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Introduction

Endogenous retroviruses (ERVs) are the remnants of ancient infections of the germline by retroviruses.
Accordingly, ERV sequences have become a rather significant part, about 10%, of the human and
mouse genome; they vary greatly in sequence, length, and function and collectively belong to the larger
family of transposable elements (TEs).

TEs are defined by (1) their repetitiveness—there is always more than one copy of any given TE in
the genome (and usually the numbers are higher, 10-100 copies), and this is due to (2) their potential
mobility. TEs are mobile elements that can replicate themselves in a given genome either via a copy-
and-paste mechanism through an RNA intermediate (called retrotransposons or class I TEs) or via a
cut-and-paste mechanism (called DNA transposons or class II TEs) (Fig. 7.1). Retrotransposons are
usually divided into two subclasses, LTR (long terminal repeat) retroelements, populated mostly by
ERVs, and non-LTR elements. The second group comprises short and long interspersed nuclear ele-
ments (SINEs and LINEs, respectively), which together make up most of the mammalian TE genomic
volume [1, 2]. Unlike ERVs, non-LTR retrotransposons do not encode viral genes. While LINE ele-
ments replicate autonomously, using their own reverse transcriptase (RT) gene, other members of this
subclass utilize LINE enzymes for retrotransposition [3].

TEs were discovered due to their ability to affect phenotypes in a seemingly “unstable” or “mu-
table” manner [4]. McClintock referred to TEs as “controlling units” or “controlling elements,” because
in her view the ability of TEs to regulate organismal traits was in many ways more relevant than their
mobility [5]. A similarly visionary concept was introduced by Britten and Davidson in the form of a
gene regulation model where repetitive elements could be used to establish regulatory networks [6].
As molecular biology caught up, examples started to emerge of TEs that controlled the expression of
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Transposable elements and ERV structure. TE in the mammalian genome include DNA transposons and
retrotransposons. Retrotransposons that code for most enzymes necessary for mobility are called autonomous
(ERVs and LINEs). Nonautonomous elements, such as SINEs and SVAs, are dependent on LINEs for their
mobility. Green boxes demarcate coding regions, and orange boxes mark terminal repeats (inverted or direct).
Various ERV structures are depicted in the inset: full length ERVs are essentially identical to the integrated
proviruses; they contain two LTRs, a primer binding site (PBS) and a full sequence of the coding genes (gag,
pol, and env). “Envless” ERVs are elements with a deletion in the env gene. MaLR are nonautonomous ERVs
since they lack the pol gene. Solo LTRs are single LTRs generated by homologous recombination between the
two LTRs of a complete ERV.

nearby genes [7], but an appreciation of the extent by which TEs act as cis-regulatory elements has only
been possible since the advent of high-throughput sequencing.

In this chapter, we will focus on the unique regulation of ERVs in pluripotency and early develop-
ment, which is of particular interest for several reasons: (1) The potential damage to genomic integrity
of the individual and his offspring that could arise from uncontrolled duplications of those transposition-
proficient ERVs. This dictates strict regulation by the host, namely, the germ and stem cells [8]. (2) The
“window of opportunity” opening after the wave of demethylation and during epigenetic reprograming
that follows, all the way from fertilization to the establishment of the epiblast within the inner cell mass
(captured in vitro in the form of self-renewing embryonic stem cells (ESC) [9]. Hence, it is reason-
able to assume that some ERVs will be able to exploit the global demethylation for unrestricted tran-
scription. (3) The hypothesis that TEs represent a major evolutionary force contributing to creation of
species-specific regulation networks (due to the separate evolutionary phylogenetic line) [10, 11]. This
suggests that variances in early development regulation networks (and not the protein-coding genes per
se) are a major source of differences between species.



After a brief introduction into the structure and function of ERVs, we discuss the potential roles of
ERV activation in human and mouse pluripotent cells and present examples of “domestication” events
of ERVs that benefit the host. In the second part, we focus on the mechanisms that minimize the impact
of ERVs on host fitness and review the silencing strategies that restrict ERV activity in pluripotency. In
addition, we touch on the “arms race” between the “selfish” ERVs and the host, namely, the pluripotent
cells. We will finish with conjectures of the influence ERV regulation has on the unique epigenetic
features of ESCs, rising some questions yet to be addresses.

The structure and function of ERVs

ERVs are fossils of ancient exogenous retroviral integration events, providing an intriguing connection
between the biology of rapidly evolving exogenous retroviruses and mammalian evolution. However,
most ERVs lose their ENV gene and the ability to reinfect cells in the germline. Consequently, some
ERV subfamilies consist of very few copies [12, 13]. Other ERVs undergo expansions in copy num-
ber by acquiring the ability to replicate in the germ cell via copy-and-paste mechanism—effectively
becoming LTR retrotransposons [14]. Hence, “ERV™ refers to a phylogenetic origin from the family
Retroviridae, and “LTR retrotransposon” suggests adaptation to an intracellular niche, which could
also apply to ERVs. However, since we mostly follow the story of ERV retrotransposition by looking at
genomic data, we see only transposition events that are fixed in the germline. Interestingly, we are still
in the dark as to questions like the following: What is the frequency of retrotransposition events in a
normal somatic tissue and in the germline? Does the environment have an effect on the retrotransposi-
tion frequency" And how could that be related to human diseases?

Asa rule all ERVs resemble the products of retroviral integration reactions, with two LTRs and the
viral genes, gag, pol, and env (Fig. 7.1) [15]. However, endogenous proviruses are subject to random
mutations, constraints, and adaptations, which will render them nonpathogenic and with poor replica-
tion capacity overtime. Frequently the coding genes are completely deleted through recombination
between 5’ and 3’ LTRs, leaving behind a “solo LTR.” Altogether, LTR retroelements represent ap-
proximately 8% of the human genome, 1.6% thereof comprise “solo LTRs” (~200,000 elements), 3%
consist of more or less complete proviral elements (~ 30,000 elements), and 3.6% of MaLR elements
[16]. In mouse the numbers are mostly similar, but the ratio of the different classes is significantly dif-
ferent—ERV II are highly overrepresented in the mouse genome, while in human and other primates,
we find more ERV III repeats (Fig. 7.2, see Box 7.1 for detailed description of the classification to
classes and groups). In most cases the full length ERVs carry deletions or point mutations in one or
more of their genes, thus left incapable of yielding infectious virus [17]. Moreover, most ERVs are
transcriptionally silenced by host defense mechanisms evolved in million years of coevolution [12].
However, in some organisms, some ERVs are known to still be actively replicating and thus considered
as not fully “endogenized” or fixed yet. Such “young” ERV is a challenge to the classification system
due to their high variability between organisms of the same species. In humans, HERVK-HML?2 might
answer to this definition, although HERV-H and HERV-W were also found polymorphic in different
ethnical groups [13, 18].

Although suggestion for improved nomenclature was recently made [18a], we will use here the ac-
cepted names as used in recent publications (Fig. 7.2) or as suggested by the Wicker nomenclature [2].
The basic ERV unit is the ancestral copy or the consensus sequence, which is a representative of the
entire subgroup [1, 19]. For more information about ERV classification, see Box 7.1.
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FIG. 7.2

Classification of ERVs. (Family) ERV originated from integration of members of the Retroviridae family into the
germline. (Class) Separation into three classes is based on sequences homology to the retroviral “pol” gene.
MaLR elements, although lacking the “pol" gene, are considered “Class IlI" due to a slight homology in the
“gag" sequences. (Groups) Groups are historically named after the organism in which they were first identified
(e.g., mouse MuERYV, in green boxes, or human HERV in blue boxes). HERVs are classified on the basis of
the tRNA that binds to the viral PBS to prime reverse transcription (e.g., HERV-K, H, and L). Groups can be
further divided into subgroups based on differences in their consensus sequence. For example, most IAPs
(intracisternal A particle) are lacking the “env” gene, but the IAPE subgroups contain it. Moreover, subgroups
can be clustered further to parallel evolutionary trajectories by examining the flanking LTRs and deducing the
integration time and the transcriptional pattern of the sequences. In the last level, we get to a single event of
germline insertion of a retrovirus that might be presented in several genomic copies with similar consensus
sequence due to retrotransposition of the parental ERV.

The “domestication” of ERVs for the benefit of the host is termed cooption or exaptation [20]. The
best characterized examples are arguably those where ERVs have become incorporated into coding se-
quences [21], where evidence for purifying selection can often be found. This includes the RAG genes,
which mediate V(D)J recombination in adaptive immunity [22, 23], and Syncytins, which promote
cell-cell fusion in the placenta [24], are essential for mouse development, and have been independently
derived from different ERVs in different lineages [25]. However, there is also a growing list of cases
where ERVs have driven phenotypic diversity and adaptation through their noncoding action, namely,



Box 7.1 ERV classification and age

ERV lineages originate with infection of an ancestor species by an ancient retrovirus, which causes a ine
colonization” event in which a retroviral provirus is integrated into the genome [16a]. Phylogenetic studies looking

at the “fossil records™ found in the mammalian genome have shown that those ERV sequences are derived from few
initial founder events. Due to the accumulation of genomic data, new information of ERV lineages and origin is
accumulating, and the original nomenclature used is inadequate. Originally, ERVs were named after either (1) the most
closely related exogenous retrovirus (roughly divided to three classes, see Fig. 7.1) or (2) the species in which the ERV
was initially identified (3) on the basis of the tRNA that binds to the viral primer binding site (PBS) to prime reverse
transcription. Hence, HERV-K is used for all ERVs found in human that use a lysine tRNA, no matter their relationship
to one another. For genomic studies, ERVs have been classified by the Repbase database into approximately 80 groups
through a systematic cataloguing of all repeats. In this database, groups are represented by a consensus element, which
should reflect the sequence of the ancestral active element. However, approximately 10 times more abundant than full
length ERVs are the “solo LTRs.” Due to high mutation load, they are difficult to identify and are usually found by their
sequence similarity to the LTRs of complete ERV or virus. In the Repbase database, those LTRs get unrelated numbers,
which increase confusion by naming one subgroup as Class I-ERV9-LTR12 or Class II-HERVK-HML2-LTR5a/b/Hs
(Fig. 7.2). Interestingly, since the LTRs are the least conserved part of the ERV, the evolutionary age of the subgroup will
be reflected in the identity of the flanking LTRs more than in the relatively conserved internal sequence. The LTRs also
dictate the transcriptional regulation of the ERV (by TF binding sites) and the epigenetic landscape of the surrounding
DNA region, as will be described in depth later on.

acting as regulators of gene expression in cis [26, 27]. For example, TEs have enabled peppered moths
to adapt to the industrial revolution [28]; produce the wrinkled-seed pea phenotype described by
Mendel [29]; and control anthocyanin production in blood oranges [30], grapes [31], apples [22, 23],
and chilies [32]. LTRs also play key functional roles in mammalian gene regulation, namely, driving
expression of Dicer in mouse oocytes [33] and of AIM2 in innate immunity [34].

ERV activation in pluripotency

Successful ERVs exploit particular timings in development that favor their incorporation into the germ-
line. Apart from germline development, preimplantation development also offers a reasonable chance
for new insertions to be mitotically inherited by the germline. Indeed, de novo TE insertions occur
during both of these developmental contexts in mice [35, 36], and there is also evidence in humans that
heritable retrotransposition can occur in early development [37]. The expression and genomic expan-
sion of TEs appear therefore to be linked to cellular states of increased developmental potency. One
aspect that arguably makes such states amenable to ERV expression is the genome-wide epigenetic re-
programming that occurs during both preimplantation and germline development [38]. Yet, epigenetic
alterations are not sufficient to drive strong expression of ERVs. Evolution has favored endogenization
of ERVs that harbor within their LTR binding sites for transcription factors expressed in pluripotent
cells [39]. Accordingly, differences in the exact timing of expression of different ERV families through-
out preimplantation development suggest an association with stage-specific TFs [40, 41] (Fig. 7.3). A
relationship between differential ERV activation and the continuum of developmental potency can also
be appreciated by manipulating mESC culture conditions [42] (Box 7.2).

Does ERV activation in early development happen solely to serve the selfish needs of ERVs? Or
could there be benefits to the host organism? Notably, many ERV families that are no longer mobile
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Activation dynamics of ERVs in early embryonic development. Schematic representation of preimplantation
development stages shown on the top panel: 2 cells, 4 cells, 8 cells, morula, and blastocyst. ERVs are first
transcribed or epigenetically activated during embryonic genome activation (EGA) in mouse two-cell and
human four-cell embryos. Later, distinct families of ERVs are activated at each stage of preimplantation
development.

continue to become activated in some form, either transcriptionally or epigenetically [43]. It is pos-
sible that this activation is inconsequential to the organism, that is, neutral in its effect. Alternatively
the host genome could benefit from some ERVs, such that their activation is not so much a failure
to silence them but a process that harnesses a subset of elements within a family to increase host
fitness [26].

In this section, we discuss the potential impact of ERV activation in pluripotent cells, either during
preimplantation development or in ESCs. On one hand, activation of retrotranspositionally competent
ERVs is potentially deleterious. On the other hand, there may be benefits to ERV activation, where
they could play roles as gene promoters, enhancers, long noncoding RNAs (IncRNAs), and chroma-
tin domain boundaries (Fig. 7.4). The main challenge here is to distinguish those cases where ERVs
impact host fitness, from those where their action is neutral despite biochemical evidence suggesting
a putative role.

ERV activity during germline maturation

The parental genome undergoes genome-wide loss of DNA methylation, which is reestablished later
(before birth in male and after birth in female) as sex-specific germ cell methylation patterns, includ-
ing methylation marks at imprinted loci [44]. In the oocyte, transcription dictates de novo methylation



Box 7.2 ERVs in ground-state ESC

In recent years, ESC culture conditions presumably mimicking the “ground-state” conditions of the ICM were developed
and examined. These cells, usually termed “naive™ ESC in human or “2i” in mESC, possess epigenetic features that

are somewhat distinct from the “primed” or the serum-grown ESCs. Therefore it might not come as a surprise that
changes in the “transposcriptome” follows and that TEs expression signature could be used as a defining criteria for the
developmental stage of the cells in mouse [42] and human [133].

Mouse “2i” ESC—Hackett et al. used different combinations of components in the ESC growth media to simulate
distinct phases of pluripotency [42]. Out of 64 pluripotency related differentially expressed TE families, 80% are LTR
repeats. For example, while ERV I-LTR45 and ERV II-IAPEy (relative of HERVK elements) are highly expressed in
the “2i” ESC, ERV I-LTR9 are upregulated when 2i are depleted. This growth medium-related shift is accompanied by
reduction of global DNA methylation [42a], from which many ERVs are protected by TRIM28 binding [107]. Repression
of other ERV subsets is maintained by the chromatin modifier SETDB 1, which plays a pivotal role in the silencing of
IAP elements in naive ESC [116]. Another elegant study following ERV's expression and DNA methylation of ERVs
days after growth media switch to “2i” or “2i + Vitamine C” revealed that not all demethylated ERV's are transcriptionally
activated, since alternative silencing mechanism are taking over [ 108]. Hence, ERVs in naive ESCs show three typical
configurations: Some are transcribed, some are silenced and maintain DNA methylation, and some are silenced by
chromatin modifications, without DNA methylation.

Human “naive™ ESC—the culture conditions for naive hESC are less established, and there is a controversy about/
over the identity of HERVs upregulated. Screens designed to identify naive-specific HERVs came up with conflicting
results: either HERVH and its LTR7 [65. 77] or HERVK (HML2) with LTR5Hs were upregulated in naive ESC [57, 133].
The upregulation was accompanied by DNA demethylation on the LTRs and binding of key pluripotency factors. A third
model suggests that both LTR5Hs and LTR7 are upregulated in naive ESC and repressed in later developmental stages
due to epigenetic silencing induced by specific ZFP binding [64]. In all cases HERVs were shown to act as promoters
[64, 65, 67], suggesting a functional role for HERVs expression in the regulation of the pluripotency network. HERVK
(HML2) and HERVH are among the most recent entrants to the human genome and are primate specific; therefore their
function as species-specific regulatory sequences that control such a critical stage is intriguing.

In conclusion the expression signature of ERVs and TEs is dependent of the culture conditions, as it is on the
embryonic day and developmental stage. Yet, no major wave of ERV's activation is seen in ground-state ESC, probably
due to the complexity, flexibility, and compensation of the cellular regulation network on the endovirome.

by the deposition of H3K36me3 modification [45]. Members of the mouse transcript (MT) family
of class III ERVs are particularly active in oocytes, and hundreds of MT LTRs have been coopted as
oocyte-specific gene promoters [46]. As a result, active ERVs become signposts and are the first to
be fully methylated and silenced following de novo methylation onset, shaping the oocyte-specific
methylation pattern. In humans the MT group does not exist, but LTR7 (HERVH), LTR12 (ERV 1),
and THEI1 (ERV III-MaLR group) seem to have similar expression pattern [46], suggesting a possible
reason for the distinct methylation patterns of oocyte in mice and man [47].

ERV activity upon embryonic genome activation (EGA)

In the first stage of embryonic development, the paternal and maternal germ cells are fused to create
the zygote. At this stage, they carry distinct methylation patterns on imprinted genes and some ERVs.
Once EGA takes place (2 cells in the mouse and 4-8 cells in human), a set of genes (named “2C” genes
in mouse) and ERVs (MERVL and HERVL in mouse and human, respectively) become upregulated
(Fig. 7.3). Many of the murine EGA genes reside near MERVL LTRs, setting an example for how ERVs
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ERVs function as regulatory elements in pluripotent cells. Examples for different types of regulatory activities
ERVs exhibit in the host genome. These include effects mediated by cis-regulatory LTR elements functioning
as promoter to affect gene expression (Panel 1) and trans effects mediated by ERV produced regulatory
noncoding RNAs (Panel 2). Some LTRs include transcription factor binding sites, which might contribute to
their function as enhancers (Panel 3). Last, LTRs might contain CTCF binding sites and thus alter genome
topology. ERVs are shown as thick lines, with orange boxes for the LTRs, and boxes with arrow denote the
gene promoter (Panel 4).

could have rewired the totipotency network [48, 49]. The transcription factor DUX or DUX4 was shown
to play a role in activating MERVL and HERVL, respectively, and their neighboring 2C genes [50-52].
However, DUX depletion does not prevent EGA and normal embryonic development [53], thus putting
a question mark on the functional role of DUX-induced MERVL activation in regulating EGA. The
transcription of MERVL elements is maintained in a subset of cells (~ 1%) from the inner cell mass
(ICM) of the blastocyst [49], and this “2CLC” state was recently used to map the regulatory landscape
of the “2c” stage [54]. The study showed that MERVL activation is the result, and not the cause, of the
extensive transcriptional reprogramming that leads to the emergence of the “2c” state. The totipotent
nature of those cells and their lineage specification following differentiation onset are still a subject of
extensive research.

In humans, several works have shown the differential expression of various HERVs from the 2-cell
stage to the blastocyst: HERV-K (flanking with LTRS_Hs) elements are highly expressed at the morula
stage, whereas HERV-H elements reach their peak level in embryonic stem cells [41, 55-57] (Fig. 7.3).
However, we still lack a systematic analysis of ERV subgroup expression levels, their regulatory effects
on transcription of developmental genes and lineage specification that have not yet been elucidated,
and their contribution to cellular heterogeneity that should be examined.



Functions of ERVs as promoters and enhancers

TEs contribute an astonishing 6%—30% of all transcriptional start sites in human and mouse tissues
[58], creating a large potential for the generation of alternative gene promoters. TE mobility has en-
abled the spreading of TF binding motifs contained within TEs, and as many as 40% of genome-wide
TF binding sites are contained within TEs [59]. Elements bound by TFs often bear chromatin signa-
tures of active promoters or enhancers in a tissue-specific fashion [43, 59]. Notably, ERVs (and more
specifically, LTRs) make a disproportionate contribution to these putative regulatory elements.

Mouse ERVs

In mouse ESCs, several ERV families harbor motifs for, and are bound by, pluripotency-associated
TFs such as OCT4, SOX2, and NANOG [39, 60-62]. For example, many (a subset of) RLTR13D6 and
RLTRY elements (which exist predominantly as solo LTRs) display all of the hallmarks of cell-specific
enhancers, including open chromatin, H3K27ac and H3K4mel deposition, and the ability to enhance
gene expression within a reporter plasmid [61, 62]. Yet, out of a total of around 6600 RLTRI13D6/
RLTRY elements, only ~ 10% bear a strong enhancer signature, and it remains unclear what other se-
quence or genomic environment features define the chromatin status of putative regulatory ERVs [62].
While it is compelling that enhancer-like RLTR13D6 and RLTRO elements tend to be associated with
genes that are preferentially expressed in ESCs, this does not necessarily imply a causal link. CRISPR-
based approaches now provide an easy and flexible platform to test such relationships from a functional
perspective. CRISPR can be used to genetically excise individual ERVs and evaluate the impact on
gene expression. Additionally, several ERV copies can be epigenetically silenced simultaneously us-
ing CRISPR interference (CRISPR1), where a KRAB repressive domain is fused to catalytically dead
Cas9 (dCas9) and used in conjunction with guide RNAs that bind to multiple elements. When used
to silence enhancer-like RLTR13D6 elements, CRISPR1 has revealed that only a handful of elements
significantly impact on gene expression [62]. Other ERV families may play larger roles (discussed in
the succeeding text), and enhancer redundancy may mask some regulatory activities. Nonetheless, ex-
periments such as these demonstrate the need for a careful assessment of enhancer function, especially
when dealing with sequences whose regulatory activity was originally aimed at driving the expression
of selfish elements.

Human ERVs

Due to the species-specific nature of ERVs, none of the families implicated as enhancers in mouse
ESCs are present in humans, and it has been argued that TEs have contributed to species-specific wiring
of the pluripotency network [39]. In human ESCs, binding of pluripotency factors is also prominent at
ERVs, but at distinct families, including LTR7 and LTRS5_Hs [39, 63, 64]. These ERVs become acti-
vated during preimplantation development and in naive ESCs, at the transcriptional and/or chromatin
levels [57, 64, 65]. LTR7 elements are hominoid-specific LTRs to HERVH, and these will be discussed
in more detail in the next section on IncRNAs, although they also act as cis-regulatory elements [65, 66].
LTRS5_Hs are human-specific elements that are coupled to HERVK. LTRS5_Hs elements bear motifs
for, and are bound by, OCT4 and KLF4 in hESCs [57, 64]. They are also enriched for active histone
marks (in both preimplantation embryos and hESCs) and binding of the enhancer-associated factor
p300 [57, 64]. This enhancer-like signature is consistent with the fact that few elements appear to act as
alternative genic promoters [57], as well as the detection of long-range interactions involving LTRS_Hs
elements [64]. CRISPRi experiments in naive hESCs and a teratocarcinoma cell line have shown that



epigenetic editing of LTRS5_Hs elements substantially impacts on gene expression, with 87 genes being
affected in both cell lines [64, 67]. These observations contrast with those discussed in the preced-
ing text for RLTR13D6 elements in mESCs, where very few genes are deregulated upon CRISPRi.
The difference does not appear to be due to indirect effects of LTRS_Hs silencing, suggesting that
the contribution of ERVs to pluripotency transcriptional programs depends on the ERV family and its
evolution within a species. It is nonetheless surprising that young elements such as LTRS_Hs can play
such a large and species-specific role in gene regulation. It will be interesting to test whether such tran-
scriptional roles are important for cell lineage establishment during human embryonic development.

Long noncoding RNAs

LncRNAs control various aspects of development, including X inactivation, gene imprinting, homeo-
tic gene expression, and cellular differentiation. LncRNAs can act as regulators of gene expression
through different mechanisms: by inducing transcription-coupled epigenetic changes, recruiting pro-
teins to the vicinity of their transcriptional site (i.e., in cis), or acting in trans away from their tran-
scriptional locus through various mechanisms [68, 69]. The reduced constraints on IncRNA evolution
(when compared with protein-coding genes) make them more tolerant of TE insertions, which may in
turn drive species-specific IncRNA evolution. Indeed, around three quarters of human IncRNAs contain
an exon derived from TEs, which is in sharp contrast with the low frequency of TE exonization events
observed in protein-coding genes [70, 71]. TEs (and ERVS/LTRs in particular) also often act as lineage-
specific IncRNA promoters [70, 71].

At least 20 IncRNAs have been implicated in the maintenance of pluripotency in mESCs [72]. In
humans, early studies had also identified a number of IncRNAs involved in pluripotency maintenance
and reprogramming, including IncRNA-ES3 and IncRNA-RoR [73, 74]. These two IncRNAs are partly
derived from LTR7/HERVH elements, which have made a major contribution to the evolution of ESC-
expressed IncRNAs [71] and which we will now further describe.

LTR7/HERVH

HERVH is the most abundant ERV in the human genome, whose expression and contribution to
pluripotency-associated IncRNAs are conserved from human to gorilla [75, 76]. Expression of LTR7
(and specifically, the LTR7B and LTR7Y subfamilies) is high during preimplantation development,
starting at the 8-cell stage and being confined to the epiblast portion of the blastocyst [41]. LTR7/
HERVH expression is also elevated in hESCs and hiPSCs when compared with differentiated cells and
is particularly associated with a state of naive pluripotency [41, 65, 71]. Over 200 HERVH insertions
are highly expressed in hESCs, around half of which are in a proviral configuration (i.e., are flanked
by LTR7 elements) and tend to be evolutionarily younger [66, 77]. Expression of HERVH is driven by
binding of NANOG and LBP9 to the LTRs, which also bear motifs for OCT4 and KLF4 binding [41,
65]. Accordingly the LTRs of transcribed HERVH loci are associated with the active H3K4me3 mark,
indicative of a role as transcriptional promoters [65, 71].

Depletion of HERVH transcripts leads to differentiation of hESCs and impairment of hiPSC deriva-
tion [65, 66], similar to what is seen by depletion of the HERVH-containing IncRNA-ES3 and IncRNA-
RoR transcripts [73, 74]. Whereas it is possible that HERVH function is mediated by one or both of
these transcripts, HERVH have contributed more widely (and disproportionately) to hESC-expressed
IncRNAs [65, 66, 71]. HERVH-derived IncRNAs may also act in cis to enhance the expression of



protein-coding genes, presumably through binding of OCT4, P300, and components of the mediator
complex to LTR7/HERVH transcripts, which enables recruitment of those activators to the DNA locus
[66]. Additionally, some LTR7/HERVH loci serve as promoters for protein-coding genes such as the
pluripotency-essential ESRG gene [65, 78]. LTR7/HERVH elements may have therefore undergone
multiple cooption events that drove the evolution of gene expression programs essential for pluripo-
tency in humans (see also genome topology implications in the succeeding text).

Genome topology

The genome of higher eukaryotes is spatially organized in a manner that establishes compartments of
predominantly active and inactive chromatin, prevents spreading of chromatin domains, and allows
for the formation of long-range contacts between regulatory elements and the promoters they regulate
[79-81]. Many chromatin domain boundaries are defined by the binding of CTCF, and deletion of
individual CTCEF sites can alter local genome topology [82, 83]. One current model of loop formation
involves the extrusion of chromatin by the cohesion complex until it encounters CTCF sites in a con-
vergent orientation [ 79-81]. Notably, TEs have made a large contribution to the establishment of mam-
malian CTCEF sites (see in the succeeding text) and are thought to have rewired ESC genome topology
between mice and humans [39].

Mouse ERVs

As many as 40% of murine CTCF sites overlap repetitive elements [59], 70% of which act as loop
anchors [84]. Unlike in the case of the human genome (see in the succeeding text), mouse ERVs have
contributed little to this landscape, which is overwhelmingly dominated by B2 SINE elements [59,
60, 84]. This clade of TEs underwent a large expansion in rodents (and particularly in mice), shaping
genome organization in a species-specific manner [85].

One particular context where mouse ERVs have been associated with the formation of chromatin
domains is the 2-cell stage. In 2-cell-like cells (2CLC), a cell culture model derived from a subpopula-
tion of ESCs [49], chromatin boundaries often occur at MERVL insertion sites [86]. The insulating ca-
pacity of MERVL elements is seemingly derived from their LTRs, as both proviral and solo LTR forms
can establish domains. The 2CLC-specific nature of these boundaries (which are absent in mESCs) is
associated with binding of the DUX TF and transcriptional activation [86]. The genome is weakly orga-
nized in the 2-cell stage, and thus activation of MERVL elements may help start defining chromatin do-
mains, as the genome becomes increasingly more structured during preimplantation development [87].

Human ERVs

Similar to the mouse genome, a large proportion of human CTCEF sites (23%) overlap repetitive ele-
ments, but the array of families involved is dramatically distinct and includes both DNA transposons
and ERVs (e.g., MER20, LTR41, LTRS50, and LTR13) [39, 59, 84]. Genetic deletion experiments con-
firm that CTCF loop anchors derived from ERVs are functional from a structural perspective [84]. This
suggests a remarkable versatility of different ERV families to dynamically shape the structural organi-
zation of the human genome. Indeed, comparison with mouse CTCF sites suggests a model whereby
turnover of CTCF sites occurs via TE insertions [84]. While there may be selective pressure to maintain
certain structural domains, novel TE insertions may replace existing loop anchors, which can lead to
cases where different TEs are independently coopted to orthologous anchor points.



Transcriptionally, active human ERVs can also establish chromatin domain boundaries in a cell-
specific manner [88]. Many hESC-specific boundaries are associated with HERVH elements, which
add to their actions as IncRNAs and enhancers described earlier. Deletion of individual HERVH
insertions leads to boundary loss and thus merging of chromatin domains [88]. Similar to MERVL
elements in mouse 2CLCs, it is at transcriptionally active HERVHs that hESC boundaries form,
with CRISPRi-mediated silencing of these elements leading to boundary loss [88]. HERVH expan-
sion within primates has thus driven structural differences in ESC chromatin organization across
species. The curious multitier action of HERVH on the genome could work synergistically in a
model whereby the cis-regulatory action of HERVH IncRNAs is compartmentalized and insulated
by its parallel structural roles, which is supported by the effects of HERVH KOs on local gene
expression [88].

Retrotransposition

Mouse ERVs

The potential benefits of ERV activation to the host have to be weighed against the risks associated
with their mobility, posing an interesting evolutionary conundrum. In the mouse, several ERVs
remain mobile and are responsible for 10%—12% of all known germline mutations [89, 90]. The
majority of these germline insertions are caused by elements from the IAP and ETn/MusD families,
although others have also been detected (e.g., MLV, MERV-L) [89, O1]. Mutations caused by ERVs
have a variety of effects, such as transcript truncation, silencing, exon skipping, and generation of
alternative promoters. Arguably the best characterized example is the A™ allele, which involves
an [AP promoter that drives DNA methylation-regulated expression of the agouti coat color gene
and is linked to obesity, diabetes, and increased tumor susceptibility [92]. IAPs and ETn/MusD
elements are expressed during preimplantation development [40, 93, 94], raising the possibility
that mutations occurring during this period could interfere with developmental progression and
in extreme cases lead to embryonic lethality. Notably, there is substantial variation in ERV activ-
ity between mouse strains [91], and the commonly used CS7BL/6J strain harbors little to no IAP
or ETn/MusD activity [36]. Studies aiming to understand the potential deleterious effects of ERV
retrotransposition in the pluripotent state should therefore make careful considerations about the
choice of model organism.

Human ERVs

In contrast to mice, virtually, all human ERVs have suffered inactivating mutations, and there is no
evidence of ERV activity in either the germline or somatic cells. However, the possibility cannot be
completely ruled out, as HERV-K elements with intact ORFs have been identified in the human popula-
tion [95], and recombination could also generate active elements [96]. HERV-K are the most recently
active ERVs in the human genome and, as a result, are a source of genetic polymorphisms within the
human population [18, 95, 97]. Structural polymorphisms involving HERV-H and HERV-W elements
have also been identified [18]. Given the regulatory roles described earlier for HERV-K and HERV-H
in pluripotency, it would be interesting to explore whether polymorphic insertions could generate varia-
tion in developmental gene expression programs.



Restricting ERV activity

ERVs5 are exceptionally tightly controlled by multiple host mechanisms that prevent inappropriate ERV
activation and restrict mobility to minimize deleterious effects on the host genome and transcriptome.
In pluripotent cells the expression of the majority of ERVs is constrained, and inducing their expres-
sion experimentally has been associated with elevated transcription of nearby genes, highlighting the
need to keep ERVs in check [98-105]. Besides posttranscriptional silencing mechanisms, which take
over during epigenetic reprograming, the predominant defense strategy in pluripotent cells is repres-
sion of ERV transcription through heterochromatinization of ERV elements, which blocks the binding
of transcriptional activators (Fig. 7.5). Chromatin changes driven by histone modification enzymes
and nucleosome remodeling activities play crucial roles in transcriptional silencing of ERVs in ESCs,
while the contribution of DNA methylation is greater in differentiated cells. Here, we review the major

pathways ensuring robust ERV repression including the contribution of RNA-based mechanisms.

Transcriptional silencing mechanisms

In a quest to identify ERV-specific chromatin signatures, a survey of 32 chromatin marks in mESCs
revealed that different subsets of ERVs are marked by complex patterns of repressive and activating
chromatin modifications [ 106]. These results are compatible with the model that overlapping epigen-
etic pathways ensure the control of transposons at the familial and individual level [ 106-108].

One silencing strategy that is commonly associated with TE silencing is DNA methylation [109].
It has long been argued that DNA methylation evolved due to the selective pressure to maintain TE
suppression [110]. Mouse DNA methyltransferase (DNMT) knockout models have demonstrated that
this is an important pathway for ERV silencing in differentiated cells, although certain families such
as IAPs appear to be more dependent on it [111-113]. IAP elements are also derepressed in the mouse
germline upon knockout of the essential DNMT cofactor Dnmt3[ [114]. In contrast, mESCs devoid of
all DNA methylation (through deletion of Dnmtl, Dnmt3a, and Dnmt3b) display far milder transcrip-
tional effects on ERVs when compared with those seen in differentiated cells, and few families are af-
fected [100, 101]. This suggests that DNA methylation-independent mechanisms predominate during
preimplantation development, ensuring ERV silencing upon epigenetic reprogramming. Accordingly,
experiments using conditional knockout models or manipulation of cell culture conditions (i.e., switch-
ing cells to 2i medium, see Box 7.2) have shown that there is a transient upregulation of ERVs upon
DNA demethylation before they are targeted by other silencing pathways [108, 115-117]. One way
resilencing is achieved is through widespread redistribution of the repressive histone modifications,
which occurs in a family-dependent manner (Fig. 7.5).

ESCs primarily rely on histone methylation for ERV repression. Trimethylation of H4K20, H3K64,
and H3K27 are all involved, yet methylation of H3K9 stands out and is best characterized [ 100, 108,
118-122]. Interestingly, distinct H3K9 methylation-based silencing mechanisms catalyzed by sepa-
rate enzymes operate at different ERV families in mESCs (Fig. 7.5 Panels 1 and 2) [26]. Class III
ERVs (e.g., MERVL) are repressed specifically by dimethylated H3K9 deposited by the G9a/GLP
lysine methyltransferase (KMT) [49, 100, 123]. H3K9 trimethylation on the other hand is pivotal at
class I and II ERVs (e.g., IAPs). The main enzyme responsible for this is the KMT SETDBI/ESET
[101, 102, 104]. Suv39h KMT enzymes have additional roles in expanding the repressive H3KOme3
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Strategies for the restriction of ERV activity. ERV activity is controlled by covalent histone modifications, for
example, repressive H3KS methylation (green hexagons in Panels 1-3), DNA methylation (not shown), and
small RNAs (Panel 4). The prevalence of each pathway varies during different developmental stages. In
mouse pluripotent cells, ERV silencing is achieved primarily though histone-modifying enzymes (e.g., H3K9
methytransferases SETDB1 and GSa/GLP and demethylase LSD1/KDM1A), histone mark readers (e.g., HP1
isoforms and HUSH complex), and effectors recruited to ERVs by sequence-specific DNA-binding proteins
(e.g., KRAB-ZFPs). A critical corepressor for class | and || ERV families is TRIM28; its SUMOylation (asterix,
Panel 1) is required for heterochromatin formation. Other factors associated with silencing of class | and |l
ERV subsets include the ATP-dependent chromatin remodeler SMARCAD1, the chromatin assembly factor
CAF-1 and the histone variant H3.3 (Panel 1) and histone deacetylases (HDACs), hnRNP K, HSPSO, RESF1,
and ATRX/DAXX (not shown). Linked to silencing class Il ERVs are the ATP-dependent chromatin remodeler
CHD5, CAF1 (Panel 2) and HDACs, RIF1, and RYBP (not shown). The HUSH complex, which comprises
three components and an accessory ATPase (MORC2), mediates recruitment of H3K9me3 writers and the
spreading of heterochromatin (Panel 3). Diverse classes of small RNAs (e.g., piRNAs, endosiRNAs and
tRNA fragments tRF) regulate ERVs at both the transcriptional and posttranscriptional level and target ERV
transcripts to block reverse transcription or translation (Panel 4).

mark at intact ERVs [124]. SETDBI is selectively targeted to ERVs through direct interaction with the
KRAB-associated protein, TRIM28 (KAPI1;TIF1beta) [125, 126]. TRIM28 forms a dimer [127-130]
that provides a platform for recruitment of not only SETDBI1 but also H3K9me3 readers (e.g., hetero-
chromatin protein HP1) and effector proteins required for the formation and expansion of heterochro-
matin (reviewed in Refs. [119, 131]). A critical role of TRIM28/SETDB 1/H3K9me3 in retrotransposon
regulation and more broadly in the protection of transcriptome integrity is underscored by several
pioneering papers that show that depletion of either SETDB1 or TRIM28 induces the expression of



a broad range of ERVs in mESCs, which is accompanied by activation of proximal genes [100-104].
Although less is known about the extent to which this silencing pathway is conserved in human pluri-
potency, TRIM28 was found to similarly control endogenous retroelements in human ESCs, especially
HERVK and HERVH, whereby subfamily specific repression effects depend on the state of pluripo-
tency [105, 132-134].

It was long believed that the TRIM28/SETDBI transcriptional silencing pathway is a feature of
embryonic development that becomes replaced in adult tissues by DNA methylation. This view has
been challenged by the discovery of TRIM28-/SETDB I-mediated repression of distinct ERV families
in a number of differentiated cell types, albeit in a context dependent manner [98, 105, 135-139].
However, the TRIM28/SETDB 1/H3K9me3 silencing pathway does not operate on evolutionarily old
LTRs, which are likely inactivated through the accumulation of genetic mutations nor on the most re-
cent invaders of the genome, which are silenced by DNA methylation [64, 140, 141].

Recruiting silencing components to ERVs

One intriguing question is how silencing pathways access specific ERV families among thousands of
host genes and repetitive DNA within the genome. Recognition can principally occur either at the level
of RNA or by sequence-specific DNA-binding interactions. RNA-mediated targeting mechanisms are
particularly active in the germline, but there is new evidence that they can also occur in pluripotent cells.
TET2 enzymes, which function in the repression of MERVL transcripts, are recruited to active MERVLs
through association with an RNA-binding protein [142]. Primarily, ESCs use sequence-specific DNA-
binding proteins to target ERVs, but most is known about how TRIM28, which itself cannot bind DNA,
1s recruited. Over 10 years ago, mouse ZFP809, a Kruppel-associated box-zinc finger protein (KRAB-
ZFPs), was shown to bring TRIM28 to murine leukemia virus and its endogenous relative via recog-
nition of the tRNA-primer binding site (PBS-pro), a sequence critical for virus replication located at
the 5’ end of the retroelement [139, 143, 144]. KRAB-ZFPs present the largest transcription factor
family in vertebrate genomes; they exhibit tissue-specific patterns of expression and an exquisite DNA-
binding specificity, mediated by multiple zinc finger domains [145]. From the characterization of 101
human KRAB-ZFPs protein interactomes, it emerged that the majority of evolutionary young KRAB-
ZFPs associates with TRIM28 [146]. Indeed a growing body of evidence implicates several KRAB-
ZFPs in the locus-specific induction of heterochromatin at particular retrotransposon families, both in
mouse and in human [98, 99, 133, 146, 147]. One human-specific example is ZNF534, which regulates
HERVH in hESCs [133]. ZFP932 and Gm15446 are interesting mouse-specific KRAB-ZFPs, because
they dock TRIM2S8 to the 3’ end of ERVKSs at a site important for reverse transcription but distinct from
the PBS-prosite [98]. Apart from KRAB-ZFPs, other DNA-binding proteins contribute to the targeting
of TRIM28 to distinct ERV families, best illustrated with YY1 and Rex1 in mESCs [106, 148-150].
Overall, TRIM28 can be recruited through a multitude of different site-specific DNA-binding proteins
to more than one region within an ERV sequence, which may be important for the stability of silencing.

Many paths ensure suppression of ERV transcription

In addition to TRIM28/SETDBI, a large number of proteins have been implicated in ERV repression
(Fig. 7.5), among them, enzymes that remodel chromatin and enzymes that modify chromatin proteins,
forinstance, by SUMOylation, their cofactors, and the histone variant H3.3 [48, 119, 123, 126, 151-161].



Moreover a distinct H3K9 methylation silencing pathway involving the HUSH complex has been
identified. In the succeeding text, we consider recent advances on how the HUSH complex and ATP-
dependent chromatin remodelers contribute to ERV repression.

Silencing by HUSH

The human silencing hub, or HUSH complex, participates in the transcriptional shutdown of retrovi-
ruses and retroelements and functions by regulating histone methylation of proviral DNA in embryonic
and somatic cell types [152, 162-164]. The central functional feature of HUSH silencing is the reading
and writing of H3K9me3, which are facilitated by the ability of HUSH to bind H3K9me3 and recruit
H3K9me3 methyltransferases like SETDBI1 (Fig. 7.5 Panel 3). HUSH consists of three core subunits,
the chromodomain protein MPHOSPHS; a H3K9me3 reader, TASOR and PPHLN1; and a biochemi-
cally and functionally associated ATPase MORC?2 [164, 165]. Each of these proteins was recovered in
screens aimed at the identification of provirus silencing factors [152, 161]. HUSH/MORC?2 not only
bind to ERVs and evolutionary young LINE1 subfamilies in human and mouse ESCs but also are re-
quired for their silencing [152, 162, 163, 166].

At first sight the HUSH complex employs a similar strategy for the formation of H3K9me3 het-
erochromatin as exemplified by TRIM28. However, while TRIM28 is principally recruited to retroele-
ments by sequence-specific DNA-binding proteins, HUSH targeting appears less dependent on the
underlying DNA sequence than on the chromatin context it is embedded in Refs. [165, 167]. Upon
integration of an active transgene into a heterochromatic environment, HUSH facilitates the spreading
of preexisting H3K9me3 and subsequent maintenance [165, 167]. A key question is whether HUSH
and TRIM28 repress retrotransposons cooperatively or independently of each other. In support for their
cooperative function, a range of retrotransposons (ERVs, L1s) are enriched for both proteins, although
it has yet to be confirmed that HUSH and TRIM28 bind them simultaneously and it is not known
whether their relationship is epistatic. Comparative analysis of transcripts upregulated upon deple-
tion of either TRIM28 or HUSH showed an overlap consistent with TRIM28 and HUSH coregulating
primarily young retrotransposons and new genes rewired by retrotransposon noncoding DNA [163].

ERV suppression by chromatin remodeling

ATP-dependent chromatin remodelers shape the chromatin landscape by determining the composition,
the position, and the density of nucleosomes, thereby regulating the chromatin access for other proteins
(reviewed by Clapieret al. [168], Hota and Bruneau [ 169], and Narlikar et al. [ 170]). At the heart of their
function lie ATPases related to the SNF2 helicase from yeast. These enzymes use ATP hydrolysis to
break histone-DNA contacts. Remodeling outcomes range from the ejection or incorporation of histone
variants to sliding or displacing nucleosomes. One could hence envision that ATP-dependent chromatin
remodelers participate in the suppression of ERV activity in several ways, for instance, by promoting
increased nucleosome density at ERVs or by facilitating histone variant exchange. Historically a link
between ATP-dependent chromatin-remodeling enzymes and ERV silencing was proposed based on
biochemical observations. TRIM28 was found to interact with CHD3/Mi-2, which comprises one of
several mutually exclusive ATPase subunits of the nucleosome and remodeling deacetylase (NuRD)
complex [171]. Consequently the NuRD chromatin remodeler is frequently incorporated into models
of ERV repression. However, NuRD has not been extensively studied at retrotransposons, and direct



support that NuRD operates at ERVs is lacking. Nevertheless, with the event of successful identifica-
tion of remodeler binding sites genome wide combined with improved mapping strategies for ERVs,
connections between other ATP-dependent chromatin remodelers and ERV restriction have begun to
emerge.

SMARCAD1

The SNF2-like remodeler SMARCADI1 was recognized as key component of the TRIM28-SETDBI1
ERV silencing machinery [146, 158]. In mESCs, SMARCADI is recruited by TRIM28 to class I and
IT ERV subfamilies, particularly IAPs (Fig. 7.5 Panel 1) [158, 172]. An attractive idea is that remodel-
ing by SMARCADI1 promotes trimethylation of H3KO and transcriptional repression by facilitating
the stable association of TRIM28-SETDBI1 complexes at ERVs. Such a model can account for the
observation that depletion of SMARCADI1 from mESCs results in reduced TRIM28 occupancy at
ERVs, accompanied by reduced histone methylation and inefficient silencing of ERVs and nearby
genes [158]. Importantly the catalytic activity of SMARCADI is required to maintain and stabilize
TRIM28 binding, implying active chromatin remodeling as a central feature in setting up TRIM28-
induced heterochromatin formation at ERVs. The challenge for future studies will be to understand
the precise mechanisms and to identify the substrate toward which the remodeling activity is directed.

Binding of SMARCADI to LTR elements has been observed from budding and fission yeast to
pluripotent mouse cells [158, 173—-175], pointing to a conserved role for this remodeler family in ret-
rotransposon control. The ortholog of SMARCADI in fission yeast represses gypsy class 712 retroele-
ments by stabilizing a critical regulatory nucleosome in the 5’ LTR to inhibit productive transcription
[176]. The precise mechanism of SMARCADI action at ERVs in pluripotent cells is not known. In
mammalian cells, SMARCADI is a physical and functional partner of TRIM28, but there is no equiva-
lent partner known in yeast [128, 146, 158, 177-179]. It is noteworthy that the depletion of TRIM28
from mESCs negatively impacts the steady-state levels of SMARCADI, effectively generating a double
TRIM28-SMARCADI depletion [ 158, 172]. Consequently, when investigating the influence of pro-
longed removal of TRIM28 on ERV regulation, it is not possible to unambiguously determine the ex-
tent to which observed effects are attributable to TRIM28 alone or to combined TRIM28-SMARCADI1
function [158].

Interestingly, both SMARCADI and TRIM28 associate with DNA replication factors, notably
PCNA, and have been shown to participate in the heterochromatin propagation through replication
[177,179, 179a]. It is thus tempting to speculate that the partnership between TRIM28 and SMARCADI1
could be critical for preserving ERV heterochromatin integrity through the cell cycle.

ATRX

A screen for mouse proteins that nucleate the formation of repressive chromatin at IAPs identified
another SNF2-type ATPase, alpha thalassemia—mental retardation X linked (ATRX) [159]. A number
of ChIP studies found ATRX at repeat sequences and heterochromatic loci marked by H3K9me3 and
H4K20me3 [159, 180-182]. In pluripotent cells, H3.3 is significantly enriched at ERV class I and
IT families, particularly at IAPs [151, 183]. Since ATRX can form a heterocomplex with the histone
chaperone death domain-associated protein (DAXX), which incorporates the histone variant H3.3 at
specific loci [ 184-186], the major role of ATRX at ERVs was proposed to relate to H3.3 deposition.
But emerging evidence for overlapping yet independent functions of DAXX and ATRX at repetitive
sequences challenges this hypothesis [119, 151, 159, 180, 182, 187]. The recent identification of an



ATRX-independent DAXX complex involved in ERV repression puts the function of ATRX at ERVs in
question [ 183]. Moreover the impact of ATRX loss on ERV expression is controversial [ 159, 163, 180,
183]. Nevertheless, IAP derepression is clearly exacerbated when ATRX-depleted cells are challenged
by further disruption of heterochromatin organization, for instance, through interfering with TRIM28
function [159, 183] or with DNA methylation [163, 180]. One possible mechanism by which ATRX
may help to keep ERVs silenced is by contributing to chromatin compaction [159]. It is conceivable
that the presence of ATRX at ERVs provides an additional layer of heterochromatin stabilization, espe-
cially when there is a need to compensate for the lack of other pathways of heterochromatin formation.

CHD5

While the SNF2-like remodelers described so far affect primarily the expression of class I and II ERV
subfamilies as part of the TRIM28/SETDBI1 heterochromatin pathway, a role in silencing of class
IIT ERVs has been demonstrated for the chromodomain helicase DNA-binding protein 5 (CHDS)
(Fig. 7.5 Panel 2) [153, 156]. Mouse ESCs deficient in this remodeler considerably upregulate subsets
of MERVL elements normally bound by CHDS, accompanied by expression of proximal MERVL
LTR-driven 2-cell (2C)-specific genes. In conclusion, ATP-dependent chromatin remodelers clearly
act at distinct ERV families, which underscore the specificity of SNF2-like ATPase-mediated control
of retrotransposon activity. How chromatin remodeling can translate into repression of ERV activity
remains an area for future exploration.

RNA based regulation of ERVs (Fig. 7.5 Panel 4)

RNA interference is yet another layer of control that host organisms use to downregulate TEs, although
its contribution to ERV silencing in pluripotent cells is not as great as during other developmental
stages. During epigenetic reprogramming, RNA-based retrotransposon silencing pathways deal with
ERVs that become active, for example, in the germline and all the way through to implantation [188—
191] (reviewed by Schorn and Martienssen [ 192] and Svoboda [193]). We will mention here the main
RNA interference pathways that are involved in ERV silencing.

piRNA (24-31nt) are mostly expressed in the germline, keeping TEs repressed by regulating chro-
matin modifications and DNA methylation or by posttranscriptional silencing (the ping-pong cycle)
[194, 195]. In mice defective for MILI or MIWI2 (the mouse PIWI proteins), AP (class II ERVs) DNA
is demethylated, expression is upregulated, and mice are sterile [196, 197]. In adult human testis the
highest piRNA association to ERV was found for the LTR I/HUERS-P2 [46]. However, the mechanisms
controlling the generation of piRNAs and their TE-silencing activity in mammals are still enigmatic
[198]. Additionally, a large number of studies found high expression of PIWI proteins in the brain and
in several types of cancer, suggesting possible roles for this pathway in controlling TEs in somatic cells
as well [199]. Lately, piRNA were suggested to function as a first line of defense, or innate genomic
protection response, against retroviral sequences in the germline of recently invaded koalas [200].

EndosiRNA (~21nt)-based repression mechanism has also been suggested to be a first line of de-
fense when DNA methylation is erased, as in primordial germ cells or in hypomethylated ESCs [115].

Small tRNA fragments (tRF) are derived from the 3’ end of mature tRNAs and were shown to spe-
cifically promote silencing of retrotransposition competent ERVs in ESCs by inhibiting ERV transla-
tion and replication [201, 202].

RNA modifications leading to the destabilization of ERV transcripts are another layer of regulation,
as exemplified by RNA hydroxymethylation-mediated degradation of MERVL [142].



Summary/open questions

Here, we have highlighted the divergent roles that ERVs play in the plastic and dynamic chromatin
landscape of ESC organization [203] and the various restriction strategies ESC apply to control ERV
expression and replication.

In the last decade, our knowledge of the functions of ERVs in pluripotency and on ERV control
in general has increased exponentially. This is due to advances in ESC culturing technology and the
growing understanding of pluripotency on one hand and to the advancement made in the availability
and accuracy of high-throughput deep sequencing technologies and mapping of repetitive elements, on
the other hand. Our current understanding of how ERVs are kept in check is based mainly on studies
performed in mouse ESCs with a focus on the mechanisms and factors responsible for their control but
largely ignoring the identities of the specific ERVs subjected to it. Thus a gap in our understanding of
ERVs restriction is about how specific it is, both in regard to cells, tissues, and developmental stages
(since most studies are done in mESCs) and in regard to the group or subgroup of ERVs targeted (famil-
1al and individual level). For example, we do not know why some ERV I/II class LTRs are upregulated
in the EGA or in the blastocyst, while others remain silent. Another related issue is the lack of a similar
in-depth mechanistic understanding of ERV regulation in humans. Since human ERVome 1is signifi-
cantly different than that of the mouse (specifically, less ERV Il and more ERV III class elements), this
is a question worth considering. Thankfully the relatively new availability of naive pluripotent human
ESC opens the door to this kind of mechanistic studies. When considering the role of ERVs in tran-
scriptional or epigenetic regulation, most of the data come from NGS analysis and are thus correlative
by nature. Lately, more studies are accepting the challenge of proving causation, usually by deleting
some candidate regulatory ERVs, but are still far from a mechanistic understanding of ERV regulatory
functions and from grasping the full magnitude of ERV's that are actually important for preimplantation
development and pluripotency.

ERVs, as fossils of past viral infections that remain in the genome for millions of years, were al-
ways an intriguing subject for evolutionary biologists. Comparing the different path with homeostasis
between the “arms race” and the “exaptation” of ERVs by host cells of different phylogenetic lineages
could open a window to a new understanding of pluripotency networks and epigenetic control. Thus
more studies targeting the “transposcriptome” of nonmodel organisms during early development are
required. Additionally, the habit of masking/discarding repeat data on NGS data is holding the field
back and might prevent us from observing the most prominent consequences of our data or analysis.
When more scientists become aware of the importance of TEs regulation in the genome, new insights
will surely follow.
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