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Abstract Since their discovery, a growing body of
evidence has emerged demonstrating that transposable
elements are important drivers of species diversity.
These mobile elements exhibit a great variety in struc-
ture, size and mechanisms of transposition, making
them important putative actors in organism evolution.
The vertebrates represent a highly diverse and success-
ful lineage that has adapted to a wide range of different
environments. These animals also possess a rich reper-
toire of transposable elements, with highly diverse con-
tent between lineages and even between species. Here,
we review how transposable elements are driving geno-
mic diversity and lineage-specific innovation within
vertebrates. We discuss the large differences in TE con-
tent between different vertebrate groups and then go on
to look at how they affect organisms at a variety of
levels: from the structure of chromosomes to their
involvement in the regulation of gene expression, as
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well as in the formation and evolution of non-coding
RNAs and protein-coding genes. In the process of doing
this, we highlight how transposable elements have been
involved in the evolution of some of the key innovations
observed within the vertebrate lineage, driving the
group’s diversity and success.

Keywords Transposable elements - Diversity -
Vertebrates - Lineage-specific evolution - New genes

Abbreviations

ChIP-Seq Chromatin immunoprecipitation
sequencing

ERV Endogenous retrovirus

ESC Embryonic stem cell

HTT Horizontal transfer of TEs

LINE (or SINE) Long (or short) interspersed
nuclear element

IncRNA Long non-coding RNA

LTR Long terminal repeat

MYA Million years ago

Myr Million years

nt Nucleotides

TE Transposable element

Introduction

With approximately 65,000 species described, verte-
brates represent a highly diverse taxon that has
colonised a large range of biotopes, from all depths of
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the freezing oceans to arid deserts and snowy mountain
ranges. Accompanying these ecological transitions,
many different lineages have generated ingenious adap-
tations, such as gills, enlarged and highly complex
brains, fur, the placenta, and immunity systems. How
did these innovations arise, and where did the required
genes and regulators come from? There are probably
many interacting factors driving this evolution that have
each played vital roles during the more than 500 million
year (Myr) history of vertebrates.

One influential group of such factors are transposable
elements (TEs). These represent genetic elements that are
mostly selfish and capable of inserting themselves into
novel locations in the genome, with generally no direct
benefit (and occasionally deleterious effects) for their
host. They are classified into two main categories: class
I retroelements and class II DNA transposons (Fig. 1).

Class I retroelements (Fig. 1) propagate via an RNA
intermediate that is then reverse transcribed into com-
plementary DNA, using a “copy and paste” mechanism.
These are populated by the long terminal repeat
(LTR)-containing retroelements that include LTR
retrotransposons but also endogenous retroviruses (ERVs).
In addition, non-LTR containing retrotransposons
characterised by the long interspersed nuclear element
(LINE) elements and Penelope elements are also present
in this class of TEs (Fig. 1).

Class I DNA transposons are characterised by the lack
of an RNA transposition intermediate and generally use a
direct “cut and paste” mechanism to move around the
genomes (Fig. 1). Most of these elements are flanked by
inverted repeats. Polintons (aka Mavericks) and Helitrons,
which lack inverted repeats, are class Il elements that
present specific mechanisms of transposition. Polintons,
also known as self-synthesising elements, are proposed to
be excised as a single-strand DNA molecule that serves as
a template for synthesis of its complement, the double-
stranded DNA molecule being then inserted back into the
genome (Kapitonov and Jurka 2006). Helitrons transpose
through a so-called rolling-circle mechanism (Kapitonov
and Jurka 2001). All the elements described so far are
considered as “autonomous” as they contain functional
sequence coding for the proteins required for their propa-
gation, but non-autonomous, non-coding mobile elements
also exist in both classes. They require the presence of an
autonomous element in the host genome to provide in
trans the proteins necessary for their transposition. By
far, the most common class I non-autonomous elements
are short interspersed nuclear elements (SINEs), with the
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classic example being the primate A/u elements, which are
derived from the small cytoplasmic 7SL RNA, a compo-
nent of the signal recognition particle ribonucleoprotein
complex. In class II DNA transposons, the non-
autonomous elements are known as “MITES” (miniature
inverted repeat transposable elements), which are short
sequences of 50400 bp predominantly made up of two
inverted repeats separated by short intervening DNA
sequences (Fig. 1).

A role of TEs as drivers of diversity and speciation
was initially proposed by Barbara McClintock (1956),
but this idea was further expanded upon later (Coyne and
Orr 1998; Kraaijeveld 2010). Subsequently, evidence has
been growing in many areas of biology about the impor-
tant roles that TEs play in lineage-specific diversification.
There is no doubt on their ability to transpose and recom-
bine to re-organise genomes and to be “co-opted” or
“exapted” to form new exons and regulatory sequences
and even new RNA and protein-coding genes. Here, we
review the impact of TEs on genome evolution and their
potential to contribute to the organismal diversification
within the vertebrates. We start by looking at how
genomes vary in just their TE content, but then go on to
look at how TEs alter genome structure and gene regula-
tion, and how TEs become incorporated into the
expressed component of the genome in non-coding
RNAs and protein-coding genes (Table 1).

TE diversity and genome plasticity
Lineage-specific diversity of TEs in vertebrates

The most immediate and simple way that TEs drive
diversity in genomes is through the TE repertoire and
copy number found in each species. The genomes of
mammals and other vertebrates have been shown to be
significantly repetitive, with a strong contribution of
TEs to genome size and architecture (Kazazian 2004;
Feschotte and Pritham 2007; Bohne et al. 2008;
Chalopin et al. 2015). In the recent years, the number
of papers studying TE diversity and evolution in verte-
brate species has considerably increased, either in the
context of genome sequencing projects or for particular
goals such as the study of genome size evolution. For
instance, LTR retrotransposon dynamics has been inves-
tigated in salamanders in order to highlight their poten-
tial role in genome gigantism (Sun et al. 2012). Simi-
larly, non-LTR retrotransposon diversity and
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Fig. 1 Different types of vertebrate transposable elements. HIV
human immunodeficiency virus, HERV human endogenous retro-
virus, SINE short interspersed element, MITE miniature inverted
repeat transposable element, GAG group-specific antigen, PR pro-
tease, RT reverse transcriptase, RF{ RNAse H, IN integrase, ENV
envelope, MT methyltransferase, 7R tyrosine recombinase, APE

elimination were studied in several species such as
stickleback (Blass et al. 2012), opossum (Gentles
et al. 2007), chicken (Wicker et al. 2005), and lungfish
(Metcalfe et al. 2012). Altogether, this information, as
well as a recent large comparative analysis including 23
vertebrate species, have helped to infer a general over-
view of TE diversity in vertebrates that demonstrated
the diverse range of TE repertoires present in each
species (Chalopin et al. 2015).

Almost all known types of eukaryotic TEs have been
identified in vertebrates (Fig. 1). However, their com-
position, their copy number in the genome and their age
can vary greatly both between and within major verte-
brate lineages (Volff et al. 2003; Chalopin et al. 2015).
[llustrating the difference of content, it was shown that
mammals contain 10 times more TEs than birds. Within
teleost fish, the zebrafish genome (55 % of TEs in the
genome) is 10 times richer in TE content than that of the
pufterfish Tetraodon (<6 %; Chalopin et al. 2015).
Overall, TEs constitute a high proportion of the genome
in mammals, squamates (comprising of lizards), turtles,
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Polintons / Mavericks
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Non-autonomous DNA transposons (MITEs)
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apurinic/apyrimidic-like endonuclease, REL restriction-enzyme-
like endonuclease, EN endonuclease, TNP transposase, RPA repli-
cation factor-A protein 1 transposase, Zf zinc finger, REP-HEL
replication initiator and helicase, B-POL family B DNA polymer-
ase. Filled arrows represent long terminal repeats (class I), empty
arrows represent inverted terminal repeats (class IT)

sharks, lamprey and some fish genomes such as
zebrafish, but are relatively poorly represented in birds
and other fish genomes such as pufferfish or flatfish
(Fig. 2, TE content). However, the contribution of TEs
and other repeats to genome size is more important in fish
than in other vertebrates. This suggests that variation in
genome size in mammalian and other sarcopterygian
genomes is more driven by non-repeated sequences, or
possibly very divergent (i.e., old) repeated sequences
(Chalopin et al. 2015).

Regarding TE superfamilies present in the genome, a
gradual decrease in TE diversity is observed from
agnaths and cartilaginous fish to mammals and birds
(Fig. 2, Chalopin et al. 2015). Indeed, mammals and
birds present a reduced number of TE superfamilies
(from 7 to 14), while turtles, squamates, crocodiles and
amphibians harbour a higher diversity (from 15 to 21
superfamilies). Finally, the water-living vertebrates
(coelacanth, teleost fish, cartilaginous fish and sea lam-
prey) show a much higher range of diversity (from 22 to
27 superfamilies). Some autonomous (e.g., ERVs,
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References

New function/pathway involved Species/lineage

Source TE or TE-
mediated process

Gene/regulated gene/
binding specificity

Table 1 (continued)

Type
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Smalheiser and Torvik 2005; Gim

Mammals

LINE2

miR-28

Non-coding miRNAs

etal. 2014
Piriyapongsa and Jordan 2007

Human

MITE MADE-1

MERS3

miR-548

Yuan et al. 2010; Zhang et al. 2011
Loewer et al. 2010; Zhang et al.

Placental mammals

miR-1302
linc-ROR

Human

Cell pluripotency

Diverse TEs: HERV-L,

Non-coding IncRNAs

2013; Johnson and Guigé 2014

Cartault et al. 2012

LINE and SINE

LINE

Human

Associated with infantile

SLC7A2 intronic

encephalopathy
Binds polycomb protein

He et al. 2013; Holdt et al. 2013

Elisaphenko et al. 2008

Human

Alu

ANRIL
Xist

Eutherian mammals

Gain of several TE-based X-chromosome silencing

exons

LINEI retrotransposons, TcMariner or hAT DNA trans-
posons) and non-autonomous (V-SINE, Piskurek and
Jackson 2011) superfamilies are widespread in all ver-
tebrates studied so far, suggesting their presence in
ancestral vertebrate genomes. Conversely, other super-
families were probably lost or are headed for extinction
in some lineages, such as gypsy retrotransposons in
birds and mammals (Volff et al. 2003) or L2 and
Helitrons in birds (Chalopin et al. 2015).

At a finer scale, an additional level of variation in
diversity can be observed within superfamilies. The
LINE]1 retrotransposon superfamily constitutes approx-
imately 20 % of both human and mouse genomes with a
single family, whereas zebrafish genome contains more
than 30 different LINE1 families with much lower copy
numbers (Furano et al. 2004). A different situation is
observed for the Retroviridae: mammals and birds con-
tain more ERV genera (gamma, epsilon, beta, HERVS/L
in both groups, plus alpha only in birds, and lentiviruses
only in mammals) than the teleosts, which harbour only
epsilon and spuma retroviruses (Hayward et al. 2015).

The level of TE success and diversity, which has been
compared between different lineages (i.c., mammals ver-
sus fish), can also be investigated within lineages (i.e.,
between mammalian species). For instance, LINE1 are
widespread and thought to have remained active in all
mammals except in megabats (Cantrell et al. 2008) and in
one group of muroids (Grahn et al. 2005). In muroids,
LINEL1 extinction was shown to correlate with a massive
invasion of ERV elements (Erickson et al. 2011). This
highlights an important factor probably influencing TE
success, namely the competition between TE families
and superfamilies within genomes. It has indeed been
proposed that the success of a particular TE superfamily
can be associated with the loss of others (Le Rouzic and
Capy 2006), since different families may not be able to
coexist in the same host. Beside competition, other fac-
tors, such as rate of transposition, rate of DNA elimina-
tion, population size, mode of reproduction and varia-
tion in host-mediated defences may all play important
roles in the observed TE diversity, making each lineage
and each species unique in its TE content.

Horizontal transfers increase TE diversity

Horizontal transfers of TEs (HTT) are major events that
can drive TE diversity between lineages. The invasion
of a TE from a distant species by bypassing species
barriers and entering into a new genome indeed
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Agnaths .

Cartilaginous fish

Ray-finned fish

Coelacanth

Amphibians

Fig. 2 Schematic comparison of TE diversity and content in ver-
tebrates. The figure represents a non-exhaustive view of genome
size, TE diversity and TE content in major vertebrate groups. For
genome size: +++ bigger than 2.5 Gb; ++ from 1.5 Gb to 2.5 Gb; +
less than 1.5 Gb. For TE content: +++ more than 25 % of the

constitutes an efficient way for TEs to spread. Following
transfer, the newly acquired TEs may experience bursts
of transposition, facilitated by the new host maybe lack-
ing appropriate defence mechanisms. Due to the
requirement of transfer vectors, which were proposed
to be viruses, parasitoids or mites, HTT was considered
for a long time to be a rare event in vertebrates (Wallau
et al. 2012). However, the number of studies demonstrat-
ing cases of successful transfer increased in the past years,
along with the interest for this phenomenon—evidenced
by the establishment of an HTT database (Schaack et al.
2010; Ivancevic et al. 2013; Dotto et al. 2015).

Various classes of TEs have been shown to have been
horizontally transferred between species. For example,
DNA transposons, such as SPIN (for Space Invaders)
elements have been transferred multiple times within
mammals and other tetrapods (Gilbert et al. 2012).
Occurrences of HTT events involving Helitrons have
been reported in mammals, reptiles and fish (Thomas
et al. 2010), and additional examples of HTT of DNA

. Y

Therian mammals

Marsupial mammals

Monotreme mammals

»

Birds

Crocodiles

Lizards

genome; ++ from 11 to 24 %; + less than 10 %. For all-TE diversity
(without SINE superfamilies): +++ more than 18 superfamilies
covering at least 0.001 % of the genome; ++ between 11 and 17;
+ less than 10

transposons include Merlin, TcMariner and OCI
(Feschotte 2004; De Boer et al. 2007; Gilbert et al.
2010). Transfers between vertebrates and invertebrates
have been also observed, such as CACTA DNA trans-
posons from insects to bats, possibly facilitated by a
parasite-host interaction (Tang et al. 2015). Due to their
mode of transposition, LINE retrotransposons are gen-
erally not considered as potential targets for HTT. How-
ever, the reported case of RTE BovB in Ruminantia
(Kordi§ and Gubensek 1998, 1999) suggests that HTT
has probably happened more than originally thought.
With the increase of genome sequencing projects, the
number of identified HTT cases might grow consider-
ably in the next few years.

Emergence of lineage-specific TE families
Some unique elements have emerged de novo and suc-

cessfully invaded specific lineages, constituting punctu-
ated events that might significantly contribute to

@ Springer
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genome divergence. As proposed for HTT, the newly
emerged TEs can either be rapidly targeted by host
defence and thus eliminated, or can experience a burst
of transposition due to a lack of defences. Alu
retrotransposons maybe constitute the best example of
such successful lineage-specific elements in vertebrates.
Alu sequences are 7SL RNA SINE elements specific to
primates. They can be found in approximately 10°
copies in the human genome, with different subfamilies
present (Ullu and Tschudi 1984; Minghetti and
Dugaiczyk 1993; Deininger 2011a). Other non-
autonomous TEs even show a more restricted distribu-
tion, like the TX1 LTR retrotransposon, which is only
found in poeciliid fish (Schartl et al. 1999).

Lineage-specific genome rearrangements

As a consequence of their mobility and high copy
number, TEs can affect the structure of genomes by
inducing different types of genomic rearrangements
through insertion or ectopic recombination. First, the
movement of TEs can alter gene structure or expres-
sion by inserting into or near exons, introns or
regulatory regions. More drastically, TEs can also
induce different types of rearrangements through
homologous or illegitimate ectopic recombination
that can modify or even delete genes (Fig. 3). Such
TE-mediated rearrangements include deletions,
duplications, inversions and translocations. All those
processes can strongly affect the host at the individ-
ual scale, but also at the population or species levels.

At the individual scale, mutations may cause pheno-
typic changes. For example, TE insertions can lead to a
number of human diseases including cancer (Deininger
and Batzer 1999; Belancio et al. 2008). For instance,
insertion of A/u SINEs into the BRCA1/2 genes is a well-
described cause of breast cancer in women. Other dis-
eases induced by TE insertions include ovarian carcinoma,
haemophilia, colon cancer and Apert syndrome. In some
cases, TE insertions can be beneficial: a mutant of the
Xiphophorus fish, for example, presents a TXI
retrotransposon inserted in the Xmrk oncogene, which
leads to the inability to form melanoma (Schartl et al.
1999). At the population or species level, some non-
deleterious mutations can provide a source of phenotypic
variation. For example, a Tol2 element (from the hAT
DNA transposon family) in an inbred line of medaka fish
is responsible for pigment variation. Depending on its
homozygous presence, homozygous excision or
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heterozygous excision/presence, fish harbour albino,
wild-type or new colouring phenotypes, respectively (lida
et al. 2005; Koga et al. 2006).

At a larger evolutionary scale, TE-mediated rear-
rangements can contribute to lineage divergence and
speciation. A link between bursts of TE activity and
species radiation has been proposed in apes, rodents
and bats (Verneau et al. 1998; Chinwalla et al. 2002;
Dobigny et al. 2004; Ray et al. 2008). Large rear-
rangements are thought to have played a fundamen-
tal role in hominid radiation during the last 5—
20 Myr, some of them having been driven by ERVs,
which account for 8 % of the human genome
(Hughes and Coffin 2001, 2005). TE-mediated dele-
tions were proposed to be involved in the process
of rediploidization after genome duplication as well
as in species diversification in salmonid fish (De
Boer et al. 2007). Large inversions and deletions
have also been observed in sex chromosome evolu-
tion. By mediating such rearrangements, TEs might
participate in the differentiation of sex chromosomes
from a pair of autosomes through the suppression of
recombination, leading to non-recombining regions,
as found between the X and Y chromosomes in
mammals (Steinemann and Steinemann 2005). In
some cases, lineage-specific TE-mediated rear-
rangements have been associated with functional
differences. In humans, a 92-bp exon in the
CMAH gene, encoding the cytidine monophosphate
N-acetylneuraminic acid hydroxylase, was lost
through recombination between two adjacent Alu
elements (Hayakawa et al. 2001). This resulted in
the CMAH gene being non-functional, with loss of
synthesis of the sialic acid molecule Neu5Gc
(N-glycolylneuraminic acid) and increase in expression
of the precursor N-acetylneuraminic acid (Neu5Ac).
Compared to non-human hominids, humans should
consequently have more resistance to Neu5Gc-binding
pathogens, but more risk to Neu5Ac-binding pathogens
(Varki 2001, 2010).

TE activity as a reproductive barrier promoting
speciation

In vertebrates, a significant increase in TE activity
has been shown to coincide with some hybridiza-
tion events between species. Similar to what has
been observed in hybrid dysgenesis in Drosophila
(Bingham et al. 1982), this might play a role in
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Fig. 3 Genomic innovations and re-arrangements mediated by transposable elements

genomic instability, destabilisation and incompatibilities
in the hybrid generation, and the concomitant TE activ-
ity may re-enforce reproductive barriers. Retroviral ele-
ment amplification and chromosome remodelling asso-
ciated with genome-wide under-methylation have been
reported in a marsupial hybrid (O’Neill et al. 1998). In
marsupial hybrids again, in a study focusing on centro-
meric instability and remodelling, the authors postulated
that incompatibilities in hybrid genome involving
small RNAs (such as siRNAs and piwi-RNAs),
which are fundamental for restraining TE amplifica-
tion, may result in TEs becoming activate, leading to
changes in chromatin structure and to hybrid dys-
genesis (Metcalfe et al. 2007). A 232-fold increase
in TE activity has been found in malformed embryos
of hybrid whitefish compared to wild type, suggest-
ing that mobile sequences are key components of
postzygotic isolation and thus drivers of speciation in
lake whitefish (Dion-Cote et al. 2014). Alternatively,
TE activation in hybrids might lead to beneficial
new phenotypes and to hybrid speciation (Baack
and Rieseberg 2007).

TE-mediated gene cis-regulation and regulatory
network rewiring

TEs trigger lineage-specific regulatory diversity:
a long-standing hypothesis

The idea that TEs could contribute to regulatory diver-
sity and innovation is not recent, since they were ini-
tially called “controlling elements” by their discoverer,
Barbara McClintock (1956). Indeed, by analysing
maize transposons, she observed that these sequences
could alter the expression of several loci in the genome.
Some years later, Britten and Davidson suggested that
the evolution of new structures or functions could be
greatly accelerated by the co-option of TEs into regula-
tory elements (Britten and Davidson 1971). By such
events, TEs would get involved in the activation of
new groups of genes that were not co-regulated before
in particular spatial and temporal conditions.

Some studies indeed support a global role of TEs in
regulatory diversity and possibly, speciation in verte-
brates. An analysis of open chromatin regions (as a
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proxy for regulatory regions) has shown that 63 % of
the primate-specific regulatory regions are embedded
within TEs, with particular involvement of ERVs (Jacques
et al. 2013). Comparison of marmoset and anthropoid
primate genomes showed that the vast majority of
anthropoid-specific constrained regions are non-coding,
and that >56 % correspond to TEs (Del Rosario et al.
2014). Interestingly, these anthropoid elements are par-
ticularly associated with genes involved in brain devel-
opment, motor coordination, neurotransmission and
vision. In African lakes, cichlid fish represent a highly
diversified group (>1500 species) that rapidly expanded
within a few million years. The sequencing and tran-
scriptome analysis of five of these species allowed
assessment of the genomic basis of this evolutionary
radiation. TE insertions near 3 UTRs were shown to be
significantly associated with increased gene expression
in the majority of the tissues, suggesting a role for TEs in
gene expression divergence, adaptation and possibly
speciation (Brawand et al. 2014).

TE-derived host gene promoters and other regulatory
sequences

A wealth of evidence has accumulated over the past
30 years that support the role of TEs in the evolution
of the regulation of specific host genes within and
outside of vertebrates (Bohne et al. 2008; Feschotte
2008; Bourque 2009; Rebollo et al. 2012; Cowley and
Oakey 2013; De Souza et al. 2013; Gifford et al. 2013).
Most of them implicate TE-derived sequences as partic-
ular promoters, enhancers, transcription terminators,
silencers of genes and insulators (Table 1). Mobile
sequences can additionally give birth to new splicing
sites for genes, such events being coupled with the for-
mation of a new exon (Fig. 3).

Many studies have described TE-derived sequences
functioning as host gene promoters (Ting et al. 1992;
Cristofano et al. 1995; Schulte and Wellstein 1998;
Landry et al. 2002; Landry and Mager 2003; Biéche
et al. 2003; Gombart et al. 2009; Thomson et al. 2009;
Herpin et al. 2010; Emera and Wagner 2012a). The
regulation of salivary amylase genes in primates consti-
tutes a classical example of such an exaptation. Mam-
malian amylase genes are present in several copies that
are derived from a single ancestral gene duplicated in
tandem several times during mammalian evolution
(Samuelson et al. 1990). While all mammals produce
amylase in the pancreas, only primates, rodents and
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lagomorphs do so in saliva as well (Ting et al. 1992).
Ting et al. demonstrated that the salivary expression of
three of the human amylase genes is specifically con-
ferred by an HERV-E retrovirus-derived sequence that
inserted into the promoter of one of the ancestral genes
prior to its subsequent duplication (Ting et al. 1992).
The production of amylase in saliva probably improves
the digestion of starchy food and thus increases the
fitness of the species (Perry et al. 2007).

In fish, the downregulation of the male master sex-
determining gene dmrtIbY of the medaka Oryzias
latipes is exerted by a feedback loop involving a TE
inserted into the proximal promoter region of the gene
(Herpin et al. 2010). The emergence of this new regula-
tory feature is thought to have been crucial for the
recruitment of dmrt/bY at the top of the male sexual
development regulatory cascade of this fish. This exam-
ple is particularly interesting since sex determination
systems appear quite variable in fish (Volff et al. 2007)
and illustrates how TEs constitute ideal driving factors
in such fast-evolving pathways. Gombart et al. have
shown how the insertion of an 4/uSx SINE element into
the promoter of the primate CAMP gene (encoding a
steroid hormone nuclear receptor) has placed it under
the control of the vitamin D pathway (Gombart et al.
2009). They demonstrated the selection for this insertion
in primates and suggested that it could counter the anti-
inflammatory properties of vitamin D in these species
compared to other mammals.

By inserting into regions more distal to the transcrip-
tion start site, TEs can also give birth to new transcrip-
tional enhancers that are lineage-specific. A number of
them have been well characterised experimentally
(Hambor et al. 1993; Bi et al. 1997; Pi et al. 2004;
Santangelo et al. 2007; Sasaki et al. 2008; Franchini
et al. 2011; Tashiro et al. 2011; Nakanishi et al. 2012;
Santos et al. 2014). In mammals, expression of the
fibroblast growth factor 8 (fgf8) gene is induced in the
developing diencephalon by a mammalian-specific
conserved element containing an AmnSINE] sequence
(Nakanishi et al. 2012). Reporter assays revealed that
the AmnSINEI part of the conserved element drives
fgf8 expression in the ventral midline of the
hypothalamus.

Many species of African cichlid fish use female
mouth brooding of the eggs; males present conspicuous
colour markings called “egg-spots” on their anal fin,
which influence the behaviour of females during mating
and facilitate egg fertilisation in their mouth. In these
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species, the occurrence of egg-spots has been linked to
the integration of an AFC-SINE in the cis-regulatory
region of the fhi2b pigmentation gene (Santos et al.
2014). This TE insertion was shown to be specific to
egg-spot-bearing cichlids, and shows specific enhancer
activities in pigment cells called iridophores.

Several studies have also suggested a role of TEs in
the birth of lineage-specific polyadenylation (polyA)
sites and thus in the evolution of novel 3 -ends in
genes. An analysis of the conservation of alternative
polyA sites between human, mouse, rat and chicken
revealed that non-conserved sites are much more
associated with TEs than conserved ones (Lee et al.
2008). Ninety-four percent of human TE-associated
polyA sites were non-conserved in the mouse, and
conversely 93 % of mouse TE-associated polyA sites
were not present in human. Many Alu sequences,
which are present in primates but absent from rodents,
can serve as polyA sites for host genes in humans,
leading to divergences between both species (Chen
et al. 2009). Some Alu-borne sites are intronic and
probably lead to truncated transcripts. Strikingly,
instead of constituting only weak alternative sites, they
often represented a major polyA site for the gene.

TE-mediated rewiring of specific transcription factor
regulatory networks

In the last years, genome-wide analyses, in particular
using chromatin immunoprecipitation followed by
sequencing (ChIP-seq), have suggested that TEs could
control entire regulatory networks and rewire them by
contributing, over a short evolutionary time frame, an
important number of binding sites for specific transcrip-
tion factors (Table 1; Mortazavi et al. 2006; Wang et al.
2007; Bourque et al. 2008; Mason et al. 2010; Cui et al.
2011; Micale et al. 2012; Schmidt et al. 2012; Cotney
et al. 2013; Sundaram et al. 2014; Notwell et al. 2015)
(for reviews, see Feschotte 2008; Rebollo et al. 2012).
Human embryonic stem cells (ESCs) constitute a
good example illustrating how TEs might have shaped
gene regulation during evolution. Comparison of bind-
ing profiles of the pluripotency factors NANOG,
POUSF1 and CTCF in human and mouse ESCs has
revealed that only 5 % of the binding regions are con-
served between the two species for NANOG and
POUSF1 (Kunarso et al. 2010). Strikingly, TEs have
contributed up to 25 % of binding sites, possibly
recruiting new genes to ESC. Notably, most of the

recruited TE families are species-specific, with an
important contribution of ERV1 elements. A more recent
study focusing on human-specific regulatory loci bind-
ing NANOG, POUSF1 and CTCF indicated that 99.8 %
of them are embedded within TEs, in particular,
LTR7/HERV-H, LTRS Hs and L1HS elements
(Glinsky 2015). However, the drastic proportion
observed might reflect the very stringent criteria used
in this study to define human-specific loci: to be
characterised as such, a region must have no
orthologous (i.e., aligned) sequence in other species.
The presented number thus does not take into account
possible new regulatory loci that appeared by point
mutations in more ancient sequences. Only 4.3 % of
these regions could be retrieved in the genome of
Neanderthal, leading to the conclusion that most of these
putative regulatory sites derived from TEs arose in
modern human.

In humans, more than one third of the pleiotropic
tumour suppressor factor p53 binding sites overlap with
ERV elements (Wang et al. 2007). These binding sites
spread ~40 million years ago (MYA) during the coloni-
sation of the genome by these ERVs (Wang et al. 2007);
they are thus primate-specific and not found in other
mammals. The ERV progenitor was likely to contain a
p53 motif in its LTR already. The functionality of the
binding sites, detected by ChIP-seq experiment, was
further demonstrated for five LTRs using a gene reporter
assay (Wang et al. 2007). Focusing on a much smaller
subset of binding sites (160 human binding sites with
proven activity), Cui et al. (2011) observed that half of
the repeat-associated p53 sites resided within Alu ele-
ments. LINE1 elements were also shown to play an
important role in shaping the human p53 regulatory
network (Harris et al. 2009), highlighting the fact that
different TE families can encompass, or give birth to,
multiple binding motifs for the same transcription
factor. Binding sites from different TE origins proba-
bly harbour different sequence characteristics and
therefore have different effects on the activity of the
transcription factor and on the regulation it provides.
Interestingly, a similar survey drawn from zebrafish
detected the zebrafish-specific EnSpmN6 DR non-
autonomous DNA transposon as a major contributor
to p53 binding sites in this species (Micale et al.
2012). As several orthologous genes are controlled
by p53 in both primates and teleost fish, these
observations constitute a good example of convergent
regulatory evolution driven by TEs.
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Molecular specificities that could explain brain
development in humans are the focus of many studies
and provide more examples of lineage-specific enhancer
regions provided by TEs. Notwell et al. have recently
shown a significant enrichment of developing neocortex
enhancers in MER130 repeats in the mouse (Notwell
et al. 2015). MER130 is a non-autonomous TE that
originated in the tetrapod or possibly Sarcopterygii
ancestor. It presents putative binding sites for the Nfi
and Neurod/g transcription factors, which are important
for brain development. The functionality of MER130-
containing enhancers was further demonstrated by
luciferase reporter assays (Notwell et al. 2015). Addition-
ally, six of the 22 validated MER 130 enhancers are locat-
ed near genes critical for neocortex development, such as
Robol or 1d4. Most MER130 instances identified in the
mouse (96 %) were conserved in human, suggesting a
possible ancestral exaptation of this element in the regu-
lation of tetrapod brain development. MER130
sequences were found in several copies in the genomes
up to the frog, but without signs of recent activity. Inter-
estingly, a single and more divergent copy was found in
the coelacanth; despite its low-conserved sequence, this
MER130 instance could also drive significant activity in
cortical neurons (Notwell et al. 2015).

Finally, by comparing the binding sites of 26
orthologous factors between human and mouse,
Sundaram et al. evaluated that 20 % of sites were
embedded within TEs (Sundaram et al. 2014). They also
showed that most of these TE-derived binding sites were
species-specific. For some transcription factors, the
expansion of binding sites mediated by TEs even hap-
pened in only one of the two species analysed. This
further sustains the Britten and Davidson model of
TEs being major drivers of species-specific regulatory
innovations.

Interestingly, a similar involvement of TEs has been
shown to participate in the evolution of insulators.
Insulators are boundary elements in the DNA that limit
the action of enhancers within a particular region; their
effect is thought to occur through a modification of 3D
DNA structure mediated by proteins such as the tran-
scriptional repressor CTCF. A number of CTCF sites
have been provided by Bl or B2 SINEs in rodents
(Bourque et al. 2008; Roman et al. 2011).

While several genome-wide studies indeed suggest
major roles for TEs in regulatory innovations, some of
their conclusions must be taken cautiously, particularly
concerning ChIP-seq experiments. As it was well
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synthesised in a previous review (De Souza et al.
2013), the transcription factor binding itself is not nec-
essarily synonymous to functionality of the binding (i.e.,
effect on a target gene) neither to its physiological
(effect at the organ scale) or its evolutionary impact
(selected increase in fitness). A good proxy for func-
tionality of a detected binding region could be its evo-
lutionary conservation associated with an overlap with
active histone marks (De Souza et al. 2013). What is
more, the different transcription factors or tissues might
not be equally susceptible to “TE-spread-sites.” Among
the 26 transcription factors analysed by Sundaram et al.
(2014), the proportion of sites located within TEs shows
great variation, from 2 to 40 % of all the sites bound by
each factor. Analysing enhancers involved in limb
development in human, mouse and rhesus, Cotney
et al. could not find any repeat enrichment in the 11 %
of human enhancers that were specifically gained in
humans (Cotney et al. 2013). Using a comparable
approach, Villar et al. analysed the evolution of enhancers
in the liver of 20 mammalian species (Villar et al. 2015).
While they detected an important turnover of the regula-
tory sequences, only a minor proportion of the recently
created enhancers corresponded to TEs. More work is
needed to test if such differences are due to technical
limitations of the studies, or if they reflect the diversity
of TE contribution to regulatory network rewiring.

A major evolutionary innovation mediated by TE
regulatory rewiring: the emergence of placental
regulatory circuits

TEs might have played a decisive role in the birth of new
traits by the new regulatory circuits they can mediate. A
particularly well documented example is the emergence
of placenta in mammals (for review, see Emera and
Wagner 2012b). A role of TEs in such a major innovation
was suggested by the analysis of a number of gene
promoters triggering a placenta-specific expression. In
primates, two enhancers located in a MER11 and an
HERYV elements allow placental expression of the leptin
and insulin-like 4 protein (/NSL4) genes, respectively (Bi
et al. 1997; Biéche et al. 2003). INSL4 was previously
shown to be upregulated during cytotrophoblast differen-
tiation into syncytiotrophoblasts in human. Similarly,
HERV-derived promoters control the EDNRB and midl
genes in the human placenta (Landry et al. 2002; Landry
and Mager 2003). In apes, the prolactin gene (Pr/) is
expressed in endometrium thanks to a strong promoter
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derived from a MER20 and a MER39 element (Emera
and Wagner 2012a). Interestingly, the endometrial
expression of Prl/ is not shared among all eutherian
species (the gene is not expressed in placenta of rabbits,
pigs, dogs or armadillos). In species expressing Prl in
placenta, a striking case of evolutionary convergence is
observed while the expression of Pr/ is controlled by the
MER20/MER39 promoter in apes, the Pr/ promoter is
derived from a MER77 element in mice and from a
L1-2 LA element in elephant (Emera et al. 2012).

All these observations were recently extended to
complete gene networks through genome-wide analy-
ses. ERVs in particular were suggested to have partici-
pated in the emergence and diversification of placental
structures among mammals (Chuong et al. 2013). ERVs
were indeed shown to have spread a number of species-
specific trophoblast cis-regulatory sequences that pres-
ent binding motifs for key regulatory factors. In another
study, about 1500 genes, ancestrally expressed in other
non-placental tissues, were demonstrated to have gained
expression in endometrial cells in placental mammals
(Lynch et al. 2011). Interestingly, 13 % of these genes
contained a MER20 element within 200 kb. These
MER20 repeats exhibited enhancer signatures and were
able to bind essential pregnancy factors linked to pro-
gesterone or cAMP signalling (Lynch etal. 2011). These
observations thus suggested a major implication of
MER20 TEs in foetus implantation and gestation. The
same research group recently compared the uterine tran-
scriptome among tetrapods, highlighting thousands of
genes that acquired an expression in the uterus during
mammal evolution (Lynch et al. 2015). Genes mediating
decidualization and cell-type identity in decidualized
stromal cells were found to be associated with numerous
cis-regulatory elements derived from ancient TEs
including MER20, most being eutherian-specific. This
illustrates how TEs can rapidly rewire a network by
putting previously non-co-regulated genes under new
common specific regulations.

Impact of TEs on non-coding RNA structure
and diversity

Almost three quarters (74.9 %) of the human genome is
transcribed into primary RNA, and the vast majority of
the resulting RNA does not code for proteins (Djebali
etal. 2012). There are many types of non-coding RNAs,
including ribosomal RNAs (rRNAs), microRNAs

(miRNAs), long non-coding RNAs (IncRNAs), transfer
RNAs (tRNAs), small nuclear RNAs (snRNAs), small
nucleolar RNAs (snoRNAs), short interfering RNAs
(siRNAs) and piwi-interacting RNAs (piRNAs) (Lukic
and Chen 2011; Dozmorov et al. 2013; St Laurent et al.
2015). An emerging feature of many types of non-
coding RNAs is their lineage specificity. In this section,
we will focus on miRNAs and IncRNAs, as much recent
work has shown a marked involvement of TEs in the
origin and evolution of these sequences (Table 1).

TEs as drivers of the diversity of miRNA repertoires

Mature miRNAs are sequences of around 22 nucleo-
tides; their main functions are mRNA degradation and
translational regulation (Lee 1993; Bartel 2004). Their
mature sequence arises from the processing of a longer
sequence called “pri-miRNA,” which forms a self-
folding hairpin structure. The pri-miRNA is then
trimmed of the loop itself and the non-bound tails of
the hairpin loop by complexes involving the proteins
Drosha and Dicer (Ha and Kim 2014). This leaves only
the overlapping RNA, containing the active part of the
miRNA, which, when single stranded, acts as a guide to
the protein Argonaute that represses translation of the
target mRNA.

Over 3500 miRNA-producing loci have been identi-
fied in the human genome (Londin et al. 2015). More
than half of the protein-coding genes in human are
thought to be targets of miRNAs (Bartel 2004; Friedman
et al. 2009). Evidence suggests that miRNAs are line-
age-specific. For example, 56.7 % of human miRNAs
were found to be species-specific, and 94.4 % of human
miRNAs are restricted to the primate lineage (Londin
et al. 2015). Furthermore, the target sites of miRNA
have been shown to vary between human populations
(Saunders et al. 2007).

Genome-wide studies have indicated that TEs are
making significant contributions to miRNAs, but that
their contribution can vary dramatically between species.
Borchert et al. (2011) analysed the origin of 15,176
miRNAs across multiple species and found that >15 %
contained TE-derived sequences, with DNA transposons
and non-LTR retroelements accounting for over half of
the TE-derived sequences. In humans, this number rises
to over 20 % of miRNAs (Spengler et al. 2014; Qin et al.
2015). In contrast, no miRNAs containing TE-derived
sequence have been detected in Xenopus, which has
25 % of its genome constituted by TEs (Hellsten et al.
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2010; Qin et al. 2015). In the zebrafish (55 % of TEs in
the genome), only 5 % of miRNAs contain TE-derived
sequences (Howe et al. 2013; Qin et al. 2015; Chalopin
etal. 2015). In chicken, 5 % of the genome is covered by
TEs and almost 7 % of the miRNAs were derived from
TEs (Hillier et al. 2004; Qin et al. 2015). These differ-
ences could be attributed to different types of TEs present
between species and lineages, but also to the lack of fully
and accurately characterised TEs and miRNAs in these
species (Chalopin et al. 2015; Qin et al. 2015).

The data discussed earlier only pertain to whether
TEs are present in the miRNAs, and not whether their
presence is functionally relevant. The pivotal structure
of the miRNA processing is the hairpin loop formed by
imperfect binding of two inverted repeats. TEs can
contribute to this in two major ways. First, two adjacent,
inverted and diverged copies of the same element can
form the basis of a hairpin loop. This was observed in
11.2 % of human TE-containing miRNAs, and often
occurs with adjacent LINE elements (Qin et al. 2015).
One such example is miR-28, which is a miRNA
derived from the ends of two adjacent LINE2c inser-
tions (Smalheiser and Torvik 2005; Gim et al. 2014).

A second-way TEs can contribute to miRNA hairpins
is that a single TE forms the hairpin loop. For example,
the terminal inverted repeats of DNA transposons, gen-
erally MITEs, can self-bind and form such hairpins.
Examples include the MITE MADE], and also members
of the MER family (Piriyapongsa et al. 2007a; Qin et al.
2015). Additionally, some TEs have internal hairpin
loops, such as the A/u elements (Deininger 2011b;
Spengler et al. 2014; Qin et al. 2015). Such occurrences
have been observed in over two thirds of TE-containing
miRNAs. However, many TEs in human only overlap
with a small portion of the miRNAs and constitute only
part of the self-binding sequence. The exact functional
role of the TEs in such cases is less clear.

The conservation of TE-derived miRNAsS is generally
much lower than for non-TE-derived miRNAs
(Meunier et al. 2013). Interspecific comparisons indeed
demonstrated high species specificity. No TE-derived
miRNA was found to be common between zebrafish
(346 TE-containing miRNAs) and mammals (615 to
1872 TE-containing miRNAs). Only 14 TE-containing
miRNAs were shared among mammals, and 47 were
common to primates (Qin et al. 2015). TE-derived
miRNAs might contribute to lineage-specific functions:
in mammals, the main recruitment of “young” miRNAs
to exert regulatory functions in nervous tissues suggests
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their involvement in recent evolution (Meunier et al.
2013).

Some studies have provided clues on the important
role of TEs in miRNA evolutionary dynamics. For
example, the miR-1302 miRNA family has 11 members
in the human genome and is derived from MERS53, a
DNA transposon with a short consensus sequence of
193 bp (Yuan et al. 2010). The exact function the miR-
1302 family is unknown but targets include the male
fertility-related gene CGA (Zhang et al. 2011). Homo-
logs of miR-1302 are only observed in placental mam-
mals and all are thought to be derived from MERS53.
Interestingly, across placental mammals, there is a high
turnover of the miR-1302 family members. A repeated
“birth and death” model has been proposed for these
elements, with independent convergent recruitment of
MERS53 between lineages (Yuan et al. 2010).

TE contribution to the function and lineage-specific
diversity of IncRNAs

Long non-coding RNAs (IncRNAs) represent a very
interesting emerging class of ncRNAs. There are
10,000-18,000 IncRNAs in humans (Derrien et al.
2012; Hezroni et al. 2015), with a similar number in
rhesus monkey and mouse (Hezroni et al. 2015). In
other mammalian and vertebrate species, estimations
of IncRNA numbers can greatly vary (only 1000 in the
stickleback; Hezroni et al. 2015). Diversity is observed
at the size level (from a few hundred bp to several kb in
length), as well as the level of the processing: while
some IncRNAs are only transcribed, others undergo
post-transcriptional processing like mRNAs, including
splicing, 5 capping and poly-adenylation (Ruiz-Orera
et al. 2014; Vance and Ponting 2014). Little is currently
known about the role of the vast majority of IncRNAs;
in humans, only 130 IncRNAs have been analysed at the
functional level (Amaral et al. 2013). Originally thought
to be mainly found in the nucleus and involved in gene
regulation, IncRNAs have been detected in all cell com-
partments and vary greatly in their expression between
tissues, suggesting a high diversity of functions (Ruiz-
Orera et al. 2014; Vance and Ponting 2014).

Many IncRNAs are lineage-specific, but estimations
might depend on the studies and/or on the types of
IncRNAs analysed. Only 3 % of human IncRNAs have
been reported to be conserved in non-primate species
(Kutter et al. 2012). In another study specifically
looking at a subclass of IncRNAs (lincRNAs), 60—
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70 % of sequences were shared between mice and
humans (Kutter et al. 2012; Managadze et al. 2013). In
a multi-species comparison, it was not possible to find
orthologs for more than 30 % of IncRNAs between
species having diverged more than 50 MYA (Hezroni
et al. 2015). A better characterisation and classification
of IncRNAs will help to elucidate their degree of con-
servation between species.

Genome-wide studies have demonstrated that the
contribution of TEs to the sequence of IncRNAs is
strong. In humans, between 69 and 83 % of IncRNAs
contain TE-derived sequences, a proportion 10 times
higher than that for protein-coding genes (Kelley and
Rinn 2012; Kapusta et al. 2013; Kannan et al. 2015).
Similar values have been reported in mouse (51-68 %)
and zebrafish (67 %) (Kelley and Rinn 2012; Kapusta
et al. 2013). In humans, 20 % of TE-containing
IncRNAs have TEs making up more than 50 % of their
sequence (Kapusta et al. 2013). However, TEs consti-
tute less than 20 % of the sequence of most TE-
containing IncRNAs in human (66 %) and mouse
(78 %).

Several lines of evidence indicate that TE-containing
IncRNAs are functional; they might even be under
stronger functional constraints than non-TE containing
IncRNAs (Kapusta et al. 2013). The types of TEs found
in IncRNA sequences do not accurately reflect the TE
composition of the genome, and thus, the TEs are prob-
ably not present by chance. For example, ERV/LTRs are
over-represented in IncRNAs compared to background
genomic levels in human (1.5x) and mouse (3x) (Kelley
and Rinn 2012). As expected from their high copy
number, the most common TEs found in IncRNAs are
Alu and LINE elements in human. However, their con-
tribution is lower than their representation in the genome
(Kelley and Rinn 2012).

TE-containing IncRNAs have more stable secondary
structures than non-TE containing IncRNAs (Kelley and
Rinn 2012). The DNA transposon Angel is present in
many IncRNAs in zebrafish, and its inverted repeats are
hypothesised to form the basis of self-binding, leading
to the formation of secondary structures. Compensatory
substitutions have occurred to maintain the binding of
the inverted repeats during evolution (Kelley and Rinn
2012). Inverted pairs of TEs can also enable binding and
result in secondary structures.

Specific examples point towards the functional impor-
tance of TEs within IncRNAs and how they become
incorporated (Santoni et al. 2012). The mature

pluripotency-associated human IncRNA /inc-ROR is
mostly composed of TEs, with over 70 % of the
sequence being derived predominantly from HERV-L,
but also from LINE and SINE elements. This suggests a
role of linc-ROR TE-derived sequences in pluripotency
(Loewer et al. 2010; Santoni et al. 2012; Zhang et al.
2013; Johnson and Guigd 2014). A single nucleotide
mutation localised in a LINE element within a IncRNA
found in one intron of the SLC7A2 gene is associated
with infantile encephalopathy (Cartault et al. 2012).
This mutation might affect the secondary structure of
the IncRNA. In humans, the IncRNA anti-sense non-
coding RNA in the INK4 locus (ANRIL) binds to the
polycomb protein and then form complexes with DNA
to regulate expression of downstream target genes (He
etal. 2013). The DNA binding of ANRIL is mediated by
the Alu sequences present in the IncRNA (Holdt et al.
2013).

The origin of TE-containing IncRNAs is not always
obvious to determine. TEs can be at the origin of the
formation of the IncRNA, or can be incorporated sub-
sequently (Kapusta et al. 2013; Kelley and Rinn 2012;
Necsulea et al. 2014; Washietl et al. 2014). One of the
best-studied IncRNAs is Xisz, which is involved in X
chromosome silencing and arose in the eutherian ances-
tor from the decayed protein-coding gene /nx3. Since its
formation, Xist has gained several TE-based exons
(Elisaphenko et al. 2008). Similarly, ANRIL is an
IncRNA that in simians has become highly exonised,
but not so in other mammal species (He et al. 2013).
These exons are formed by both pre-existing TEs and
the recruitment of TEs to the ANRIL sequence. The
TE-based exon sequences are predicted to form impor-
tant secondary structures for the IncRNAs (He et al.
2013). As for evidence describing IncRNAs being
derived directly from TEs, Fort et al. (2014) performed
deep transcriptome sequencing of stem cell lines in
mouse and human, identifying 2372 and 639 novel
LTR-associated IncRNAs, respectively, many of which
appeared to have originated from TEs. The predominant
TEs involved were ERVK and MaLR in mouse and
ERV1 in humans. Knock-out of four of the LTR-based
IncRNAs affected stem cell status, demonstrating a
direct functional role (Fort et al. 2014). Similarly, Wang
et al. showed that naive stem cells are characterised by a
high expression level of HERV-H that leads to the
production of hESC-specific chimerical transcripts,
including a number of IncRNAs (Wang et al. 2014).
These transcription events were triggered by binding
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sites found in ERV sequences that can recruit naive
pluripotency transcription factors such as LP9. HERV-
H-derived transcripts were demonstrated to be necessary
for the self-renewal of the cells (Wang et al. 2014).

In summary, the studies described earlier are demon-
strating the high level of involvement of TEs in
IncRNAs, including potential functional roles (Kapusta
et al. 2013; Kelley and Rinn 2012; Wang et al. 2014).
Given the highly lineage-specific nature and the high
turnover of IncRNAs (100 new IncRNA genes per Myr
in rodents and primates; Kutter et al. 2012; Kapusta and
Feschotte 2014), combined with the high contribution of
TEs to their sequences, it seems clear that TEs will be a
large contributing factor towards the lineage-specific
nature of IncRNAs. The formation of IncRNAs directly
from lineage-specific TEs (Fort et al. 2014; Wang et al.
2014) strongly indicates a role for TE-containing
IncRNAs in vertebrate diversification. Currently, the
exact structure and function of the vast majority of
IncRNAs is not fully understood, but as a fuller under-
standing emerges, the extent and potential roles of TEs
within IncRNAs will also become clear (Johnson and
Guig6 2014).

TEs as a source of lineage-specific novel
protein-coding sequence

TEs as a source of novel exons

The process of TE exonisation is when TEs contribute
new exons within an existing host protein-coding gene,
with incorporation of the TE-derived sequence into
mature spliced mRNA. The insertion of a TE into a
protein-coding gene can provide novel 3 and 5 splicing
sites directly or after additional mutations (Fig. 3). If an
open reading frame (ORF) is present in the inserted TE,
then the exon can be included in the final coding sequence.
In mammals, and particularly in humans, this is a common
process, with over 2000 TE-derived exons being reported
in humans (Piriyapongsa et al. 2007b; Sela et al. 2010).
This is thought to be mainly due to the primate-specific
Alu elements, which contain many 3 splice sites in
pyrimidine-rich tracts (Brow 2002). To become an exon,
an Alu element would need to be present in the anti-sense
orientation; this is indeed observed in 85 % of 4/u-induced
exons (Spengler et al. 2014).

Many examples of A/u exonisation have been reported
(Singer et al. 2004; Krull et al. 2005; Schmitz and
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Brosius 2011). In the human tumour necrosis factor
receptor gene type 2 (p75TNFR), an alternative first
codon is contributed by an insertion of A/u/J, which
provides a novel N-terminal protein-coding domain
(Singer et al. 2004). Alu integration and start codon
formation occurred about 50 MYA in the common
ancestor of anthropoid primates. Two additional single
nucleotide mutations were required to provide a 5 splice
site and an ATG start codon, along with a 7-bp deletion
to generate an ORF. These arose between 40 and 25
MYA in the Old World monkey lineage. Similarly, in the
ribulose-5-phosphate-3-epimerase (RPE2-1, also
known as phosphopentose epimerase), a novel exon
has occurred caused by a truncated 75-bp AluJ element
inserted between the second and third exons (Krull et al.
2005). The insertion took place 58—90 MYA, but is only
active in hominids. Formation of a functional exon
required the loss of an alternative distal 3 splice site, a
point mutation in a proximal 3 splice site, and a 2-bp
deletion that provided an ORF.

Alu elements are not the only TE found in the
exonisation process (Piriyapongsa et al. 2007b; Krull
et al. 2007; Lin et al. 2009; Bae et al. 2013). LTR
retrotransposon-derived sequences have been found in
as many as 1057 out of 18,241 genes in humans
(Piriyapongsa et al. 2007b). For example, the MaLR
element provided a novel exon to SUPTI6H, a gene
believed to be involved in the unpackaging of chromatin
and DNA repair (Bae et al. 2013). The insertion
occurred before the split of the New World monkeys
and the promisians (40 MYA), between the second and
third exons of the gene. The MaLR element provides the
splicing sites; although the 5 splice site is occasionally
ignored and an alternative transcript that fuses with the
third exon sometimes exists. Similarly, the DNA trans-
poson family mammalian interspersed repeats (MIR)
has caused many exonisation events (Lin et al. 2009).
For example, in the gene encoding the zinc finger pro-
tein ZNF69, an inserted MIR is constitutively expressed
and adds an extra 45 aa to the protein sequence (Krull
et al. 2007). The MIR element provides a 3 splice site
half way through the element, but the 5 splice site is
taken from existing intronic sequence. It is present in all
mammals, but not other vertebrates. The conservation
and constitutive expression suggests that the extra 45 aa
provide benefit, and the purifying selection that is
observed on the exon supports this too.

Outside of humans, the number of detected TE
exonisation events is generally a lot lower (Sela et al.
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2007, 2010). In mice, 500 events have been detected,
whereas only 70 have been identified in chicken and 53
in zebrafish (Sela et al. 2010). Outside of vertebrates,
only 12 TE-based exonisation events were reported in
Ciona intestinalis and none in Drosophila melanogaster
and Caenorhabditis elegans. In primates, the 4/u inser-
tions occurred in younger genes (e.g., primate/human-
specific) rather than older genes (e.g., mammalian- or
vertebrate-specific; Shen et al. 2011). In addition, TE-
based exons are generally not constitutively expressed,
and often, their expression levels are low compared to
alternative transcripts lacking the TE-derived exon
(Zhang et al. 2013). Transcripts with older TE insertions
are more likely to be expressed constitutively than those
with younger insertions (Shen et al. 2011). A final
interesting trend is that, in mammals, there is a strong
preference for Alu-based exonisation events in zinc fin-
ger domain-containing proteins, which have undergone
important expansion and diversification in primates
(Emerson and Thomas 2009; Nowick et al. 2010; Shen
etal. 2011).

The functional consequences of the TE-based
exonisation events are not always clear and have been
rarely tested so far (Lev-Maor et al. 2003; Shen et al.
2011). Any detected changes were marginal differences
in binding activity or translational activity, but no direct
connection to the function or the fitness of the host was
observed (Lev-Maor et al. 2003; Shen et al. 2011).

TE-mediated retroposition and transduction

Transposable elements can generate novel coding
sequence by partially or completely duplicating genes
in the genome (Fig. 3). This can either be performed
through retroposition (Vinckenbosch et al. 2006) or
transduction (Xing et al. 2006). In retroposition, mRNA
sequences of host genes are reverse transcribed into
complementary DNA (cDNA) by reverse transcriptases
encoded by autonomous retroelements. They are
inserted into the genome as intronless coding sequences
referred to as “retrocopies.” Generally, these new inser-
tions do not recruit any promoter or regulatory
sequences and degrade, but sometimes they evolve as
functional genes and are termed “retrogenes.” For
example, the glutamate dehydrogenase 2 (GLUD?) in
human is a retrogene derived from GLUDI about 18-
25MYA (Marques et al. 2008). In the swordtail fish
Xiphophorus helleri, there are four copies of the long
wave-sensitive opsin gene LSO, one of them being a

functional retrogene that appeared somewhere in a com-
mon ancestor of guppies and swordtails (Watson et al.
2010). This provides a wider range of visual sensitivity,
which is often tightly linked to adaptation and species
diversification.

Gene duplication through retroposition has occurred
in many species. In humans, there are estimated to be
between 3500 and 17,000 retrocopies in the genome,
120-163 of them being bona fide functional retrogenes
(Vinckenbosch et al. 2006; Marques et al. 2008;
Henrichsen et al. 2009; Pan and Zhang 2009; Fu et al.
2010). It is estimated that primates gain one retrogene
every 1 Myr (Marques et al. 2005). In other species,
similar numbers of retrogenes have been detected, with
the higher estimates seen in rats (226 retrogenes), opos-
sum (232 retrogenes) and zebrafish (140 to 440
retrogenes) (Pan and Zhang 2009; Fu et al. 2010). The
chicken genome contains only about 100 retrogenes,
possibly because the CR1 LINE that is predominant in
birds does not recognise polyA tails and therefore can-
not easily retropose mRNAs (Haas et al. 1997). In
mammals, many different retroposition events have
occurred independently in a lineage-specific manner,
sometimes in a convergent nature, with a slight empha-
sis on ribosome-associated genes (Pan and Zhang
2009). Retrogenes appear to have been important in
the evolution of the mammalian X-chromosome,
allowing gene copies to escape meiotic sex chromosome
inactivation (Pang et al. 2009), but also in recruitment of
genes to the X-chromosome (Potrzebowski et al. 2008,
2010). Retroposition mediated by LINE elements has
been suggested to cause gene duplications involved in
adaptation of Antarctic notohenioid fish to extreme cold
(Chen et al. 2008).

Transduction can occur during the movement of
LINE and SINE elements, when genomic sequences
adjacent to the 3 end of the element are transcribed
together with the element and then inserted after reverse
transcription into the genome in a new location (Xing
etal. 2006). As with retroposition, the inserted sequence
is usually non-functional, but functional examples exist,
such as the acetyl malonyl condensing enzyme 1
(AMACI). In the ancestor of the great African apes, an
SVA SINE element inserted adjacent to the original
AMACI gene on chromosome 17. Subsequently,
retrotransposition of the SINE insertion together with
the adjacent gene led to two extra copies on chromo-
somes 8 and 18 (Xing et al. 2006). Transduction asso-
ciated with SVA elements accounts for 143 events and
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53 kb of sequence in the human genome (Xing et al.
2006). Compared to retroposition, fewer confirmed
examples of transduction exist, and often, examples are
suggested rather than tested. For instance, duplications of
the large lipid transfer protein superfamily (associated
with yolk) are suggested to be due to LINE-associated
transduction in zebrafish (Wu et al. 2013).

In vertebrates, retroposition and transduction events
are predominantly associated with LTR, LINE and SINE
elements but Helitrons can also play a role (Thomas
et al. 2014). Helitron-mediated transduction of host
coding sequences, which does not involve reverse tran-
scription, has been reported in lepidopterans, fungi and
plants (e.g., Cultrone et al. 2007; Hollister and Gaut
2007; Han et al. 2013) and more recently, in mammals,
specifically in the bat Myotis lucifugus (Thomas et al.
2014). In this species, 110 out of 645 unique Helitrons
contain sequences derived from 54 different genes. In a
study of 36 copies of the TCF3 (E2A) fusion partner
gene, two were found to be under purifying selection,
suggesting functionality (Thomas et al. 2014).

Exaptation: TEs as a source of novel genes with new
functions

TEs can act as a source of “ready to use” new protein-
coding sequences that exaptated for the benefit of the
host (a process sometimes referred to as “molecular
domestication™) (Table 1). In the human genome, over
100 genes are believed to have originated from
TE-coding sequences (Volff 2006; Kaessmann 2010;
Alzohairy et al. 2013; Campillos et al. 2006). Some of
these genes appear to have played critical roles in the
evolution of mammals and other vertebrates. Many
in-depth reviews exist, providing exhaustive lists of
TE-derived genes (Volff 2006; Sinzelle et al. 2009;
Alzohairy et al. 2013). Here, we look at the processes
involved along with the emerging understanding of
when these events happened and how they have affected
vertebrate diversity.

Two main types of TE-derived protein-coding genes
have been described: genes derived from a transposon
sequence, and genes formed through the fusion of a TE
sequence with a non-TE gene. Well-known examples of
genes derived from an entire transposon are RAG/ and
RAG2. These genes encode the recombinase catalysing
the V(D)J recombination (or somatic recombination),
which generate the highly diverse repertoire of
antibodies/immunoglobulins and T cell receptors in
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vertebrates (Schatz and Swanson 2011). Both proteins
have been formed from a Transib transposase over 500
MYA, and the recombination signal sequences they use
might be derived from the original terminal inverted
repeats of the ancestral transposon (Kapitonov and Jurka
2004; Kapitonov and Koonin 2015). Both RAGI1 and
RAG?2 are crucial to the development of the vertebrate
immune system and have probably played an important
role in the emergence of the vertebrate lineage. Another
example of transposase exaptation is CENP-B, the
mammalian centromere-associated protein B, which is
derived from a pogo-like transposase (Tomascik-
Cheeseman et al. 2002; Casola et al. 2008). Interestingly,
CENP-B-like genes have occurred through convergent
exaptation events that arose independently in Dro-
sophila, fungi and plants (Casola et al. 2008).

New protein-coding genes can also be formed from
retrotransposon and retrovirus sequences. The best-
studied examples are gag- and env-derived genes. The
85 human genes deriving from gag genes from
retrotransposons of Ty3/Gypsy families are split into
five main groups: the MART family (sushi/gypsy-derived
gene family), the SCAN family (derived from Gmrl-
like Gypsy), the paraneoplastic family (PNMA, also
named Ma genes), the SASPase family and the ARC
family (Campillos et al. 2006). The MART family
contains 11 genes, and is derived from a sushi Ty3/
Gypsy retrotransposon that is still functional in fish
(Brandt et al. 2005). Expatation(s) and subsequent
MART gene duplication events appear to have taken
place in the ancestor of the eutherians. Eight out of 11
MART genes are expressed in the placenta, and several
MART genes are involved in placental development
(e.g., PeglO/Mart2, Pegll/rill; Ono et al. 2006; Sekita
et al. 2008; Edwards et al. 2008; Kaneko-Ishino and
Ishino 2012; Henke et al. 2015). The SCAN family of
transcription factors originated from the C-terminal por-
tion of the GAG protein from a gmrl-like
retrotransposon in an early tetrapod ancestor, but has
undergone a large expansion in mammals, with 60 and
40 SCAN proteins in human and mouse, respectively
(Edelstein and Collins 2005). SCAN genes are frequently
involved in development and cell differentiation (Li et al.
1999). The PNMA gene family is derived from a
Gypsyl2 DR-related GAG protein gene that is
observed in zebrafish. A single exaptation event is
believed to have occurred and then the gene family
expanded from this point through gene duplications
(Schiiller et al. 2005; Kokosar and Kordis 2013). No
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functional studies have been carried out on PNMA
genes, but PNMAI0 is a candidate for X-linked mental
retardation (Cho et al. 2008a, 2011) and mouse fore-
brain development (Cho et al. 2008b). The SASPase
gene is a single copy gene seen in all mammals, which
is involved in skin development (Matsui et al. 2006,
2011; Barker et al. 2007). Finally, the ARC gene family
is derived from a single-copy gene domesticated from
the gag gene of a Gypsy-26-1 DR retrotransposon
(Campillos et al. 2006). It is involved in neuronal func-
tioning and memory development (Plath et al. 2006).
The exaptation of retroviral env genes produces
one of the most intriguing examples of exaptation
in the mammalian placenta (Emera and Wagner
2012b). Syncytin-1 (apes) and syncytin-2 (apes
and monkeys) were identified to be derived from
HERV-W and HERV-FRD env genes (Mi et al.
2000; Blaise et al. 2003). They are expressed in
trophoblasts, which are cells constituting the inter-
mediate layer between the mother and foetus in
the placenta. Syncytin proteins were shown to be
involved in cell-cell fusion and trophoblast differ-
entiation. Similarly, syncytin-A and syncytin-B were
discovered in mouse, and knock-out studies have
shown them to be important for placental develop-
ment (Dupressoir et al. 2005; Vernochet et al.
2014). Env-derived genes that are involved in cell
fusion and placental function have been acquired
independently in lagomorphs (Heidmann et al.
2009), carnivora (Cornelis et al. 2012), ruminants
(Cornelis et al. 2013) and Afrotherian tenrecs
(Cornelis et al. 2014). Expression of another inde-
pendent env-derived syncytin gene has also been
seen in the short-lived marsupial placenta (Cornelis
et al. 2015). As with the other syncytin gene
family members, the marsupial version has cell-
cell fusogenic properties. This demonstrates an
interesting pattern of convergent and repeated
recruitments of TE genes to similar functions in
a fundamental organ for the mammalian lineage,
with a possible contribution of syncytin genes in
lineage-specific variations in placental morphology.
A prominent example of fusion of a TE sequence
with an existing host gene is the primate-specific
setmarl gene (Lee et al. 2005; Cordaux et al. 2006).
SETMARI1 (Metnase) is a fusion of an N-terminal his-
tone-lysine N-methyltransferase SET domain and a C-
terminal transposase domain from the mariner-like
Hsmarl element, which appeared first in anthropoid

primates. SETMARI is a non-homologous end-joining
repair protein that regulates genomic integration of
exogenous DNA (Lee et al. 2005). The mariner domain,
with its DNA binding activity, might target the histone
methylase domain to the multiple binding sites provided
by copies of the Hsmarl transposon in the human
genome (Liu et al. 2007). Another example is the
mammalian-specific GTF2IRD2 protein, which consists
in a fusion of a Charlie8 transposase-like domain and the
GTFI domain of the TFII-I transcription factor (Tipney
et al. 2004). Deletion of GTF2IRD. is observed in the
Williams-Beuren syndrome, which is manifested by
physical, neurological and behavioural disorders
(Tipney et al. 2004).

Exaptation and subsequent differential evolution of
TE-derived genes might be linked to diversification in
the vertebrate lineage. A recent study surveyed 24 mam-
malian genes exaptated from TEs, mostly derived from
GAG proteins, across 90 genomes, to identify when the
exaptation events were taking place (Kokosar and
Kordis 2013). Few domesticated genes were found out-
side of the eutherians, only 10 in marsupials and three in
monotremes. Outside of mammals, only two genes were
found in reptiles (ARC and GINI, of which only ARC is
found in amphibians), and none of the studied genes are
found in fish (Chalopin et al. 2012; KokoSar and Kordis
2013). The authors suggested that the remnants of the
rich TE repertoire found in the mammalian ancestor
provided a rich resource of potential sequences for
exaptation by the host genome. Indeed most of the
exaptation events took place 90-100 MYA, correlating
well with a drop in TE diversity in mammals (KokoSar
and Kordi§ 2013). This study only addresses a subset of
domesticated genes and is human/mammalian centred.
Little is known about exaptation events in other verte-
brate groups apart from sporadic examples (e.g., Kobuta
in Xenopus, Hikosaka et al. 2007). This represents a
large gap in knowledge, although the increase in
sequence data for all vertebrate species will soon rectify
this situation.

In summary, exaptation of a large variety of TE genes
has occurred in vertebrates. These exaptation events
have occurred in many different ways and have prolif-
erated in an almost idiosyncratic manner. There seem to
be clear links with important organs and functions that
have driven the diversification and success of different
vertebrate lineages, but more studies across the group
are required to fully understand the true evolutionary
impact of these exaptation events.
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Conclusions

Here, we have reviewed the potential roles and effects of
TEs on genome and species diversification in verte-
brates. The intrinsic properties of TEs (protein-binding,
protein-coding, secondary structure formation etc.)
make them a source of functional sequences that can
be incorporated into a genome in a selectively advanta-
geous manner. From a genomic point of view, it is
abundantly clear that TE content and TE diversity dra-
matically vary between lineages. Lineage-specific
mobilomes as well as lineage-specific rearrangements
and innovations (summarised in Fig. 3) lead to variation
in genome size and to genomic divergence and thus to
the fact that each species harbours a unique genome,
potentially favouring functional divergence and repro-
ductive barriers.

In each vertebrate genome, lineage-specific TE fam-
ilies may play various roles. As an excellent model, the
primate specific Alu element possesses many features
that promote its recruitment for different functions. Alu
has provided novel exonisation events, due to its pos-
session of splicing sites; it can also self-fold to form
hairpin loops and is capable of forming miRNAs and
providing secondary structure to IncRNAs. Alu ele-
ments also provide many miRNA binding sites in the
3" UTRs of mRNAs, further involving this SINE ele-
ment in the regulation of the genome. The sheer success
of Alu within the genome (10° copies in the human
genome) increases not only its probability of being
incorporated as a functional part of a gene or regulatory
region, but also of generating deletions and genome
rearrangements through recombination and thus partic-
ipate to genome specificity.

From an organismal point of view, it is intriguing to
see how TEs may be important for the regulation and
maintenance of lineage-specific tissues. Indeed, through
various examples, we highlighted that TEs may be
linked, via different ways, to the evolution of organs
and tissues. For instance, the placenta has recruited TE-
derived genes on many occasions, as well as using TEs
for novel binding sites in promoter regions. Similarly,
TEs seem to be heavily involved in the regulation of
embryonic stem cells, that vary in a highly lineage-
specific manner, with TEs providing both novel promoter
sites and novel IncRNAs that have been demonstrated to
regulate pluripotency.

The various examples cited above demonstrate that
TEs compose the major part of the genome either as
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active TE sequences, degenerated non-active TEs,
exaptated genes, small TE-derived RNAs, transcription
factor binding sites or other regulatory sequences. Fur-
thermore, it is clear that TEs promote the evolution of
their host genome in a very lineage-specific manner
through the precise nature of the TE repertoire present,
and the selection pressure experienced by the host (from
the genomic to organismal level). All of this sustains the
hypothesis that TEs are fundamental for genome evolu-
tion but also that they may account for a much bigger
content of the genomes than was previously thought and
may be involved in many various biological processes.
The vast majority of the examples here are derived from
mammals and frequently, primates. This is natural
because of the high focus of research on, along with the
availability of, the human genome. But we now reside
firmly in a new age of genomics where sequence data is
becoming rapidly available for traditionally non-model
species, encompassing the full range of extant vertebrate
species. Our laboratory and others have already taken a
lot of this data to demonstrate the diverse range of TE
repertoires present in vertebrates (Chalopin et al. 2015),
but the next step is to understand exactly how these
lineage-specific repertoires influence the evolution of
their hosts.
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