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Abstract

The mammalian placenta exhibits elevated expression of endogenous retroviruses (ERVS), but the
evolutionary significance of this feature remains unclear. | propose that ERV-mediated regulatory
evolution was, and continues to be, an important mechanism underlying the evolution of placenta
development. Many recent studies have focused on the co-option of ERV-derived genes for
specific functional adaptations in the placenta. However, the co-option of ERV-derived regulatory
elements has the potential to co-opt entire gene regulatory networks, which, I argue, would
facilitate relatively rapid developmental evolution of the placenta. | suggest a model in which an
ancient retroviral infection led to the establishment of the ancestral placental developmental gene
network through the co-option of ERV-derived regulatory elements. Consequently, placenta
development would require elevated tolerance to ERV activity, which in turn would expose a
continuous stream of novel ERV mutations that may have catalyzed the developmental
diversification of the mammalian placenta.
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Introduction

A fundamental goal in biology is understanding how novel forms evolve [1]. In mammals,
the placenta is a recently evolved organ crucial for fetal development, and is responsible for
anchoring the embryo to the uterus, invading and remodeling maternal tissue, and mediating
maternal-fetal physiological exchange throughout pregnancy [2]. The evolution of this novel
organ was accompanied by the evolution of a novel cell lineage. In early mammalian
development, before gastrulation, the trophoblast lineage forms and separates from
embryonic cells, ultimately giving rise to multiple differentiated trophoblast cell types that
compose the fetal placenta. Trophoblast cells are a mammalian innovation, and the placentas
of modern eutherians are composed of multiple differentiated trophoblast cell types that
serve to mediate all fetal interactions with the maternal uterine environment, including
implantation, local immunosuppression, respiration, and nutrient absorption [3].
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How did the trophoblast evolve? Identifying conserved features of trophoblast development
in modern eutherian mammals can provide insight into ancestral trophoblast evolution.
However, unlike most mammalian organs, the development of the placenta is poorly
conserved across species, and differentiated trophoblast cell types exhibit little
morphological or molecular orthology across major mammalian orders such as rodents and
primates [2, 4]. Here | argue that there is one feature that is both conserved and distinctly
unique to trophoblast cells: an elevated tolerance to endogenous retroviral (ERV)
transcriptional activity. ERVs are “parasitic” genomic elements that may selfishly propagate
within host genomes, and their activity is normally repressed in the developing embryo.
Why ERV expression is associated with eutherian placentation remains enigmatic, though it
is now evident that ERVs have repeatedly been “domesticated” for placental function [5],
suggesting that ERV activity has been influential throughout placenta evolution.

Here, | propose that ERV activity was responsible for establishing the ancestral trophoblast
cell type through ERV-mediated regulatory recruitment of developmental genes. The
primary rationale for this hypothesis is that ERVs serve as a major source of gene regulatory
elements, and | suggest that ERV-derived regulatory elements have become incorporated
into the gene regulatory network that defines the trophoblast cell state. Under this model,
cellular tolerance to ERV activity is an ancestral and essential component of trophoblast
development, and continuous invasion of host genomes by novel ERVs promotes lineage-
specific evolutionary divergence of the trophoblast gene regulatory network. Overall, this
hypothesis provides a plausible mechanism for the evolutionary persistence of placental
ERV activity, and advances a model in which ERV co-option facilitated the evolution and
diversification of the mammalian placenta.

Overview of trophoblast ERV activity

Upon infection of its host, a retrovirus integrates as a provirus into the nuclear genome of
the cell as part of its lifecycle (Fig. 1). Proviruses are replicated along with the host genome
during cellular division, and they possess the ability to become transcribed, produce new
viruses, and reinfect other cells or retrotranspose within the genome. When retroviruses
integrate into the genomes of germline cells, they become inherited by the next generation as
endogenous retroviruses (ERVs). Throughout evolution, ERVs have come to occupy around
5-10% of mammalian genomes. Reflecting their retroviral origins, ERVs exhibit inherently
selfish behavior, functioning to replicate themselves and consequently promoting insertional
mutagenesis, chromosomal and transcriptional instability, and sometimes tumor formation in
the host [6].

To repress these deleterious effects, embryonic cells employ a variety of epigenetic and
post-transcriptional mechanisms to silence ERV elements in the genome [7]. One of the
primary mechanisms of ERV repression is DNA methylation. At the blastocyst stage,
embryonic cells undergo a global wave of DNA methylation that silences ERVs and other
transposable elements (TESs) throughout the genome [8]. In contrast to the embryo, ERVs
tend to be highly transcribed in the fetal placenta. The trophoblast cells in the outer layer of
the blastocyst do not undergo a wave of DNA methylation [9], resulting in a
transcriptionally permissive epigenetic environment that coincides with hypomethylation of
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repetitive DNA and elevated genome-wide ERV expression in the placenta [10, 11].
Furthermore, experimentally transfected retroviruses are rapidly silenced in most cell types,
but trophoblast cells maintain stable retroviral activity in culture [12]. These data suggest
that retroviral-silencing pathways are specifically inactivated in trophoblast cells, and that
trophoblast cells feature a distinctively permissive epigenetic environment that tolerates
global ERV transcription.

If ERV activity is costly, and it is repressed throughout embryonic development, why would
global ERV transcription evolve in the placenta? As a transient organ that serves as a direct
physical interface between parent and offspring, the placenta provides a unique context that
would theoretically favor the evolution of ERV activity. First, because of its location within
the uterus, the placenta presents a novel route for retroviruses to endogenize into the
genomes of multiple hosts [13]. Following placental infection by a retrovirus, newly
secreted viruses may simultaneously infect the mother, developing siblings, and unfertilized
oocytes. Offspring that develop from infected germ cells would harbor these retroviruses in
their genomes as novel ERV insertions. This would prove a particularly effective route of
transmission, as placental ERVs would be transmitted horizontally to the offspring’s future
siblings as well as vertically to the its future progeny. These routes of transmission could be
tested by transfecting a blastocyst with a unique replication-competent retrovirus that
exhibits placental transcriptional activity, re-implanting the blastocyst into a pseudo-
pregnant female, then assaying oocyte genomic DNA for retroviral integration. Subsequent
offspring from the same female should contain the newly endogenized retrovirus in their
genomes, and exhibit intrinsic retroviral activity in the placenta. Furthermore, mating
between infected male offspring with uninfected females should produce similar results,
where the newly endogenized retrovirus secreted by the placenta is able to invade uninfected
oocytes and thereby transmit horizontally to all subsequent offspring of that female. Though
germline endogenization of placental retroviruses has not yet been demonstrated
experimentally, infectious retroviruses are clearly capable of intrauterine transmission from
the mother to the fetus [14] as well as to the fetal placenta [15]. The combination of both
vertical and horizontal transmission would conceivably promote rapid fixation of placental
ERVs within the population. Overall, it is possible that placenta ERV activity could be
explained purely by the selfish motivations of the retrovirus, without regard to any
functional implications for the host.

An emerging trend is that retroviral genes may be readily adaptable for host placental
function. During pregnancy, the fetal placenta can be considered as a “parasitic” organ that
invades the maternal uterine wall, locally suppresses the maternal immune response, and
sequesters maternal nutrients. Viruses, themselves highly successful parasites, may have
been recruited by the fetus to assist in some of these basic functions [16, 17]. For example,
retroviral expression by the placenta may locally suppress the maternal immune response
[16], which would conceivably enable deeper invasion of the placenta and prolonged
gestation time. In this way, non-lethal placental ERV activity could plausibly provide a
significant fitness advantage to the fetus.

Remarkably, a number of bona fide functional ERV-derived sequences have now been
identified in the placentas of a diverse range of mammalian species. Placental retroviral co-
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option is best exemplified by the “syncytin” genes. The retroviral envelope protein (env)
mediates invasion of the virus across the host cell membrane. Most genomic ERV insertions
accumulate inactivating mutations in the env genes, presumably because their activity
confers no benefit to the host. In humans, a specific env gene contained within a HERV-W
insertion has retained an intact open reading frame and is highly expressed in the
multinucleate syncytiotrophoblast layer of the placenta. This gene, named “syncytin,” is
capable of promoting trophoblast cell fusion in vitro and therefore likely plays a functional
role in placenta development [18]. Syncytins have now been identified in at least five
mammalian taxa, including rodents [19], ruminants [20], and carnivores [21], and each are
independently derived from lineage-specific ERV families [5]. Furthermore, experimental
knock-out of syncytin in mouse results in a lethal placental defect [22], demonstrating that
ERVs have not only contributed to enhanced placental function, but have become integrated
as essential components of placental development.

Additional cases of placental ERV domestication have been identified in sheep [23]. The
sheep genome harbors multiple intact endogenous copies of the Jaagsiekte sheep retrovirus
(enJSRV), which is related to the exogenous JSRV that infects sheep and causes
transmissible lung cancer. The placental expression of replication-incompetent enJSRV
transcripts during pregnancy effectively protects the host from exogenous JSRV infection by
trans-dominantly interfering with key steps of the JSRV replication cycle [24]. Furthermore,
the enJSRV envelope gene is expressed in the trophectoderm and has been co-opted as an
essential regulator of early trophoblast growth and differentiation [25]. Overall, the recurrent
recruitment, or co-option, of ERV-derived genes suggests that ERVs are indeed well suited
for a number of functional roles in the placenta (Fig. 2A).

Taken together, the evolution of placental ERV activity may reflect a highly successful ERV
infection strategy, recurrent ERV co-option for placental function, or both. In addition, any
costs normally associated with ERV activity, such as elevated mutagenesis or risk of tumor
formation, may be mitigated by the transient nature of the placenta. Indeed, the trophoblast
lineage appears to be more tolerant of gross chromosomal aberrations such as aneuploidy
and polyploidy [26, 27]. Thus, the placenta represents a unique organ that may be primed for
the evolution of ERV activity.

LTRs: Architects of the trophoblast cell type?

Given the striking prevalence of ERV co-option across diverse mammalian taxa, it is
plausible that trophoblast-specific tolerance to ERV activity originated during the early
evolution of the placenta [5]. Such a mutation would fundamentally result in relaxation of
ERV-specific repressive epigenetic mechanisms, and result in genome-wide exposure and
transcriptional activation of ERVs. An intact ERV insertion contains retroviral genes
flanked by long terminal repeats (LTRS), which function to promote transcription of the
viral genome. Upon global ERV transcriptional activation, LTRs would be activated
throughout the genome, and if these LTRs harbored appropriate binding sites for
trophoblast-specific TFs, they may function as active promoters or enhancers with the
potential to modulate neighboring gene expression [28]. Thus, any mutation leading to
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elevated ERV tolerance would significantly alter the regulatory landscape of trophoblast
cells.

Though less well studied, the potential for ERVs to facilitate regulatory evolution may be as
influential to placenta evolution as their contribution of retroviral protein-coding genes, if
not more so. Most co-opted ERV protein-coding genes serve roles in the placenta similar to
their original retroviral function. For example, the env-derived “syncytin” genes originally
served to facilitate fusion of the virus into the host cell, and have been co-opted to promote
fusion of trophoblast cells[5]. Thus, while ERV protein-coding genes are remarkably
suitable for use in certain aspects of placentation, there may ultimately be functional
limitations to their contribution of novel placental adaptations. By comparison, LTRs are
virtually unconstrained in their capacity to change placenta function and development [28].
As regulatory mutations, they may confer placental expression to any existing embryonic
gene. For example, a number of placental genes, such as pleiotrophin [29], and leptin [30],
have gained trophoblast-specific expression through an LTR promoter. Conceivably, a
single LTR regulatory mutation that activates expression of a major transcription factor (TF)
could recruit an entire cohort of downstream gene targets. Therefore, whereas co-option of a
retroviral gene would confer a specific function such as cell fusion, co-option of an LTR
may in turn co-opt an entire gene regulatory network and result in dramatic phenotypic
consequences (Fig. 2B).

Modular co-option of gene networks by regulatory mutations is now widely considered a
general process underlying the evolution of developmental novelty [31]. Although the
trophoblast is a mammal-specific cell type, our current understanding suggests that the
ancestral trophoblast gene network was not established by novel mammal-specific genes,
but instead evolved primarily by the regulatory recruitment of existing embryonic
developmental genes. In mouse, trophoblast stem (TS) cell specification is governed by
ancient TFs Tead4, Cdx2, EIf5, and Eomes, all of which hold deeply conserved roles in
vertebrate development [32-34]. Furthermore, the transcriptome of the developing placenta
is predominated by ancient, rather than mammal-specific genes [35]. Altogether, these
findings suggest gene co-option, driven by regulatory mutations, as a major mechanism
underlying trophoblast evolution.

Could LTRs have helped to establish the ancestral trophoblast gene network? Upon the
evolution of ERV tolerance, trophoblast cells would be exclusively exposed to LTRs as a
substantial source of regulatory mutations. Though the individual activity of most of these
LTRs would likely be of neutral consequence to the host, it is likely that genome-wide LTR
activation would nonetheless have a significant impact on the overall gene regulatory
network of the cell. For example, ectopic ERV activation often leads to cancer cell
formation in somatic cells, presumably due to stochastic activation of oncogene expression
by newly exposed LTR elements [36, 37]. Intriguing parallels have been drawn between
placentation and cancer metastasis [38, 39], which raises the possibility that global
activation of LTRs may result in certain emergent phenotypes—such as rapid proliferation,
invasion, and promotion of vasculogenesis—that are characteristic of cancers as well as
placentation. Thus, while ERV-derived genes may have conferred specific functionality to
the early placenta, ERV-derived regulatory elements may have orchestrated the evolution of
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a completely novel cell type—the trophoblast-that is exceptionally adapted for invasive
placentation (Fig. 3).

Whether LTRs were actually utilized for the evolution of the ancestral trophoblast gene
network remains largely speculative. However, recent studies have provided evidence
suggesting that LTRs have an important role in early trophoblast specification {Macfarlan:
2012js, [40]. For example, copies of the mouse ERV family MuERV-L function as
promoters that activate the transcription of over 100 genes during the pre-blastocyst stage of
development, and this activity is required for cells to undergo trophoblast differentiation.
MUERV-L activity is silenced in mouse ES cells, which are unable to differentiate into
trophoblast [41]. This evidence suggests that LTRs may be required for placental
development in mouse, and further investigation in other species should reveal whether co-
option of LTR elements as regulators of placental development is a general phenomenon.

ERV co-option promotes rapid trophoblast divergence

One implication of an LTR-dependent gene regulatory network would be strong selection to
maintain a permissive epigenetic environment in the cell. Following establishment of global
ERV activation in the ancestral placenta, if LTRs became co-opted as essential
developmental regulatory elements, then their continued function would strictly depend on
the continued tolerance of global ERV activity. Mutations that lead to a more restrictive
epigenetic environment that represses ERV activity, as in somatic cells, would
pleiotropically silence multiple LTR-derived regulatory elements and prevent proper
trophoblast development. In this way, co-option of LTRs as key components of the
trophoblast gene regulatory network would eventually establish a trophoblast that is
“addicted” to elevated levels of ERV activity. Therefore, | speculate that the ancestral
trophoblast cell was formed by an irreversible transition into a cell type that requires
tolerance to ERV activity for proper development, and this constraint may explain the
apparent conservation of placental ERV transcriptional activity across mammals.

Over time, the trophoblast would be exposed to a continuous stream of novel genes and
regulatory mutations as ERVs invade, amplify, and decay throughout the genome. Because
these mutations are normally silenced throughout the embryo, | suggest that exposure of
ERV mutations would selectively increase the evolvability of the trophoblast cell type. For
most organs, an elevated mutation rate would not be intuitively adaptive. However, the
placenta is hypothesized to be the site of a coevolutionary arms race between mother and
fetus [42]. Theoretically, the optimal strategy for the mother is to fairly allocate resources to
maximize the number of her offspring. Conversely, the optimal strategy for the fetus is to
“selfishly” maximize its own share of resources at the cost of its mother and siblings. Thus,
the fetal placenta would be under constant selection to evolve against maternal counter-
adaptations.

The strongest biological evidence for the conflict hypothesis is the prevalence of genomic
imprinting, or parent-of-origin- dependent expression, in the mammalian placenta [43]. Most
genes are transcribed from both parentally-inherited alleles, but imprinted genes are
preferentially transcribed from a specific parent—either the maternal or the paternal allele.
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Consistent with the conflict hypothesis, many imprinted genes expressed from the paternal
allele function to promote fetal and placental growth, such as Insulin-like growth factor 2
(igf2). In contrast, many genes expressed from the maternal allele, such as Insulin-like
growth factor 2 receptor (igf2r), act to repress fetal growth [44]. Within vertebrates,
genomic imprinting has only been observed in viviparous mammals, which includes
marsupials and eutherians. Notably, genomic imprinting has also evolved in the seed
endosperm of flowering plants [45]. The endosperm nourishes the plant embryo, contains
both maternal and paternal genomes, and is analagous in many ways to the mammalian
placenta as a “battleground” for parent-offspring conflict. The convergent evolution of
genomic imprinting in flowering plants and viviparous mammals is a strong indication that
imprinting is driven in part by parent-offspring conflict. Intriguingly, some evidence
suggests that the evolution of imprinted domains was facilitated by differentially methylated
retrotransposon insertions [46].

As parent-offspring conflict is contained within each species, the placenta would be
expected undergo rapid lineage-specific evolutionary divergence [47]. Consistent with this
prediction, the placenta exhibits a high degree of both physiological and morphological
diversity. Proteins secreted by the placentas of primates, rodents, and ruminants are encoded
by lineage-specific gene families and exhibit elevated amino acid divergence rates [35, 48—
501, which is considered a strong signature of genetic conflict [51]. At the developmental
level, the spatial patterning of the trophoblast at the blastocyst stage, the mode of attachment
and invasion, and the overall architecture of the placenta also exhibit extensive diversity
across species [4]. Differentiated trophoblast subtypes are also predominantly species-
specific. For example, the mouse placenta features spongiotrophoblast, glycogen trophoblast
cells, and multiple subtypes of trophoblast giant cells, none of which have a clear
orthologous cell type in non-rodent placentae [52].

Under the context of parent-offspring conflict, increased availability of placental mutations
could hypothetically be advantageous for the fetus. The placenta would be under constant
selection to outcompete siblings for maternal resources, and also to evolve against repressive
maternal counter-adaptations. In such coevolutionary “arms-race” scenarios, the ability to
rapidly evolve towards the ever-changing fitness optimum would theoretically be adaptive
[53]. For example, retroviruses feature extremely high mutation rates, which allows them to
rapidly evolve against host immune systems [54]. In mammals, elevated mutation rates may
result in harmful mutation load, but the permissive placental epigenetic environment allows
for ERV-derived germline mutations to be specifically exposed in the the transient placenta,
without affecting embryonic development. Although most of the exposed placental ERVs
would likely be neutral or even slightly deleterious to placental function, they may also
serve as a source of mutations that could—over time—facilitate rapid adaptation of the
placenta under continuously changing selective pressures.

Whether trophoblast-specific ERVs actually increase the evolvability of the placenta
remains speculation and has yet to be functionally tested. Because of the asymmetrical
exposure of ERVSs in the trophoblast compared to embryonic cells, the placenta would be
expected to exhibit consistently greater phenotypic variation than the embryo in species
exhibiting sufficient ERV polymorphism. At the genomic level, this would be reflected by
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individual- or species-specific ERV elements that functionally influence placentation.
Functional genomic studies in rodents are beginning to provide evidence for ERV-mediated
divergence of the trophoblast gene regulatory network. Maintenance of mouse TS cell self-
renewal is controlled by the transcription factors Eomes, Cdx2, and EIf5 [55], and the same
factors appear to specify trophoblast stem cells in human as well [56]. Strikingly, when
comparing the regulatory networks of mouse and rat TS cells, over a third of all “core”
enhancer elements triply bound by Eomes, Cdx2, and EIf5 are derived from a mouse-
specific ERV family RLTR13 [57]. RLTR13-derived enhancers are only active in TS cells
and not in any somatic cells, suggesting that this source of mutations may only be accessible
in a permissive epigenetic environment. While most species-specific LTR elements are not
likely to be beneficial to the host upon their initial integration, they collectively serve as an
additional source of mutations that have the potential to rapidly rewire the trophoblast gene
regulatory network (Figs. 4, 5). Over time, this process could potentially give rise to novel
lineage-specific trophoblast developmental traits.

Open questions

The main hypothesis raised here is that global ERV activity is an ancestral and essential
component of trophoblast cell identity. To address this, the molecular bases of trophoblast
ERV activity must first be more thoroughly characterized across a wide range of mammalian
taxa. If a significant number of species lack trophoblast ERV activity, then it may instead
suggest that ERV activity is the result of independent retroviral infections. If this were solely
the case, then experimental repression of trophoblast ERV activity should either have no
effect or even improve placental efficiency. Though this direct experiment has not yet been
performed, animals cloned by somatic cell nuclear transfer (SCNT) often die within in the
womb as a result of placental developmental defects. One of the primary conceptual
problems of SCNT is that the trophoblast lineage retains the same level of methylation as the
original somatic cell nucleus. This results in a placenta where ERVs and LTRs that would
normally be exposed in wild-type trophaoblast cells are instead silenced. Placental defects in
SCNT-cloned embryos have been reported in cattle, sheep, and mice [58], which suggests
that a hypomethylated genome is generally important for trophoblast development [11].
However, a more controlled experiment would involve direct experimental ablation of ERV
activity by creating mutant trophoblast cells. There are several epigenetic pathways,
including LSD1/KDM1A, that are active in ERV-repressing cells but potentially inactive in
the trophoblast [12]. Generation of a mouse mutants with ectopic expression of these
pathways in the trophoblast lineage should reveal whether defects in placentation are a direct
consequence of global ERV repression.

If trophoblast ERV activity is highly conserved across species, and experimental ablation of
trophoblast ERV activity consistently results in placental defects, then ERV activity is most
likely an ancestral trait and was maintained by selection throughout mammalian evolution. If
the ancestral trophoblast cell type was established by early mammalian LTRs, traces of these
elements may still be evident in all mammalian genomes. Comparative genomic analyses,
combined with functional genomic data from trophoblast cells across diverse species, would
reveal whether a conserved set of ancestral, eutherian-specific LTRs drive gene expression
in trophoblast development. However, the dynamic nature of ERV evolution theoretically
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poses several challenges to investigating the role of ERVs in trophoblast evolution. Notably,
the absence of conserved ERV elements may be explained by continuous evolutionary
turnover as novel ERV insertions functionally replace older ERVs [20]. This appears to be
the case with placental ERV gene co-option. For example, the human genome contains
multiple conserved ERV-derived genes including syncytin-1, syncytin-2, and erv3, yet erv3
seems to lack any function [59]. If ERV recruitment is driven by parent-offspring conflict,
then novel ERVs may be expected to eventually replace old ERVs as maternal defenses
evolve to repress placental efficiency [60].

A key question is whether ERV activity evolved before or after eutherians diverged from
marsupials. Monotremes, which are egg-laying mammals, would not be expected to exhibit
ERV activity in their extraembryonic membranes. Further, the monotreme genome appears
to be devoid of LTRs and ERV elements [61]. Marsupials bear live young, but their placenta
is relatively short-lived and structurally basic, consisting of a single layer of trophoblast-like
cells attached to the yolk sac membrane [62]. Given that marsupial placentation is brief and
non-invasive relative to eutherian placentation [63, 64], ERVs might be expected to be
silenced in the marsupial placenta. The diversity and complexity of eutherian placental
forms would be consistent with a eutherian-specific evolutionary “burst,” possibly
coinciding with integration of ERVs into the trophoblast gene regulatory network, followed
by LTR-mediated diversification. If ERV activity is absent in the marsupial placenta, this
would suggest that the marsupial trophoblast may represent a more primitive non-ERV-
dependent trophaoblast, and implicate eutherian-specific trophoblast ERV activity as a
significant mechanism underlying the evolution of the complex eutherian placenta.

A fundamental prediction of an ancestral ERV-dependent trophoblast model would be
evidence for extensive ERV co-option driving placental evolutionary diversification. While
ERV co-option does occur in somatic cells [65], elevated tolerance to ERV activity in
trophoblast cells would theoretically facilitate a greater frequency of ERV co-option,
especially under the context of positive selection driven by parent-offspring conflict.
Overall, this model would predict evidence of frequent and continuous co-option of ERVs
and LTRs in trophoblast cells in all eutherian species, and that the prevalence of ERV co-
option should be elevated compared with somatic cells. Testing this hypothesis would
principally involve the identification and functional investigation of LTR-derived regulatory
mutations. As a plethora of mammalian genomic data is now available, comparative
genomics combined with functional genomic techniques such as chromatin
immunopreciptation followed by sequencing (ChlIP-Seq) of trophoblast TFs or enhancer-
associated chromatin marks should allow for global detection of LTR-derived regulatory
elements [57]. However, the most important—and most challenging—step is to demonstrate
that specific LTR mutations are functionally important for placentation. Inactivation of
species-specific LTRs would be expected to disrupt the development of species-specific
features. Exciting developments in genome editing technologies, such as the TALEN [66]
and CRISPR [67] systems, should facilitate the experimental perturbation of specific or
multiple LTR regulatory mutations. Evidence for increased trophoblast evolvability would
suggest that epigenetic suppression of ERVs and other TEs may be modulated throughout
evolution to adjust evolvability in a tissue-specific manner. Interestingly, other organs such
as the brain or the testis show evidence of unique epigenetic environments that allow for TE
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activity [68—70], but further investigation will be required to demonstrate whether tissue-
specific TE exposure confers any adaptive benefit.

What are the implications of ERV activity in human placentation? Though humans
essentially have no currently replicating ERVs [6], ERVs are widely transcribed in the
human placenta, including the coopted ERV-derived genes syncytinl and syncytin2. If
successful placentation relied on the activity of ERV-derived genes and regulatory elements,
then epigenetic aberrations that result in global ERV repression may be responsible for some
placental defects such as pre-eclampsia. Indeed, there is evidence to suggest that mis-
regulation of the syncytin genes correlates with increased incidence of pre-eclampsia [71],
though further investigation is clearly needed to demonstrate a functional link between ERV
activity and placental defects. A straightforward genetic basis for pre-eclampsia has
remained elusive [72], but given that environmental or other stochastic factors can influence
the placental epigenome during pregnancy [73], it may be possible that incidences of pre-
eclampsia with apparently healthy genotypes are a result of inappropriate methylation at co-
opted ERV elements. Further, though ERV elements are largely fixed in the population,
other TEs such as LINE or SINE elements exhibit polymorphism in the human population
[74] and are also hypomethylated and preferentially expressed in the placenta [75]. Thus
LINE and SINE elements exposed in the human placenta may introduce an additional source
of genetic variation affecting placenta development, and possibly influencing pregnancy
outcome.

Finally, though the placenta evolved only once in mammals, the placenta has evolved
multiple times in other vertebrates including fish [76], sharks [77], lizards [78], and snakes
[79]. The evolutionary pressures that promote ERV activity in the placenta are not
necessarily exclusive to mammals, and it would be of particular interest to investigate
whether ERVs are also expressed during placentation in non-mammalian species. Such
mutualistic relationships with viruses are not unheard of in nature. Parasitic wasps lay their
eggs inside live insects, and many species of parasitic wasps exhibit symbiotic relationships
with polydnaviruses to influence host behavior and physiology for protection against the
host immune system [80, 81].

Conclusions and outlook

Live birth is a definitive feature of modern mammals, made possible by the evolution of the
placenta. Though pregnancy may outwardly seem a harmonious symbiosis between parent
and offspring, current understanding of placenta evolution suggests that the behavior and
evolution of the fetus have certain features in common with parasitism. The prevalence of
ERV co-option raises the intriguing possibility that the fetal placenta recruits the activity of
its own genomic parasites as part of its arsenal in the parent-offspring coevolutionary arms
race. Abundant examples across multiple mammalian taxa now exist where ERV-derived
protein-coding genes, such as the syncytins, have been recruited to facilitate diverse
placental adaptations. More recent studies have begun to reveal a potentially critical role for
ERV-derived LTR regulatory elements, such as RLTR13 or MUERV-L elements, in driving
the development and differentiation of the trophoblast lineage. Given that ERVs represent a
rapidly evolving source of mutations, and the placenta exhibits extensive divergence across
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species, future work should seek to elucidate the extent to which ERVs have contributed to
the diversification of the eutherian placenta. Overall, it is likely that our understanding of the
role of ERVs in placentation is only at its nascent stage, and as more genomic data becomes
available and functional genomic experiments become more accessible, ERVs will
undoubtedly emerge to be even more intertwined with placenta evolution than is currently
appreciated.
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Figure 1.
Diagram depicting retroviral endogenization into a host genome.
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A: Examples of ERV influence on the cell. B: Diagram of LTR cooption resulting in gene

network cooption. ERV, endogenous retrovirus; LTR, long terminal repeat.

Bioessays. Author manuscript; available in PMC 2015 February 18.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Chuong Page 17

Ancestral ERV ERV-mediated
infection diversification
4
Egg-associated “Proto” trophoblast : , /
chicionie celodaiin roto” trophoblas : Eutherian trophoblast /
v
©® — @ —% =

v

Amniote Mammalian Eutherian
ancestor ancestor ancestor

Figure 3.
Proposed evolutionary pathway of the mammalian-specific trophoblast cell lineage.
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Figure4.
Example of a species-specific gene regulatory enhancer derived from an LTR that contains

TS cell-specific TF binding sites. TFs, transcription factors; LTR, long terminal repeat; TS,
trophoblast stem.
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Diagram illustrating how ERVs may be exposed as active regulatory mutations in the
placenta, facilitating rapid evolution of placenta development. Adapted from [57].
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