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Retroviruses have evolved complex transcriptional enhancers and promoters that allow their replication in a wide range of tissue
and cell types. Embryonic stem (ES) cells, however, characteristically suppress transcription of proviruses formed after infection
by exogenous retroviruses and also of most members of the vast array of endogenous retroviruses in the genome. These cells
have unusual profiles of transcribed genes and are poised to make rapid changes in those profiles upon induction of differentia-
tion. Many of the transcription factors in ES cells control both host and retroviral genes coordinately, such that retroviral ex-
pression patterns can serve as markers of ES cell pluripotency. This overlap is not coincidental; retrovirus-derived regulatory
sequences are often used to control cellular genes important for pluripotency. These sequences specify the temporal control and
perhaps “noisy” control of cellular genes that direct proper cell gene expression in primitive cells and their differentiating prog-
eny. The evidence suggests that the viral elements have been domesticated for host needs, reflecting the wide-ranging exploita-
tion of any and all available DNA sequences in assembling regulatory networks.

Retroviruses are significant pathogens for their hosts. Some
members of this large family of viruses can be directly cyto-
pathic, but many others cause disease—most often leuke-
mias— by insertional activation of genes in an infected somatic
cell (1, 2). The rare insertion of proviral DNAs into the germ line
can cause even more extended damage, creating mutations that
are inherited by offspring of the infected individual as a new Men-
delian locus (3, 4). Because of these serious consequences, there
has been strong pressure for the host to evolve mechanisms to
restrict or limit the spread of retroviral genomes, especially in
embryonic cells. A vast array of virus restriction factors, often
controlled by the interferon system, has been discovered and is
currently under intense study (5, 6). In addition, embryonic cells
have long been known to exhibit a specific ability to potently sup-
press the expression of both exogenous (7) and endogenous (8)
retroviral sequences. This transcriptional silencing is probably
critical to the maintenance of the genetic stability of these cells,
limiting inappropriate transcription and further genotypic dam-
age from subsequent retroviral replication. Remarkably, the si-
lencing of retroviruses is closely correlated with the transcrip-
tional regulation of developmentally important genes. Recent
findings are revealing that this correlation is not coincidental: ret-
roviral regulatory elements have frequently been coopted by the
cell to control genes important in embryogenesis (9). This “do-
mestication” of retroviral elements is an example of the flexible
exploitation of DNAs during evolution. We here review and ru-
minate on some of these findings.

RETROVIRAL SILENCING IN MOUSE ES CELLS

Mouse embryonic stem (ES) cell lines were first generated in 1981
by culturing mouse inner cell mass (ICM) explants on feeder lay-
ers and since then have been exploited as a model system to study
the characteristics of pluripotency (10). They are unique among
primary cells in that they can give rise to all cell types of the body
and have a very high self-renewing capacity. Diverse epigenetic
and chromatin marks are used in ES cells for the genomic silencing
of incoming and endogenous retroviruses. The silencing of the
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Moloney murine leukemia virus (MMLV) genome in embryonic
cells has been studied in great detail (Fig. 1). MMLV can infect and
integrate the viral DNA into the genomes of embryonic carcinoma
and ES cells, but once integrated, the provirus is transcriptionally
silent and cannot produce infectious progeny virions (7). The re-
pression is heavily dependent on a conserved sequence element
termed the primer binding site (PBS) (Fig. 1) (11), an 18-nucleo-
tide sequence complementary to the 3" end of proline tRNA, the
tRNA primer used for initiation of reverse transcription by
MMLV (12, 13). The zinc finger DNA binding protein ZFP809
was shown to mediate the silencing by binding to the proline PBS
sequence of the integrated provirus DNA (14). A well-character-
ized corepressor, Trim28/Kap-1/Tiflb, interacts with ZFP809 to
initiate the epigenetic marking of the provirus (15, 16). Another
zinc finger protein, the cofactor yin yang 1 (YY1), can also bind the
proviral long terminal repeat (LTR) of many retroviruses to en-
hance the recruitment of Trim28 (17). This explains why many
retroviral vectors utilizing alternative PBS sequences, which are
not recognized by ZFP809, are still subject to some transcriptional
repression (18, 19). YY1 binding to the proviral LTR is highly
efficient and specific during the first 4 days after infection, e.g.,
during the initiation of the silencing. At this stage, binding of both
YY1 and ZFP809 is needed for the effective recruitment of Trim28.
In cells lacking YY1 expression, or in differentiated cells where
YY1 does not bind Trim28, the downstream recruitment of the
epigenetic silencing complex is blocked and the expression level of
the provirus is elevated. When tethered to the provirus by ZFP809
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FIG 1 Transcriptional regulation of the integrated provirus in embryos and
embryonic cells. Trim28 binding to the DNA binding proteins ZFP809 (14)
and YY1 (17), as well as to EBP1 (21) and HP1 (20), results in epigenetic
silencing of the newly integrated or endogenous provirus elements. The silenc-
ing is mediated by Trim28 recruitment of many factors involved in transcrip-
tional silencing and heterochromatin formation, including the histone meth-
yltransferases ESET (22) and G9a (34) and the NuRD histone deacetylase
complex (92). These histone modifiers are responsible for the trimethylation
of H3K9 (H3K9Me3), H4K20 (H4K20Me3) (22), and H3K27 (H3K27me3)
(24) (red and pink circles) histone tails as well as for subsequent DNA meth-
ylation (93). NCR, noncoding region.

and YY1, Trim28 recruits several other key players to establish
silencing. Binding of heterochromatin protein 1 (HP1) is abso-
lutely necessary for MMLYV silencing (20). Additional factors are
required to impose a closed and silenced chromatin structure on
the provirus. Other members of the complex identified so far are
ErbB3 binding protein 1 (EBP1) (21), the H3K9 trimethylase
ESET (22, 23), and the polycomb complex catalytic subunit EZH2
(24). Very likely other factors, as yet unidentified, contribute to
the efficient epigenetic silencing observed in ES cells.
Mammalian genomes contain hundreds of endogenous retro-
viruses (ERVs) (25). In the mouse genome, the ERVs can be di-
vided into class I, II, and III families based on sequence similari-
ties. Trim28 is involved in the silencing of many of these ERVs in
pluripotent cells. In cells lacking Trim28, the expression of ERV
sequences is highly elevated, and the repressive chromatin marks
on the ERV DNAs are not established properly (26). Trim28 me-
diates the silencing of the murine class I and II ERVs via the re-
cruitment of ESET, which leads to the trimethylation of H3K9
(H3K9Me3) and histone H4 lysine 20 (H4K20Me3) (22, 27, 28).
YY1 is responsible, at least in part, for the recruitment of Trim28
to these ERV sequences (17, 29) and thus to the initiation of si-
lencing in ES cells. Another zinc finger protein, ZFP819, was also
recently shown to be involved in ERV silencing (30). The murine
class III ERV's exhibit different expression patterns; they are highly
expressed in early stages after fertilization of the oocyte and are
downregulated at the morula and blastula stages. The expression
of murine ERV-L (MERV-L), a member of this group, is upregu-
lated in cells lacking the histone demethylase LSD1/KDM1A (31),
the pluripotency-specific transcription factor ZFP42/Rex1 (29,
32), the polycomb-associated protein RYBP (33), and the H3K9
trimethyl transferase G9a (34). Although their contribution is less
clear, the polycomb group (PcG) complex I and IT (PRC1 and -2)
proteins—responsible for histone H3K27 trimethylation—were
shown to be involved in the silencing of these ERV classes as well
(24, 35). Mouse ES lines with null mutations in the Suv39h histone
methyltransferase show decreased H3K9me3 levels in the repeti-
tive elements and a marked increase in H3K27me3 enrichment,
suggesting potential feedback control between these two modifi-
cation systems and at least some shared functionality of the two
modifications (36). While the exact mechanisms involved in si-
lencing of diverse ERV classes remain to be elucidated, it is clear
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that chromatin state plays an important role in suppressing the
activities of ERVs and other transposable elements.

ERV LTRs AS REGULATORS OF CELLULAR GENES

When Barbara McClintock first discovered transposable elements
in maize more than 50 years ago, she called them “controlling
elements” because they altered gene expression (37). We now ap-
preciate that many ERVs similarly affect cellular gene expression
by contributing to the activities of nearby promoters and enhanc-
ers. The accumulating impact of retroviral infections on the evo-
lution of the genome has led to the rewiring of major genetic
networks in both mouse and human stem cells. This realization
stems from the many examples of ERV integration events that do
not cause harmful mutations but provide additional regulatory
sequences that change the regulation of genes and genetic net-
works in useful ways. Some of the known ways that ERVs perform
useful functions are diagrammed in Fig. 2. ERV promoters can
drive the expression of tissue-specific genes, can express long non-
coding RNAs (IncRNAs) that autoregulate and transregulate cel-
lular genes, and provide enhancer elements that are used by cellu-
lar genes.

One of the first mammalian genes shown to have a major ERV
involvement was the mouse sex-limited protein (Slp) gene. An
ancient ERV has integrated adjacent to the transcription start site
(TSS) and dictates androgen-dependent regulation of this gene
(38). Retrotransposons have also been shown to have had a com-
plex role in the evolution of the regulation of the primate amylase
gene family (39). Another intriguing example of how ERVs can
facilitate the evolution of complex physiological processes involv-
ing gene expression on a global scale is their multifaceted involve-
ment in the evolution of pregnancy and of the placenta (40). ERV
sequences have been shown to be part of many functional promot-
ers in mouse and human, often functioning as alternative, tissue-
specific promoters in addition to the ancestral promoters (41, 42).
Their contribution to the overall transcription may sometimes be
small (43), but the number of genes affected may be very large. In
a comprehensive survey of the repetitive element transcriptome,
up to 30% of 5'cap-selected mouse and human RNA transcripts
were found to initiate within repetitive elements (41). More than
25% of coding genes have ERV elements in their 3" untranslated
region (3"UTR), which negatively regulate their expression. Many
of the ERV-initiated transcripts show high tissue specificity (44).
Thirty percent of all transcripts in human embryonic tissues were
associated with repetitive elements, pointing to a clear pattern of
embryonic cell specificity for some viral promoters (9).

ERV EXPRESSION AND ES CELL PLURIPOTENCY

ERVs may play their most significant role in embryonic cells. The
pluripotency of ES cells tracks closely with the expression levels of
these elements (45, 46). The regulators of ERV expression, such as
Trim28, are also key players in development (47, 48). The ERV
regulatory elements are not only correlates of host gene elements
but also used as host gene regulatory elements (49). ERV-depen-
dent networks can be created when many copies of the same ERV
element are used as promoters for different cellular genes. One
remarkable example of such a network can be found in the early
stages of embryogenesis, when particular class III ERVs regulate
gene expression at the very early two-cell stage (50). At this stage,
the murine endogenous retroviral element MERV-L is transiently
and significantly derepressed, represents 3% of the total transcrip-
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FIG 2 Examples of domestication of ERV sequences by mouse and human embryonic cells. (A) MERV-L elements and their remnant “solo” long terminal
repeats (LTRs) have been coopted to participate in gene regulatory networks by serving as primary or alternative promoters of nearby genes (31). A subset of
mouse embryonic stem cells expresses MERV-L LTR-driven chimeric transcripts, which correlates with increased potency (46). (B) HERV-H interacts with Oct4
to promote the enhancer activities of LTR7 and nearby regions and to drive the expression of neighboring IncRNAs and protein-coding genes essential to hES cell
identity (59, 61, 63). (C) ERV1 elements in the human and mouse genomes carry transcription factor-binding sites for Oct4 and Nanog, which can regulate genes
that form the pluripotency network near insertion sites, leading to novel regulatory patterns in evolving mammals (9, 52).

tional output, and is very sharply regulated in time. Importantly,
MERV-L DNAs represent a source of regulatory elements that are
coopted by cellular genes to regulate their cell stage-specific ex-
pression. In the course of embryogenesis, more than 25% of
MERV-L copies are activated and 307 protein-coding genes gen-
erate 626 different chimeric transcripts with MERV-L elements.
MERV-L expression is regulated by histone modifications, such as
H3K4me3, and in the absence of the H3K4me3 demethylase
LSD1/KDM1A, MERV-L becomes overexpressed and embryonic
development arrests at gastrulation (31). The pluripotency factor
Rex1 can also bind MERV-L sequences and potentially provides
sequence specificity to this silencing mechanism by LSD1 recruit-
ment to the MERV-L DNA (32). In the rare subpopulation (~1%)
of ES cells that show high MERV-L expression, the same gene
expression pattern typical for two-cell stage embryos can be ob-
served. Hence, MERV-L regulatory sequences are necessary and
sufficient to drive expression in rare ES cells that also display en-
hanced totipotent developmental potential. These studies high-
light a critical role for ERVs in contributing to host cell fate deci-
sions by activating a transcriptional network. This is mediated by
epigenetic marks that are established and removed by the endog-
enous cellular machinery.

The major mechanism of action of ERV regulation of cellular
genes is by providing binding sites for transcriptional regulatory
factors (both positively and negatively acting). ERVs control or
affect the regulation of a wide range of genes. These include genes
in the human tumor suppressor protein p53 network, where over
one-third of the protein binding sites harbor an ERV1 element
(51). In ES cells, a striking example is the DNA binding network of
two highly specific and very important pluripotency transcription
factors, namely, Oct4 and Nanog. Comparison of the binding sites
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of these proteins in humans and mice has revealed a very low
conservation, but about one-fourth of the sites harbor ERV1-like
elements of the ERV class I family (52). That study identified a
group of human-specific target genes that were recruited to the
core regulatory network via the insertion of transposable ele-
ments. The expression of the majority of the genes with ERV1
sequences was affected by depletion of Oct4, suggesting that these
genes are functional members of the pluripotency network. Using
the ENCODE database, those researchers showed that the major-
ity of the open chromatin regions in the human genome are driven
from transposable element (TE) sequences, mainly ERVs (53). At
least one-third of the open regions that harbor a TE sequence
indeed serve as a regulatory element, as they were bound by at least
one transcription factor (as shown by chromatin immunoprecipi-
tation). These studies reveal the striking plasticity of the core reg-
ulatory network of mammalian ES cells and the importance that
ERVs have had in facilitating this functional evolution.

ERVs ARE IMPORTANT FOR SUCCESSFUL REPROGRAMMING
DURING THE FORMATION OF iPS CELLS

Differentiated cells can be reprogrammed by ectopic expression of
specific transcription factors to become so-called induced pluri-
potent stem (iPS) cells. The ability of these cells to silence retrovi-
ral DNASs is a very effective marker for the “quality,” i.e., the plu-
ripotency, of these cells (54). During mouse and human iPS$ cell
reprograming, ERVs undergo erasure of gene-silencing marks,
and their expression is thereby reactivated. However, in the result-
ing iPS clones, as in ES cells, most ERVs are silenced by Trim28-
induced epigenetic silencing (55). Not all endogenous retroele-
ments are silenced in reprogramming, however. In human iPS
cells, the endogenous LINE-1 retroelements seem to be activated,
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rather than repressed, during the reprogramming of iPS cells (56).
Curiously, a heterogeneous pattern of expression of some human
ERVs (HERVs) was observed in human iPS clones. This hetero-
geneity seems to affect not only the HERV's themselves but also the
nearby genes, some of them related to known human disease genes
implicated in schizophrenia and cancer. In a different study, it was
shown that iPS clones that retain high HERV expression levels
after reprogramming are differentiation defective (57). Together,
these studies suggest again that ERV silencing is generally a fun-
damental trait of pluripotency and that variability in ERV expres-
sion might contribute to the heterogeneity of iPS clones.

ERV RNAs AS IncRNAs

Many ERVs directly control expression of cellular, coding
mRNAs, but others drive expression of long noncoding RNAs
(IncRNAs), which act on genes at a distance (58, 59). A frequent
association of the LTRs with IncRNA transcription start sites
(TSSs) suggests a role for ERVs in the evolutionary origin of In-
cRNAs (60). Indeed, ERV-containing IncRNAs show increased
expression in ES cells relative to non-ERV IncRNA expression.
Deep profiling of the nuclear and cytoplasmic transcriptomes of
human and mouse stem cells led to the identification of a class of
stem cell-specific transcripts, mostly long terminal repeat (LTR)-
derived transcripts (9). Some of these ERV-induced IncRNAs are
associated with the maintenance of pluripotency, and many are
associated with distal regulatory elements, which suggests that
they make an extensive contribution to the complexity of the stem
cell nuclear transcriptome. In humans, HERV-H and HERV-K
families (class I and II ERVs, respectively) have a particularly
strong effect in ES cells, as their transcription is regulated by Oct4
(61, 62). Moreover, HERV-H RNAs were recently shown to serve
as cellular IncRNAs associated with Oct4 and Oct4-regulated
genes and to be required for the maintenance of human ES (hES)
cells.

Functional studies of the role of the HERV-H RNA in hES cells
showed that the HERV-H LTR region first serves as a binding site
for pluripotency factors such as Oct4 and thus that transcription
of this element is ES cell specific (63). Subsequently, the tran-
scribed RNA binds and recruits active chromatin modifiers and
then acts to control an array of critical downstream genes. The
new comprehension of ERVs’ functions and their importance for
pluripotency has recently led to an appreciation of their potential
as markers for a holy grail of the field: naive hES cells (64).

OVERVIEW AND SPECULATIONS: WHY DO RETROVIRUSES
OFTEN SERVE AS GENE REGULATORS IN ES CELLS?

A major aspect of the evolution of complex multicellular organ-
isms has been the generation of a large repertoire of master regu-
lators operating on an even larger repertoire of regulatory ele-
ments. The retroviral LTRs include many specific transcription
factor binding sites, which, in different combinations, serve to
create various patterns of gene expression. Retroviral genomes
provide a rich source of such regulatory elements, which are avail-
able for exploitation during the evolution of the host genome.
How did these viral promoters arise? Retroviruses have coevolved
with their hosts throughout the history of life on earth (65). They
replicate to their own benefit to spread as widely and effectively as
possible, both by horizontal spread as infectious virus and by ver-
tical transmission as inherited ERVs, but they do so under con-
stant attack from the host to limit or minimize their potentially
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pathogenic effects. They are thus continually involved in an “arms
race” with the host; the viruses are evolving to replicate as effi-
ciently as possible, and the cell is evolving to repress their replica-
tion.

Retrovirus genomes in general are capable of rapid evolution.
Their generation time as replicating viruses is much shorter than
that of their hosts, and the typical mutation rate, determined by
the relatively error-prone RNA polymerase II and reverse trans-
criptase enzymes responsible for their replication, is much higher
than those of the hosts, determined by their more faithful DNA
polymerase and repair systems. Retroviruses can also undergo
sudden mutational changes induced by the cytidine deaminase
activity of the APOBEC (apolipoprotein B mRNA-editing enzyme
and catalytic) enzymes. The APOBECs can introduce multiple
cytosine-to-uracil changes by deamination of the retroviral nega-
tive-strand DNA during the first steps of reverse transcription
(66). Such deaminated DNA is subject to degradation by uracil
removal and abasic nuclease cleavage, but genomes that escape
that degradation and survive can be heavily mutated or edited.
Editing modifies a large number of nucleotides simultaneously, so
it can change a given element to such an extent that subsequent
random mutagenesis may lead to a different evolutionary trajec-
tory from that of the original element, without having to cross
valleys of low fitness. Therefore, DNA editing can help explain
how retroviruses have acquired such a diverse collection of func-
tions (67). Active ERVs can also be edited (68), and such DNA
editing has been a frequent event in the evolution of various ERV
families (69).

One of the most rapidly evolving regions of the viral genome is
that of the transcriptional promoter and enhancers, encoded in
the U3 region of the LTR. This region determines the tissue tro-
pism and cell type specificity of the virus; i.e., it identifies the cells
in which the virus will be most strongly expressed to produce the
most progeny virus. There is strong selective pressure for the virus
to evolve and acquire good binding sites for host transcription
factors that will drive viral transcription. Different viruses will
evolve to grow in particular tissue niches (T cells, B cells, erythroid
cells, or steroid-responsive cells) by virtue of the binding sites
present in their LTRs. In some settings, over evolutionary times, it
may also be an advantage for a virus to be able to lie quiet as an
integrated provirus and so be transcriptionally silent. The virus
can thereby evade host defenses for some period of time and
then reactivate later to initiate a new period of replication. In
this situation, the virus may be selected to acquire sites that
mediate transcriptional silencing by the host. Thus, we can
think of the retroviruses as evolving regulatory elements that
will allow for their selective growth and survival in a wide range
of different tissues and under different circumstances. Exami-
nation of the many exogenous retroviruses in mice and the
ERVs in virtually all branches of life reveals a highly varied set
of binding sites for transcription factors, both positive and
negative, in the viral LTRs that affect expression and cell tro-
pism (see, e.g., references 70 to 74).

Because retroviruses insert proviral DNAs throughout the ge-
nome during infection and are able to introduce DNAs into the
germ line by infecting preimplantation embryos (3, 4), the ERVs
provide a rich reservoir of regulatory elements that are scattered
widely throughout the genome. Thus, it is not surprising that
these viral elements can be coopted by the host over evolutionary
times to serve useful roles in the regulation of developmentally
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important host genes. Genome rearrangements can quickly con-
join a viral LTR with a target gene and thus create a novel pattern
of expression for that gene. These rearrangements can include
retrovirus-mediated transposition or nonviral translocations.

The pool of regulatory elements in retroviral promoters is not
only diverse and rapidly mutating but may have other useful fea-
tures. One potentially important aspect of retroviral promoters is
the metastable nature of ERV-containing sequences (75). Meta-
stable alleles display the unusual characteristic of variable expres-
sivity in the absence of genetic heterogeneity, which is dependent
on their epigenetic state. Interestingly, the epigenetic state of ERV's
is somewhat labile, resulting in phenotypic mosaicism between
cells (variegation) and also between individuals (variable expres-
sivity). Many studies suggest that retroviral expression is espe-
cially prone to variegation, due to its epigenetic regulation (76—
80). Grown under different culture conditions, mouse ES cells
were shown to display the transcriptional heterogeneity of many
of their pluripotency markers, including Nanog (81) and REX1
(82). The establishment of the epigenetic state occurs during early
embryogenesis and is a probabilistic and somewhat stochastic
event that can produce major consequences (83). We now know
that ES cells are not a uniform cell population but rather exist in a
metastable state and shift between ICM- and epiblast-like states
while retaining pluripotency. This equilibrium can shift in either
direction in response to a variety of factors, including epigenetic
regulators. Specifically, it is the interplay between variable tran-
scriptional activation signals and the repressive influence of the
nucleosome remodeling and deacetylation (NuRD) complex that
results in transcriptional heterogeneity at pluripotency-associated
genes in ES cell cultures (84). This model suggests regulation in
which the NuRD complex regulates gene expression, not only by
straightforward silencing but also by restricting the dynamic range
of transcription. Remarkably, it was also shown that heteroge-
neous expression of class IT and III ERVs can affect mouse ES cell
pluripotency and differentiation potential (85). As mentioned
above, the NuRD complex is recruited to the proviral LTR and
plays an important role in exogenous and endogenous retroviral
silencing in ES cells. These observations led to the suggestion that
fluctuations in gene expression levels may help coordinate differ-
entiation in a fraction of otherwise-identical cells. On a longer
time scale, reequilibration would maintain a fully responsive stem
cell population that might again be fractionally induced (86). In-
tegrating these data, we suggest that retroviral sequences are espe-
cially fit to regulate pluripotency networks due to the heteroge-
neous and somewhat stochastic nature of their transcriptional
regulation.

Recent studies addressing the question of developmental noise,
e.g., phenotypic variability in isogenic animals reared in con-
trolled environments, show an involvement of epigenetic regula-
tors in reducing the noise (87). Remarkably, two main factors that
were shown to be involved are the NuRD complex and Trim28
(88), both important regulators of ERV silencing in ES cells. Thus,
it might be speculated that downregulating ERVs is directly and
causally linked to the observed reduction in the transcriptional
noise. Although not much is known about the regulation of len-
tiviral ERVs, it is interesting to note that the Tat gene’s origins can
be traced back for 12 to 14 million years through the ERV lineage
(89). Recently, a mechanistic model has been suggested for the
involvement of Tat stochastic fluctuations in determining proviral
latency (90, 91). These findings illustrate the importance of sto-
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chastic fluctuations in gene expression and suggest yet another
mechanism through which ERVs’ tendency toward heteroge-
neous expression may have contributed to mammalian evolution.
We suggest that the regulatory elements of the ERVs are used by
the genomes of mammals as “noise-promoting agents” to enhance
the population variability and thus also long-term evolutionary
fitness. Epigenetic mechanisms not only are one of the cell’s weap-
ons to fight the infecting retrovirus in the arms race but also are
used as a valve to control and regulate phenotypic and genotypic
variability.

CONCLUDING REMARKS

We have here speculated (i) on the evolution of the diversity of
transcriptional regulatory elements in retroviral genomes as pro-
viding advantages to viruses replicating in varied cell types and
under different circumstances and (ii) on the domestication of
these elements as useful tools in the evolution of regulatory net-
works in host developmental pathways. The intimate relation-
ships between retroviruses and their hosts are reflected in the way
that their transcriptional regulatory pathways are so intertwined.
Thus, retroviral transcription is often a close proxy for the tran-
scription pattern of many host genes important for development,
but more importantly, retroviral transcription in many cases ac-
tually determines the host patterns of gene expression because
viral regulatory sequences were exploited in the formation of the
cellular determinants of those patterns. We expect that the future
will uncover many more examples of how the ERVs are not passive
junk sequences nested within larger genomes but are important
players in both health and disease.
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