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Abstract Endogenous retroviruses (ERV) are an abun-
dant class of repetitive elements in mammalian genomes.
To ensure genomic stability, ERVs are largely transcrip-
tionally silent. However, these elements also feature physi-
ological roles in distinct developmental contexts, under
which silencing needs to be partially relieved. ERV silenc-
ing is mediated through a heterochromatic structure, which
is established by histone modification and DNA methyla-
tion machineries. This heterochromatic structure is largely
refractory to transcriptional stimulation, however, chal-
lenges to the heterochromatic state, such as DNA repli-
cation, require re-establishment of the heterochromatic
state in competition with transcriptional activators. In this
review, we discuss the major pathways leading to efficient
establishment of robust and inaccessible heterochromatin
across ERVs.

Keywords ERYV restriction - Setdb1 - Trim28 - Daxx -
Atrx - H3K9me3 - Retrotransposons - Transposable
elements - TEs

Introduction

Transposable elements (TEs) are DNA sequences of
ancient origin with the ability to jump into new locations
within the genome. They are likely to have emerged as
remnants of viral germ line infections that occurred during
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evolution and have accumulated to comprise a large frac-
tion (40-60%) of mammalian genomes [17, 47, 93]. Trans-
posable elements can be divided in two major classes: DNA
transposons (class II) and retrotransposons (class I). DNA
transposons move by the so-called “cut and paste” mecha-
nism, driven by the encoded transposase enzyme. Hence,
transposition does not result in copy number increase, and
therefore, DNA transposons comprise only a very small
part of mammalian genomes [27]. Retrotransposons, on the
other hand, move by a “copy and paste” mechanism, which
involves reverse transcription of an RNA intermediate and
subsequent integration as an additional copy within the
host genome [12]. This mechanism explains the high abun-
dance of these elements that make up about 90% of all TEs
present in humans and 95% in the mouse [3, 47, 93].

Mammalian retrotransposons can be further divided into
two major groups defined by the presence or absence of
flanking long terminal repeats (LTRs). Non-LTR retrotrans-
posons include long interspersed nuclear elements (LINEs)
and short interspersed nuclear elements (SINEs). LINEs
contain two open reading frames, orfl and orf2, encoding
proteins which mediate retrotransposition. A number of
LINE elements, especially members of the LINE-1 (L1)
subfamily, are still active and retrotransposition competent
in mouse and human. Their movement was suggested to
contribute to genome variation, but also to cause diseases
[35]. SINEs on the other hand are non-autonomous and
require LINE-encoded proteins for their retrotransposition
[45]. In human, Alu elements are the most frequently trans-
posing SINEs, with one new insertion in every 20th birth
[15]. In mouse four SINE families (B1, B2, ID, B4) are
expressed [45].

LTR containing retrotransposons closely resemble the
proviral-integrated form of infectious retroviruses. There-
fore, the term endogenous retrovirus (ERV) is often used
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synonymously [79]. Many ERV classes contain gag (group
specific antigen), pro (protease) and pol (polymerase)
genes derived from exogenous retroviruses. A small sub-
set of retrotransposons furthermore encode envelope (env)
proteins [12]. However, some ERV classes do not encode
these genes or accumulated genomic mutations that left
them non-autonomous and in the need to parasitize the
small fraction of retrotransposons which is transposition
competent [4, 82]. On the other hand, some elements in the
mouse (e.g. MLV) are still able to generate functional ret-
roviral particles [99]. In the human genome only HERV-K
(HML2) elements seem to be retrotransposition competent
[4].

ERVs are organized in three classes (I-III) based on
sequence homology to the pol gene of exogenous retrovi-
ruses [30]. Class I ERVs are similar to gamma- and epsi-
lonretroviruses, class II elements resemble alpha-, beta-,
deltaretroviruses and lentiviruses, and class III ERV show
similarity to spuma- and spumalike retroviruses [42].

Physiological roles of retrotransposons
Evolution

Since their discovery, transposable elements were consid-
ered harmful, parasitic or selfish [19, 62]. This view has
changed recently with physiological roles of TEs for the
host being increasingly appreciated. By now, numerous
examples have been described in which retrotransposons
were utilized by the host to fulfill new functions (exapta-
tion). On the one hand, retroviral genes can give rise to new
host genes. For instance, the placental syncytin gene was
derived from a retroviral envelope protein [60], and also
the evolution of the Xist gene was attributed to the inte-
gration of mobile elements [22]. On the other hand, TEs
can contribute to gene regulation by serving as promoter
or enhancer elements for host genes and by generating
alternative splice sites or polyadenylation signals [31, 41,
69]. Thus, TEs are now considered an important source of
genetic variation and an attractive force for genome evolu-
tion [14, 29, 59, 85].

Genome organization

A large fraction of transposable elements, in particular full
length retrotransposons, reside in a heterochromatic chro-
matin state. Heterochromatin plays important roles for
nuclear organization and maintenance of genomic stability
[66]. For example, heterochromatic regions help to connect
chromatin with the nuclear lamina [34] or buildup large
nuclear domains in specific cell types [77]. As retrotranspo-
sons comprise a significant portion of the heterochromatic
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compartment, it is likely that these elements contribute to
proper genome architecture. Future studies are necessary
to specifically address functions for retrotransposons in
this context. In particular, it would be important to clarify
the higher order chromatin organization of retrotranspo-
sons. Due to their relatively short length of only several
kilobases, in contrast to pericentric heterochromatin with
megabase extension, their potency for forming large con-
densed chromatin areas is probably limited. However, it is
possible that interactions between different retrotransposon
copies based on their heterochromatic modification pattern
may contribute to genome organization.

Transcriptional regulation

The most widely studied physiological function of retro-
transposons is transcriptional regulation. Next-generation
sequencing analyses revealed that 6-30% of mouse or
human RNAs start within repetitive elements [26]. These
data suggest that retrotransposon LTRs in the 5’ region
of protein-coding genes, which act as alternative promot-
ers, drive a significant proportion of host gene expression.
Different retrotransposon classes can act in different devel-
opmental settings. One well described example is the two-
cell stage-specific transcription of protein-coding genes in
mouse embryos, regulated by the LTR of murine endoge-
nous retrovirus-like (MERV-L) elements [54]. Members of
the LTR class III retrotransposons, such as MaLR, are spe-
cifically active in mouse oocytes and can act as additional
promoters for oocyte genes [65, 88]. In human preimplanta-
tion embryos ERVs are also systematically transcribed, and
with the help of single cell RNA sequencing, expression of
specific ERVs was shown to characterize distinct develop-
mental stages [32]. In this study, human ERVs were found
to display splice acceptor sites leading to fusion transcripts
between ERV and non-ERV sequences. If these transcripts
are functionally relevant in embryos remains to be tested.
Interestingly, stage-specific transcription from some
ERVs appears to be crucial for differentiation. For example,
altered transcriptional and post-transcriptional regulation of
class II and III ERVs (IAP and MuERV-L) were observed
to affect pluripotency and the differentiation potential of
mouse ES cells [67]. More recently, specific retrotranspo-
son-derived long non-coding RNAs were shown to influ-
ence pluripotency of mouse ES cells, as knock-down of
these transcripts resulted in reduced pluripotency marker
gene expression [28]. Also in human cells, ERV derived
IncRNAs regulate the pluripotency transcriptome. HERV-
H elements produce IncRNAs which potentially regulate
genes in vicinity, and, HERV-H LTRs appear to func-
tion as enhancers for pluripotency-related genes [53]. A
recent study could confirm HERV-H expression in human
ES cells and found that transcription of these elements is
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enhanced in the primed compared to the naive state [83].
Although physiological roles of ERVs were mainly inves-
tigated in embryonic stem cells or early embryonic devel-
opment, ERVs are likely to affect also the transcriptional
networks of differentiated cells. Evidence was provided in
a recent study that showed modulation of RNA abundance
and splicing by ERVs in different human cell types [44].

Unphysiological, adverse effects of uncontrolled
retrotransposon expression

In all cell types investigated so far, the majority of retro-
transposons reside in a repressive chromatin configuration,
being largely transcriptionally inert. Repression of retro-
transposons is crucial to prevent the “copy and paste” inte-
gration of potentially functional endogenous retroviruses.
In the mouse, different retrotransposon classes are still
functional, including IAP elements [18]. In humans LINE1
elements retain activity, whereas ERVs are generally con-
sidered inactive. Repression of retroviruses may not only be
important to restrain activity of potentially functional cop-
ies, it may also prevent aberrant activation of host genes in
the vicinity of ERVs [21, 43, 72].

Phenotypes which coincide with impaired retrotrans-
poson repression have been investigated in mouse models
lacking crucial factors for heterochromatin formation. All
investigated mouse models displayed significant develop-
mental phenotypes in connection with strong expression
of different ERV classes. For example, Dnmt31 knock-out
mice which display enhanced IAP expression in testis are
infertile due to the loss of germ cells [8]. Dnmtl knock-
out embryos show strong IAP expression in somatic cells
and die during early embryogenesis [75, 91]. Derepres-
sion of ERV classes due to loss of histone methylation
has been observed in germ cells and somatic cells, always
coinciding with impaired cell survival or proliferation [24,
51, 80]. These data strongly suggest that ERV derepres-
sion may cause such severe phenotypes. Still very little is
known about mechanisms of ERV expression leading to
impaired development. Derepression of ERVs often leads
to over-expression of genes in their vicinity, which may
adversely affect the transcriptional network of cells [21,
43, 72]. Strong expression of ERV transcripts is sensed
by the innate immune system and can lead to activation of
the interferon response pathway, resulting in elimination
of cells by the immune system [11, 70]. We have recently
found that in B cell development expression of retroviral
proteins can induce activation of cellular stress pathways,
such as the unfolded protein response, leading to apoptosis
[63]. It is likely that the phenotypic outcomes of ERV dere-
pression very much depend on the cell type and the ERV
class which is derepressed. More analyses are necessary to

better understand the mechanistic details of ERV derepres-
sion in the context of development.

In humans, complete abrogation of ERV silencing sys-
tems has not been observed. However, increased activ-
ity of HERVs was linked with different diseases, such as
Amyotrophic lateral sclerosis (ALS) [50], Schizophrenia
[76], autoimmune disorders [89] and cancer [6]. It is cur-
rently unclear if increased transcription of HERVs directly
partakes in the development of these diseases. For example,
in cancer cells enhanced transcriptional activity of HERVs
may be due to the generally lower DNA methylation status.
It was speculated that active transposable elements, able to
integrate into new sites in the genome may contribute to
cancer progression by mutating tumor suppressor genes,
or by inducing genomic instability. However, analyses of
cancer genomes have not revealed much new integration of
such elements, rather suggesting that transposable elements
have a minor role in cancer progression. It is interesting to
note that enhanced levels of retrotransposon transcription
in cancer cells can potentially be exploited in the context
of immunstimulatory therapies. Retrotransposon transcripts
can trigger an interferon response leading to removal of
these cells by the immune system [11, 70].

Regulation of retrotransposon silencing
by heterochromatin

The above-mentioned examples of physiological roles for
“transcriptionally active” retrotransposons and adverse
effects of overt retrotransposon activity highlight the fact
that transcriptional activity of retrotransposons needs to be
tightly controlled. The majority of retrotransposons display
low transcriptional activity in most cell types, suggesting
that silencing mechanisms for ERVs counteract transcrip-
tional activation. In the following sections we will sum-
marize the current knowledge of ERV silencing pathways
which lead to establishment of a repressive, heterochro-
matic, chromatin architecture on these elements. Differ-
ent classes of retrotransposons feature distinct chromatin
configurations preventing transcriptional activity. In this
review, we will focus on a wide-spread mechanism of ERV
silencing by the combinatorial accumulation of H3K9me3,
H4K20me3 and DNA methylation, the classical modifica-
tion pattern of pericentric heterochromatin.

Targeting mechanisms for ERYV silencing

To ensure retrotransposon silencing, these genomic ele-
ments need to be recognized and targeted for heterochro-
matin formation. In vitro silencing assays in which parts
of ERVs were combined with a reporter gene revealed
high silencing potential of specific ERV sequences. For
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example, two regions of IAP elements can confer reporter
silencing: the 5S'UTR region [71] and a small 160 bp region
from the gag coding sequence [73]. These and other exam-
ples suggest that recognition of ERVs may happen on the
level of the DNA sequence by specific binding proteins.
The first example for this mechanism was Zfp809 which
binds the primer binding site region of exogenous MuLV
retrovirus [95]. The sequence of this primer binding site is
also conserved in endogenous retroviruses and Zfp809 was
shown to bind these elements [96]. Zfp809 belongs to the
large family of KRAB zinc finger (KRAB-ZnF) proteins
with hundreds of members in vertebrate genomes. These
proteins feature varying numbers of zinc fingers mediat-
ing DNA binding specificity. They also contain a KRAB
domain which binds the corepressor protein Trim28,
facilitating recruitment of additional chromatin-modifying
activities. These data raised the hypothesis that the family
of KRAB-ZnF proteins may have evolved to recognize dif-
ferent retrotransposons in higher vertebrate genomes. Con-
sistent with this hypothesis, additional KRAB-ZnF proteins
could be identified to bind retrotransposon sequences in
human and mouse cells. ZNF91/93 recognize human SVA
and L1 elements, respectively [40]. Zfp819 is a KRAB-ZnF
recognizing IAP elements [81]. Zfp932 and Gm15446 were
recently identified to bind distinct sets of ERVK retrovi-
ruses in the mouse [21].

In addition to the sequence-specific recognition by DNA
binding proteins, RNA-mediated targeting mechanisms
appear to play crucial roles in targeting retrotransposon
silencing. In this context, three different mechanisms are
currently discussed: generation of siRNAs, production of
antisense transcripts and piRNA-mediated silencing.

An siRNA-based silencing pathway was shown to affect
silencing of human Linel elements [78, 92, 98]. It is cur-
rently unclear how these siRNAs are being generated and
if additional retrotransposon classes are affected by this
pathway. It should also be noted that abrogation of siRNA
production by knock-down of Dicer only resulted in subtle
transcriptional activation of LINEI elements [98], suggest-
ing that the siRNA pathway is not the predominant target-
ing mechanism for silencing.

Another RNA-based mechanism which can result in
heterochromatin-mediated silencing is the production of
antisense RNAs. Initially shown for imprinted genes, anti-
sense transcription appears to be a wide-spread mechanism
to modulate gene expression [94]. Antisense transcripts
are produced from different retrotransposon classes and
for LINEI elements it could already be demonstrated that
their activity is affected by these antisense transcripts [49].
Also IAP retrotransposons appear to be regulated by anti-
sense transcripts. In this case, asRNAs appear to mediate
targeting of histone modifying activities to establish a het-
erochromatic structure across these elements [7].
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Finally, the piRNA pathway plays major roles in target-
ing retrotransposons for silencing, specifically in germ cells
of animals [2]. The piRNAs originate from retrotransposon
transcripts and not only contribute to the degradation of ret-
rotransposon mRNA, but also induce repressive chromatin
marks like DNA methylation [1]. In fact, the piRNA path-
way is necessary for establishment of DNA methylation on
retrotransposons in mouse fetal testes [46].

These examples highlight that targeting mechanisms
may differ in different cell types as initiation of ERV silenc-
ing takes place mainly in germ line cells and early embryos.
Later in development, when heterochromatin is already
established on ERVs, maintenance mechanisms which
copy the heterochromatic state during replication may act
in concert with initiation processes to ensure robust ERV
repression.

Establishment of repressive chromatin
modifications on ERVs

Transcriptional silencing of retrotransposons is mediated
by the establishment of a repressive chromatin structure
which prevents the access and/or function of transcriptional
activators. The precise mechanism of transcriptional repres-
sion is not fully clear, but establishment of both H3K9me3
and DNA methylation across ERVs have been found to
play crucial roles in silencing. Other modifications, such as
H4K20me3, or chromatin inaccessibility are contributing
factors to ERV repression. Current models assume that spe-
cific sites within ERVs mediate recruitment of chromatin-
modifying activities through, for example, KRAB ZnF pro-
teins. These proteins interact with the Trim28 corepressor,
which then results in the recruitment of the histone meth-
yltransferase Setdbl. From these nucleation sites Setdbl
establishes H3K9me3 across the ERV body. Spreading of
H3K9me3 can even extend into neighboring regions [68].
A nucleation and looping mechanism, such as proposed for
pericentric heterochromatin [61], could explain the spread-
ing of H3K9me3 from the nucleation sites across a broader
region.

Trim28 and Setdbl are both required for ERV silenc-
ing, although to different extent. Trim28 knockout in ES
cells results in derepression of several ERV classes, such
as IAP and MERVL [71]. Interestingly, Setdbl knock-out
ES cells show derepression of additional ERV classes [43,
58]. These data suggest that Trim28-mediated targeting of
Setdbl is restricted to a subset of ERVs. The reason may be
that in cells in which H3K9me3 heterochromatin is already
established, the de novo KRAB ZnF-Trim28-Setdb1 path-
way may no longer be necessary on some ERV classes.
H3K9me3 reader proteins, such as HP1, could bind pre-
existing H3K9me3 and bridge to Setdbl through direct
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interaction [74]. However, depletion of all three HP1 iso-
forms in ES cells did not result in strong derepression of
selected ERVs [56]. The reason for this discrepancy could
be that the tested ERVs allow Setdbl targeting though
the KRAB ZnF-Trim28-Setdbl initiation pathway. More
refined analyses are, therefore, necessary to understand
which ERV classes in ES cells mainly depend on the
maintenance pathway, in which HP1 proteins could be
instrumental.

Other H3K9me3-specific methyltransferases with roles
in ERV heterochromatin formation are Suv39h enzymes.
Suv39h double knockout ES cells display reduced spread-
ing of H3K9me3 on intact ERVs and overall reduced
H3K9me3 on LINEI elements [9]. Targeting of Suv39h
enzymes to ERVs and spreading of H3K9me3 may be due
to HPI1 interaction, as in pericentric heterochromatin. If
Suv39h is recruited to LINE1 elements through transcrip-
tion factor-based targeting, as proposed for pericentric het-
erochromatin [10], remains to be tested. The second major
repressive modification involved in ERV silencing is DNA
methylation. During germ cell development DNA methyla-
tion is erased and then re-established. The latter process is
mediated through complex interactions between the piRNA
pathway, de novo DNA methyltransferases and auxiliary
proteins [1, 5, 57, 64]. Probably all other cell types maintain
DNA methylation on ERVs by the activity of Dnmtl. ES
cells, deficient for all three DNA methyltransferases com-
pletely lack DNA methylation on ERVs, but only display
subtle derepression of these elements [43]. Acute deletion
of Dnmt1, however, resulted in transient ERV derepression,
which was later compensated by enhanced Setdbl activity
[75]. Interestingly, upon differentiation or in somatic cells
loss of DNA methylation severely impairs ERV silencing
[37, 38]. In contrast, loss of Trim28 or Setdbl in mouse
embryonic fibroblast (MEF) cells did not lead to an upregu-
lation of retrotransposon expression, indicating a minor
role for retrotransposon silencing in differentiated cells [58,
71]. These data led to the idea that in ES cells, the Setdb1-
H3K9me3 pathway is predominant for silencing, whereas
differentiated cells largely depend on maintenance of DNA
methylation for ERV repression. However, this view was
challenged by recent studies that investigated deletion of
Setdbl or Trim28 in differentiated cell types. For exam-
ple, deletion of Setdbl or Trim28 in neural progenitor cells
resulted in strong ERV derepression, mainly of the IAP and
MMERVKI10C class, with only subtle reduction in DNA
methylation [25, 80]. Other examples include deletion of
Setdbl in B cell development, which resulted in strong
derepression of endogenous murine leukemia virus copies,
again with only subtle reduction in DNA methylation [13,
63]. Interestingly, IAP retrotransposons, the major Trim28/
Setdbl targets in mouse ES cells, were not derepressed in
B cells.

These findings show that although H3K9me3 and DNA
methylation mostly occur together on ERVs, their impact
on silencing can vary in different cell types. How can this
discrepancy be reconciled? As explained above, transcrip-
tional activity of ERVs depends on both activation and
silencing mechanism. First, different cell types feature
distinct transcription factor activities. If in ES cells, tran-
scription factors that can target IAP elements are expressed,
these factors may be absent in B cells. In this scenario, B
cells would be unable to express IAP elements with com-
promised heterochromatin. Second, transcription factors
have differential sensitivity towards DNA methylation.
Some TFs can tolerate 5SmC in their binding motif, for oth-
ers, DNA methylation compromises DNA binding. Third,
transcription factors and the associated activation machin-
eries compete with the establishment of repressive modi-
fications and their binders. For example, high levels of
DNA methylation and H3K9me3 lead to strong binding
of methyl-DNA binding proteins and HP1 proteins which
may compete with transcription factor binding. In addi-
tion, H3K9me3 and DNA methylation can prevent activity
of chromatin modifiers which establish active modifica-
tions, such as H3K4me3. Based on these arguments, ERV
activation would depend on the quality and the amount of
transcription factors able to bind ERVs vs. the amount of
repressive modifications and binding proteins. This can
explain, why in some cell types, presence of DNA methyla-
tion or H3K9me3 may be enough to counteract TFs, in oth-
ers, combined presence of these modifications (and binding
proteins) is required to ensure silencing. This idea is sup-
ported by recent experiments in which combined deletion
of Setbdl and Dnmtl in ES cells resulted in much stronger
derepression of IAP retrotransposons than individual dele-
tion of Dnmtl1 or Setdbl [75].

Additional players in heterochromatin formation

DNA and histone methyltransferases are essential compo-
nents for heterochromatin formation. However, additional
players are likely to aid in both establishment and spread-
ing of chromatin modifications and in the formation of a
chromatin state, non-permissive to transcriptional activa-
tion. Genome-wide genetic screens using ERV reporters
have revealed additional components of the ERV silencing
machinery [73, 97]. In this section, we propose models for
how these factors can be integrated into the ERV silencing
pathways.

Atrx/Daxx/H3.3

A function of Atrx in heterochromatin establishment on
ERVs was initially identified through an shRNA screen
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for regulators of IAP silencing. The short heterochromatin
inducing (SHIN) region within the gag coding sequence
of IAP elements can induce heterochromatin formation by
recruiting the Trim28/Setdbl pathway, and knock-down
of Atrx was found to impair SHIN silencing [73]. Atrx is
a putative chromatin remodeler and interacts with the his-
tone chaperone Daxx which deposits histone H3.3 into het-
erochromatic regions [20, 33, 48]. A series of subsequent
studies revealed that Atrx and Daxx are crucial for proper
heterochromatin formation on imprinted loci, telomeres
and ERVs [36, 73, 87, 90]. Their role in heterochromatin
formation seems linked with histone H3.3 deposition. Con-
sistent with this hypothesis, knock-out of H3.3 resulted in
reduced H3K9me3 on telomeric and ERV heterochroma-
tin [23, 87]. However, ERV silencing is only marginally
impaired in ES cells lacking Atrx, Daxx, or H3.3 [23, 73].

We think that functions of Atrx and Daxx mainly relate
to the efficiency of Setdbl-mediated heterochromatin for-
mation. In vitro assays using the SHIN reporter revealed
that reporter silencing is not fully compromised, but works
with delayed kinetics [73]. Switching the SHIN reporter
to an active state and monitoring re-silencing revealed
impaired spreading of H3K9me3 in absence of Atrx [73].
Importantly, re-silencing was completely impaired when in
addition to Atrx knock-down, reporter activation was forced
using an inducible transcription factor [73]. Together, these
data suggest that expansion of heterochromatin from ini-
tiation sites, such as the SHIN sequence, require the Atrx/
Daxx pathway. Still, endogenous IAP elements containing
the SHIN sequence are not strongly derepressed in Atrx/
Daxx knock-out cells. Redundancy by multiple initiation
sites within IAP elements that ensure significant levels of
H3K9me3 even in absence of Atrx/Daxx and the presence
of DNA methylation which may act as backup mechanism
for ERV silencing may ensure IAP repression. In support of
this hypothesis, removing DNA methylation [36] or reduc-
ing Setdbl activity [73] resulted in impaired IAP silencing.
It is also interesting to note that Atrx activity is more criti-
cal in cell types other than ES cells. In this context, knock-
down of Atrx in morula embryos resulted in enhanced IAP
expression [36]. Furthermore, Atrx/Daxx may be more cru-
cial for silencing of other ERV classes with less redundant
silencing mechanisms. An example for this is derepression
of MusD/ETn elements in Atrx knock-out ES cells [73],
although very little is known how these elements are tar-
geted for silencing.

Is histone H3.3 deposition critical for the ERV silencing
function of Atrx/Daxx? Based on the currently available
datasets this question cannot satisfactorily be answered.
Atrx and Daxx are necessary to mediate H3.3 deposition
on several heterochromatic regions, however, regarding
IAP elements the data are a bit conflicting. In one dataset
using epitope-tagged H3.3, in Atrx depleted cells H3.3 was
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not lost from IAP elements [33]. Two other studies, using
antibodies against endogenous H3.3, could detect reduced
H3.3 on these repeat elements [23, 90]. It is possible that
the epitope tag alters the properties of histone H3.3 and
ChIP studies using the tagged histone variant may not fully
reflect the endogenous situation. This argument would be
in support of a role of Atrx/Daxx in depositing H3.3 on
ERVs. But is this deposition critical for silencing? H3.3
knock-out ES cells display only minor changes in IAP
expression, just like Atrx ko ES cells [23], which may be
due to the redundancy in silencing mechanisms, e.g. DNA
methylation. Unfortunately, co-impairment of these redun-
dancy mechanisms was not yet performed in H3.3 ko cells.
However, initiation of SHIN silencing which is independ-
ent of DNA methylation was fully intact in H3.3 depleted
cells [73]. Interestingly, derepression of MusD/ETn ele-
ments, observed in Atrx ko cells, was not detected in H3.3
ko [23]. Based on these evidences we think that Atrx/
Daxx have additional functions in ERV regulation which
are beyond H3.3 deposition and which may relate to more
direct roles in organizing an inaccessible heterochromatic
structure across ERVs [73].

Sumoylation pathway

Sumoylation of proteins is an important regulatory mecha-
nism for protein—protein interactions [16]. Several studies
have revealed the importance of the SUMO pathway for
heterochromatin formation [55, 86]. Recently, a genome-
wide screen for provirus silencing factors has confirmed
an important role of this pathway for ERV repression
[97]. Some of the major ERV silencing factors are either
sumoylated or contain SUMO interaction motifs. For exam-
ple, sumoylation of Trim28 is important for the interaction
with Setdbl [39]. Additional proteins, such as hnRNP K,
may support Trim28 sumoylation and are required for the
efficient recruitment of Setdbl to Trim28 binding sites
[84]. Sumoylation of Trim28 appears to be crucial not only
for Setdb1 interaction, but also for stable binding to its tar-
get sites [97].

Atf7ip, an interaction partner of Setdbl also features a
SUMO interaction motif [86]. Sumoylation of the methyl-
DNA binding protein Mbdl mediates the interaction with
Atf7ip and could provide a link of the DNA methylation
pathway with histone modifying activities [86]. The SUMO
pathway appears to play additional roles for the Atrx/Daxx
pathway. Silencing of the SHIN reporter is impaired in
Daxx ko ES cells, but can be rescued by expression of full
length Daxx protein in these ko cells [73]. Interestingly,
Daxx protein with mutated SUMO interaction motif fails in
rescuing SHIN silencing [73].

Together these data demonstrate the broad implications
of the SUMO pathway for heterochromatin formation and
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ERV silencing. However, depletion of Sumo2 in ES cells
only resulted in minor transcriptional changes of ERVs [97]
compared to a full Setdbl knock-out in ES cells [43], rather
suggesting that the SUMO pathway is a modulating fac-
tor for ERV silencing. More detailed studies are, therefore,
necessary to identify the most critical roles of sumoylation
in the context of ERV silencing.

Re-establishment of heterochromatin
upon challenges

Heterochromatin across ERVs impairs transcription by gen-
erating an inaccessible chromatin structure, non-permis-
sive to transcription. However, heterochromatin is not in a
permanently stable configuration as it faces various chal-
lenges. The major challenge in proliferating cells is repli-
cation. Replication leads to incorporation of new histone
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erochromatin and DNA damage. The looser chromatin structure of
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molecules, lacking repressive modifications. Furthermore,
DNA methylation is only present on the parental strand and
needs to be re-established. Replication, therefore, makes
chromatin more accessible to transcriptional activators,
and re-establishment of heterochromatin needs to domi-
nate transcriptional activation to ensure silencing. Other
challenges may include transcription through heterochro-
matic domains. This happens, for example, when ERVs are
located in introns of transcribed genes. Another challenge
may be DNA damage, which requires opening of the chro-
matin structure to repair the damage. Finally, binding of
transcription factors with pioneering activities may access
binding sites within heterochromatic structures and needs
to be counteracted by re-establishment of heterochromatin.

All factors for ERV silencing were so far investi-
gated in the context of heterochromatin challenges, at
least in the context of replicating cells. Therefore, most
factors necessary for ERV silencing are likely to relate
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ways and transcription factor activity decides between re-establish-
ment of heterochromatin or transcriptional activation of the ERV. If
heterochromatin establishment pathways are compromised, e.g. upon
Setdbl or Dnmtl knock-out, transcriptional activators dominate over
heterochromatin re-establishment, leading to ERV derepression. MBD
methyl DNA binding protein, TF transcription factor
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to the re-establishment of heterochromatin in such con-
texts (Fig. 1). We think that different scenarios need to
be considered, which depend on the kind of challenge
and on the individual ERV element. For example, an
ERV integration with binding sites for a transcription
factor may be kept silent by heterochromatin-mediated
blocking of productive binding of this transcription fac-
tor. However, upon a challenge which alters this repres-
sive chromatin environment, e.g. replication, these tran-
scription factor binding sites may get more accessible.
To ensure silencing synergistic activities of the major
heterochromatin establishment pathways are necessary
to counteract transcriptional activation (Fig. 1). The
Trim28/Setdbl pathway can recognize heterochromatin
nucleation sites through KRAB-ZnF proteins or could be
recruited through remaining H3K9me3/HP1. Additional
factors, such as Atrx/Daxx help in facilitating H3K9me3
spreading and establishment of an inaccessible chroma-
tin structure. Re-establishment of DNA methylation is
driven by the recognition of hemimethylated DNA and/or
H3K9me3 by Uhrfl, which then mediates the recruitment
of Dnmtl [52]. Depending on the intensity of the tran-
scriptional stimulus (e.g. binding affinity of the TF, num-
ber of TF binding sites, strength of the TF transactivation
domain), compromised heterochromatin re-establishment
may lead to transcriptional activation of the underlying
ERV.

A number of major questions remain. Heterochroma-
tin nucleation sites are only known for very few ERV
classes, and it is not clear which proteins (or RNA mol-
ecules) aid in recognition of these elements. The inter-
play between histone methylation and DNA methylation
pathways is not fully understood. Transcriptional activa-
tion of ERVs also happens in a physiological context (e.g.
B cell activation); what are the transcriptional activators
and how can they counteract heterochromatin establish-
ment factors? Is the transient derepression of ERVs really
crucial for driving host gene expression during develop-
ment? Can compromised heterochromatin and aberrant
activation of ERVs lead to aberrant development or dis-
ease? Novel tools, such as genome-wide screens using
CRISPR/Cas9, investigation of ERV silencing in devel-
opmental contexts and studies on the interplay between
transcriptional activators and silencing factors will cer-
tainly reveal a more refined picture of the role of hetero-
chromatin for ERV silencing in the near future.
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