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Abstract

Eukaryotic genomes are littered with sequences of diverse viral origins, termed endogenous viral
elements (EVESs). Here we used examples primarily drawn from mammalian endogenous
retroviruses to document how the influx of EVESs has provided a source of prefabricated coding
and regulatory sequences that were formerly utilized for viral infection and replication, but have
been occasionally repurposed for cellular function. While EVE co-option has benefited a variety
of host biological functions, there appears to be a disproportionate contribution to immunity and
antiviral defense. The mammalian embryo and placenta offer opportunistic routes of viral
transmission to the next host generation and as such they represent hotbeds for EVE cooption.
Based on these observations, we propose that EVE cooption is initially driven as a mean to
mitigate conflicts between host and viruses, which in turn acts as a stepping-stone toward the
evolution of cellular innovations serving host physiology and development.

Introduction

Endogenous viral elements (EVE) are sequences of viral origin that have integrated into the
host germline genome and, as a result, become vertically inherited in the host population.
Viral endogenization is pervasive across all branches of cellular life resulting in the

accumulation of EVEs of diverse origins and varying ages within the genomes of infected
species [1-4]. As such, EVEs represent a fossil record of past viral infections that can be
harnessed to trace the deep origins of viruses and decipher their intricate co-evolution with
their hosts [1-12]. As a source of genetic material added to the host genome, EVES provide
a rich compendium of sequences previously serving viral replication that natural selection
can act upon at the level of the host organism to foster the emergence of novel cellular
function. Here we review a variety of molecular processes, cellular mechanisms, and
biological pathways that appear to have repeatedly benefited from such viral co-option
events. We place emphasis on recently described examples involving mammalian EVES, but
certainly the phenomenon of EVE cooption is not restricted to mammals [13-15]. While it is
now clear that virtually any major type of virus can be endogenized, most coopted
mammalian EVEs derive from endogenous retroviruses (ERVS) [4,16]. This bias reflects in
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part the fact that ERVs are the most common EVESs in mammals, where they account for ~5—
15% of nuclear genome content [2,17,18].

EVE as restriction factors: fighting fire with fire

Antiviral function is a recurrent theme of EVE cooption. When expressed, EVE products
can in principle interfere with any step of viral infection, thereby acting as restriction factors.
The most direct mechanisms of restriction are those involving direct interactions between
EVE-derived peptides with viral or cellular proteins that control virus replication (Figure 1).
In multiple vertebrates, ERV-encoded envelope (Env) proteins protect host cells from viral
entry by competing with exogenous Env for cell surface receptors, a phenomenon analogous
to superinfection resistance [19] (Figure 1A and Figure 2). To date, no human ERV (HERV)
Env have been reported to restrict modern exogenous retroviruses. However, a recent
‘paleovirological’ study revealed that a primate-specific env derived from a copy of the
HERV-T gammaretrovirus family is capable of restricting an experimentally reconstituted
HERV-T Env-mediated infection [20]. These data suggest that the acquisition of this
endogenous HERV-T Env gene, which has evolved under functional constraint in the human
lineage, may have led to the extinction of the cognate retrovirus infecting our ancestors
[20,21]. It cannot be excluded, however, that this HERV-T Env locus has been evolutionary
preserved to serve another cellular function distinct from viral restriction [20].

Several ERV-derived Gag proteins are known to interfere with post-entry steps of the
infection cycle of exogenous retroviruses. For example, the mouse Fv1 protein restricts
murine leukemia virus (MLV) prior to chromosomal integration (Figure 2), by restricting
capsid disassembly through direct binding to MLV capsid proteins [22,23]. As Gag proteins
accumulate mutations, while remaining expressed, endogenous Gags may also interfere with
their exogenous counterparts by exerting trans-dominant negative effects on virus particle
assembly or release [24-26] (Figure 1B). This restriction mechanism has been documented
for the sheep enJSRV [24] and a similar mechanism involving the production of truncated
Gag isoforms is used by the yeast Tyl long terminal repeat (LTR) retrotransposon, a
retroviral-like element, as a form of copy number control [25,26] (Figure 2).

Such direct, conflicting interactions between EVE- and viral-encoded proteins are likely to
drive rapid adaptive evolution of both viral and coopted endogenous genes. The resulting
allelic diversification of EVE-derived genes may lead to the selection of alleles that expand
the range of viruses restricted by this mechanism (Figure 1B). This scenario would explain
why FvI, which exhibits a strong signature of diversifying selection in mouse populations,
presently restricts murine leukemia virus (MLV), despite being derived from an evolutionary
distant lineage of retroviruses (ERV-L) [27,28]. Human-specific HERV-K Gag, which
interferes with HIV-1 capsid assembly and release, may currently be serving such a
restricting activity [29,30]. These observations indicate that co-option of ERV-derived
proteins for viral defense is a common, dynamic, and ongoing evolutionary process.

It is also conceivable that EVE-derived proteins could interfere with exogenous viral
replication by interacting with non-homologous viral proteins (Figure 1C). This model is
supported by a recent study of endogenous bornavirus-like nucleoproteins (EBLN) encoded
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in the ground squirrel genome (itEBLN). Cell culture experiments showed that itEBLN
expression conferred resistance to human Borna Disease Virus infection by inhibiting viral
polymerase activity [31]. These observations may point to a more common theme of EVE
cooption for viral defense that merits further investigation.

A recent study of the Mavirus virophage, a small DNA virus that parasitizes the machinery
of the giant DNA virus Cafeteria roenbergensis virus (CroV) suggests a path through which
EVE-mediated antiviral immunity may be established [32]. The authors show that Mavirus
integrates within the genome of its marine host protozoan, but lays dormant until
transcriptionally activated in response to CroV superinfection. Lysis of cells containing
Mavirus particles inhibits CroV replication in neighboring cells thereby enhancing host
survival while permitting Mavirus replication [32]. This study illustrates how mutualistic
interactions between a virus capable of endogenization and its host may pave the way
towards cooption.

Immune systems under EVE influence

There is growing evidence that the acquisition of EVES can shape host immune systems in
various ways. Notably EVE-derived noncoding sequences may act as cis-regulatory DNA
enhancers of antiviral or pro-inflammatory genes (Figure 3A). The LTRs of mammalian
ERVs frequently contain interferon-inducible enhancers that in some instances have been
coopted to regulate adjacent host genes encoding critical innate immune factors [33,34]. A
need for more efficient immune induction may have provided the selective pressure on ERV
LTR sequences, which initially controlled proviral genes, to be maintained in the host
population. Over the course of evolution, recombination between proviral LTRs, which
results in the loss of internal ERV genes, would have eliminated the potential fitness cost of
expressing ERV sequences while still providing the beneficial enhancer effects of the LTR.

EVE-encoded proteins may also regulate the expression of innate immune factors (Figure 2).
For instance, the HERV-K-encoded Rec protein is expressed in preimplantation embryos
where it apparently modulates the translation of many cellular mRNAs (Figure 3B), which
may have wide-ranging effects on embryonic function, including antiviral defenses [35].
Consistent with this idea, Rec overexpression in embryonic carcinoma cells confers
resistance to H1N1 influenza virus infection [35]. Together these observations suggest that
the expression of Rec during early development may prime embryonic cells for a rapid
response to viral infection. In addition to their regulatory effects on immune gene
expression, EVE-encoded proteins may also modulate host immunity more directly through
processes linked to their viral origins. For instance, ERV-derived Env peptides can be
recognized as antigens that effectively shape T cell repertoires and the humoral response
[36,37]. In extreme cases, some endogenous Env can even behave as ‘superantigens’
eliciting non-specific T cell activation [38]. Yet other Env proteins can exert
immunosuppressive effects that dampen the immune response [37,39]. While these various
immune-modulatory properties have been investigated primarily in the context of ERV
overexpression in certain disease states, it is tempting to speculate that some of these
activities have coevolved with and become integral components of the host immune
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response. In all the cases described above, ancestral properties of ERV-encoded proteins
appear to have been preserved to varying degrees for the benefit host immunity.

Other potentially protective effects of EVEs include the production of noncoding RNAs that
act as adjuvants in antiviral systems (see Figure 2). For example, some EBLNS in rodents
and primates appear to have inserted into piwi-interacting RNA (piRNA) genomic clusters
and as a result produce piRNA-like RNAs in the testis [40]. Similarly, chickens also exhibit
testis-specific piRNA expression, which appear to mostly map to young ALV derived ERV
insertions, some of which are known to produce infectious viral particles [41]. It has been
proposed that these small RNAs offer some protection to the host by silencing exogenous
viral mMRNAs [16,40,41]. It has also been reported that elevated levels of ERV-derived RNAs
leads to the accumulation of cytosolic nucleic acids, including double-stranded RNAs and
complementary DNAs, which are recognized by nucleic acid sensors that direct cells to
mount an antiviral and inflammatory response [42—44]. These studies highlight how EVE-
derived noncoding RNAs can directly or indirectly enhance antiviral immunity.

ERV choreography in early embryonic development

The early embryo represents a logical battleground for selfish genetic elements, including
viruses, as it opens vulnerable routes for vertical and horizontal transmission [45]. In line
with this paradigm, many genomics studies have revealed a complex interplay between ERV
expression and early embryonic development [46-50]. For example, totipotent 2-cell (2C)
mouse embryos are characterized by massive transcriptional activation of MERV-L loci
[46,48]. Notably, a trio of recent studies showed that MERV-L activation is driven by the
host transcription factor mouse Dux [51-53]. Past the 2C stage, mouse ESCs exhibit
markedly reduced MERV-L transcription along with a subsequent peak in ERVK and MaLR
expression [54] driven by binding of pluripotency-associated TFs like Nanog and Oct4 [54].
This choreography of ERV expression is likely to reflect regulatory pathways hijacked by
different ERVs to take advantage of developmental niches that favor their own transcription
and propagation [45]. But it raised the possibility that a subset of these elements has been
coopted into the regulatory network orchestrating early mouse development. Consistent with
this hypothesis, transient siRNA-mediated depletion of a subset of ERVK- and MalLR-
derived long noncoding RNAs (IncRNA) highly expressed in mouse ESCs leads to reduced
expression of cellular pluripotency markers, suggesting that these IncRNAs exert some form
of control over the maintenance of a pluripotent state [54]. Similarly, a recent biochemical
study showed that a IncRNA derived from a MERV-L locus, called LincGET, is required for
in vitro embryonic development to proceed beyond the 2C stage [49]. Biochemical
experiments and reporter assays suggest that L/incGET functions as a scaffold for the
recruitment of TFs and splicing factors (Figure 3C), some of which are known to be
important for embryonic development [49,55].

A strikingly convergent pattern is emerging in human embryonic development involving
primate-specific ERVs. Deep RNA sequencing has revealed that the expression of individual
HERV families is precisely regulated during early embryonic development [35,51,56].
Notably, DUX4, a human homolog of mouse Dux, appears to be a crucial regulator of
HERV-L LTR transcription in 4-cell-stage embryos [51,53]. Hundreds of ape-specific
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HERV-H elements are also transcriptionally activated by pluripotency TFs in human ESCs
[57-60]. Knockdown experiments indicate that HERV-H transcript levels positively correlate
with the expression of pluripotency factors and the ‘stemness’ of certain embryonic cell
subpopulations [57,61,62]. Recent studies of the HERV-H-derived IncRNA /nc- RoR [63,64]
and of another IncRNA called HPAT75[65] derived from a distinct HERV family revealed
that both IncRNAs, despite their distinct evolutionary origins, act as miRNA sponges (Figure
3D) to dampen miRNA-mediated translation repression of Nanog and other TFs. These
results establish a mechanistic framework to understand how the levels of HERV-derived
IncRNAs modulate the pluripotency of ESCs.

The data summarized above suggest that the finely tuned, stage-specific transcriptional
activities of human and mouse ERVS may have been co-opted to orchestrate early embryonic
development through cis- and trans-regulatory mechanisms. However, more work is needed
to test whether these regulatory activities have become truly indispensable for proper
embryonic development or are merely relics of selfish manipulations that facilitated ERV
propagation.

The placenta as a hotspot of EVE cooption

At the interface between maternal and fetal tissues, the placenta must mediate nutrient
exchange between mother and fetus, protect the fetus from infection by maternally carried
pathogens, while avoiding stimulation of the maternal immune system. The trophoblast layer
of the placenta exhibits globally elevated EVE expression, which is potentiated by a
seemingly general hypomethylation of repetitive DNA [66—-68]. In addition, the LTRs of
several ERV families exhibit placenta-specific enhancer activity [69,70] (Figure 3A).
Together these properties open the door for the cooption of certain LTRs to drive novel
adaptive pattern of host gene expression. A recently described example is a primate-specific
HERVP71A-LTR that functions as an enhancer for HLA-G expression in human extravillous
trophoblasts, which confers maternal immune tolerance to the developing placenta by
inhibiting natural killer cell-mediated cytotoxicity [70,71].

The frequent transcriptional activity of EVESs in the placenta may also facilitate the cooption
of some of their gene products to foster the remarkable anatomical diversification of this
organ. A classic example is provided by the syncytins, which are endogenous retroviral Env
genes highly expressed in the placenta that have been coopted in diverse mammals [72,73].
Syncytins typically preserve the fusogenic activity of the ancestral Env, and genetic studies
of mouse syncytins have established that this activity is essential for the formation of the bi-
layered syncytiotrophoblast characteristic of the murid placenta [72,74,75] (Figure 2).
Interestingly, multiple syncytins have been independently acquired from various ERVS in
several mammalian lineages, suggesting Env co-option as a recurrent force driving the
evolution of placentation [72,75]. Interestingly, the fusogenic properties of syncytins also
appear to have been harnessed to support sex-specific muscle development because
knockout of syncytin B in mouse results in reduced myoblast fusion and muscle mass in
males [76] (Figure 2). These data illustrate how the biochemical properties of viral
envelopes have been recycled multiple times during evolution to serve mammalian
development.
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Gag proteins from ancient LTR retrotransposons have also been repurposed for placenta
biology in both marsupial and eutherian mammals [77]. Mouse knockout studies indicate
that at least three ancient Gag genes derived from distinct retrotransposon families, Peg10,
Peg11, and Sirh7, are required for successful completion of pregnancy [78-82]. Though
biochemical studies of these Gag-derived proteins are sparse, current evidence suggests that
they have distinct, non-redundant cellular functions [83-87]. This is not unexpected because
retroviral and retrotransposon Gag proteins exert a variety of biochemical functions,
including complex nucleic acid-, protein-, and lipid-binding activities [88-90]. It is therefore
possible that the sole common factor driving co-option of these ancient Gags in placenta
may have been placenta-specific expression of these genes. Interestingly, two of these genes
(Peg10, Peg11) are only expressed from the paternal allele, yet reside in different regions of
the genome — suggesting a predisposition for genomic imprinting and/or that their cooption
was driven by parental conflict [91,92].

EVE coopted for brain function

Outlook

Whereas most coopted EVES tend to be derived from younger elements, several ancient
retrotransposon-derived Gag proteins appear to have contributed to the evolution of the
mammalian brain [93-95]. In particular, Arc has emerged as a significant player in memory
formation and brain development [96,97]. Molecular studies indicate Arc regulates
glutamate receptor turnover, a process key to the regulation of synaptic plasticity [94,98].
Additionally, Arc plays a role in synapse pruning during brain development [97]. Far less is
known about Sir/111, another Gag-derived gene that is strongly conserved across eutherians
and highly expressed in the brain [95,99]. Knockout of Siri11in mice has revealed
behavioral alterations that may be explained by reduced extracellular noradrenaline levels in
the prefrontal cortex [95]. Thus, like Arc, Sirh11 appears to play a role in neuronal signal
transmission. While it is unclear what property these Gag-derived proteins share, it is likely
that ancestral activities typical of Gag proteins, such as membrane binding or capsid
assembly, may have been repurposed for cellular processes serving brain function.

The viral life cycle is intimately intertwined with cell physiology because virus replication is
inherently dependent on the cell’s machinery and function. Consequently, viruses have
established complex interactions with host cellular factors, often involving direct physical
interactions. The endogenization of viral sequences offers an opportunity for these activities
to be deployed in a different cellular context, which may occasionally benefit host fitness
leading to their fixation and cooption. Indeed, mechanistic studies of coopted EVESs have
revealed that their functional activities are often directly descended from their ancestral viral
sequences. For instance, the physical binding of cellular factors by coopted EVE-encoded
proteins, such as £nv[72,76] and Gag [25,26] can frequently be traced to ancestral protein
interaction domains preexisting in the viral proteins. Likewise, coopted EVE-encoded
regulatory sequences are typically derived from ancestral TF binding sites that were
presumably used formerly by the virus to promote expression of their own genes
[33,69,70,100]. This model does not preclude that some host-EVE adaptive interfaces evolve
de novo through sequence modification and fortuitous interactions. The pairing of EVE-
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rived INcCRNA with a host-encoded miRNA might represent such a fortuitous interaction

that could have provided an initial selective advantage to the host, and possibly also to the
virus, as a mechanism to dampen viral expression. Regardless of their origins, any emerging
host-EVE interaction that mitigates the conflict between cell and virus is predicted to
promote the fixation, retention, and diversification of an EVE [32]. In turn, this cascade
might facilitate the emergence of novel adaptive contributions from the coopted EVE
sequence. Such a steppingstone model might explain why some transitions from viral to

ce

llular functions (e.g. Syncytins, LTRs, Fv1 [28,33,72,101]) have occurred repeatedly

during evolution to establish seemingly redundant or convergent organismal function.
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Highlights

. Endogenous viral elements (EVEs) account for a substantial fraction (~10%)
of mammalian genomes

. EVEs represent an abundant source of coding and noncoding sequences

. EVEs of diverse origin and age have been coopted for cellular function

. Host immunity and development have disproportionately benefited from EVE
co-option

. EVEs that relieve host-virus conflict may be a steppingstone toward cooption

for other organismal processes, including host development
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Figure 1. Direct interference of EVE proteins with exogenous viral replication
Coopted EVE proteins can compete with virus replication by binding cellular proteins

otherwise bound by exogenous virus (A). Physical interactions between coopted EVE
proteins and homologous (B) or non-homologous (C) proteins encoded by exogenous
viruses can result in dominant-negative effects on virus replication.
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Figure 2. Mechanisms of EVE co-option for antiviral immunity and cell physiology
A prototypical retroviral life cycle (shown in red) proceeds through cell entry (ENTRY),

reverse transcription (RT), chromosomal integration (INT), proviral transcription (TX),
translation (TL) and particle assembly (AS). EVE-encoded proteins and RNAs (shown in

membrane
fusion

viral provirus
coopted EVE sequence
viral nucleic acid

Env

Gag

purple) can interfere with many steps of virus replication. EVE-encoded proteins may block

virus entry (Env), provirus release (Gag), virus genome replication, and capsid assembly
(Gag). Small RNAs (piRNAs, siRNAs) derived from EVE loci may also repress virus
expression transcriptionally or post-transcriptionally. EVEs can also mediate cell fusion

(Env) and may be involved in intercellular signaling (Gag). Viral proteins and nucleic acids
can be recognized by host innate immune sensors (shown in blue) resulting in stimulation of

the innate immune response.
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Figure 3. Coopted EVEs affect host gene expression by diverse mechanisms
(A) EVE sequences may function as cis-regulatory DNA elements such as enhancers or

promoters. (B) EVE-derived IncRNAS can also affect gene expression by acting as co-
transcriptional regulators (C) or miRNA sponges (D). EVE-encoded proteins may also
regulate gene expression. For instance, Rec and Gag proteins may bind to and modulate host
mRNA stability, localization, or translation.
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