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Abstract: Transposable elements (TEs) are mobile genetic elements that constitute a sizeable portion
of many eukaryotic genomes. Through their mobility, they represent a major source of genetic
variation, and their activation can cause genetic instability and has been linked to aging, cancer and
neurodegenerative diseases. Accordingly, tight regulation of TE transcription is necessary for normal
development. Chromatin is at the heart of TE regulation; however, we still lack a comprehensive
understanding of the precise role of chromatin marks in TE silencing and how chromatin marks are
established and maintained at TE loci. In this review, I discuss evidence documenting the contribution
of chromatin-associated proteins and histone marks in TE regulation across different species with an
emphasis on Drosophila and mammalian systems.
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1. Introduction

Eukaryotic genomes are historical records of transposable element (TE) integration
and mobilization events that occurred over millions of years. TEs and their remnants
(degenerated TE sequences) represent a large fraction of eukaryotic genomes, consti-
tuting approximately half of the human genome. Transposable elements are mostly
repetitive DNA sequences, and as their name indicates, they are capable of moving
within the genome. Once considered “junk” DNA, it is now clear that TEs can both
negatively and positively impact their host genomes (Figure 1A). TEs can threaten
genomic stability through their ability to move around the genome; the insertion of a TE
into a coding gene or a gene regulatory element impacts gene structure and expression
and can lead to diseases such as cancer, hemophilia or neurodegenerative disorders
(Figure 1B) [1,2]. TEs can also trigger chromosome deletions, duplications, inversions
and translocations through ectopic recombination between TEs belonging to the same
family [3] (Figure 1C). TE-driven genomic rearrangements have been responsible for
major genomic expansions, and there is evidence that they have contributed to specia-
tion [4-6]. Intact TEs can code for proteins that allow them to hop within the genome;
however, most TE sequences degenerate over time and lose this ability [7]. Nevertheless,
they can still play important roles in the host genome. Some have become host cell
genes, a phenomenon known as TE domestication. This is the case of the Syncytin
genes involved in placental development [8] (Figure 1A,D). In addition to producing
coding transcripts, some TEs can be transcribed to produce non-coding RNAs. These
non-coding RNAs can exert specific biological functions, as is the case of a transcript
produced by the LINE-1 retrotransposon that works as an RNA scaffold during mouse
early developmental stages [9] (Figure 1E). Additionally, a growing body of evidence
shows that TE sequences have been co-opted to serve as regulatory elements to host
genes. TEs carry cis-regulatory elements that, by duplication and insertion, can redis-
tribute transcription factor binding sites and alter gene expression patterns. Epigenomic
analyses indicate that a large fraction of mammalian regulatory binding sites (promot-
ers/enhancers) have been provided by TE-derived sequences (Figure 1F) [10,11]. TE
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Ectopic recombination

derived cis-regulatory elements can also influence chromatin architecture by serving as
binding sites for CTCF (the CCCTC-binding factor), a sequence-specific DNA-binding
protein that contributes to the establishment of chromatin loops [12,13]. Sometimes, TE
presence itself can regulate host genome expression by modifying chromatin accessi-
bility. For example, TEs can act as heterochromatin nucleation centers by inducing the
spread of silencing marks from the TE to the adjacent cis-regulatory elements of host
genes, thus inducing their repression (Figure 1G) [14]. However, TEs can also create de
novo insulator regions, shielding a gene from heterochromatin expansion and allowing
its expression [15-17].

In summary, TEs, through their capacity to impact gene expression patterns and
induce genome instability, are an important source of genetic variation and a driving force
of genomic evolution. Thus, understanding how TEs are regulated is a fundamental goal
in biology. In this review, following a brief overview of TE classification, I focus on the
current state of knowledge concerning the chromatin-based mechanisms of TE regulation
with examples mainly taken from Drosophila, mice and humans.
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Figure 1. Impact of TEs on their host genome. (A) Examples of how TEs can impact genomes.
(B) Schematic representation of a how insertion of a transposable element (TE) into the open reading
frame of the coagulation factor VIII (F8) gene can induce insertional mutagenesis. This mutation
was found in patients with hemophilia [1]. (C) Schematic representation of TE-induced ectopic
recombination. (D) An example of TE domestication. Ancient env genes from ERVs have evolved
into syncytin genes, which are involved in placenta formation [8]. Another example not represented
here is that of Rag1 and Rag2, which are involved in V(D)] somatic recombination in the immune
system of vertebrates [18]. (E) An example of a TE transcript (LINE1) acting as an RNA scaffold for
chromatin regulators and transcription factors. (F) TE sequences carry transcription factor binding
sites, and their insertion can lead to novel gene-regulatory patterns in the host organism. (G) Example
of how a TE can modulate chromatin by inducing the spread of heterochromatin. Abbreviations:
E, exon; TE, transposable element; LTR, long terminal repeat; ORF, open reading frame; UTR,
untranslated region; CR, chromatin regulator; TF, transcription factor.

2. Classes of TEs

Transposable elements are broadly classified on the basis of their mechanism of trans-
position as class I elements (retrotransposons) and class II elements (DNA transposons).
Class I elements are transcribed into an RNA intermediate and use reverse transcriptase
to form a new copy of their DNA, which is then inserted into the host genome (copy and
paste) (Figure 2A). Class I elements are subdivided, on the basis of the presence or absence
of long terminal repeats (LTRs), into LTR and non-LTR elements (Box 1). For LTR elements,
the retrotranscription occurs in cytoplasmic virus-like particles, and the resulting dsDNA
is then imported into the nucleus, where an integrase inserts it into the host genome. For
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non-LTR retrotransposons, retrotranscription occurs at the target locus of the host genome,
a process known as ‘target-primed reverse transcription’ [19]. Class II elements encode a
transposase enzyme that excises the parental sequence from a donor site and reintegrates it
into another location in the genome (cut and paste) (Figure 2B). Therefore, in contrast to
retrotransposons, they generally do not accumulate in copy number. However, they have
adopted strategies to increase in copy number by transposing during host DNA synthesis
from replicated to unreplicated sites or by taking advantage of the error-prone homologous
recombination repair process [20]. More recently, rolling-circle elements (e.g., Helitrons)
have been identified as a distinct group of abundant DNA transposons that do not replicate
via the “cut-and-paste” mechanism but through a “peel-and-paste” mechanism. It has been
hypothesized that the sense strand is “peeled” off, serving as a template to synthesize a sec-
ond strand to form a circular double-stranded DNA (dsDNA) intermediate (Figure 2B) [20].
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Figure 2. Schematic representation of the mobilization mechanisms of transposable elements.
(A) Schematic representation of the “copy-and-paste” mobilization mechanism of retrotransposons.
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Retrotransposons replicate through an RNA intermediate and a reverse transcription step. LTR
retrotransposons produce a double-stranded DNA (dsDNA) intermediate that integrates into a new
locus, whereas non-LTR retrotransposons retrotranscribe directly at the target locus after cleaving
genomic DNA, a process known as ‘target-primed reverse transcription’. (B) Schematic representation
of the “cut-and-paste” and “peel-and-paste” mobilization mechanisms of DNA transposons. Both
mobilization mechanisms require the excision of the transposon DNA from its original locus and its
reintegration into another locus, but the “peel-and-paste” mechanism requires the formation of a
circular double-stranded DNA (dsDNA) intermediate. The mechanism of replication of maverick and
crypton elements has not been determined. (C,D) Classification of eukaryotic transposable elements
(as proposed by Wicker et al. [21,22]). Genetic structures of representative transposable elements
from each order. Yellow boxes represent open reading frames (ORFs), and grey boxes represent
non-coding domains. Element lengths are not to scale. Abbreviations: LTR, long terminal repeat;
ORE, open reading frame; UTR, untranslated region; ENV, envelope protein; GAG, capsid protein; RT,
reverse transcriptase; RH, ribonuclease H domain; ITR, inverted terminal repeat; TR, terminal repeat;
EN, endonuclease; YR, tyrosine recombinase; TIR, terminal inverted repeats; Tase, transposase; REP,
replication initiator; Hel, helicase; C-INT, integrase; ATP, packaging ATPase; CYP, cysteine protease;
POL B, DNA polymerase B.

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

Box 1. Classification of Transposable Elements.

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

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

3. TE Silencing

TE insertions and ectopic recombination between TEs can be harmful for the host
genome. Additionally, independently of transposition, excessive TE transcription in the
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germline and in the soma can interfere with host cell function by activating the interferon
response [23,24]. Therefore, eukaryotic genomes have developed a range of molecular
mechanisms to silence TEs. Small RNAs are important tools to induce TE silencing in
many organisms, including nematodes, plants, flies and yeasts. In eukaryotes, several
classes of small RNAs associate with members of the Argonaute protein family to reg-
ulate gene and transposon expression both transcriptionally and post-transcriptionally.
Whereas in flies and mammals, the importance of small-RNA-mediated TE silencing in
somatic tissues is less clear, PIWI-interacting RNA (piRNAs), small noncoding RNA of
23—31 nucleotides (nt), play a pivotal role in TE silencing in the germline. Originally iden-
tified in Drosophila [25] but later found to be evolutionarily conserved, piRNAs originate
from intergenic DNA elements known as piRNA clusters, which are rich in transposon
sequences. piRNA precursors transcribed from these clusters are exported to the cytoplasm,
where they undergo primary piRNA biogenesis [26-34], which consists of their endonu-
cleolytic cleavage, followed by loading into Piwi protein. Three PIWI proteins have been
described in Drosophila (Piwi, Aubergine (Aub) and Argonaute 3 (Ago3)) and mice (Piwill,
Piwil2, and Piwil4), whereas most primates have four PIWI genes (PIWIL1-4). The piRNAs
loaded onto PIWI proteins undergo 3’ end processing and 2’-O-methylation at their 3’
termini [35-37]. In germline cells, in addition to primary piRNA biogenesis, a secondary
piRNA biogenesis pathway known as the ‘Ping-Pong’ amplification loop amplifies the
piRNA pool to achieve TE post-transcriptional silencing [38,39]

Mature piRNAs can suppress TE expression either post-transcriptionally by inducing
the degradation of TE RNAs (post-transcriptional gene silencing (PTGS)) or transcription-
ally (transcriptional gene silencing (TGS)) by driving PIWI to TE transcripts via RNA-RNA
pairing and tethering chromatin modifiers that direct the deposition of repressive chromatin
marks at TE loci. TE TGS has been found to operate in multiple organisms, including flies
and mice [26,35-41].

Many excellent recent reviews describe how small RNAs can induce TE silencing [38,42—44].
In this review, after providing a brief overview of chromatin, I will focus on describing the
proposed mechanisms by which chromatin could influence transcriptional TE silencing.

4. Chromatin

Finely tuned transcription of transposable elements requires a dynamic regulation of
chromatin structure, and the precise role of chromatin marks in this process is a subject of
intense study. Chromatin is organized into structurally distinct domains called heterochro-
matin and euchromatin. Euchromatin is generally associated with active transcription and
is characterized by an open, unfolded structure that ensures the accessibility of DNA to
the transcriptional machinery, thereby favoring gene transcription. Heterochromatin is
densely packed and mostly transcriptionally silenced. Heterochromatin can be further
subdivided into constitutive heterochromatin, including gene-poor and repeat-rich regions
proximal to telomeres and centromeres, and facultative heterochromatin, including re-
gions interspersed within euchromatin that are silenced in a cell-type-specific manner.
Heterochromatin plays critical roles in ensuring genome integrity by safeguarding mitotic
fidelity, by preventing aberrant recombination between repetitive regions and by silencing
the expression of transposons and satellite DNA [45].

Chromatin domains and subdomains of chromatin are distinguished by specific com-
binations of histone post-translational modifications (PTMs), DNA modifications and
chromatin-bound factors (proteins and RNAs). At the molecular level, several mechanisms
are in place to regulate chromatin, including addition and removal of DNA modifications
or histone PTMs. Here, I will focus on those chromatin marks and factors that are currently
associated with TE transcriptional regulation.

4.1. Brief Overview of the Role of DNA Methylation in TE Silencing

DNA methylation is a chemical modification that provides essential epigenetic infor-
mation and has been implicated in TE silencing, genomic imprinting, X inactivation and
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regulation of gene expression [46]. Deregulation of DNA methylation results in embryonic
abnormalities in mice and is a common feature of many cancer types [46]. 5-methylcytosine
(5mC) is a widespread DNA modification present in many organisms, from bacteria to
humans, often in the context of a CpG dinucleotide. However, some eukaryotes, including
Drosophila melanogaster, Caenorhabditis elegans and Saccharomyces cerevisiae, either lack or
have very low levels of 5mC [47], indicating that alternative mechanisms exist in these
organisms to fulfill the role played by DNA methylation in vertebrates.

Cytosine methylation (5mC) occurs mostly in CpGs dinucleotides, which are abundant
in repetitive sequences in intergenic regions, and in so-called CpG islands (CGlIs), which
are short stretches of CpGs nucleotides enriched in promoter regions. CGlIs are generally
refractory to DNA methylation, and, when present, methylation in CGIs strongly correlates
with gene silencing [48]. Therefore, DNA methylation is broadly considered to be a
repressive epigenetic mark.

5mC is deposited by DNA methyltransferases (DNMTs), which, in eukaryotes, are
classified as DNMT1 or DNMT3. DNMTT1 preferentially methylates hemimethylated CpG
dinucleotides following DNA replication, thus enabling maintenance of 5mC across cell
division, whereas DNMT3-type enzymes catalyze de novo deposition of 5SmC.

Disruption of these enzymes has provided important information with respect to
their role in TE silencing. In the plant Arabidopsis thaliana, in the fungus Neurospora crassa
and in Danio rerio (zebrafish), loss of DNMT function results in accumulation of TE tran-
scripts and increased transposition [49-52]. In Dnmt1 knockout mice (KO), intracisternal a
particle (IAP) retrotransposons, which are predominantly young and active endogenous
retroviruses (ERVs), are highly derepressed [53]. Mutation of Dmmt3C, a methyltransferase
specifically expressed in male fetal germ cells, results in activation of evolutionarily young
families of retrotransposons [54]. Similarly, inactivation of a DNMT cofactor DNMT3L in
mouse male germ cells results in reactivation of IAP and LINEI1 retrotransposons and male
sterility [55,56].

In mammalian somatic cells, DNA methylation of TEs is generally stably maintained.
Nonetheless, retrotransposon activation has been observed in the brain and is correlated
with reduced 5mC levels [57]. Furthermore, global DNA hypomethylation is a common
feature of cancer cells and is associated with aging. Consistently, TEs were found to be reac-
tivated in these contexts [58,59]. Whether TE activation associated with aging contributes
to neurodegenerative disorders remains to be established. In cancer, TE expression and
activation can have a double role. On one hand, TEs can induce new mutations by inserting
themselves within oncogenes, tumor suppressor genes or their regulatory regions, thus
altering their expression [55,60]. On the other hand, TE reactivation can elicit an immune
response that leads to cell death and sensitizes tumor cells to immunotherapy [24,56]. Para-
doxically, DNMT inhibitor (DNMTi) efficacy might be partly attributed to TE activation
and consequent activation of the antiviral response, as DNMTi treatment has been shown
to lead to an antiviral interferon response [23,61].

In addition to 5mC, other DNA modifications have been implicated in TE silencing,
including N6-methyl adenosine (6mA) and N-4 methylcytosine, although their specific
roles have not been fully established [62-64]. In this review, I will focus on the role of
histone marks in TE silencing. To readers who would like to read more about the role of
DNA methylation in TE silencing, here are some excellent and extensive reviews on the
subject [46,65,66].

4.2. Histone Marks

Histones are subject to many kinds of post-translational modifications, the most
extensively studied of which are acetylation, methylation, phosphorylation, ubiquitination
and, more recently, SUMOylation. These chemical modifications confer specific properties
to histones and contribute to either the opening or compaction of chromatin. Histone
modifications are dynamically regulated by the activity of so-called “writer proteins”,
which add histone marks, and “eraser proteins”, which remove the marks. Multiple writers
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and erasers with varying activities have been identified. Importantly, histone PTMs and
DNA modifications serve as binding docks for “reader” domain-containing proteins that
recognize these modifications. These reader proteins can carry additional domains capable
of modifying chromatin, and/or they can reside in complexes with other proteins capable
of adding or removing specific marks [67].

Histone lysine acetylation is associated with productive transcription. Adding an
acetyl group to lysines adds a negative charge to the histone, thus reducing the interaction
between histones and DNA. In addition, the acetylated lysines are recognized by different
factors, including several bromo-domain-containing proteins that can actively remodel
chromatin and regulate the recruitment of the transcriptional machinery [68]. Similarly,
phosphorylation of serines and threonines opens chromatin by adding a negative charge to
histones but also by evicting silencing complexes [69]. In contrast, histone methyl marks
do not alter the charge of histones, and different methyl marks can be found either on
actively transcribed (e.g., H3K4me3) or in silenced chromatin loci (e.g., H3K9me3). Spatial
arrays of methylated histone lysines are thought to serve as a scaffold for the assembly of
repressive and activating complexes. This is also the case for histone SUMOylation and
ubiquitination, which were originally associated with silencing but that were later found to
also act as signals to recruit activating complexes [70,71].

Other histone modifications have been reported, including crotonylation, butyrylation,
propionylation, tyrosine hydroxylation, biotinylation, neddylation, O-GlcNAc, ADP ribo-
sylation, N-formylation, proline isomerization and citrullination [72]. However, because
their role in TE regulation is largely unknown, they will not be discussed in this review.

Crosstalk networks exist among histone marks and offer a means of leveraging desired,
diversified outcomes. For example, the presence of one specific mark can favor or prevent
the deposition of a second mark, and combinations of specific sets of marks (chromatin
states) have been associated with specific functional outcomes [73]. The correlation between
the presence of specific histone marks and the transcriptional status of a gene lead to the
hypothesis that histone marks alone and in combination are the basis of a language or
“code” that instructs changes in gene expression [74,75]. However, this language is quite
complex, as various combinations of marks can result in similar outcomes, and each mark
could be interpreted in different ways depending on the local chromatin environment, on
the 3D folding of the genome and on the availability of effector proteins. This rich and
complicated language generated by the diversity of histone PTMs confers the possibility
of modulating and finetuning chromatin to achieve specific outcomes. The role played by
histone PTMs in TE silencing is only starting to be dissected, and it will be discussed in the
rest of this review.

4.3. Roles of Histone Marks

In addition to DNA methylation, histone modifications have also been shown to play
a role in TE regulation. DNA methylation often overlaps with histone marks so that the
two reinforce each other, ensuring stable TE repression [76,77]. However, certain classes of
TEs seem to be relatively hypersensitive to the loss of either DNA or H3K9 methylation
in specific developmental contexts. For example, in mouse embryonic stem cells, simulta-
neous knockdown of the three DNMTs only affects IAP expression, whereas individual
depletion of the histone H3K9 methyltransferase SETDB1 (SET domain bifurcated 1) affects
ERV expression [70,71]. Importantly, repressive histone marks might play an essential role
in TE silencing when germ cells and embryos undergo phases of epigenetic reprogramming
in which DNA is hypomethylated [78,79]. These early developmental phases coincide with
a transient upregulation of TE transcription followed by a wave of repression. Whereas
emerging evidence suggests that regulated TE expression is associated with normal em-
bryogenesis, excessive and widespread TE deregulation can pose a risk with respect to the
integrity of the genome [80,81]. Therefore, deposition of repressive histone marks could
minimize the potentially negative consequences of TE derepression and activation in this
particularly sensitive stage. Furthermore, histone methyl marks may play a prominent
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role in TE silencing in organisms where DNA methylation is low or absent, as is the case
in Drosophila.

4.4. Histone Methylation

Histone methylation mainly occurs on lysine (K) and Arginine (R) residues. His-
tone methylation influences the transcription of genes by recruiting effector proteins,
which in turn mediate the assembly of protein complexes that drive gene activation or
silencing. Histone methylation is dynamic, and its tight regulation contributes to the
coordinated expression of specific gene networks during normal development. The
association of histone Arginine methylation with gene expression is poorly understood;
in contrast, a strong correlation has been established between the state of methyla-
tion on specific histone lysines and gene transcription. Lysines can be mono-, di- or
trimethylated, and depending on the degree of methylation, the residues affected and
the chromatin context in which the methylation occurs, the presence of the methyl mark
can have a positive or negative effect on transcription. H3K9 and H3K27 methylation
is generally repressive; however, whereas H3K9me3 is abundant in pericentric hete-
rochromatin and TEs, H3K27me3 is generally deposited in genes located in facultative
heterochromatin and silenced in a cell-type-specific manner (Figure 3). In addition
to H3K9me?2 /3 and H3K27me3, other histone marks are enriched in heterochromatin,
including H4K20me3, H3K64me3 and H3K56me3 [45].
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Figure 3. Modulation of chromatin organization and gene transcription by histone lysine methylation.
A schematic representation of euchromatin and heterochromatin showing the main lysine methyl
marks on histone H3 and their prevalent localization in the genome (euchromatin and heterochro-
matin). Abbreviations: K, lysine; TSS, transcriptional start site; M, methyl residue.

Euchromatin-enriched histone marks include acetylated lysines and methylated
H3K4, H3K79 and H3K36. Genome-wide studies have shown that H3K4me3 is enriched
at the transcriptional start site (TSS) of transcriptionally active genes with H3K4me2
and H3K4mel just downstream, creating a gradient of H3K4 methylation [82] (Figure 3).
H3K4mel is also enriched in enhancers [83]. Methylated H3K79 and H3K36 are normally
enriched in gene bodies [84]. Certain genes can harbor simultaneously “repressive”
and “activating” marks in their regulatory regions (Figure 3). These so-called “bivalent
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domains” were discovered in lowly expressed developmental genes in embryonic
stem cells and were found to be enriched in both H3K4me3 and H3K27me3 marks [85].
During cell differentiation, the loss of either the activating or the repressive mark primes
the gene for either activation or repression, depending on the stimulus received [85].
This is a way to ensure that the appropriate genes are expressed in each tissue in a
timely manner.

4.5. H3K9 Methylation, a Defining Feature of TEs?

Histone 3 lysine 9 di and trimethylation (H3K9me2/3) is the hallmark of constitu-
tive heterochromatin. H3K9 methylation is generally abundant in inactive genes and
transposons. H3K9-decorated heterochromatin domains undergo profound rearrange-
ment during development, and their dynamic regulation is essential for establishing and
maintaining specific cell fates [86,87].

It has been proposed that H3K9me2/me3 induces silencing by serving as a binding site
to recruit heterochromatin protein 1 (HP1) [88-90]. HP1 molecules multimerize and recruit
additional chromatin factors to promote chromatin condensation and repression of tran-
scription [91,92]. Nevertheless, some genes in heterochromatin can be actively transcribed
despite the presence of H3K9 methylation in their gene body. It has been proposed that in
these cases, H3K9 methylation marks act to suppress spurious transcription derived from
TE promoters located in introns and flanking sequences [16]. In mammals and in plants,
H3K9 methylation is often coupled with DNA methylation. DNA methyltransferases have
been detected in shared complexes with H3K9 methyltransferases, and the two appear to
mutually bolster their functions to ensure DNA inaccessibility [67].

In the fission yeast S. pombe, the establishment of H3K9 methylation requires the
enzymatic activity of one histone methyltransferase (HMTase), the Clr4 protein [90].
However, in other organisms, including Drosophila and mammals, multiple H3K9
methyltransferases exist and share a highly conserved SET domain, which is responsible
for their catalytic activity. In mammals, the known H3K9 methyltransferases are suppres-
sor of variegation 3-9 enzymes (Suv39hl and Suv39h2 in mammals, known as Su(var)3-9
in Drosophila), G9a, GLP (G9a-like protein), SetDB1 (SET domain bifurcated 1, known as
Eggless in Drosophila) and SETDB2. Studies suggest that each enzyme is partly redun-
dant with the other H3K9 HMTs, with a variable degree of redundancy depending on
the family of TEs and the developmental timing [93]. However, some specificities exist,
as Suv39h enzymes seem to preferentially catalyze H3K9 trimethylation in constitutive
heterochromatin; G9a mostly mediates H3K9 dimethylation in euchromatin; and SetDB1,
also known as Eggless in Drosophila; catalyzes histone 3 lysine 9 trimethylation in trans-
posons. These conclusions are based on the fact that Suvar3-9 mutants in Drosophila, as
well as double Suv39h1 and Suv39h2 loss in mammals, result in a drastic reduction in
H3K9 me2/me3 levels but not H3K9mel in pericentric heterochromatin [94,95] whereas
KO of G9a in ES mouse cells results in a reduction in H3K9 methylation, mostly in
euchromatin [96], and KO of SETDBI1 in mouse ES cells and Drosophila ovarian somatic
cells results in TE upregulation [71,97].

The activity of H3K9-HMT is counterbalanced by histone demethylases, which remove
methyl marks from K9 residues. These so-called “erasers” include members of the Jumonji
(JmjC)-domain-containing family, with JMJD2/KDM4 proteins acting on H3K9me2/me3
and JMJD1/KDM3 acting on H3K9me2/mel [98-100]. Additionally, the lysine-specific
demethylase 1 (LSD1/KDMI1A) initially identified as an H3K4 demethylase, has been
subsequently proposed to demethylate H3K9me2/mel in certain contexts [101].

The existence of several enzymes targeting H3K9 complicates the analysis of the
role of this modification in mammals, and only recently, a compound mutant for the
known SET-domain H3K9 methyltrasferases (KMTs) (Suv39h1/Suv39h2, Esetl/Eset2
and G9a/Glp) was generated in mouse embryonic fibroblasts (MEFs) [93]. In these
mutant cells, H3K9 methylation levels were undetectable, and heterochromatin or-
ganization was strongly affected. RNA-Seq experiments showed the derepression of
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multiple classes of retroelements. Interestingly, comparison of the compound mutants
with mutants lacking the function of each set of paralogous H3K9 KMT suggests that
distinct enzymes have both specific and overlapping functions, with, for example, the
ERV1 family being more sensitive to Esetl depletion and the ERVK family to G9 and
Glp depletion [93].

In C. elegans, only two H3K9 methyltransferases are known (MET-2 and SET-25),
and their compound mutation results in decreased H3K9 methylation, correlating with
increased expression of a subset of transposons and satellite repeats. MET-2/SET-25
double mutants are viable, but they are sterile, and they are subject to increased genome
instability [94,102]. Whereas MET-2 appears to be essential for the repression of satellite
sequences, SET-25 represses a subset of DNA and RNA transposons [94].

Depleting histone methyltransferases to study transposon regulation, although
useful, has limitations. Many of these KMTs have other substrates apart from histones,
confounding the analysis of the biological contribution of the H3K9 methyl mark per se.
Although mutating the H3K9 residue is difficult in metazoans due to the repetitive nature
of their histone genes, generation of histone mutants is possible in some animal models
and has provided insights into the role of H3K9 methylation in transcriptional silencing.
For example, Drosophila H3K9R mutant flies display strongly reduced HP1 deposition
in pericentric heterochromatin, as well as increased expression of transposable elements
and piRNAs [95].

4.6. Role of the KRAB-Znf Family of Transcription Factors in the Recruitment of
H3K9 Methyltransferases

Although H3K9-HMTs and HP1 proteins can bind DNA, it is believed that the specific
recruitment of these enzymes at TE loci mostly relies on additional factors, such as small
RNAs and transcription factors.

Several members of the Kriippel-associated box zinc-finger protein (KRAB-Zfp)
family of transcription factors have been shown to bind retrotransposon sequences in
mice and humans [103-106]. It has been hypothesized that KRAB-Zfp proteins have
evolved to recognize the different retrotransposons present in eukaryotic genomes [103].
Examples of KRAB-Zfps that bind retroelements are Zfp809 and Zfp708. These proteins,
through their KRAB domain, are able to recruit the adaptor protein TRIM28/KAP1
(KRABS-associated protein 1), which, in turn, recruits SETDB1 [107-111]. In hu-
mans, SETDB1 recruitment by KAP1 is mediated by autoSUMOYylation of its bro-
modomain [112]. SETDB1 dependent H3K9 methylation allows for the recruitment
of HP1 and de novo DNA methylation [113] (Figure 4A). Another interaction partner
of KAP1 is the human silencing hub (HUSH) complex (composed of TASOR, Mpp8
and periphilin 1), which recruits SETDB1 and an ATP-dependent chromatin remodeler,
MORC2 [114,115], and was shown to silence evolutionarily young genes and retro-
transposons [116]. A recent study suggests that the HUSH complex contributes to
genome surveillance by silencing intronless invading DNA, including pseudogenes
and retrogenes derived from recent transposition events [117].
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A

Players of chromatin mediated TE silencing in D. melanogaster

Players of chromatin mediated TE silencing in mammals

Figure 4. Models of chromatin-mediated transposon-silencing mechanisms. (A) Schematic repre-
sentation of the factors implicated in TE silencing in Drosophila (B) and in mammals. Multiple
mechanisms exist to repress TEs both in flies and in mice, including piRNA-directed silencing me-
diated by the Piwi/MIWI2-piRNAs complex, DNA methylation-dependent silencing mediated by
DNMTs (in mammals), KDM1a-dependent histone demethylation and KRAB-ZNF-KAP1-mediated
silencing. Whether these layers of control of TE silencing collaborate on the same TEs or act on
different TEs or in different cell types/tissues remains to be fully elucidated.

4.7. piRNA-Dependent Recruitment of H3K9 Methyltransferases

Small-RNA-dependent recruitment of chromatin factors at TE loci constitutes an
important mechanism of TE silencing in many organisms. It has been proposed that small
RNAs might be necessary for the initial establishment of repressive H3K9 marks at TE
loci both in germline and somatic cells [118,119]. In Drosophila, piRNA-loaded Piwi,
in complex with Panoramix/Silencio (Panx) and Asterix (Arx), recognizes nascent TE
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transcripts via RNA-RNA pairing [35,97,120-123]. This piRNA-guided target recognition
complex (Piwi/Panx/Arx) relies on the activity of the histone H3K9 methyltransferase
Eggless (Egg) and its cofactor, Windei, on TE loci to promote TE silencing [97,120,124,125].
Additionally, it has been shown that SUMOylation by the SUMO E3 ligase Su(var)2-10
is also important for TE silencing, and it has been proposed that Su(var)2-10 recruits the
histone H3K9 methyltransferase Eggless (Egg) and its cofactor, Windei, to TE loci, thus
promoting TE silencing (Figure 4A) [16]. Recent data also show that Panx is SUMOylated,
although in a Su(var)2-10-independent manner, and that Panx SUMOylation, which is
Piwi-dependent, is required for its interaction with the zinc finger protein small ovary,
a factor implicated in heterochromatin formation [126]. However, specific depletion of
Piwi in the nucleus results in a reduction in H3K9 methylation that is limited to a subset
of TE families, indicating that Piwi-independent mechanisms exist [127]. Interestingly,
Piwi depletion also results in an increase in the activating H3K4me2 mark at some TE
loci [127], suggesting that Piwi represses a subset of TEs through association with protein
complexes responsible for maintaining low levels of H3K4me2. This possibility is supported
by an involvement of the histone demethylase dLsd1 in TE silencing. This demethylase
acts on H3K4me?2 residues, and depletion of dLsd1 activity has recently been shown to
provoke an increase in the transcription of many TE families in the ovaries, both in the
germline and in somatic cells [128,129]. Additionally, repression of a reporter construct
by artificial tethering of Panoramix is impaired by knockdown of dLsd1 and its cofactor,
coREST [120]. Furthermore, the histone deacetylase Rpd3, a known partner of coREST,
has been implicated in TE silencing, together with the chromatin remodeler mi-2 and
the zinc-finger transcription factor MEP-1 [130]. All these factors have been shown to
physically interact with components of the piRNA-guided target recognition complex in
Drosophila [128,130]. Therefore, a model to achieve silencing of at least some TE loci
could rely on the sequential activity of multiple chromatin factors, whereby dLsd1 would
demethylate H3K4me2, which could in turn allow for H3K9 deacetylation by Rpd3 and
subsequent H3K9 methylation by Egg. Such a scenario would limit the level of activating
marks and increase the levels of repressive marks, potentially promoting TE silencing.
It will be interesting to determine the hierarchy of events that leads to silencing and to
determine whether all these factors are recruited by the piRNA-guided target recognition
complex. Additionally, multiple recent studies implicate Nfx2, a paralog of the nuclear
export factor Nfx1, in Panoramix-mediated, piRNA-guided TE silencing. Nfx2-containing
complexes were named either SFiNX (silencing factor interacting nuclear export variant),
PICTS (Panx-induced cotranscriptional silencing), PPNP (Piwi-Panx-Nxf2- P15) or Pandas
(Panx-Nxf2 dependent TAP silencing) by the four groups that reported them [131-134].
More recently, the dynein light-chain LC8/Cut-up was shown to interact with Panx and
to drive the dimerization of the PICTS complex. The authors also showed that Cut-up is
essential for Panx-dependent TE silencing [135]. Further investigations will be required to
determine the precise roles of these factors in TE silencing and heterochromatin formation.

In mouse germline cells, piRNA-loaded MIWI2, in addition to allowing the deposition
of repressive chromatin marks, also allows de novo DNA methylation [26]. It has been
proposed that MIWI2 recruits DNMTs at TE loci (Figure 4B), but the mechanisms remain to
be elucidated. Two recent papers shed some light on the mechanisms by showing that in
the mouse male germline, two MIWI2-associated factors, SPOCD1 and TEX15, are required
for de novo DNA methylation of a subset of TEs [136,137].

In summary, a feature of TE silencing pathways in multiple species is that het-
erochromatin formation is initiated by recognition of nascent transcripts by a PIWI
family protein bound to a small RNA. Thus, nascent TE transcripts contribute to TE
silencing. Interestingly, although both TE sequences and piRNA clusters are marked
by H3K9 methylation, TEs are silenced, whereas piRNA clusters produce piRNA pre-
cursors. In Drosophila, the different outcomes (silencing vs. transcription) could be
due to the fact that H3K9 methyl marks are read by HP1 at TEs and by Rhino, an HP1
paralog, at a subset of piRNA clusters [138-140]. Another layer of control could be at
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the level of nuclear export, because whereas piRNA precursor are normally exported
in the cytoplasm [141,142], a study showed that TE transcripts export is inhibited by
Nxf2 [131]. In any case, it remains to be determined to what extent H3K9 methylation
is a cause versus a consequence of TE silencing. Studies have shown that the presence
of H3K9 methylation does not always preclude transcription, especially when located
outside of the TSS, and some heterochromatic genes require H3K9 methylation for their
proper expression [35,143]. Moreover, genome-wide studies have revealed that TEs are
marked by a complex pattern of chromatin modifications, including H4K20, H3K27 and
H4R3 methylation; histone biotinylation and sumoylation; and the deposition of H3.3
variants [144].

4.8. H3K27 Methylation, an Ancestral form of TE Silencing?

H3K27 methylation is deposited by the catalytic subunits of the polycomb repres-
sive complex 2 (PRC2) (EZH1 and EZH2 in humans), which methylate K27 [145] through
their SET domains. The PRC2 complex is crucial for maintenance of stable differentia-
tion [146], and mutations of PRC2 components have been identified in a variety of human
cancers [147]. Whereas H3K27 methyl marks are associated with silent protein-coding
genes and are a key component of facultative heterochromatin, they are not abundant at TE
loci. However, PRC2 and H3K27methyl marks can be relocalized to repeat regions when
DNA methylation and/or H3K9 methylation are perturbed either through mutation of
writers or of readers of these marks or during early mammalian developmental, when
DNA hypomethylation occurs naturally [78,148]. Therefore, H3K27me3 could be used
as a backup mark for TE silencing in situations where H3K9 methylation and/or DNA
methylation are impaired [149]. Interestingly, TEs of some ancestral eukaryotes, including
ciliates and bryophytes, are marked by the presence of H3K27 methylation domains [149].
Similarly, in Paramecium tetraurelia, H3K27 and H3K9 methyl marks coexist in multiple
TE families, and the ortholog of Ezh2, Ezll, is implicated in their silencing [150]. Ezll
interaction with components of small RNA /RNAi machinery appears to be responsible for
its targeting of TEs [151]. It has been hypothesized that H3K27 methylation is an ancestral
mechanism of TE silencing that has been largely replaced by a more stable silencing by
H3K9 methylation and DNA methylation at the onset of multicellularization when the dis-
advantages of TE activation outweigh their possible advantages, especially in the germline.
H3K27 methylation could still play a role in some TEs in mammals, as Leeb and colleagues
showed that IAP and MLV elements are derepressed in double-knockout mouse ES cells
for a component of the PRC1 and for a component of the PRC2 complex [152].

4.9. Role of Histone 4 in TE Silencing

Trimethylated histone H4 lysine 20 (H4K20me3) is enriched in heterochromatin, and
H4K20me3 peaks are associated with LINEs, ERVs, satellite DNA and low-complexity re-
peats in human sperm and somatic (K562) cells [153]. In mice, H4K20me3 is catalyzed by the
activity of SUV420H1 and SUV420H2 enzymes, and knockout of SUV420H2 in mouse ES
cells results in derepression of repetitive DNA elements [154]. H4K20me3 is often found to
co-occur with H3K9 methylation and DNA methylation in repetitive elements [144,155,156].
It has been proposed that H3K9 methylation acts upstream of H4K20 methylation, as deple-
tion of K9 histone methyltransferases prevents the trimethylation of H4K20 by SUV420H1
and SUV420H2 in repetitive regions [71,157,158].

However, at specific loci, H4K20me3 can occur independently of H3K9me3, as is the
case for the Charlie DNA transposon family in mouse ES cells, IAP retrotransposons in
quiescent cells and in young DNA transposon subfamilies in early developmental stages of
Xenopus tropicalis [159]. An independent study showed that the DNA methylase DNMT1
directly recognizes the H4K20me3 mark via its first bromo-adjacent homology domain
(DNMT1pam1), and this association potentiates the enzymatic activation of DNMT1 and
could stabilize the repression of the LINE1 element [156].
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H4K20 methylation is not the only H4 modification implicated in TE silencing. ChIP-
Seq analysis in murine embryonic stem cells (ESCs) revealed an enrichment in dimethyla-
tion of arginine 3 on histone 4 (H4R3me?2), a mark associated with transcriptional repression
in LINEs, SINEs and LTR transposons [144,160]. Consistently, conditional loss of the pro-
tein arginine methyltransferase 5 (PRMT5), which is responsible for H4R3 methylation,
in primordial germ cells (PGCs) causes upregulation of LINE1 and IAP transposons. It is
important to highlight that PRMT5 depletion in PGCs also results in sterility and activa-
tion of a DNA damage response [161]. The authors proposed that PRMTS5 is involved in
guaranteeing transposon silencing and maintenance of genome integrity at times when the
DNA is hypomethylated [161].

4.10. Sumoylation

Small ubiquitin-like modifier (SUMO) is a highly conserved, ubiquitin-like small
protein. SUMO covalent attachment to target proteins modulates their function. SUMO
is added to its targets through a conjugation cascade implemented by the activities of
E1 (activating), E2 (conjugating) and E3 (ligase) enzymes [162]. This post-translational
modification (PTM) can be reversed by SUMO-specific proteases [163].

SUMOylation has been shown to play a role in the formation of heterochromatin
from yeast to mammals [112,164-169], and a genome-wide screen in Drosophila identified
components of the SUMO pathway as factors required for TE repression [122]. In addition,
it has been shown that auto SUMOylation of KAP1 in humans and Su(var)2-0 in Drosophila
is required for SetDB1 recruitment in TEs. Additional SUMOylated proteins beyond KAP1
and Su(var)2-10 might also be required for SetDB1 recruitment and/or for TE repression.
Accordingly, the “SUMO spray” hypothesis posits that SUMOylation of multiple proteins
containing the rather common SUMOylation consensus sequence (including histones) could
collectively contribute to the recruitment and maintenance of repressive effector complexes
in TEs [16,170]. This hypothesis is in line with recent findings demonstrating that chromatin
bound Panx is SUMOylated in a Piwi-dependent manner and that Panx SUMOylation is
required for its interaction with the corepressor factor small ovary (Sov) [126].

4.11. “Active” Histone Marks at TE Loci

TEs are not universally repressed, as shown by an increasing number of studies reveal-
ing that TEs can be activated in stage-specific patterns [81,171]. For example, in the earliest
stages of mouse development (from zygote to blastocyst stage), many retrotransposons are
actively transcribed and contribute to embryonic development [9,172]. In the human and
Drosophila brain, some retrotransposons are not only expressed, but they can also actively
transpose, and it has been proposed that they contribute to the diversification of neuronal
cell populations [173,174]. Additionally, many TEs have been shown to be reactivated
under pathological conditions, including cancer [175-177]. However, the mechanisms
underlying their dynamic regulation remain largely unknown.

Analysis of ChIP-Seq data from mouse ESCs shows that whereas TEs harbor repres-
sive marks, they can also be labeled by a wide array of active marks, including histone
acetylation, as well as H3K4mel and me3 [144]. Quantification of the levels of the various
chromatin marks at TEs in different human tissues and developmental stages shows that
although a median of only 8% of TEs are in an active state in each epigenome, on average,
49% of TEs can be in an active state in at least one genome. Certain classes of TEs (notably,
SINESs), certain tissues (brain and blood) and cancer cell lines are enriched relative to other
classes/tissues for active marks [178]. Interestingly, ChIP-Seq data in ESCs show that
repressive and active marks coexist for some TEs [144]. Although this coexistence could
be an artifact reflecting the difficulty of mapping reads to a specific TE within a repetitive
family, analyses of unique regions close to TEs obtained by qPCR amplification indicate
that H3K9me3 and H3K27ac do coexist at some of the loci tested. Re-ChIP would be
needed to verify whether the coexistence of these marks is due to a pooling effect, as the
ChIP-Seq data were obtained from pooled cells. If confirmed, the coexistence of repressive
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and activating marks, the so-called bivalent domains, in some TEs in ESCs cells might
mean that these TEs are kept in a poised state to be either quickly activated or repressed
depending on the context [144]. Intriguingly, ChIP analysis of H3K9me3 and H3K4me3
in early mouse embryogenesis shows that these two marks are enriched in IAPs—LINE-1
and SINE B2—in the two-cell stage, whereas by the eight-cell stage, H3K4me3 levels have
decreased and H3K9me3 levels remain unchanged [179]. Given that these TEs are highly
expressed in the two-cell stage and their expression declines in the eight-cell stage, the
authors suggest that their silencing in this developmental stage is a consequence of the loss
of the activating marks rather than to the acquisition of H3K9 methyl marks [81]. These
data thus suggest that the expression of some repetitive elements may be regulated by
methylation and demethylation of H3K4.

4.12. H3K4 Methylation

H3K4 methylation is a mark that strongly correlates with active transcription. In
budding yeast, a single SET1 methyltransferase is charged with all H3K4 methylation. In
contrast, Drosophila possesses three H3K4 HMTs (dSET1, TRX and TRR), whereas fur-
ther expansion in vertebrates has resulted in six H3K4 HMTs (SETD1A, SETD1B, MLL1,
MLL2, MLL3 and MLL4). These enzymes play important and non-redundant roles during
development, and many of them have been implicated in human diseases [69,180]. The
enzymes responsible for removing the methyl marks from H3K4 are the histone demethy-
lase KDM5 and LSD1, which remove H3K4me3/me2 marks and H3K4me2/mel marks,
respectively. Studies in a variety organisms suggest an important role of LSD1 in TE si-
lencing. Transcriptomics analysis performed in murine ES cells and in Drosophila ovaries
showed that KDM1A /dLsd1 depletion leads to increased expression of transposable ele-
ments [128,129,181]. Upregulation of transposable elements is associated with an increase
in H3K4 methylation at target TEs [128,181], suggesting that the catalytic activity of KDM1A
might be required for TE silencing. Furthermore, KDM1A /LSD1 was shown to physi-
cally interact with two important players of TE silencing, KAP1 in mice [181] and Piwi in
Drosophila, although it remains to be established whether the interaction between Piwi
and dLsd1 is direct [128]. Another study in mice showed that KDM1A null oocytes give
rise to zygotes that are arrested by the two-cell stage and that this arrest is accompanied
by perturbation in the expression of retrotransposons [182]. Importantly, in human cells,
KDMI1A inhibition causes TE reactivation, which in turn triggers an immune response that
renders cancer cells more susceptible to immunotherapy [24]. Together, these data raise the
possibility that active demethylation of H3K4 marks by LSD1 is required for silencing of
transposable elements.

Conversely, depletion of the H3K4 methyltransferase MLL2 in mouse ES cells results
in a decrease in H3K4me3 in a subset of young L1 subfamilies. This catalytic activity seems
to be required for expression of these young L1s, as overexpression of enzymatic dead
MLL2 results in downregulation of their expression [183].

4.13. H3K36 Methylation

H3K36me3 is enriched in gene bodies, where it is thought to prevent cryptic transcrip-
tion, whereas H3K36me?2 is mainly found at TSS and intergenic regions and is regarded
as an activating mark [69]. However, one recent study in Drosophila showed that large
H3K36me2 domains are present in pericentromeric regions enriched for TE sequences and
that H3.3K27M and H3.3K36M mutations cause a redistribution of H3K36 methylation
marks away from transposon-rich regions, as well as deregulation of TEs [184]. This work
raises the intriguing possibility that H3K36me2 could act as a repressive mark at TE loci,
either directly or indirectly, through crosstalk with the heterochromatin machinery.

4.14. H3.3

H3.3 is a variant of the canonical H3.1 and H3.2 histone and differs from them only
by four or five amino acids. In contrast to H3.1 and H3.2, which can only be incorporated
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into chromatin in the S phase, H3.3 can be deposited throughout the cell cycle [185]. H3.3
has been generally associated with gene activation. However, in mouse embryonic stem
cells, H3.3 localization is not limited to euchromatic genes but intersects with H3K9me3-
marked ERVs. Importantly, in H3.3 KO ES cells, the levels of H3K9me3 are reduced in TEs
normally harboring H3.3 and correlate with derepression of their adjacent genes and with
activation of IAP [186]. The authors propose that H3.3 deposition at TE loci precedes H3K9
methylation and contributes to the silencing of a subset of TEs [186].

4.15. Histone Acetylation

Histone acetylation is a hallmark of transcription, as it is widely correlated with
actively expressed genes; however, genome studies show that some transposable elements
can also carry histone acetyl marks [144,178]. For example, ChIP-Seq analysis of H3K9%ac
distribution in A. thaliana revealed that although the majority of the signal was located in
actively expressed genes, approximately 300 TEs were marked by H3K9 acetylation [187].
In Arabidopsis, this mark is removed by HDA6, a histone deacetylase that has been
implicated in TE silencing [188,189]. Similarly, the Drosophila histone deacetylase Rpd3
has also been shown to contribute to TE silencing [130]. Interestingly, treatment with the
HDAC inhibitor valproic acid (VPA) increases the chromatin accessibility of SINE elements
in the adult visual cortex of mice [190]. Although the data are still sparse, it is plausible
that histone acetylation would mark active transposons in specific developmental times,
such as in preimplantation embryos when some TEs are actively transcribed. Furthermore,
the implication of HDACs and other “erasers” in TE silencing indicates that, at least in
some cases, TE silencing needs to be actively maintained through the continuous removal
of active marks.

4.16. The Emerging Role of Nuclear Architecture

Chromosome conformational capture and microscopy-based techniques have revealed
that active and inactive chromatin domains tend to separate in space. Heterochromatin
regions tend to cluster, forming tridimensional structures defined as “B” compartments,
whereas active regions segregate in space into “A” compartments [191,192]. Within these
compartments, chromatin folds into smaller domains that preferentially interact with
themselves, commonly defined as topologically associating domains (TADs) [191,192].

The three-dimensional (3D) structure of the genome can influence gene expression,
but its specific role in TE regulation has received little attention to date.

High-throughput chromosome conformation capture (Hi-C) in Drosophila ovarian
cells depleted of Piwi shows that whereas long-range contacts are minimally affected
by Piwi KD, short-range intra-TAD interactions in a subset of piRNA-targeted TEs are
strongly decreased [193]. Similar results were obtained upon knockdown of Piwi cofac-
tor Nxf-2 [193]. Using a tethering system to monitor Piwi—-piRNA-mediated reporter
silencing in ovarian cells, the authors showed that the increase in H3K9me3 and H1
mark is preceded by a decrease in H3K27 acetylation and H3K4me3 levels. Similarly,
they observed that changes in nuclear localization precedes changes in chromatin confor-
mation [193]. Therefore, they propose that Piwi-piRNA-mediated TE silencing occurs in
a stepwise manner, whereby removal of active histone marks and relocalization within
the nucleus is followed by an increase in repressive histone marks and chromatin confor-
mation changes, thus proposing that Piwi triggers spatial regulation of TE loci [193].

Additionally, TEs contain functional regulatory sequences that could impact chromatin
folding. These include binding sites for CTCFE, which has a known role in chromatin loop
and domain boundary formation. A recent paper provides evidence that in humans and
mice, CTCEF sites derived from TEs contribute to loop formation and that deleting two of
these TEs in human cell lines eliminates these loops [194]. Based on an example in which
TE deletion results in a loop shift to an alternative, ancient TE-derived CTCF site nearby,
the authors argue that TE transposition could provide redundant CTCF motifs to assure
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the stability and robustness of 3D folding [194]. Confirming this intriguing possibility will
likely require directed mutation of TE-derived CTCF sites.

4.17. Interplay between m®A RNA and Chromatin at TE loci

Similarly to DNA and protein, RNA can be modified by distinct types of modifi-
cations. One such modification, N° methyladenosine (mPA), was recently linked to TE
regulation. m°A is a modified base that is present in many coding and non-coding RNAs,
predominantly at stop codons and 3'UTRs [195-197]. The presence of the m®A mark has
been shown to influence gene expression and to play a role in early development and in
cancer [198]. At the molecular level, this modification is co-transcriptionally deposited by
methyltransferase-like 3 (MTTL3) in complex with its cofactor, methyltransferase-like 14
(METTL14), or by methyltransferase-like 16 (MTTL16) [199-201]. More recently, another
enzyme, methyltransferase ZCCHC4, was shown to be able to deposit this mark [202].
Conversely, m®A can be erased by the m®A demethylase fat mass and obesity-associated
protein (FCO) [203,204] or AlkB homolog 5 (ALKBHS5) [205]. Additionally, many proteins
are able to read this modification, including the YT521-B homology (YTH) family proteins
and insulin-like growth factor-2 mRNA-binding protein (IGF2BP) family proteins [206].

Genome-wide analysis of METTL3 localization in mouse embryonic stem cells showed
that METTL3 primarily localizes in heterochromatin and that it is enriched in IAP retroele-
ments [207]. The authors then generated Mett/3 KO cells and observed that these cells
featured significant decreases in H3K9me3 and H4K20me3 on IAP elements, which corre-
lated with increased transcript levels. This increase was not due to altered RNA stability
but, rather, to chromatin changes [207]. Consistently, Mettl3 interacts with SetDB1 and
TRIM28. An independent study by Chelmicki et al. also reported significant upregula-
tion of IAP transcripts upon acute METTL3 and METTL14 degradation; however, the
authors did not observe changes in chromatin marks at IAP loci in the short term [208].
Both studies revealed that IAP transcripts carry m®A marks recognized by Ythd-domain-
containing proteins, and Chelmicki et al. showed that m® A marks decrease IAP transcript
stability [208]. Another study showed that Ythdcl KO in mESC cells also results in TE
upregulation [209]. Through a series of genome-wide approaches (RIP-Seq, ChIP-Seq and
ChiRP-Seq), Liu and colleagues found Ythdcl to be enriched in retrotransposons, such
as IAP and LINE1, with concurrent enrichment of H3K9me3, m6A marks and SETDB1
at these loci [209]. These epigenomic analyses and other biochemical evidence suggest
that Ythdcl mediates the establishment of H3K9me3 marks at TEs through its binding to
m®A-modified LINE1 transcripts. [209,210]. In addition, Liu et al. and Chen et al. indepen-
dently showed that Ythdcl loss affects the transcription of genes implicated in the two-cell
embryo (2C) program [209,210] through mPA-modified, LINE1-dependent silencing of the
Dux locus, a transcription factor-coding gene, which is essential for two-cell fate and which
was previously shown to be regulated by LINE1 RNA [9].

Although some discrepancies between the studies need to be resolved, globally avail-
able evidence indicates that m6A-modified transcripts derived from TEs can influence
TE expression and heterochromatin deposition both in cis and in trans contexts. These
recent findings pave the way to a more detailed and mechanistic study of the role of
“epitranscripts” in the control of gene and TE expression.

5. Summary, Significance and Future Directions

In summary; it is clear that chromatin plays a significant role in the regulation of TEs.
Nevertheless, many aspects of this regulation remain to be identified. One important point
to address is to what extent histone marks play a causal role in TE silencing/activation. For
example, although several studies in multiple organisms show that H3K9 methylation is
a hallmark of TEs, some studies show that H3K9 methylation is not sufficient to ensure
silencing of TEs and may not always be required. The precise cascade of events that leads
to TE silencing in different contexts and the mechanisms responsible for the maintenance of
this silencing and for their transgenerational inheritance remain elusive. Another important
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mechanistic question concerns the dynamics of TE regulation during development and in
adult cells: which classes of TEs are expressed and in which developmental/pathological
contexts? What is their biological role? How exactly are they dynamically regulated, and
how is TE silencing maintained? Because nascent TE transcripts are required to induce
silencing, it is possible that a certain level of active marks is present in the initial stages
of silencing and that they are removed by erasers to allow for the deposition of H3K9
methylation and DNA methylation, as well as the silencing of TE loci, which are then stably
maintained by repressive complexes. Alternatively, the process might be more dynamic,
and the balance between active and repressive marks may need to be continuously main-
tained by the interplay between “erasers” and “writers”. Studying this interplay between
histone “writers” and “erasers”, including histone methyltransferases and demethylases,
in TE silencing could provide some answers to this question. Additionally, the role of TAD
and 3D chromosome organization in TE silencing is just beginning to be explored, as is the
issue of whether 3D conformation affects integration sites. Similarly, it will be important to
determine the impact of TE integration on local folding.

There are more than 1000 classes of TEs present in many copies, and some studies
show that they are differentially regulated and can harbor distinct sets of chromatin marks.
Nevertheless, which combination of marks is present in which context in a given specific
TE is unclear. Importantly, deciphering the language behind the complex of epigenetic
marking of TEs will provide insights into the regulatory mechanisms governing this still
“dark” part of the genome. One major barrier to the bioinformatic analysis of TE sequences
is their repetitive nature [211]. Advances in genome-wide technologies, as well as the
development of new experimental and computational strategies to solve the longstanding
issue of TE mapability, have the potential to further expand our understanding of the role
of chromatin in TE regulation and shed light on the biological impact of TEs in eukaryotic
genomes. Furthermore, the development of single-cell RNA-Seq (scRNA-Seq) strategies
has allowed for the monitoring of gene expression at single-cell resolution, providing a
powerful tool to observe cell activity and study cell-to-cell heterogeneity. However, in the
majority of studies performed using scRNA-Seq technologies, TEs have been overlooked.
Recently, two new algorithms were developed that can quantify TE expression in scRNA-
Seq datasets [212,213]. Using these tools, the authors found that many TEs are specifically
expressed in different cell types not only during embryonic development but also in mature
somatic cells [212,213]. Developing tools to analyze the pattern of expression of TEs across
different cell types and developmental stages will be essential to establish the contribution
of TEs to cellular heterogeneity and to disease.

In recent years, it has become evident that TEs become derepressed and active in
many diseases, including cancer and neurodegenerative disorders. In cancer cells, in-
creased TE expression and reactivation correlates with the loss of repressive chromatin
modifications [214]. TE transposition can cause new mutations, as shown in colon cancers,
where LINE1 insertions were found to compromise the function of the tumor suppressor
adenomatous polyposis coli (APC) [215,216]. TE transcription can also induce the activa-
tion of neighboring oncogenes, a process known as onco-exaptation. A large-scale study
examining RNA-Seq datasets from more than 7000 tumor samples revealed at least one
onco-exaptation event in half of the tumor samples [176]. In addition to disrupting the
sequence and/or expression of tumor suppressor genes and oncogenes, TE reactivation and
derepression can affect the host genome in other ways. Expression of TE-derived proteins,
such as ORFpl, a protein that controls LINE-1 retrotransposition, has been observed in
many cancers, although the precise role of these proteins in tumorigenesis has not been
established [59]. Additionally, LINE-1 and LTR can be the source of double-stranded RNAs
(dsRNA) that can induce gene silencing [217]. Interestingly, it has been documented that
TE-derived transcripts can activate the interferon response [23], and this property can
be exploited to boost immunotherapy. Specifically, studies have shown that the use of
epidrugs, such as DNMT inhibitors or LSD1 inhibitors, can induce TE expression, resulting
in activation of an immune response, and that the combination of these epi-drugs with
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immunotherapy results in increased death of cancer cell [23,24]. Similarly, TE activation
has been observed in neurodegenerative disorders. Interestingly, TE activation is often
observed in healthy brains and has been linked to the diversification of the neuronal cell
population [218]. However, TE activation seems to increase with age, especially in patients
with neurodegenerative diseases [219,220]. According to the “transposon theory of aging”,
a reduction in the cell defense mechanisms and a loss of heterochromatic marks during
aging results in increased TE activation. An increased understanding of the epigenetic
mechanisms underlying TE regulation can be expected to encourage the exploration of
novel therapeutic avenues employing epidrugs for cancer or other human diseases.

Funding: L.D.S. research is supported by the French National Research Agency (ANR-20-CE12-0015-
01), the CNRS and the INSERM.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: I thank Jan Padeken, Alain Vincent, Fabian Erdel and David Cribbs for critical
reading of the manuscript and Cristina Vieira and Severine Chambeyron for providing insightful
comments. I apologize to those whose work was not cited due to space limitations.

Conflicts of Interest: I declare no conflict of interest.

References

1. Kazazian, H.H., Jr.; 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. Nafure 1988, 332, 164-166. [CrossRef] [PubMed]

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

3.  Robberecht, C.; Voet, T.; Zamani Esteki, M.; Nowakowska, B.A.; Vermeesch, ].R. Nonallelic homologous recombination between
retrotransposable elements is a driver of de novo unbalanced translocations. Genome Res. 2013, 23, 411-418. [CrossRef] [PubMed]

4. Naville, M.; Henriet, S.; Warren, I.; Sumic, S.; Reeve, M.; Volff, ] N.; Chourrout, D. Massive Changes of Genome Size Driven by
Expansions of Non-autonomous Transposable Elements. Curr. Biol. 2019, 29, 1161-1168.e6. [CrossRef]

5. Shao, F; Han, M.; Peng, Z. Evolution and diversity of transposable elements in fish genomes. Sci. Rep. 2019, 9, 15399. [CrossRef]

6.  Serrato-Capuchina, A.; Matute, D.R. The Role of Transposable Elements in Speciation. Genes 2018, 9, 254. [CrossRef]

7. Bourque, G.; Burns, K.H.; Gehring, M.; Gorbunova, V.; Seluanov, A.; Hammell, M.; Imbeault, M.; Izsvak, Z.; Levin, H.L,;
Macfarlan, T.S.; et al. Ten things you should know about transposable elements. Genome Biol. 2018, 19, 199. [CrossRef]

8. Mj,S,; Lee, X,; Li, X,; Veldman, G.M.; Finnerty, H.; Racie, L.; LaVallie, E.; Tang, X.Y.; Edouard, P.; Howes, S.; et al. Syncytin is a
captive retroviral envelope protein involved in human placental morphogenesis. Nature 2000, 403, 785-789. [CrossRef]

9.  Percharde, M.; Lin, CJ,; Yin, Y.; Guan, J.; Peixoto, G.A.; Bulut-Karslioglu, A.; Biechele, S.; Huang, B.; Shen, X.; Ramalho-Santos, M.
A LINE1-Nucleolin Partnership Regulates Early Development and ESC Identity. Cell 2018, 174, 391-405.e19. [CrossRef]

10. Goerner-Potvin, P.; Bourque, G. Computational tools to unmask transposable elements. Nat. Rev. Genet. 2018, 19, 688-704.
[CrossRef]

11. Morgan, H.D.; Sutherland, H.G.; Martin, D.I.; Whitelaw, E. Epigenetic inheritance at the agouti locus in the mouse. Nat. Genet.
1999, 23, 314-318. [CrossRef]

12.  Gualdrini, E; Polletti, S.; Simonatto, M.; Prosperini, E.; Pileri, F.; Natoli, G. H3K9 trimethylation in active chromatin restricts the
usage of functional CTCEF sites in SINE B2 repeats. Genes Dev. 2022, 36, 414-432. [CrossRef]

13. Kaaij, LJ.T.; Mohn, E; van der Weide, R.H.; de Wit, E.; Buhler, M. The ChAHP Complex Counteracts Chromatin Looping at CTCF
Sites that Emerged from SINE Expansions in Mouse. Cell 2019, 178, 1437-1451.e14. [CrossRef]

14. Sentmanat, M.F,; Elgin, S.C. Ectopic assembly of heterochromatin in Drosophila melanogaster triggered by transposable elements.
Proc. Natl. Acad. Sci. USA 2012, 109, 14104-14109. [CrossRef]

15. Etchegaray, E.; Naville, M.; Volff, ].N.; Haftek-Terreau, Z. Transposable element-derived sequences in vertebrate development.
Mob. DNA 2021, 12, 1. [CrossRef]

16. Ninova, M.; Chen, Y.A.; Godneeva, B.; Rogers, A.K,; Luo, Y.; Fejes Toth, K.; Aravin, A.A. Su(var)2-10 and the SUMO Pathway
Link piRNA-Guided Target Recognition to Chromatin Silencing. Mol. Cell 2020, 77, 556-570.e556. [CrossRef]

17.  Lee, Y.C.G,; Karpen, G.H. Pervasive epigenetic effects of Drosophila euchromatic transposable elements impact their evolution.
Elife 2017, 6, €25762. [CrossRef]

18. Kapitonov, V.V.; Koonin, E.V. Evolution of the RAG1-RAG2 locus: Both proteins came from the same transposon. Biol. Direct 2015,

10, 20. [CrossRef]


http://doi.org/10.1038/332164a0
http://www.ncbi.nlm.nih.gov/pubmed/2831458
http://doi.org/10.1186/s13100-016-0065-9
http://www.ncbi.nlm.nih.gov/pubmed/27158268
http://doi.org/10.1101/gr.145631.112
http://www.ncbi.nlm.nih.gov/pubmed/23212949
http://doi.org/10.1016/j.cub.2019.01.080
http://doi.org/10.1038/s41598-019-51888-1
http://doi.org/10.3390/genes9050254
http://doi.org/10.1186/s13059-018-1577-z
http://doi.org/10.1038/35001608
http://doi.org/10.1016/j.cell.2018.05.043
http://doi.org/10.1038/s41576-018-0050-x
http://doi.org/10.1038/15490
http://doi.org/10.1101/gad.349282.121
http://doi.org/10.1016/j.cell.2019.08.007
http://doi.org/10.1073/pnas.1207036109
http://doi.org/10.1186/s13100-020-00229-5
http://doi.org/10.1016/j.molcel.2019.11.012
http://doi.org/10.7554/eLife.25762
http://doi.org/10.1186/s13062-015-0055-8

Cells 2022, 11, 2501 21 of 28

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Lanciano, S.; Cristofari, G. Measuring and interpreting transposable element expression. Nat. Rev. Genet. 2020, 21, 721-736.
[CrossRef]

Wells, J.N.; Feschotte, C. A Field Guide to Eukaryotic Transposable Elements. Annu. Rev. Genet. 2020, 54, 539-561. [CrossRef]
Wicker, T,; Sabot, E; Hua-Van, A.; Bennetzen, J.L.; Capy, P.; Chalhoub, B.; Flavell, A ; Leroy, P.; Morgante, M.; Panaud, O.; et al. A
unified classification system for eukaryotic transposable elements. Nat. Rev. Genet. 2007, 8, 973-982. [CrossRef] [PubMed]
Makalowski, W.; Gotea, V.; Pande, A.; Makalowska, I. Transposable Elements: Classification, Identification, and Their Use As a
Tool For Comparative Genomics. Methods Mol. Biol. 2019, 1910, 177-207. [CrossRef] [PubMed]

Chiappinelli, K.B.; Strissel, PL.; Desrichard, A.; Li, H.; Henke, C.; Akman, B.; Hein, A.; Rote, 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]

Sheng, W.; LaFleur, M.W.; Nguyen, T.H.; Chen, S.; Chakravarthy, A.; Conway, ].R; Li, Y.; Chen, H.; Yang, H.; Hsu, P-H.; et al.
LSD1 Ablation Stimulates Anti-tumor Immunity and Enables Checkpoint Blockade. Cell 2018, 174, 549-563.e19. [CrossRef]
Aravin, A.A.; Naumova, N.M; Tulin, A.V.; Vagin, V.V.; Rozovsky, Y.M.; Gvozdev, V.A. Double-stranded RNA-mediated silencing
of genomic tandem repeats and transposable elements in the D. melanogaster germline. Curr. Biol. 2001, 11, 1017-1027. [CrossRef]
Aravin, A.A.; Sachidanandam, R.; Bourc’His, D.; Schaefer, C.; Pezic, D.; Toth, K.F,; 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]
Vagin, V.V,; Sigova, A.; Li, C.; Seitz, H.; Gvozdev, V.; Zamore, P.D. A Distinct Small RNA Pathway Silences Selfish Genetic
Elements in the Germline. Science 2006, 313, 320-324. [CrossRef]

Girard, A.; Sachidanandam, R.; Hannon, G.J.; Carmell, M.A. A germline-specific class of small RNAs binds mammalian Piwi
proteins. Nature 2006, 442, 199-202. [CrossRef]

Lau, N.C,; Seto, A.G.; Kim, J.; Kuramochi-Miyagawa, S.; Nakano, T.; Bartel, D.P.; Kingston, R.E. Characterization of the piRNA
Complex from Rat Testes. Science 2006, 313, 363-367. [CrossRef]

Aravin, A.; Gaidatzis, D.; Pfeffer, S.; Lagos-Quintana, M.; Landgraf, P.; Iovino, N.; Morris, P.; Brownstein, M.].; Kuramochi-
Miyagawa, S.; Nakano, T.; et al. A novel class of small RNAs bind to MILI protein in mouse testes. Nature 2006, 442, 203-207.
[CrossRef]

Grivna, S.T.; Beyret, E.; Wang, Z.; Lin, H. A novel class of small RNAs in mouse spermatogenic cells. Genes Dev. 2006, 20,
1709-1714. [CrossRef]

Saito, K.; Nishida, K.M.; Mori, T.; Kawamura, Y.; Miyoshi, K.; Nagami, T.; Siomi, H.; Siomi, M.C. Specific association of Piwi with
rasiRNAs derived from retrotransposon and heterochromatic regions in the Drosophila genome. Genes Dev. 2006, 20, 2214-2222.
[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]

Watanabe, T.; Takeda, A.; Tsukiyama, T.; Mise, K.; Okuno, T.; Sasaki, H.; Minami, N.; Imai, H. Identification and characterization
of two novel classes of small RNAs in the mouse germline: Retrotransposon-derived siRNAs in oocytes and germline small
RNAs in testes. Genes Dev. 2006, 20, 1732-1743. [CrossRef]

Sienski, G.; Donertas, D.; Brennecke, J. Transcriptional Silencing of Transposons by Piwi and Maelstrom and Its Impact on
Chromatin State and Gene Expression. Cell 2012, 151, 964-980. [CrossRef]

Le Thomas, A.; Rogers, A.K.; Webster, A.; Marinov, G.K,; Liao, S.E.; Perkins, EM.; Hur, ].K.; Aravin, A.A.; Téth, K.F. Piwi
induces piRNA-guided transcriptional silencing and establishment of a repressive chromatin state. Genes Dev. 2013, 27, 390-399.
[CrossRef]

Rozhkov, N.V,; Hammell, M.; Hannon, G.J. Multiple roles for Piwi in silencing Drosophila transposons. Genes Dev. 2013, 27,
400-412. [CrossRef]

Yamashiro, H.; Siomi, M.C. PIWI-Interacting RNA in Drosophila: Biogenesis, Transposon Regulation, and Beyond. Chem Rev.
2018, 118, 4404-4421. [CrossRef]

Kuramochi-Miyagawa, S.; Watanabe, T.; Gotoh, K.; Totoki, Y.; Toyoda, A.; Ikawa, M.; Asada, N.; Kojima, K.; Yamaguchi, Y.;
Ijiri, TW.; et al. DNA methylation of retrotransposon genes is regulated by Piwi family members MILI and MIWI2 in murine
fetal testes. Genes Dev. 2008, 22, 908-917. [CrossRef]

Pezic, D.; Manakov, S.A.; Sachidanandam, R.; Aravin, A.A. piRNA pathway targets active LINE1 elements to establish the
repressive H3K9me3 mark in germ cells. Genes Dev. 2014, 28, 1410-1428. [CrossRef]

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]

Onishi, R.; Yamanaka, S.; Siomi, M.C. piRNA- and siRNA-mediated transcriptional repression in Drosophila, mice, and yeast:
New insights and biodiversity. EMBO Rep. 2021, 22, e53062. [CrossRef] [PubMed]

Ozata, D.M.; Gainetdinov, I.; Zoch, A.; O’Carroll, D.; Zamore, P.D. PIWI-interacting RNAs: Small RNAs with big functions. Nat.
Rev. Genet. 2018, 20, 89-108. [CrossRef] [PubMed]

Czech, B.; Munafo, M.; Ciabrelli, F.; Eastwood, E.L.; Fabry, M.H.; Kneuss, E.; Hannon, G.J. piRNA-Guided Genome Defense:
From Biogenesis to Silencing. Annu. Rev. Genet. 2018, 52, 131-157. [CrossRef]


http://doi.org/10.1038/s41576-020-0251-y
http://doi.org/10.1146/annurev-genet-040620-022145
http://doi.org/10.1038/nrg2165
http://www.ncbi.nlm.nih.gov/pubmed/17984973
http://doi.org/10.1007/978-1-4939-9074-0_6
http://www.ncbi.nlm.nih.gov/pubmed/31278665
http://doi.org/10.1016/j.cell.2015.07.011
http://www.ncbi.nlm.nih.gov/pubmed/26317466
http://doi.org/10.1016/j.cell.2018.05.052
http://doi.org/10.1016/S0960-9822(01)00299-8
http://doi.org/10.1016/j.molcel.2008.09.003
http://doi.org/10.1126/science.1129333
http://doi.org/10.1038/nature04917
http://doi.org/10.1126/science.1130164
http://doi.org/10.1038/nature04916
http://doi.org/10.1101/gad.1434406
http://doi.org/10.1101/gad.1454806
http://doi.org/10.1016/j.cell.2007.03.026
http://doi.org/10.1101/gad.1425706
http://doi.org/10.1016/j.cell.2012.10.040
http://doi.org/10.1101/gad.209841.112
http://doi.org/10.1101/gad.209767.112
http://doi.org/10.1021/acs.chemrev.7b00393
http://doi.org/10.1101/gad.1640708
http://doi.org/10.1101/gad.240895.114
http://doi.org/10.1016/j.gde.2015.12.001
http://www.ncbi.nlm.nih.gov/pubmed/26821364
http://doi.org/10.15252/embr.202153062
http://www.ncbi.nlm.nih.gov/pubmed/34347367
http://doi.org/10.1038/s41576-018-0073-3
http://www.ncbi.nlm.nih.gov/pubmed/30446728
http://doi.org/10.1146/annurev-genet-120417-031441

Cells 2022, 11, 2501 22 of 28

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

Janssen, A.; Colmenares, S.U.; Karpen, G.H. Heterochromatin: Guardian of the Genome. Annu. Rev. Cell Dev. Biol. 2018, 34,
265-288. [CrossRef]

Greenberg, M.V.C.; Bourc'His, D. The diverse roles of DNA methylation in mammalian development and disease. Nat. Rev. Mol.
Cell Biol. 2019, 20, 590-607. [CrossRef]

Jeltsch, A. Phylogeny of Methylomes. Science 2010, 328, 837-838. [CrossRef]

Dor, Y.; Cedar, H. Principles of DNA methylation and their implications for biology and medicine. Lancet 2018, 392, 777-786.
[CrossRef]

Tsukahara, S.; Kobayashi, A.; Kawabe, A.; Mathieu, O.; Miura, A.; Kakutani, T. Bursts of retrotransposition reproduced in
Arabidopsis. Nature 2009, 461, 423-426. [CrossRef]

Lippman, Z.; Gendrel, A.-V,; Black, M.; Vaughn, M.; Dedhia, N.; McCombie, W.R.; Lavine, K.; Mittal, V.; May, B,;
Kasschau, K.D; et al. Role of transposable elements in heterochromatin and epigenetic control. Nature 2004, 430, 471-476.
[CrossRef]

Zhou, Y.; Cambareri, E.B.; Kinsey, ].A. DNA methylation inhibits expression and transposition of the Neurospora Tad retrotrans-
poson. Mol. Genet. Genom. 2001, 265, 748-754. [CrossRef]

Chernyavskaya, Y.; Mudbhary, R.; Tokarz, D.; Jacob, V.; Gopinath, S.; Zhang, C.; Sun, X.; Wang, S.; Magnani, E,;
Madakashira, B.P; et al. Loss of DNA methylation in zebrafish embryos activates retrotransposons to trigger antiviral
signaling. Development 2017, 144, 2925-2939. [CrossRef]

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

Barau, J.; Teissandier, A.; Zamudio, N.; Roy, S.; Nalesso, V.; Hérault, Y.; Guillou, F; Bourc’His, D. The DNA methyltransferase
DNMT3C protects male germ cells from transposon activity. Science 2016, 354, 909-912. [CrossRef]

Haubold, B.; Wiehe, T. How repetitive are genomes? BMC Bioinformat. 2006, 7, 541. [CrossRef]

Cuellar, T.L.; Herzner, A--M.; Zhang, X.; Goyal, Y.; Watanabe, C.; Friedman, B.A.; Janakiraman, V.; Durinck, S.; Stinson, J.;
Arnott, D.; et al. Silencing of retrotransposons by SETDB1 inhibits the interferon response in acute myeloid leukemia. J. Cell Biol.
2017, 216, 3535-3549. [CrossRef]

Sanchez-Luque, EJ.; Kempen, M.-].H.; Gerdes, P.; Vargas-Landin, D.B.; Richardson, S.R.; Troskie, R.-L.; Jesuadian, J.S.; Cheetham,
S.W.; Carreira, P.E.; Salvador-Palomeque, C.; et al. LINE-1 Evasion of Epigenetic Repression in Humans. Mol. Cell 2019, 75,
590-604.e12. [CrossRef]

De Cecco, M.; Criscione, S.W.; Peterson, A.L.; Neretti, N.; Sedivy, ].M.; Kreiling, J.A. Transposable elements become active and
mobile in the genomes of aging mammalian somatic tissues. Aging 2013, 5, 867-883. [CrossRef]

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

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, Correction in Nature 2001, 412, 565-566; Erratum
in Nature 2001, 7, 720. [CrossRef]

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

Wu, T.P; Wang, T.; Seetin, M.G.; Lai, Y.; Zhu, S.; Lin, K; Liu, Y.; Byrum, S.D.; Mackintosh, 5.G.; Zhong, M.; et al. DNA methylation
on N6-adenine in mammalian embryonic stem cells. Nature 2016, 532, 329-333. [CrossRef]

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, 1-10. [CrossRef]

Zhu, S.; Beaulaurier, J.; Deikus, G.; Wu, T.P; Strahl, M.; Hao, Z.; Luo, G.; Gregory, J.; Chess, A.; He, C.; et al. Mapping and
characterizing N6-methyladenine in eukaryotic genomes using single-molecule real-time sequencing. Genome Res. 2018, 28,
1067-1078. [CrossRef]

Deniz, O.; Frost, ].M.; Branco, M.R. Regulation of transposable elements by DNA modifications. Nat. Rev. Genet. 2019, 20, 417-431.
[CrossRef]

Jansz, N. DNA methylation dynamics at transposable elements in mammals. Essays Biochem. 2019, 63, 677-689. [CrossRef]
Allshire, R.; Madhani, H.D. Ten principles of heterochromatin formation and function. Nat. Rev. Mol. Cell Biol. 2017, 19, 229-244.
[CrossRef]

Barnes, C.E.; English, D.M.; Cowley, S.M. Acetylation & Co: An expanding repertoire of histone acylations regulates chromatin
and transcription. Essays Biochem. 2019, 63, 97-107. [CrossRef]

Talbert, P.B.; Henikoff, S. The Yin and Yang of Histone Marks in Transcription. Annu. Rev. Genom. Hum. Genet. 2021, 22, 147-170.
[CrossRef]

Karimi, M.M.; Goyal, P.; Maksakova, I.A.; Bilenky, M.; Leung, D.; Tang, ].X; Shinkai, Y.; Mager, D.L.; Jones, S.; Hirst, M.; et al.
DNA methylation and SETDB1/H3K9me3 regulate predominantly distinct sets of genes, retroelements, and chimeric transcripts
in mESCs. Cell Stem Cell 2011, 8, 676—687. [CrossRef]

Matsui, T.; Leung, D.; Miyashita, H.; Maksakova, I.A.; Miyachi, H.; Kimura, H.; Tachibana, M.; Lorincz, M.C.; Shinkai, Y. Proviral
silencing in embryonic stem cells requires the histone methyltransferase ESET. Nature 2010, 464, 927-931. [CrossRef] [PubMed]
Zhao, Z.; Shilatifard, A. Epigenetic modifications of histones in cancer. Genome Biol. 2019, 20, 1-16. [CrossRef] [PubMed]


http://doi.org/10.1146/annurev-cellbio-100617-062653
http://doi.org/10.1038/s41580-019-0159-6
http://doi.org/10.1126/science.1190738
http://doi.org/10.1016/S0140-6736(18)31268-6
http://doi.org/10.1038/nature08351
http://doi.org/10.1038/nature02651
http://doi.org/10.1007/s004380100472
http://doi.org/10.1242/dev.147629
http://doi.org/10.1038/2413
http://doi.org/10.1126/science.aah5143
http://doi.org/10.1186/1471-2105-7-541
http://doi.org/10.1083/jcb.201612160
http://doi.org/10.1016/j.molcel.2019.05.024
http://doi.org/10.18632/aging.100621
http://doi.org/10.1038/nrc.2017.35
http://doi.org/10.1038/35057062
http://doi.org/10.1016/j.cell.2015.07.056
http://doi.org/10.1038/nature17640
http://doi.org/10.1038/s41467-017-01195-y
http://doi.org/10.1101/gr.231068.117
http://doi.org/10.1038/s41576-019-0106-6
http://doi.org/10.1042/ebc20190039
http://doi.org/10.1038/nrm.2017.119
http://doi.org/10.1042/ebc20180061
http://doi.org/10.1146/annurev-genom-120220-085159
http://doi.org/10.1016/j.stem.2011.04.004
http://doi.org/10.1038/nature08858
http://www.ncbi.nlm.nih.gov/pubmed/20164836
http://doi.org/10.1186/s13059-019-1870-5
http://www.ncbi.nlm.nih.gov/pubmed/31747960

Cells 2022, 11, 2501 23 of 28

73.

74.
75.
76.
77.
78.

79.

80.

81.

82.

83.
84.

85.

86.

87.

88.

89.

90.

91.
92.

93.

94.

95.

96.

97.

98.

99.

100.

modENCODE Consortium; Roy, S.; Ernst, J.; Kharchenko, P.V.; Kheradpour, P.; Negre, N.; Eaton, M.L.; Landolin, ].M.; Bristow,
C.A,; Ma, L,; et al. Identification of functional elements and regulatory circuits by Drosophila modENCODE. Science 2010, 330,
1787-1797. [CrossRef] [PubMed]

Strahl, B.D.; Allis, C.D. The language of covalent histone modifications. Nature 2000, 403, 41-45. [CrossRef]

Jenuwein, T.; Allis, C.D. Translating the histone code. Science 2001, 293, 1074-1080. [CrossRef]

Fu, K.; Bonora, G.; Pellegrini, M. Interactions between core histone marks and DNA methyltransferases predict DNA methylation
patterns observed in human cells and tissues. Epigenetics 2019, 15, 272-282. [CrossRef]

Li, Y,; Chen, X; Lu, C. The interplay between DNA and histone methylation: Molecular mechanisms and disease implications.
EMBO Rep. 2021, 22, 51803. [CrossRef]

Walter, M.; Teissandier, A.; Pérez-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]

Berrens, R.V.; Andrews, S.; Spensberger, D.; Santos, F.; Dean, W.; Gould, P; Sharif, J.; 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]

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

Fadloun, A.; Eid, A.; Torres-Padilla, M.E. Mechanisms and dynamics of heterochromatin formation during mammalian develop-
ment: Closed paths and open questions. Curr. Top. Dev. Biol. 2013, 104, 1-45. [CrossRef]

Soares, L.M.; He, P.C.; Chun, Y.; Suh, H.; Kim, T.; Buratowski, S. Determinants of Histone H3K4 Methylation Patterns. Mol. Cell
2017, 68, 773-785.€6. [CrossRef]

Rada-Iglesias, A. Is H3K4mel at enhancers correlative or causative? Nat. Genet. 2018, 50, 4-5. [CrossRef]

Wang, Z.; Zang, C.; Rosenfeld, J.A.; Schones, D.E.; Barski, A.; Cuddapah, S.; Cui, K.; Roh, T.-Y.; Peng, W.; Zhang, M.Q.; et al.
Combinatorial patterns of histone acetylations and methylations in the human genome. Nat. Genet. 2008, 40, 897-903. [CrossRef]
Bernstein, B.E.; Mikkelsen, T.S.; Xie, X.; Kamal, M.; Huebert, D.].; Culff, J.; Fry, B.; Meissner, A.; Wernig, M.; Plath, K,; et al. A
Bivalent Chromatin Structure Marks Key Developmental Genes in Embryonic Stem Cells. Cell 2006, 125, 315-326. [CrossRef]
Nicetto, D.; Donahue, G.; Jain, T.; Peng, T.; Sidoli, S.; Sheng, L.; Montavon, T.; Becker, ].S.; Grindheim, ].M.; Blahnik, K.; et al.
H3K9me3-heterochromatin loss at protein-coding genes enables developmental lineage specification. Science 2019, 363, 294-297.
[CrossRef]

Methot, S.P.; Padeken, J.; Brancati, G.; Zeller, P; Delaney, C.E.; Gaidatzis, D.; Kohler, H.; van Oudenaarden, A.; GrofShans, H.;
Gasser, S.M. H3K9me selectively blocks transcription factor activity and ensures differentiated tissue integrity. Nature 2021, 23,
1163-1175. [CrossRef]

Bannister, A.].; Zegerman, P; Partridge, ].F.; Miska, E.A.; Thomas, ].O.; Allshire, R.C.; Kouzarides, T. Selective recognition of
methylated lysine 9 on histone H3 by the HP1 chromo domain. Nature 2001, 410, 120-124. [CrossRef]

Lachner, M.; O’Carroll, D.; Rea, S.; Mechtler, K.; Jenuwein, T. Methylation of histone H3 lysine 9 creates a binding site for HP1
proteins. Nature 2001, 410, 116-120. [CrossRef]

Nakayama, J.-I.; Rice, J.C.; Strahl, B.D.; Allis, C.D.; Grewal, S.I.S. Role of Histone H3 Lysine 9 Methylation in Epigenetic Control
of Heterochromatin Assembly. Science 2001, 292, 110-113. [CrossRef]

Grewal, S.I.S.; Jia, S. Heterochromatin revisited. Nat. Rev. Genet. 2007, 8, 35—46. [CrossRef] [PubMed]

Elgin, 5.C.; Reuter, G. Position-Effect Variegation, Heterochromatin Formation, and Gene Silencing in Drosophila. Cold Spring
Harb. Perspect. Biol. 2013, 5, a017780. [CrossRef] [PubMed]

Montavon, T.; Shukeir, N.; Erikson, G.; Engist, B.; Onishi-Seebacher, M.; Ryan, D.; Musa, Y.; Mittler, G.; Meyer, A.G;
Genoud, C.; et al. Complete loss of H3K9 methylation dissolves mouse heterochromatin organization. Nat. Commun. 2021,
12, 1-16. [CrossRef] [PubMed]

Padeken, ].; Zeller, P.; Towbin, B.; Katic, I.; Kalck, V.; Methot, S.P.; Gasser, S.M. Synergistic lethality between BRCA1 and H3K9me2
loss reflects satellite derepression. Genes Dev. 2019, 33, 436—451. [CrossRef] [PubMed]

Penke, T.].; McKay, D.J.; Strahl, B.D.; Matera, A.G.; Duronio, R.J. Direct interrogation of the role of H3K9 in metazoan heterochro-
matin function. Genes Dev. 2016, 30, 1866-1880. [CrossRef] [PubMed]

Tachibana, M.; Sugimoto, K.; Nozaki, M.; Ueda, J.; Ohta, T.; Ohki, M.; Fukuda, M.; Takeda, N.; Niida, H.; Kato, H.; et al. G9a
histone methyltransferase plays a dominant role in euchromatic histone H3 lysine 9 methylation and is essential for early
embryogenesis. Genes Dev. 2002, 16, 1779-1791. [CrossRef] [PubMed]

Sienski, G.; Batki, J.; Senti, K.A.; Donertas, D.; Tirian, L.; Meixner, K.; Brennecke, J. Silencio/CG9754 connects the Piwi-piRNA
complex to the cellular heterochromatin machinery. Genes Dev. 2015, 29, 2258-2271. [CrossRef]

Agger, K.; Christensen, ].; Cloos, P.A.; Helin, K. The emerging functions of histone demethylases. Curr. Opin. Genet. Dev. 2008, 18,
159-168. [CrossRef]

Cloos, P.A.; Christensen, ].; Agger, K.; Helin, K. Erasing the methyl mark: Histone demethylases at the center of cellular
differentiation and disease. Genes Dev. 2008, 22, 1115-1140. [CrossRef]

Nottke, A.; Colaidcovo, M.P; Shi, Y. Developmental roles of the histone lysine demethylases. Development 2009, 136, 879-889.
[CrossRef]


http://doi.org/10.1126/science.1198374
http://www.ncbi.nlm.nih.gov/pubmed/21177974
http://doi.org/10.1038/47412
http://doi.org/10.1126/science.1063127
http://doi.org/10.1080/15592294.2019.1666649
http://doi.org/10.15252/embr.202051803
http://doi.org/10.7554/eLife.11418
http://doi.org/10.1016/j.stem.2017.10.004
http://doi.org/10.1101/gad.244350.114
http://doi.org/10.1016/B978-0-12-416027-9.00001-2
http://doi.org/10.1016/j.molcel.2017.10.013
http://doi.org/10.1038/s41588-017-0018-3
http://doi.org/10.1038/ng.154
http://doi.org/10.1016/j.cell.2006.02.041
http://doi.org/10.1126/science.aau0583
http://doi.org/10.1038/s41556-021-00776-w
http://doi.org/10.1038/35065138
http://doi.org/10.1038/35065132
http://doi.org/10.1126/science.1060118
http://doi.org/10.1038/nrg2008
http://www.ncbi.nlm.nih.gov/pubmed/17173056
http://doi.org/10.1101/cshperspect.a017780
http://www.ncbi.nlm.nih.gov/pubmed/23906716
http://doi.org/10.1038/s41467-021-24532-8
http://www.ncbi.nlm.nih.gov/pubmed/34272378
http://doi.org/10.1101/gad.322495.118
http://www.ncbi.nlm.nih.gov/pubmed/30804228
http://doi.org/10.1101/gad.286278.116
http://www.ncbi.nlm.nih.gov/pubmed/27566777
http://doi.org/10.1101/gad.989402
http://www.ncbi.nlm.nih.gov/pubmed/12130538
http://doi.org/10.1101/gad.271908.115
http://doi.org/10.1016/j.gde.2007.12.003
http://doi.org/10.1101/gad.1652908
http://doi.org/10.1242/dev.020966

Cells 2022, 11, 2501 24 of 28

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Metzger, E.; Wissmann, M.; Yin, N.; Miiller, ] M.; Schneider, R.; Peters, A.H.EM.; Giinther, T.; Buettner, R.; Schiile, R. LSD1
demethylates repressive histone marks to promote androgen-receptor-dependent transcription. Nature 2005, 437, 436—439.
[CrossRef]

Zeller, P; Padeken, J.; van Schendel, R.; Kalck, V.; Tijsterman, M.; Gasser, S.M. Histone H3K9 methylation is dispensable for
Caenorhabditis elegans development but suppresses RNA:DNA hybrid-associated repeat instability. Nat. Genet. 2016, 48,
1385-1395. [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]

Ecco, G.; Cassano, M.; Kauzlaric, A.; Dug, J.; Coluccio, A.; Offner, S.; Imbeault, M.; Rowe, H.M.; Turelli, P.; Trono, D. Transposable
Elements and Their KRAB-ZFP Controllers Regulate Gene Expression in Adult Tissues. Dev. Cell 2016, 36, 611-623. [CrossRef]
Tan, X.; Xu, X.; Elkenani, M.; Smorag, L.; Zechner, U.; Nolte, ].; Engel, W.; Pantakani, D.K. Zfp819, a novel KRAB-zinc finger
protein, interacts with KAP1 and functions in genomic integrity maintenance of mouse embryonic stem cells. Stem Cell Res. 2013,
11, 1045-1059. [CrossRef]

Najafabadi, H.; Mnaimneh, S.; Schmitges, EW.; Garton, M.; Lam, K; Yang, A.; Albu, M.; Weirauch, M.T.; Radovani, E.;
Kim, PM.; et al. C2H2 zinc finger proteins greatly expand the human regulatory lexicon. Nat. Biotechnol. 2015, 33, 555-562.
[CrossRef]

Friedman, ].R; Fredericks, W].; Jensen, D.E.; Speicher, D.W.; Huang, X.P.; Neilson, E.G.; Rauscher, FJ. KAP-1, a novel corepressor
for the highly conserved KRAB repression domain. Genes Dev. 1996, 10, 2067-2078. [CrossRef]

Peng, H.; Begg, G.E.; Harper, S.L.; Friedman, J.R.; Speicher, D.W.; Rauscher, EJ. Biochemical Analysis of the Kruppel-associated
Box (KRAB) Transcriptional Repression Domain. J. Biol. Chem. 2000, 275, 18000-18010. [CrossRef]

Schultz, D.C.; Ayyanathan, K.; Negorev, D.; Maul, G.G.; Rauscher, EJ., III. SETDB1: A novel KAP-1-associated histone H3, lysine
9-specific methyltransferase that contributes to HP1-mediated silencing of euchromatic genes by KRAB zinc-finger proteins.
Genes Dev. 2002, 16, 919-932. [CrossRef]

Ecco, G.; Rowe, HM.; Trono, D. A Large-Scale Functional Screen to Identify Epigenetic Repressors of Retrotransposon Expression.
Transposons Retrotransposons 2016, 1400, 403—417. [CrossRef]

Imbeault, M.; Helleboid, P.-Y.; Trono, M.I.P-Y.H.D. KRAB zinc-finger proteins contribute to the evolution of gene regulatory
networks. Nature 2017, 543, 550-554. [CrossRef] [PubMed]

Ivanov, A.V,; Peng, H.; Yurchenko, V.; Yap, K.L.; Negorev, D.G.; Schultz, D.C.; Psulkowski, E.; Fredericks, W.].; White, D.E.;
Maul, G.G; et al. PHD Domain-Mediated E3 Ligase Activity Directs Intramolecular Sumoylation of an Adjacent Bromodomain
Required for Gene Silencing. Mol. Cell 2007, 28, 823-837. [CrossRef] [PubMed]

Rowe, H.M,; Friedli, M.; Offner, S.; Verp, S.; Mesnard, D.; Marquis, J.; Aktas, T.; Trono, D. De novo DNA methylation of endogenous
retroviruses is shaped by KRAB-ZFPs/KAP1 and ESET. Development 2013, 140, 519-529. [CrossRef] [PubMed]
Tchasovnikarova, I.A.; Timms, R.T.; Douse, C.H.; Roberts, R.C.; Dougan, G.; Kingston, R.E.; Modis, Y.; Lehner, PJ. Hyperactivation
of HUSH complex function by Charcot-Marie-Tooth disease mutation in MORC2. Nat. Genet. 2017, 49, 1035-1044. [CrossRef]
Tchasovnikarova, I.A.; Timms, R.T.; Matheson, N.J.; Wals, K.; Antrobus, R.; Gottgens, B.; Dougan, G.; Dawson, M.A.; Lehner, PJ.
Epigenetic silencing by the HUSH complex mediates position-effect variegation in human cells. Science 2015, 348, 1481-1485.
[CrossRef]

Robbez-Masson, L.; Tie, C.H.C.; Conde, L.; Tunbak, H.; Husovsky, C.; Tchasovnikarova, I.A.; Timms, R.T.; Herrero, ].; Lehner, PJ.;
Rowe, H.M. The HUSH complex cooperates with TRIM28 to repress young retrotransposons and new genes. Genome Res. 2018,
28, 836-845. [CrossRef]

Seczynska, M.; Bloor, S.; Cuesta, S.M.; Lehner, PJ. Genome surveillance by HUSH-mediated silencing of intronless mobile
elements. Nature 2021, 601, 440-445. [CrossRef]

Akkouche, A.; Mugat, B.; Barckmann, B.; Varela-Chavez, C.; Li, B.; Raffel, R.; Pélisson, A.; Chambeyron, S. Piwi Is Required
during Drosophila Embryogenesis to License Dual-Strand piRNA Clusters for Transposon Repression in Adult Ovaries. Mol. Cell
2017, 66, 411-419.e4. [CrossRef]

Gu, T,; Elgin, S.C.R. Maternal Depletion of Piwi, a Component of the RNAi System, Impacts Heterochromatin Formation in
Drosophila. PLoS Genet. 2013, 9, €1003780. [CrossRef]

Yu, Y;; Gu, J.; Jin, Y;; Luo, Y.; Preall, ].B.; Ma, J.; Czech, B.; Hannon, G.]J. Panoramix enforces piRNA-dependent cotranscriptional
silencing. Science 2015, 350, 339-342. [CrossRef]

Dénertas, D.; Sienski, G.; Brennecke, J. Drosophila Gtsf1 is an essential component of the Piwi-mediated transcriptional silencing
complex. Genes Dev. 2013, 27, 1693-1705. [CrossRef]

Muerdter, F.; Guzzardo, PM.; Gillis, J.; Luo, Y.; Yu, Y.; Chen, C.; Fekete, R.; Hannon, G.]. A Genome-wide RNAi Screen Draws a
Genetic Framework for Transposon Control and Primary piRNA Biogenesis in Drosophila. Mol. Cell 2013, 50, 736-748. [CrossRef]
Ohtani, H.; Iwasaki, Y.W.; Shibuya, A.; Siomi, H.; Siomi, M.C.; Saito, K. DmGTSF1 is necessary for Piwi-piRISC-mediated
transcriptional transposon silencing in the Drosophila ovary. Genes Dev. 2013, 27, 1656-1661. [CrossRef]

Rangan, P.; Malone, C.D.; Navarro, C.; Newbold, S.P.; Hayes, PS.; Sachidanandam, R.; Hannon, G.J.; Lehmann, R. piRNA
Production Requires Heterochromatin Formation in Drosophila. Curr. Biol. 2011, 21, 1373-1379. [CrossRef]


http://doi.org/10.1038/nature04020
http://doi.org/10.1038/ng.3672
http://doi.org/10.1038/nature13760
http://doi.org/10.1016/j.devcel.2016.02.024
http://doi.org/10.1016/j.scr.2013.07.006
http://doi.org/10.1038/nbt.3128
http://doi.org/10.1101/gad.10.16.2067
http://doi.org/10.1074/jbc.M001499200
http://doi.org/10.1101/gad.973302
http://doi.org/10.1007/978-1-4939-3372-3_25
http://doi.org/10.1038/nature21683
http://www.ncbi.nlm.nih.gov/pubmed/28273063
http://doi.org/10.1016/j.molcel.2007.11.012
http://www.ncbi.nlm.nih.gov/pubmed/18082607
http://doi.org/10.1242/dev.087585
http://www.ncbi.nlm.nih.gov/pubmed/23293284
http://doi.org/10.1038/ng.3878
http://doi.org/10.1126/science.aaa7227
http://doi.org/10.1101/gr.228171.117
http://doi.org/10.1038/s41586-021-04228-1
http://doi.org/10.1016/j.molcel.2017.03.017
http://doi.org/10.1371/journal.pgen.1003780
http://doi.org/10.1126/science.aab0700
http://doi.org/10.1101/gad.221150.113
http://doi.org/10.1016/j.molcel.2013.04.006
http://doi.org/10.1101/gad.221515.113
http://doi.org/10.1016/j.cub.2011.06.057

Cells 2022, 11, 2501 25 of 28

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Osumi, K.; Sato, K.; Murano, K.; Siomi, H.; Siomi, M.C. Essential roles of Windei and nuclear monoubiquitination of Egg-
less/SETDBI in transposon silencing. EMBO Rep. 2019, 20, e48296. [CrossRef]

Andreev, V.I; Yu, C.; Wang, J.; Schnabl, J.; Tirian, L.; Gehre, M.; Handler, D.; Duchek, P; Novatchkova, M.; Baumgartner, L.; et al.
Panoramix SUMOylation on chromatin connects the piRNA pathway to the cellular heterochromatin machinery. Nat. Struct. Mol.
Biol. 2022, 29, 130-142. [CrossRef]

Klenov, M.S.; Lavrov, S.A.; Korbut, A.P; Stolyarenko, A.D.; Yakushev, E.Y.; Reuter, M.; Pillai, R.S.; Gvozdev, V.A. Impact of nuclear
Piwi elimination on chromatin state in Drosophila melanogaster ovaries. Nucleic Acids Res. 2014, 42, 6208-6218. [CrossRef]
Lepesant, ].M.].; lampietro, C.; Galeota, E.; Augé, B.; Aguirrenbengoa, M.; Mercé, C.; Chaubet, C.; Rocher, V.; Haenlin, M.; Waltzer,
L.; etal. A dual role of dLsd1 in oogenesis: Regulating developmental genes and repressing transposons. Nucleic Acids Res. 2019,
48,1206-1224. [CrossRef]

Yang, F; Quan, Z.; Huang, H.; He, M; Liu, X.; Cai, T.; Xi, R. Ovaries absent links dLsd1 to HP1a for local H3K4 demethylation
required for heterochromatic gene silencing. eLife 2019, 8, e40806. [CrossRef]

Mugat, B.; Nicot, S.; Varela-Chavez, C.; Jourdan, C.; Sato, K.; Basyuk, E.; Juge, F.; Siomi, M.C.; Pelisson, A.; Chambeyron, S. The
Mi-2 nucleosome remodeler and the Rpd3 histone deacetylase are involved in piRNA-guided heterochromatin formation. Nat.
Commun. 2020, 11, 2818. [CrossRef]

Zhao, K,; Cheng, S.; Miao, N.; Xu, P,; Lu, X.; Zhang, Y.; Wang, M.; Ouyang, X.; Yuan, X.; Liu, W.; et al. A Pandas complex adapted
for piRNA-guided transcriptional silencing and heterochromatin formation. Nat. Cell Biol. 2019, 21, 1261-1272. [CrossRef]
Fabry, M.H.; Ciabrelli, F.; Munafo, M.; Eastwood, E.L.; Kneuss, E.; Falciatori, I.; Falconio, F.A.; Hannon, G.J.; Czech, B. piRNA-
guided co-transcriptional silencing coopts nuclear export factors. Elife 2019, 8, e47999. [CrossRef]

Murano, K.; Iwasaki, Y.W.; Ishizu, H.; Mashiko, A.; Shibuya, A.; Kondo, S.; Adachi, S.; Suzuki, S.; Saito, K.; Natsume, T.; et al.
Nuclear RNA export factor variant initiates piRNA-guided co-transcriptional silencing. EMBO ]. 2019, 38, €102870. [CrossRef]
Batki, J.; Schnabl, J.; Wang, J.; Handler, D.; Andreev, V.I; Stieger, C.E.; Novatchkova, M.; Lampersberger, L.; Kauneckaite, K.;
Xie, W.; et al. The nascent RNA binding complex SFiNX licenses piRNA-guided heterochromatin formation. Nat. Struct. Mol.
Biol. 2019, 26, 720-731. [CrossRef]

Eastwood, E.L.; Jara, K.A.; Bornelov, S.; Munafo, M.; Frantzis, V.; Kneuss, E.; Barbar, E.J.; Czech, B.; Hannon, G.]. Dimerisation of
the PICTS complex via LC8/Cut-up drives co-transcriptional transposon silencing in Drosophila. Elife 2021, 10, e65557. [CrossRef]
Schopp, T.; Zoch, A.; Berrens, R.V.; Auchynnikava, T.; Kabayama, Y.; Vasiliauskaite, L.; Rappsilber, J.; Allshire, R.C.; O’Carroll,
D. TEX15 is an essential executor of MIWI2-directed transposon DNA methylation and silencing. Nat. Commun. 2020, 11, 3739.
[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]

Klattenhoff, C.; Xi, H.; Li, C.; Lee, S.; Xu, J.; Khurana, J.S.; Zhang, E.; Schultz, N.; Koppetsch, B.S.; Nowosielska, A.; et al. The
Drosophila HP1 Homolog Rhino Is Required for Transposon Silencing and piRNA Production by Dual-Strand Clusters. Cell 2009,
138, 1137-1149. [CrossRef] [PubMed]

Mohn, F; Sienski, G.; Handler, D.; Brennecke, J. The Rhino-Deadlock-Cutoff Complex Licenses Noncanonical Transcription of
Dual-Strand piRNA Clusters in Drosophila. Cell 2014, 157, 1364-1379. [CrossRef]

Zhang, Z.; Wang, J.; Schultz, N.; Zhang, E; Parhad, S.S.; Tu, S.; Vreven, T.; Zamore, P.D.; Weng, Z.; Theurkauf, W.E. The HP1
Homolog Rhino Anchors a Nuclear Complex that Suppresses piRNA Precursor Splicing. Cell 2014, 157, 1353-1363. [CrossRef]
ElMaghraby, M.F.; Andersen, PR; Piihringer, F.; Hohmann, U.; Meixner, K.; Lendl, T.; Tirian, L.; Brennecke, ]. A Heterochromatin-
Specific RNA Export Pathway Facilitates piRNA Production. Cell 2019, 178, 964-979.e20. [CrossRef] [PubMed]

Kneuss, E.; Munafo, M.; Eastwood, E.L.; Deumer, U.-S; Preall, ].B.; Hannon, G.J.; Czech, B. Specialization of the Drosophila nuclear
export family protein Nxf3 for piRNA precursor export. Genes Dev. 2019, 33, 1208-1220. [CrossRef] [PubMed]

Tzeng, T.-Y.; Lee, C.-H.; Chan, L.-W.; Shen, C.-K.J. Epigenetic regulation of the Drosophila chromosome 4 by the histone H3K9
methyltransferase dSETDB1. Proc. Natl. Acad. Sci. USA 2007, 104, 12691-12696. [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, 1-13. [CrossRef]

van Mierlo, G.; Dirks, R.A.M.; De Clerck, L.; Brinkman, A.B.; Huth, M.; Kloet, S.L.; Saksouk, N.; Kroeze, L.I.; Willems, S.; Farlik,
M.; et al. Integrative Proteomic Profiling Reveals PRC2-Dependent Epigenetic Crosstalk Maintains Ground-State Pluripotency.
Cell Stem Cell 2019, 24, 123-137.e8. [CrossRef]

Miller, S.A.; Damle, M.; Kim, J.; Kingston, R.E. Full methylation of H3K27 by PRC2 is dispensable for initial embryoid body
formation but required to maintain differentiated cell identity. Development 2021, 148. [CrossRef]

Jain, P; Di Croce, L. Mutations and deletions of PRC2 in prostate cancer. BioEssays 2016, 38, 446-454. [CrossRef]

Deleris, A.; Stroud, H.; Bernatavichute, Y.; Johnson, E.; Klein, G.; Schubert, D.; Jacobsen, S.E. Loss of the DNA Methyltransferase
MET1 Induces H3K9 Hypermethylation at PcG Target Genes and Redistribution of H3K27 Trimethylation to Transposons in
Arabidopsis thaliana. PLoS Genet. 2012, 8, €1003062. [CrossRef]

Déléris, A.; Berger, E; Duharcourt, S. Role of Polycomb in the control of transposable elements. Trends Genet. 2021, 37, 882-889.
[CrossRef]


http://doi.org/10.15252/embr.201948296
http://doi.org/10.1038/s41594-022-00721-x
http://doi.org/10.1093/nar/gku268
http://doi.org/10.1093/nar/gkz1142
http://doi.org/10.7554/eLife.40806
http://doi.org/10.1038/s41467-020-16635-5
http://doi.org/10.1038/s41556-019-0396-0
http://doi.org/10.7554/eLife.47999
http://doi.org/10.15252/embj.2019102870
http://doi.org/10.1038/s41594-019-0270-6
http://doi.org/10.7554/eLife.65557
http://doi.org/10.1038/s41467-020-17372-5
http://doi.org/10.1038/s41586-020-2557-5
http://doi.org/10.1016/j.cell.2009.07.014
http://www.ncbi.nlm.nih.gov/pubmed/19732946
http://doi.org/10.1016/j.cell.2014.04.031
http://doi.org/10.1016/j.cell.2014.04.030
http://doi.org/10.1016/j.cell.2019.07.007
http://www.ncbi.nlm.nih.gov/pubmed/31398345
http://doi.org/10.1101/gad.328690.119
http://www.ncbi.nlm.nih.gov/pubmed/31416967
http://doi.org/10.1073/pnas.0705534104
http://www.ncbi.nlm.nih.gov/pubmed/17652514
http://doi.org/10.1038/s41467-018-08006-y
http://doi.org/10.1016/j.stem.2018.10.017
http://doi.org/10.1242/dev.196329
http://doi.org/10.1002/bies.201500162
http://doi.org/10.1371/journal.pgen.1003062
http://doi.org/10.1016/j.tig.2021.06.003

Cells 2022, 11, 2501 26 of 28

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Frapporti, A.; Pina, CM.; Arnaiz, O.; Holoch, D.; Kawaguchi, T.; Humbert, A.; Eleftheriou, E.; Lombard, B.; Loew, D;
Sperling, L.; et al. The Polycomb protein Ezll mediates H3K9 and H3K27 methylation to repress transposable elements in
Paramecium. Nat. Commun. 2019, 10, 1-15. [CrossRef]

Miré-Pina, C.; Charmant, O.; Kawaguchi, T.; Holoch, D.; Michaud, A.; Cohen, I.; Humbert, A.; Jaszczyszyn, Y.; Chevreux, G.;
Del Maestro, L.; et al. Paramecium Polycomb repressive complex 2 physically interacts with the small RNA-binding PIWI protein
to repress transposable elements. Dev. Cell 2022, 57, 1037-1052.€8. [CrossRef]

Leeb, M; Pasini, D.; Novatchkova, M.; Jaritz, M.; Helin, K.; Wutz, A. Polycomb complexes act redundantly to repress genomic
repeats and genes. Genes Dev. 2010, 24, 265-276. [CrossRef]

Ozturk, N.; Dansranjavin, T.; Gies, S.; Calay, D.; Shiplu, S.; Creppe, C.; Hendrickx, J.; Schagdarsurengin, U. H4K20me3 marks
distal intergenic and repetitive regions in human mature spermatozoa. Development 2021, 148. [CrossRef]

Kurup, J.T.; Han, Z,; Jin, W.; Kidder, B.L. H4K20me3 methyltransferase SUV420H2 shapes the chromatin landscape of pluripotent
embryonic stem cells. Development 2020. [CrossRef]

Schotta, G.; Sengupta, R.; Kubicek, S.; Malin, S.; Kauer, M.; Callén, E.; Celeste, A.; Pagani, M.; Opravil, S.; De La Rosa-Velazquez, LA ; et al.
A chromatin-wide transition to H4K20 monomethylation impairs genome integrity and programmed DNA rearrangements in the
mouse. Genes Dev. 2008, 22, 2048-2061. [CrossRef]

Ren, W,; Fan, H.; Grimm, S.A.; Kim, J.J.; Li, L.; Guo, Y.; Petell, C.J.; Tan, X.-F; Zhang, Z.-M.; Coan, J.P,; et al. DNMT1 reads
heterochromatic H4K20me3 to reinforce LINE-1 DNA methylation. Nat. Commun. 2021, 12, 1-16. [CrossRef]

Schotta, G.; Lachner, M.; Sarma, K.; Ebert, A.; Sengupta, R.; Reuter, G.; Reinberg, D.; Jenuwein, T. A silencing pathway to induce
H3-K9 and H4-K20 trimethylation at constitutive heterochromatin. Genes Dev. 2004, 18, 1251-1262. [CrossRef]

Kourmouli, N.; Jeppesen, P.; Mahadevhaiah, S.; Burgoyne, P.; Wu, R.; Gilbert, D.M.; Bongiorni, S.; Prantera, G.; Fanti, L.;
Pimpinelli, S.; et al. Heterochromatin and tri-methylated lysine 20 of histone H4 in animals. J. Cell Sci. 2004, 117 Pt 12, 2491-2501.
[CrossRef]

van Kruijsbergen, I.; Hontelez, S.; Elurbe, D.M.; van Heeringen, S.J.; Huynen, M.A_; Veenstra, G.J.C. Heterochromatic histone
modifications at transposons in Xenopus tropicalis embryos. Dev. Biol. 2017, 426, 460—-471. [CrossRef]

Girardot, M.; Hirasawa, R.; Kacem, S.; Fritsch, L.; Pontis, J.; Kota, S.K,; Filipponi, D.; Fabbrizio, E.; Sardet, C.; Lohmann, F; et al.
PRMT5-mediated histone H4 arginine-3 symmetrical dimethylation marks chromatin at G + C-rich regions of the mouse genome.
Nucleic Acids Res. 2014, 42, 235-248. [CrossRef]

Kim, S.; Guinesdogan, U.; Zylicz, ].J.; Hackett, ].A.; Cougot, D.; Bao, S.; Lee, C.; Dietmann, S.; Allen, G.E.; Sengupta, R.; et al.
PRMTS5 Protects Genomic Integrity during Global DNA Demethylation in Primordial Germ Cells and Preimplantation Embryos.
Mol. Cell 2014, 56, 564-579. [CrossRef] [PubMed]

Celen, A.B.; Sahin, U. Sumoylation on its 25th anniversary: Mechanisms, pathology, and emerging concepts. FEBS J. 2020, 287,
3110-3140. [CrossRef] [PubMed]

Ryu, H.-Y,; Hochstrasser, M. Histone sumoylation and chromatin dynamics. Nucleic Acids Res. 2021, 49, 6043—6052. [CrossRef]
[PubMed]

Maison, C.; Bailly, D.; Quivy, J.-P.; Almouzni, G. The methyltransferase Suv39h1 links the SUMO pathway to HP1x marking at
pericentric heterochromatin. Nat. Commun. 2016, 7, 12224. [CrossRef]

Maison, C.; Bailly, D.; Roche, D.; de Oca, R M.; Probst, A.V.; Vassias, 1.; Dingli, F.; Lombard, B.; Loew, D.; Quivy, ].-P; et al.
SUMOylation promotes de novo targeting of HP1« to pericentric heterochromatin. Nat. Genet. 2011, 43, 220-227. [CrossRef]
Shin, J.A.; Choi, E.S.; Kim, H.S.; Ho, J.C.; Watts, EZ.; Park, S.D.; Jang, Y.K. SUMO Modification Is Involved in the Maintenance of
Heterochromatin Stability in Fission Yeast. Mol. Cell 2005, 19, 817-828. [CrossRef]

Stielow, B.; Sapetschnig, A.; Wink, C.; Kriiger, I.; Suske, G. SUMO-modified Sp3 represses transcription by provoking local
heterochromatic gene silencing. EMBO Rep. 2008, 9, 899-906. [CrossRef]

Thompson, PJ.; Dulberg, V.; Moon, K.-M.; Foster, L.].; Chen, C.; Karimi, M.M.; Lorincz, M.C. hnRNP K Coordinates Transcriptional
Silencing by SETDB1 in Embryonic Stem Cells. PLoS Genet. 2015, 11, €1004933. [CrossRef]

Uchimura, Y.; Ichimura, T.; Uwada, J.; Tachibana, T.; Sugahara, S.; Nakao, M.; Saitoh, H. Involvement of SUMO Modification in
MBD1- and MCAF1-mediated Heterochromatin Formation. J. Biol. Chem. 2006, 281, 23180-23190. [CrossRef]

Psakhye, I; Jentsch, S. Protein Group Modification and Synergy in the SUMO Pathway as Exemplified in DNA Repair. Cell 2012,
151, 807-820. [CrossRef]

Efroni, S.; Duttagupta, R.; Cheng, J.; Dehghani, H.; Hoeppner, D.J.; Dash, C.; Bazett-Jones, D.P,; Le Grice, S.; McKay, R.D.;
Buetow, K.H.; et al. Global Transcription in Pluripotent Embryonic Stem Cells. Cell Stem Cell 2008, 2, 437-447. [CrossRef]
Jachowicz, J.; Bing, X.; Pontabry, J.; Boskovi¢, A.; Rando, O.].; Torres-Padilla, M.-E. LINE-1 activation after fertilization regulates
global chromatin accessibility in the early mouse embryo. Nat. Genet. 2017, 49, 1502-1510. [CrossRef]

Baillie, ].K.; Barnett, M.W.; Upton, K.R.; Gerhardt, D.J.; Richmond, T.A.; De Sapio, E; Brennan, PM.; Rizzu, P.; Smith, S,;
Fell, M.; et al. Somatic retrotransposition alters the genetic landscape of the human brain. Nature 2011, 479, 534-537. [CrossRef]
Perrat, PN.; DasGupta, S.; Wang, J.; Theurkauf, W.; Weng, Z.; Rosbash, M.; Waddell, S. Transposition-Driven Genomic Hetero-
geneity in the Drosophila Brain. Science 2013, 340, 91-95. [CrossRef]

Tam, O.H.; Ostrow, L.; Hammell, M.G. Diseases of the nERVous system: Retrotransposon activity in neurodegenerative disease.
Mob. DNA 2019, 10, 1-14. [CrossRef]


http://doi.org/10.1038/s41467-019-10648-5
http://doi.org/10.1016/j.devcel.2022.03.014
http://doi.org/10.1101/gad.544410
http://doi.org/10.1242/dev.196477
http://doi.org/10.1242/dev.188516
http://doi.org/10.1101/gad.476008
http://doi.org/10.1038/s41467-021-22665-4
http://doi.org/10.1101/gad.300704
http://doi.org/10.1242/jcs.01238
http://doi.org/10.1016/j.ydbio.2016.08.031
http://doi.org/10.1093/nar/gkt884
http://doi.org/10.1016/j.molcel.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25457166
http://doi.org/10.1111/febs.15319
http://www.ncbi.nlm.nih.gov/pubmed/32255256
http://doi.org/10.1093/nar/gkab280
http://www.ncbi.nlm.nih.gov/pubmed/33885816
http://doi.org/10.1038/ncomms12224
http://doi.org/10.1038/ng.765
http://doi.org/10.1016/j.molcel.2005.08.021
http://doi.org/10.1038/embor.2008.127
http://doi.org/10.1371/journal.pgen.1004933
http://doi.org/10.1074/jbc.M602280200
http://doi.org/10.1016/j.cell.2012.10.021
http://doi.org/10.1016/j.stem.2008.03.021
http://doi.org/10.1038/ng.3945
http://doi.org/10.1038/nature10531
http://doi.org/10.1126/science.1231965
http://doi.org/10.1186/s13100-019-0176-1

Cells 2022, 11, 2501 27 of 28

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.
193.

194.

195.

196.

197.

198.

199.

200.

201.

Jang, H.S.; Shah, N.; Du, A.; Dailey, Z.Z.; Pehrsson, E.; Godoy, PM.; Zhang, D.; Li, D.; Xing, X.; Kim, S.; et al. Transposable
elements drive widespread expression of oncogenes in human cancers. Nat. Genet. 2019, 51, 611-617. [CrossRef]

Chuong, E.; Elde, N.C.; Feschotte, E.B.C.N.C.E.C. Regulatory activities of transposable elements: From conflicts to benefits. Nat.
Rev. Genet. 2016, 18, 71-86. [CrossRef]

Pehrsson, E.C.; Choudhary, M.N.K.; Sundaram, V.; Wang, T. The epigenomic landscape of transposable elements across normal
human development and anatomy. Nat. Commun. 2019, 10, 1-16. [CrossRef]

Fadloun, A.; Le Gras, S.; Jost, B.; Ziegler-Birling, C.; Takahashi, H.; Gorab, E.; Carninci, P.; Torres-Padilla, M.-E. Chromatin
signatures and retrotransposon profiling in mouse embryos reveal regulation of LINE-1 by RNA. Nat. Struct. Mol. Biol. 2013, 20,
332-338. [CrossRef]

Sze, C.C.; Shilatifard, A. MLL3/MLL4/COMPASS Family on Epigenetic Regulation of Enhancer Function and Cancer. Cold
Spring Harb. Perspect. Med. 2016, 6, a026427. [CrossRef]

Macfarlan, T.S.; Gifford, W.D.; Agarwal, S.; Driscoll, S.; Lettieri, K.; Wang, J.; Andrews, S.E.; Franco, L.; Rosenfeld, M.G;
Ren, B.; et al. Endogenous retroviruses and neighboring genes are coordinately repressed by LSD1/KDM1A. Genes Dev. 2011, 25,
594-607. [CrossRef] [PubMed]

Ancelin, K,; Syx, L.; Borensztein, M.; Ranisavljevic, N.; Vassilev, I.; Briseno-Roa, L.; Liu, T.; Metzger, E.; Servant, N.; Barillot,
E.; et al. Maternal LSD1/KDM1A is an essential regulator of chromatin and transcription landscapes during zygotic genome
activation. eLife 2016, 5, €08851. [CrossRef] [PubMed]

Dai, Q.; Shen, Y.; Wang, Y.; Wang, X.; Francisco, J.C.; Luo, Z.; Lin, C. Striking a balance: Regulation of transposable elements by
Zfp281 and MII2 in mouse embryonic stem cells. Nucleic Acids Res. 2017, 45, 12301-12310. [CrossRef] [PubMed]

Chaouch, A ; Berlandi, J.; Chen, C.C; Frey, F; Badini, S.; Harutyunyan, A.S.; Chen, X.; Krug, B.; Hébert, S.; Jeibmann, A.; et al.
Histone H3.3 K27M and K36M mutations de-repress transposable elements through perturbation of antagonistic chromatin
marks. Mol. Cell 2021, 81, 4876-4890.e7. [CrossRef]

Ahmad, K.; Henikoff, S. Histone H3 variants specify modes of chromatin assembly. Proc. Natl. Acad. Sci. USA 2002, 99,
16477-16484. [CrossRef]

Elsésser, S.J.; Noh, K.-M.; Diaz, N.; Allis, C.D.; Banaszynski, L.A. Histone H3.3 is required for endogenous retroviral element
silencing in embryonic stem cells. Nature 2015, 522, 240-244. [CrossRef]

Zhou, J.; Wang, X.; He, K.; Charron, J.-B.E; Elling, A.A.; Deng, X.W. Genome-wide profiling of histone H3 lysine 9 acetylation and
dimethylation in Arabidopsis reveals correlation between multiple histone marks and gene expression. Plant Mol. Biol. 2010, 72,
585-595. [CrossRef]

Yang, J.; Yuan, L.; Yen, M.R,; Zheng, F; Ji, R;; Peng, T.; Gu, D.; Yang, S.; Cui, Y.; Chen, P.Y; et al. SWI3B and HDAG6 interact and are
required for transposon silencing in Arabidopsis. Plant. J. 2020, 102, 809-822. [CrossRef]

Liu, X.; Yu, C.-W,; Duan, J.; Luo, M.; Wang, K; Tian, G.; Cui, Y.; Wu, K. HDAG6 Directly Interacts with DNA Methyltransferase
MET1 and Maintains Transposable Element Silencing in Arabidopsis. Plant Physiol. 2011, 158, 119-129. [CrossRef]

Lennartsson, A.; Arner, E.; Fagiolini, M.; Saxena, A.; Andersson, R.; Takahashi, H.; Noro, Y.; Sng, J.; Sandelin, A.; Hensch, TK.; et al.
Remodeling of retrotransposon elements during epigenetic induction of adult visual cortical plasticity by HDAC inhibitors.
Epigenet. Chromatin 2015, 8, 1-15. [CrossRef]

Szabo, Q.; Bantignies, F.; Cavalli, G. Principles of genome folding into topologically associating domains. Sci. Adv. 2019,
5, eaaw1668. [CrossRef]

Rowley, M.].; Corces, V.G. Organizational principles of 3D genome architecture. Nat. Rev. Genet. 2018, 19, 789-800. [CrossRef]
Iwasaki, YW.,; Sriswasdji, S.; Kinugasa, Y.; Adachi, J.; Horikoshi, Y.; Shibuya, A.; Iwasaki, W.; Tashiro, S.; Tomonaga, T.; Siomi, H.
Piwi-piRNA complexes induce stepwise changes in nuclear architecture at target loci. EMBO ]. 2021, 40, e108345. [CrossRef]
Choudhary, M.N; Friedman, R.Z.; Wang, ].T.; Jang, H.S.; Zhuo, X.; Wang, T. Co-opted transposons help perpetuate conserved
higher-order chromosomal structures. Genome Biol. 2020, 21, 16. [CrossRef]

Dominissini, D.; Moshitch-Moshkovitz, S.; Schwartz, S.; Salmon-Divon, M.; Ungar, L.; Osenberg, S.; Cesarkas, K.; Jacob-Hirsch, J.;
Amariglio, N.; Kupiec, M.; et al. Topology of the human and mouse m6A RNA methylomes revealed by m6A-seq. Nature 2012,
485,201-206. [CrossRef]

Meyer, K.D.; Saletore, Y.; Zumbo, P.; Elemento, O.; Mason, C.E.; Jaffrey, S.R. Comprehensive Analysis of mRNA Methylation
Reveals Enrichment in 3’ UTRs and near Stop Codons. Cell 2012, 149, 1635-1646. [CrossRef]

Liu, J.; Dou, X.; Chen, C.; Chen, C.; Liu, C.; Xu, M.M.; Zhao, S.; Shen, B.; Gao, Y,; Han, D.; et al. N° -methyladenosine of
chromosome-associated regulatory RNA regulates chromatin state and transcription. Science 2020, 367, 580-586. [CrossRef]

Shi, H.; Wei, ].; He, C. Where, When, and How: Context-Dependent Functions of RNA Methylation Writers, Readers, and Erasers.
Mol. Cell 2019, 74, 640-650. [CrossRef]

Bokar, ].A.; Shambaugh, M.E.; Polayes, D.; Matera, A.G.; Rottman, EM. Purification and cDNA cloning of the AdoMet-binding
subunit of the human mRNA (N6-adenosine)-methyltransferase. RNA 1997, 3, 1233-1247.

Liu, J.; Yue, Y;; Han, D.; Wang, X,; Fu, Y;; Zhang, L.; Jia, G.; Yu, M; Lu, Z.; Deng, X.; et al. A METTL3-METTL14 complex mediates
mammalian nuclear RNA N6-adenosine methylation. Nat. Chem. Biol. 2013, 10, 93-95. [CrossRef]

Pendleton, K.E.; Chen, B.; Liu, K.; Hunter, O.V; Xie, Y.; Tu, B.P; Conrad, N.K. The U6 snRNA m 6 A Methyltransferase METTL16
Regulates SAM Synthetase Intron Retention. Cell 2017, 169, 824-835.e14. [CrossRef]


http://doi.org/10.1038/s41588-019-0373-3
http://doi.org/10.1038/nrg.2016.139
http://doi.org/10.1038/s41467-019-13555-x
http://doi.org/10.1038/nsmb.2495
http://doi.org/10.1101/cshperspect.a026427
http://doi.org/10.1101/gad.2008511
http://www.ncbi.nlm.nih.gov/pubmed/21357675
http://doi.org/10.7554/eLife.08851
http://www.ncbi.nlm.nih.gov/pubmed/26836306
http://doi.org/10.1093/nar/gkx841
http://www.ncbi.nlm.nih.gov/pubmed/29036642
http://doi.org/10.1016/j.molcel.2021.10.008
http://doi.org/10.1073/pnas.172403699
http://doi.org/10.1038/nature14345
http://doi.org/10.1007/s11103-009-9594-7
http://doi.org/10.1111/tpj.14666
http://doi.org/10.1104/pp.111.184275
http://doi.org/10.1186/s13072-015-0043-3
http://doi.org/10.1126/sciadv.aaw1668
http://doi.org/10.1038/s41576-018-0060-8
http://doi.org/10.15252/embj.2021108345
http://doi.org/10.1186/s13059-019-1916-8
http://doi.org/10.1038/nature11112
http://doi.org/10.1016/j.cell.2012.05.003
http://doi.org/10.1126/science.aay6018
http://doi.org/10.1016/j.molcel.2019.04.025
http://doi.org/10.1038/nchembio.1432
http://doi.org/10.1016/j.cell.2017.05.003

Cells 2022, 11, 2501 28 of 28

202.

203.

204.

205.

206.
207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

Ma, H.; Wang, X,; Cai, J.; Dai, Q.; Natchiar, SK; Lv, R,; Chen, K.; Lu, Z.; Chen, H.; Shi, Y.G.; et al. N6-Methyladenosine
methyltransferase ZCCHC4 mediates ribosomal RNA methylation. Nat. Chem. Biol. 2018, 15, 88-94. [CrossRef]

Fu, Y Jia, G.; Pang, X,; Wang, RN.; Wang, X,; Li, C.J.; Smemo, S.; Dai, Q.; Bailey, K.A.; Nobrega, M.A.; et al. FTO-mediated
formation of N6-hydroxymethyladenosine and N6-formyladenosine in mammalian RNA. Nat. Commun. 2013, 4, 1-8. [CrossRef]
Jia, G.; Fu, Y,; Zhao, X; Dai, Q.; Zheng, G.; Yang, Y.; Yi, C,; Lindahl, T.; Pan, T,; Yang, Y.-G.; et al. N6-Methyladenosine in nuclear
RNA is a major substrate of the obesity-associated FTO. Nat. Chem. Biol. 2011, 7, 885-887, Erratum in Nat. Chem. Biol. 2012,
8,1008. [CrossRef]

Zheng, G.; Dahl, J.A.; Niu, Y.; Fedorcsak, P.; Huang, C.-M.; Li, C.J.; Vagbe, C.B.; Shi, Y.; Wang, W.-L.; Song, S.-H.; et al. ALKBH5 Is
a Mammalian RNA Demethylase that Impacts RNA Metabolism and Mouse Fertility. Mol. Cell 2013, 49, 18-29. [CrossRef]

Jang, K.H.; Heras, C.R.; Lee, G. m(6)A in the Signal Transduction Network. Mol. Cells 2022, 45, 435-443. [CrossRef]

Xu, W.; Li, J.; He, C.; Wen, ].; Ma, H.; Rong, B.; Diao, J.; Wang, L.; Wang, J.; Wu, F,; et al. METTL3 regulates heterochromatin in
mouse embryonic stem cells. Nature 2021, 591, 317-321. [CrossRef]

Chelmicki, T.; Roger, E.; Teissandier, A.; Dura, M.; Bonneville, L.; Rucli, S.; Dossin, F.; Fouassier, C.; Lameiras, S.; Bourc'His, D.
m6A RNA methylation regulates the fate of endogenous retroviruses. Nature 2021, 591, 312-316. [CrossRef] [PubMed]

Liu, J.; Gao, M.; He, J.; Wu, K; Lin, S.; Jin, L.; Chen, Y.; Liu, H.; Shi, J.; Wang, X.; et al. The RNA m6A reader YTHDC1 silences
retrotransposons and guards ES cell identity. Nature 2021, 591, 322-326. [CrossRef] [PubMed]

Chen, C,; Liu, W,; Guo, J; Liu, Y,; Liu, X;; Liu, J.; Dou, X,; Le, R.; Huang, Y.; Li, C.; et al. Correction to: Nuclear m6A reader
YTHDC1 regulates the scaffold function of LINE1 RNA in mouse ESCs and early embryos. Protein Cell 2021, 13, 470-471.
[CrossRef] [PubMed]

Lerat, E.; Casacuberta, J.; Chaparro, C.; Vieira, C. On the Importance to Acknowledge Transposable Elements in Epigenomic
Analyses. Genes 2019, 10, 258. [CrossRef]

He, J.; Babarinde, .A; Sun, L.; Xu, S.; Chen, R; Shi, ].; Wei, Y,; Li, Y.; Ma, G.; Zhuang, Q.; et al. Identifying transposable element
expression dynamics and heterogeneity during development at the single-cell level with a processing pipeline scTE. Nat. Commun.
2021, 12, 1-14. [CrossRef]

Shao, W.; Wang, T. Transcript assembly improves expression quantification of transposable elements in single-cell RNA-seq data.
Genome Res. 2020, 31, 88-100. [CrossRef]

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

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.

Cruickshanks, H.A.; Vafadar-Isfahani, N.; Dunican, D.S.; Lee, A.; Sproul, D.; Lund, J.; Meehan, R.R.; Tufarelli, C. Expression of a
large LINE-1-driven antisense RNA is linked to epigenetic silencing of the metastasis suppressor gene TFPI-2 in cancer. Nucleic
Acids Res. 2013, 41, 6857-6869. [CrossRef]

Erwin, J.; Marchetto, M.C.; Gage, FEH. Mobile DNA elements in the generation of diversity and complexity in the brain. Nat. Rev.
Neurosci. 2014, 15, 497-506. [CrossRef]

Ravel-Godreuil, C.; Znaidi, R.; Bonnifet, T.; Joshi, R.L.; Fuchs, J. Transposable elements as new players in neurodegenerative
diseases. FEBS Lett. 2021, 595, 2733-2755. [CrossRef]

Wood, J.G.; Jones, B.C.; Jiang, N.; Chang, C.; Hosier, S.; Wickremesinghe, P.; Garcia, M.; Hartnett, D.A.; Burhenn, L,;
Neretti, N; et al. Chromatin-modifying genetic interventions suppress age-associated transposable element activation and
extend life span in Drosophila. Proc. Natl. Acad. Sci. USA 2016, 113, 11277-11282. [CrossRef]


http://doi.org/10.1038/s41589-018-0184-3
http://doi.org/10.1038/ncomms2822
http://doi.org/10.1038/nchembio.687
http://doi.org/10.1016/j.molcel.2012.10.015
http://doi.org/10.14348/molcells.2022.0017
http://doi.org/10.1038/s41586-021-03210-1
http://doi.org/10.1038/s41586-020-03135-1
http://www.ncbi.nlm.nih.gov/pubmed/33442060
http://doi.org/10.1038/s41586-021-03313-9
http://www.ncbi.nlm.nih.gov/pubmed/33658714
http://doi.org/10.1007/s13238-021-00853-8
http://www.ncbi.nlm.nih.gov/pubmed/34432224
http://doi.org/10.3390/genes10040258
http://doi.org/10.1038/s41467-021-21808-x
http://doi.org/10.1101/gr.265173.120
http://doi.org/10.3390/ijms18050974
http://doi.org/10.1101/gr.201814.115
http://doi.org/10.1093/nar/gkt438
http://doi.org/10.1038/nrn3730
http://doi.org/10.1002/1873-3468.14205
http://doi.org/10.1073/pnas.1604621113

	Introduction 
	Classes of TEs 
	TE Silencing 
	Chromatin 
	Brief Overview of the Role of DNA Methylation in TE Silencing 
	Histone Marks 
	Roles of Histone Marks 
	Histone Methylation 
	H3K9 Methylation, a Defining Feature of TEs? 
	Role of the KRAB-Znf Family of Transcription Factors in the Recruitment of H3K9 Methyltransferases 
	piRNA-Dependent Recruitment of H3K9 Methyltransferases 
	H3K27 Methylation, an Ancestral form of TE Silencing? 
	Role of Histone 4 in TE Silencing 
	Sumoylation 
	“Active” Histone Marks at TE Loci 
	H3K4 Methylation 
	H3K36 Methylation 
	H3.3 
	Histone Acetylation 
	The Emerging Role of Nuclear Architecture 
	Interplay between m6A RNA and Chromatin at TE loci 

	Summary, Significance and Future Directions 
	References

