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Mammalian genome evolution as a result of
epigenetic regulation of transposable elements

Abstract: Transposable elements (TEs) make up a large
proportion of mammalian genomes and are a strong evo-
lutionary force capable of rewiring regulatory networks
and causing genome rearrangements. Additionally, there
are many eukaryotic epigenetic defense mechanisms able
to transcriptionally silence TEs. Furthermore, small RNA
molecules that target TE DNA sequences often mediate
these epigenetic defense mechanisms. As a result, epige-
netic marks associated with TE silencing can be reestab-
lished after epigenetic reprogramming — an event during
the mammalian life cycle that results in widespread loss
of parental epigenetic marks. Furthermore, targeted epi-
genetic marks associated with TE silencing may have an
impact on nearby gene expression. Therefore, TEs may
have driven species evolution via their ability to herit-
ably alter the epigenetic regulation of gene expression in
mammals.
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binding sites; TFs, transcription factors; UHRF1, ubiqui-
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Introduction

Transposable elements (TEs) are mobile DNA segments
that have had an extensive effect on mammalian genome
evolution (1). As much as two thirds of the human genome
may be composed of repetitive sequences, of which TE-
derived sequences are a major component (2). Because
of their ability to replicate themselves and their potential
to cause mutation via insertional mutagenesis or ectopic
recombination resulting in large genomic rearrangements,
TEs have long been thought of as selfish genetic elements
(3-5). This view is also consistent with the significant
role TEs have been shown to play in various diseases (6,
7). Genome defense from TEs is largely mediated by tran-
scriptional silencing. This is achieved by epigenetic modi-
fications that disrupt the accessibility of the necessary
transcriptional machinery. Both DNA methylation and
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histone modifications are involved in these processes and
are mediated by RNA intermediates (8-11).

However, evidence is emerging that suggest TEs are
more than just genomic parasites. TE insertions have been
shown to affect nearby gene expression in a variety of
ways. Examples include TEs providing alternative splice
sites, transcription factor binding sites (TFBSs), and alter-
native promoters for genes [reviewed in (1)]. Interestingly,
epigenetic silencing mechanisms associated with TEs also
affect gene expression. A well-studied example of this
phenomenon is epigenetic inheritance at the axin-fused
allele in which a kinky tail phenotype associates with dif-
ferential methylation of the long terminal repeat (LTR) at
the 3’ end of an intracisternal A particle (IAP) element in
mice. Hypermethylation of the 3" LTR of the IAP element
was shown to suppress the kinked tail phenotype by
silencing a cryptic promoter. Crosses between penetrant
and silent axin-fused mice with null mice showed that
the penetrance of the allele was inherited. This implied
that the epigenetic methylation state of the IAP element
remained stable as it passed from one generation to the
next. Furthermore, the epigenetic state of an individual’s
sperm cells reflected the epigenetic state of that individ-
ual’s somatic cells, thereby providing a mechanism for
inheritance (12).

In the above example, the epigenetic state associated
with the IAP element was inherited by the next genera-
tion and also affected expression of the axin-fused allele.
Transgenerational inheritance of stable patterns, such as
DNA sequences, provides the foundations on which evolu-
tionary processes such as natural selection act. Although
IAP elements appear to be an exception to most TEs, due
to their ability to avoid epigenetic reprograming, the RNA
intermediates that target TEs for transcriptional silencing
through epigenetic modifications provide a mechanism
by which epigenetic patterns associated with TEs can be
inherited (13, 14). In this context, TEs can be thought of as
providing a unique epigenetic environment. Throughout
this review, we explore the role TEs have played in altering
the epigenetic landscape, which in turn, may have altered
gene expression patterns and regulatory networks and
thereby driven evolution in different species.

The mammalian TE landscape

To understand the potential evolutionary impact of TEs,
we must take into account the various types and families
of TEs with different ages, mechanisms of action, distribu-
tions across species, and distributions within genomes. In
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this section, we discuss how each of these factors shapes
the mammalian TE landscape.

According to the Repbase classification system, there
are two main types of TEs: type 1 and type 2. Type 1 TEs
consist of LTR and non-LTR retrotransposons. Many LTR
retrotransposons in mammals are endogenous retrovi-
ruses (ERVs). ERVs have been grouped into several differ-
ent classes based on such criteria as structural features
and phylogeny [reviewed in (15)]. Non-LTR retrotranspo-
sons are made up of long interspersed nuclear elements
(LINEs) and short interspersed nuclear elements (SINEs)
(16). LINEs are usually several kilobases long and contain
two open reading frames (ORFs), one of which encodes
a ribonucleoprotein (RNP) that reverse transcribes the
element and inserts the DNA copy into the genome. The
copy and paste process of L1 retrotransposition is shown
in Figure 1. However, SINEs are only approximately 300
base pairs (bp) long, contain no ORFs, and require the
retrotransposition machinery encoded by LINE elements
for retrotransposition. SINEs are derived from the 3’ end of
LINEs, and these 3’ sequences bind the LINE-encoded RNP
required for replication. LINEs and their derived SINEs are
referred to as LINE-SINE pairs. In humans, LINE L1 and
SINE Alu are an active LINE-SINE pair. In the mouse, a
similar pairing also exists, where mouse LINE L1s form
a LINE-SINE pair with SINE B1 elements (17). However,
the majority of TE sequences in mammalian genomes are
inactive. Type 2 TEs, also known as DNA transposons, are
able to excise themselves from the genome and reinsert
themselves elsewhere in the genome using a transposase
encoded in their single ORF. Because of this cut-and-paste
mobilization that does not generate additional copies,
type 2 TEs are found in much lower numbers than type 1
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Figure1 Retrotransposition.

Class 1 non-LTR TEs (black) are transcribed (green) and transported
to the cytoplasm. Within the cytoplasm, non-autonomous TEs
undergo translation and produce an RNP. TE transcripts are trans-
ported back into the nucleus where they are reverse transcribed and
integrated into the genome. The above process has resulted in large
portions of the genome comprising of repeated DNA sequences.
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TEs in mammalian genomes. The above findings have pre-
viously been reviewed by Jurka et al. (18).

The mammalian TE landscape is very complex, and
every species of mammal has both shared and unique
TEs that can be traced back to various lineages within
the mammalian radiation. Initial genome-wide studies of
TE distribution based on the human genome concluded
that LINE Lls were more prevalent in AT-rich regions;
SINE MIRs and SINE Alus showed a preference for GC-rich
regions; and LINE L2s were distributed independent of
GC content (19, 20). LINE Lis, LINE L2s, and SINE Alus
also all had a preference for antisense insertions within
genes; this was most pronounced for LINE L1s. SINE MIR
sequences, however, showed no such insertion prefer-
ence. This observation was interpreted as the result of
selection against LINE L1 sense insertions because the
LINE L1 element’s poly A signal/tail may cause shortened
gene transcripts (19). Therefore, the observed TE distribu-
tion is the product of both TE insertion preference and
selection against specific types of TE insertions (19). In the
mouse, the TE landscape is very different. For example,
young SINE B1 and SINE B2 elements insert into SINE-
rich GC areas, whereas young SINE Alus in human insert
into SINE Alu-poor AT-rich areas. Human and mouse
also differ in retrotransposon content. For example, the
human genome has fewer LTR/ERVs compared with the
mouse genome, and the mouse genome has far fewer SINE
MIRs and LINE L2s than the human genome (21).

Throughout the mammalian lineage, older TEs show
signs of being retained, which result from selective pres-
sures. For example, SINE MIRs and LINE L2s and TE-free
regions are often found in conserved orthologous seg-
ments between human and mouse (22, 23). Moreover, sub-
sequent analyses of repeat families in different species
have adopted a more global approach to identify asso-
ciations of repetitive elements in different families across
species. This led to the identification of regions enriched
for ancestral repeats (SINE MIR and LINE L2) in human,
horse, and cow. Therefore, ancestral mammalian TEs
show signs of both positional and sequence conservation
in a number of species (24, 25). This conservation suggests
arole for these repeats in the genome structure associated
with the regulation of gene expression.

Although distantly related species have been used
to compare the distribution of inactive and ancestral
repeats, comparisons between closely related species
have been used to compare distributions of young, active
TEs. Deep sequencing of 17 strains of mouse revealed over
100,000 TE variants, each of which had survived selection
over the past 2 million years. The ERV family of repeats
underwent the largest expansion, and deleterious ERVs
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were rapidly purged from the mouse genome. Deleteri-
ous LINE L1s were also purged but not quite as rapidly as
ERVs. ERV insertions were also shown to be most highly
associated with changes in gene expression between the
mouse strains (26). It is clear that TEs are a source of varia-
tion among species and can cause large genomic changes.
However, most such changes are detrimental, and it is
therefore advantageous to be able to reduce the probabil-
ity of potentially detrimental changes.

Silencing of TEs via targeted
epigenetic mechanisms

TE silencing through DNA methylation and chromatin
modification keeps retrotransposition in check by sup-
pressing TE transcription. However, during germ cell early
embryonic development, DNA and histone methylation
patterns are transiently erased, allowing TEs to mobilize.
However, mobilizing TEs are quickly inhibited by targeted
small RNA (sRNA) TE-silencing mechanisms (27, 28). After
this transient demethylation, DNA methyltransferase 3a
(DNMT3a) and DNA methyltransferase 3-like (DNMT3L)
specifically methylate TEs, thereby suppressing TE tran-
scription (8, 29, 30).

The most well-characterized sRNA-targeting mecha-
nism for TE transcriptional silencing in mammals is the
PIWI-based recognition system (27). sRNA molecules
approximately 26-31 nucleotides long direct DNA meth-
ylation at TE promoters in a general process known as
RNA-directed DNA methylation (RADM), and these RNA
molecules are known as PIWI-interacting RNAs (piRNAs)
(11). Primary piRNAs are generated from piRNA clusters
during widespread TE transcription during epigenetic
reprogramming. Primary piRNAs then bind to piwi-
like RNA-mediated gene silencing 2 (MILI) to form com-
plexes that then bind to and cleave the TE transcripts.
The cleaved transcript product is a secondary piRNA
that forms a complex with piwi-like RNA-mediated gene
silencing 4 (MIWI2) and targets the primary piRNA cluster
transcript, thereby leading to increased production of
primary piRNAs. This process is known as a ‘ping-pong’
amplification cycle and is very effective in dealing with
large numbers of TE transcripts (Figure 2). The PIWI-
based recognition system occurs before DNMT3L-guided
methylation and is believed to be the causal factor in
TE methylation specificity (11). RNA intermediates may
also be involved in directing chromatin modifications
that can silence TE transcription. This idea is well estab-
lished in plants and supported in Drosophila but has not
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Figure 2 piRNAs and ping-pong amplification.

(A) piRNAs targeting TEs are transcribed from piRNA clusters. (B)
Primary piRNAs are processed and loaded into MILI where they are
able to guide MILI to TE transcripts, initiating the formation of the
ping-pong amplification pathway. (C) Cleaved TE transcripts become
secondary piRNAs and are loaded into MIWI2. (D) The complex then
targets and cleaves primary piRNA clusters, resulting in the genera-
tion of more piRNAs loaded into MILI. piRNAs generated by this
process are believed to drive RdADM by an unknown mechanism.

been confirmed in mammals (31, 32). piRNA sequences
are found in clusters throughout the genome and share
sequence similarity with TEs. The production of piRNAs
corresponding to a specific TE is likely the result of a TE
insertion into a piRNA cluster (33, 34). Although piRNAs
play a large role in silencing TEs, some TE families are
effectively silenced even in their absence. For example,
SINE B1 elements in mouse have a locus-to-locus varia-
tion in their methylation patterns. Knockout of phospho-
lipase D family, member 6 (Pld6), and MILI genes, which
are involved in piRNA biogenesis, results in disrupted
piRNA-mediated silencing of LINE L1 elements, whereas
methylated SINE B1 elements remain methylated in sper-
matogonia (35, 36). The knockouts also show no increase
in SINE B1 expression, indicating that SINE B1 silencing
occurs independently of piRNA activity (36).

Recent work on LINE L1 silencing shows the potential
involvement of other RADM mechanisms in mammals.
Mammalian micro-RNAs (miRNAs) associated with
repeats are 22 nucleotides long and are products of dou-
ble-stranded RNA (dsRNA) cleaved by DICER and loaded
into Argonaute 2 (AGO2) (37, 38) (Figure 3). Mouse embry-
onic stem cell (ESC) DICER knockouts showed that mam-
malian repeat-associated miRNAs were depleted, LINE
L1 promoter elements were hypomethylated, and that
LINE L1 transcription, translation, and copy number had
increased. Therefore, components of miRNA biogenesis in
mammals are linked to transcriptional silencing of TEs (39,
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Figure 3 TE silencing via SRNA molecules.

Double-stranded TE RNA is produced as a result of transcription
from bidirectional TE promoters. This dsRNA is then targeted and
cleaved by DICER. The resulting sRNAs are then loaded into AGO2
and direct DNA methylation or RNA interference.
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40). Furthermore, sRNAs in mammals are involved with
RNA interference (RNAi) or post-transcriptional silenc-
ing of TEs. dsRNA processed by DICER caused sRNAs in
mammals to form perfect small interfering RNA (siRNA)
duplexes with two-nucleotide 3’ overhangs, a characteris-
tic associated with RNAi in other systems (40).
Post-transcriptional processing of TE transcripts
involves several other regulators. The microprocessor, a
multiprotein complex able to recognize and cleave primary
RNAs (priRNAs), plays an important role in miRNA bio-
genesis (41, 42). The microprocessor recognizes structures
within LINE L1 elements and promotes their degradation
(43). Another regulator of TE activity through RNAi is the
human RNA helicase, Moloney leukemia virus 10, homo-
logue (MOV10) (44, 45). MOV10 is part of a multiprotein
complex with other components involved in RNA-induced
silencing (46). MOV10 prevents retrotransposition of non-
autonomous TEs by interacting with the LINE L1 RNP
(45). Furthermore, a protein related to MOV10 known as
MOV10-like 1 (MOV10L1), interacts with piRNA proteins
in male mouse germ cells and is involved in transcrip-
tional silencing of certain TE families (47, 48). MOV10 is
also found in complexes with members of the apolipopro-
tein B mRNA-editing enzyme, catalytic polypeptide-like
3 (APOBEC3) family (APOBEC3G and APOBEC3F) and is
associated with defense against retroviruses, which have
replication mechanisms similar to retrotransposons (49,
50). Therefore, APOBEC3 proteins may also be involved
in various processes that protect host genomes against
TEs (51). The APOBEC3 family of proteins is a family of
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cytidine deaminases that convert cytidine to uridine to
edit retrotransposon DNA and cDNA as a defense against
retrotransposition (51).

Histone modifications provide another mechanism
to regulate TE expression. Most active TE sequences are
associated with histone H3 lysine 9 (H3K9) methyla-
tion and are therefore transcriptionally repressed (52).
For example, mutations in methyltransferases that are
associated with repressive histone modifications lead to
increased TE activity (53). In mouse early embryogenesis,
a methyltransferase known as SET domain bifurcated
1 (SETDBI) targets specific promoter-proximal class I
and class II ERVs. Embryonic cells lacking SETDB1 show
transcription of the promoter-proximal ERVs in the form
of aberrant gene transcripts that would otherwise be
silenced. Therefore, SETDBI is involved with transcrip-
tional control of TEs independent of DNA methylation
(10). Another methyltransferase found in mouse involved
in TE silencing is euchromatic histone-lysine N-meth-
yltransferase 2 (G9a) (54). G9a does not appear to be
involved with silencing class I and II ERVs but is neces-
sary for silencing class III ERVs (55). Suppressor of varie-
gation 3-9 (Suv39) is another H3K9 methyltransferase also
linked to TE silencing; deletions of Suv39 result in a mod-
erate increase in TE activity (52). Furthermore, the above
mechanisms may hold for a variety of mammals including
the pig. For example, porcine ERVs are silenced by similar
chromatin modifications as seen in mouse (56). However,
heterochromatic silencing during embryogenesis may not
be an active driver of TE silencing. Moreover, TE silenc-
ing usually occurs after loss of an active histone mark and
before gain of a repressive histone mark (57).

Interestingly, heterochromatin modifications asso-
ciated with TE sequences may be selected to play a dual
role, resulting in further downstream implications of TE
accumulation. Generally, heterochromatin causes a tran-
scriptionally repressive environment-reducing TE activ-
ity. However, heterochromatic regions are also unable
to undergo recombination (3). This is important because
unregulated TE genomic-enriched regions are particularly
prone to hazardous recombination events that have been
linked to disease in humans (5, 7). Therefore, prevention
of non-homologous recombination may be a driving force
behind heterochromatic repression of TEs. In addition,
recombination also often results in TE deletion, imply-
ing that heterochromatic silencing may be the cause of TE
accumulation (4). Furthermore, simulations have shown
that under an ectopic recombination model, TEs accumu-
late in regions of low recombination (58).

This section shows how epigenetic mechanisms are
involved in the regulation of TEs. Epigenetics are now
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known to contribute to many regulatory processes, espe-
cially throughout development. The following section
aims to show the breadth of developmental regulation
under the control of epigenetic processes in the context of
the regulatory impact of retrotransposition.

Epigenetic regulatory mechanisms
are essential for mammalian
development

Epigenetic mechanisms are well characterized in terms of
the roles they play in development. Mammalian develop-
ment is highly complex and requires extensive regulation
of intricate cellular processes. During development, the
differentiation potential of cells is gradually reduced at
each stage until cells terminally differentiate. This reduc-
tion of differentiation potential is largely regulated by
epigenetics.

DNA methylation is the critical modification of DNA
with respect to the epigenetic regulation of transcription.
Specifically, DNA methylation refers to the methylation
of cytosine and occurs mostly in CpG sequences (59). In
mammals, approximately 60%—-80% of CpGs are methyl-
ated. However, approximately 10% of CpGs are resistant
to methylation and are found in GC-rich regions of the
genome. These CpG sites are known as CpG islands and
are found in gene and retrotransposon promoters (28,
60). The DNA methyltransferases, DNA methyltrans-
ferase 1 (DNMT1), DNMT3a, and DNA methyltransferase
3b (DNMT3b) all have roles in maintaining DNA methyla-
tion throughout mammalian development (61, 62). The
deletion of DNMT1 in ESCs results in apoptosis, whereas
simultaneous deletion of DNMT3a and DNMT3b did not
affect survivability yet resulted in ESCs unable to differ-
entiate (63). Once established, methylation patterns are
able to persist through multiple rounds of mitosis. During
the S phase, DNMT1 directly interacts with proliferating
cell nuclear antigen and ubiquitin-like with PHD and ring
finger domains 1 (UHRF1); this complex is recruited to
sites of DNA replication and binds hemi-methylated DNA
via a SET- and RING-associated domain (64-66). UHRF1
binds to parental methylated DNA and thereby directs
DNMT1 to the daughter strand (28, 66). Therefore, DNA
methylation is a stable process for transmitting epige-
netic regulatory information from parent to daughter cell,
unlike transmission of epigenetic regulatory informa-
tion from parent to offspring at the level of multicellular
organisms.
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Inherited information from a parent to offspring is
largely mediated by one cell, a single gamete. Gametes from
each parent fuse to form a zygote, which then develops into
an organism made up of a large variety of tissues and differ-
entiated cell types. For this process to occur properly, there
are two stages during development where cells undergo
epigenetic reprogramming resulting in global hypomethyl-
ation. The processes governing how epigenetic patterns are
reestablished during development are complex and remain
an area of intense research. In ESCs and primordial germ
cells (PGCs), epigenetic states are reset requiring that meth-
ylation patterns are reestablished in a targeted manner for
differentiation to occur. Various DNA methylation target
sites have been identified. These include promoters, peri-
centromic repeats, TEs, and imprint control regions (28).

Another form of epigenetic regulation during mam-
malian development is through histone modifications.
Histone proteins form a complex with DNA called a nucleo-
some, in which approximately 147 nucleotides of DNA are
wrapped around the nucleosomal histones H2A, H2B, H3,
and H4. Two copies of each histone make up the nucleo-
some, and a collection of nucleosomes results in the for-
mation of chromatin. Each one of these histones can also
be chemically modified, usually by a methyltransferase or
an acetylase. Chemical modifications of histone proteins
regulate the accessibility of surrounding DNA (67). For
example, repressive histone modifications cause nucle-
osomes to tightly associate, resulting in the surrounding
DNA being made inaccessible and transcriptionally silent.
Known repressive histone modifications include histone
H3 lysine 9 methylation 2/3 (H3K9me2/3) and histone H3
lysine 27 methylation 3 (H3K27me3) (68-70). Meanwhile,
active histone modifications can cause the nucleosomes
to dissociate, resulting in the surrounding DNA becom-
ing accessible to transcriptional machinery. Active histone
modifications at promoters include histone H3 lysine 4
methylation 3 (H3K4me3), histone H3 lysine 27 acetylation
(H3K27ac), and known modifications at enhancers include
H3K27ac and histone H3 lysine 4 methylation 1 (H3K4me1)
(70-72). These histone modifications cause a change in
chromatin status at particular loci; however, they are not
as stable as DNA methylation (67). Therefore, the DNA loci
associated with histone modifications that are analogous
to DNA methylation are described as being repressed rather
than silenced (28, 73). Interestingly, histone modifications
in PGCs and ESCs contribute to the transcriptionally per-
missive environment characteristic of these cell types and
the reductions in DNA methylation they experience. For
example, global loss of repressive H3K9 methylation marks
are an essential step in epigenetic reprogramming in PGCs
and induced pluripotent stem cells (74, 75).
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Throughout development, most histone modifications
remain dynamic as various genes are switched on and off.
However, some loci, including some TE loci, appear to
have a stable repertoire of histone modifications (73, 76,
77). These modifications, like DNA methylation, may be
due to targeted mechanisms. As a result, TEs located next
to the promoter of a gene can affect the epigenetic regula-
tion of that gene’s promoter. Therefore, new TE insertions
are able to change the regulation of a gene.

TE DNA sequences are more than
just repressors

A large body of evidence shows that TEs can cause large
changes to gene regulatory networks. However, not all of
these involve transcriptional silencing.

One of the ways TEs alter regulatory networks is
through the binding of transcription factors (TFs). Using
chromatin immunoprecipitation (ChIP), Bourque et al. (78)
showed that several TFs had binding sites within specific
TE families. Additionally, TEs with a particular TFBS were
more likely to be adjacent to genes regulated by that TF
than genes not regulated by that TF. One of the TFs ana-
lyzed was estrogen receptor 1 (ESR1) and was bound to MIR
elements and ERV-like elements. Moreover, subsequent
analyses showed these elements also harbored TFBS motifs
for ESR1 co-regulators (79), thereby strengthening the idea
that TFBSs from TEs affect gene expression, as the control
of gene expression usually requires binding of multiple TFs
(80). Further implications of combinatorial TF binding pat-
terns found in TEs have also been linked to the evolution of
particular traits. For example, MER20 is a eutherian-specific
TE and is located within 200 bp of 13% of the genes asso-
ciated with pregnancy in mammals (81). Of 21 randomly
selected MER20s, 14 were shown to bind combinations of
TFs associated with insulator activity and four were shown
to bind combinations of TFs with repressor functions.

Recently, species comparisons have yielded even
further insight into how TEs are able to alter regulatory net-
works through changes in TFBS repertoire. Schmidt et al.
(82) showed that expansion of CCCTC binding factor (CTCF)
binding sites in various mammalian lineages was likely
due to TE expansion. CTCF is a zinc-finger protein that is
able to bind DNA at a highly conserved DNA binding motif
and is involved in looping DNA in long-range interactions
(82-84). ChIP sequencing (ChIP-seq) characterization of
CTCF binding sites in five mammalian species: human,
macaque, mouse, rat, and dog showed a shared core of
approximately 5000 CTCF binding sites. However, there
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were also large numbers of species-specific binding sites,
and many of the species-specific binding sites in mouse,
rat, and dog mapped to lineage-specific TEs (both shared
and unique SINE B2 elements in mouse and rat and SINEC
cf elements in dog) (82). Like many of the combinations of
TFs that bind to MER20s, CTCF is also a known insulator
protein. Insulator proteins cause changes in gene regula-
tion by creating chromatin boundaries. CTCF is also sen-
sitive to methylation, and this raises questions about the
extent to which TEs are transcriptionally silenced and their
ability to potentially escape transcriptional silencing (85,
86). It is clear that TF binding of TEs supports a role for TEs
as a potent evolutionary force in mammals. However, it is
likely that binding of TFs to binding sites embedded within
TEs also alters the epigenetic landscape at the TE locus.

Instrumental in the discovery of the regulatory poten-
tial of MER20s was that MER20s were enriched for chro-
matin marks associated with insulator activity (81). This
approach has also been used in identifying the regulatory
potential of other TEs in human. For example, Xie et al.
(87) analyzed genome-wide methylation patterns and
found that LFSINE and LTR77 TE families were differen-
tially methylated in various tissues. Both TE families were
also associated with gene expression in a tissue-specific
manner and had histone modifications representative of
enhancers. These findings show that epigenetic regula-
tion is not only involved in silencing the activity of TEs
but also allows them to function as enhancers or insulator
elements. We can therefore say that some epigenetic regu-
latory mechanisms override TE-silencing mechanisms,
making it more likely that TEs that contain certain TFBS
are able to effectively replicate within the genome.

Transcriptional epigenetic silencing
may be a powerful driver of
evolution

TEs have contributed significantly to mammalian evolu-
tion in a variety of ways. The silencing of newly inserted
TEs may result in an epigenetic change at a particular
locus, which could therefore result in large changes in
nearby gene expression, thereby altering phenotypes
subject to selection.

In plant systems, Hollister et al. (88) have established
that TEs contribute to an epigenetic variation that results
in differences in gene expression. However, although this
has not been validated in mammals, many of the compo-
nents that silence TEs in plants are conserved in mammals.
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Comparisons between Arabidopsis thaliana and Arabi-
dopsis lyrata revealed that sRNA-targeted TEs were asso-
ciated with reduced gene expression in both species and
differences in gene expression between orthologues. In
addition, it was reported that changes in gene expression
due to TE silencing had deleterious effects resulting in the
accumulation of silenced TEs in gene-poor regions (89).
This result illustrates the degree by which gene expres-
sion can be altered through silencing of TE insertions. It
is important to note that some eukaryotic mechanisms
responsible for silencing TEs via sSRNAs consist of largely
conserved components. Plants, fungi, and animals all use
sRNAs that are cleaved by DICER-type proteins and are
then bound to Argonaut proteins that then either target
transcripts for RNAi or target the appropriate DNA for DNA
methylation (90) (Figure 3). It is therefore likely that the
observations in plants will be replicated in mammals.
Although it has not yet been shown on a genome-
wide scale how TE-associated epigenetic silencing mech-
anisms affect gene expression in mammals, epigenomes
in several mammals have been mapped. Xiao et al. com-
pared the epigenomes of pig, mouse, and human to gain
further insight into the evolution of genome-wide epige-
netic regulation. Results showed that the correlations
between epigenetic and gene expression conservation
were higher than the correlations between sequence and
gene expression conservation (91). This approach reveals
that the main driver of mammalian transcriptome evolu-
tion may in fact be changes to the epigenome rather than
changes in DNA sequence. It is worth noting that while
patterns of epigenetic chromatin modifications may differ
between mammalian species, the mechanisms that regu-
late them are conserved (92). For instance, the level of
conservation associated with the stability of histone mod-
ifications indicates regulation of histone modifications by
conserved mechanisms (93). This means that species-spe-
cific TE families can cause the same kinds of epigenetic
changes in different species. Epigenetic changes resulting
from heritable TE insertions can alter gene expression
and hence phenotype. Therefore, TEs and their associated
silencing mechanisms may have exerted significant influ-
ence on the evolution of the mammalian transcriptome.

Expert opinion

The total impact of epigenetic regulation of TEs on mam-
malian evolution remains largely unexplored. TEs are a
major component of genome architecture, and the extent
of their impact can be vast. Comparative studies involving
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TEs remain a challenge due to the complexity of analyz-
ing many closely related sequences and the economic
cost of generating transcriptome and epigenome data.
However, by analyzing the genomic distribution of par-
ticular TE families and developing new techniques that
can compare these distributions across different species,
we may be able to better understand the impact of TEs on
mammalian evolution. This kind of analysis merged with
transcriptome, and epigenome data will help develop a
deeper understanding of the evolutionary outcomes of
mammalian genomes and TE families in regard to the epi-
genetic mechanisms that control TE mobilization.

Highlights

— TE families are classified based on a number of
criteria and have discernible features. However, an
understanding of TE insertion preferences remains
elusive due to divergent genomic landscapes.

— Most hypotheses aimed at reconciling the distribution
of TEs use a negative selection viewpoint, that is to
say, TE insertions accumulate in areas where they
would be least harmful.

— The role of epigenetics in regard to TEs is largely
believed to be one of defending the genome against
TEs. However, some findings show that epigenetic
regulation of TEs may contribute to the control of gene
expression.

— Instances in which TEs provide a binding site for a
DNA methylation-sensitive TF may provide TEs with
an opportunity to escape transcriptional silencing.

— Several mechanisms are believed to be involved in
TE silencing. However, some of these mechanisms
appear to only target specific TE families.

— sRNA-mediated silencing of TEs can provide a
mechanism by which TEs can alter the epigenome
and pass those alterations on to the next generation.
However, this has not yet been confirmed in mammals.

— Comparative studies involving epigenetics are
extremely scarce because of their expense. Despite
this, strong correlations have been observed between
conservation in epigenomes and conservation in
transcriptomes.

Outlook

ASmoreand more genome databecomeavailableasaresult
of better sequencing technologies, our understanding of
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the nature of genetic regulation and genome architecture
will improve. One of the current bottlenecks is that both
DNA and RNA sequencing analysis require assembly of
short reads, usually between <100 bp and 1 kb. Because
TEs are often longer than reads, it is often impossible to
assemble reads from TEs accurately. Fortunately, this
problem will be eliminated with the advent of sequencing
technologies that use longer reads (94) such as nanopores
that have the ability to read single molecules and produce
reads longer than 10 kb (95).

Acknowledgments: Thanks to Dan Kortschak for helpful
discussions, advice, and criticism.
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