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Abstract

The life-cycle of Endogenous retroviruses (ERVSs), also called long terminal repeat (LTR)
retrotransposons, begins with transcription by RNA Pol 1l followed by reverse transcription and
re-integration into the host genome. While most ERVs are relics of ancient integration events,
“young” proviruses competent for retrotransposition- found in many mammals but not humans-
represent an ongoing threat to host fitness. As a consequence, several restriction pathways have
evolved to suppress their activity at both transcriptional and post-transcriptional stages of the viral
life-cycle. Nevertheless, accumulating evidence has revealed that LTR sequences derived from
distantly related ERVs have been exapted as regulatory sequences for many host genes in a wide
range of cell types throughout mammalian evolution. Here, we focus on emerging themes from
recent studies cataloguing the diversity of ERV LTRs acting as important transcriptional regulatory
elements in mammals and explore the molecular features that likely account for LTR exaptation in
developmental and tissue-specific gene regulation.

Introduction

Retrotransposons, which replicate via a transcription and reverse-transcription ‘copy-and-
paste’ mechanism, account for greater than 40% of the human and mouse genomes (\Venter
et al., 2001; Waterston et al., 2002). These parasitic sequences can be classified into two
major groups. Those lacking long-terminal repeats (LTRs), including long and short
interspersed nuclear elements (LINEs and SINEs, respectively) and SINE-Variable number
tandem repeat-Alu (SVA) elements, comprise ~30-35% of the genome, while those with
LTRs, termed endogenous retroviruses (ERVSs) or LTR retrotransposons comprise ~8% and
10% of the human and mouse genomes, respectively (Cordaux and Batzer, 2009; Friedli and
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Trono, 2015; Stocking and Kozak, 2008) (Figure 1A). ERVs are the descendants of
exogenous retroviruses that integrated into the genome of germ cells. Most subsequently lost
the ability to exit the host cell. Thus, those ERVs that may be defective for infection but are
still competent for retrotransposition expand in their host genome by vertical transmission
(Mager and Stoye, 2015; Magiorkinis et al., 2012). In addition to their 5" and 3’ LTRs,
which are identical in sequence following reverse transcription and integration, autonomous
proviral elements typically harbour several ORFs that encode proteins essential for viral
replication, including gag, which encodes a group-specific retroviral antigen and po/, which
encodes the reverse transcriptase (Figure 1B). A third ORF encodes an envelope protein
(env), although the vast majority of ERVs have truncated or mutated env sequences.

While the general threat of insertional mutagenesis due to unmitigated ERV transcription
and subsequent retrotransposition is minimized by epigenetic mechanisms, including DNA
methylation, histone lysine methylation and small non-coding RNAs (Castro-Diaz et al.,
2015; Wolf et al., 2015a), recent studies have revealed that ERVs have also played a
prominent role in expanding the regulatory landscape of mammalian genomes (Cordaux and
Batzer, 2009; Feschotte and Gilbert, 2012; Gifford et al., 2013; Jern and Coffin, 2008;
Rebollo et al., 2012a). The “controlling element’ theory that TES may participate in gene
regulation was postulated over 60 years ago by Barbara McClintock (McClintock, 1950) and
was later expanded upon by Britten and Davidson's gene battery hypothesis (Britten and
Davidson, 1969). Genome-wide studies have indeed confirmed that species specific ERV
LTRs exert regulatory effects on genes in many cell types during development to modulate
the transcriptome (Cowley and Oakey, 2013; Gifford et al., 2013; Isbel and Whitelaw, 2012;
Robbez-Masson and Rowe, 2015). However, the molecular mechanisms whereby these
heterologous sequences are converted into regulatory elements for host genes remain
obscure. Here, we highlight recent studies that have advanced our understanding of how
LTR sequences are exapted into species-specific cis-regulatory elements. We begin by
exploring why LTR retrotransposons are particularly suitable for co-option by the host and
subsequently review recent experimental evidence supporting a model of reiterative
exaptation of LTRs in mammals as tissue-specific promoters or enhancers for protein coding
genes and long noncoding RNAs (IncRNAs). We conclude with a discussion of recent
functional studies of the role of specific exapted LTRs in gene regulation and outstanding
questions to be addressed in future studies.

Solo LTRs: autonomous regulatory modules

Several studies in mammals indicate that ERVs have been more frequently exapted as cis-
regulatory elements relative to other transposable elements (Chuong et al., 2013; Jacques et
al., 2013; Kannan et al., 2015; Kapusta et al., 2013; Kelley and Rinn, 2012; Sundaram et al.,
2014; Xie et al., 2013). Consistent with these observations, ERVs have been reported to
evolve more rapidly than other transposable elements, as evidenced by orthologous ERVs in
humans and chimpanzees exhibiting signatures of directional selection since the human-
chimp divergence ~5 million years ago (Gemmell et al., 2015). These observations are
unlikely to be explained by the integration sites of ERVS, as retrotransposons of all types are
most prevalent in intergenic regions and older LTR and LINE elements are underrepresented
within 5 kb of gene promoters, perhaps due to their negative impact on expression of
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proximal genes and in turn host fitness (Medstrand et al., 2002). Rather, the frequent co-
option of ERV sequences for gene regulation may be due to the relatively high probability of
recombination between the 5’ and 3’ LTRs of intact proviruses, which deletes the internal
region, leaving a single or ‘solo’ LTR at the original integration site (Belshaw et al., 2007)
(Figure 1B). Recombination between 5’ and 3’ LTRs has generated an estimated 577,000
‘solo’ LTRs in the human genome, representing the vast majority of annotated ERV
sequences (Friedli and Trono, 2015). Notably, both full-length intact ERVs and solo LTRs
are under-represented specifically in the sense orientation within introns, likely reflecting the
generally deleterious effects of insertion of polyadenylation signals encoded by LTRs
(Medstrand et al., 2002; Smit, 1999). As LTRs harbour the regulatory regions required for
proviral transcription, generally including combinations of transcription factor binding sites
(TFBSS), they have the intrinsic capacity to autonomously recruit cellular TFs and in turn to
maximize transcription of proviral mMRNA in specific cell types. Indeed, LTR-derived TFBSs
are now known to have contributed up to ~20% of functional binding sites for many TFs in
human and mouse (Sundaram et al., 2014), including p53, OCT4, SOX2 and NANOG
(Bourque et al., 2008; Kunarso et al., 2010; Wang et al., 2007). In contrast with the
regulatory properties of LTRs, the majority of LINE1 elements are truncated at the 5’end,
which removes the regulatory region and canonical TSS (Figure 1A) of these RNA Pol II-
driven elements, rendering them transcriptionally ‘dead on arrival’ (Cordaux and Batzer,
2009).

The presence of a conserved splice donor (SD) site within some classes of LTRs also likely
contributes to the propensity for LTRs from specific families to be exapted as alternative
promoters (Figure 1B). The consensus sequence of MaLR LTRs for example, including the
MT subtypes (See Table 1 for classification of LTRs exapted as regulatory elements
discussed here), harbor a conserved SD site that is utilized in many MT-initiated chimeric
transcripts in oocytes (Peaston et al., 2004). Similarly, a primate-specific MaLR LTR,
THELB, which harbours an intact SD site, is aberrantly reactivated in Hodgkin's lymphoma
and drives expression of CSFIR transcripts (Lamprecht et al., 2010). Alternatively,
mutations within LTRs may generate novel SD sites, as is the case for the highly-expressed
oocyte-specific Spini transcript, also driven by an MT LTR (Peaston et al., 2004).
Furthermore, at specific loci, cryptic SD sites may be present in the flanking genomic
sequence downstream of a transcriptionally active LTR. Regardless, the presence of an SD
site within or immediately downstream of the LTR minimizes the length of the 5 UTR. This
decreases the likelihood that the transcript will contain a cryptic start codon upstream of the
canonical start codon, thus preserving the native ORF in the resulting chimeric mRNA, and
may stabilize the nascent RNA, as SD sites may compete with termination signals (Wu and
Sharp, 2013).

Many intact ERVS are targeted for transcriptional silencing by the rapidly diversifying
family of Krippel-associated box zinc finger proteins (KRAB-ZFPs), which interact with
the co-repressor KAP1 and the histone H3 lysine 9 (H3K9) methyltransferase SETDB1 (Liu
et al., 2014; Matsui et al., 2010; Rowe et al., 2010; Turelli et al., 2014; Wolf et al., 2015b).
Indeed, ChlP-seq analysis in mouse ESCs reveals that the solo LTRs of a subset of ERV
families, including 1AP solo LTRs, are marked by H3K9me3 (Karimi et al., 2011),
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indicating that for some ERVS, the LTR itself may be bound by specific KRAB-ZFPs.
However, while the binding sites of only a few of the >300-400 KRAB-ZFPs in humans and
mice have been studied, the majority characterized thus far recognize internal ERV
sequences, including the primer binding site, 5’UTR, gagand 3’ polypurine tract regions
(Rowe et al., 2010; Sadic et al., 2015; Wolf and Goff, 2009; Wolf et al., 2015b, Ecco et al.,
2016). Since solo LTRs lack these internal sequences, they may escape the KRAB-ZFP/
KAP1 silencing machinery directed at full-length elements, facilitating their exaptation as
positive regulatory elements by the host.

Once all members of a particular ERV family are effectively silenced by the KRAB-ZFP/
KAP1 repression system, the accumulation of inactivating mutations in replication
competent proviruses, i.e. in functional viral protein-coding regions, would over time relieve
the positive selective pressure for KRAB-ZFP recognition, allowing mutations to accumulate
within the relevant KRAB-ZFP gene, ultimately modifying or ablating the DNA-binding
specificity of the encoded protein regardless of whether it binds in the LTR or internal
region. The remaining replication-incompetent full-length proviruses and solo-LTRs derived
from these elements would no longer be recognized by a specific KRAB-ZFP, allowing for
selection of LTRs as promoter or enhancer elements of nearby genes (Friedli and Trono,
2015). This does not exclude the possibility that there may be purifying selection of KRAB-
ZFP binding sites within otherwise decaying ERV internal regions or LTRs, allowing for
ERV exaptation for silencing of nearby genes (Ecco et al., 2016).

Consistent with the presence of TFBSs and their propensity to evade epigenetic silencing,
many ERVs and LTRs exhibit tissue-specific expression patterns, especially during
embryonic and germline development (Goke et al., 2015; Grow et al., 2015; Jacques et al.,
2013; Okahara et al., 2004; Pavlicev et al., 2015; Peaston et al., 2004). Indeed, ERVs have
likely been under selection to increase their odds of successful retrotransposition and vertical
transmission and therefore exhibit high levels of transcription in the early embryo and
reproductive tissues, including primordial germ cells (PGCs) and oocytes (Cohen et al.,
2009; Peaston et al., 2004). Thus it is not surprising that the ERV families present in high
copy number are also those competent for expression in the germline. Although H3K9me3
and/or DNA methylation play a role in silencing of ERVs in both undifferentiated and
differentiated cell types, specific ERVs likely exploit global reprogramming of epigenetic
states, such as during embryonic preimplantation development (Tomizawa et al., 2011; Ziller
et al., 2013) or in the placenta (Chuong et al., 2013; Hon et al., 2013; Reiss et al., 2007; Xie
et al., 2013) to promote their expression. During these developmental stages, the LTRs that
have accumulated mutations that relieve selective pressure for KRAB-ZFP-based silencing
in these cell types, or are otherwise not efficiently bound by KRAB-ZFPs due to low level of
expression of the relevant KRAB-ZFP or their genomic context, would come under
purifying selection for beneficial regulatory effects on neighbouring genes. Thus, the
combination of autonomous RNA pol Il promoter/enhancer activity conferred by intact TF
binding sites and changes in the repertoire of ERVs bound by KRAB-ZFPs over
evolutionary time are likely to provide a unique context for exaptation of solo LTRs for
tissue-specific gene regulation.
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From LTR to genic promoter

In support of this model, a substantial number of LTRs have been reported to function as
tissue-specific primary or alternative promoters in a variety of mammalian cell types,
including in the early mouse embryo, placenta, human and mouse pluripotent stem cells,
mouse erythroid cells and growing mouse oocytes (Buzdin et al., 2006; Cohen et al., 2009;
Faulkner et al., 2009; Fort et al., 2014; Karimi et al., 2011; Macfarlan et al., 2012; Mak et
al., 2014; Peaston et al., 2004; Veselovska et al., 2015a; Wolf et al., 2015b). Notably, many
of the LTRs that have apparently been exapted as genic promoters are not only lineage-
specific but also show clear differences in transcriptional activity between cell types in the
given species. For example, in mouse zygote and two-cell stage embryos, LTRs from the
class 11 LTR retrotransposon MERVL drive expression of a cohort of stage-specific genes
(Evsikov et al., 2004; Macfarlan et al., 2012; Maksakova et al., 2013; Peaston et al., 2004),
whereas MaLR and ERVK family LTRs drive expression of many mouse oocyte-specific
transcripts (Peaston et al., 2004; Veselovska et al., 2015b). Similarly, in human pluripotent
stem cells, LTR7, derived from the primate-specific HERV-H, drives transcription of many
pluripotency-associated InNcRNAs (Durruthy-durruthy et al., 2016; Lu et al., 2014b; Wang et
al., 2013). Furthermore, LTR3B, LTR14B, LTR12C, MLT2A1, THE1A and LTR5_Hs are
expressed at discrete stages during the progression of human preimplantation embryo
development from the zygote to the morula stage and serve as promoters for a class of
previously unannotated transcripts that may serve important functions at these stages (Goke
etal., 2015).

Early studies of the role of LTR elements as candidate genic promoters relied on single gene
analyses using methods such as 5’RACE or PCR. Subsequently, higher-throughput
approaches were developed, including those based on sequence mining of EST or RefSeq
databases (Evsikov et al., 2004; van de Lagemaat et al., 2003; Lipatov et al., 2005;
Medstrand et al., 2002; Peaston et al., 2004), or the combination of EST data with high-
throughput sequencing by capped analysis of gene expression (CAGE) (Faulkner et al.,
2009).

With the widespread use of next generation sequencing (NGS) technologies and
complementary development of bioinformatics tools to exploit such datasets, novel
transcripts, including those expressed at relatively low levels, can now be easily identified
and enumerated. Indeed, LTR promoter usage in a given cell type can now be readily
inferred genome-wide from RNA-seq data. Paired-end RNA-seq data in particular has been
used to identify candidate chimeric transcripts (Karimi et al., 2011; Macfarlan et al., 2012).
RNA-seq data has also been employed for de novo transcriptome assembly to identify LTR
promoter usage in an unbiased manner in the developing oocyte and to identify novel
chimeric transcripts initiating in RLTR10B in mouse testis (Isbel et al., 2015; Veselovska et
al., 2015a). Recent technological advances have led to significant increases in library read-
depth and standard read lengths, increasing the probability of mapping unique reads within
such repetitive elements and in turn the identification of chimeric transcripts showing a
broad range of expression levels.

In addition, as active LTR promoters exhibit the same chromatin modification patterns found
at active genic promoters, including H3K4me3 and DNase | hypersensitivity, profiling of
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these features by NGS can also be exploited to identify candidate LTR promoters (Chuong et
al., 2013; Jacques et al., 2013; Lynch et al., 2011, 2015; Veselovska et al., 2015b) (Figure
1C). For example, using ChIP-seq for H3K4me3 on cyclic AMP and progesterone-treated
human decidualized stromal cells, Lynch et al. (2015) found that ~31% of active promoters
mapped in those cells overlap with ancient mammalian TEs, including LTRs (Lynch et al.,
2015). Similarly, analysis of DNAse | hypersensitivity data from a large panel of human
embryonic, adult and cancer cell lines revealed that up to ~80% of LTRs are located in open
chromatin regions in a cell type-specific manner (Jacques et al., 2013) and intersection with
ENCODE H3K4me3 ChlP-seq data revealed that a subset of these LTRs are active
promoters.

LTRs as tissue-specific genic promoters

Several LTRs derived from ancient proviruses that integrated near genes have likely been co-
opted as regulatory elements, as indicated by strong purifying selection (Franchini et al.,
2012; Lowe et al., 2007). The paucity of additional cases where LTR promoters/enhancers
have been clearly shown to evolve under purifying selection may be due to weak selection or
the fact that most instances of detectable LTR-derived regulatory elements are of recent
origin (i.e. mouse or primate-specific), limiting the statistical power to observe signatures of
purifying selection by sequence comparisons among different lineages. If LTR-driven
transcription is beneficial in a specific cell type, persistence of its promoter activity will be
under selective pressure and the expression pattern maintained in that lineage. For example,
while the Dicer1 gene is driven from a CpG island promoter in most tissues where it is
expressed, an oocyte-specific isoform in mice is driven by a rodent-specific intragenic
MaLR solo LTR of the MT-C subtype (Flemr et al., 2013) (Table 1). Notably, deletion of the
MT-C LTR alternative promoter abolishes Dicer1 expression in the oocyte and causes female
sterility, providing strong evidence of the importance of this exapted LTR for host fitness. As
this specific LTR is also present in the rat, the ancestral provirus must have integrated prior
to the divergence of rats and mice, at least ~25 million years ago (Nei et al., 2001). In
contrast with the highly active IAP and ETn/MusD families that are responsible for ~10%
spontaneous mutations in laboratory mouse strains, there is no evidence for recent of de
novo retrotransposition of MT-C elements (Maksakova et al., 2006; Rebollo et al., 2012b).
Nevertheless, LTRs from MT-C as well as other MT subtypes are still clearly
transcriptionally active specifically in oocytes, reflecting the innate tissue-specific
expression profile of these nonautonomous MaLR elements (Evsikov et al., 2004; Peaston et
al., 2004; Veselovska et al., 2015b). Similarly, the human metabolic gene B3GALT5is
expressed in many different tissues, but in the colon, a primate-specific MLT2B3 LTR
promoter derived from the ERV-L family is utilized (Dunn et al., 2003).

A particularly dramatic example of the widespread exaptation of a specific LTR subtype in a
specific tissue can be found in early mouse embryogenesis, where MT2 LTRs derived from
mouse MERVL elements act as promoters for over 500 two-cell stage-specific gene
transcripts (Macfarlan et al., 2012; Maksakova et al., 2013). Although the functions of most
of these MT2 LTR chimeric transcripts remains to be determined, a subset may serve
important roles in early mouse development, such as 7¢stvI and 7estv3which control
telomere elongation and genome stability (Zhang et al., 2016), As with MT2 LTRs that serve
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as genic promoters, intact MERVL elements are also transcriptionally active at the zygote
and two-cell stage, but are subsequently inactivated, at least in part as a consequence of a
more repressive nuclear architecture instated during differentiation from totipotency to
pluripotency, which is regulated by many chromatin modifiers (Hayashi et al., 2015; Hisada
et al., 2012; Ishiuchi et al., 2015; Lu et al., 2014a; Macfarlan et al., 2012; Maksakova et al.,
2013; Thompson et al., 2015). Thus, these LTR genic promoters likely retain the restricted
tissue-specific expression pattern of the full-length ancestral provirus.

Further evidence for strong selective pressure for novel tissue-specific promoters of protein-
coding genes can be inferred from the exaptation of different LTRs for orthologous genes in
independent lineages. Emera and co-workers (2012) showed that MER39 and MER77 LTRs
(Table 1) were independently exapted as novel promoters in primates and rodents,
respectively, for the Prolactin gene, which is expressed in endometrial cells during
pregnancy and essential for normal gestation (Emera et al., 2012). In addition, different
LTRs have been independently exapted as promoters for the anti-apoptotic gene NA/P. In
primates, testis-specific AlA/Ptranscripts are driven by the MER21C LTR, while in rodents,
Naip is expressed in many different tissues from ORR1E or MT-C LTRs (Romanish et al.,
2007). Although these are isolated cases, many other instances of exaptation may have
occurred earlier in mammalian evolution, with the regulatory elements in question no longer
recognizable as LTRs.

In addition to promoting gene expression, the co-option of LTRs as promoters also provides
the opportunity for TF-directed repression, as evidenced by a recent study which found that
KLF3 enforces transcriptional repression of ORR1AOQ LTR-driven transcripts in mouse fetal
and adult erythroid cells (Mak et al., 2014). Whether suppression of such ORR1A0 LTR-
driven chimeric transcripts serves only to prevent aberrant genic transcription emanating
from the LTR remains to be determined. Chromatin modifiers may also direct the silencing
of LTR-driven genes, similar to non-TE-derived genic promoters (Isbel et al., 2015; Karimi
et al., 2011; Macfarlan et al., 2011; Wolf et al., 2015b). Thus, LTR promoters are apparently
as versatile as typical genic promoters and may confer positive or negative regulatory
functions on their cognate genes. Similarly, purifying selection for KRAB-ZFP-directed
gene repression may reflect the persistence of ancient KRAB-ZFP binding sites in
degenerate LTRs and/or non-repetitive regions near genes (Friedli and Trono, 2015).

Whether LTRs functioning as genic promoters generally exhibit substantial sequence
differences relative to their ancestral sequence has not been systematically addressed.
However, a recent study examining Prolactin expression in the placenta, which is driven by
the MER39 LTR in various primate lineages but not in non-ape species (Emera and Wagner,
2012a), sheds some light on the role of “fine-tuning” of LTR promoters. While the ancestral
MER39 LTR present in all primates and rodents possessed an intact ETS1 binding site at the
time of integration, this LTR was a weak promoter in non-ape species and was replaced by
the MER77 LTR as the major Prolactin promoter in mice (Emera and Wagner, 2012a).
However, over millions of years of ape evolution, MER39 was gradually transformed into a
strong promoter by selection for base substitution mutations that synergized with the
ancestral ETS1 site in the LTR and consequently improved the strength of the promoter
(Emera and Wagner, 2012a). Thus although the primordial LTR possessed a functional
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TFBS, it was likely inefficient to act as a promoter in the placenta and required a series of
substitutions to refine its activity. This finding is consistent with previous work showing that
species-specific expression of genes near TEs is positively correlated with the number of
bound TFBSs in the TE, with a minimum of 2 bound TFBSs to detect the correlation (Xie et
al., 2010). The mechanism termed “epistatic capture” was proposed to describe the process
by which a TE-derived TFBS comes under increased purifying selection as a consequence of
epistatic interactions with nearby TFBSs refined by mutations over evolutionary time
(Emera and Wagner, 2012b) (Figure 1C). Notably, this mechanism also accounts for the
tissue specificity of LTR exaptation into promoters/enhancers, since the positive epistatic
interactions between the TE-derived ancestral and newly derived TFBSs would be expected
to occur only if they enhance recruitment of the TFs relevant to expression in that tissue.
After the acquisition and selection for functional TFBSs within LTRs, the accumulation of
additional mutations that are nonessential for their transcriptional activity will invariably
lead to their progressive divergence from the ancestral sequence (Figure 1C). Indeed, LTRs
co-opted as regulatory elements earlier in mammalian evolution may no longer be
recognizable as repeat elements using conventional bioinformatics tools, raising the
possibility that many more canonical gene promoters are actually derived from ancient
LTRs.

While fewer cases have been identified, there is also evidence that recently integrated LTRs
can function as cis-regulatory elements. Examples include mouse-specific LTR13D5
elements, which act as enhancers in the placenta, the primate-specific LTR9, which enhances
S-globin gene expression and the primate MLT2B3, which drives B3GALT5 expression in
the human colon (Chuong et al., 2013; Dunn et al., 2005; Pi et al., 2010). Thus, LTRs can
also serve as ‘ready-made’ enhancers or promoters without substantial sequence
modification, potentially contributing to rapid evolution of gene regulatory networks (Cohen
et al., 2009).

LTRs in INncCRNA expression

The role of TEs in INcCRNA expression, function and evolution is just beginning to emerge
(Kapusta and Feschotte, 2014). Recent genome-wide surveys have revealed that 75-80% of
the ~10,000 annotated human IncRNAs contain TE sequences (Kannan et al., 2015; Kapusta
et al., 2013; Kelley and Rinn, 2012). Furthermore, LTRs show considerable enrichment in
IncRNA transcripts compared with non-LTR elements and other TEs in mouse and human
(Kannan et al., 2015; Kapusta et al., 2013; Kelley and Rinn, 2012). While the majority of
LTRs transcribed in IncRNAs serve as exons (Kannan et al., 2015), specific families have
been co-opted as promoters. For example, many copies of the primate specific LTR7 derived
from human HERVH are bound by pluripotency factors and function as essential regulatory
elements in naive pluripotent stem cells, likely by driving expression of specific INcRNAs
(Durruthy-durruthy et al., 2016; Lu et al., 2014b; Ohnuki et al., 2014; Wang et al., 2013). In
addition, genome-wide analysis suggests that many previously unannotated LTR-driven
IncRNA transcripts are important for the maintenance of pluripotency in mouse and human
(Fort et al., 2014). Deep sequencing of human preimplantation embryos has demonstrated
the expression of stage-specific LTR-derived noncoding RNAs from a variety of ERV1,
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ERVK and ERVL family ERVs, however their functions remain to be determined (Goke et
al., 2015; Grow et al., 2015) .

Due to the versatility of IncRNA biogenesis and function, there are likely to be fewer
constraints upon the exaptation of LTRs as IncRNA promoters. In addition to the basic
regulatory properties of LTRs relevant to promoters for protein-coding genes, novel InNcRNA
genes could arise de novo from solo LTRs in intergenic regions (Friedli and Trono, 2015;
Kapusta and Feschotte, 2014), which would also not necessarily require an intact SD site
(Figure 1D). Since conserved IncRNAs such as HOTAIR, lincRNA-RoR (a HERV-H
derived IncRNA gene), IncRNA-p21 and TUNAR have been shown to regulate large cohorts
of genes (Froberg et al., 2013; Huarte et al., 2010; Lin et al., 2014; Loewer et al., 2010; Rinn
etal., 2007), a single LTR integration into a INCRNA gene has the potential to exert a broad
regulatory effect on the transcriptome. Given the relatively rapid origins and turnover of
IncRNA genes and their lack of high sequence conservation despite —in some cases- their
clear functional conservation (Kapusta and Feschotte, 2014), it will be important to focus
future investigations on the genome-wide contribution of LTRs to the genesis of novel
INcRNA transcripts during mammalian evolution.

LTRs as tissue-specific enhancers

A number of recent studies have revealed that LTRs have also contributed substantially to
the formation of enhancers during mammalian evolution (Emera and Wagner, 2012b; Friedli
and Trono, 2015). In fact, the majority of LTRs contributing to placenta-specific gene
expression in humans (Pavlicev et al., 2015) and species-specific expression in mouse
placenta (Chuong et al., 2013) show signatures of enhancers rather than promoters. In light
of the ability of enhancers to act over very long distances, the combinations of TFBSs
present in LTRs and the general selection against ERV integrations near genic promoters
(Medstrand et al., 2002), it is not surprising that LTRs have been co-opted as enhancers.
Indeed, recent genome-wide surveys reveal that active LTR-derived enhancers exhibit the
typical epigenomic signatures of active non-TE-derived enhancer elements, including
enrichment of H3K4mel, H3K27ac, DNAse | hypersensitivity, DNA hypomethylation,
depletion of repressive H3K9me3 and H3K27me3 and TF binding (Chuong et al., 2013; Fort
et al., 2014; Jacques et al., 2013; Sundaram et al., 2014; Xie et al., 2013) (Figure 2). In
addition to epigenomic signatures, candidate TE-derived enhancers can also be identified
from comparative genomic analysis. Using the Marmoset genome, del Rosario et al. (2014)
identified noncoding regions constrained in the anthropoid primate lineage that are
unconstrained in other distantly related mammals and found 14,546 TE-derived regions
covering ~4 Mb of genomic sequence that showed chromatin signatures of anthropoid
lineage-specific enhancers, a subset of which were derived from LTRs (del Rosario et al.,
2014).

While candidate tissue-specific LTR-derived enhancer sequences have been reported by
many groups based on the presence of specific TFBSs and/or epigenetic marks consistent
with enhancer activity, only a few studies have performed confirmatory functional analyses
of their activity. Using luciferase-based reporter assays, candidate LTR enhancers have been
shown to increase expression from heterologous promoters in cell lines representing the
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tissue in which they are active, such as rat trophoblast stem cells or human 293T cells,
respectively (Chuong et al., 2013; Xie et al., 2013). However, while these assays
demonstrate potential for enhancer activity, they do not prove that the LTR-derived
sequences function as enhancers in their native genomic context. To address this question,
loss and/or gain-of-function analysis demonstrating putative enhancer function of LTRs have
been employed in animal models. For example, deletion of the human LTR9 enhancer
located ~100 kb upstream of the S-globin gene cluster abolishes S-globin gene expression in
a transgenic mouse model (Pi et al., 2010). Similarly, transgenic mice were used to
demonstrate bona fide enhancer activity of the novel primate-specific TE-derived ASC192
enhancer (del Rosario et al., 2014). More recently, CRISPR-mediated deletion was used to
demonstrate the importance of the MER41 LTR as an enhancer of key innate immunity
genes activated by interferons (Chuong et al., 2016). Further studies of candidate LTR-
derived enhancers using genome-editing approaches will reveal the extent to which such
elements influence target gene expression /1 vivo.

How are LTRs exapted as novel tissue-specific enhancers? In another example of LTR
exaptation in different lineages, Franchini et al. (2011) showed that an ancient SINE and
later a MaLR LTR were independently exapted as enhancers to control expression of the
vertebrate Pomc gene in the pituitary and hypothalamus in independent lineages during
mammalian evolution (Franchini et al., 2011). Interestingly, a recent functional analysis of
these enhancers showed that while the ancient SINE-derived enhancer nPE2 is only required
for ~20% of Pomc expression, the MaLR LTR-derived enhancer nPEL1 is sufficient to drive
~80% of Pomc expression (Lam et al., 2015), suggesting that LTRs may be exapted as
enhancers when large increases in gene expression are beneficial and thus selected. In
addition to the mechanism of epistatic capture of novel TFBSs described above, which is
relevant to both promoters and enhancers, the exaptation of LTRs as enhancers may depend
on their capacity to produce bidirectional noncoding transcripts (Figure 2). Indeed enhancer
function may require bidirectional transcription of distinct noncoding RNA species called
enhancer RNAs (eRNAs) (Kim et al., 2015; Plank and Dean, 2014).

LTRs that serve as promoters for nuclear IncRNAs have been found in a variety of contexts
(Faulkner et al., 2009; Herquel et al., 2013; Lu et al., 2014b), but whether they produce
eRNAs had not been addressed. However, a recent comprehensive transcriptome analysis of
pluripotent stem cells demonstrated that active BGLII and LTR17-derived enhancers do
indeed express bidirectional eRNAs and many of these LTR-associated noncoding
transcripts are important for the maintenance of ES cell pluripotency (Fort et al., 2014).
While bi-directional transcription from LTRs has been reported, as in the case of the
composite human LTR9/LTR16A that promotes tissue-specific expression of the DSCR4
and DSCR8& genes in opposing orientations (Dunn et al., 2006), most LTRs do not produce
bi-directional transcripts. Therefore, these findings suggest that LTR exaptation as an
enhancer may also depend on the acquisition of substitutions within or adjacent to the LTR
that support eRNA transcription (Figure 2). Whether such mutations are distinct from those
that support TF binding or acquisition of alternative features essential for enhancer function
remains to be determined. Regardless, the number of enhancer-derived LTRs is likely to be
high in certain cell types, with their activity restricted in other cell types by the
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establishment of repressive chromatin, such as the deposition of H3K9me3 by the
KRABZFP/KAP1/SETDBL. system (Rowe et al., 2013).

Conclusions

In conclusion, recent transcriptomic and epigenomic studies have revealed that LTRs provide
a plethora of novel gene regulatory elements, including tissue specific promoters and
enhancers. Such LTRs are particularly prevalent in early embryonic development, germ cells
and pluripotent stem cells, likely as a consequence of the relaxed epigenetic silencing in
these cell types and regulatory regions optimized for expression in these tissues in the
retroviral precursor (Fort et al., 2014; Xie et al., 2013). Future work will likely reveal
whether these regions are generally further optimized for tissue-specific expression by the
acquisition of TFBSs. In addition, although there are many candidate species-specific
enhancers derived from LTRs, few studies have actually addressed their biological
significance /n vivo with rigorous functional analyses (de Souza et al., 2013). Using
CRISPR technology, it is now feasible to inactivate or delete specific LTRS to determine
their effects upon the host transcriptome (Yang et al., 2015), providing a powerful tool for
systematic analyses of LTR-driven transcripts and candidate enhancers in different cell types
and species. While ERVs show striking enrichment in IncRNAs (Kannan et al., 2015;
Kapusta et al., 2013; Kelley and Rinn, 2012) and LTRs clearly drive expression of a subset
of IncRNA transcripts that appear to play important developmental functions (Durruthy-
durruthy et al., 2016; Fort et al., 2014), it remains to be determined what roles ERV-derived
sequences generally play in IncRNA structure, function and evolution. Furthermore, caution
must be exercised when interpreting the results of loss-of-function studies on IncRNAs due
to the complex nature of their activities at the transcriptional and post-transcriptional levels
(Bassett et al., 2014). Finally, while other retrotransposons have been exapted into both
enhancers and insulators in humans (Jjingo et al., 2014; Wang et al., 2015) LTR-derived
insulators have not been identified to date. Future investigations into these and related
questions will further our understanding of the extent to which mammalian genomes have
harnessed the latent regulatory potential of LTRs to control tissue-specific gene expression.
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Figure 1. Structure of an intact ERV and solo LTR and the molecular mechanisms of LTR

exaptation as protein-coding or INcRNA promoters

(A) Schematic of non-LTR retrotransposons which include SINEs (i.e. Alus), LINEs (i.e.
L1Hs), and SVASs (in humans) and LTR retrotransposons, which include many lineage/
species-specific subfamilies. Most LINE elements are truncated at the 5’ end, thus lacking
the 5’UTR promoter and TSS. (B) Full-lengthERVs have 5’ and 3’ LTRs, and an “internal”
region that includes a primer-binding site (PBS) involved in priming reverse transcription,
and retroviral ORFs gag, po/and a truncated or mutated env gene (4Aenv). Recombination
between 5’ and 3’ LTRs deletes the internal region, generating ‘solo’ LTRs (not to scale),
which consist of unique 3’ (U3) and 5° (U5) regions and a regulatory region (R) containing
the TSS (white arrow). LTRs often harbour different combinations of TFBSs (green and
orange rectangles) in addition to core Pol Il promoter elements (such as TATA box shown in
red) and may also contain a splice donor (SD) site (dashed line) within the U5 region. (C)
LTR exaptation as a protein-coding gene promoter. In a developmental/tissue specific
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context, particularly in cell types undergoing epigenetic reprogramming (e.g. early embryo,
placenta or germline) a hypomethylated solo LTR (pink rectangle) 5’ of a protein-coding
gene (or in an intragenic region) may become exapted as a novel promoter (black circles
represent DNA methylation). The process may involve base substitutions in a neighbouring
near-consensus TFBS (grey rectangle with dash outline) and a near-consensus site within the
LTR (green rectangle with dash outline), which then form a positive genetic interaction with
another LTR-derived TFBS (orange rectangle) a mechanism termed ‘epistatic capture’
(Emera and Wagner, 2012a). This leads to synergy in the binding of several TFs (grey,
orange and green ovals), deposition of “active” histone modifications, such as H3K4me3 and
H3K9ac (green circles) and robust transcription initiation from the LTR-derived promoter.
The canonical genic promoter may be DNA methylated as a consequence of such
transcription. This process generates LTR-genic exon chimeric transcripts, where exon 1 is
derived from the LTR and splicing occurs from the internal LTR SD (or from a cryptic SD
site in the intervening genomic sequence downstream of the active LTR) to the first
downstream exon with a splice-acceptor site, generally exon 2. Examples of such chimeric
transcripts include Sp/nlin mouse and CSFR1and B3GALT5 in human. Arrow sizes
indicate relative level of transcription from each promoter. (D) LTR exaptation as a promoter
for a novel IncRNA. Through a process as in (C), a newly formed intergenic solo LTR
without an SD site could initiate de novo IncRNA transcription, forming a novel INCRNA
gene. An example of this is the /incRNA-RoR transcript.
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Figure 2. Molecular mechanisms of exaptation of LTRs as enhancers
LTRs located both proximal or distal, (i.e. >10 kb) to a genic promoter may be exapted as

enhancer elements. Such elements may be solo LTRs (shown) or intact ERVs. While these
LTRs may have intrinsic enhancer activity, base substitutions that generate additional TF
binding sites (potentially synergizing with pre-existing sites), may over time increase overall
enhancer activity and/or refine tissue specificity. Note that in contrast with LTR-derived
genic promoters, which are generally in the sense orientation, an LTR integrated in either
orientation with respect to the relevant gene could be exapted as an enhancer. Robust
enhancer activity also likely requires formation of an open chromatin structure and the
generation of enhancer RNA transcripts (eRNAS) in the relevant cell type. The strong
association of specific histone marks with enhancers, including H3K4mel (light green
circles) and H3K27ac (yellow triangles), the latter indicative of “active” enhancers, has been
widely exploited to identify novel candidate enhancers, including within LTRs. Examples of
LTR enhancers include BGLII and LTR17 and perhaps LTR13D5 and LTR9, but whether
these latter two LTRs produce eRNAs has not been determined.
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Examples of LTRs exapted as regulatory elements in human and mouse and their classification.

Table 1

Species | ERV Class | ERV Family | Examples of LTR Subtypes
Mouse | ERV1 LTR17
| ERV3 MER77
1l ERVK LTR10C, LTR10B, LTR13D5, BGLII
11 MaLR MT-A, MT-B, MT-C, ORR1A0
1 ERVL MT2, MT2B, MT2C
Humans | | ERV1 LTR7, MER39, MERA41, LTR12C
| ERV3 MER21C
1 ERV9 LTR9
1 ERVK LTR5
1l ERVK3 LTR3B
1l ERVK14 LTR14B
11 MaLR THELA, THE1B, THE1C, MER39
1 ERVL MLT2A1, MLT2B3, LTR16A
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