]. Also, novel inverted repeats may be created by the insertion of de
novo Alu elements, resulting in genetic rearrangements. Due to their ubiquitous presence
throughout the genome, TEs have been associated with NAHR translocations. Some studies
have revealed that Alu-mediated NAHR have had high impacts on genomic deletions,
surpassing those associated with LINE-1 mediated NAHR [44,45].

The methylation status of DNA is thought to directly correspond to disease states like
cancer [46]. Due to global hypomethylation and epigenetic dysfunction in cancer cells, non-
LTR retrotransposon activation is most prominently observed during oncogenesis [39,47].
Insertion of Alu elements into DNA repair genes such as breast cancer 1 genes (BRCAI)
and 2 (BRCA2) [19,48], LINE-1 retrotransposon into tumor suppressor gene adenomatous
polyposis coli (APC) [20], and retinoblastoma 1 (RB1) gene [49] cause disruption in the func-
tion of these genes, thus leading to tumorogenesis. It is now well-documented that active
retrotransposon like Alu and LINE-1 elements are associated with tumorigenesis [50-53].
For instance, promoters of LINE-1 element are found to be demethylated in cancer cells [54].
Promoter demethylation often leads to gene activation and alterations in global gene ex-
pression [55,56]. Conversely, methylation of TE promoters renders them inactive and is
believed to be a primary mechanism for suppression of transposition in somatic cells [57].

In the eutherian genome, a unique case has been described in which envelope glycopr-
otein-encoding (env) genes of endogenous retroviruses have been adopted by the mam-
malian genome and converted into a functional gene that expresses syncytin-1 and -2 pro-
teins, important contributors to normal placental architecture and trophoblast turnover [58].
Syncytin-1 can also induce invasion and metastasis through endothelial to mesenchymal
transition in endometrial carcinoma [59] and serves as a positive indicator of recurrence-
free survival in breast cancer patients [60]. Various cancers, such as cutaneous T-cell
lymphomas and leukemias, express syncytin-1 [61]. The expression of syncytin-1 has
been associated with a decrease in average survival in rectal but not colon cancer patients,
suggesting that syncytin-1 can be site-specific [62]. Likewise, upregulation of syncytin-1
activates the epithelial-to-mesenchymal transition (EMT) pathway in endometrial carci-
noma patients. Hence, ERV TEs specifically alter tumor growth by acting as promoter
enhancers at the protein level [63]. Endogenous retroviruses have oncogenic potential, as
evidenced by the finding that increased ERV-K expression in healthy mice disrupts germ
cell maturation, resulting in the development of seminomas. However, knockdown of
ERVs through shRNA /siRNA decreases the tumor growth in mouse xenograft and cell-line
models [64,65].

The impact of post-insertion events of TEs is global and influences genome structure,
chromosome dynamics, and function. Transposon elements inserted into untranslated
regions like introns, downstream, and upstream might act as enhancers and promoters for
the target genes [66]. Post-insertion events from NAHR contribute to deletions, segmental
duplicates, and inversions. An altered expression of self-propagating LINE-1 sequences is
also considered potentially responsible for tumorigenesis [67].

3. Physiological Functions of TEs in the Host Cells

Several studies have suggested that TEs are involved in critical physiological functions
such as regulation of stem cell properties, epithelial to mesenchymal transition, inflam-
mation, and many more biological functions [40]. Evidence also suggests that TEs in
mammals have contributed to adaptive characteristics such as increased gene expression,
gene replication, and stress tolerance [68]. Of note, some of the most important physio-
logical contributions are from the TE-derived genes, which in turn participate in a variety
of biological functions [40]. One such example is the Metnase/SETMAR gene, which is
a fusion gene comprising histone H3 methylase gene and a transposase belonging to
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the mariner transposon family; it has been shown to function as a domesticated primate
transposon playing critical roles in non-homologous end-joining of DNA repair and replica-
tion [69] and confers resistance to ionizing radiations [70]. Transposable elements are crucial
components in tissue development and morphology [71] as well as impact in synaptic
plasticity and cognition [72]. Transposon element expression is associated with a cytokine
response and induces recruitment and infiltration of immune cells in cancer and other
inflammatory diseases. Based on their mechanistic functions, TEs in mammals are catego-
rized into TE-containing functional RNAs and TE-containing cis-regulatory elements [40]
(Figure 2). In the former category, TE-derived microRNAs (miRNAs) and long noncoding
RNAs (IncRNAs) modulate function of protein-coding genes. For example, LINE-2-derived
miRNA target sites have been identified in the 3'UTR of several genes, including house-
keeping genes, thus resulting in LINE-2-mediated posttranscriptional regulation of these
genes [73] Likewise, TE sequences found in the IncRNAs (~80% of IncRNAs) exert their
function either by constituting a functional domain of the IncRNA or by regulating the host
transcripts by changing their expression, localization, or processing [74]. The cis-regulatory
elements in TEs, on the other hand, modulate gene expression by acting as epigenetic
modifiers, transcription factor binding sites, or insulator binding proteins [40]. Human
endogenous retroviruses have been associated with both activation and downregulation of
the host immune system, besides their role in genomic instability and trans-regulation of
human genes [75].
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Figure 2. TE-regulated mechanisms of action in the host cells. (1) Cis-regulatory mechanisms involv-

ing (A) promoter and (B) enhancer, integrate the activity of specific transcription factor; (C) insulator,
act either through enhancer-blocking activity or chromatin barrier activity; (D) silencer, silence the ex-
pression of genes. (2) Retrotransposon mechanism can increase the potential of transcription binding
factor. (orange arrowhead indicates increased activity, blue cross indicates silencing of activity, circle
with single cross indicates insulation of gene activity, grey arrow indicates direction of action).
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4. Regulation of TEs in the Host Cell

It is evident that TEs pose a potential threat to genomic stability and normal func-
tioning of a cell. However, host cells have evolved several mechanisms to restrict the
TE-mediated adverse effects, including DNA methylation [76], heterochromatin forma-
tion [77], histone modifications [78], and mRNA editing [76], which are often found lost
in the cancer cells (Figure 3). Among these, DNA methylation is responsible for silencing
most of the TEs in the somatic cells [79].

Normal cell Cancer cell
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Figure 3. Regulation of TEs in the normal and cancer cell. In normal cells (left panel), epigenetic
modifications like DNA methylation, histone modification, and non-coding RNA, silence the activity
of TEs. In cancer cells (right panel) hypomethylation, different histone modification, and non-coding
RNAs cause removal of repressive signals and unregulated expression of TEs. This leads to degrada-
tion of DNA, mutations, and genomic instability (orange arrowhead indicates the increased activity,
blue circle indicates histone, orange circle indicates methyl groups, blue cross indicates silencing).

4.1. DNA Methylation

DNA methylation is a regulatory epigenetic process that works by recruiting re-
pressor proteins, leading to transcriptional repression [80]. DNA methylation in mam-
malian genomes is catalyzed by DNA methyltransferases (DNMTs), which catalyze the
transfer of a methyl group from S-adenyl methionine (SAM) onto C5 cytosine to form
5-methylcytosine [46]. The dynamics of DNA methylation are changed during develop-
ment, which includes both demethylation and de novo methylation. De novo methylation
is catalyzed by DNMT3A and DNMT3B, which establish methylation marks onto unmethy-
lated DNA templates [81], whereas DNMT1 copies methylation marks from parental DNA
onto newly synthesized DNA during replication and maintains constitutive methylation
patterns [82,83]. DNA methylation acts as a repressor of the disruptive potential effects of
TEs. However, during early developmental stages, DNA is demethylated globally, thereby
releasing TEs to insert into germline and potentially pose a threat to genomic integrity [84].
Erasure of DNA methylation in developmental animal models leads to increased expression
and propagation of TEs throughout the host genome [85,86]. Given the potentially adverse
impacts TE expression can cause, Bestor [87] proposed that the silencing of TEs mediated
through cytosine methylation allows the TEs to coexist with the host genome. This had
led to the hypothesis that DNA methylation is a result of an evolutionary process that
renders the sequence inactive in order to reduce the total amount of DNA available for
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DNA-binding regulatory proteins [87]. This hypothesis was confirmed by a recent study
showing that TE insertion and its subsequent methylation upon insertion not only causes
genome expansion, but the TE DNA methylation extends to the flanking regions of the host
DNA [41]. The impact of TE methylation is not confined to the silencing, but it was believed
and later confirmed by Zhou et al. that the increased transition rate of methylated cytosine
to thymine in the TE DNA and other mutations confer a new cis-regulatory function to the
TEs [41].

4.2. Histone Modifications

Epigenetic regulation is a crosstalk between DNA methylation and posttranslational
histone modifications that include acetylation, methylation, ubiquitylation, and others [88].
In the absence of DNA methylation, the H3K9me3 andH3K27me3 epigenetic marks take
over the regulation of a large spectrum of transposons to maintain genomic stability [89].
DNA methylation is linked to histone posttranslational modifications, which are affected
by a ubiquitin-like PHD- and RING-finger domain containing protein (UHRF1), which in
association with H3K9me2/3, is responsible for DNA methylation maintenance [90]. Since
the genome has evolved through retrotransposon insertions, eventually host cells have de-
veloped ways to silence retrotransposon activity [91]. It has been reported that in primates,
retrotransposon repression is achieved by KRAB-associated protein-1 (KAP1) recruited by
KRAB zinc finger (KZNF) proteins, proteins that rapidly coevolved with retrotransposons
to inhibit active retrotransposons like LINE-1 and SVA elements [91]. Further, KZNF/KAP1
proteins were also reported to work in association with DNMT3A /DNMT3B to maintain
DNA methylation at imprinting control regions during early embryogenesis [92].

4.3. Silencing of Retroelements in Germ Cells

Germ cells and early embryos undergo epigenetic reprograming events that modify
repressive DNA methylation and histone modifications [93]. In this scenario, small-RNA-
mediated pathways are directed to regulate retrotransposon expression. RNAi limits the
expression of repetitive parasitic sequences of murine endogenous retrovirus-L (MuERV-L)
and intracisternal A particle (IAP), thus ensuring genomic integrity during developmental
stages [94]. Also, discovery of Piwi proteins and their associated piRNA identified these
proteins as regulators of retrotransposons via widespread mechanisms [95]. The mechanism
of defense mediated by piRNAs against retrotransposon invasion is highly conserved
among animal species [96]. The piwi piRNA pathway works as a transcriptional silencing
machinery, as evidenced in the translocation of piRNA along with mouse piwi 2 (MIWI2)
to the nucleus of progenitor germ cells [97]. Mouse knockout models of the Piwi proteins
miwi-like (MILI) and MIWI2 showed de-repression of retrotransposons, thus indicating
a role for these proteins in retrotransposon repression [98]. High throughput screening
studies of MILI and MIWI2 suggest that piRNAs are not essential for the maintenance
of de novo methylation [99,100]. However, later it was reported that the Piwi-piRNA
complex is required for de novo DNA methylation of retrotransposon sequences and is
associated with repressive chromatin remodeling activities [101,102]. Piwi-interacting RNA
binds to Piwi proteins and guides the binding to target RNAs of expressed retroelements
through sequence complementarity and further cleavage of the target RNAs to repress
the reverse transcription of retrotransposons. Secondary piRNA biogenesis pathways also
lead to cleavage of sense and antisense strands of retrotransposons that are mediated by
piwi—piRNA complex where piRNA is target-sequence-derived [99]. Thus, the cumulative
effects of DNA methylation, histone modifications, and RNA-mediated pathways play a
significant role in recognizing and silencing retrotransposon activity in germline cells. The
host cell in turn is dependent upon these retroelement regulatory pathways to preserve
genomic integrity.
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4.4. Silencing of TEs by miRNA and Other Mechanisms

Both in developing and mature mammalian cells, DNA methylation plays a crucial
role in silencing different classes of TEs. However, the role of miRNA and several pro-
teins in silencing TEs have also been reported. Endogenously produced miRNAs show a
similar function as siRNAs and participate in the regulation of normal cellular processes,
including TE-silencing. Depletion of DNMT1 counteracts transposon activation in murine
embryonic stem cells (ESCs) via acute depletion of Ago2 or Dicer [103]. Inhibition of Dicer
or Ago2 expression revealed that small RNAs are involved in an immediate response to
demethylation-induced transposon activation, while the deposition of repressive histone
markers follows as a chronic response [103]. Hamdorf et al. [104] reported that miR-128
acts as a direct repressor of LINE-1 retrotransposition in pluripotent stem cells and hu-
man cancer cells. In human-induced pluripotent stem cells and male mouse germ cells,
piRNAs restrict LINE-1 retrotransposition [104,105]. However, another mechanism has
been identified involving the tripartite motif 5x (TRIM5«) cytoplasmic retroviral sensor and
limiting LINE-1 retrotransposition through recognition of the LINE-1 ribonucleoprotein
complex [106]. Through its interaction with LINE-1 ribonucleoproteins, TRIM5« efficiently
represses human LINE-1 TEs by restriction and by activation of the transcription factors
AP-1 and NF-kB, which cause down-regulation of LINE-1 promoter activity [106]. These
results are supported by the presence of ERVs in other human cancers with increased levels
of TE expression [107,108].

Another study in murine ESCs demonstrated that, alpha-thalassemia/mental retar-
dation X-linked (ATRX) and death-associated protein (DAXX) recruited the H3K9 histone
methyltransferase SUV39H and mediated TE repression [109]. Moreover, LINE-1 silenc-
ing in primary murine embryonic fibroblasts occurs via chromatin remodelers such as
SWI/SNF2-related, matrix associated, actin-dependent regulator of chromatin, subfamily
A, member 6 (SMARCA®6) [110]. We have also shown that E2F/RB1 mediates LINE-1
silencing in murine embryo fibroblasts [111]. Also, ERV silencing in murine ESCs occurs
in an ATP-dependent manner through SWI/SNF-like remodeler SMARCADI1 and plays a
critical role in resection as well as stress response [111-113]. Overall, histone modifications
can silence TEs through a complex array of methods using several enzyme complexes.
Using the Baril element as a model, it was demonstrated that the mobility of TEs can be
effectively repressed by catalytically inactive polypeptides encoded by the transposase
gene, showing existence of yet another mechanism of TE silencing [114]; however, it is not
known if a similar mechanism exists in human cells as well, considering that Baril elements
are absent in human genome.

5. TEs Associated with Other Diseases

Transposable elements, especially retrotransposons are known to contribute to sev-
eral diseases other than cancer [8,10,35,115] (Table 1). Here we will briefly discuss the
various mechanisms through which TEs cause diseases and refer the readers to a recent
review for further reading [116]. It is reported that among the genetic disorders caused
by TE insertions, X-linked disorders caused by LINE-1 insertions are abundant. How-
ever, the mechanisms behind TE insertion and X-linked disorders remains yet to be fully
explained [117]. Significant progress has been made in understanding the different mecha-
nisms through which TEs exert their deleterious impact on the cellular function as well as
genomic stability, resulting in the manifestation of a disease. One mechanism involves TE
expression; expression of TEs generally is induced through loss of TE promoter silencing
either autonomously or through epigenetic alterations. This can lead to the production
of TE-encoded proteins, RNAs analogous to retrotransposition intermediates, chimeric
transcripts, IncRNAs, or altered gene regulation [118,119]. Altered TE expression is fre-
quently observed in different cancer but has also been observed in neurological diseases,
autoimmune and inflammatory disorders, and normal aging [116]. Another mechanism
involves TE insertions, a highly deleterious process responsible for several monogenic dis-
eases. This can happen either through the integration of TEs into an exon, thereby changing
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gene transcript, or into an intron, thereby altering mRNA splicing [116]. Several genetic
disorders have been associated with this mechanism, such as Dent’s disease, Duchenne
muscular dystrophy, neurofibromatosis type 1, hemophilia A, and many more [22]. Inser-
tion of TEs can also introduce new patterns of mRNA splicing due to the presence of cryptic
splicing sites in the inserts, which in some cases is just a single splice site and in other cases
a pair of sites. Some examples of diseases associated with this cryptic splicing are Lynch
syndrome (OMIM 614337), retinoblastoma (OMIM 180200), chronic granulomatous disease
(OMIM 306400).

Table 1. Transposable elements and their associated human diseases.

LINE-1 promotor hypomethylation. Lung, Colon, Pancreatic, Ovarian Cancer [120]
LINE-1 insertion in exon 14 of factor VIII gene Hemophilia A [11]
LINE-1 insertion Familial Retinoblastoma [22]
LINE-1 insertion in 3'noncoding region of fukutin gene Fukuyama type congenital muscular dystrophy [121]
LINE-1 insertion in DMD gene Duchene muscular dystrophy [122]
LINE-1 intronic insertion in RP2 gene Retinis pigmentosa [123]
LINE-1 insertion Coffin-Lowry Syndrome [124]
LINE-1 insertion in PDHX gene Pyruvate dehydrogenase complex deficiency. [125]
Alu insertion in exon 1 of CD40LG gene Higm Syndrome [126]
Alu insertion in CLCN5 gene Dent’s Disease [127]
Alu intronic insertion in NF1 gene Neurofibromatosis typel [18]
Alu insertions Colon, Breast, Ovarian Cancer [20,128,129]
Alu insertion in APC gene Leukemia [130]
Alu insertion in QAT gene OAT deficiency [131]
Alu insertion in COL4A3 gene Alport Syndrome [132]
SVA insertion in exon 6 of factor VIII gene Hemophilia B [133]
SVA insertion in intron 7 of PMS gene Lynch syndrome [134]

Several studies have reported that TEs in central nervous system (CNS) can be closely
associated with brain disorders [15,135]. Nevertheless, the investigation and evidence of
these illnesses in preclinical models is relatively limited. Stress is the main contributing
factor to neuropsychiatric diseases, and evidence has been mounting on the relationship
between TEs and stress-related disorders, including the roles of maternal behavior, stress,
and exercise on rates of transposition in the murine hippocampus [136]. One recent study
demonstrated that the N6 methyladenine modification is upregulated in the prefrontal
cortex of mice due to stress, with about half of the modification being targeted to LINEs,
resulting in the downregulation of RNA expression encoded by these elements [137].

Acute exposure of rats to stress downregulates Intracisternal A-particle (IAP)-LTR
and B2 SINE in the hippocampus, while IAP-LTR and LINE-1 were upregulated in the
cerebellum. Moreover, global increases in the H3K9me3 repressive histone marker in
the hippocampus were observed at retrotransposon-containing loci [138]. Cappucci and
colleagues also showed that repeated stress after 5 days altered LINE-1 expression [139]
with evidence also supporting that under normal conditions, in the rat hippocampus a
subclass of LINEs are transcribed, thus identifying a non-stress physiological role of TEs
as well. The role of HERV-W in schizophrenia is also know as it was reported that in
recent-onset schizophrenia patients there is a high HERV reverse transcriptase activity and
that overexpression of HERV-W env in U251 glioma cells alters dopamine D3 receptor
(DRD3) and brain neurotrophic derived factor (BDNF) levels, both known to increase the
risk for schizophrenia [139]. Another study demonstrated that dysregulation of Alu expres-
sion mechanically leads to macular damage in rodent models and human systems [140].
Subsequent studies reported that siRNA-induced SINE RNA silencing leads to Dicer-1
expression downregulation which in turn causes degeneration through the NOD-, LRR-,
and PYD-containing 3 (NLRP3) inflammasome pathway. This evidence suggests that TEs
are associated with various brain-related physiological and pathological pathways [141].
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For instance, migraine and epilepsy are linked to cortical spreading depression (CSD), with
a rodent model study showing that CSD is connected with H3K9me3 LINE-1 modifications
and changes in DNA methylation in the cortical genome [142,143]. In neurons and cultured
fibroblasts, HERV-W is activated by T. gondii and cytomegalovirus infections [143,144].

In neurodegenerative disorders, TEs also have been shown to exert a crucial role.
Transposable element activation through TAR DNA binding protein 43 (TDP-43)-regulated
siRNA-silencing in a frontotemporal region causes dementia and amyotrophic lateral
sclerosis (ALS) in Drosophila model [145,146], as well as in chick and human cell [147].
Ramesh et al. showed that knockdown of the UHRF1 gene in the cerebellum of developing
mouse brain upregulates murine IAP endogenous retrovirus, resulting in intense neurode-
generation [148]. On the other hand, the neurotoxic effect of mercury has been associated
with increased LINE-1 expression in human neuroblastoma cell lines [149].

Cumulative reported preclinical studies in different models suggest the physiological
significance of TEs in genetic disorders, including cancers and CNS-associated neuropsychi-
atric diseases (Table 2). However, in-depth research is needed to develop solid preclinical
models to understand TE-driven diseases and to develop novel therapeutic approaches to
manage these conditions.

Table 2. Preclinical studies on transposon-based gene therapy.

Liver-Directed

1. Sleeping Beauty Dogs Hydrodynamic [150]
Transposons Deli
elivery
9 Sleeping Beauty Dogs leer—l?lrected [151]
Transposons Delivery
3. Re.trotransPosor} acjc Ivation Mouse Alzheimer’s disease [152]
in Alzheimer’s disease

PiggyBac . Duchenne
4 Transposons Mice Muscular Dystrophy [153]

. . Hydrodynamic Hepatocellular
5. Sleeping Beauty (SB) C57BL/6 ] mice Tail Vein Injection Carcinoma [154]

Transposon-triggered innate
6. immune response confers blind mole rat Cancer [155]
cancer resistance
Corticosterone dynamically
7. regulates retrotransposable Rat Stress condition [156]
element expression
8. Differential Responses of Rat Psychomotor impairments [157]
LINE-1
Spa.tlally Resolved . Neurodegenerative disease
9. Expression of Transposable Mice . . [158]
amyotrophic lateral sclerosis
Elements
o Human . Disrupts .
10 Activation of luripotent stem cortical patterning [159]
’ HERV-K(HML-2) P pcells and neuronal

differentiation

6. Futuristic Therapeutics Involving TEs

TEs can alter gene expression and production of protein, making these elements
suitable targets for drug development. The jumping nature of TEs has made them a
useful tool in insertional mutagenesis procedure [160] with a potential application in
bio-pharmacology and gene therapy [161,162]. Because of their non-viral origin, DNA
transposons are considered safe for therapeutic applications [163]. Several preclinical
studies have been conducted in different animal models of human diseases to test the
feasibility of TEs as gene therapy tools (Table 2).For the treatment of many acquired and
inherited human diseases, gene therapy using TE-based vectors has indeed proven to be a
promising strategy. By exploiting properties such as its integration capacity and non-viral
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nature, many DNA-transposon-based vectors were adapted for gene therapy protocols. The
Sleeping Beauty (SB) transposon, a member of the Tcl/mariner superfamily and first devel-
oped by Ivics and colleagues [164], has proven to be a successful approach for generating
antitumoral T lymphocytes by ex-vivo transfer of TCR/CAR genes [165,166]. Furthermore,
these T cells showed stable expression and anti-tumor activity in preclinical trials [167,168].
SB transposon system also proved to be efficient in achieving stable expression in modified
human CD34+ hematopoietic stem cells [169]. A study showed the functional activity of
piggyBac transposons by modifying human T cells that were capable of eliminating CD19,
expressing human lymphoma cell lines [170]. Studies have indicated that apart from DNA
transposons, retrotransposons, and particularly LINE-1, have become a potential treatment
strategy for various diseases due to their various properties. One study demonstrated
that antisense promoter LINE-1 demethylation by DNMTT1 inhibitors is associated with
increased transcription of neighboring genes [171]. This study implicated a critical role of
TEs in epigenetic therapy, considering their side effects and therapeutic impact. Human
ERV-W-Env expression in type 1 diabetes is an interesting example of therapeutic antibody
use. The abnormal expression of ERV-Env protein in circulation and postmortem acinar
pancreatic cells exemplifies a pathological cause in T1D patients revealed by epidemio-
logical studies [172]. Recently, GNbAC1 monoclonal antibody (IgG4) directed against the
HERYV envelope protein was shown to specifically neutralize the human ERV-W-Env via
inhibiting release of TNF-« in vivo and in vitro. Thus, IgG4 may be developed as a treat-
ment for human ERV associated complex diseases. For instance, treatment with 18 mg/kg
GNbACTresulted in significant remyelination in multiple sclerosis (MS) patients [173],
which may in near future lead to the development of mAb-based treatment for MS.

In preclinical and clinical studies, the epigenetic activation of immune cells leads to
immune signaling in cancer. Treatment with DNMT inhibitors (DNMTis) in mouse models
sensitizes melanoma cells to subsequent anti-CTLA4 therapy. Additionally, it also enhances
anti-PD-1 therapy in murine ovarian cancer [174,175]. In a mouse model of ovarian cancer,
DNMT inhibition plus histone deacetylase (HDAC) inhibition caused the activation of
CD8+ T-cells through interferon signaling [176]. Another report in a xenograft mouse model
of colorectal cancer treated with the DNMTi azacytidine (Aza) and dsRNA-destabilizing
enzyme adenosine deaminase acting on RNA (ADAR1) showed synergistic anti-tumor
action [177]. The ERV-K promotes intracellular fusion of breast cancer cells to endothelial
cells, resulting in escape of malignant cells from the breast tissue and metastasis [177,178].
Similarly, in a syngeneic mouse model, ERV-K in renal cells induced the development of
pulmonary metastases [179].

One of the enzymatic activities encoded by ORF2 in LINE-1 elements is a target for
RT inhibitors. In fact, RT inhibition has been studied as a target in prostate cancer. Using
RT inhibitory drugs or inhibition through RNA interference-dependent signaling of active
LINE-1 reduces proliferation of cancer cells and mediates differentiation. Evidence has been
presented that these drugs also cease the tumor progression in rodent models [180,181].

p53 is a tumor-suppressor gene that is active in somatic cells and plays a vital role in
double-stranded DNA break (DSB) repairs. In more than 50% of cancers, p53 is mutated,
with malignant cells deficient in p53 showing increased levels of TE activity, which further
promotes genome instability and alterations [182]. The role of p53 in repressing repetitive
elements is an important safeguard against genomic instability induced by repetitive
elements. Recently it was demonstrated that activation of p53 by MDM2 inhibitor induces
expression of ERVs through inhibition of lysine-specific histone demethylase 1(LSD1) and
DNMT1, which in turn trigger expression of type I/III interferons and promote T-cell
infiltration [183]. The authors further demonstrated that inhibition of MDM2 in patients
with melanoma activates viral mimicry and tumor inflammation genes [183], thus providing
evidence for EVR expression-mediated cancer treatment. One study reported that activated
synthesis of ORF2 protein following transcriptional activation of LINE-1 halts double-
stranded breaks in chromatin and upregulates p53 activity [184]. The cells might undergo
apoptosis regulated by a feedback mechanism responding to DNA damage. Haoudi and
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colleagues support this proposed mechanism, showing that LINE-1 upregulation induces
apoptosis in the G418R HCT wild-type p53 cell line [185]. However, this did not occur
in the mutant p53 G418R SW480 cell line, signifying the therapeutic potential of LINE-1
inhibitors for wild-type p53 malignancies [185,186]. The fanconi anemia factor and DSB
repair restrict LINE-1 retrotransposition during the S/G2 phase [187], implicating LINE-1
retrotransposition in the pathogenesis of ovarian and breast cancers lacking in DSB protein
BRCA1, BRCA2, an E3 ubiquitin ligase with a key role in several DNA repair pathways.
These results suggest the existence of a ‘battleground” at the DNA replication fork between
homologous recombination (HR) factors and L1 retrotransposons and reveal a potential
role for L1 in the genotypic evolution of tumors characterized by BRCA1 and HR repair
deficiencies [187].

In cancer therapy, cancer cells treated with DNMTi activate the type I and III inter-
feron signaling pathways and enhance the immune cascade of tumors triggered by the
detection of double-stranded RNA (dsRNA) derived from TEs [188-190]. Azacytidine
(Aza) and 5-aza-2'-deoxycytidine (Dac) are two promising DNMTis approved by FDA
for the treatment of hematological malignancies. Aza binds covalently to the DNMT1
preventing it from methylating the DNA, thus turning on tumor suppressing genes. In cell
lines derived from lung, breast, ovarian, and colon cancers, low doses of azacytidine (Aza)
and 5-aza-2'-deoxycytidine (Dac) boost the immune signaling involving cytokines, antigen
processing, and interferon responses [191,192]. Additionally, Aza, in a series of kinase
reactions, gets converted into Aza triphosphate, which is then incorporated into RNA, thus
altering RNA metabolism and protein synthesis, causing cytotoxicity [193]. Ribonucleotide
reductase reduces Aza diphosphate into Dac diphosphate, which is phosphorylated to
triphosphate and merged into DNA, altering DNA methyl transfer activity and leading
to hypomethylation of replicating DNA [193]. DNMTi decreases total DNA methylation,
and as a result, dsRNA increases; specifically, dSRNA achieved from inverted-repeat Alu
elements [177]. The sensors in cytoplasm TLR3 and MDADS sense this change in genetic
material and activate the canonical interferon signaling pathways under viral mimicry [194].
Studies also revealed that DNMTi treatment-induced interferon response was antagonized
by inhibiting the dsRNA sensors TLR3 and MDA, showing that the transcription of TE-
induced dsRNA species activates the interferon response [189,190]. Additional studies
have reported that DNMTi treatment induced viral mimicry; further increases have been
found upon treatment with HDAC inhibitors (HDAC;), Vitamin C, or inhibition of H3K9
methyltransferase [194,195].

Cell-mediated immunity and humoral immunity have been studied in the context of
TEs. Antibodies against ERV-K have been identified in several cancers, including ovarian
and melanoma patients and teratocarcinoma cell lines [196]. In cancer patients, T-cell-
mediated and autologous humoral response were reported to aid in the development
of adaptive immune activity to target TEs as novel therapeutic targets. Transposable
elements may be potential therapeutic targets in various complex diseases, including
genetic disorders such as cancers and CNS related disorders. Transposable elements can be
used to insert or delete sequences at will, thus allowing for targeted manipulation of gene
expression and alterations in pathophysiological pathways. Identification of specific TEs
in the pathogenesis of the disease may allow for development of specific oligonucleotide
sequences targeting these sequences.

Transposon elements are overexpressed in the majority of human diseases due to
demethylation of the TE loci [51]. However, in a few cases, the TE transcript process
is independent of the DNA methylation [86]. This suggests another mechanism of TE
that controls non-coding RNAs and histone modifications. Modification of RNA has an
important role in human diseases [197]. One of the modifications of transposon RNA
M(6)A, has been reported [198]. Such modalities where transposons are involved in human
diseases may be potential targets for therapeutics. For further research, in addition to RNA
modifications, one might investigate the uncharacterized DNA modifications of TEs. One
example is m6dA, which is present in the human genome at specific sites, is associated with
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increased transcription activity, and has been involved in cancer [199,200]. In the future,
investigating the correlation between TE loci and markers upregulated in disease would be
an interesting research area.

7. Clinical Trial

Many clinical trials are currently targeting TEs or taking advantage of TE biology
(Table 3). Recently, combining anti-CTLA-4 treatment with DNMTi in melanoma has given
promising results in terms of anti-tumor activity and improvement in immune activa-
tion [201]. Although no direct correlation between the treatment and TEs was deduced
from the study, it is plausible that the TE pathway is affected by the inhibition of DNMT, as
shown previously [177,188-190]. Several studies have revealed that inhibition of CDK4/6
leads to suppression of DNMT1 due to hypomethylation of TEs, specifically in ERVs, and
this can further be used to induce viral mimicry [202-204]. Additionally, treatments in some
on-going clinical trials may involve TE activity due to the targeted pathways. For instance,
the phase Ib NIBIT-M4 clinical trial testing the next-generation DNA hypomethylation
agent guadecitabine in combination with ipilimumab showed improved immunomodula-
tory and anti-tumor activity in advanced melanoma [201], which may involve perturbation
of the epigenetic regulation of TEs and more importantly, the ERVs and their subsequent
immunomodulatory effect.

Currently, checkpoint inhibitor therapy is being used for immune signaling in clinical
trials for kidney, ovarian, colorectal, and melanoma cancers (NCT01928576, NCT02811497,
NCT02546986, NCT02530463, NCT02961101, NCT03019003, NCT02397720) involving the
TE signaling pathways. In a recently published clinical trial data for colorectal, breast, and
ovarian solid tumors, where durvalumab and T-cell survival promoter (PD-1 antagonizing
monoclonal antibody) combined with oral form of hypomethylation agent azacytidine
CC-486 were investigated in an open-label phase Il METADUR trial (NCT02811497), in-
vestigators failed to detect a strong DNA demethylation associated with the lack of the
expected viral mimicry inflammatory response [205]. These studies, however, have shown
the importance of making stable and good pharmacokinetic epigenetic therapies to get
promising results in the treatment of solid tumors.

The results of early phase I/1I trials (NCT03389035) in B cell acute lymphoblastic
leukemia (B-ALL) were recently published. In this study, nine adult and four pediatric
patients were given infusion doses of Chimeric antigen receptor (CAR) T cells. CAR T cells
were made with Sleeping Beauty (SB) transposons to convert the cells into cytokine-induced
killer (CIK) cells. The result showed complete remission and a durable response for up to
10 months [206]. Another on-going clinical trial is performing TE control pathway analysis
in tumor samples collected from the surgical parts and their comparison to normal adjacent
tissues. Clinical trial NCT02171845 is studying the various factors and mechanisms of TE
suppression during fetal gonad development; however, the status of this study is currently
unknown. A B-cell lymphoma phase I trial (NCT04289220) using anti-CD19 CAR T-cells
engineered using the PiggyBac transposons in an invitro cell line derived xenograft model
showed vigorous tumor-killing activity with no obvious side effect related to the cytokine
storm and neurotoxicity.

In a single center phasel/2 study, a Hurler syndrome patient underwent allogeneic
hematopoietic stem cell transplantation treated with engineered autologous plasma blasts
to show a-L-iduronidase (IDUA) by using the SB-transposon system (NCT04284254). In
pediatric and adult patients with r/r BCP-ALL open-label, multi-center, phase II study, the
therapeutic efficacy and safety of PTG-CARCIK-CD19 cell infusion (NCT05252403) will be
determined. The PTG-CARCIK-CD-19 infusion consists of genetically modified allogeneic
T lymphocytes in suspension. In a phase II trial (NCT04102436) with metastatic cancer
patients, SB engineered transposons/transposase autologous T-cells administration showed
T-cell receptor expression reactive against neoantigens [162,163]. Another engineered
EGFR-CAR T-cell through non-viral piggyBac system therapy in non-small cell lung cancer
(NSCLC) patients was revealed to be feasible and safe (NCT03182816) [164]. Collectively,
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these studies emphasize the importance of understanding TE biology so that this knowledge
can be exploited for the development of novel direct and indirect strategies to combat cancer.

Table 3. Clinical advances in transposon-based gene therapy.

Mucopolysaccharidosis

MT2018-18: Sleeping Beauty Type IH (MPS IH,
Transposon-Engineered Hurler Syndrome), Autologous
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Syndrome Post Allo HSCT Type IH
MPS IH, Hurler Syndrome
Analysis of Transposon Genetic: Extraction
2, Control Pathways in Germinal Germinal Ca.n cers of of total RNA from NCT02873793
. the Testicle healthy and
Cancers of the Testicle .
tumor tissues
Transposon-manipulated
Allogeneic CARCIK-CD19 Acute Lymphoblastic Biological:
3. Cells in Paediatric and Adult Leukemia in CAR CII%— C]jl 9 1/2 NCT03389035
Patients With r/r ALL Post Relapse
HSCT (CARCIK)
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8. Future Perspectives

One of the most important revelations to emerge from human genome project is
that TEs are widely represented in the genome, underscoring their biological importance
in shaping our genome and their potential roles in regulating the function of the host
cell. Indeed, this has been revealed through numerous studies showing that TEs are not
merely “JUNK DNA”, but rather, are genetic elements that play a crucial role in numerous
biological processes, including regulation of gene expression, genome evolution, genetic
variability, and cancer initiation and progression, to list a few. The insertion and deletion
of TEs in the genome and their epigenetic reactivation can lead to genetic disorders, some
mild and some severe. Transposon elements have gained increasing recognition as major
regulators of genetic function.

Advancements in techniques and their development, such as next-generation sequenc-
ing and different computer-based applications, will help researchers and the medical
community understand the role of TEs in human disease. The healthcare and scientific
community already recognize the importance of individualized therapy for genetic disor-
ders such as cancer. All this progress and development may soon lead to the development
of promising TE-based novel therapeutic approaches for the treatment of many illnesses.
For instance, the role of DNMTi in causing ‘viral mimicry” through the expression of TEs,
as discussed earlier, is an important advancement in the treatment of several diseases,
especially cancer. Some recent studies, although not directly linked to TEs, have showed
that cyclin-dependent kinases (CDKs) are necessary for type I interferon production; the
inactivity among CDK4/6 may be sufficient to counter the post-transcriptional block of
INFp through CKD1/2/4 inhibitor R547 [207,208]. Cyclin-dependent kinase 4/6 inhibitors
(CKD4/6i) selectively target proliferating cancer cells and can be an excellent therapeutic
strategy to enhance or boost the immune signaling in cancer cells without hampering
normal cells. Another future application of TEs is in the recombinant DNA technology
(rDT), as it is estimated that the global rDT market will reach 850 billion USD by 2025,
of which TE-based expression vectors will be of a substantial proportion [209]. Besides
these, application of TEs in basic as well as applied biological sciences is in offing (Figure 4),
transforming “foes into friends”.
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Figure 4. Potential applications of TEs in biological science and human health.



Int. . Mol. Sci. 2022, 23, 7802 16 of 24

Author Contributions: Conceptualization, A.B. and TK.P; original draft preparation, A.B., T.G., S.B,,
G.PL,AD,RK, RKP and TK.P; review and editing, A.B., KM.B., K.S.R. and TK.P;; visualization,
AB. and RK,; supervision, A.B. and T.K.P. All authors have read and agreed to the published version
of the manuscript.

Funding: The work was supported in part by grants from NIH CA129537, GM109768, ES034542, Texas
Governors’ Research Initiative, ICMR grant # RBMH/CAR/3/2018-19 and BMS/Adhoc/45/2021-22.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. McClintock, B. The origin and behavior of mutable loci in maize. Proc. Natl. Acad. Sci. USA 1950, 36, 344-355. [CrossRef]
[PubMed]

2. Mills, R.E; Bennett, E.A.; Iskow, R.C.; Devine, S.E. Which transposable elements are active in the human genome? Trends Genet.
2007, 23, 183-191. [CrossRef] [PubMed]

3.  Lander, E.S,; Linton, L.M.; Birren, B.; Nusbaum, C.; Zody, M.C.; Baldwin, J.; Devon, K.; Dewar, K.; Doyle, M.; FitzHugh, W.; et al.
Initial sequencing and analysis of the human genome. Nature 2001, 409, 860-921. [PubMed]

4. Munoz-Lopez, M.; Garcia-Perez, ].L. DNA transposons: Nature and applications in genomics. Curr. Genom. 2010, 11, 115-128.
[CrossRef] [PubMed]

5. Kojima, K.K. Human transposable elements in Repbase: Genomic footprints from fish to humans. Mob. DNA 2018, 9, 2. [CrossRef]
[PubMed]

6. Pace, ].K., 2nd; Feschotte, C. The evolutionary history of human DNA transposons: Evidence for intense activity in the primate
lineage. Genome Res. 2007, 17, 422-432. [CrossRef]

7. Kim, YJJ.; Lee, J.; Han, K. Transposable Elements: No More ‘Junk DNA’. Genom. Inform. 2012, 10, 226-233. [CrossRef]

8. Belancio, V.P,; Hedges, D.J.; Deininger, P. Mammalian non-LTR retrotransposons: For better or worse, in sickness and in health.
Genome Res. 2008, 18, 343-358. [CrossRef]

9. Chen, ].M.; Stenson, P.D.; Cooper, D.N.; Ferec, C. A systematic analysis of LINE-1 endonuclease-dependent retrotranspositional
events causing human genetic disease. Hum. Genet. 2005, 117, 411-427. [CrossRef]

10. Deininger, PL.; Batzer, M.A. Alu repeats and human disease. Mol. Genet. Metab. 1999, 67, 183-193. [CrossRef]

11. Kazazian, H.H.; Wong, C.; Youssoufian, H.; Scott, A.F; Phillips, D.G.; Antonarakis, S.E. Haemophilia A resulting from de novo
insertion of L1 sequences represents a novel mechanism for mutation in man. Nature 1988, 332, 164-166. [CrossRef] [PubMed]

12.  Ardeljan, D.; Taylor, M.S.; Ting, D.T.; Burns, K.H. The Human Long Interspersed Element-1 Retrotransposon: An Emerging
Biomarker of Neoplasia. Clin. Chem. 2017, 63, 816-822. [CrossRef] [PubMed]

13. Kazazian, H.H., Jr. Mobile elements: Drivers of genome evolution. Science 2004, 303, 1626-1632. [CrossRef] [PubMed]

14. Belancio, V.P; Deininger, P.L.; Roy-Engel, A M. LINE dancing in the human genome: Transposable elements and disease. Genome
Med. 2009, 1, 97. [CrossRef]

15. Guffanti, G.; Gaudi, S.; Fallon, ].H.; Sobell, J.; Potkin, S.G.; Pato, C.; Macciardi, F. Transposable elements and psychiatric disorders.
Am. ]. Med. Genet. B Neuropsychiatr. Genet. 2014, 165, 201-216. [CrossRef]

16. Mukherjee, S.; Mukhopadhyay, A.; Banerjee, D.; Chandak, G.R.; Ray, K. Molecular pathology of haemophilia B: Identification of
five novel mutations including a LINE 1 insertion in Indian patients. Haemophilia 2004, 10, 259-263. [CrossRef]

17. Tighe, PJ.; Stevens, E.S.; Dempsey, S.; Le Deist, F.; Rieux-Laucat, F.; Edgar, ].D.M. Inactivation of the Fas gene by Alu insertion:
Retrotransposition in an intron causing splicing variation and autoimmune lymphoproliferative syndrome. Genes Immun. 2002,
3 (Suppl. S1), S66-570. [CrossRef]

18. Wallace, M.R.; Andersen, L.B.; Saulino, A.M.; Gregory, P.E.; Glover, TW.; Collins, FS. A de novo Alu insertion results in
neurofibromatosis type 1. Nature 1991, 353, 864-866. [CrossRef]

19. Miki, Y,; Katagiri, T.; Kasumi, F; Yoshimoto, T.; Nakamura, Y. Mutation analysis in the BRCA2 gene in primary breast cancers.
Nat. Genet. 1996, 13, 245-247. [CrossRef]

20. Miki, Y,; Nishisho, I.; Horii, A.; Miyoshi, Y.; Utsunomiya, J.; Kinzler, K.W.; Vogelstein, B.; Nakamura, Y. Disruption of the APC
gene by a retrotransposal insertion of L1 sequence in a colon cancer. Cancer Res. 1992, 52, 643-645.

21. Molaro, A.; Malik, H.S. Hide and seek: How chromatin-based pathways silence retroelements in the mammalian germline. Curr.
Opin. Genet. Dev. 2016, 37, 51-58. [CrossRef] [PubMed]

22. Hancks, D.C.; Kazazian, H.H., Jr. Roles for retrotransposon insertions in human disease. Mob. DNA 2016, 7, 9. [CrossRef]
[PubMed]

23. Zhuang, J.; Wang, J.; Theurkauf, W.; Weng, Z. TEMP: A computational method for analyzing transposable element polymorphism

in populations. Nucleic Acids Res. 2014, 42, 6826—6838. [CrossRef] [PubMed]


http://doi.org/10.1073/pnas.36.6.344
http://www.ncbi.nlm.nih.gov/pubmed/15430309
http://doi.org/10.1016/j.tig.2007.02.006
http://www.ncbi.nlm.nih.gov/pubmed/17331616
http://www.ncbi.nlm.nih.gov/pubmed/11237011
http://doi.org/10.2174/138920210790886871
http://www.ncbi.nlm.nih.gov/pubmed/20885819
http://doi.org/10.1186/s13100-017-0107-y
http://www.ncbi.nlm.nih.gov/pubmed/29308093
http://doi.org/10.1101/gr.5826307
http://doi.org/10.5808/GI.2012.10.4.226
http://doi.org/10.1101/gr.5558208
http://doi.org/10.1007/s00439-005-1321-0
http://doi.org/10.1006/mgme.1999.2864
http://doi.org/10.1038/332164a0
http://www.ncbi.nlm.nih.gov/pubmed/2831458
http://doi.org/10.1373/clinchem.2016.257444
http://www.ncbi.nlm.nih.gov/pubmed/28188229
http://doi.org/10.1126/science.1089670
http://www.ncbi.nlm.nih.gov/pubmed/15016989
http://doi.org/10.1186/gm97
http://doi.org/10.1002/ajmg.b.32225
http://doi.org/10.1111/j.1365-2516.2004.00895.x
http://doi.org/10.1038/sj.gene.6363864
http://doi.org/10.1038/353864a0
http://doi.org/10.1038/ng0696-245
http://doi.org/10.1016/j.gde.2015.12.001
http://www.ncbi.nlm.nih.gov/pubmed/26821364
http://doi.org/10.1186/s13100-016-0065-9
http://www.ncbi.nlm.nih.gov/pubmed/27158268
http://doi.org/10.1093/nar/gku323
http://www.ncbi.nlm.nih.gov/pubmed/24753423

Int. . Mol. Sci. 2022, 23, 7802 17 of 24

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

Amarasinghe, S.L.; Su, S.; Dong, X.; Zappia, L.; Ritchie, M.E.; Gouil, Q. Opportunities and challenges in long-read sequencing
data analysis. Genome Biol. 2020, 21, 30. [CrossRef] [PubMed]

Wang, L.; Rishishwar, L.; Marino-Ramirez, L.; Jordan, LK. Human population-specific gene expression and transcriptional
network modification with polymorphic transposable elements. Nucleic Acids Res. 2017, 45, 2318-2328. [CrossRef]

Hedges, D.J.; Deininger, P.L. Inviting instability: Transposable elements, double-strand breaks, and the maintenance of genome
integrity. Mutat. Res. 2007, 616, 46-59. [CrossRef]

Lerman, D.N.; Feder, M.E. Naturally occurring transposable elements disrupt hsp70 promoter function in Drosophila melanogaster.
Mol. Biol. Evol. 2005, 22, 776-783. [CrossRef]

Prak, E.T.; Kazazian, H.H., Jr. Mobile elements and the human genome. Nat. Rev. Genet. 2000, 1, 134-144. [CrossRef]

Henssen, A.G.; Koche, R.; Zhuang, J.; Jiang, E.; Reed, C.; Eisenberg, A.; Still, E.; MacArthur, 1.C.; Rodriguez-Fos, E.;
Gonzalez, S.; et al. PGBD5 promotes site-specific oncogenic mutations in human tumors. Nat. Genet. 2017, 49, 1005-1014.
[CrossRef]

Rommel, P.C.; Oliveira, T.Y.; Nussenzweig, M.C.; Robbiani, D.F. RAG1/2 induces genomic insertions by mobilizing DNA into
RAG1/2-independent breaks. . Exp. Med. 2017, 214, 815-831. [CrossRef]

Majumdar, S.; Singh, A.; Rio, D.C. The human THAP9 gene encodes an active P-element DNA transposase. Science 2013,
339, 446-448. [CrossRef] [PubMed]

Gasior, S.L.; Wakeman, T.P.; Xu, B.; Deininger, PL. The human LINE-1 retrotransposon creates DNA double-strand breaks. J. Mol.
Biol. 2006, 357, 1383-1393. [CrossRef]

Han, K.; Sen, S.K.; Wang, J.; Callinan, P.A.; Lee, J.; Cordaux, R.; Liang, P.; Batzer, M.A. Genomic rearrangements by LINE-1
insertion-mediated deletion in the human and chimpanzee lineages. Nucleic Acids Res. 2005, 33, 4040—-4052. [CrossRef]

Gilbert, N.; Lutz-Prigge, S.; Moran, J.V. Genomic deletions created upon LINE-1 retrotransposition. Cell 2002, 110, 315-325.
[CrossRef]

Cordaux, R.; Batzer, M.A. The impact of retrotransposons on human genome evolution. Nat. Rev. Genet. 2009, 10, 691-703.
[CrossRef] [PubMed]

Belancio, V.P; Hedges, D.J.; Deininger, P. LINE-1 RNA splicing and influences on mammalian gene expression. Nucleic Acids Res.
2006, 34, 1512-1521. [CrossRef]

Lev-Maor, G.; Ram, O.; Kim, O.; Sela, N.; Goren, A.; Levanon, E.Y.; Ast, G. Intronic Alus influence alternative splicing. PLoS Genet.
2008, 4, €1000204. [CrossRef]

Landry, ].R.; Medstrand, P,; Mager, D.L. Repetitive elements in the 5’ untranslated region of a human zinc-finger gene modulate
transcription and translation efficiency. Genomics 2001, 76, 110-116. [CrossRef]

Konkel, M.K.; Batzer, M.A. A mobile threat to genome stability: The impact of non-LTR retrotransposons upon the human
genome. Semin. Cancer Biol. 2010, 20, 211-221. [CrossRef]

Hsu, PS.; Yu, S.-H.; Tsai, Y.-T.; Chang, J.-Y.; Tsai, L.-K; Ye, C.-H.; Song, N.-Y.; Yao, L.-C.; Lin, S.-P. More than causing (epi)genomic
instability: Emerging physiological implications of transposable element modulation. J. Biomed. Sci. 2021, 28, 58. [CrossRef]
Zhou, W,; Liang, G.; Molloy, P.L.; Jones, P.A. DNA methylation enables transposable element-driven genome expansion. Proc.
Natl. Acad. Sci. USA 2020, 117, 19359-19366. [CrossRef]

Lu, S.; Wang, G.; Bacolla, A.; Zhao, J.; Spitser, S.; Vasquez, K.M. Short Inverted Repeats Are Hotspots for Genetic Instability:
Relevance to Cancer Genomes. Cell Rep. 2015, 10, 1674-1680. [CrossRef] [PubMed]

Voineagu, I.; Narayanan, V.; Lobachev, K.S.; Mirkin, S.M. Replication stalling at unstable inverted repeats: Interplay between
DNA hairpins and fork stabilizing proteins. Proc. Natl. Acad. Sci. USA 2008, 105, 9936-9941. [CrossRef] [PubMed]

Han, K; Lee, J.; Meyer, T.J.; Remedios, P.; Goodwin, L.; Batzer, M.A. L1 recombination-associated deletions generate human
genomic variation. Proc. Natl. Acad. Sci. USA 2008, 105, 19366-19371. [CrossRef]

Sen, SK.; Han, K.; Wang, J.; Lee, J.; Wang, H.; Callinan, P.A.; Dyer, M.; Cordaux, R; Liang, P.; Batzer, M.A. Human genomic
deletions mediated by recombination between Alu elements. Am. J. Hum. Genet. 2006, 79, 41-53. [CrossRef]

Robertson, K.D. DNA methylation and human disease. Nat. Rev. Genet. 2005, 6, 597-610. [CrossRef]

Bojang, P., Jr.; Ramos, K.S. Epigenetic reactivation of LINE-1 retrotransposon disrupts NuRD corepressor functions and induces
oncogenic transformation in human bronchial epithelial cells. Mol. Oncol. 2018, 12, 1342-1357. [CrossRef]

Teugels, E.; De Brakeleer, S.; Goelen, G.; Lissens, W.; Sermijn, E.; De Greve, J. De novo Alu element insertions targeted to a
sequence common to the BRCA1 and BRCA2 genes. Hum. Mutat. 2005, 26, 284. [CrossRef]

Rodriguez-Martin, C.; Cidre, F; Fernandez-Teijeiro, A.; Gémez-Mariano, G.; De La Vega, L.; Ramos, P.; Zaballos, A.; Monzén, S.;
Alonso, J. Familial retinoblastoma due to intronic LINE-1 insertion causes aberrant and noncanonical mRNA splicing of the RB1
gene. |. Hum. Genet. 2016, 61, 463-466. [CrossRef] [PubMed]

Daskalos, A.; Nikolaidis, G.; Xinarianos, G.; Savvari, P.; Cassidy, A.; Zakopoulou, R.; Kotsinas, A.; Gorgoulis, V.; Field, ] K,;
Liloglou, T. Hypomethylation of retrotransposable elements correlates with genomic instability in non-small cell lung cancer. Int.
J. Cancer 2009, 124, 81-87. [CrossRef] [PubMed]

Anwar, S.L.; Wulaningsih, W.; Lehmann, U. Transposable Elements in Human Cancer: Causes and Consequences of Deregulation.
Int. J. Mol. Sci. 2017, 18, 974. [CrossRef] [PubMed]

Park, S.Y,; Na Seo, A.; Jung, H.Y,; Gwak, ] M.; Jung, N.; Cho, N.-Y,; Kang, G.H. Alu and LINE-1 hypomethylation is associated
with HER2 enriched subtype of breast cancer. PLoS ONE 2014, 9, e100429. [CrossRef] [PubMed]


http://doi.org/10.1186/s13059-020-1935-5
http://www.ncbi.nlm.nih.gov/pubmed/32033565
http://doi.org/10.1093/nar/gkw1286
http://doi.org/10.1016/j.mrfmmm.2006.11.021
http://doi.org/10.1093/molbev/msi063
http://doi.org/10.1038/35038572
http://doi.org/10.1038/ng.3866
http://doi.org/10.1084/jem.20161638
http://doi.org/10.1126/science.1231789
http://www.ncbi.nlm.nih.gov/pubmed/23349291
http://doi.org/10.1016/j.jmb.2006.01.089
http://doi.org/10.1093/nar/gki718
http://doi.org/10.1016/S0092-8674(02)00828-0
http://doi.org/10.1038/nrg2640
http://www.ncbi.nlm.nih.gov/pubmed/19763152
http://doi.org/10.1093/nar/gkl027
http://doi.org/10.1371/journal.pgen.1000204
http://doi.org/10.1006/geno.2001.6604
http://doi.org/10.1016/j.semcancer.2010.03.001
http://doi.org/10.1186/s12929-021-00754-2
http://doi.org/10.1073/pnas.1921719117
http://doi.org/10.1016/j.celrep.2015.02.039
http://www.ncbi.nlm.nih.gov/pubmed/25772355
http://doi.org/10.1073/pnas.0804510105
http://www.ncbi.nlm.nih.gov/pubmed/18632578
http://doi.org/10.1073/pnas.0807866105
http://doi.org/10.1086/504600
http://doi.org/10.1038/nrg1655
http://doi.org/10.1002/1878-0261.12329
http://doi.org/10.1002/humu.9366
http://doi.org/10.1038/jhg.2015.173
http://www.ncbi.nlm.nih.gov/pubmed/26763876
http://doi.org/10.1002/ijc.23849
http://www.ncbi.nlm.nih.gov/pubmed/18823011
http://doi.org/10.3390/ijms18050974
http://www.ncbi.nlm.nih.gov/pubmed/28471386
http://doi.org/10.1371/journal.pone.0100429
http://www.ncbi.nlm.nih.gov/pubmed/24971511

Int. . Mol. Sci. 2022, 23, 7802 18 of 24

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Reyes-Reyes, E.M.; Aispuro, I; Tavera-Garcia, M.A.; Field, M.; Moore, S.; Ramos, I.; Ramos, K.S. LINE-1 couples EMT program-
ming with acquisition of oncogenic phenotypes in human bronchial epithelial cells. Oncotarget 2017, 8, 103828-103842. [CrossRef]
[PubMed]

Suter, C.M.; Martin, D.I.; Ward, R.L. Hypomethylation of L1 retrotransposons in colorectal cancer and adjacent normal tissue. Int.
J. Colorectal Dis. 2004, 19, 95-101. [CrossRef]

Wilson, A.S.; Power, B.E.; Molloy, P.L. DNA hypomethylation and human diseases. Biochim. Biophys. Acta 2007, 1775, 138-162.
[CrossRef]

Ramos, K.S.; Bojang, P.; Bowers, E. Role of long interspersed nuclear element-1 in the regulation of chromatin landscapes and
genome dynamics. Exp. Biol. Med. 2021, 246, 2082-2097. [CrossRef]

Yoder, J.A.; Walsh, C.P.; Bestor, T.H. Cytosine methylation and the ecology of intragenomic parasites. Trends Genet. 1997,
13, 335-340. [CrossRef]

Dupressoir, A.; Lavialle, C.; Heidmann, T. From ancestral infectious retroviruses to bona fide cellular genes: Role of the captured
syncytins in placentation. Placenta 2012, 33, 663—671. [CrossRef]

Liu, C; Xu, J.; Wen, E; Yang, F; Li, X.; Geng, D.; Li, L.; Chen, J.; Zheng, J. Upregulation of syncytin-1 promotes invasion and
metastasis by activating epithelial-mesenchymal transition-related pathway in endometrial carcinoma. Oncotargets Ther. 2019,
12, 31-40. [CrossRef]

Larsson, L.I; Holck, S.; Christensen, L.]. Prognostic role of syncytin expression in breast cancer. Hum. Pathol. 2007, 38, 726-731.
[CrossRef]

Sun, Y,; Ouyang, D.-Y,; Pang, W.; Tu, Y.-Q.; Li, Y.-Y,; Shen, X.-M.; Tam, S.C.; Yang, H.-Y.; Zheng, Y.-T. Expression of syncytin in
leukemia and lymphoma cells. Leuk. Res. 2010, 34, 1195-1202. [CrossRef] [PubMed]

Larsen, ].M.; Christensen, L].; Nielsen, H.].; Hansen, U.; Bjerregaard, B.; Talts, J.E; Larsson, L.-I. Syncytin immunoreactivity in
colorectal cancer: Potential prognostic impact. Cancer Lett. 2009, 280, 44-49. [CrossRef] [PubMed]

Bannert, N.; Hofmann, H.; Block, A.; Hohn, O. HERVs New Role in Cancer: From Accused Perpetrators to Cheerful Protectors.
Front. Microbiol. 2018, 9, 178. [CrossRef] [PubMed]

Zhou, E; Li, M.; Wei, Y.; Lin, K.; Lu, Y.; Shen, J.; Johanning, G.L.; Wang-Johanning, F. Activation of HERV-K Env protein is
essential for tumorigenesis and metastasis of breast cancer cells. Oncotarget 2016, 7, 84093-84117. [CrossRef] [PubMed]

Galli, U.M.; Sauter, M.; Lecher, B.; Maurer, S.; Herbst, H.; Roemer, K.; Mueller-Lantzsch, N. Human endogenous retrovirus rec
interferes with germ cell development in mice and may cause carcinoma in situ, the predecessor lesion of germ cell tumors.
Oncogene 2005, 24, 3223-3228. [CrossRef]

Hirsch, C.D.; Springer, N.M. Transposable element influences on gene expression in plants. Biochim. Biophys. Acta Gene Regul.
Mech. 2017, 1860, 157-165. [CrossRef]

Burns, K.H. Transposable elements in cancer. Nat. Rev. Cancer 2017, 17, 415-424. [CrossRef]

Ramakrishnan, M.; Satish, L.; Kalendar, R.; Narayanan, M.; Kandasamy, S.; Sharma, A.; Emamverdian, A.; Wei, Q.; Zhou, M. The
Dynamism of Transposon Methylation for Plant Development and Stress Adaptation. Int. J. Mol. Sci. 2021, 22, 11387. [CrossRef]
Lié, O.; Renault, S.; Augé-Gouillou, C. SETMAR, a case of primate co-opted genes: Towards new perspectives. Mob. DNA 2022,
13, 9. [CrossRef]

Lee, S.-H.; Oshige, M.; Durant, S.T.; Rasila, K K.; Williamson, E.A.; Ramsey, H.; Kwan, L.; Nickoloff, ].A.; Hromas, R. The SET
domain protein Metnase mediates foreign DNA integration and links integration to nonhomologous end-joining repair. Proc.
Natl. Acad. Sci. USA 2005, 102, 18075-18080. [CrossRef]

Miao, B.; Fu, S.; Lyu, C.; Gontarz, P.; Wang, T.; Zhang, B. Tissue-specific usage of transposable element-derived promoters in
mouse development. Genome Biol. 2020, 21, 255. [CrossRef] [PubMed]

Nikolaienko, O.; Patil, S.; Eriksen, M.S.; Bramham, C.R. Arc protein: A flexible hub for synaptic plasticity and cognition. Semin.
Cell Dev. Biol. 2018, 77, 33-42. [CrossRef] [PubMed]

Petri, R.; Brattas, PL.; Sharma, Y.; Jonsson, M.E.; Pircs, K.; Bengzon, J.; Jakobsson, J. LINE-2 transposable elements are a source of
functional human microRNAs and target sites. PLoS Genet. 2019, 15, e1008036. [CrossRef]

Fort, V.; Khelifi, G.; Hussein, S.M.I. Long non-coding RNAs and transposable elements: A functional relationship. Biochim.
Biophys. Acta Mol. Cell Res. 2021, 1868, 118837. [CrossRef]

Grandi, N.; Tramontano, E. Human Endogenous Retroviruses Are Ancient Acquired Elements Still Shaping Innate Immune
Responses. Front. Immunol. 2018, 9, 2039. [CrossRef] [PubMed]

Reik, W. Stability and flexibility of epigenetic gene regulation in mammalian development. Nature 2007, 447, 425-432. [CrossRef]
[PubMed]

Guelen, L.; Pagie, L.; Brasset, E.; Meuleman, W.; Faza, M.B.; Talhout, W.; Eussen, B.H.; de Klein, A.; Wessels, L.; de Laat, W.; et al.
Domain organization of human chromosomes revealed by mapping of nuclear lamina interactions. Nature 2008, 453, 948-951.
[CrossRef]

Martens, J.; O’Sullivan, R.J.; Braunschweig, U.; Opravil, S.; Radolf, M.; Steinlein, P.; Jenuwein, T. The profile of repeat-associated
histone lysine methylation states in the mouse epigenome. EMBO J. 2005, 24, 800-812. [CrossRef]

Goke, J.; Lu, X.; Chan, Y.-S.; Ng, H.-H.; Ly, L.-H.; Sachs, F,; Szczerbinska, I. Dynamic transcription of distinct classes of endogenous
retroviral elements marks specific populations of early human embryonic cells. Cell Stem Cell 2015, 16, 135-141. [CrossRef]


http://doi.org/10.18632/oncotarget.21953
http://www.ncbi.nlm.nih.gov/pubmed/29262603
http://doi.org/10.1007/s00384-003-0539-3
http://doi.org/10.1016/j.bbcan.2006.08.007
http://doi.org/10.1177/15353702211031247
http://doi.org/10.1016/S0168-9525(97)01181-5
http://doi.org/10.1016/j.placenta.2012.05.005
http://doi.org/10.2147/OTT.S191041
http://doi.org/10.1016/j.humpath.2006.10.018
http://doi.org/10.1016/j.leukres.2010.03.016
http://www.ncbi.nlm.nih.gov/pubmed/20362331
http://doi.org/10.1016/j.canlet.2009.02.008
http://www.ncbi.nlm.nih.gov/pubmed/19327884
http://doi.org/10.3389/fmicb.2018.00178
http://www.ncbi.nlm.nih.gov/pubmed/29487579
http://doi.org/10.18632/oncotarget.11455
http://www.ncbi.nlm.nih.gov/pubmed/27557521
http://doi.org/10.1038/sj.onc.1208543
http://doi.org/10.1016/j.bbagrm.2016.05.010
http://doi.org/10.1038/nrc.2017.35
http://doi.org/10.3390/ijms222111387
http://doi.org/10.1186/s13100-022-00267-1
http://doi.org/10.1073/pnas.0503676102
http://doi.org/10.1186/s13059-020-02164-3
http://www.ncbi.nlm.nih.gov/pubmed/32988383
http://doi.org/10.1016/j.semcdb.2017.09.006
http://www.ncbi.nlm.nih.gov/pubmed/28890419
http://doi.org/10.1371/journal.pgen.1008036
http://doi.org/10.1016/j.bbamcr.2020.118837
http://doi.org/10.3389/fimmu.2018.02039
http://www.ncbi.nlm.nih.gov/pubmed/30250470
http://doi.org/10.1038/nature05918
http://www.ncbi.nlm.nih.gov/pubmed/17522676
http://doi.org/10.1038/nature06947
http://doi.org/10.1038/sj.emboj.7600545
http://doi.org/10.1016/j.stem.2015.01.005

Int. . Mol. Sci. 2022, 23, 7802 19 of 24

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Jin, B.; Li, Y.; Robertson, K.D. DNA methylation: Supe.erior or subordinate in the epigenetic hierarchy? Genes Cancer 2011,
2,607-617. [CrossRef]

Okano, M.; Bell, D.W,; Haber, D.A.; Li, E. DNA methyltransferases Dnmt3a and Dnmt3b are essential for de novo methylation
and mammalian development. Cell 1999, 99, 247-257. [CrossRef]

Egger, G.; Jeong, S.; Escobar, S.G.; Cortez, C.C.; Li, TW.H,; Saito, Y.; Yoo, C.B.; Jones, P.A.; Liang, G. Identification of DNMT1
(DNA methyltransferase 1) hypomorphs in somatic knockouts suggests an essential role for DNMT1 in cell survival. Proc. Natl.
Acad. Sci. USA 2006, 103, 14080-14085. [CrossRef] [PubMed]

Probst, A.V.; Dunleavy, E.; Almouzni, G. Epigenetic inheritance during the cell cycle. Nat. Rev. Mol. Cell Biol. 2009, 10, 192-206.
[CrossRef] [PubMed]

He, J.; Fu, X.; Zhang, M.; He, E; Li, W.; Abdul, M.; Zhou, J.; Sun, L.; Chang, C.; Li, Y.; et al. Transposable elements are regulated by
context-specific patterns of chromatin marks in mouse embryonic stem cells. Nat. Commun. 2019, 10, 34. [CrossRef]

Bourc’his, D.; Bestor, T.H. Meiotic catastrophe and retrotransposon reactivation in male germ cells lacking Dnmt3L. Nature 2004,
431, 96-99. [CrossRef]

Zamudio, N.; Barau, J.; Teissandier, A.; Walter, M.; Borsos, M.; Servant, N.; Bourc’his, D. DNA methylation restrains transposons
from adopting a chromatin signature permissive for meiotic recombination. Genes Dev. 2015, 29, 1256-1270. [CrossRef]

Bestor, T.H. DNA methylation: Evolution of a bacterial immune function into a regulator of gene expression and genome structure
in higher eukaryotes. Philos. Trans. R. Soc. Lond. B Biol. Sci. 1990, 326, 179-187.

Rose, N.R; Klose, R.J. Understanding the relationship between DNA methylation and histone lysine methylation. Biochim.
Biophys. Acta 2014, 1839, 1362-1372. [CrossRef]

Walter, M; Teissandier, A.; Perez-Palacios, R.; Bourc’his, D. An epigenetic switch ensures transposon repression upon dynamic
loss of DNA methylation in embryonic stem cells. eLife 2016, 5, e11418. [CrossRef]

Rothbart, S.B.; Krajewski, K.; Nady, N.; Tempel, W.; Xue, S.; I Badeaux, A.; Barsyte-Lovejoy, D.; Martinez-Marquez, J.;
Bedford, M.T.; Fuchs, S.; et al. Association of UHRF1 with methylated H3K9 directs the maintenance of DNA methylation. Nat.
Struct. Mol. Biol. 2012, 19, 1155-1160. [CrossRef]

Jacobs, EM.; Greenberg, D.; Nguyen, N.; Haeussler, M.; Ewing, A.D.; Katzman, S.; Paten, B.; Salama, S.R.; Haussler, D. An
evolutionary arms race between KRAB zinc-finger genes ZNF91/93 and SVA /L1 retrotransposons. Nature 2014, 516, 242-245.
[CrossRef] [PubMed]

Quenneville, S.; Verde, G.; Corsinotti, A.; Kapopoulou, A.; Jakobsson, J.; Offner, S.; Baglivo, I.; Pedone, B.V.; Grimaldi, G;
Riccio, A.; et al. In embryonic stem cells, ZFP57 /KAP1 recognize a methylated hexanucleotide to affect chromatin and DNA
methylation of imprinting control regions. Mol. Cell 2011, 44, 361-372. [CrossRef] [PubMed]

Sasaki, H.; Matsui, Y. Epigenetic events in mammalian germ-cell development: Reprogramming and beyond. Nat. Rev. Genet.
2008, 9, 129-140. [CrossRef] [PubMed]

Svoboda, P; Stein, P.; Anger, M.; Bernstein, E.; Hannon, G.J.; Schultz, R.M. RNAi and expression of retrotransposons MuERV-L
and IAP in preimplantation mouse embryos. Dev. Biol. 2004, 269, 276-285. [CrossRef] [PubMed]

Kabayama, Y.; Toh, H.; Katanaya, A.; Sakurai, T.; Chuma, S.; Kuramochi-Miyagawa, S.; Saga, Y.; Nakano, T.; Sasaki, H. Roles of
MIWI, MILI and PLD6 in small RNA regulation in mouse growing oocytes. Nucleic Acids Res. 2017, 45, 5387-5398. [CrossRef]
Houwing, S.; Kamminga, L.M.; Berezikov, E.; Cronembold, D.; Girard, A.; van den Elst, H.; Filippov, D.V.; Blaser, H.; Raz, E,;
Moens, C.B; et al. A role for Piwi and piRNAs in germ cell maintenance and transposon silencing in Zebrafish. Cell 2007,
129, 69-82. [CrossRef]

Aravin, A.A,; Sachidanandam, R.; Bourc’His, D.; Schaefer, C.; Pezic, D.; Toth, K.E; Bestor, T.; Hannon, G.J. A piRNA pathway
primed by individual transposons is linked to de novo DNA methylation in mice. Mol. Cell 2008, 31, 785-799. [CrossRef]
Carmell, M.A; Girard, A.; van de Kant, H.J.; Bourc’His, D.; Bestor, T.H.; de Rooij, D.G.; Hannon, G.J. MIWI2 is essential for
spermatogenesis and repression of transposons in the mouse male germline. Dev. Cell 2007, 12, 503-514. [CrossRef]

Ernst, C.; Odom, D.T.; Kutter, C. The emergence of piRNAs against transposon invasion to preserve mammalian genome integrity.
Nat. Commun. 2017, 8, 1411. [CrossRef]

Molaro, A.; Falciatori, I.; Hodges, E.; Aravin, A.A.; Marran, K.; Rafii, S.; McCombie, W.R.; Smith, A.D.; Hannon, G.]. Two waves
of de novo methylation during mouse germ cell development. Genes Dev. 2014, 28, 1544-1549. [CrossRef]

Zoch, A.; Auchynnikava, T.; Berrens, R.V.; Kabayama, Y.; Schopp, T.; Heep, M.; Vasiliauskaite, L.; Perez-Rico, Y.A.; Cook, A.G,;
Shkumatava, A.; et al. SPOCD1 is an essential executor of piRNA-directed de novo DNA methylation. Nature 2020, 584, 635-639.
[CrossRef] [PubMed]

Watanabe, T.; Cui, X.; Yuan, Z.; Qi, H.; Lin, H. MIWI2 targets RNAs transcribed from piRNA-dependent regions to drive DNA
methylation in mouse prospermatogonia. EMBO ]. 2018, 37, €95329. [CrossRef] [PubMed]

Berrens, R.V,; Andrews, S.; Spensberger, S.; Santos, F.; Dean, W.; Gould, P.; Sharif, ].; Olova, N.; Chandra, T.; Koseki, H.; et al. An
endosiRNA-Based Repression Mechanism Counteracts Transposon Activation during Global DNA Demethylation in Embryonic
Stem Cells. Cell Stem Cell 2017, 21, 694-703.e7. [CrossRef] [PubMed]

Hamdorf, M.; Idica, A.; Zisoulis, D.G.; Gamelin, L.; Martin, C.; Sanders, K.J.; Pedersen, LM. miR-128 represses L1 retrotransposi-
tion by binding directly to L1 RNA. Nat. Struct. Mol. Biol. 2015, 22, 824-831. [CrossRef]


http://doi.org/10.1177/1947601910393957
http://doi.org/10.1016/S0092-8674(00)81656-6
http://doi.org/10.1073/pnas.0604602103
http://www.ncbi.nlm.nih.gov/pubmed/16963560
http://doi.org/10.1038/nrm2640
http://www.ncbi.nlm.nih.gov/pubmed/19234478
http://doi.org/10.1038/s41467-018-08006-y
http://doi.org/10.1038/nature02886
http://doi.org/10.1101/gad.257840.114
http://doi.org/10.1016/j.bbagrm.2014.02.007
http://doi.org/10.7554/eLife.11418
http://doi.org/10.1038/nsmb.2391
http://doi.org/10.1038/nature13760
http://www.ncbi.nlm.nih.gov/pubmed/25274305
http://doi.org/10.1016/j.molcel.2011.08.032
http://www.ncbi.nlm.nih.gov/pubmed/22055183
http://doi.org/10.1038/nrg2295
http://www.ncbi.nlm.nih.gov/pubmed/18197165
http://doi.org/10.1016/j.ydbio.2004.01.028
http://www.ncbi.nlm.nih.gov/pubmed/15081373
http://doi.org/10.1093/nar/gkx027
http://doi.org/10.1016/j.cell.2007.03.026
http://doi.org/10.1016/j.molcel.2008.09.003
http://doi.org/10.1016/j.devcel.2007.03.001
http://doi.org/10.1038/s41467-017-01049-7
http://doi.org/10.1101/gad.244350.114
http://doi.org/10.1038/s41586-020-2557-5
http://www.ncbi.nlm.nih.gov/pubmed/32674113
http://doi.org/10.15252/embj.201695329
http://www.ncbi.nlm.nih.gov/pubmed/30108053
http://doi.org/10.1016/j.stem.2017.10.004
http://www.ncbi.nlm.nih.gov/pubmed/29100015
http://doi.org/10.1038/nsmb.3090

Int. . Mol. Sci. 2022, 23, 7802 20 of 24

105.

106.

107.
108.

109.

110.

111.
112.

113.

114.
115.
116.
117.
118.
119.
120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Marchetto, M.C.N.; Narvaiza, L; Denli, A.M.; Benner, C.; Lazzarini, T.; Nathanson, J.L.; Paquola, A.C.M.; Desai, K.N.; Herai, R,;
Weitzman, M.D; et al. Differential L1 regulation in pluripotent stem cells of humans and apes. Nature 2013, 503, 525-529.
[CrossRef]

Volkmann, B.; Wittmann, S.; Lagisquet, J.; Deutschmann, J.; Eissmann, K.; Ross, J.J.; Biesinger, B.; Gramberg, T. Human
TRIMbalpha senses and restricts LINE-1 elements. Proc. Natl. Acad. Sci. USA 2020, 117, 17965-17976. [CrossRef]

Kassiotis, G. Endogenous retroviruses and the development of cancer. J. Immunol. 2014, 192, 1343-1349. [CrossRef]

Lower, R.; Lower, J.; Kurth, R. The viruses in all of us: Characteristics and biological significance of human endogenous retrovirus
sequences. Proc. Natl. Acad. Sci. USA 1996, 93, 5177-5184. [CrossRef]

He, Q.; Kim, H.; Huang, R.; Lu, W.; Tang, M.; Shi, F; Yang, D.; Zhang, X.; Huang, J.; Liu, D.; et al. The Daxx/Atrx Complex
Protects Tandem Repetitive Elements during DNA Hypomethylation by Promoting H3K9 Trimethylation. Cell Stem Cell 2015,
17,273-286. [CrossRef]

Yu, W.; McIntosh, C.; Lister, R.; Zhu, I.; Han, Y.; Ren, J.; Landsman, D.; Lee, E.; Briones, V.; Terashima, M.; et al. Genome-wide
DNA methylation patterns in LSH mutant reveals de-repression of repeat elements and redundant epigenetic silencing pathways.
Genome Res. 2014, 24, 1613-1623. [CrossRef]

Fukuda, K.; Shinkai, Y. SETDB1-Mediated Silencing of Retroelements. Viruses 2020, 12, 596. [CrossRef] [PubMed]

Chakraborty, S.; Pandita, R.K.; Hambarde, S.; Mattoo, A.R.; Charaka, V.; Ahmed, K.M,; Iyer, S.P.; Hunt, C.R.; Pandita, T.K.
SMARCADI1 Phosphorylation and Ubiquitination Are Required for Resection during DNA Double-Strand Break Repair. iScience
2018, 2, 123-135. [CrossRef] [PubMed]

Chakraborty, S.; Singh, M.; Pandita, R.K.; Singh, V.; Lo, C.S.; Leonard, F.; Horikoshi, N.; Moros, E.G.; Guha, D.; Hunt, C.R,; et al.
Heat-induced SIRT1-mediated H4K16ac deacetylation impairs resection and SMARCADI1 recruitment to double strand breaks.
iScience 2022, 25, 104142. [CrossRef] [PubMed]

Palazzo, A.; Marconi, S.; Specchia, V.; Bozzetti, M.P,; Ivics, Z.; Caizzi, R.; Marsano, R.M. Functional characterization of the Baril
transposition system. PLoS ONE 2013, 8, €79385. [CrossRef]

Callinan, P.A.; Batzer, M.A. Retrotransposable elemen.nts and human disease. Genome Dyn. 2006, 1, 104-115.

Payer, L.M.; Burns, K.H. Transposable elements in human genetic disease. Nat. Rev. Genet. 2019, 20, 760-772. [CrossRef]
Ayarpadikannan, S.; Kim, H.S. The impact of transposable elements in genome evolution and genetic instability and their
implications in various diseases. Genom. Inform. 2014, 12, 98-104. [CrossRef]

Babaian, A.; Mager, D.L. Endogenous retroviral promoter exaptation in human cancer. Mob. DNA 2016, 7, 24. [CrossRef]
Kapusta, A.; Kronenberg, Z.; Lynch, V.; Zhuo, X.; Ramsay, L.; Bourque, G.; Yandell, M.; Feschotte, C. Transposable elements
are major contributors to the origin, diversification, and regulation of vertebrate long noncoding RNAs. PLoS Genet. 2013,
9, €1003470. [CrossRef]

Scott, E.C.; Gardner, E.; Masood, A.; Chuang, N.T.; Vertino, PM.; Devine, S.E. A hot L1 retrotransposon evades somatic repression
and initiates human colorectal cancer. Genome Res. 2016, 26, 745-755. [CrossRef]

Kondo-lida, E.; Kobayashi, K.; Watanabe, M.; Sasaki, J.; Kumagai, T.; Koide, H.; Saito, K.; Osawa, M.; Nakamura, Y.; Toda, T.
Novel mutations and genotype-phenotype relationships in 107 families with Fukuyama-type congenital muscular dystrophy
(FCMD). Hum. Mol. Genet. 1999, 8, 2303-2309. [CrossRef] [PubMed]

Tsuchiya, M.; Nakao, H.; Katoh, T.; Sasaki, H.; Hiroshima, M.; Tanaka, T.; Matsunaga, T.; Hanaoka, T.; Tsugane, S.; Ikenoue, T.
Association between endometriosis and genetic polymorphisms of the estradiol-synthesizing enzyme genes HSD17B1 and CYP19.
Hum. Reprod. 2005, 20, 974-978. [CrossRef] [PubMed]

Beck, C.R.; Garcia-Perez, ].L.; Badge, R.M.; Moran, J.V. LINE-1 elements in structural variation and disease. Annu. Rev. Genom.
Hum. Genet. 2011, 12, 187-215. [CrossRef] [PubMed]

Garay, LM,; Ballesta, M.].; Oltra, S.; Orellana, C.; Palomeque, A.; Molto, M.D,; Prieto, E,; Martinez, F. Intronic L1 insertion and
F268S, novel mutations in RPS6KA3 (RSK2) causing Coffin-Lowry syndrome. Clin. Genet. 2003, 64, 491-496. [CrossRef]

Miné, M.; Chen, J.-M.; Brivet, M.; Desguerre, I.; Marchant, D.; de Lonlay, P.; Bernard, A.; Férec, C.; Abitbol, M.; Ricquier, D.; et al.
A large genomic deletion in the PDHX gene caused by the retrotranspositional insertion of a full-length LINE-1 element. Hurm.
Mutat. 2007, 28, 137-142. [CrossRef]

Apoil, PA.; Kuhlein, E.; Robert, A.; Rubie, H.; Blancher, A. HIGM syndrome caused by insertion of an AluYb8 element in exon 1
of the CD40LG gene. Immunogenetics 2007, 59, 17-23. [CrossRef]

Claverie-Martin, E; Flores, C.; Anton-Gamero, M.; Gonzélez-Acosta, H.; Garcia-Nieto, V. The Alu insertion in the CLCN5 gene of
a patient with Dent’s disease leads to exon 11 skipping. J. Hum. Genet. 2005, 50, 370-374. [CrossRef]

Cruickshanks, H.A_; Tufarelli, C. Isolation of cancer-specific chimeric transcripts induced by hypomethylation of the LINE-1
antisense promoter. Genomics 2009, 94, 397-406. [CrossRef]

Chen, L.L.; Carmichael, G.G. Gene regulation by SINES and inosines: Biological consequences of A-to-I editing of Alu element
inverted repeats. Cell Cycle 2008, 7, 3294-3301. [CrossRef]

Ade, C.; Roy-Engel, A.M.; Deininger, P.L. Alu elements: An intrinsic source of human genome instability. Curr. Opin. Virol. 2013,
3, 639-645. [CrossRef]

Zarnack, K.; Konig, J.; Tajnik, M.; Martincorena, I.; Eustermann, S.; Stévant, I.; Reyes, A.; Anders, S.; Luscombe, N.M.; Ule, J.
Direct competition between hnRNP C and U2AF65 protects the transcriptome from the exonization of Alu elements. Cell 2013,
152, 453-466. [CrossRef] [PubMed]


http://doi.org/10.1038/nature12686
http://doi.org/10.1073/pnas.1922366117
http://doi.org/10.4049/jimmunol.1302972
http://doi.org/10.1073/pnas.93.11.5177
http://doi.org/10.1016/j.stem.2015.07.022
http://doi.org/10.1101/gr.172015.114
http://doi.org/10.3390/v12060596
http://www.ncbi.nlm.nih.gov/pubmed/32486217
http://doi.org/10.1016/j.isci.2018.03.016
http://www.ncbi.nlm.nih.gov/pubmed/29888761
http://doi.org/10.1016/j.isci.2022.104142
http://www.ncbi.nlm.nih.gov/pubmed/35434547
http://doi.org/10.1371/journal.pone.0079385
http://doi.org/10.1038/s41576-019-0165-8
http://doi.org/10.5808/GI.2014.12.3.98
http://doi.org/10.1186/s13100-016-0080-x
http://doi.org/10.1371/journal.pgen.1003470
http://doi.org/10.1101/gr.201814.115
http://doi.org/10.1093/hmg/8.12.2303
http://www.ncbi.nlm.nih.gov/pubmed/10545611
http://doi.org/10.1093/humrep/deh726
http://www.ncbi.nlm.nih.gov/pubmed/15640252
http://doi.org/10.1146/annurev-genom-082509-141802
http://www.ncbi.nlm.nih.gov/pubmed/21801021
http://doi.org/10.1046/j.1399-0004.2003.00166.x
http://doi.org/10.1002/humu.20449
http://doi.org/10.1007/s00251-006-0175-5
http://doi.org/10.1007/s10038-005-0265-5
http://doi.org/10.1016/j.ygeno.2009.08.013
http://doi.org/10.4161/cc.7.21.6927
http://doi.org/10.1016/j.coviro.2013.09.002
http://doi.org/10.1016/j.cell.2012.12.023
http://www.ncbi.nlm.nih.gov/pubmed/23374342

Int. . Mol. Sci. 2022, 23, 7802 21 of 24

132.

133.

134.

135.

136.
137.
138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Mitchell, G.; Labuda, D.; Fontaine, G.; Saudubray, ].M.; Bonnefont, ]J.P.; Lyonnet, S.; Brody, L.C.; Steel, G.; Obie, C.; Valle, D.
Splice-mediated insertion of an Alu sequence inactivates ornithine delta-aminotransferase: A role for Alu elements in human
mutation. Proc. Natl. Acad. Sci. USA 1991, 88, 815-819. [CrossRef] [PubMed]

Nakamura, Y.; Murata, M.; Takagi, Y.; Kozuka, T.; Nakata, Y.; Hasebe, R.; Takagi, A.; Kitazawa, ].; Shima, M.; Kojima, M. SVA
retrotransposition in exon 6 of the coagulation factor IX gene causing severe hemophilia B. Int. ]. Hematol. 2015, 102, 134-139.
[CrossRef] [PubMed]

Van der Klift, HM.; Tops, C.M.; Hes, EJ.; Devilee, P.; Wijnen, ].T. Insertion of an SVA element, a nonautonomous retrotransposon,
in PMS2 intron 7 as a novel cause of Lynch syndrome. Hum. Mutat. 2012, 33, 1051-1055. [CrossRef]

Reilly, M.T.; Faulkner, G.J.; Dubnau, J.; Ponomarev, I.; Gage, EH. The role of transposable elements in health and diseases of the
central nervous system. J. Neurosci. 2013, 33, 17577-17586. [CrossRef] [PubMed]

Gulland, A. Role model: Tan Nesbitt. BMJ 2018, 360, k881. [CrossRef] [PubMed]

Yao, B.; Cheng, Y.; Wang, Z; Li, Y.; Chen, L.; Huang, L.; Zhang, W.; Chen, D.; Wu, H.; Tang, B.; et al. DNA N6-methyladenine is
dynamically regulated in the mouse brain following environmental stress. Nat. Commun. 2017, 8, 1122. [CrossRef]

Hunter, R.G.; Murakami, G.; Dewell, S.; Seligsohn, M.A.; Baker, M.E.; Datson, N.A.; McEwen, B.S.; Pfaff, D.W. Acute stress
and hippocampal histone H3 lysine 9 trimethylation, a retrotransposon silencing response. Proc. Natl. Acad. Sci. USA 2012,
109, 17657-17662. [CrossRef]

Cappucci, U.; Torromino, G.; Casale, A.M.; Camon, J.; Capitano, F,; Berloco, M.; Mele, A.; Pimpinelli, S.; Rinaldi, A.; Piacentini, L.
Stress-induced strain and brain region-specific activation of LINE-1 transposons in adult mice. Stress 2018, 21, 575-579. [CrossRef]
Kerur, N.; Hirano, Y.; Tarallo, V.; Fowler, B.]J.; Bastos-Carvalho, A.; Yasuma, T.; Yasuma, R.; Kim, Y.; Hinton, D.R.;
Kirschning, C.J.; et al. TLR-independent and P2X7-dependent signaling mediate Alu RNA-induced NLRP3 inflammasome
activation in geographic atrophy. Investig. Ophthalmol. Vis. Sci. 2013, 54, 7395-7401. [CrossRef] [PubMed]

Tarallo, V.; Hirano, Y.; Gelfand, B.D.; Dridi, S.; Kerur, N.; Kim, Y.; Gil Cho, W.; Kaneko, H.; Fowler, B.].; Bogdanovich, S.; et al.
DICER1 loss and Alu RNA induce age-related macular degeneration via the NLRP3 inflammasome and MyD88. Cell 2012,
149, 847-859. [CrossRef] [PubMed]

Lin, F; Xu, J.; Shi, J.; Li, H.; Li, B. Molecular cloning and characterization of a novel glyoxalase I gene TaGly I in wheat (Triticum
aestivum L.). Mol. Biol. Rep. 2010, 37, 729-735. [CrossRef]

Rana, G.; Donizetti, A.; Virelli, G.; Piscopo, M.; Viggiano, E.; De Luca, B.; Fucci, L. Cortical spreading depression differentially
affects lysine methylation of H3 histone at neuroprotective genes and retrotransposon sequences. Brain Res. 2012, 1467, 113-119.
[CrossRef]

Nelson, P.N.; Lever, A.M.L.; Smith, S.; Pitman, R.; Murray, P.; Perera, S.A.; Westwood, O.M.R.; Hay, EC.; Ejtehadi, H.D.; Booth, ].C.
Molecular investigations implicate human endogenous retroviruses as mediators of anti-retroviral antibodies in autoimmune
rheumatic disease. Immunol. Investig. 1999, 28, 277-289. [CrossRef] [PubMed]

Krug, L.; Chatterjee, N.; Borges-Monroy, R.; Hearn, S.; Liao, W.-W.; Morrill, K.; Prazak, L.; Rozhkov, N.; Theodorou, D.;
Hammell, M.; et al. Retrotransposon activation contributes to neurodegeneration in a Drosophila TDP-43 model of ALS. PLoS
Genet. 2017, 13, €1006635. [CrossRef] [PubMed]

Li, W,; Prazak, L.; Chatterjee, N.; Griininger, S.; Krug, L.; Theodorou, D.; Dubnau, ]. Activation of transposable elements during
aging and neuronal decline in Drosophila. Nat. Neurosci. 2013, 16, 529-531. [CrossRef] [PubMed]

Li, W.; Lee, M.-H.; Henderson, L.; Tyagi, R.; Bachani, M.; Steiner, J.; Campanac, E.; Hoffman, D.A.; von Geldern, G,
Johnson, K.; et al. Human endogenous retrovirus-K contributes to motor neuron disease. Sci. Transl. Med. 2015, 7, 307ra153.
[CrossRef] [PubMed]

Ramesh, V.; Bayam, E.; Cernilogar, F; Bonapace, LM.; Schulze, M.; Riemenschneider, M.J.; Schotta, G.; G6tz, M. Loss of Uhrf1l
in neural stem cells leads to activation of retroviral elements and delayed neurodegeneration. Genes Dev. 2016, 30, 2199-2212.
[CrossRef] [PubMed]

Habibi, L.; Shokrgozar, M. A.; Tabrizi, M.; Modarressi, M.H.; Akrami, S.M. Mercury specifically induces LINE-1 activity in a
human neuroblastoma cell line. Mutat. Res. Genet. Toxicol. Environ. Mutagen 2014, 759, 9-20. [CrossRef]

Hyland, K.A.; Aronovich, E.L.; Olson, E.R.; Bell, J.B.; Rusten, M.U.; Gunther, R.; Hunter, D.W.; Hackett, P.B.; Mclvor, R.S.
Transgene Expression in Dogs after Liver-Directed Hydrodynamic Delivery of Sleeping Beauty Transposons Using Balloon
Catheters. Hum. Gene Ther. 2017, 28, 541-550. [CrossRef] [PubMed]

Aronovich, E.L.; Hyland, K.A; Hall, B.C.; Bell, ].B.; Olson, E.R.; Rusten, M.U.; Hunter, D.W.; Ellinwood, N.M.; Mclvor, R.S.;
Hackett, P.B. Prolonged Expression of Secreted Enzymes in Dogs after Liver-Directed Delivery of Sleeping Beauty Transposons:
Implications for Non-Viral Gene Therapy of Systemic Disease. Hum. Gene Ther. 2017, 28, 551-564. [CrossRef] [PubMed]

Lyon, M.E,; Zenthon, J.; Evans, E.P.; Burtenshaw, M.D.; Wareham, K.A.; Williams, E.D. Lack of inactivation of a mouse X-linked
gene physically separated from the inactivation centre. J. Embryol. Exp. Morphol. 1986, 97, 75-85. [CrossRef] [PubMed]

Iyer, PS.; Mavoungou, L.O.; Ronzoni, F; Zemla, J.; Schmid-Siegert, E.; Antonini, S.; Neff, L.A.; Dorchies, O.M.; Jaconi, M.;
Lekka, M.; et al. Autologous Cell Therapy Approach for Duchenne Muscular Dystrophy using PiggyBac Transposons and
Mesoangioblasts. Mol. Ther. 2018, 26, 1093-1108. [CrossRef]

Carlson, C.M.; Frandsen, J.L.; Kirchhof, N.; Mclvor, R.S.; Largaespada, D.A. Somatic integration of an oncogene-harboring
Sleeping Beauty transposon models liver tumor development in the mouse. Proc. Natl. Acad. Sci. USA 2005, 102, 17059-17064.
[CrossRef]


http://doi.org/10.1073/pnas.88.3.815
http://www.ncbi.nlm.nih.gov/pubmed/1992472
http://doi.org/10.1007/s12185-015-1765-5
http://www.ncbi.nlm.nih.gov/pubmed/25739383
http://doi.org/10.1002/humu.22092
http://doi.org/10.1523/JNEUROSCI.3369-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/24198348
http://doi.org/10.1136/bmj.k881
http://www.ncbi.nlm.nih.gov/pubmed/29567788
http://doi.org/10.1038/s41467-017-01195-y
http://doi.org/10.1073/pnas.1215810109
http://doi.org/10.1080/10253890.2018.1485647
http://doi.org/10.1167/iovs.13-12500
http://www.ncbi.nlm.nih.gov/pubmed/24114535
http://doi.org/10.1016/j.cell.2012.03.036
http://www.ncbi.nlm.nih.gov/pubmed/22541070
http://doi.org/10.1007/s11033-009-9578-3
http://doi.org/10.1016/j.brainres.2012.05.043
http://doi.org/10.3109/08820139909060862
http://www.ncbi.nlm.nih.gov/pubmed/10454005
http://doi.org/10.1371/journal.pgen.1006635
http://www.ncbi.nlm.nih.gov/pubmed/28301478
http://doi.org/10.1038/nn.3368
http://www.ncbi.nlm.nih.gov/pubmed/23563579
http://doi.org/10.1126/scitranslmed.aac8201
http://www.ncbi.nlm.nih.gov/pubmed/26424568
http://doi.org/10.1101/gad.284992.116
http://www.ncbi.nlm.nih.gov/pubmed/27798843
http://doi.org/10.1016/j.mrgentox.2013.07.015
http://doi.org/10.1089/hum.2017.003
http://www.ncbi.nlm.nih.gov/pubmed/28447859
http://doi.org/10.1089/hum.2017.004
http://www.ncbi.nlm.nih.gov/pubmed/28530135
http://doi.org/10.1242/dev.97.1.75
http://www.ncbi.nlm.nih.gov/pubmed/3467011
http://doi.org/10.1016/j.ymthe.2018.01.021
http://doi.org/10.1073/pnas.0502974102

Int. . Mol. Sci. 2022, 23, 7802 22 of 24

155.

156.

157.

158.

159.

160.

161.
162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Zhao, Y.; Oreskovic, E.; Zhang, Q.; Lu, Q.; Gilman, A.; Lin, Y.S.; He, J.; Zheng, Z.; Lu, ].Y.; Lee, J.; et al. Transposon-triggered
innate immune response confers cancer resistance to the blind mole rat. Nat. Immunol. 2021, 22, 1219-1230. [CrossRef] [PubMed]
Guffanti, G.; Bartlett, A.; DeCrescenzo, P.; Macciardi, F.; Hunter, R. Transposable Elements. Curr. Top. Behav. Neurosci. 2019,
42,221-246.

Moszczynska, A. Differential Responses of LINE-1 in the Dentate Gyrus, Striatum and Prefrontal Cortex to Chronic Neurotoxic
Methamphetamine: A Study in Rat Brain. Genes 2020, 11, 364. [CrossRef]

Valdebenito-Maturana, B.; Guatimosim, C.; Carrasco, M.A.; Tapia, J.C. Spatially Resolved Expression of Transposable Elements in
Disease and Somatic Tissue with SpatialTE. Int. ]. Mol. Sci. 2021, 22, 13623. [CrossRef]

Padmanabhan Nair, V.; Liu, H.; Ciceri, G.; Jungverdorben, J.; Frishman, G.; Tchieu, J.; Cederquist, G.Y.; Rothenaigner, I;
Schorpp, H.; Klepper, L.; et al. Activation of HERV-K(HML-2) disrupts cortical patterning and neuronal differentiation by
increasing NTRKS3. Cell Stem Cell 2021, 28, 1566-1581.e8. [CrossRef]

Ivics, Z.; I1zsvak, Z. The expanding universe of transposon technologies for gene and cell engineering. Mob. DNA 2010, 1, 25.
[CrossRef] [PubMed]

Ivics, Z.; Izsvak, Z. Transposons for gene therapy! Curr. Gene Ther. 2006, 6, 593-607. [CrossRef] [PubMed]

VandenDriessche, T.; Ivics, Z.; Izsvak, Z.; Chuah, M.K. Emerging potential of transposons for gene therapy and generation of
induced pluripotent stem cells. Blood 2009, 114, 1461-1468. [CrossRef] [PubMed]

Hudecek, M.; Izsvak, Z.; Johnen, S.; Renner, M.; Thumann, G.; Ivics, Z. Going non-viral: The Sleeping Beauty transposon system
breaks on through to the clinical side. Crit. Rev. Biochem. Mol. Biol. 2017, 52, 355-380. [CrossRef]

Ivics, Z.; Hackett, P.B.; Plasterk, R.H.; Izsvak, Z. Molecular reconstruction of Sleeping Beauty, a Tcl-like transposon from fish, and
its transposition in human cells. Cell 1997, 91, 501-510. [CrossRef]

Peng, P.D.; Cohen, CJ; Yang, S.; Hsu, C.; Jones, S.; Zhao, Y.; Zheng, Z.; A Rosenberg, S.; A Morgan, R. Efficient nonviral Sleeping
Beauty transposon-based TCR gene transfer to peripheral blood lymphocytes confers antigen-specific antitumor reactivity. Gene
Ther. 2009, 16, 1042-1049. [CrossRef]

Chicaybam, L.; Sodré, A.L.; Bonamino, M. Chimeric antigen receptors in cancer immuno-gene therapy: Current status and future
directions. Int. Rev. Immunol. 2011, 30, 294-311. [CrossRef]

Kowolik, C.M.; Topp, M.S.; Gonzalez, S.; Pfeiffer, T.; Olivares, S.; Gonzalez, S.; Smith, D.D.; Forman, S.J.; Jensen, M.C,;
Cooper, L.J.N. CD28 costimulation provided through a CD19-specific chimeric antigen receptor enhances in vivo persistence and
antitumor efficacy of adoptively transferred T cells. Cancer Res. 2006, 66, 10995-11004. [CrossRef]

Singh, H.; Figliola, M.J.; Dawson, M.].; Huls, H.; Olivares, S.; Switzer, K.; Mi, T.; Maiti, S.; Kebriaei, P.; Lee, D.A.; et al.
Reprogramming CD19-specific T cells with IL-21 signaling can improve adoptive immunotherapy of B-lineage malignancies.
Cancer Res. 2011, 71, 3516-3527. [CrossRef]

Xue, X.; Huang, X.; Nodland, S.E.; Matés, L.; Ma, L.; Izsvak, Z.; Ivics, Z.; LeBien, TW.; McIvor, R.S.; Wagner, ].E.; et al. Stable gene
transfer and expression in cord blood-derived CD34* hematopoietic stem and progenitor cells by a hyperactive Sleeping Beauty
transposon system. Blood 2009, 114, 1319-1330. [CrossRef]

Galvan, D.; Nakazawa, Y.; Kaja, A ; Kettlun, C.; Cooper, L.].N.; Rooney, C.M.; Wilson, M.H. Genome-wide mapping of PiggyBac
transposon integrations in primary human T cells. J. Immunother. 2009, 32, 837-844. [CrossRef] [PubMed]

Weber, B.; Kimhi, S.; Howard, G.; Eden, A.; Lyko, F. Demethylation of a LINE-1 antisense promoter in the cMet locus impairs Met
signalling through induction of illegitimate transcription. Oncogene 2010, 29, 5775-5784. [CrossRef]

Curtin, F; Bernard, C.; Levet, S.; Perron, H.; Porchet, H.; Médina, J.; Malpass, S.; Lloyd, D.; Simpson, R. A new therapeutic
approach for type 1 diabetes: Rationale for GNbAC1, an anti-HERV-W-Env monoclonal antibody. Diabetes Obes. Metab. 2018,
20, 2075-2084. [CrossRef] [PubMed]

Diebold, M.; Derfuss, T. The monoclonal antibody GNbAC1: Targeting human endogenous retroviruses in multiple sclerosis.
Ther. Adv. Neurol. Disord. 2019, 12, 1-9. [CrossRef]

Chiappinelli, K.B.; Zahnow, C.A.; Ahuja, N.; Baylin, S.B. Combining Epigenetic and Immunotherapy to Combat Cancer. Cancer
Res. 2016, 76, 1683-1689. [CrossRef]

Strick, R.; Strissel, P.L.; Baylin, S.B.; Chiappinelli, K.B. Unraveling the molecular pathways of DNA-methylation inhibitors:
Human endogenous retroviruses induce the innate immune response in tumors. Oncoimmunology 2016, 5, €1122160. [CrossRef]
Stone, M.L.; Chiappinelli, K.B.; Li, H.; Murphy, L.M.; Travers, M.E.; Topper, M.].; Mathios, D.; Lim, M.; Shih, LE.; Wang, T.L.; et al.
Epigenetic therapy activates type I interferon signaling in murine ovarian cancer to reduce immunosuppression and tumor
burden. Proc. Natl. Acad. Sci. USA 2017, 114, E10981-E10990. [CrossRef] [PubMed]

Mehdipour, P.; Marhon, S.A.; Ettayebi, I.; Chakravarthy, A.; Hosseini, A.; Wang, Y.; De Castro, FA.; Yau, H.L.; Ishak, C,;
Abelson, S.; et al. Epigenetic therapy induces transcription of inverted SINEs and ADAR1 dependency. Nature 2020, 588, 169-173.
[CrossRef] [PubMed]

Mortensen, K.; Lichtenberg, J.; Thomsen, P.D.; Larsson, L.I. Spontaneous fusion between cancer cells and endothelial cells. Cell
Mol. Life Sci. 2004, 61, 2125-2131. [CrossRef]

Kraus, B.; Fischer, K.; Biichner, S.M.; Wels, W.S.; Lower, R.; Sliva, K.; Schnierle, B.S. Vaccination directed against the human
endogenous retrovirus-K envelope protein inhibits tumor growth in a murine model system. PLoS ONE 2013, 8, e72756. [CrossRef]
Houede, N.; Piazza, P.V.; Pourquier, P. LINE-1 as a therapeutic target for castration-resistant prostate cancer. Front. Biosci. 2018,
23, 1292-1309.


http://doi.org/10.1038/s41590-021-01027-8
http://www.ncbi.nlm.nih.gov/pubmed/34556881
http://doi.org/10.3390/genes11040364
http://doi.org/10.3390/ijms222413623
http://doi.org/10.1016/j.stem.2021.04.009
http://doi.org/10.1186/1759-8753-1-25
http://www.ncbi.nlm.nih.gov/pubmed/21138556
http://doi.org/10.2174/156652306778520647
http://www.ncbi.nlm.nih.gov/pubmed/17073604
http://doi.org/10.1182/blood-2009-04-210427
http://www.ncbi.nlm.nih.gov/pubmed/19471016
http://doi.org/10.1080/10409238.2017.1304354
http://doi.org/10.1016/S0092-8674(00)80436-5
http://doi.org/10.1038/gt.2009.54
http://doi.org/10.3109/08830185.2011.595855
http://doi.org/10.1158/0008-5472.CAN-06-0160
http://doi.org/10.1158/0008-5472.CAN-10-3843
http://doi.org/10.1182/blood-2009-03-210005
http://doi.org/10.1097/CJI.0b013e3181b2914c
http://www.ncbi.nlm.nih.gov/pubmed/19752750
http://doi.org/10.1038/onc.2010.227
http://doi.org/10.1111/dom.13357
http://www.ncbi.nlm.nih.gov/pubmed/29749030
http://doi.org/10.1177/1756286419833574
http://doi.org/10.1158/0008-5472.CAN-15-2125
http://doi.org/10.1080/2162402X.2015.1122160
http://doi.org/10.1073/pnas.1712514114
http://www.ncbi.nlm.nih.gov/pubmed/29203668
http://doi.org/10.1038/s41586-020-2844-1
http://www.ncbi.nlm.nih.gov/pubmed/33087935
http://doi.org/10.1007/s00018-004-4200-2
http://doi.org/10.1371/journal.pone.0072756

Int. . Mol. Sci. 2022, 23, 7802 23 of 24

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

Sciamanna, I.; De Luca, C.; Spadafora, C. The Reverse Transcriptase Encoded by LINE-1 Retrotransposons in the Genesis,
Progression, and Therapy of Cancer. Front. Chem. 2016, 4, 6. [CrossRef] [PubMed]

Baugh, E.H.; Ke, H.; Levine, A.J.; Bonneau, R.A.; Chan, C.S. Why are there hotspot mutations in the TP53 gene in human cancers?
Cell Death Differ. 2018, 25, 154-160. [CrossRef] [PubMed]

Zhou, X.; Singh, M.; Santos, G.S.; Guerlavais, V.; Carvajal, L.A.; Aivado, M.; Zhan, Y.; Oliveira, M.M.; Westerberg, L.S.;
Annis, D.A; et al. Pharmacologic Activation of p53 Triggers Viral Mimicry Response Thereby Abolishing Tumor Immune Evasion
and Promoting Antitumor Immunity. Cancer Discov. 2021, 11, 3090-3105. [CrossRef]

Harris, C.R.; DeWan, A.; Zupnick, A.; Normart, R.; Gabriel, A.; Prives, C.; Levine, A.].; Hoh, J. p53 responsive elements in human
retrotransposons. Oncogene 2009, 28, 3857-3865. [CrossRef]

Haoudi, A.; Semmes, O.].; Mason, ].M.; Cannon, R.E. Retrotransposition-Competent Human LINE-1 Induces Apoptosis in Cancer
Cells With Intact p53. J. Biomed. Biotechnol. 2004, 2004, 461360. [CrossRef]

Grundy, E.E.; Diab, N.; Chiappinelli, K.B. Transposable element regulation and expression in cancer. FEBS J. 2022, 289, 1160-1179.
[CrossRef]

Mita, P; Sun, X.; Feny6, D.; Kahler, D.].; Li, D.; Agmon, N.; Wudzinska, A.; Keegan, S.; Bader, ].S.; Yun, C.; et al. BRCAl and S
phase DNA repair pathways restrict LINE-1 retrotransposition in human cells. Nat. Struct. Mol. Biol. 2020, 27, 179-191. [CrossRef]
Tsai, H.C.; Li, H.; Van Neste, L.; Cai, Y.; Robert, C.; Rasool, EV,; Shin, ].].; Harbom, K.M.; Beaty, R.; Pappou, E.; et al. Transient low
doses of DNA-demethylating agents exert durable antitumor effects on hematological and epithelial tumor cells. Cancer Cell 2012,
21, 430-446. [CrossRef]

Roulois, D.; Loo Yau, H.; Singhania, R.; Wang, Y.; Danesh, A.; Shen, S.Y.; Han, H.; Liang, G.; Jones, P.A.; Pugh, T].; et al.
DNA-Demethylating Agents Target Colorectal Cancer Cells by Inducing Viral Mimicry by Endogenous Transcripts. Cell 2015,
162, 961-973. [CrossRef]

Chiappinelli, K.B.; Strissel, P.L.; Desrichard, A.; Li, H.; Henke, C.; Akman, B.; Hein, A.; Sote, N.S.; Cope, L.M.; Snyder, A.; et al.
Inhibiting DNA Methylation Causes an Interferon Response in Cancer via dsRNA Including Endogenous Retroviruses. Cell 2015,
162,974-986. [CrossRef] [PubMed]

Kaminskas, E.; Farrell, A.; Abraham, S.; Baird, A.; Hsieh, L.-S; Lee, S.-L.; Leighton, ] K.; Patel, H.; Rahman, A.; Sridhara, R.; et al.
Approval summary: Azacitidine for treatment of myelodysplastic syndrome subtypes. Clin. Cancer Res. 2005, 11, 3604-3608.
[CrossRef] [PubMed]

Karpf, A.R; Peterson, PW.; Rawlins, ].T.; Dalley, B.K.; Yang, Q.; Albertsen, H.; Jones, D.A. Inhibition of DNA methyltransferase
stimulates the expression of signal transducer and activator of transcription 1, 2, and 3 genes in colon tumor cells. Proc. Natl.
Acad. Sci. USA 1999, 96, 14007-14012. [CrossRef] [PubMed]

Raslan, O.; Garcia-Horton, A. Azacitidine and its role in the upfront treatment of acute myeloid leukemia. Expert Opin.
Pharmacother. 2022, 23, 873-884. [CrossRef]

Liu, M.; Thomas, S.L.; DeWitt, A.K,; Zhou, W.; Madaj, Z.B.; Ohtani, H.; Baylin, S.B.; Liang, G.; Jones, P.A. Dual Inhibition of DNA
and Histone Methyltransferases Increases Viral Mimicry in Ovarian Cancer Cells. Cancer Res. 2018, 78, 5754-5766. [CrossRef]
[PubMed]

Liu, M,; Ohtani, H.; Zhou, W.; Qrskov, A.D.; Charlet, J.; Zhang, YW.; Shen, H.; Baylin, S.B.; Liang, G.; Grenbek, K,; et al. Vitamin
C increases viral mimicry induced by 5-aza-2'-deoxycytidine. Proc. Natl. Acad. Sci. USA 2016, 113, 10238-10244. [CrossRef]
Hahn, S.; Ugurel, S.; Hanschmann, K.M.; Strobel, H.; Tondera, C.; Schadendorf, D.; Lower, ]J.; Lower, R. Serological response
to human endogenous retrovirus K in melanoma patients correlates with survival probability. AIDS Res. Hum. Retrovir. 2008,
24,717-723. [CrossRef]

Jonkhout, N.; Tran, J.; Smith, M.; Schonrock, N.; Mattick, J.; Novoa, E.M. The RNA modification landscape in human disease.
RNA 2017, 23, 1754-1769. [CrossRef]

Hwang, S.-Y.; Jung, H.; Mun, S,; Lee, S.; Park, K.; Baek, S.C.; Moon, H.C.; Kim, H.; Kim, B.; Choi, Y,; et al. L1 retrotransposons
exploit RNA m(6)A modification as an evolutionary driving force. Nat. Commun. 2021, 12, 880. [CrossRef]

Pacini, C.E.; Bradshaw, C.R.; Garrett, N.J.; Koziol, M.J. Characteristics and homogeneity of N6-methylation in human genomes.
Sci. Rep. 2019, 9, 5185. [CrossRef]

Koziol, M.].; Bradshaw, C.R.; Allen, G.E.; Costa, A.S.; Frezza, C. Identification of Methylated Deoxyadenosines in Genomic DNA
by dA(6m) DNA Immunoprecipitation. Bio-Protoc. 2016, 6, 24-30. [CrossRef] [PubMed]

Di Giacomo, A.M.; Covre, A.; Finotello, F; Rieder, D.; Danielli, R.; Sigalotti, L.; Giannarelli, D.; Petitprez, F.; Lacroix, L.;
Valente, M.; et al. Guadecitabine Plus Ipilimumab in Unresectable Melanoma: The NIBIT-M4 Clinical Trial. Clin. Cancer Res. 2019,
25,7351-7362. [CrossRef] [PubMed]

Acevedo, M.,; Vernier, M.; Mignacca, L.; Lessard, F; Huot, G.; Moiseeva, O.; Bourdeau, V.; Ferbeyre, G. A CDK4/6-Dependent
Epigenetic Mechanism Protects Cancer Cells from PML-induced Senescence. Cancer Res. 2016, 76, 3252-3264. [CrossRef]
Bourdeau, V.; Ferbeyre, G. CDK4-CDK6 inhibitors induce autophagy-mediated degradation of DNMT1 and facilitate the
senescence antitumor response. Autophagy 2016, 12, 1965-1966. [CrossRef] [PubMed]

Goel, S.; DeCristo, M.; Watt, A.C.; BrinJones, H.; Sceneay, J.; Li, B.B.; Khan, N.; Ubellacker, ] M.; Xie, S.; Metzger-Filho, O.; et al.
CDK4/6 inhibition triggers anti-tumour immunity. Nature 2017, 548, 471-475. [CrossRef] [PubMed]


http://doi.org/10.3389/fchem.2016.00006
http://www.ncbi.nlm.nih.gov/pubmed/26904537
http://doi.org/10.1038/cdd.2017.180
http://www.ncbi.nlm.nih.gov/pubmed/29099487
http://doi.org/10.1158/2159-8290.CD-20-1741
http://doi.org/10.1038/onc.2009.246
http://doi.org/10.1155/S1110724304403131
http://doi.org/10.1111/febs.15722
http://doi.org/10.1038/s41594-020-0374-z
http://doi.org/10.1016/j.ccr.2011.12.029
http://doi.org/10.1016/j.cell.2015.07.056
http://doi.org/10.1016/j.cell.2015.07.011
http://www.ncbi.nlm.nih.gov/pubmed/26317466
http://doi.org/10.1158/1078-0432.CCR-04-2135
http://www.ncbi.nlm.nih.gov/pubmed/15897554
http://doi.org/10.1073/pnas.96.24.14007
http://www.ncbi.nlm.nih.gov/pubmed/10570189
http://doi.org/10.1080/14656566.2022.2082284
http://doi.org/10.1158/0008-5472.CAN-17-3953
http://www.ncbi.nlm.nih.gov/pubmed/30185548
http://doi.org/10.1073/pnas.1612262113
http://doi.org/10.1089/aid.2007.0286
http://doi.org/10.1261/rna.063503.117
http://doi.org/10.1038/s41467-021-21197-1
http://doi.org/10.1038/s41598-019-41601-7
http://doi.org/10.21769/BioProtoc.1990
http://www.ncbi.nlm.nih.gov/pubmed/28180135
http://doi.org/10.1158/1078-0432.CCR-19-1335
http://www.ncbi.nlm.nih.gov/pubmed/31530631
http://doi.org/10.1158/0008-5472.CAN-15-2347
http://doi.org/10.1080/15548627.2016.1214779
http://www.ncbi.nlm.nih.gov/pubmed/27532423
http://doi.org/10.1038/nature23465
http://www.ncbi.nlm.nih.gov/pubmed/28813415

Int. . Mol. Sci. 2022, 23, 7802 24 of 24

205.

206.

207.

208.

209.

Taylor, K.; Yau, H.L; Chakravarthy, A.B.; Wang, B.; Shen, S.Y.; Ettayebi, I.; Ishak, C.A.; Bedard, PL.; Razak, A.A,;
Hansen, A.R.; et al. An open-label, phase II multicohort study of an oral hypomethylating agent CC-486 and durvalumab in
advanced solid tumors. J. Immunother. Cancer 2020, 8, €000883. [CrossRef]

Magnani, C.F,; Gaipa, G.; Lussana, E; Belotti, D.; Gritti, G.; Napolitano, S.; Matera, G.; Cabiati, B.; Buracchi, C.; Borleri, G.; et al.
Sleeping Beauty-engineered CAR T cells achieve antileukemic activity without severe toxicities. J. Clin. Investig. 2020, 130, 6021-6033.
[CrossRef]

Cingoz, O.; Goff, S.P. Cyclin-dependent kinase activity is required for type I interferon production. Proc. Natl. Acad. Sci. USA
2018, 115, E2950-E2959. [CrossRef]

DePinto, W.; Chu, X.-J.; Yin, X.; Smith, M.; Packman, K.; Goelzer, P.; Lovey, A.; Chen, Y.; Qian, H.; Hamid, R.; et al. In Vitro and
In Vivo activity of R547: A potent and selective cyclin-dependent kinase inhibitor currently in phase I clinical trials. Mol. Cancer
Ther. 2006, 5, 2644-2658. [CrossRef]

Palazzo, A.; Marsano, R.M. Transposable elements: A jump toward the future of expression vectors. Crit. Rev. Biotechnol. 2021,
41,792-808. [CrossRef]


http://doi.org/10.1136/jitc-2020-000883
http://doi.org/10.1172/JCI138473
http://doi.org/10.1073/pnas.1720431115
http://doi.org/10.1158/1535-7163.MCT-06-0355
http://doi.org/10.1080/07388551.2021.1888067

	Introduction 
	Transposable Element Induced Genomic/Epigenomic Instability and Tumorogenesis 
	Physiological Functions of TEs in the Host Cells 
	Regulation of TEs in the Host Cell 
	DNA Methylation 
	Histone Modifications 
	Silencing of Retroelements in Germ Cells 
	Silencing of TEs by miRNA and Other Mechanisms 

	TEs Associated with Other Diseases 
	Futuristic Therapeutics Involving TEs 
	Clinical Trial 
	Future Perspectives 
	References

