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Transposable elements (TEs) are genetic elements capable
of changing position within the genome. Although their
mobilization can constitute a threat to genome integrity,
nearly half of modernmammalian genomes are composed
of remnants of TE insertions. The first critical step for a
successful transposition cycle is the generation of a full-
length transcript. TEs have evolved cis-regulatory ele-
ments enabling them to recruit host-encoded factors driv-
ing their own, selfish transcription. TEs are generally
transcriptionally silenced in somatic cells, and the mech-
anisms underlying their repression have been extensively
studied. However, during germline formation, preimplan-
tation development, and tumorigenesis, specific TE fami-
lies are highly expressed. Understanding the molecular
players at stake in these contexts is of utmost importance
to establish themechanisms regulating TEs, as well as the
importance of their transcription to the biology of the
host. Here, we review the transcription factors known to
be involved in the sequence-specific recognition and tran-
scriptional activation of specific TE families or subfami-
lies. We discuss the diversity of TE regulatory elements
within mammalian genomes and highlight the impor-
tance of TE mobilization in the dispersal of transcription
factor-binding sites over the course of evolution.

Transposable elements (TEs) are DNA sequences that, in
principle, have the ability to move from one location to
another within the genome. While most TE sequences
degenerate with evolutionary time, a substantial fraction
of mammalian genomes is composed of remnants of TE
insertions. Indeed, the initial sequencing of the human
andmouse genomes, at the onset of the 21st century, iden-
tified ∼46% and 37% in humans and mice, respectively,
as remnants of TE insertions (International Human Ge-

nome Sequencing Consortium 2001; Mouse Genome Se-
quencing Consortium 2002). Improvement in TE
annotation in the following years have led to current esti-
mates of TEs abundance of ∼48% in humans and 41% in
mice (mm10). It has been suggested that the fraction of
mammalian genomes derived from TEs is in fact underes-
timated, owing to significant sequence divergence occur-
ring at the most ancient TE insertions, preventing their
recognition in the modern genomes (de Koning et al.
2011; Hubley et al. 2016). Hence, TEs have been remark-
ably successful at colonizing mammalian genomes and
they are increasingly recognized as significant players in
the evolution of genomes and their regulatory networks
(Feschotte 2008; Chuong et al. 2017).

Depending on the mechanism used for transposition,
TEs can be broadly divided into two main classes (Finne-
gan 1989; Wicker et al. 2007). Class I TEs, referred to as
retrotransposons, mobilize via an RNA intermediate,
which is reverse transcribed and subsequently reintegrat-
ed elsewhere in the genome. On the other hand, class II
TEs (DNA transposons) mobilize and reintegrate directly
as DNA molecules. Retrotransposons substantially dom-
inate themammalian TE repertoire (International Human
Genome Sequencing Consortium 2001; Mouse Genome
Sequencing Consortium 2002; Rodriguez-Terrones and
Torres-Padilla 2018) likely as a result of their copy-and-
paste mechanism of replication, possibly facilitating their
expansion in number. Retrotransposons can be further di-
vided into LTR and non-LTR elements. As the name indi-
cates, LTR retrotransposons are characterized by the
presence of two initially identical and equally oriented
long terminal repeats (LTRs) at the 5′ and 3′ end of the el-
ement, which range from 100 bp to >5 kb in size (Mager
and Stoye 2015). The non-LTR retrotransposons include
two major orders displaying distinct structures: the long
and short interspersed nuclear elements (LINEs and
SINEs) (Goodier and Kazazian 2008).
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Themobility of TEs depends on their ability to generate
a full-length transcript. Autonomous TEs encode tran-
scripts that promote their own replication within the
host genome, typically independently from the host repli-
cation. However, they rely on the host machinery to or-
chestrate their transcription. In order to do so, TEs have
evolved cis-regulatory sequences that function to recruit
host-encoded factors, such as RNA polymerases or tran-
scription factors (TFs), thereby ensuring their amplifica-
tion within the host. Hence, all types of TEs encompass
regulatory elements, which in the case of retrotranspo-
sons is either embeddedwithin an LTR or containedwith-
in the 5′ region preceding the coding sequences in the case
of non-LTR elements (Goodier and Kazazian 2008; Mager
and Stoye 2015).
Given their mobile nature, TEs have long been con-

ceived as threats to genomic integrity. Indeed, sustained
TE activity is a hallmark of human diseases (Hancks and
Kazazian 2016); hence, the mechanisms underlying their
restriction have been extensively studied. It is believed
that genomes have evolved several layers of “defense”
mechanisms to suppress TE mobilization (for review,
see Goodier 2016). At the transcriptional level, in most
mammalian somatic cells, TE silencing is primarily de-
pendent on DNA methylation and repressive histone
modifications such as H3K9me3, two classical marks of
constitutive heterochromatin. However, TE transcripts
may constitute a fraction of the transcriptome of somatic
tissues across vertebrates, out of which a high proportion
derives from recent TE insertions (Pasquesi et al. 2020).
While the work by Pasquesi et al. (2020) cannot discrimi-
nate read-through transcription from TE-driven transcrip-
tion, it suggests that TE transcription is tightly regulated
in somatic cells, and thus their impact on gene regulation
might bemore extensive than initially established, as pre-
viously suggested (Chuong et al. 2017). Notwithstanding,
blastomeres during preimplantation development, germ
cells as well as transformed cells are characterized by a ro-
bust expression of specific TEs. In these developmental
and disease contexts, TE expression is not only restricted
to the read-through transcription of TE-derived sequences
within host genes, but it also includes transcription of
truncated or full-length TEs driven by their own cis-regu-
latory elements (Evsikov et al. 2004; Peaston et al. 2004;
Fadloun et al. 2013; Göke et al. 2015; Jang et al. 2019).
Long thought to be a side effect of the extensive epigenetic
reprogramming that is characteristic of these biological
contexts, the transcriptional activation of TEs is emerging
as a process that is tightly regulated and of key biological
relevance to the host.
Therefore, identifying and characterizing molecular

players that recognize, activate and regulate TE expres-
sion in a sequence-specific manner is of uttermost impor-
tance. While most of the research in the past decades has
focused on how transcriptional repression of TEs is
achieved (Imbeault and Trono 2014; Molaro and Malik
2016; Ecco et al. 2017; Yang et al. 2017), we review here
the TFs that have been shown to directly activate specific
TE subfamily expression, mainly the relatively young ret-
rotransposons. In addition, we emphasize the diversity of

TE repertoires within modern mammalian genomes and
highlight the importance of motifs for pluripotency-relat-
ed factors, which appear to have been embedded within
TE regulatory elements throughout mammalian evolu-
tion. The review focuses primarily on mouse and human
studies, which are the two species where most research
has been conducted.

Overview of the regulatory regions of major human
and mouse TEs

Endogenous retroviruses (ERVs)

As their name indicates, ERVs are genomic remnants of
ancestral viral infections by retroviruses. Their presence
in modern genomes stems from provirus integration in
the germline, which was subsequently vertically trans-
mitted and eventually endogenized within the host.
ERVs constitute ∼8.5% and 11.5% of the human and
mouse genomes, respectively (estimations from Repeat-
Masker andmm10 annotations), and exist in a range of dif-
ferent forms within contemporary mouse and human
genomes, most of which are incomplete or truncated
(Mager and Stoye 2015).
Complete ERVs are structurally closely related to provi-

ruses: They display internal coding sequences for the viral
proteins Gag, Pol, and in some instances, Env, which are
flanked by two initially identical LTRs. The LTRs of these
elements contain the cis-regulatory elements for their
transcriptional regulation. LTRs can be subdivided into
three parts: U3, R, and U5. The genesis of an LTR origi-
nates in the reverse transcription process of the viral
RNA. This RNA contains the R region followed by U5
on the 5′ end, whereas on the 3′ end the R region is preced-
ed by U3. Reverse transcription generates duplicates of
both U5 and U3, giving rise to the two LTRs. Hence, U3
is the 5′-most fragment of the LTR, U5 is the 3′-most frag-
ment of the LTR and the R region is included between U3
andU5 (Fig. 1; Vogt 1997;Mager and Stoye 2015). Based on
these structural characteristics, transcription of a full-
length RNA is expected to initiate at the U3/R boundary
and to terminate at the R/U5 boundary (Boeke and Corces
1989; Vogt 1997). Accordingly, the U3 region contains the
promoter and potential enhancer elements involved in the
transcriptional control of ERVs.
The ability of the LTR to drive transcription has been

tested using several approaches. For example, early func-
tional analyses using reporter assays concluded that the
regulatory elements necessary for transcriptional activity
are present within the U3 segment of the mouse-specific
intracisternal A-type particle (IAP) LTR, including partial
sequences homologous to the TATA-box motif (Christy
andHuang 1988; Falzon and Kuff 1988). In contrast, 5′ rap-
id amplification of cDNA ends (RACE) analysis of the
HERVK promoter in human cancer cell lines led to the
identification of a major transcription start site (TSS) as
well as minor variable TSSs ranging between 10 bp up-
stream of to 30 bp downstream from themajor TSS (Fuchs
et al. 2011). Accordingly, no functional TATA box was
identified upstream of the major TSS. HERVK
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transcription was shown to be mediated by SP1 and SP3,
knockdown of which significantly reduced the activity of
a luciferase reporter. Specific recruitment of these two
ubiquitous TFs to threeGC boxes present in close proxim-
ity to the major TSS was demonstrated by chromatin im-
munoprecipitation (ChIP) and electrophoretic mobility
shift assay (EMSA) (Fuchs et al. 2011). Hence, different
ERV subfamilies harbor distinct core promoter elements
involved in the control of their transcriptional regulation.

Long interspersed nuclear elements (LINEs)

In contrast to ERVs, LINEs do not harbor LTR sequences.
LINEs account for about one fifth of the mouse and hu-
man genomes, with a consistent domination of L1 over
L2 in both species. L1 accounts for 19.9% and 17.5% of
the genomic content in mice and humans, respectively,
according to mm10 annotation and RepeatMasker. How-
ever, L2 are more abundant in humans than in mice,
with 3.7% versus only 0.4% of the genome, respectively.
Hence, L1 is considered as the most successful and abun-
dant retrotransposon in both species.

A full-length L1 accommodates two open reading
frames, Orf1 and Orf2, themselves encoding proteins
that are required for a full retrotransposition cycle, which
takes place through target site-primed reverse transcrip-
tion. The sequence composition of Orf1 and Orf2 is rela-
tively conserved within the family and even to some
extent between species (Fanning and Singer 1987a,b). Not-

withstanding, while L1 regulatory regions share homolo-
gous features such as the presence of CpG islands and
the lack of traditional bindingmotifs such as TATA boxes
(Furano 2000), the composition and structure of the L1
regulatory elements differ considerably between mice
and humans.

The regulatory element of the human L1 is composed of
a single 900-bp-long GC-rich 5′UTR (Fig. 1), which was
shown in early studies to be sufficient to drive L1 tran-
scription in pluripotent teratocarcinoma cell lines
(NTera2D1) (Skowronski and Singer 1985; Swergold
1990) as well as inHeLa cells (Moran et al. 1996). A typical
RNA polymerase II promoter initiates transcription
downstream from the preinitiation complex (PIC) site at
the promoter. However, L1 requires a promoter that initi-
ates transcription upstream of the promoter sequence ele-
ments, which would otherwise be lost as a result of
transcription. To investigate this issue, the human L1 reg-
ulatory regions have been extensively characterized using
heterologous systems and deletion assays, which have led
to the identification of the first 100 bp within the 900-bp-
long promoter segment as critical for transcription of a
full-length L1 transcript (Swergold 1990; Minakami
et al. 1992). The human L1 promoter has been shown to
contain a binding site for Yin Yang 1 (YY1) (Minakami
et al. 1992; Becker et al. 1993, 1994), a ubiquitous tran-
scription factor, which interacts with components of the
basal transcription machinery and can bind the initiator
(INR) element in TATA-less promoters (Seto et al. 1991;

Mouse + Human

Mouse

Human

Figure 1. Schematic representation of the
regulatory elements of major human and
mouse TEs. Boxes represent the different
parts of the elements, as indicated. For L1s,
the light-blue box represents the YY1-bind-
ing site. For the SINE elements, A and B refer
to the A and B boxes. (ERVs) Endogenous ret-
roviruses, (LTR) long terminal repeat, (UTR)
untranslated region, (ORF) open reading
frame, (ASP) antisense promoter.
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Zawel and Reinberg 1995). Subsequently, YY1 was shown
to be necessary for accurate transcriptional initiation of
L1 full-length transcripts in HeLa cells and was therefore
considered a core player in the generation of retrotranspo-
sition-competent L1s (Athanikar et al. 2004). While in the
context of a full-length promoter mutating the YY1 bind-
ing site did not affect transcription nor retrotransposition
in HeLa cells, mutations in the YY1 site affected L1 core
promoter activity. Interestingly, in the context of a mini-
mal promoter containing only the first 150 bp of the L1
5′UTR driving luciferase expression, mutation of the
YY1 binding site induced a threefold to 10-fold decrease
in luciferase activity, depending on the cell type used.
This indicates that in the absence of the downstream reg-
ulatory elements of the 5′UTR, YY1 activity as L1 tran-
scriptional activator is critical (Athanikar et al. 2004). A
sustained variability in L1 TSSs, considerably more than
previously thought, was subsequently documented and
is reminiscent of TATA-less promoters (Lavie et al.
2004). Alexandrova et al. (2012) also significantly contrib-
uted to the understanding of L1 transcriptional initiation
by providing explanations of TSS variability in L1s. They
identified an additional regulatory region located between
positions 390 bp and 526 bp, which contains the majority
of the binding sites for TFs and can act both as an internal
enhancer of full-length transcription from the conven-
tional +1 TSS, as well as a promoter element driving tran-
scription from alternative TSSs (Fig. 1; Alexandrova et al.
2012). Their work, based on a combination of 5′ RACE and
heterologous reporter assays in HEK293 and neuronal
NTera2 cells, suggested that this 390- to 526-bp fragment
harbors essential elements for L1 promoter function.
The genomic landscape in which L1 insertions land in

the host is also thought to play an important role in regu-
lating L1 transcriptional activity, given that the 5′ flank-
ing sequence can influence L1 transcription (Swergold
1990; Athanikar et al. 2004; Lavie et al. 2004; Philippe
et al. 2016). In addition, pervasive transcription from a
neighboring host gene can lead to the production of ma-
turemRNAs containing parts of or full-length L1 sequenc-
es. Thus, transcriptional regulation of L1s must be
regarded as a more complex process, which can potential-
ly involve interaction with the host genome.
Last, L1 elements in humans also contain an antisense

promoter (ASP) within the L1 regulatory region (Speek
et al. 2001). The TSS of the ASP has been mapped to two
regions between +400 bp and +600 bp (Fig. 1). The ASP ac-
tivity is only between 1/10th and 1/20th that of the sense
promoter activity (Yang et al. 2003) andwas demonstrated
to be able to drive the transcription of adjacent genes as
well (Speek et al. 2001; Nigumann et al. 2002). Subse-
quently, the 5′UTR of human L1 was shown to contain
a primate-specific ORF, referred to as ORF0, which influ-
ences L1 mobility (Denli et al. 2015). The promoter of
ORF0 overlapswith the originally identified ASP, suggest-
ing that antisense transcription in the primate L1 can ini-
tiate from several TSSs, similarly to the L1 sense
transcription. Indeed, 5′ RACE analyses revealed that
the initiation site of L1-ASP transcription is variable,
and that antisense transcripts derived from both young

and older L1 elements (Cruickshanks and Tufarelli
2009). Transcripts derived from the ASP promoter have
been identified in both chimpanzee and human induced
pluripotent stem (iPS) cells. These transcripts are capped
and are predominantly cytoplasmic (Denli et al. 2015).
The mouse L1 regulatory region is bipartite and is com-

posed of tandem repeats (themonomers), which are bound
to Orf1 via a linker region termed the tether (Fig. 1; Padg-
ett et al. 1988; Naas et al. 1998). While early studies tend-
ed to draw a consensus mouse L1 promoter with about
seven monomers (Naas et al. 1998), young mouse L1,
namely, L1MdA, L1MdGf and L1MdTf types (referred to
here as A, G, and T types) were shown to have an average
count of 2.7, 2.9, and 3.1 monomers per promoter, respec-
tively (Zhou and Smith 2019). Some promoters were
shown to be extremely long (with the longest constituted
of 50 type A monomers), albeit 99% of the young L1 pro-
moters had no more than 10 monomers. The regulatory
role of the monomers has been established from transient
expression assays, in which the monomers have been
shown to be sufficient to drive the expression of reporter
genes (Padgett et al. 1988; Naas et al. 1998; Furano
2000). Hence, the monomers provide mouse L1 with a re-
cruitment platform for transcriptional regulators. Such a
modular system of transcription in which each subunit
contains the elements necessary for regulation enables
L1s to preserve their promoter regions during transposi-
tion, even if some monomers are truncated as a result of
inaccurate retrotransposition (Loeb et al. 1986). In fact,
most L1s within the mouse genome are truncated at their
5′ end (Voliva et al. 1983).
A YY1 binding site is embedded within the T and G

monomers (DeBerardinis and Kazazian 1999). YY1 bind-
ing to mouse L1 promoter was recently shown to occur
in mouse ESCs devoid of DNA methylation and upon in-
hibition of histone deacetylase (HDAC) activity using tri-
chostatin A (Cusack et al. 2020). In addition, cap analysis
of gene expression (CAGE) sequencing data revealed a
broad TSS in the mouse L1 promoters that contain a
YY1-binding site (Zhou and Smith 2019). Finally, even
though an antisense promoter has not been formerly es-
tablished in mouse L1 promoters, G and T monomers
were shown to display strong antisense TSS signals, hint-
ing at a presence of a potential bidirectional promoter el-
ement in these monomers (Zhou and Smith 2019).
Hence, despite human and mouse L1 major structural dif-
ferences, it appears that young insertions share compara-
ble promoter components.

Short interspersed nuclear elements (SINEs)

SINEs belong to the nonautonomous family of retrotrans-
posons since they depend on themachinery of L1s in order
to retrotranspose (Dewannieux et al. 2003; Dewannieux
and Heidmann 2005). Nevertheless, the transcription of
a full element is essential for SINE propagation. In con-
trast to most other TEs, SINEs are mainly transcribed by
RNA polymerase III. SINEs are classified based on the or-
igin of their 5′ sequence, which derive from different cel-
lular RNA genes, such that SINE1 contains a head
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derived from 7SL RNAs while in SINE2, the 5′ fragment
derives from tRNAs. SINE elements, similarly to their
evolutionary predecessors, contain a “body” and a
“tail.” The body of most SINEs varies between subfami-
lies of the same class while the tail is often composed of
poly(A). The size of a full SINE varies between 100
and 600 bp (Kramerov and Vassetzky 2011). There exist
three major types of RNA polymerase III promoters.
SINEs are derived from type II RNA polymerase III pro-
moters, which typically contain two internal motifs that
are able to recruit RNA polymerase III: the conserved A
and B boxes of ∼11 nt each (Schramm and Hernandez
2002). Essentially, as is the case for L1 propagation, an in-
ternal promoter is essential for SINE amplification, ensur-
ing that the transcriptional regulatory regions are
preserved throughout the full retrotransposition process.
Biochemically, the transcriptional mechanism used by
RNA polymerase III on type II promoters is characterized
by its ability to start transcription upstream of its promot-
er, thereby in principle ensuring the integrity and the
maintenance of the promoter within the element after
SINE mobilization.

In humans, the predominant SINE family are Alu ele-
ments, comprising ∼11% of the genome, which derive
from the 7SL RNA and hence belong to the SINE1 class
of elements (Ullu and Tschudi 1984). Alu elements have
a dimeric structure resulting from the fusion of twomono-
mers, which themselves arose from the 7SL RNA gene
(Deininger et al. 1981; Quentin 1992). The 7SL RNA
gene only contains an A box; the 37 nt upstream of the
7SL gene are essential for its accurate and robust transcrip-
tional initiation (Ullu and Weiner 1985). The evolution of
Alu elements within the human genome, and of most pri-
mates analyzed, has not only involved the fusion of two
monomers, but also the acquisition of a B box within
the left monomer, and conversely, the loss of the A box
in the right monomer (Fig. 1; Quentin 1992). Hence, the
conversion of this initially cellular RNA gene into a
SINE element has entailed important modifications in
the promoter region, which enable Alu transcription irre-
spective of the 5′ flanking sequence (Kramerov and Vas-
setzky 2011). Nonetheless, the 5′ flanking sequence of a
specific Alu element has also been demonstrated to stim-
ulate its transcription (Chesnokov and Schmid 1996).

In rodents, SINE1 elements have also been identified
and are commonly referred to as B1. SINE B1 elements
contain the A and B boxes required for RNA polymerase
III-dependent transcription, yet rodent SINE B1s display
monomeric structures (Krayev et al. 1980; Quentin
1994). A rodent-specific, highly successfully propagated
family of SINE elements is the B2 family, which belongs
to the class II SINEs since their heads derive from tRNA
genes and constitute ∼2.4% of the mouse genome. The
SINE B2 promoter includes the two conserved regulatory
elements present in a tRNA gene promoter: the A and B
boxes (Fig. 1; Schramm and Hernandez 2002; Kramerov
and Vassetzky 2011). Contrary to Alu elements, the con-
version of a tRNA gene to a SINE B2 in rodents did not
seem to require or undergo extensive modifications of
their promoter (Kramerov and Vassetzky 2011). In addi-

tion, some SINE B2s contain an internal RNA polymerase
II promoter located downstreamwithin the body of the el-
ement, which induces transcription in the opposite direc-
tion (Fig. 1; Ferrigno et al. 2001; Allen et al. 2004).

In terms of their transcriptional initiation, the TSS is
expected to be much like their cognate RNA genes for
all SINEs: at the 5′ end of the element. However, pervasive
transcription is a very common feature of SINEs. Many
SINEs are located in the 3′UTR of host genes and are
therefore transcribed together with the latter, most often
by RNA polymerase II (Roy-Engel et al. 2005; Chen et al.
2009).

Despite the promoter changes that have led to the evo-
lution of Alu elements described above, it is puzzling how
such similar RNA polymerase III promoters can display
such different expression patterns. For example, B2 pro-
moters share regulatory elements with essential and ubiq-
uitously expressed cellular RNAs, yet B2 themselves are
only expressed in restricted developmental contexts.
This may arise as a consequence of differential recruit-
ment of RNA polymerase III subunits (Varshney et al.
2015), or alternatively, to differences in transcription fac-
tor-binding sites (TFBSs) involved in their transcriptional
activation. In fact, Alu elements have been shown to har-
bor a number of TFBSs for TFs such as nuclear receptors
and p53 (for review, see Deininger 2011), which could pro-
vide a basis for the specific expression patterns of Alus.

Transposable elements as ‘hubs’ for transcription
regulatory signals

Upon her discovery of the transposable elements in the
maize genome, McClintock (1950) conceptualized them
as a source of regulatory sequences for host gene expres-
sion (McClintock 1956). Only a couple of years later,
this hypothesis gained further support by Britten and Da-
vidson (1969), who also proposed that TEs play a role in
the evolution of genomes and regulatory mechanisms in
many organisms. Both concepts are supported today by a
large body of experimental evidence owing to the develop-
ment of genomic studies (Rebollo et al. 2012; Chuong
et al. 2017). Indeed, an enticing model was suggested, in
which the expansion of a single TE and its associated
cis-regulatory elements would spread TFBSs across the ge-
nome and result in evolutionary regulatory innovations
(Jordan et al. 2003; van de Lagemaat et al. 2003; Wang
et al. 2007; Bourque et al. 2008; Feschotte 2008; Cohen
et al. 2009; Chuong et al. 2016). Hence, during the past
20 yr, perhaps initially prompted by the appreciation of
the extent to which mammalian genomes are composed
of TE-derived sequences, TEs have been increasingly
shown to display hallmarks of active regulatory elements.
For example, several studies have shown that a consider-
able proportion of host gene promoters coincide with
TE-derived sequences (Jordan et al. 2003; Conley et al.
2008; Faulkner et al. 2009). In addition, DNaseI hypersen-
sitivity analysis has revealed that in human embryonic
stem cells (ESCs), fibroblasts and several cancer cell lines,
44% of open chromatin regions correspond to TE-related

Hermant and Torres-Padilla

26 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on February 19, 2021 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


sequences (Jacques et al. 2013). Moreover, the analysis of
several mouse and human tissues, and cell lines indicated
that most of the species-specific DNaseI hypersensitive
sites (DHS) are enriched in sequences deriving from all
TE families (Vierstra et al. 2014), with up to 63% of the
primate-specific hypersensitive regions occupied by TE
remnants (Jacques et al. 2013). These observations suggest
that TE-related regions are important constituents of
regulatory regions across cell types. Furthermore, it raises
interesting implications regarding genome evolution driv-
en by TE co-option and species-specific diversification of
TEs with respect to the regulation of transcriptional pro-
grams. To gain further insights into the impact of TEs
and their remnants in shaping cell type specific gene reg-
ulation, several studies have focused on investigating TF
occupancy across the genomes of a myriad of cell types.
We discuss some of this work below. In addition, we
have summarized the TFs, which have been shown both
to bind to, as well as to activate transcription of TEs in
vivo (Table 1).
In human colon carcinoma cells and other cancer cells,

genomic p53 target sites are enriched in ERV1 sequences,
more particularly from the LTR10 and MER61 families,
which are two primate-specific ERV1 elements (Wang
et al. 2007; Bourque et al. 2008). Other transcription fac-
tors associated with breast cancer such as C/EBPβ, E2F1
and MYC have also been shown to bind genomic TE se-
quences, and almost 55% of their genomic target sites
in breast cancer cell lines overlap with TEs (Jiang and
Upton 2019). Analysis of ChIP data for 26 pairs of homol-
ogous TFs in mouse and human leukemic lymphoblast
cell lines, revealed that the ChIP-seq peaks for most of
the TFs studied fall into a repeat region (e.g., a region an-
notated in repeat masker), with ∼20% of their genomic
targets being composed of TEs in both species (Sundaram
et al. 2014).

Beyond cancer or transformed cell lines, the binding
profiles of pluripotency-associated transcription factors
have been extensively studied in mouse and human
ESCs. In an initial study using published ChIP-seq data,
Bourque et al. (2008) showed that 23.8% of OCT4-SOX2
binding peaks fall into annotated ERVK repeats in mouse
ESCs. In 2010, TEs were even suggested to have “rewired”
the core pluripotency network, where 25% of the binding
sites forOCT4 andNANOGwas shown to fall into repeat-
masker annotated regions in both humans and mice
(Kunarso et al. 2010). More specifically, 20.9% and
14.6% of the binding regions for OCT4 and NANOG, re-
spectively, were associated with repetitive elements in
humans. In addition, ERV1 elements were the main con-
tributors of these repeat-associated binding sites in hu-
mans. Indeed, alone they accounted for 7.2% and 8.3%
of the NANOG and OCT4 binding regions, respectively.
The proportion of OCT4 binding regions containing re-
peats was lower in mouse ESCs, representing ∼7% of
the total binding sites, while TEs contributed to ∼17%
of the NANOG binding regions. Even though ERVK
(ERV2), not ERV1, dominated the percentage of repeat-as-
sociated binding sites of NANOG and OCT4 in mice,
there was a clear overrepresentation of ERVs, and specifi-
cally their LTRs, in the contribution to NANOG- and
OCT4-binding sites in both species. Specific TE subfami-
lies, such as the human LTR9B (ERV1) were found to be
particularly frequently bound by one of the pluripo-
tency-associated factors. For instance, 33.2% of the 767
LTR9B repeats were bound by OCT4. Hence, it appeared
that there is a specific targeting of pluripotency-associated
factors to TEs, especially to ERVs and their LTRs (Kunarso
et al. 2010). These results suggest that TFs are able to tar-
get specific TE regions, potentially leading to cell-specific
gene regulation. The degree to which this binding to the
chromatin reflects actual functional transactivation

Table 1. TFs demonstrated to display both sequence-specific binding and transcriptional activation of TEs

Species TF TE subfamily
Evidence (direct binding and
transcriptional activation) References

L1 Hs Sox11 L1Hs Reporter assay, ChIP, loss of function Tchénio et al. 2000; Orqueda et al. 2018
Hs Runx3 L1Hs Targeted mutagenesis, reporter assay,

EMSA
Yang et al. 2003

Hs Yy1 L1Hs Targeted mutagenesis, reporter assay,
EMSA, ChIP

Becker et al. 1993; Athanikar et al. 2004;
Sun et al. 2018

ERVS Hs Sp1/Sp3 HERVK, HERVH Reporter assay, ChIP, EMSA Sjøttem et al. 1996; Fuchs et al. 2011
Hs Yy1 HERVK Reporter assay, EMSA Knössl et al. 1999
Hs Lbp9 HERH (LTR7) Reporter assay, gain of function,

ChIP, EMSA
Wang et al. 2014

Hs Oct4 HERVH (LTR7) Gain of function, ChIP Wang et al. 2014
Hs Nanog HERVH (LTR7) Gain of function, ChIP Wang et al. 2014
Hs Klf7 HERVH (LTR7) Gain of function, ChIP Wang et al. 2014
Hs Dux4 HERVL Gain of function, ChIP De Iaco et al. 2017; Hendrickson et al.

2017; Whiddon et al. 2017
Mm Dux MERVL (MT2_Mm) Gain of function, ChIP De Iaco et al. 2017; Hendrickson et al.

2017; Whiddon et al. 2017
Mm Gata2 MERVL (MT2_Mm) Gain of function, ChIP Choi et al. 2017

(Hs) Homo sapiens, (Mm) Mus musculus.
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activity remains to be worked out (de Souza et al. 2013).
However, it is clear that the conservation of those binding
sites as well as the abundance of such TFBS in TEs in the
mouse and human genomes is indicative of strong evolu-
tionary selection, reflecting their positive impact to the
fitness of the TE but also, presumably, pointing toward
functional advantages to the host.

CTCF, a conserved transcription factor involved in en-
hancer-promoter insulation and in maintaining topologi-
cally-associated domain (TAD) boundaries, also binds a
significant proportion of TE sequences (Bourque et al.
2008; Kunarso et al. 2010). CTCF binding sites are primar-
ily composed of B2 elements in mice, with B2 composing
33.8% of CTCF-binding regions in mouse ESCs (Bourque
et al. 2008). The specific association of CTCFwithmouse-
specific amplified B2 repeats is appreciated when com-
pared with the much lower representation of repeats
among CTCF-binding peaks in human ESCs, which con-
stitute only 11% of CTCF binding sites (Kunarso et al.
2010). Based on these findings, it was suggested that B2 el-
ements may work together with CTCF to regulate 3D ge-
nome organization, particularly in mouse cells. This
would imply that TEs and their derived sequences not
only have the potential to regulate promoter and enhancer
activity, but also the genome more globally, through reg-
ulating higher-order chromatin structure.

More recently, 519 ChIP-seq data sets for 97 sequence-
specific TFs obtained using 94 human cell types were an-
alyzed in a single study to comprehensively determine the
contribution of ERVs to those TF binding sites (Ito et al.
2017). The TFs analyzed varied in terms of DNA binding
motif and family, and included general TFs, ubiquitous
TFs such as SP1 and YY1, but also more lineage-specific
TFs such as GATA1, SPI1, and TAL1, specific to hemato-
poietic cells, orGATA4/6, SOX17, and FOXA1/A2 charac-
teristic of endodermal cells. Several TFs were found to
have their binding sites more frequently located within
various types of HERV/LTRs than at “random,” consider-
ing the abundance of the corresponding LTR in the ge-
nome. Even though the proportion of TFBS overlapping
with ERVs, LINEs and SINEs annotated regions was ap-
proximately equivalent (12%, 15%, and 16%, respective-
ly), the number of TFs significantly binding to ERVs was
substantially higher than in the two other TE classes.
This is consistent with LTRs being more likely to retain
their regulatory activity, as opposed to L1s for instance,
which suffer 5′ truncations. By defining HERV/LTR-
shared regulatory elements (HSRE), which consisted of
binding motifs identified in a substantial fraction of
HERVs at a consensus position, the authors aimed at iden-
tifying whether the binding motif was present in the ge-
nome prior to its insertion within the genome. Most
HSRE were contained within LTR regions (87%) and the
regulatory regions of ancient LTRs were more divergent
than those of young LTRs. The “erosion” of HSRE on
older elements resulting from sequence divergence sug-
gests that the acquisition of TFBSwithin TE regulatory re-
gions results from relics of selfish strategies adopted by
the elements to achieve their own expansion within the
host genome. These observations also go in hand with

the hypothesis that TE genomic expansion results in the
“spreading” of pre-established TFBS embedded within
TE regulatory regions (Bourque et al. 2008; Feschotte
2008; Chuong et al. 2017). Regarding LINE elements, hu-
man L1 in particular has been extensively studied, and L1
transcriptional activity and regulators have also been a
matter of intensive research. A recent study proposed a
“molecular choreography” underlying TF binding to L1
across several human cell types, whereby the analysis of
512 TFs in 118 different cell types revealed a vast number
of TFs binding specifically to L1, mostly to evolutionary
young L1 elements (Sun et al. 2018). More than 80% of
the TFs found to bind L1 were binding its 5′UTR, and
the binding events were observed more frequently in cells
expressing L1, such as cancer cells and ES cells than in
other cell types. This suggests the existence of a combina-
torial regulatory network involving several TFs regulating
L1 expression in mammalian cells.

Furthermore, many of the regulatory networks involv-
ing TEs and/or the TFBS within them are regulated in a
species-specific manner. In most cases, the TE-derived
regulatory elements are in fact species-specific or have
evolved within a given species after insertion in the host
genome. Strikingly, the above mentioned studies per-
formed acrossmouse and human cell types revealed a spe-
cies-specific binding of TFs to TEs (Kunarso et al. 2010;
Sundaram et al. 2014). Indeed, the binding sites for most
TFs occur on genomic sites, which are not conserved be-
tween humans andmice: Only 2% and 1%of the TE-asso-
ciated human and mouse-derived TF-bound peaks,
respectively, were found syntenically in the other ge-
nome. In addition, even when the TE family in question
is shared between the two species, the TF-binding site it-
self is not conserved. This suggests that a potential ances-
tral element present in both species would have been
subject to species-specific retrotransposition. Notably
though, a subset of TFs such as CTCF and the cohesin
subunits Rad21 and SMC3 display an increased number
of conserved binding events between mice and humans
(Sundaram et al. 2014). These conserved binding events
are more often found in internal TE sequences, rather
than in their promoters or 5′ regions. Given the role of
these 3 DNA binding proteins in genome organization,
it is tempting to speculate that perhaps internal TE re-
gions would have been co-opted for genome structure pur-
poses, whereas the regulatory elements of TEs have been
co-opted for gene regulatory purposes.

Thus, it appears that TEs, particularly LTR retrotrans-
posons (Thompson et al. 2016; Ito et al. 2017), act as bind-
ing platforms for the recruitment of a multitude of TFs in
a cell type-specific and species-specific manner. In fact,
there is certain specificity for TF association to a given
TE family, which once again supports the hypothesis
that TEs originally containing TFBS functioned as spread-
ers of such TFBS throughout the whole genome (Bourque
et al. 2008; Feschotte 2008; Chuong et al. 2017). Notwith-
standing, in some cases TE expression does not necessar-
ily correlate with the binding of the TF to the latter (Sun
et al. 2018). In other cases, such as in mouse and human
ESCs, the binding of TFs to their cognateTE does correlate
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with the expression pattern of the associated TE (Kunarso
et al. 2010; Sun et al. 2018). Even though these correlative
studies support a potential role of TE-derived TF binding
sites in host regulatory networks, functional analysis
whereby TEs at given locations are deleted will be re-
quired to substantiate these hypotheses. These experi-
ments are now starting to emerge, facilitated by, e.g.,
Crispr/Cas9 approaches, even though they still pose a
number of technical challenges related to the repetitive
nature of TEs. Nevertheless, in the case of iPS cells, for ex-
ample, a specific LTR5HS ERV was deleted, resulting in a
significant reduction of expression of its coregulated gene,
GDP1 (Fuentes et al. 2018). Likewise, deletion of an indi-
vidual ERVK LTR, RLTR15 inmouse embryos, resulted in
a partial loss of imprinting of the associatedGab1 gene in
placenta and yolk sac (Hanna et al. 2019). While these ex-
periments directly demonstrate a role for the LTRs them-
selves in gene regulation, investigating the role of the
TFBS within them through motif mutagenesis, will pro-
vide additional information and mechanistic insights on
the actual roles of TF-binding to TE-derived sequences.
TEs appear to extensively contribute to mammalian

transcription regulation and provide TFBS for a number
of tissue specific TFs, supporting their potential involve-
ment in cell type-specific gene regulation. Nevertheless,
it is worth mentioning that the repetitive nature of TEs
makes the analysis and the mapping to the genome
more complicated than unique gene analysis. Indeed,
the precise origin of a transcript or a ChIP-seq peak may
not be accurately definable, and could bemapped to sever-
al identical elements while it might be truly coming from
an individual element. Hence, the extent of contribution
of TE to the transcriptome or to the TFBS of a specific
TF could be overestimated. While these considerations
must be kept in mind, there is increasing amount of evi-
dence that the immense sequence diversity of TEs, espe-
cially of their regulatory regions, across species,
families, subfamilies and even as genetic variants within
subfamilies, contributes to the propensity of TE as provid-
ers of TFBS.

Dynamic evolution of TE regulatory regions

Evolutionary dynamics of the L1 5′ UTR: the ‘5′ turnover’

The L1 element present in placental mammalian ge-
nomes derives from a common ancestor, which was pre-
sent before the radiation of placental mammals, dating
from ∼100 million years ago (Furano 2000; Khan et al.
2006; Richardson et al. 2015). The diversity of the struc-
tures observed at the 5′ end of the different mammalian
L1s suggests that the acquisition of a new 5′ end has oc-
curred repeatedly and independently in different species,
and has been necessary to the successful propagation of
the L1 family (Scott et al. 1987).
In humans, most L1 elements amplified after the diver-

gence of the ancestral mouse and human lineages, ∼65
million to 75 million years ago (International Human Ge-
nome Sequencing Consortium 2001; Richardson et al.
2015). There are 16 identified human-specific L1 subfam-

ilies (L1PA1 to L1PA16), which are believed to have
emerged by subfamily succession as described above
(Richardson et al. 2015). Among these, L1Hs is the most
recent one, thought to have emerged ∼2 million years
ago (Khan et al. 2006), and importantly is the only active
subset of L1 in the human genome (with 80–100 active el-
ements per individual) (Boissinot et al. 2000; Brouha et al.
2003). Hence, significant effort has been invested in un-
derstanding L1Hs transcriptional regulation. A series of
functional assays of the impact of TFs on L1Hs expression
have been performed.
L1 retrotransposition occurs during mouse and human

neurogenesis, where it is thought to contribute to the ge-
netic mosaicism of neuronal precursor cells (Muotri
et al. 2005; Sanchez-Luque et al. 2019). Thus, additional ef-
forts have been dedicated to identifying the factors in-
volved in the specific transcription of L1 full-length
transcripts during the process of neurogenesis. Using
EMSA, an early study showed that SOX transcription fac-
tors bind to the L1 promoter. Two binding sites for SRY
factors have been mapped in the human L1 promoter re-
gion, and both are required for the activation of an L1 re-
porter system in human rhabdomyosarcoma (RD) cells
(Tchénio et al. 2000). SOX11 was specifically shown to
transactivate a reporter gene in RD cells, which has been
further supported in a recent study demonstrating the di-
rect role of SOX11 in activating L1Hs during SH-SY5Y
cells neuronal differentiation (Orqueda et al. 2018). SOX2
was shown to repress L1Hs transcription in neural stem
cells. In agreement with this, decreasing SOX2 expression
upon neuronal differentiation results in transient stimula-
tion of L1Hs expression (Muotri et al. 2005). The family of
RunxTFswas also added to the list of humanL1 regulators
(Yang et al. 2003). The 5′ UTRof 20 L1Hs elements known
to be actively retrotransposing contain a conserved tripar-
tite RUNX binding site.Mutating the first site leads to de-
creased L1 transcriptional and retrotransposition activity
in 143B cells.More specifically, RUNX3was shown to sig-
nificantly increase L1Hs promoter activity and it is
thought to do so by directly binding to L1HsDNA, in a se-
quence-specific manner as shown by EMSA. In addition,
several p53 responsive elements are present in L1Hs,
which seem to have resulted from mutations occurring
upon the emergenceof theL1PA3 family∼20millionyears
ago, and which have been then conserved until the emer-
gence of L1Hs∼2million years ago (Harris et al. 2009). Ac-
cording to the analysis of L1 transcript levels in p53
mutant cells, which contain higher levels of L1 transcripts
than the p53wild-type counterparts,Wylie et al. (2016) es-
tablished that p53 functions to restrain transposable ele-
ment expression. Similarly, the oncoprotein MYC binds
the L1 5′UTR in a cell-type specific manner and restricts
its expression, as its knockdown in HEK293 cells results
in sense as well as antisense promoter activity (Sun et al.
2018).
In human ESCs, the KRAB/Trim28(KAP1) pathway re-

stricts L1 expression (Matsui et al. 2010; Rowe et al.
2010). The KRAB containing ZFP (KZFP) protein ZNF93
is recruited to the L1 5′UTR, leading to the subsequent re-
cruitment of KAP1 and the repressive SETDB1
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machinery. Remarkably, ZNF93 and its partner KAP1
binding is restricted to certain specific L1 subfamilies, ex-
cluding the older (L1PA7 and older) as well as the younger
(L1Hs and L1PA2) insertions (Castro-Diaz et al. 2014;
Jacobs et al. 2014). A 129-bp deletion within the 5′UTR
of the twomost recent L1 elements resulted in the abroga-
tion of the ZNF93 binding site and could explain the lack
of ZNF93 binding to L1Hs and L1PA2 families (Jacobs
et al. 2014). These observations are in strong support of
a model in which TEs and KRAB-ZFPs are participating
in an arms race, whereby L1 evasions from host-mediated
repressionmechanisms through the acquisition of a differ-
ent 5′UTR would in turn drive the expansion of the KZFP
family of proteins (Thomas and Schneider 2011; Castro-
Diaz et al. 2014; Jacobs et al. 2014; Ecco et al. 2017). The
monophyletic subfamily origin, characteristic of the L1
family, provides further support to this model. Later on,
additional KZFPs, including ZNF141, ZNF649 and
ZNF765 were also found to bind specific L1PA subfami-
lies. The evolution of the most recent L1 insertions
(L1Hs, L1PA2) involved mutations in the binding sites
for these aforementioned TFs that can therefore no longer
bind to the elements, providing an explanation to their
“escape” from this repressive mechanism (Imbeault
et al. 2017). As opposed to the KRAB/KAP1 pathway,
the conserved YY1 binding site present in human L1 ap-
pears to be crucial to the specific repression of young L1
insertions (L1Hs and L1PA2) by mediating their DNA
methylation in hESCs, NPCs and hippocampal neurons
(Sanchez-Luque et al. 2019). The authors suggested that
YY1 would have repressed newmobile L1 families repeat-
edly during evolution while the control was relocated to a
KAP1-mediated repression as insertions age and become
less likely to mobilize. One possible hypothesis is that
the absence of KAP1-mediated heterochromatin forma-
tion on young L1 provides access to YY1 to the promoter
of these elements specifically. A 5′ truncation leading to a
deletion of the YY1 binding site in young elements enable
these insertions to escape host-mediated repression and
achieve retrotranposition. Hence, it appears that the ex-
tensive, linear 5′ turnover that characterizes human L1 re-
sulted from a complex interplay between the action of
host-encoded TFs and the evolutionary dynamics of the
regulatory regions of TEs. Interestingly, both in mice
and humans, the youngest L1 elements stand out as
most active (DeBerardinis and Kazazian 1999; Boissinot
et al. 2000; Goodier et al. 2001; Brouha et al. 2003, Beck
et al. 2010). Furthermore, analysis of ChIP-seq data sets
for 36 TFs in hESCs showed a high number of these TFs
bound to young L1 promoters (L1Hs, L1PA2, and L1PA3)
and this number significantly decreased with evolution-
ary age, down to only one TF for L1PA6 and L1PA7 (Sun
et al. 2018). This raises the attractive possibility that, in
addition to escaping the repressive host factors, new L1
subfamilies could be driven by the acquisition of activat-
ing transcription factors.

The mouse L1 promoter has also experienced extensive
changes through evolution. Indeed, even though all
mouse L1 promoters exhibit a tandem monomeric repeat
form, there is an extensive heterogeneity among the

members of the murine L1 family. Most of the TFs that
are known to activate human L1 transcription have not
been found in mouse L1, which is expected due to the
lack of similarity between the murine and the human
L1 sequence. Interestingly, the Wnt pathway, a key regu-
lator of neurogenesis through the regulation of TCF/LEF
transcription factors, has been involved inmouse L1 regu-
lation (Kuwabara et al. 2009). Overlapping binding sites
for TCF and SOX transcription factors (SOX/LEF) were
identified in mouse, rat, and human L1. Using a combina-
tion of ChIP-seq, RT-qPCR and reporter assays, SOX2 was
shown to associate with mouse L1 in undifferentiated
neuronal stem cells and L1 was up-regulated upon stimu-
lation by a Wnt ligand in mouse cells (Kuwabara et al.
2009). The involvement of the KRAB/Trim28(KAP1)
pathway in restricting mouse L1 transcription has also
been studied (Castro-Diaz et al. 2014). In particular, the
KZFP Gm6871 was found to bind L1 in mouse ESCs.
Gm6871 was specifically bound to older (L1MdF2 and
L1MdF3) elements whereas it is nearly absent from youn-
ger elements such as the A and T subfamilies. This evolu-
tionary dynamic pattern of KZFPs binding to mouse L1
suggests, just like human L1, a complex interplay between
the evolution of the regulatory regions and the action of
host-encoded sequence specific TFs.

LTR evolution reflects selfish colonization strategies

Tracing the evolutionary dynamics of TFBS embedded
within the LTR region of ERVs is more challenging than
it is for LINEs. Indeed, the pool of LTRs currently occupy-
ing mammalian genomes comes from a complex combi-
nation of genomic invasions from external sources,
genomic expansions, and recombination events between
different ERVs, as opposed to the “linear” evolution of
L1 elements (Vargiu et al. 2016; Ecco et al. 2017). Not-
withstanding, comparative evolutionary studies per-
formed on ERVs have initiated the theory of the “arms
race” in which ERV insertions and KZFPs appeared con-
comitantly and KZFPs would have evolved to control
ERVs’ expression during development both in mice and
humans (Emerson and Thomas 2009; Thomas and
Schneider 2011; Ecco et al. 2017; Wolf et al. 2020). Later,
217 subfamilies of human ERVs were found to be bound
by one or several KZFPs from 222 KZFPs ChIP-exo exper-
iments in HEK293T cells (Imbeault et al. 2017). Corre-
sponding KZFP-TE pairs could be established, most of
which were highly conserved and suggestive of a pressure
to keep the repressive activity of a KZFP and a given TE,
even after the latter has lost retrotransposition capacities.
Importantly, even closely related ERV subfamilies
showed differential KZFPs recruitment. For example,
the three subfamilies of MER11 (LTR of HERVK11) did
not exhibit enrichment for the same KZFP: MER11A re-
cruits ZFN433, ZNF808, ZNF440, and ZNF468, while
MER11C is bound by ZNF808 and ZNF525.

While these observations concern repressive sequence-
specific DNA binding proteins, which have beenmore ex-
tensively studied than activating proteins,many ERV sub-
families have been shown to be recognized by activating
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TFs and a distinct recruitment to evolutionary closely
connected subfamilies is a recurrent conclusion (Kunarso
et al. 2010; Sundaram et al. 2014; Wang et al. 2014; Grow
et al. 2015; Chuong et al. 2016; Choi et al. 2017). Indeed, it
appears that ERVs, particularly their associated LTR, have
experienced waves of gains and losses of TF binding along
their evolution and waves of genomic invasions within
the host.

An influence of the ancestral retroviral tropism? The
tropism of a virus, or a retrovirus, resides in its ability to
infect and replicate within specific cell lines or tissues.
A well-known example of viral tropism of extant viruses
is the human immunodeficiency virus (HIV), which is
known to specifically target the cells of the immune sys-
tem. Even among HIV isolates, different types can be dis-
tinguished according to the precise immune cell types the
virus is able to infect (macrophages or T-cells) (Berger et al.
1998). The transcriptional regulation of HIVwithin the in-
fected cells results from a complex interplay between
host- and viral-encoded factors, which have been shown
to involve host-encoded TFs such as IRF1 and NFKB. In-
deed, HIV contains NFKB-binding sites embedded within
its LTR (Roulston et al. 1995; Sgarbanti et al. 2008).
Hence, the variety of TFBS embedded within ERV LTRs
might derive from strategies of infection used by the an-
cestral retrovirus they descend from.
As amatter of fact, the HERVK LTR (ERV2) has been re-

ferred to as a “landing strip” for transcription factors in-
volved in the immune response. It contains, for example
two interferon-stimulated response elements (ISRE) that
can be bound notably by IRF3, IRF5 and IRF9 (Manghera
and Douville 2013; Csumita et al. 2020). The HERVK
LTRconsensus sequence contains a number of other bind-
ing sites for TFs involved in the immune response, which
are reviewed elsewhere (Manghera and Douville 2013).
However, none of these factors have been directly impli-
cated in transcriptional activation of HERVK. Of all the
binding sites present within the HERVK LTR, only the
ubiquitous TFs, such as YY1 and SP1/SP3 have been ex-
perimentally demonstrated to regulate HERVK, mostly
in teratocarcinoma cells such as GH, Tera2 or MelC9
cells, which are known to display high levels of expression
of HERVs (Knössl et al. 1999; Fuchs et al. 2011). In an
equivalent cellular context (NTera2D1 cells), SP1/SP3
were indeed shown to be able to drive the expression of
HERVH (ERV3) as well (Sjøttem et al. 1996).
A subsequent study implicated MER41 (ERV1 LTR) as

enhancers for the immunity-related transcriptional pro-
gramme, by providing TFBS for the immunity-related
TF, STAT1 (Chuong et al. 2016). Deletion of members of
these elements in HeLa cells impaired the response to
IFNγ treatment. Interestingly, the specific binding site
for STAT1 within MER41 is present in the consensus se-
quence for MER41, as well as in the MER41B subfamily,
but absent for the closely related MER41A. Indeed,
MER41A underwent a 43-bp deletion resulting in the
loss of the STAT1 binding site, and therefore to the inabil-
ity of STAT1 to bind to it, as demonstrated by the lack of
ChIP-seq enrichment. These results shed light into the

level of specificity of the TFBS present within the
MER41 family. In this specific case STAT1 binding to
the LTR did not elicit transcriptional activation of the
TE sequence itself, but was instead required for triggering
the interferon response. However, the presence of the
STAT1 binding site within many MER41 elements and
notably, within the consensus (ancestral) sequence, hints
at the presence of an ancestral binding site reflecting an
ancestral strategy employed by this particular TE for
self-replication and expansion. Of note,MER41 is primate
specific; however, a mouse-specific ERV1 (RLTR30B) was
found to be enriched in STAT1 signals in IFN-stimulated
mouse macrophages (Chuong et al. 2016). RLTR30B dis-
plays enhancer activity, as shown using reporter assays
in HeLa cells. This is particularly remarkable, since it il-
lustrates how different TEs can end up performing a sim-
ilar function in the host genome of two different species,
in spite of a different sequence or evolutionary origin
within either species.
When comparing the enrichment of TEs in active ver-

sus repressed regions across 24 tissues based on the anal-
ysis of the distribution of five histone modifications
therein (H3K4me1, H3K4me3, H3K36me3, H3K9me3,
and H3K27me3), Trizzino et al. (2018) showed that an-
cient TEs are mostly enriched in active regions across all
24 tissues. On the contrary, young TEs appeared mainly
enriched in repressed regions across tissues, with the
noteworthy exception of immune cells, which were the
only cell types that displayed enrichment of young TEs
in their active regulatory regions. This observation comes
hand in hand with the results obtained by Chuong et al.
(2016), explained above, and underlies once again the im-
portance of the original selfish colonization strategies of
TEs to their regulation within modern genomes.

A strong selection for vertical transmission As men-
tioned above, the binding sites for many pluripotency-as-
sociated TFs in mice and humans are embedded within
ERVs (Kunarso et al. 2010; Xie et al. 2010; Sundaram
et al. 2014; Ito et al. 2017). Young, species-specific ERV
subfamilies tend to possess most of these TFBS, and there
is a strikingly poor conservation of these binding sites be-
tween mice and humans (Kunarso et al. 2010; Ito et al.
2017). In both species, TEs show a robust transcriptional
activation during early development (Peaston et al.
2004; Svoboda et al. 2004; Macfarlan et al. 2012; Fadloun
et al. 2013; Göke et al. 2015). Indeed, TE expression at
this developmental stage is dynamic and abundant and ap-
pears to be tightly temporally regulated, with TE subfam-
ilies showing distinct expression patterns (for review, see
Rodriguez-Terrones and Torres-Padilla 2018). The tran-
scriptional activation of TEs during preimplantation de-
velopment coincides with the time in embryogenesis
during which cells are highly plastic, and for the most,
their fate is not fixed. In addition, amajor epigenetic repro-
gramming wave occurs whereby DNA is largely demeth-
ylated (Smith et al. 2014), heterochromatic marks such
as H3K9me3 remodeled, and the global chromatin struc-
ture is considered to be more “open,” as established by
FRAP (Bošković et al. 2014), ATAC-seq (Wu et al. 2016)
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and DNaseI (Gao et al. 2018) analyses. Thus, this epige-
netic and chromatin landscape could be considered as a
“window of opportunity” for the transcriptional activa-
tion of TEs. However, because the patterns of expression
of TEs display developmental stage and family specificity
(Rodriguez-Terrones and Torres-Padilla 2018), it is likely
that regulatory mechanisms specific to each subfamily
exist, as opposed to just a spurious wave of transcription
resulting as a side-effect of heterochromatin reprogram-
ming. In fact, the dynamics of transcriptional activation
and repression of TEs cannot merely be explained by the
known patterns of DNA methylation and H3K9me3
(Smith et al. 2014; Wang et al. 2018). In addition, removal
of heterochromatin modifiers during preimplantation de-
velopment largely does not affect TE expression (Burton
et al. 2020). The action of sequence specific TF-mediated
transcriptional activation or repression could, indeed,
clearly fulfil the requirement for family and temporal-spe-
cific transcriptional regulation and therefore govern this
complete process.

In addition, as genomic parasites, TEs have evolved un-
der the selective pressure to efficiently amplify within the
host genome. A critical moment for their expansion is
during or prior to germ cell development, in order for
the new insertions to be passed on to the next generations,
by vertical transmission. The first cluster of primordial
germ cells (PGCs) arises at E7.25 during mouse develop-
ment. All cells during preimplantation development
therefore contribute to the subsequent generation of
germ cells (Fig. 2). Hence, it is possible that TEs experi-
ence a selective pressure to be expressed during this ad-
vantageous window of development. In fact, heritable
endogenous L1 insertions arising in PGCs have recently

been reported for the first time (Richardson et al. 2017).
It is tempting to conceive that the acquisition of binding
sites for TFs specifically expressed at these stages would
have a positive impact on the fitness of the element.

In humans, the expression of HERVK and its LTR,
LTR5, is induced in 8-cell stage embryos and is main-
tained up to the blastocyst stage (Grow et al. 2015).
LTR5Hs, as opposed to its evolutionary predecessors
LTR5A and LTR5B, contain a binding site for OCT4, pre-
cisely at the position 692-699. This binding site is absent
from LTR5A and LTR5B specifically, even though they
share 88% sequence similarity with LTR5Hs. ChIP-seq
in human embryonic carcinoma cells (hECCs) revealed
an enrichment of OCT4 over LTR5Hs together with ac-
tive histone marks (H3K27ac and H3K4me3) and p300.
These enrichments were not observed in hESCs, which
are not permissive to HERVK transcription. Knockdown
of OCT4 resulted in a significant down-regulation of
HERVK transcription, supporting a role for OCT4 in
LTR5Hs/HERVK transcriptional activation. Knockdown
of SOX2 using siRNA resulted in a comparable decrease
of HERVK expression, involving SOX2 in the pathways
regulatingHERVK in hECCs, althoughwhether this effect
is direct or indirect was not established in this study
(Grow et al. 2015). Subsequent clustering analysis of the
human LTR5 elements, based on phylogeny and TFBS,
has divided them into five classes, among which one of
the clusters, the fourth one, was specifically associated
with the pluripotency network of TFs (Ito et al. 2017). Im-
portantly, this fourth cluster was also among the youngest
elements, suggesting that the presence of pluripotency
TFBS may be important for the genomic expansion of
new TF families.

Figure 2. Preimplantation development is a window of opportunity for vertical transmission. All cells during preimplantation develop-
ment will contribute to the germline; hence, a new insertion occurring during preimplantation development has increased chances to be
transmitted to the next generation by vertical transmission. A new insertion will also be present in cells of the ExE and Epi, which is rep-
resented as a red star in the schematic representation of these tissues. (TE) Transposable element, (ICM) inner cell mass, (ExE) extraem-
bryonic endoderm, (Epi) epiblast, (PGCs) primordial germ cells. Mouse drawing was adapted from https://www.clker.com/clipart-simple-
black-and-whitemouse.html.
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Another type of human-specific ERV, HERVH, is also
expressed during preimplantation human development.
LTR7 is the highest transcribed subfamily of HERVH in
human pluripotent cells (ESCs and iPSCs) and its expres-
sion seems to be specific to pluripotent cells of the blasto-
cyst, and naïve ESCs, as LTR7 transcripts have not been
detected in other cell types (Ohnuki et al. 2014; Wang
et al. 2014). LTR7 possesses TFBS, amongwhich the direct
binding of the TF LBP9 to its binding site was confirmed
by EMSA and ChIP-qPCR (Wang et al. 2014). The LBP9
binding site is present exclusively on active LTR7 ele-
ments, whichwere deemed so based on the presence of ac-
tivating histone marks. Ectopic expression of LBP9 in
human primary fibroblasts resulted in the activation of
an LTR7-GFP reporter system, as well as the endogenous
HERVH expression. Analysis of ChIP-seq data from
hESCs also identified binding sites for OCT4, NANOG
and KLF4, overexpression of which induced HERVH ex-
pression in fibroblasts, albeit to a lesser extent than
LBP9 overexpression. The role of these four TFs inHERVK
regulation was confirmed by knockdown experiments in
hESCs (Wang et al. 2014). In addition, HERVH and its as-
sociated LTR7 become hyperactivated during factor-in-
duced reprogramming of somatic cells to iPSCs, which
was shown to be mediated by OCT3/4, SOX2 and KLF4
(Ohnuki et al. 2014). Clustering analysis of LTR7 based
on its phylogeny and TFBS identified three distinct groups
(Ito et al. 2017). The youngest subgroup of LTR7 elements
showed the highest enrichment of ChIP-seq reads for the
pluripotency factors (NANOG, SOX2, and OCT4) in
iPSCs or ESCs, suggesting once again that the acquisition
of these TFBS might be important to the genomic expan-
sion of new TE subfamilies. Interestingly, the LTR7B and
LTR7, which are closely related HERVHLTR subfamilies,
are characterized by substantially different temporal ex-
pression profiles during development, where LTR7B is
specific to 8-cell and morula stage embryos, while LTR7
expression is only observed in the pluripotent inner cell
mass (Rodriguez-Terrones and Torres-Padilla 2018). It is
tempting to speculate that these significant differences
in the temporal expression pattern, which these closely
related subfamilies display, could be explained by the dif-
ferent TFBS that these LTRs contain.
In mice, retrotransposons and their remnants are also

transcriptionally active in germ cells (Peaston et al.
2004) and in the early embryo (Peaston et al. 2004;
Fadloun et al. 2013). The mouse-specific ERVL, MERVL,
is expressed during a very short time window at the two-
cell stage only (Svoboda et al. 2004; Macfarlan et al.
2012; Ishiuchi et al. 2015). The ERVL family was initially
identified in humans, and subsequently observed in all
placental mammals (Bénit et al. 1999). A common ERVL
ancestor was present >70 million years ago and ERVLs
seem to have been retained in both mice and humans,
with independent expansions in both genomes. Because
of their potential role in driving the transcriptional pro-
gram of totipotent cells in the embryo (Evsikov et al.
2004; Peaston et al. 2004), several groups have sought to
identify TFs that could function as ERVL regulators. For
example, the microRNA mir34a was recently shown to

regulate “two-cell stage-specific genes” in mouse ESCs
(Choi et al. 2017). Specifically, down-regulation of
mir34a results in the up-regulation of MERVL expression.
Among the most strongly up-regulated MERVL elements
followingmir34a shRNA, 18 consistently contained three
binding sites for the GATA2 TF within their LTR,
MT2_mm. The expression pattern of GATA2 during pre-
implantation development correlates with that of
MERVL. Mutation of the two most conserved GATA2
binding sites within MT2_mm reduced the effect of
GATA2 on MERVL expression, as determined using a lu-
ciferase reporter assay in ESCs. In addition, specific bind-
ing of a Flag-tagged version of GATA2 to MT2_mm was
documented by ChIP in mir34a-deficient mouse ESCs
(Choi et al. 2017). MT2A, MT2B1, and MT2B2 are closely
related to MT2_mm but do not contain binding sites for
GATA2. In fact, the GATA2-binding sites as well as the
robust expression at the 2-cell stage are in combination,
unique features of MT2_mm.
In addition to GATA2,MT2 also contains a binding site

for the TF DUX (Duxf3), a double homeodomain TF. The
human ortholog, DUX4 was initially identified as aber-
rantly expressed in facioscapulohumeral muscular dystro-
phy (FSHD) cells, characterised by high transcriptional
activity of ERVs, particularly of MaLR, a nonautonomous
type of ERVL (Geng et al. 2012; Young et al. 2013).
Through its C terminus, DUX4 can recruit the histone
acetyltransferases p300/CBP enabling local chromatin re-
modeling at its target genes, primarily by p300/CBP-medi-
ated deposition of H3K27ac (Choi et al. 2016). Therefore,
DUX4 acts as a pioneer transcription factor, and its func-
tion is conserved by themouse ortholog DUX, despite the
relatively low homology in their homeodomains (Eidahl
et al. 2016). The overexpression of either the mouse or
the human DUX TF in the corresponding mouse ESCs
or human iPSCs strongly induces the expression of their
respective species-specific ERVL (De Iaco et al. 2017; Hen-
drickson et al. 2017;Whiddon et al. 2017). The first home-
odomains of DUX and DUX4 share only 33% identity
(Eidahl et al. 2016), yet they display similarly strong bind-
ing and consequent transcriptional activation of their re-
spective species-specific ERVL. Notably, the sequence of
MERVL and HERVL also substantially diverge. Hence,
these two proteins have evolved independently in each
species, but together with their species-specific target
TEs, they orchestrate a similar function. This is an excep-
tional example of functional conservation without se-
quence conservation involving a TE and a host TF.

Transposable element co-option in mouse
preimplantation development

The unleashing of TE expression, which characterizes
mouse preimplantation development occurs concomi-
tantly with developmental processes, all of which are es-
sential to the formation of a multicellular organism.
Indeed, the epigenome is extensively reprogrammed to es-
tablish totipotency (Burton and Torres-Padilla 2014), and
the transcriptional machinery of the newly formed
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embryomust be activated for the first time. Studies during
the past 20 yr have converged to establish that the tran-
scriptional activation of TEs during preimplantation de-
velopment is not solely a side effect of reprogramming,
but plays a role in these crucial developmental processes.

For example, a substantial proportion of the two-cell
transcriptome initiates transcription within the MERVL
LTR (Peaston et al. 2004). The MERVL LTR appears to
have been co-opted by the host genome to drive the ex-
pression of two-cell stage-related genes, acting as an alter-
native promoter of genes expressed during zygotic genome
activation, and consequently for the establishment of to-
tipotency (Evsikov et al. 2004; Peaston et al. 2004; Franke
et al. 2017). Ectopic expression of DUX inmouse ESCs not
only triggers the expression of MERVL, but also a signifi-
cant portion of the two-cell-specific transcriptional pro-
gram (De Iaco et al. 2017). Using sequence-specific
targeting approaches in preimplantation mouse embryos,
L1 transcription was also shown to be necessary for devel-
opment to proceed, most likely by regulating global chro-
matin accessibility (Jachowicz et al. 2017). Even though
the transcriptional activation of SINE B2 during develop-
ment has not yet been found to play a specific biological
function during this time window, they appear to play a
role in chromatin organization in other developmental
contexts, whereby their bi-directional transcription acts
as a domain insulator element (Lunyak et al. 2007).
Thus, future work on understanding the interplay with
additional TE families aswell as the regulatorymachinery
in the host will certainly provide exciting findings.

Concluding remarks: transposable elements as parasites,
co-opts, or symbionts?

Above, we have reviewed the instances in which host TFs
have been shown to bind retrotransposons or their rem-
nants, in our genomes. A fraction of these TFs have been
demonstrated to activate transcription of their cognate
retrotransposon.While we focused primarily on relatively
young elements, older retrotransposons such as CR1, L2,
orMIR,which expanded earlier duringmammalian evolu-
tion,might have laid the groundwork formammalian-spe-
cific regulatory networks. While these older elements
have not yet been extensively ascribed to gene regulatory
functions, L2 has recently been found to bemore frequent-
ly represented within enhancers than younger LINE ele-
ments (Zhou et al. 2020). Thus, assessing how much of
the mammalian-specific regulatory networks arose from
these ancient TEs will be extremely exciting.

We have also portrayed the biological and evolutionary
context of these observations, which in several cases have
been shown to impact key physiological processes of the
host. Particularly important is the time window spanning
preimplantation development, as it provides a golden op-
portunity for TE expansion (Fig. 2). The work discussed
above documents the strong biological relevance for the
transcription of TEs during early mammalian develop-
ment. However, conceptually, a major question remains:
Who actually exploited whom? One possibility is that

the host itself evolves these TFBS, thereby using the mul-
tiple TE insertions to efficiently multiply a platform for
coordinated TF activity across the genome. It could also
be that the transcriptional activation in germ cells and
perhaps preimplantation development represents a mech-
anismmediated by the host to sense TEs and consequent-
ly repress them. In fact, it has been suggested that the
“loss” of silencing chromatinmarks and theTE activation
occurring in germ cells would constitute a way to sense
and repress them, through the piRNA pathway (Zamudio
and Bourc’his 2010). Finally, it could be that the expansion
of TFBS within the TEs have resulted from TE selfish
strategies to promote their own replication within the
host and ensure their transmission to subsequent genera-
tions. Nevertheless, to date, there is no evidence of retro-
transposition occurring prior to the blastocyst stage. Even
if the answer to this question remains unresolved, it is rea-
sonable to view TEs as symbionts, rather than co-opts or
parasites, whereby a long-standing relationship involving
a “give and take” betweenTEs and the host has shaped the
modern genomes and the regulatory networks within
them.
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