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Transposable elements dominate the mammalian genome, but their contribution to genetic
and epigenetic regulation has been largely overlooked. This was in part due to technical
limitations, which made the study of repetitive sequences at single copy resolution difficult.
The advancement of next-generation sequencing assays in the last decade has greatly en-
hanced our understanding of transposable element function. In some instances, specific
transposable elements are thought to have been co-opted into regulatory roles during both
mouse and human development, while in disease such regulatory potential can contribute
to malignancy. DNA methylation is arguably the best characterised regulator of transpos-
able element activity. DNA methylation is associated with transposable element repression,
and acts to limit their genotoxic potential. In specific developmental contexts, erasure of
DNA methylation is associated with a burst of transposable element expression. Develop-
mental regulation of DNA methylation enables transposon activation, ensuring their survival
and propagation throughout the host genome, and also allows the host access to regulatory
sequences encoded within the elements. Here | discuss DNA methylation at transposable
elements, describing its function and dynamic regulation throughout murine and human de-
velopment.

Introduction

Mammalian genomes are replete with repetitive sequences, accounting for approximately half of our ge-
netic material [1,2]. Repetitive sequences were once seen as non-functional, junk DNA’ [3]. This view
was supported by the low sequence conservation of the repetitive genome between closely related species,
which is generally used to infer functional significance [4]. Furthermore, in most cellular and develop-
mental contexts, repetitive sequences are constitutively heterochromatic and largely transcriptionally in-
ert, and perturbing this state is deleterious to the organism [5-7]. Nevertheless, it has long been known
that repetitive DNA harbours regulatory potential, and can influence expression from the coding genome
[8,9]. A number of recent studies have begun to ascribe putative developmental functions to a subset of
repetitive elements within the mammalian genome [10-16]. Such research has contributed to a shifting
view of repetitive sequences from merely junk-DNA, to potentially serving the host by being co-opted into
regulatory roles during development (comprehensively discussed in [17]). While such research is in its in-
fancy, we are beginning to develop the appropriate genetic and molecular tools to address any functional
roles that specific repetitive sequences may serve in mammalian development.

The genome comprises both tandem and interspersed repeats. Tandem repetitive units occur con-
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I) and DNA transposons (class II). DNA transposons employ a self-encoded transposase to directly excerpt and
re-insert themselves throughout the host genome, while retrotransposons utilise reverse transcriptase to transpose
via an RNA intermediate (Figure 1). DNA transposon activity is largely extinct in Mammalia, whereas a number
of evolutionarily young retrotransposons can still move within the host genome [21-24]. Over evolutionary time
transposable elements have contributed considerably to genome diversity [25].

Retrotransposons can be classified into long terminal repeat (LTR) and non-LTR elements. LTR elements are char-
acterised by two identical non-coding elements, the LTR, at their 5 and 3 prime ends (Figure 1). The LTR regulates
expression of retroviral genes involved in retrotransposition. The dominant LTR in mammals are endogenous retro-
viruses (ERVs), which account for ~8% of the human genome [1]. Non-LTR elements include long and short inter-
spersed nuclear elements (LINEs and SINEs). LINEs are the dominant non-LTR found in eutherian mammals, ac-
counting for ~21% of the human genome [1,2,4]. LINEs contain a 5 UTR that acts as a promoter, and a 3’ polyadeny-
lation signal, book-ending one or two open reading frames encoding proteins involved in transposition (Figure 1).
SINEs are non-autonomous and do not encode proteins, relying wholly on the co-option of LINE machinery for their
transposition [26]. The diversity, abundance and activity of each transposable element family varies greatly between
mammalian species (reviewed in [4]). For example, IAP ERV elements are murine specific and retain retrotranspo-
sition potential, whereas ERV's have been rendered all but immobile in humans [27-29].

Broadly speaking, transposable elements are transcriptionally silenced in committed cells. Notable exceptions are
cells of the brain during neurogenesis, and the placenta. It has been suggested that active retrotransposition in the
brain may function to generate neural diversity [30]. In the murine placenta, ERV elements are highly expressed, and
based on histone and transcription factor occupancy, have been proposed to contribute to a tissue-specific enhancer
network [12]. It is worth noting that functional annotation based solely on chromatin profiling can overestimate the
regulatory function of transposable elements; recent work in vitro has shown that despite bearing the biochemical
hallmarks of active enhancers, only a subset of such transposable elements contribute significantly to gene regulation
in embryonic stem cells [31]. Transposable elements are most active in cells that undergo epigenetic reprogramming;
namely germ cells and blastomeres of the pre-implantation embryo [10,32,33]. Timely activation of young LINE1 el-
ements are necessary for pre-implantation development, raising the possibility that transposable element expression
has regulatory functions during reprogramming [11,34,35]. Additionally, ERVL elements appear to act as alternative
promoters that drive the coordinated expression of a gene network from the embryonic genome in the earliest stages
of mouse and human development [10,36]. While such observations warrant functional investigation, for example by
perturbing ERVL expression in vivo to assess the effects on zygotic genome activation, these studies raise the possi-
bility that transposable elements have defined roles during pre-implantation development. In this light, it would be of
interest to investigate whether transposable elements are subject to developmental regulation. Closer inspection has
shown that transcriptional profiles vary between different transposable elements families, suggestive of specific regu-
lation [32]. More recent work has found transcription of some ERVs is driven by specific binding of trans-activating
proteins [37-40]. Ascertaining the scope of transposable element function and regulation during epigenetic repro-
gramming is an active area of research, made possible by the advancement of low input next-generation sequencing
technologies allowing profiling in the pre-implantation embryo.

Sustained transposable element activation can threaten genome integrity [41-43]. Epigenetic reprogramming also
occurs in transformed cells, and transposable element expression is a property of many tumours (Figure 2) [44,45].
Transposon activation can contribute to oncogenesis and result in genetic instability [46-51]. The burden of sustained
transposable element activation is also apparent in oocytes. The reserve of oocytes undergoes extensive apoptosis
after birth, resulting in an 80% reduction [52,53]. In mouse, this process known as foetal oocyte attrition has been
associated with high levels of the LINE1-encoded ORF1p protein, and can be temporarily attenuated by treatment
with reverse transcriptase inhibitors. A recent study has found that mutating a pathway for transducing information
about DNA damage in combination with reverse transcriptase inhibition can rescue foetal oocyte attrition, suggesting
that excessive LINEI activity in oocytes is genotoxic [54].

A balance needs to be achieved between accessing the regulatory potential harboured in repetitive elements, while
limiting the havoc that their sustained activation can wreak on the host genome. It follows that tunable, yet stable
mechanisms have evolved to regulate transposable element expression throughout mammalian development. DNA
methylation is a well-characterised chromatin modification that is central to transposable element control. It has been
suggested that DNA methylation evolved precisely to silence transposable elements [55].
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Figure 1. Transposable element classification
(A) Mobilisation of Class Il transposable elements is through the action of transposase (blue) which acts on the transposon (red) to
excise and subsequently reintegrate the DNA element elsewhere in the host genome, in a so-called ‘cut-and-paste’ mechanism.
Transposition results in a characteristic duplication of the target site (TSD) (green) into which it is integrated. (B) Inverted Terminal
Repeat elements are DNA transposons found in mammalian genomes, encoding a transposase (blue) which mediates transposition
throughout the host genome, flanked by terminal repeats (pink). (C) Class | transposable elements are transcribed and mobilised
via an RNA intermediate. Long interspersed nuclear element (LINE) mRNA (red) is reverse-transcribed by a transposon-encoded
reverse transcriptase (yellow) at the new insertion site, which has been cleaved by a LINE-encoded endonuclease. This process
is known as target primed reverse transcription (TPRT). The mechanisms for second strand synthesis have not been identified.
Integration into the host genome results in TSD (green). (D) LINE elements typically encode two proteins involved in retrotranspo-
sition, flanked by 3’ and 5’ UTRs encoding regulatory sequences. (E) Short interspersed nuclear elements (SINEs) are composite
elements, and can be broken down into a 5" head, a central body and a 3’ tail. SINEs can be classified by the origin of their 5" head,
which can be derived from tRNA, 7SL RNA or rRNA. (F) Unlike LINE elements, endogenous retrovirus (ERV) elements (dark blue)
are not reverse-transcribed at their target site. Reverse transcription is mediated by a retrovirally encoded enzyme (yellow) and
integration into the host genome results in TSD (green). (G) ERVs encode retroviral proteins Gag, Pol and Env, flanked by regulatory
sequences in the long terminal repeat (LTR). The Env protein is by and large non-functional in most ERV elements.

(© 2019 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

«. 2 PORTLAND
09 press

679

020z Asenuer /z Uo J8sn HAWIS UBYOUNN WINJUSZ-ZyoywieH Aq Jpd-06£00-610Z-008/0S2798/LL9/9/E9/IPd-0[oIIE/WaY0IGsAeSSe /W00 ssaidpuelLod)/:sdny woly papeojumoq



o = PORTLAND
09 rress

680

Essays in Biochemistry (2019) 63 677-689
https://doi.org/10.1042/EBC20190039

2

IAP
SINEB1

Expression

LINE1/ERV

an

IAP
SINEB1

LINE1/ERV &
LINE1/ERV ¥

5mC

(B)
SINE/ALU

ERV
LINE1
5mC

VAR RPISE - ERCINR A Y

Figure 2. Transposable element expression and methylation dynamics

Representative transposable element expression and 5mC profiles throughout murine development. Peak transposable element
expression coincides with, but does not directly trace 5mC reprogramming in primordial germ cells and the pre-implantation em-
bryo. IAP (blue), SINE (red), and LINE and ERV (green) expression peak at approximately E13.5 in primordial germ cells, when
somatic 5mC is erased. In the male germline, 5mC is rapidly re-established and is associated with transposable element repres-
sion. In the female germline, expression of LINE1 and some ERV family members persists. DNA methylation of LINE1 and ERV
elements in the female germline is established more slowly and at a lower level than in males (dark green line) [68,78]. Following
fertilisation, transposable element expression peaks in the two-cell stage embryo. 5mC continues to decline until the blastocyst
stage, and upon implantation, somatic DNA methylation is achieved [79]. Transposable element repression is largely maintained
in somatic tissues, with the exception of the brain, in which transposable element mobilisation is associated with reduced 5mC
in specific neuronal populations [92]. Cancer is associated with reduced 5mC at transposable elements, and an increase in their
expression. (B) Transposable element hypomethylation in a range of human cancers. Schematic representation of methylation data
from [121]. From left to right, in order lowest 5mC levels relative to healthy tissue, to highest 5mC at transposons: Liver Hepato-
cellular Carcinoma; Bladder Urothelial Carcinoma; Lung squamous cell carcinoma; Head-Neck Squamous Cell Carcinoma; Colon
Adenocarcinoma; Breast Invasive Carcinoma; Prostate Adenocarcinoma; and Kidney renal papillary cell carcinoma.

DNA methylation contributes to transposable element
repression

DNA can be covalently modified by a methyl group at cytosine and adenosine. In mammals, the most abundant
DNA modification is a methyl group attached to the fifth carbon position of cytosine (5mC) in the context of a CpG
dinucleotide [5,6]. 5mC serves as a binding platform for proteins with a methyl binding domain, which can further
modify the chromatin to regulate transcription. 5mC in CpG-rich contexts is generally associated with transcriptional
repression. Much of the 5mC content in somatic cells can be attributed to methylation of transposable elements. 5mC
is one of the predominant means for transposable element repression in somatic cells.

In mammals, 5mC is catalysed by DNA methyltransferase enzymes (DNMTs). DNMT1 recognises hemimethy-
lated DNA through the chaperone UHRF]I, and catalyses 5mC following DNA replication. This provides a robust
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mechanism for 5mC maintenance. De novo methylation of cytosine is catalysed by DNMT3 enzymes. DNMT3A and
DNMT3B are important for the de novo methylation of transposable elements. In mouse, DNMT3L is a non-catalytic
homologue of the DNMTs, and is a cofactor for directing DNMT3A and DNMT3B to transposable elements in male
germ cells [56]. DNMT3C has been described in mouse to de novo methylate promoters of evolutionarily young
transposable elements in the male germline [57]. Much of what we know about 5mC function at transposable ele-
ments has been learned by disrupting these enzymes. Generally speaking, depletion of 5mC is associated with marked
transposable element up-regulation and genome instability [7,56,57]. Perturbing DNA methylation has varying ef-
fects on transposable element expression, depending on the class, the cellular and developmental context, and the
evolutionary age of the transposable elements [58-62]. This is in part due to an interplay between DNA methylation
and other silencing pathways that have evolved to ensure robust transposable element repression.

While DNA methylation can acutely silence transposable elements by regulating the chromatin, 5mC can also
induce mutations in the underlying transposable element sequences. 5mC is prone to spontaneous deamination,
yielding a thymine in place of a cytosine [63]. Over time, accumulation of such mutations can restrict transposable
element expression permanently [64]. In this way DNA methylation may contribute to the perpetual immobilisation
of evolutionarily older transposable elements.

5mC can be oxidised by ten-eleven translocation (TET) enzymes, to produce 5-hydroxymethylcytosine (5ShmC)
[65]. It was initially suggested that TET enzymes mediate the erasure of 5mC during epigenetic reprogramming [66].
Indeed, following fertilisation, 5ShmC accumulates on the paternal genome in the zygote concomitant with decreasing
5mC [67]. However in germ cells, loss of 5mC is not accompanied by a reciprocal increase in 5ShmC, suggesting other
mechanisms for DNA demethylation are at play [68]. In both germ cells and the pre-implantation embryo, it has now
been proposed that TET proteins act to limit spurious de novo methylation events, as opposed to global 5mC era-
sure [68,69]. Although limiting TET activity results in 5mC retention at transposable elements, their transcriptional
up-regulation ensues [70]. This highlights that 5mC alone is not sufficient for transposable element silencing, and
that trans-activating factors are able to drive their expression in the presence of 5mC. The function of 5hmC itself at
transposable elements is unclear. While 5hmC seems permissive for transposable element expression, the TET en-
zymes themselves can recruit repressive chromatin modifiers to 5hmC marked transposable elements to limit their
expression, highlighting a dual role for TET enzymes in transposon regulation [71]. Thus, while knockout and in vitro
studies have revealed much about 5mC and 5hmC function at transposable elements, it is important to remember
that their function is dependent on both developmental context and the local chromatin environment.

Adenosine can be methylated at the nitrogen-6 position. N6-methyladenosine (m6A) is the most prevalent DNA
modification in prokaryotic genomes, but has only recently been detected in mouse and human [72,73]. m6A ac-
counts for <1% of adenosine in mammalian genomes. In eukaryotes, m6A is associated with both transcriptional
repression and activation [74,75]. With regards to transposable elements, m6A deposition is associated with repres-
sion of evolutionarily young LINE1 elements in murine embryonic stem cell cultures [72]. In vivo, an increase in m6A
has been associated with LINEI silencing in the mouse brain [76]. Putative m6A events have also been reported in
the promoters of young LINE1 elements in a human lymphoblastoid cell line [77]. It will be interesting to investigate
whether m6A may play a broader role in the establishment of transposable element silencing following epigenetic
reprogramming.

DNA methylation dynamics at transposable elements

DNA methylation dynamics are some of the best characterised throughout mammalian development. Due to the
robust maintenance of DNA methylation by DNMT1, once catalysed, cell type-specific 5mC is stably maintained
through mitosis in somatic cells. In order to give rise to the next generation, the somatic epigenome must be re-
programmed to generate highly specialised germ cells and to restore totipotency in the embryo. It follows that in
mammalian development there are two major periods of epigenetic reprogramming in which somatic 5mcC is al-
most completely erased: during primordial germ cell migration and in the pre-implantation embryo [78-82]. DNA
demthylation can be passive, through the abolition of DNMT1 action such that 5mC is diluted through successive
cell divisions, or active, through the oxidation of 5mC to 5hmC by TET family enzymes. Genome-wide DNA methy-
lation dynamics have been reviewed extensively elsewhere [83-86], so I will focus on 5mC dynamics at transposable
elements.

Murine primordial germ cells emerge ~E6.5, at which time their epigenome resembles the somatic cells of epiblast.
Erasure of 5mC initiates ~E10.5, and DNA methylation is largely erased by E13.5. 5mClevels are reduced at LINE1-Tf
and various ERV elements, while 5mC is somewhat retained at LINE1A and IAP ERV elements in both male and fe-
male PGCs [82]. Loss of 5mC is accompanied by a subtle increase in 5ShmC, that is partially dependent on TETI.
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Reactivation of evolutionarily young LINE1 and IAPs occur concomitantly with the erasure of 5mC [68]. Dynamics
for global 5mC re-establishment differ in parental genomes, and these differences extend to transposable elements
[82]. In males, methylation is established quickly at evolutionarily young IAP ERV and LINE1 elements following re-
programming, and is maintained throughout spermatogenesis (Figure 2). The establishment of 5mC at transposable
elements in male germ cells is critical; perturbation of DNA methylation pathways by DNMT3L or DNMT3C deletion
results in genome instability that leads to apoptosis [56,57]. In female germ cells, methylation is re-established much
more slowly, during the oocyte growth phase following birth. Consistent with reduced 5mC deposition during ooge-
nesis, deletion of DNMT3L does not have as profound an effect as in male cells, and does not result in apoptosis in the
female germ line [87]. Indeed, the female germline may have a higher tolerance for transposable element expression,
in that it is comparable with that of the pre-implantation embryo, accounting for ~20% of the transcriptome [32].
However, this may be dependent on transposable element family; LTR elements are highly expressed in the oocyte,
with MALR elements accounting for the majority of transcripts. Whereas LINE1 expression is relatively low, likely
because uncontrolled LINE1 expression is associated with apoptosis in oocytes [52].

The second wave of epigenetic reprogramming occurs following fertilisation. In the mouse and human zygote, the
paternal genome is actively demethylated and differences in 5mC levels at transposable elements between parental
genomes are largely resolved before the first cleavage division [79-81]. Throughout pre-implantation development,
5mC levels at LTR, LINEs and SINEs steadily decrease, whereas globally, IAPs are somewhat more resistant to DNA
demethylation [88]. In the pre-implantation embryo DNA demethylation dynamics do not fully trace transposable
element expression dynamics; young LINEI, IAP and ERV-L elements peak in expression at the two-cell stage, yet
5mC levels at these elements continue to decline until the blastocyst stage (Figure 2). This highlights that 5mC alone
cannot account for transposable element expression dynamics during pre-implantation development [89]. Upon im-
plantation, almost all transposon activity ceases, concurrent with acquisition of somatic 5mC levels. While DNA
methylation of retrotransposons is well-characterised in the pre-implantation embryo, expression and chromatin dy-
namics at DNA transposons remain relatively underexplored.

In somatic cells, DNA methylation of transposable elements is generally stably maintained, and is proposed to be
the major mode for transposon silencing [84]. Accordingly, transposable element expression is limited in most so-
matic tissues. Nonetheless, LINE1 expression and retrotransposition have been observed in the mouse and human
brain [30,90]. Globally, 5mC levels in the brain are similar to other somatic tissues, however 5ShmC levels are higher,
indicative of active demethylation by TET enzymes [91]. Cell type-specific profiling has revealed GABAergic neu-
rons display reduced 5mC [92]. In vivo, higher rates of LINEI transposition in the human brain have been associated
with reduced 5mC levels [93]. In mouse, neural progenitor cells also display reduced 5mC at ERVs relative to other
somatic tissues, and upon perturbation of histone 3 lysine 9 trimethylation (H3K9me3) by deletion of KAP1, ERV
expression increased significantly, suggesting that reduced 5mC levetals may create a more permissive environment
for transposable element expression [94]. In human neural progenitor cells, DNMT1 deletion results in LINE1 acti-
vation in vitro, which in turn act as alternative promoters to drive expression of a neuronal network [95]. Together
these studies suggest a possible role for LINE1 activation in mammalian neurobiology, regulated in part by reduced
5mC levels at transposable elements in neurons.

Somatic reprogramming is observed in cancer, and DNA demethylation has been suggested to contribute to onco-
genesis [96]. Accordingly, the transposable element burden is high in many cancers. DNA methylation, transpo-
son expression and transposition rates vary depending on the tissue from which the tumour originates, suggest-
ing that while transposable element expression is a common feature of tumours, their function and contribution
to malignancy varies depending on the cellular context (Figure 2) [49,97]. Active transposable elements can insert
themselves into oncogenes and tumour suppressors, perturbing their expression [49,98]. Transposable elements have
been shown to act as regulatory elements and drive the expression of oncogenes [47]. Additionally, cancer-specific
chimeric transcripts have been detected in tumours, originating from transposable element promoters [99]. Further-
more, chromatin relaxation at transposons is permissive for non-homologous recombination [50,51]. Despite the
deleterious effect that transposable element activation has in transformed cells, recent work has shown that ERV ac-
tivation in a number of cancer models can elicit an anti-tumour adaptive immune response that sensitises tumours to
immunotherapy [100,101]. Therefore, somewhat counterintuitively, a more permissive chromatin environment that
enables transposable element up-regulation may be exploited therapeutically in cancer.

Finally, reduced DNA methylation is associated with aging (reviewed in [102]). Global decreases in 5mC levels
have been observed, as well as locus-specific changes that impact gene expression. In humans, aging-associated hy-
pomethylation is seen at both Alu SINE and LINE1 elements [103,104]. Transposable elements are reported to be
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transcriptionally activated and more mobile in aging tissues [105]. It will be important to determine whether trans-
posable element activation associated with aging contributes to degenerative disorders, and whether attenuating DNA
methylation may be of therapeutic benefit in such cases.

Targeting transposable elements for DNA methylation

A highly conserved pathway for targeting 5mC to transposable elements is the PTWI-interacting RNA (piRNA) path-
way (reviewed in [106]). In mammals, the piRNA pathway is predominantly active in male germ cells. piRNAs are
generated from both long non-coding RNAs transcribed from piRNA clusters containing transposon remnants, and
from the mRNA of transposable elements themselves [107,108]. The primary piRNA molecules are processed in the
cytoplasm by MILI in mouse, and are transported back into the nucleus where they interact with MIWI2 to pair
with complementary nascent mRNAs (Figure 3). Mili and Miwi2 mutant mice both show aberrant expression of
LINEL, SINEBI and IAP elements, associated with DNA hypomethylation [109,110]. The mechanism by which piR-
NAs direct DNA methylation of transposable elements in the male germline is unknown; however, a direct interaction
between PIWI proteins and DNMT3A or 3B could not be detected, and the pathway has been placed upstream of
DNMTS3L [107]. The piRNA pathway is also active in oocytes, however oocytes lacking the PIWI proteins do not
show such marked up-regulation of transposable elements, and only IAP expression significantly increases [111].
Given the female germline is less sensitive to loss of DNMT3L, and that global 5mC levels are much lower than in the
male germline, it is not surprising that the piRNA pathway functions differently between sexes. In the oocyte a subset
of transposons appears to be regulated by DICER-dependent endogenous siRNA (endosiRNA). Similarly, in vitro,
acute depletion of 5mC in embryonic stem cells results in the production of DICER-dependent endosiRNAs that act
to limit transposon expression [61]; however, it has not been investigated whether there is a link with endosiRNA
pathways and de novo DNA methylation [112].

Following reprogramming in the zygote, 5mC is maintained at a subset of IAP elements, and needs to be re-
stored at transposable elements globally by implantation. Deletion of the E3 ubiquitin ligase, UhrfI in mouse oocytes
lead to reduced 5mC at IAPs in the pre-implantation embryo [113]. UHRFI is able to bind both hemimethylated
DNA or H3K9me2/3 at the replication fork and recruit DNMT1 to ensure the maintenance of 5mC following mi-
tosis [114] (Figure 3). Indeed, transposable elements resistant to DNA demethylation are enriched for H3K9me3
in the pre-implantation embryo, indicative of cross-talk between histone methylation and DNA methylation path-
ways for the maintenance of 5mC [115]. This cross-talk is further exemplified by the interaction between the
KRAB-ZNF-KAPI and DNMT pathways in the early embryo. Zinc finger proteins (ZNF) with a KRAB domain bind
transposable elements specifically and recruit KAP1 to the chromatin. KAP1 in turn recruits the lysine methyltrans-
ferase SETDBI to catalyse H3K9me2/3, which is followed by the deposition of 5mC (Figure 3) (reviewed in [116]).
In vitro, the HUSH complex can recruit SETDB1 and 5mC to exogenous retroviruses [117,118]. As components of
the HUSH complex localise to ERV and LINE1 elements, and repress evolutionarily young LINE1 elements in mouse
embryonic stem cells, it would be interesting to investigate a possible cross-talk with KRAB-ZNF-KAP1 and DNMT
pathways in development [118]. While the intersection of histone and DNA methylation pathways exists, it is worth
highlighting that evolutionarily older transposable elements are targets for KRAB-ZNF-KAP1-mediated H3K9me3
deposition, whereas evolutionarily younger transposons tend to show a greater dependency on DNA methylation
[119].

While H3K9me3 and 5mC can cooperate to silence transposable elements, trimethylation of histone 3 on lysine
residue 27 (H3K27me3) does not occupy transposable elements marked by 5mC. Upon 5mC depletion in vitro,
H3K27me3 redistributes over the repetitive genome and operates as an alternative silencing pathway to DNA methy-
lation [59]. No such H3K27me3 compensatory pathways have been observed in vivo, although it would be interesting
to investigate following sustained 5mC depletion, such as in the female germline or tumour cells.

In somatic cells, recent work has identified the transcription factor Ying Yang 1 (YY1) in the establishment of 5mC
in the promoter of young LINE1 elements in the human brain [93]. Truncations and mutations in the YY1 binding
motif embedded in the LINE1 promoter reduce YY1 occupancy, and are associated with DNA hypomethylation,
transcriptional up-regulation and increased LINE1 mobilisation. The mechanisms underlying YY1-mediated 5mC
deposition remain to be investigated. Conversely, in vitro, it has been shown that YY1 can activate antisense LINE1
expression [120]. An activating function for YY1 at LINEI elements has not yet been identified in vivo, however
precedent for dual activating and repressive functions is set by the TET family proteins. Further investigation will be
necessary to better understand whether a dual role for YY1 in LINEI regulation may exist in different developmental
contexts.
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Figure 3. Targeting DNA methylation to transposable elements

DNA methylation is de novo targeted to transposable elements by non-coding RNAs (A) or histone modifications (B). (A) In male
germ cells, primary piRNA molecules are transcribed from transposable elements themselves, or piRNA clusters, exported to the
cytoplasm and processed by MILI. MIWI2 binds the processed piRNAs, returns to the nucleus and targets nascent transcription of

transposable elements for DNA methylation. (B) KRAB-ZNF (zinc finger) proteins have evolved to recognise specific transposable
element families. KRAB-ZNF proteins recruit KAP1 followed by SETDB1, which methylates H3K9. The transposable element sub-
sequently acquired de novo DNA methylation. (C) DNA methylation is maintained by UHRF1. UHRF1 recognises hemimethylated
DNA and chromatin marked by H3K9me2/3 at the replication fork, and recruits DNMT1 to maintain DNA methylation at a subset
of transposable elements during pre-implantation development.

Conclusion

DNA methylation is an integral feature of transposable element control in mammals. Genome-wide mapping of 5mC
throughout development has revealed a complex interplay between transposable elements, DNA methylation and
other chromatin modifying pathways, which act in concert to ensure timely activation and repression of transposable
elements during defined developmental windows. While differences between DNA methylation dynamics can often
be explained by evolutionary age, or genetic sequence, in many cases it is unclear as to why transposable elements
are differentially methylated or have differing sensitivities to loss of 5mC. Our understanding of the developmental
function of transposable elements is in its infancy. The elucidation of specific transposable element family functions
will likely help to make sense of why different classes are subject to differential regulation by 5mC, and may even reveal
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novel roles for 5mC in genome regulation. Exploration of transposable element activation in diseases may also present
novel therapeutic avenues, as has recently been demonstrated by attenuating DNA methylation in cancer cells. In both
development and disease, the study of transposable elements is shifting from merely descriptive to functional, and
regulatory pathways that target transposable elements will undeniably be entwined in enhancing our understanding
of transposable element biology.

Summary

e Transposable elements are a source of structural and regulatory sequences, and are subject to epi-
genetic regulation.

e DNA methylation is employed to limit the expression and mobilisation of transposable elements in
the host genome.

e DNA methylation at transposable elements is relatively stable in most somatic cells, but is repro-
grammed in germ cells and the pre-implantation embryo concomitant with the highest transposable
element activity.

e DNA methylation acts in concert with other epigenetic complexes and chromatin modifications to
enable robust silencing of transposable elements.

Funding

N.J. is supported by an Alexander von Humboldt Foundation Fellowship for Postdoctoral Researchers.

Competing Interests
The author declares that there are no competing interests associated with the manuscript.

Abbreviations

DNMT, DNA methyltransferase; endosiRNA, endogenous siRNA; ERV, endogenous retrovirus; H3K9me3, Histone 3 lysine

9 trimethylation; H3K27me3HH, Histone 3 lysine 27 trimethylation; IAP, Intracisternal A-type particle element; LINE, long
interspersed nuclear element; LTR, long terminal repeat; m6A, N6-methyladenosine; PGC, Primordial germ cells; piRNA,
PIWI-interacting RNA; SINE, short interspersed nuclear element; TET, Ten-eleven translocation; YY1, Ying Yang 1; ZNF, Zinc
finger protein; 5hmC, 5-hydroxymethylcytosine.

References

1 International Human Genome Sequencing Consortium (2001) Initial sequencing and analysis of the human genome. Nature 409, 860-921,
https://doi.org/10.1038/35057062

2 Mouse Genome Sequencing Consortium (2002) Initial sequencing and comparative analysis of the mouse genome. Nature 420, 520562,
https://doi.org/10.1038/nature01262

3 0hno, S. (1972) So much “junk” DNA in our genome. Brookhaven Symp. Biol. 23, 366—-370

4 Rodriguez-Terrones, D. and Torres-Padilla, M.-E. (2018) Nimble and ready to mingle: transposon outbursts of early development. Trends Genet. 34,
806-820, https://doi.org/10.1016/j.tig.2018.06.006

5 Meissner, A., Mikkelsen, T.S., Gu, H., Wernig, M., Hanna, J., Sivachenko, A. et al. (2008) Genome-scale DNA methylation maps of pluripotent and
differentiated cells. Nature 454, 766770, https://doi.org/10.1038/nature07107

6 Lister, R., Pelizzola, M., Dowen, R.H., Hawkins, R.D., Hon, G., Tonti-Filippini, J. et al. (2009) Human DNA methylomes at base resolution show
widespread epigenomic differences. Nature 462, 315322, https://doi.org/10.1038/nature08514

7 Walsh, C.P, Chaillet, J.R. and Bestor, T.H. (1998) Transcription of IAP endogenous retroviruses is constrained by cytosine methylation. Nat. Genet. 20,
116-117, https://doi.org/10.1038/2413

8  McClintock, B. (1956) Controlling elements and the gene. Cold Spring Harb. Symp. Quant. Biol. 21, 197-216,
https://doi.org/10.1101/SQB.1956.021.01.017

9 Davidson, E.H. and Britten, R.J. (1979) Regulation of gene expression: possible role of repetitive sequences. Science 204, 1052-1059,
https://doi.org/10.1126/science.451548

10 Peaston, A.E., Evsikov, A.V., Graber, J.H., de Vries, W.N., Holbrook, A.E., Solter, D. et al. (2004) Retrotransposons regulate host genes in mouse oocytes
and preimplantation embryos. Dev. Cell 7, 597-606, https://doi.org/10.1016/j.devcel.2004.09.004

(© 2019 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society 685

020z Asenuer /z Uo J8sn HAWIS UBYOUNN WINJUSZ-ZyoywieH Aq Jpd-06£00-610Z-008/0S2798/LL9/9/E9/IPd-0[oIIE/WaY0IGsAeSSe /W00 ssaidpuelLod)/:sdny woly papeojumoq


https://doi.org/10.1038/35057062
https://doi.org/10.1038/nature01262
https://doi.org/10.1016/j.tig.2018.06.006
https://doi.org/10.1038/nature07107
https://doi.org/10.1038/nature08514
https://doi.org/10.1038/2413
https://doi.org/10.1101/SQB.1956.021.01.017
https://doi.org/10.1126/science.451548
https://doi.org/10.1016/j.devcel.2004.09.004

o = PORTLAND
09 rress

686

1

12

13

14

15

16

17

18

19

20

21

22

23

24

25
26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Essays in Biochemistry (2019) 63 677-689
https://doi.org/10.1042/EBC20190039

Percharde, M., Lin, C.-J., Yin, Y., Guan, J., Peixoto, G.A., Bulut-Karslioglu, A. et al. (2018) A LINE1-Nucleolin partnership regulates early development
and ESC identity. Cell 174, 391-405.e19, https://doi.org/10.1016/j.cell.2018.05.043

Chuong, E.B., Rumi, M.A.K., Soares, M.J. and Baker, J.C. (2013) Endogenous retroviruses function as species-specific enhancer elements in the
placenta. Nat. Genet. 45, 325-329, https://doi.org/10.1038/ng.2553

Chow, J.C., Ciaudo, C., Fazzari, M.J., Mise, N., Servant, N., Glass, J.L. et al. (2010) LINE-1 activity in facultative heterochromatin formation during X
chromosome inactivation. Cell 141, 956-969, https://doi.org/10.1016/j.cell.2010.04.042

Falk, M., Feodorova, Y., Naumova, N., Imakaev, M., Lajoie, B.R., Leonhardt, H. et al. (2019) Heterochromatin drives compartmentalization of inverted
and conventional nuclei. Nature 570, 395-399, https://doi.org/10.1038/s41586-019-1275-3

Pontis, J., Planet, E., Offner, S., Turelli, P., Duc, J., Coudray, A. et al. (2019) Hominoid-specific transposable elements and KZFPs facilitate human
embryonic genome activation and control transcription in naive human ESCs. Cell Stem Cell 24, 724735,
https://doi.org/10.1016/j.stem.2019.03.012

Fuentes, D.R., Swigut, T. and Wysocka, J. (2018) Systematic perturbation of retroviral LTRs reveals widespread long-range effects on human gene
regulation. eLife 7, e35989, https://doi.org/10.7554/eLife.35989

Coshy, R.L., Chang, N.-C. and Feschotte, C. (2019) Host-transposon interactions: conflict, cooperation, and cooption. Genes Dev. 33, 1098—1116,
https://doi.org/10.1101/gad.327312.119

Gilbert, C. and Feschotte, C. (2018) Horizontal acquisition of transposable elements and viral sequences: patterns and consequences. Curr. Opin.
Genet. Dev. 49, 15-24, https://doi.org/10.1016/j.9de.2018.02.007

Xiong, Y. and Eickbush, T.H. (1990) Origin and evolution of retroelements based upon their reverse transcriptase sequences. EMBO J. 9, 3353-3362,
https://doi.org/10.1002/j.1460-2075.1990.tb07536.x

Ribet, D., Harper, F., Dupressoir, A., Dewannieux, M., Pierron, G. and Heidmann, T. (2008) An infectious progenitor for the murine IAP retrotransposon:
Emergence of an intracellular genetic parasite from an ancient retrovirus. Genome Res. 18, 597-609, https://doi.org/10.1101/gr.073486.107

Pace, J.K. and Feschotte, C. (2007) The evolutionary history of human DNA transposons: Evidence for intense activity in the primate lineage. Genome
Res. 17, 422-432, https://doi.org/10.1101/gr.5826307

Maksakova, I.A., Romanish, M.T., Gagnier, L., Dunn, C.A., van de Lagemaat, L.N. and Mager, D.L. (2006) Retroviral elements and their hosts:
insertional mutagenesis in the mouse germ line. PLoS Genet. 2, e2, https://doi.org/10.1371/journal.pgen.0020002

Naas, T.P., DeBerardinis, R.J., Moran, J.V., Ostertag, E.M., Kingsmore, S.F., Seldin, M.F. et al. (1998) An actively retrotransposing, novel subfamily of
mouse L1 elements. EMBO J. 17, 590-597, https://doi.org/10.1093/emboj/17.2.590

Beck, C.R., Collier, P., Macfarlane, C., Malig, M., Kidd, J.M., Eichler, E.E. et al. (2010) LINE-1 retrotransposition activity in human genomes. Cell 141,
1159-1170, https://doi.org/10.1016/j.cell.2010.05.021

Lynch, M. and Conery, J.S. (2003) The origins of genome complexity. Science 302, 1401-1404, https://doi.org/10.1126/science.1089370
Dewannieux, M., Esnault, C. and Heidmann, T. (2003) LINE-mediated retrotransposition of marked Alu sequences. Nat. Genet. 35, 41-48,
https://doi.org/10.1038/ng1223

Dewannieux, M., Harper, F., Richaud, A., Letzelter, C., Ribet, D., Pierron, G. et al. (2006) Identification of an infectious progenitor for the multiple-copy
HERV-K human endogenous retroelements. Genome Res. 16, 1548—1556, https://doi.org/10.1101/gr.5565706

Heldmann, 0. and Heidmann, T. (1991) Retrotransposition of a mouse IAP sequence tagged with an indicator gene. Cell 64, 159-170,
https://doi.org/10.1016/0092-8674(91)90217-M

Dewannieux, M., Dupressoir, A., Harper, F., Pierron, G. and Heidmann, T. (2004) Identification of autonomous IAP LTR retrotransposons mobile in
mammalian cells. Nat. Genet. 36, 534-539, https://doi.org/10.1038/ng1353

Muotri, A.R., Chu, V.T., Marchetto, M.C.N., Deng, W., Moran, J.V. and Gage, F.H. (2005) Somatic mosaicism in neuronal precursor cells mediated by L1
retrotransposition. Nature 435, 903-910, https://doi.org/10.1038/nature03663

Todd, C.D., Deniz, 0, Taylor, D. and Branco, M.R. (2019) Functional evaluation of transposable elements as enhancers in mouse embryonic and
trophoblast stem cells. eLife 8, e44344, https://doi.org/10.7554/eLife.44344

Fadloun, A., Le Gras, S., Jost, B., Ziegler-Birling, C., Takahashi, H., Gorab, E. et al. (2013) Chromatin signatures and retrotransposon profiling in mouse
embryos reveal regulation of LINE-1 by RNA. Nat. Struct. Mol. Biol. 20, 332-338, https://doi.org/10.1038/nsmb.2495

Goke, J., Lu, X., Chan, Y.-S., Ng, H.-H., Ly, L.-H., Sachs, F. et al. (2015) Dynamic transcription of distinct classes of endogenous retroviral elements
marks specific populations of early human embryonic cells. Cell Stem Cell 16, 135—141, https://doi.org/10.1016/j.stem.2015.01.005

Beraldi, R., Pittoggi, C., Sciamanna, |., Mattei, E. and Spadafora, C. (2006) Expression of LINE-1 retroposons is essential for murine preimplantation
development. Mol. Reprod. Dev. 73, 279-287, https://doi.org/10.1002/mrd.20423

Jachowicz, J.W., Bing, X., Pontabry, J., BoSkovic, A., Rando, 0.J. and Torres-Padilla, M.-E. (2017) LINE-1 activation after fertilization regulates global
chromatin accessibility in the early mouse embryo. Nat. Genet. 49, 1502-1510, https://doi.org/10.1038/ng.3945

Macfarlan, T.S., Gifford, W.D., Driscoll, S., Lettieri, K., Rowe, H.M., Bonanomi, D. et al. (2012) ES cell potency fluctuates with endogenous retrovirus
activity. Nature 487, 57-63, https://doi.org/10.1038/nature11244

De laco, A., Planet, E., Coluccio, A., Verp, S., Duc, J. and Trono, D. (2017) DUX-family transcription factors regulate zygotic genome activation in
placental mammals. Nat. Genet. 49, 941-945, https://doi.org/10.1038/ng.3858

Hendrickson, P.G., Dorais, J.A., Grow, E.J., Whiddon, J.L., Lim, J.-W., Wike, C.L. et al. (2017) Conserved roles of mouse DUX and human DUX4 in
activating cleavage-stage genes and MERVL/HERVL retrotransposons. Nat. Genet. 49, 925-934, https://doi.org/10.1038/ng.3844

Whiddon, J.L., Langford, A.T., Wong, C.-J., Zhong, J.W. and Tapscott, S.J. (2017) Conservation and innovation in the DUX4-family gene network. Nat.
Genet. 49, 935-940, https://doi.org/10.1038/ng.3846

Grow, E.J., Flynn, R.A., Chavez, S.L., Bayless, N.L., Wossidlo, M., Wesche, D.J. et al. (2015) Intrinsic retroviral reactivation in human preimplantation
embryos and pluripotent cells. Nature 522, 221-225, https://doi.org/10.1038/nature14308

(© 2019 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

020z Asenuer /z Uo J8sn HAWIS UBYOUNN WINJUSZ-ZyoywieH Aq Jpd-06£00-610Z-008/0S2798/LL9/9/E9/IPd-0[oIIE/WaY0IGsAeSSe /W00 ssaidpuelLod)/:sdny woly papeojumoq


https://doi.org/10.1016/j.cell.2018.05.043
https://doi.org/10.1038/ng.2553
https://doi.org/10.1016/j.cell.2010.04.042
https://doi.org/10.1038/s41586-019-1275-3
https://doi.org/10.1016/j.stem.2019.03.012
https://doi.org/10.7554/eLife.35989
https://doi.org/10.1101/gad.327312.119
https://doi.org/10.1016/j.gde.2018.02.007
https://doi.org/10.1002/j.1460-2075.1990.tb07536.x
https://doi.org/10.1101/gr.073486.107
https://doi.org/10.1101/gr.5826307
https://doi.org/10.1371/journal.pgen.0020002
https://doi.org/10.1093/emboj/17.2.590
https://doi.org/10.1016/j.cell.2010.05.021
https://doi.org/10.1126/science.1089370
https://doi.org/10.1038/ng1223
https://doi.org/10.1101/gr.5565706
https://doi.org/10.1016/0092-8674(91)90217-M
https://doi.org/10.1038/ng1353
https://doi.org/10.1038/nature03663
https://doi.org/10.7554/eLife.44344
https://doi.org/10.1038/nsmb.2495
https://doi.org/10.1016/j.stem.2015.01.005
https://doi.org/10.1002/mrd.20423
https://doi.org/10.1038/ng.3945
https://doi.org/10.1038/nature11244
https://doi.org/10.1038/ng.3858
https://doi.org/10.1038/ng.3844
https://doi.org/10.1038/ng.3846
https://doi.org/10.1038/nature14308

Essays in Biochemistry (2019) 63 677-689 °
https://doi.org/10.1042/EBC20190039 '. (] EROE%ELAND
°

41 Han, J.S., Szak, S.T. and Boeke, J.D. (2004) Transcriptional disruption by the L1 retrotransposon and implications for mammalian transcriptomes.
Nature 429, 268274, https://doi.org/10.1038/nature02536

42 Hancks, D.C. and Kazazian, H.H. (2016) Roles for retrotransposon insertions in human disease. Mob. DNA7, 9,
https://doi.org/10.1186/s13100-016-0065-9

43 Wang, L., Norris, E.T. and Jordan, I.K. (2017) Human retrotransposon insertion polymorphisms are associated with health and disease via gene
regulatory phenotypes. Front. Microbiol. 8, 1418, https://doi.org/10.3389/fmicb.2017.01418

44 Rodi¢, N., Sharma, R., Sharma, R., Zampella, J., Dai, L., Taylor, M.S. et al. (2014) Long interspersed element-1 protein expression is a hallmark of
many human cancers. Am. J. Pathol. 184, 1280-1286, https://doi.org/10.1016/j.ajpath.2014.01.007

45 (Gama-Sosa, M.A., Slagel, V.A., Trewyn, R.W., Oxenhandler, R., Kuo, K.C., Gehrke, C.W. et al. (1983) The 5-methylcytosine content of DNA from human
tumors. Nucleic Acids Res. 11, 6883—-6894, https://doi.org/10.1093/nar/11.19.6883

46 Scott, E.C., Gardner, E.J., Masood, A., Chuang, N.T., Vertino, PM. and Devine, S.E. (2016) A hot L1 retrotransposon evades somatic repression and
initiates human colorectal cancer. Genome Res. 26, 745-755, https://doi.org/10.1101/gr.201814.115

47 Jang, H.S., Shah, N.M., Du, A.Y., Dailey, Z.Z., Pehrsson, E.C., Godoy, P.M. et al. (2019) Transposable elements drive widespread expression of
oncogenes in human cancers. Nat. Genet. 51, 611, https://doi.org/10.1038/s41588-019-0373-3

48 Shukla, R., Upton, K.R., Mufioz-Lopez, M., Gerhardt, D.J., Fisher, M.E., Nguyen, T. et al. (2013) Endogenous retrotransposition activates oncogenic
pathways in hepatocellular carcinoma. Cell 153, 101-111, https://doi.org/10.1016/j.cell.2013.02.032

49 Lee, E., Iskow, R., Yang, L., Gokcumen, 0., Haseley, P., Luquette, L.J. et al. (2012) Landscape of somatic retrotransposition in human cancers. Science
337, 967-971, https://doi.org/10.1126/science.1222077

50 Daskalos, A., Nikolaidis, G., Xinarianos, G., Savvari, P., Cassidy, A., Zakopoulou, R. et al. (2009) Hypomethylation of retrotransposable elements
correlates with genomic instability in non-small cell lung cancer. Int. J. Cancer 124, 81-87, https://doi.org/10.1002/ijc.23849

51 Eden, A., Gaudet, F., Waghmare, A. and Jaenisch, R. (2003) Chromosomal instability and tumors promoted by DNA hypomethylation. Science 300,
455-455, https://doi.org/10.1126/science.1083557

52 Malki, S., van der Heijden, G.W., 0’Donnell, K.A., Martin, S.L. and Bortvin, A. (2014) A role for retrotransposon LINE-1 in fetal oocyte attrition in mice.
Dev. Cell 29, 521-533, https://doi.org/10.1016/j.devcel.2014.04.027

53 Baker, T.G. and Zuckerman, S. (1963) A quantitative and cytological study of germ cells in human ovaries. Proc. R. Soc. Lond. B Biol. Sci. 158,
417-433, https://doi.org/10.1098/rspb.1963.0055

54 Tharp, M.E., Malki, S. and Bortvin, A. (2019) Evading non-essential fetal oocyte attrition maximizes the ovarian reserve. bioRxiv,
https://doi.org/10.1101/656645

55 Yoder, J.A., Walsh, C.P. and Bestor, T.H. (1997) Cytosine methylation and the ecology of intragenomic parasites. Trends Genet. 13, 335-340,
https://doi.org/10.1016/S0168-9525(97)01181-5

56 Bourc’his, D. and Bestor, T.H. (2004) Meiotic catastrophe and retrotransposon reactivation in male germ cells lacking Dnmt3L. Nature 431, 96-99,
https://doi.org/10.1038/nature02886

57 Barau, J., Teissandier, A., Zamudio, N., Roy, S., Nalesso, V., Hérault, Y. et al. (2016) The DNA methyltransferase DNMT3C protects male germ cells
from transposon activity. Science 354, 909-912, https://doi.org/10.1126/science.aah5143

58 Hutnick, L.K., Huang, X., Loo, T.-C., Ma, Z. and Fan, G. (2010) Repression of retrotransposal elements in mouse embryonic stem cells is primarily
mediated by a DNA methylation-independent mechanism. J. Biol. Chem. 285, 21082-21091, https://doi.org/10.1074/jbc.M110.125674

59 Walter, M., Teissandier, A., Pérez-Palacios, R. and Bourc’his, D. (2016) An epigenetic switch ensures transposon repression upon dynamic loss of DNA
methylation in embryonic stem cells. eLife 5, e11418, https://doi.org/10.7554/eLife.11418

60 Karimi, M.M., Goyal, P., Maksakova, |.A., Bilenky, M., Leung, D., Tang, J.X. et al. (2011) DNA methylation and SETDB1/H3K9me3 regulate
predominantly distinct sets of genes, retroelements, and chimeric transcripts in mESCs. Cell Stem Cell 8, 676—-687,
https://doi.org/10.1016/j.stem.2011.04.004

61 Berrens, R.V., Andrews, S., Spensberger, D., Santos, F., Dean, W., Gould, P. et al. (2017) An endosiRNA-based repression mechanism counteracts
transposon activation during global DNA demethylation in embryonic stem cells. Cell Stem Cell 21, 694-703.e7,
https://doi.org/10.1016/j.stem.2017.10.004

62 Coluccio, A., Ecco, G., Duc, J., Offner, S., Turelli, P. and Trono, D. (2018) Individual retrotransposon integrants are differentially controlled by
KZFP/KAP1-dependent histone methylation, DNA methylation and TET-mediated hydroxymethylation in naive embryonic stem cells. Epigenetics
Chromatin 11, 7, https://doi.org/10.1186/s13072-018-0177-1

63 Sved, J. and Bird, A. (1990) The expected equilibrium of the CpG dinucleotide in vertebrate genomes under a mutation model. Proc. Natl. Acad. Sci.
U.S.A. 87, 4692-4696, https://doi.org/10.1073/pnas.87.12.4692

64 Britten, R.J., Baron, W.F,, Stout, D.B. and Davidson, E.H. (1988) Sources and evolution of human Alu repeated sequences. Proc. Natl. Acad. Sci. U.S.A.
85, 4770-4774, https://doi.org/10.1073/pnas.85.13.4770

65 Tahiliani, M., Koh, K.P., Shen, Y., Pastor, W.A., Bandukwala, H., Brudno, Y. et al. (2009) Conversion of 5-Methylcytosine to 5-Hydroxymethylcytosine in
mammalian DNA by MLL Partner TET1. Science 324, 930-935, https://doi.org/10.1126/science.1170116

66 Yamaguchi, S., Hong, K., Liu, R., Inoue, A., Shen, L., Zhang, K. et al. (2013) Dynamics of 5-methylcytosine and 5-hydroxymethylcytosine during germ
cell reprogramming. Cell Res. 23, 329-339, https://doi.org/10.1038/cr.2013.22

67 Wossidlo, M., Nakamura, T., Lepikhov, K., Marques, C.J., Zakhartchenko, V., Boiani, M. et al. (2011) 5-Hydroxymethylcytosine in the mammalian
zygote is linked with epigenetic reprogramming. Nat. Commun. 2, 241, https://doi.org/10.1038/ncomms1240

68 Hill, PW.S., Leitch, H.G., Requena, C.E., Sun, Z., Amouroux, R., Roman-Trufero, M. et al. (2018) Epigenetic reprogramming enables the transition from
primordial germ cell to gonocyte. Nature 555, 392—-396, https://doi.org/10.1038/nature25964

(© 2019 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society 687

020z Asenuer /z Uo J8sn HAWIS UBYOUNN WINJUSZ-ZyoywieH Aq Jpd-06£00-610Z-008/0S2798/LL9/9/E9/IPd-0[oIIE/WaY0IGsAeSSe /W00 ssaidpuelLod)/:sdny woly papeojumoq


https://doi.org/10.1038/nature02536
https://doi.org/10.1186/s13100-016-0065-9
https://doi.org/10.3389/fmicb.2017.01418
https://doi.org/10.1016/j.ajpath.2014.01.007
https://doi.org/10.1093/nar/11.19.6883
https://doi.org/10.1101/gr.201814.115
https://doi.org/10.1038/s41588-019-0373-3
https://doi.org/10.1016/j.cell.2013.02.032
https://doi.org/10.1126/science.1222077
https://doi.org/10.1002/ijc.23849
https://doi.org/10.1126/science.1083557
https://doi.org/10.1016/j.devcel.2014.04.027
https://doi.org/10.1098/rspb.1963.0055
https://doi.org/10.1101/656645
https://doi.org/10.1016/S0168-9525(97)01181-5
https://doi.org/10.1038/nature02886
https://doi.org/10.1126/science.aah5143
https://doi.org/10.1074/jbc.M110.125674
https://doi.org/10.7554/eLife.11418
https://doi.org/10.1016/j.stem.2011.04.004
https://doi.org/10.1016/j.stem.2017.10.004
https://doi.org/10.1186/s13072-018-0177-1
https://doi.org/10.1073/pnas.87.12.4692
https://doi.org/10.1073/pnas.85.13.4770
https://doi.org/10.1126/science.1170116
https://doi.org/10.1038/cr.2013.22
https://doi.org/10.1038/ncomms1240
https://doi.org/10.1038/nature25964

o = PORTLAND
09 rress

688

69

70

71

72

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

Essays in Biochemistry (2019) 63 677-689
https://doi.org/10.1042/EBC20190039

Amouroux, R., Nashun, B., Shirane, K., Nakagawa, S., Hill, PW., D’Souza, Z. et al. (2016) De novo DNA methylation drives 5hmC accumulation in
mouse zygotes. Nat. Cell Biol. 18, 225-233, https://doi.org/10.1038/ncb3296

Inoue, A., Matoba, S. and Zhang, Y. (2012) Transcriptional activation of transposable elements in mouse zygotes is independent of Tet3-mediated
5-methylcytosine oxidation. Cell Res. 22, 16401649, https://doi.org/10.1038/cr.2012.160

de la Rica, L., Deniz, 0, Cheng, K.C.L., Todd, C.D., Cruz, C., Houseley, J. et al. (2016) TET-dependent regulation of retrotransposable elements in
mouse embryonic stem cells. Genome Biol. 17, 234, https://doi.org/10.1186/s13059-016-1096-8

Wu, TP, Wang, T, Seetin, M.G., Lai, Y., Zhu, S., Lin, K. et al. (2016) DNA methylation on A®-adenine in mammalian embryonic stem cells. Nature
532, 329-333, https://doi.org/10.1038/nature17640

Xiao, C.-L., Zhu, S., He, M., Chen, D., Zhang, Q., Chen, Y. et al. (2018) N6-Methyladenine DNA modification in the human genome. Mol. Cell 71,
306-318, https://doi.org/10.1016/j.molcel.2018.06.015

Zhang, G., Huang, H., Liu, D., Cheng, Y., Liu, X., Zhang, W. et al. (2015) N6-Methyladenine DNA modification in Drosophila. Cell 161, 893—-906,
https://doi.org/10.1016/j.cell.2015.04.018

Greer, E.L., Blanco, M.A., Gu, L., Sendinc, E., Liu, J., Aristizabal-Corrales, D. et al. (2015) DNA methylation on N6-adenine in C. elegans. Cell 161,
868-878, https://doi.org/10.1016/j.cell.2015.04.005

Yao, B., Cheng, Y., Wang, Z., Li, Y., Chen, L., Huang, L. et al. (2017) DNA N6-methyladenine is dynamically regulated in the mouse brain following
environmental stress. Nat. Commun. 8, 1-10, https://doi.org/10.1038/s41467-017-01195-y

Zhu, S., Beaulaurier, J., Deikus, G., Wu, T.P., Strahl, M., Hao, Z. et al. (2018) Mapping and characterizing N6-methyladenine in eukaryotic genomes
using single-molecule real-time sequencing. Genome Res. 28, 1067—1078, https://doi.org/10.1101/gr.231068.117

Hajkova, P., Erhardt, S., Lane, N., Haaf, T., EI-Maarri, 0., Reik, W. et al. (2002) Epigenetic reprogramming in mouse primordial germ cells. Mech. Dev.
117, 15-23, https://doi.org/10.1016/50925-4773(02)00181-8

Smith, Z.D., Chan, M.M., Mikkelsen, T.S., Gu, H., Gnirke, A., Regev, A. et al. (2012) A unique regulatory phase of DNA methylation in the early
mammalian embryo. Nature 484, 339-344, https://doi.org/10.1038/nature10960

Smith, Z.D., Chan, M.M., Humm, K.C., Karnik, R., Mekhoubad, S., Regev, A. et al. (2014) DNA methylation dynamics of the human preimplantation
embryo. Nature 511, 611-615, https://doi.org/10.1038/nature13581

Guo, H., Zhu, P, Yan, L., Li, R., Hu, B., Lian, Y. et al. (2014) The DNA methylation landscape of human early embryos. Nature 511, 606-610,
https://doi.org/10.1038/nature13544

Seisenberger, S., Andrews, S., Krueger, F,, Arand, J., Walter, J., Santos, F. et al. (2012) The dynamics of genome-wide DNA methylation
reprogramming in mouse primordial germ cells. Mol. Cell 48, 849-862, https://doi.org/10.1016/j.molcel.2012.11.001

lurlaro, M., von Meyenn, F. and Reik, W. (2017) DNA methylation homeostasis in human and mouse development. Curr. Opin. Genet. Dev. 43,
101-109, https://doi.org/10.1016/j.9de.2017.02.003

Smith, Z.D. and Meissner, A. (2013) DNA methylation: roles in mammalian development. Nat. Rev. Genet. 14, 204-220,
https://doi.org/10.1038/nrg3354

Tang, W.W.C., Kobayashi, T., Irie, N., Dietmann, S. and Surani, M.A. (2016) Specification and epigenetic programming of the human germ line. Nat.
Rev. Genet. 17, 585-600, https://doi.org/10.1038/nrg.2016.88

Greenberg, M.V.C. and Bourc’his, D. (2019) The diverse roles of DNA methylation in mammalian development and disease. Nat. Rev. Mol. Cell Biol.
20, 590-607, https://doi.org/10.1038/s41580-019-0159-6

Bourc’his, D., Xu, G.-L., Lin, C.-S., Bollman, B. and Bestor, T.H. (2001) Dnmt3L and the establishment of maternal genomic imprints. Science 294,
25362539, https://doi.org/10.1126/science.1065848

Lane, N., Dean, W., Erhardt, S., Hajkova, P., Surani, A., Walter, J. et al. (2003) Resistance of IAPs to methylation reprogramming may provide a
mechanism for epigenetic inheritance in the mouse. Genesis 35, 88-93, https://doi.org/10.1002/gene.10168

Shimosuga, K., Fukuda, K., Sasaki, H. and Ichiyanagi, K. (2017) Locus-specific hypomethylation of the mouse IAP retrotransposon is associated with
transcription factor-binding sites. Mob. DNA 8, 20, https://doi.org/10.1186/s13100-017-0105-0

Coufal, N.G., Garcia-Perez, J.L., Peng, G.E., Yeo, G.W., Mu, Y., Lovci, M.T. et al. (2009) L1 retrotransposition in human neural progenitor cells. Nature
460, 1127-1131, https://doi.org/10.1038/nature08248

Globisch, D., Miinzel, M., Miiller, M., Michalakis, S., Wagner, M., Koch, S. et al. (2010) Tissue distribution of 5-Hydroxymethylcytosine and search for
active demethylation intermediates. PLoS ONE 5, e15367, https://doi.org/10.1371/journal.pone.0015367

Kozlenkov, A., Wang, M., Roussos, P., Rudchenko, S., Barbu, M., Bibikova, M. et al. (2016) Substantial DNA methylation differences between two
major neuronal subtypes in human brain. Nucleic Acids Res. 44, 2593-2612, https://doi.org/10.1093/nar/gkv1304

Sanchez-Luque, F.J., Kempen, M.-J.H.C., Gerdes, P., Vargas-Landin, D.B., Richardson, S.R., Troskie, R.-L. et al. (2019) LINE-1 evasion of epigenetic
repression in humans. Mol. Cell, https://doi.org/10.1016/j.molcel.2019.05.024

Fasching, L., Kapopoulou, A., Sachdeva, R., Petri, R., Jonsson, M.E., Ménne, C. et al. (2015) TRIM28 represses transcription of endogenous
retroviruses in neural progenitor cells. Cell Rep. 10, 20-28, https://doi.org/10.1016/j.celrep.2014.12.004

Jonsson, M.E., Brattas, P.L., Gustafsson, C., Petri, R., Yudovich, D., Pircs, K. et al. (2019) Activation of neuronal genes via LINE-1 elements upon global
DNA demethylation in human neural progenitors. Nat. Commun. 10, 1-11, https://doi.org/10.1038/s41467-019-11150-8

Gaudet, F., Hodgson, J.G., Eden, A., Jackson-Grusby, L., Dausman, J., Gray, J.W. et al. (2003) Induction of tumors in mice by genomic
hypomethylation. Science 300, 489-492, https://doi.org/10.1126/science.1083558

Alves, G., Tatro, A. and Fanning, T. (1996) Differential methylation of human LINE-1 retrotransposons in malignant cells. Gene 176, 39-44,
https://doi.org/10.1016/0378-1119(96)00205-3

Morse, B., Rotherg, P.G., South, V.J., Spandorfer, J.M. and Astrin, S.M. (1988) Insertional mutagenesis of the myc locus by a LINE-1 sequence in a
human breast carcinoma. Nature 333, 87-90, https://doi.org/10.1038/333087a0

(© 2019 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

020z Asenuer /z Uo J8sn HAWIS UBYOUNN WINJUSZ-ZyoywieH Aq Jpd-06£00-610Z-008/0S2798/LL9/9/E9/IPd-0[oIIE/WaY0IGsAeSSe /W00 ssaidpuelLod)/:sdny woly papeojumoq


https://doi.org/10.1038/ncb3296
https://doi.org/10.1038/cr.2012.160
https://doi.org/10.1186/s13059-016-1096-8
https://doi.org/10.1038/nature17640
https://doi.org/10.1016/j.molcel.2018.06.015
https://doi.org/10.1016/j.cell.2015.04.018
https://doi.org/10.1016/j.cell.2015.04.005
https://doi.org/10.1038/s41467-017-01195-y
https://doi.org/10.1101/gr.231068.117
https://doi.org/10.1016/S0925-4773(02)00181-8
https://doi.org/10.1038/nature10960
https://doi.org/10.1038/nature13581
https://doi.org/10.1038/nature13544
https://doi.org/10.1016/j.molcel.2012.11.001
https://doi.org/10.1016/j.gde.2017.02.003
https://doi.org/10.1038/nrg3354
https://doi.org/10.1038/nrg.2016.88
https://doi.org/10.1038/s41580-019-0159-6
https://doi.org/10.1126/science.1065848
https://doi.org/10.1002/gene.10168
https://doi.org/10.1186/s13100-017-0105-0
https://doi.org/10.1038/nature08248
https://doi.org/10.1371/journal.pone.0015367
https://doi.org/10.1093/nar/gkv1304
https://doi.org/10.1016/j.molcel.2019.05.024
https://doi.org/10.1016/j.celrep.2014.12.004
https://doi.org/10.1038/s41467-019-11150-8
https://doi.org/10.1126/science.1083558
https://doi.org/10.1016/0378-1119(96)00205-3
https://doi.org/10.1038/333087a0

Essays in Biochemistry (2019) 63 677-689
https://doi.org/10.1042/EBC20190039

99 Cruickshanks, H.A. and Tufarelli, C. (2009) Isolation of cancer-specific chimeric transcripts induced by hypomethylation of the LINE-1 antisense
promoter. Genomics 94, 397-406, https://doi.org/10.1016/j.ygen0.2009.08.013

100 Chiappinelli, K.B., Strissel, P.L., Desrichard, A., Li, H., Henke, C., Akman, B. et al. (2015) Inhibiting DNA methylation causes an interferon response in
cancer via dsRNA including endogenous retroviruses. Cell 162, 974-986, https://doi.org/10.1016/j.cell.2015.07.011

101 Sheng, W., LaFleur, M.W., Nguyen, T.H., Chen, S., Chakravarthy, A., Conway, J.R. et al. (2018) LSD1 ablation stimulates anti-tumor immunity and
enables checkpoint blockade. Cell 174, 549-563.e19, https://doi.org/10.1016/j.cell.2018.05.052

102 Jones, M.J., Goodman, S.J. and Kobor, M.S. (2015) DNA methylation and healthy human aging. Aging Cell 14, 924-932,
https://doi.org/10.1111/acel.12349

103 Bollati, V., Schwartz, J., Wright, R., Litonjua, A., Tarantini, L., Suh, H. et al. (2009) Decline in genomic DNA methylation through aging in a cohort of
elderly subjects. Mech. Ageing Dev. 130, 234—-239, https://doi.org/10.1016/j.mad.2008.12.003

104 Talens, R.P,, Christensen, K., Putter, H., Willemsen, G., Christiansen, L., Kremer, D. et al. (2012) Epigenetic variation during the adult lifespan:
cross-sectional and longitudinal data on monozygotic twin pairs. Aging Cell 11, 694703, https://doi.org/10.1111/j.1474-9726.2012.00835.x

105 De Cecco, M., Criscione, S.W., Peterson, A.L., Neretti, N., Sedivy, J.M. and Kreiling, J.A. (2013) Transposable elements become active and mobile in
the genomes of aging mammalian somatic tissues. Aging 5, 867—883, https://doi.org/10.18632/aging.100621

106 Czech, B. and Hannon, G.J. (2016) One loop to rule them all: the ping-pong cycle and piRNA-guided silencing. Trends Biochem. Sci. 41, 324-337,
https://doi.org/10.1016/j.tibs.2015.12.008

107 Aravin, A.A., Sachidanandam, R., Bourc’his, D., Schaefer, C., Pezic, D., Toth, K.F. et al. (2008) A piRNA pathway primed by individual transposons is
linked to de novo dna methylation in mice. Mol. Cell 31, 785-799, https://doi.org/10.1016/j.molcel.2008.09.003

108 Aravin, A.A., Sachidanandam, R., Girard, A., Fejes-Toth, K. and Hannon, G.J. (2007) Developmentally regulated piRNA clusters implicate MILI in
transposon control. Science 316, 744—747, https://doi.org/10.1126/science.1142612

109 Kuramochi-Miyagawa, S., Watanabe, T., Gotoh, K., Totoki, Y., Toyoda, A., Ikawa, M. et al. (2008) DNA methylation of retrotransposon genes is
regulated by Piwi family members MILI and MIWI2 in murine fetal testes. Genes Dev. 22, 908-917, https://doi.org/10.1101/gad.1640708

110 Carmell, M.A., Girard, A., van de Kant, H.J.G., Bourc’his, D., Bestor, T.H., de Rooij, D.G. et al. (2007) MIWI2 is essential for spermatogenesis and
repression of transposons in the mouse male germline. Dev. Cell 12, 503-514, https://doi.org/10.1016/j.devcel.2007.03.001

111 Kabayama, Y., Toh, H., Katanaya, A., Sakurai, T., Chuma, S., Kuramochi-Miyagawa, S. et al. (2017) Roles of MIWI, MILI and PLD6 in small RNA
regulation in mouse growing oocytes. Nucleic Acids Res. 45, 5387-5398, https://doi.org/10.1093/nar/gkx027

112 Watanabe, T., Totoki, Y., Toyoda, A., Kaneda, M., Kuramochi-Miyagawa, S., Obata, Y. et al. (2008) Endogenous siRNAs from naturally formed dsRNAs
regulate transcripts in mouse oocytes. Nature 453, 539-543, https://doi.org/10.1038/nature06908

113 Maenohara, S., Unoki, M., Toh, H., Ohishi, H., Sharif, J., Koseki, H. et al. (2017) Role of UHRF1 in de novo DNA methylation in oocytes and
maintenance methylation in preimplantation embryos. PLoS Genet. 13, 1007042, https://doi.org/ 10.1371/journal.pgen.1007042

114 Liu, X., Gao, Q., Li, P, Zhao, Q., Zhang, J., Li, J. et al. (2013) UHRF1 targets DNMT1 for DNA methylation through cooperative binding of
hemi-methylated DNA and methylated H3K9. Nat. Commun. 4, 1563, https://doi.org/10.1038/ncomms2562

115 Wang, C., Liu, X., Gao, Y., Yang, L., Li, C., Liu, W. et al. (2018) Reprogramming of H3K9me3-dependent heterochromatin during mammalian embryo
development. Nat. Cell Biol. 20, 620, https://doi.org/10.1038/s41556-018-0093-4

116 Ecco, G., Imbeault, M. and Trono, D. (2017) KRAB zinc finger proteins. Development 144, 2719-2729, https://doi.org/10.1242/dev.132605

117 Tchasovnikarova, .A., Timms, R.T., Matheson, N.J., Wals, K., Antrobus, R., Gottgens, B. et al. (2015) Epigenetic silencing by the HUSH complex
mediates position-effect variegation in human cells. Science 348, 1481-1485, https://doi.org/10.1126/science.aaa7227

118 Robbez-Masson, L., Tie, C.H.C., Conde, L., Tunbak, H., Husovsky, C., Tchasovnikarova, I.A. et al. (2018) The HUSH complex cooperates with TRIM28 to
repress young retrotransposons and new genes. Genome Res. 28, 836—845, https://doi.org/10.1101/gr.228171.117

119 Castro-Diaz, N., Ecco, G., Coluccio, A., Kapopoulou, A., Yazdanpanah, B., Friedli, M. et al. (2014) Evolutionally dynamic L1 regulation in embryonic
stem cells. Genes Dev. 28, 1397-1409, https://doi.org/10.1101/gad.241661.114

120 Athanikar, J.N., Badge, R.M. and Moran, J.V. (2004) A YY1-binding site is required for accurate human LINE-1 transcription initiation. Nucleic Acids
Res. 32, 3846-3855, https://doi.org/10.1093/nar/gkh698

121 Kong, Y., Rose, C., Cass, A.A., Darwish, M., Lianoglou, S., Haverty, P.M. et al. (2018) Transposable element exprssion in tumors is associated with
immune infiltration and increased antigenicity. bioRxiv, https://doi.org/10.1101/388215

(© 2019 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

«. 2 PORTLAND
09 press

689

020z Asenuer /z Uo J8sn HAWIS UBYOUNN WINJUSZ-ZyoywieH Aq Jpd-06£00-610Z-008/0S2798/LL9/9/E9/IPd-0[oIIE/WaY0IGsAeSSe /W00 ssaidpuelLod)/:sdny woly papeojumoq


https://doi.org/10.1016/j.ygeno.2009.08.013
https://doi.org/10.1016/j.cell.2015.07.011
https://doi.org/10.1016/j.cell.2018.05.052
https://doi.org/10.1111/acel.12349
https://doi.org/10.1016/j.mad.2008.12.003
https://doi.org/10.1111/j.1474-9726.2012.00835.x
https://doi.org/10.18632/aging.100621
https://doi.org/10.1016/j.tibs.2015.12.008
https://doi.org/10.1016/j.molcel.2008.09.003
https://doi.org/10.1126/science.1142612
https://doi.org/10.1101/gad.1640708
https://doi.org/10.1016/j.devcel.2007.03.001
https://doi.org/10.1093/nar/gkx027
https://doi.org/10.1038/nature06908
https://doi.org/ \ignorespaces 10.1371/journal.pgen.1007042
https://doi.org/10.1038/ncomms2562
https://doi.org/10.1038/s41556-018-0093-4
https://doi.org/10.1242/dev.132605
https://doi.org/10.1126/science.aaa7227
https://doi.org/10.1101/gr.228171.117
https://doi.org/10.1101/gad.241661.114
https://doi.org/10.1093/nar/gkh698
https://doi.org/10.1101/388215

