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Abstract. Transposable elements (TEs) are commonly
viewed as molecular parasites producing mainly
neutral or deleterious effects in host genomes through
their ability to move. However, during the past two
decades, major interest has been focusing on the
positive contribution of these elements in the evolu-
tion of gene regulation and in the creation of diverse
structural host genes. Indeed, DNA transposons carry
an attractive and elaborate enzymatic machinery as
well as DNA components that have been co-opted in

several cases by the host genome via an evolutionary
process referred to as molecular domestication. A
large number of transposon-derived genes known to
date have been recruited by the host to function as
transcriptional regulators; however, the biological
role of the majority of them remains undetermined.
Our knowledge on the structure, distribution, evolu-
tion and mechanism of transposons will continue to
provide important contributions to our understanding
of host genome functions.

Keywords. Transposon, diversity, evolution, transposase, DNA-binding domain, transcription factor, gene
regulatory network.

Introduction

Transposable elements (TEs) are mobile, repetitive,
genetic elements that are major components of all
eukaryotic genomes investigated so far. The recent
availability of complete eukaryotic genome sequences
has considerably enriched the repertoire of annotated
TEs, and revealed their abundance and great diversity.
Two classes of transposon are distinguished according
to their respective transposition mechanisms [1]. The

mobility of class I elements or retrotransposons is
achieved through an RNA intermediate mediating a
“copy-and-paste” mechanism, and class II or DNA
transposons use a DNA-mediated, “cut-and-paste”
mode of transposition. Both classes exist as non-
autonomous and autonomous elements. Autonomous
copies encode all the enzymes necessary to move,
whereas nonautonomous copies have no coding
capacity, and therefore their mobility is entirely
dependent on the enzymatic machinery of their
autonomous relatives. TE-derived sequences make
up about 45 % of the human genome, of which
retrotransposons form the major type of TEs, whereas
DNA transposons contribute to 3 % of the genome
[2].
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To facilitate annotation of the growing data on TEs, a
novel hierarchical classification system of eukaryotic
class II elements based on transposition mechanism,
sequence similarities and structural relationships has
been recently proposed [3]. Class II elements are
subdivided into two subclasses based on the gener-
ation of single- or double-stranded DNA cuts during
the transposition process. Subclass 1 comprises cut-
and-paste TEs that are flanked by terminal inverted
repeats (TIRs) (Table 1). This TIR order is composed
so far of nine superfamilies distinguished by the
sequence motifs within their TIRs, and the length of
the target site duplications (TSDs) resulting from the
duplication of a short host DNA sequence generated
flanking both transposon ends upon insertion. The
two, recently identified Helitron and Maverick trans-
poson families belong to a second subclass of DNA
transposon, since their transposition process requires
replication and does not introduce double-strand
DNA breaks [4, 5]. Classical eukaryotic DNA trans-
posons encode at least one enzyme, the transposase,
that carries out the cut-and-paste transposition reac-
tion via its two functional domains: an N-terminal
DNA-binding domain (DBD) that recognizes and
binds specifically to the transposon ends (TIRs and/or
subterminal sequences) and a C-terminal catalytic
domain that catalyzes both the DNA cleavage and
strand transfer steps (reviewed in [6]) (Fig. 1A). The
two superfamilies CACTA and PIF/Harbinger pro-
duce a second protein necessary for transposition
[7–9]. Similar, the autonomous maize element Muta-
tor MuDR contains two genes: mudrA encoding

MURA transposase and mudrB whose product is
required for transposon integration [10, 11]. However,
the presence of mudrB is not a general feature within
the Mutator family; it was found only in the genus Zea
(reviewed in [12]). Except for the three superfamilies
P, piggyBac and CACTA for which the catalytic
domain is not yet well established, eukaryotic trans-
posases carry a well-conserved [D, D, E/D] motif also
found in retroviral integrases [13]. In addition, the
amino acid spacing between the second D and the last
D/E residues is specific for each superfamily. The [D,
D, E/D] motif coordinates a metal ion that is
specifically required for the nicking process and strand
transfer reactions of the integration step (reviewed in
[14]).
TEs are commonly viewed as selfish or parasitic
entities, existing only to propagate themselves, inde-
pendently of any beneficial effect on their host. The
current model of their life-cycle consists of invading
new species, increasing copy number, persisting within
the genome until an ultimate phase in which elements
exist as fossils [15]. Consistent with the selfish DNA
theory, mobility of TEs produces a variety of detri-
mental effects, including insertional mutagenesis,
leading to gene inactivation or expression pattern
modification. In addition, the presence of several
repeated sequences dispersed within the genome
provides substrates for illegitimate recombination,
creating chromosomal translocations, inversions, or
deletions. However, our perception of the selfish
nature of TEs has considerably evolved during the
past two decades as a result of increasing numbers of

Table 1. Structural and molecular properties of the nine superfamilies of DNA transposons belonging to the terminal inverted repeat (TIR)
order.

Subclass 1 / Order TIR

Superfamily IS-
related

Occurrence Length
(kb)

TIRs
(bp)

TSDs (bp) Encoded proteins DBD Catalytic
core

Tc1/
mariner

IS630 Eukaryotes 1.2-5.0 17-1100 2 (TA) Tnp HTH (D, D, E/D)
Tnp

hAT nd Eukaryotes 2.5-5.0 5–27 8 Tnp BED ZnF (D, D, E)
Tnp

Mutator IS256 Eukaryotes 1.3-7.4 0-several
kb

9–11 Tnp WRKY/GCM1
ZnF

(D, D, E)
Tnp

Merlin IS1016 Animals and
eubacteria

1.4-3.5 21-462 8–9 Tnp nd (D, D, E)
Tnp

Transib nd Metazoans and fungi 3–4 9–60 5 Tnp nd (D, D, E)
Tnp

P nd Plants and metazoans 3–11 13-150 8 Tnp THAP ZnF nd

piggyBac IS1380 Eukaryotes 2.3-6.3 12–19 4 (TTAA) Tnp nd nd

PIF/
Harbinger

IS5 Eukaryotes 2.3-5.5 15-270 3 (CWG or
TWA)

Tnp + Myb-like
protein

Myb/SANT (D, D, E)
Tnp

CACTA nd Plants, metazoans and
fungi

4.5-15 10-54 2–3 TnpA + TnpD nd nd
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studies that described the capacity of these elements
as an important force in the evolution of gene
regulation and in the creation of genetic novelty.
Indeed, the literature describes several examples of
TEs that donated promoters or enhancer sequences to
host genes, as well as their contribution to provide
alternative splice sites, polyadenylation sites and cis-
regulatory sequences (reviewed in [16, 17]).
Another consequence of the intimate relationship
between transposon and host genome is the creation
of chimeric genes that can in some cases give rise to a
functional protein. In Drosophila, one particular
insertion of P element has been shown to produce a
chimeric gene encoding the DBD of the P element and
a functional domain of the target host gene [18].
Several genetic processes that lead to the formation of
chimeric genes have been highlighted in plants. As an
example, the alternative transposition of the maize
Ac/Ds element from the hAT superfamily that in-
volves the 5�- and 3�-ends of different elements has
been shown to provoke the fusion of the coding
sequence of two genes generating a functional chi-
meric gene and subsequently a new phenotype [19]. In
rice, 3000 chimeric elements called Pack-MULEs that
had captured >1000 gene fragments from different
chromosomal loci have been detected [20]. However,
the origins and the roles of these chimeric proteins
remain enigmatic. Similarly, such transposon-induced
rearrangements of large-scale duplication and shuf-
fling of coding sequences have been reported for other
Mutator elements, Helitrons and CACTA transposons
(reviewed in [21]).
The great contribution of TEs on the evolution of a
protein coding region was fully appreciated recently
with large-scale in silico studies performed on the vast
number of sequences available from model organisms,
and from human [22, 23]. Indeed, it has been reported
that TEs or TE fragments have contributed to at least
4 % of human protein-coding genes [24, 25]. The
majority of TEs were found to be distinct exons
recruited into coding regions by splicing. Thus, it
appears that in many instances, TEs and host genome
have evolved a mutually beneficial relationship that
balance TE survival and the evolutionary interest of
the host.
The most striking beneficial contribution of TEs is
illustrated by an evolutionary process referred to as
“molecular domestication”, by which a TE-derived
coding sequence gives rise to a functional host gene.
Thus, domesticated genes represent stable functional
components of the genome. Such transposon-derived
genes were first identified as domesticated P ele-
ments in Drosophila [26] and further extended to
plant and animal genomes, including human [27–29].
Preliminary sequence analysis of the human genome

identified 47 TE-derived genes with a likely origin in
up to 38 different transposon copies [2] . For instance,
domesticated genes are known to have derived from
almost all superfamilies of DNA transposons with
the exception of CACTA and Merlin superfamilies.
Several criteria have been proposed to determine
strong cases of DNA transposon-derived genes [30].
In contrast to the repetitive nature of TEs, domes-
ticated genes exist as single copies in the genome, and
orthologs are detectable in distantly related species.
Structurally, these genes are devoid of the molecular
hallmarks of transposition such as flanking TIRs and
TSDs. The protein products of domesticated genes are
phylogenetically linked to transposon-encoded pro-
teins. They assume important biological roles in vivo
but, in general, they have lost their capacity to mediate
transposition.
The aim of this review is to provide an overview of the
vast repertoire of transposon-derived genes identified
so far. This review focuses on domesticated trans-
posases (or functional domains thereof) encoded by
class II DNA transposons. First, we present represen-
tative strong cases of molecular domestication that
illustrate the structural diversity of the emerging genes.
The second part is devoted to the different evolutionary
mechanisms that have led to the emergence of trans-
poson-derived genes. Finally, the functional roles of
these proteins involved in diverse biological processes
(cell proliferation, apoptosis, cell cycle progression,
chromosome segregation, chromatin modification,
transcriptional regulation) are discussed with respect
to the importance that transposons played in genome
evolution and function.

Structural diversity

The increasing number of newly discovered domes-
ticated genes clearly highlights their structural diver-
sity. Some of these genes have emerged from the
entire coding sequence of the transposase or exist as
chimeric genes, in which the entire coding sequence of
the transposase has been fused to a preexisting
functional domain (Fig. 2). Furthermore, the struc-
tural diversity is reinforced by the fact that many
domesticated genes have retained only the DBD
domain of the ancestral transposon-encoded protein
(Fig. 2). The following section describes some instan-
ces illustrating the great structural diversity of domes-
ticated genes.

Molecular domestication of entire transposase genes
Several cases of host proteins derived from the
complete coding sequence of the transposase have
been reported, including human proteins such as the
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centromeric protein B, i.e. , CENP-B, Jerky and
ZBED1 (zinc finger BED domain containing protein
1) proteins (Table 2). Here, we focus on two examples
of well-characterized, transposon-derived proteins,
the recombination-activating gene products RAG1/2

in vertebrates and the two homologous genes far-red
impaired response protein 1 (FAR1) and far-red
elongated hypocotyl 3 (FHY3) in plants.

Figure 1. Functional homology between classical cut-and-paste transposition and V(D)J recombination. (A) Scheme of the classical cut-and-
paste transposition process. An autonomous transposon consists of a coding region for the transposase (Tnp, pink rectangle), flanked on both
ends by terminal inverted repeats (TIRs, blue arrows). The TIRs are flanked by target site duplications (TSDs), characteristic to each
transposon family. The transposase protein (red sphere) specifically binds to its recognition sequences at each end of the transposon. The
transposase excises the transposon by cleaving the DNA at the ends of the TIRs following formation of a synaptic complex. The cellular DNA
repair machinery seals the excision site, and generates a transposon footprint of different length characteristic to each transposon family. The
transposase recognizes a target site, and integrates the transposon into the target DNA, upon which the target site gets duplicated. (B)
Schematic representation of a V(D)J recombination reaction. The brown and gray bars indicate Vand J coding segments, respectively. Each J
segment is associated with an RSS23 (black triangles) and each V segment with an RRS12 (open triangles). Recombination initially requires
specific binding of the RAG1/RAG2 recombinase to a 12/23 RSS pair. RAG1/RAG2 form a synaptic complex, in which the two DNA strands
immediately adjacent to each RSS are cleaved and processed by a nick-hairpin mechanism. The double-stranded breaks in the coding DNA are
repaired to give rise to coding joints. Signal ends are joined together to generate signal joints, which are lost from the cell.
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Vertebrates
V(D)J recombination, a site-specific recombination
reaction in the immune system of jawed vertebrates is
incontestably the most spectacular example that TEs
can derive complex and crucial functions in the host.
In this process, which occurs during lymphocyte
development, preexisting V (variable), D (diversity),
and J (joining) gene segments are rearranged to
generate a large repertoire of T cell surface receptor
(TCR) and immunoglobulin molecules necessary for
the recognition of diverse pathogens. The recombina-
tion event involves cis-acting sequences known as
recombination signal sequences (RSSs) that flank
each receptor gene segment and two proteins encoded
by the recombination-activating genes RAG1 and
RAG2. RSSs consist of unique conserved heptamer
and nonamer sequences separated by either 12 or 23
nucleotides (Fig. 1B). The site specificity of the
recombination is defined by the binding of RAG1 to
the RSS. Typically, the V(D)J recombination reaction
is subdivided into two stages, a cleavage phase and a
joining phase (reviewed in [31]). The complex formed
by the RAG1 and RAG2 proteins introduces double-
strand breaks in the DNA between the heptamer of
the RSS and the neighboring coding DNA via a nick-
hairpin mechanism. The reaction results in the for-
mation of two hairpins at the coding end and two blunt
signal ends by a transesterification mechanism. After
opening of the hairpins, repair factors of the non-
homologous end joining (NHEJ) pathway join the two

coding DNA segments together to generate the
mature receptor gene (coding joints), as well as the
signal ends (signal joints) which are lost from the cell.
Mechanistically, the V(D)J recombination reaction
shares significant similarities with the excision step of
the cut-and-paste transposition process by which the
transposon is excised from the donor-site DNA via
double-strand breaks [32]. Moreover, V(D)J recom-
bination produces a hairpin intermediate formed at
the ends of the broken donor DNA similar to that
described in Hermes transposition [33]. In vitro,
purified RAG proteins have the capacity to transpose
a piece of DNA flanked by two RSSs into a target
DNA [32, 34]. In addition, RAG transposition events
can occur at low frequencies in yeast and mammalian
cells [35–37]. RAG-mediated transposition predom-
inantly produces 5-bp TSDs upon insertion (reviewed
in [38]).
The link between DNA transposition and V(D)J
recombination has also been emphasized with the
analysis of the structural features of the V(D)J
recombination components [38]. The C-terminal
domain of RAG1 including the [D, D, E] catalytic
triad, the structure of the RSSs as well as the
characteristic TSDs strongly support that RAG1 and
the RSSs originate from a formerly active Transib
transposon. Recently, a novel transposon called N-
RAG-TP identified from the sea slug Aplysia califor-
nia was found to encode a protein similar to the N-
terminal part of RAG1 in vertebrates, which further

Figure 2. Structural diversity of domesticated proteins. Classical transposase proteins contain a DNA-binding domain (DBD) (hatched
green rectangle) and a catalytic domain (green rectangle). Domestication events of a transposase can give rise to diverse structural
proteins: domestication of an entire transposase gene, chimeric genes formed by an entire transposase domain and an additional functional
domain, and chimeric genes formed by the DBD of a transposase and an additional functional domain. For each of these three cases, some
domesticated proteins and their respective functional role(s) are provided as examples.
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supports the emergence of the V(D)J recombination
machinery from transposons [39].

Plants
In plants, the homologous genes FAR1, FHY3 and
FAR1–related sequence (FRS) are transcription fac-
tors that modulate the phytochrome A (phyA) signal-
ing pathway by activating transcription of FHY1 and
FHL whose products are essential for light-induced
phyA nuclear accumulation and light response [40,
41]. These proteins contain three domains similar to
those described in the Mutator transposase: an N-
terminal C2H2-type zinc finger (ZF) motif of the
WRKY-GCM1 family, a putative [D, D, E/D] central
catalytic core and a C-terminal SWIM motif [42].
Evolutionary analysis of these genes has confirmed
that the FHY3/FAR1 gene family has been co-opted
from one or several related Mutator elements [41].
The maize Mutator transposase MURA is known to
regulate the expression of both its own genes and
occasionally adjacent genes [43–45]. Thus, it appears
that FHY3 and FAR1 have retained the transcrip-
tional activity of an ancestral Mutator transposase.
Interestingly, the JITA transposase encoded by the
Mutator element Jittery, which is the closest homolog
of FAR1 in the current databases, is active in excision
but inactive in integration [40, 46]. In addition to Far1/
Fhy3, several genes derived from complete trans-
posase sequences have been identified in plants:
Mustang that arose from the Mutator superfamily
and Daysleeper and Gary that have emerged from the
hAT superfamily [47–49]. No function has yet been
ascribed to these proteins, although they are specu-
lated to act as transcriptional regulators.

Chimeric genes emerged from fusions of entire
transposase genes and additional functional domains
The primate-specific SETMAR [50] is a chimeric
protein created by the fusion of a SET domain and the
entire transposase-coding region of a mariner-like
Hsmar1 transposon [51]. SETMAR was shown to
exhibit two biochemical functions in vitro, a histone
methyltransferase function conferred by the SET
domain and a DNA cleavage activity provided by
the transposase domain [52–54]. In addition, the
protein has retained many of the specific activities
required for transposition including Hsmar1 TIR-
specific DNA-binding, formation of a paired-end
complex, 5�-cleavage at the TIR and integration of
precleaved DNA substrates into a TA dinucleotide
target site [51, 53, 54]. However, SETMAR is
defective in transposition due to its inability to achieve
3�-cleavage of the transposon ends, thereby generating
only single-stranded nicks [53, 54]. Recently, it has
been shown that the DNA-nicking activity of SET-

MAR is independent of its TIR-specific DNA binding
[55].
Although SETMAR (together with its cellular inter-
actor Pso4) has been suggested to play a role in DNA
repair [56], and was shown to enhance resistance to
ionizing radiation, its cellular functions remain poorly
understood in either DNA repair or gene regulation
by epigenetic modification [52]. Given the fact that
Hsmar1-type transposons may provide ~7000 poten-
tial binding sites dispersed throughout the human
genome, and that the biological functions of SET-
MAR are likely linked to its DNA-binding capacity,
this protein has the potential to act as a regulator of
gene expression controlling a vast network [51, 55].
Another instance of a chimeric domesticated gene is
provided by the recent finding of five domesticated
genes, PGBD1 – 5 (piggyBac-derived 1–5), derived
from a piggyBac transposase in the human genome
[57]. PGBD1, also referred to as cerebral protein 4
(HUCEP-4), is a chimeric protein formed by a C-
terminal region derived from a piggyBac transposase
and a SCAN-like domain, a highly conserved protein-
protein interaction motif found near the N terminus of
a subfamily of Cys2His2 ZF proteins (reviewed in
[58]). PGBD2 – 5 exhibit diverse structural organiza-
tion [57]: PGBD3 that comprises at least four
pseudogenes as well as PGBD2 are related to the
piggyBac domain of PGBD1, and display two and one
intron, respectively; PGBD4 consists of a single ORF
without introns, and is associated with the abundant
nonautonomous MER75 and MER75B transposons
[27]. PGBD5 is the most divergent element with the
presence of eight introns. Recently, Newman et al. [59]
have found that PGBD3 may play a role in Cockayne
syndrome. This domesticated gene, located in intron 5
of the Cockayne syndrome Group B (CSB) gene acts
as an alternative 3�-terminal exon to produce a CSB-
PGBD3 fusion protein. In addition, this fusion protein
and the 3�-splice site are perfectly conserved in
primate lineages. The authors speculated that the
CSB-PGBD3 fusion protein together with the abun-
dant nonautonoumous MER83 elements may provide
a gene regulatory network, similar to that proposed
for the SETMAR protein and its putative genomic
binding sites derived from the Hsmar1 TIRs [51, 55].
GTF2IRD2 represents another example of a chimeric
protein that has emerged from the fusion between a
Charlie8 transposase-like domain (hAT superfamily)
and the GTF2I domain of the TFII-I transcription
factor [60]. This fusion protein could be involved in
the pathology of Williams-Beuren Syndrome.
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Emergence of chimeric genes by recruitment of
transposase DNA-binding domains
Recruitment of the DBD of a transposon-encoded
protein appears to be a recurrent theme in the
domestication of DNA transposons. Indeed, trans-
posases are distinctive in possessing diverse DBDs
such as ZF and helix-turn-helix (HTH) domains,
providing a rich source for co-option by the host to
give rise to chimeric genes that mainly act as tran-
scription factors (Table 2).

Zinc-finger motifs
The THAP family (P transposase superfamily)
The most prominent example of DBD recruitment is
the THAP (Thanatos-associated protein) domain,
recently identified as a novel protein motif that
harbors significant similarities with the site-specific
DBD of the Drosophila canonical P protein, including
its size of ~90 amino acid residues and its N-terminal
position in the proteins [61, 62]. The THAP family is
evolutionarily conserved from Drosophila to human,
and comprises at least 12 members in humans
(THAP0–11) as well as more than 100 distinct
members in model animal organisms [61, 63]. This
family includes the zebrafish orthologue of the cell-
cycle regulator E2F6 and five Caenorhabditis elegans
proteins, LIN-36, LIN-15A, LIN-15B, HIM-17 and
GON-14. This domain is defined by well-conserved
sequence motifs including an atypical ZF motif
characterized by a C2CH module (consensus Cys-
Xaa2-4-Cys-Xaa35-50-Cys-Xaa2-His with a spacing of up
to 53 residues between the zinc-coordinating C2 and
CH residues) as well as a C-terminal AVPTIF box
shown to be responsible for the site-specific DNA-
binding activity of the P transposase [61, 64]. The
evolutionary relationships between the THAP pro-
teins and the P transposase were further supported by
the significant sequence similarity between the human
THAP9 protein (also referred to as Phsa [65]) and the
P transposase through their entire sequences. THAP
proteins have important roles in cell proliferation,
cell-cycle control and apoptosis [63, 66, 67] and the
THAP domain has been characterized as a ZF-based,
sequence-specific DBD involved in transcriptional
regulatory functions [63, 66, 68].

The BED domain (hAT transposase)
The BED (BEAF and DREF) domain was defined by
Aravind [69] as a distinct DBD characterized by a Cys-
Xaa2-Cys-Xaan-His-Xaa3-5-(H/C) signature in which
Xn represents a variable spacer that is predicted to
form a ZF. This domain is shared by BEAF-32
(boundary element-associated factor of 32 kDa [70])
and DREF (DRE-binding factor [71]) as well as
transposases of the hAT superfamily. Based on

sequence analysis, it has been proposed that the
BED finger arose from transposases at two or more
independent domestication events [69]. Indeed, it has
been found that both BEAFand DREF possess DNA-
binding activity [71, 72]. BEAF-32 binds to scs�
insulator elements and to several hundred sites on
polytene chromosomes in Drosophila [73, 74]. This
binding is required for the insulator activity of the
BEAF proteins that function by modulating chroma-
tin structure [75, 76]. DREF was first described in
Drosophila as a transcriptional regulator acting via
specific binding at DRE (DNA replication-related
element) sequences located in the promoters of many
genes involved in DNA replication, cell growth and
differentiation [71, 77]. The human ortholog of DREF
called hDREF/KIAA0785 [78] (also called TRAMP
[79] and ZBED1 [80]) is a transcription factor that
binds to hDRE-like sequences, and regulates a set of
human ribosomal protein genes [80]. hDRE-like
sequences are also present in promoters of genes
involved in cell proliferation and cell cycle progres-
sion, similar to that observed for DRE in Drosophila.
DREF factors and hAT transposases share a C-
terminal hATC (hAT C-terminal dimerization) do-
main that has been found to be a dimerization domain
of Activator and Hermes transposases [81, 82]. Sim-
ilarly, the hATC domain is necessary for hDREF self-
association in vivo, and is also required for nuclear
accumulation, DNA-binding activity and granular
pattern formation [83].

The WRKY/GCM1 domain (Mutator transposase)
The WRKY/GCM1 superfamily of DBDs is also a
striking example to illustrate the significant role of
DNA transposons in the emergence of new tran-
scription factors [42]. This superfamily of ZF proteins
includes three major families of DBDs, namely
WRKY, the DBD of the Glial Cell Missing (GCM1)
transcription factors and FLYWCH, with DBDs of
two distinct families of Mutator transposase. The
transcription factors FAR1/FHY3 belong to this
superfamily of ZF DBDs [42].

Helix-turn-helix motifs
The paired domain (Tc1 transposase)
The paired domain that characterizes the paired box
(PAX) proteins is composed of two HTH subdomains:
an N-terminal subdomain called PAI and a C-terminal
subdomain called RED (PAI+RED=PAIRED). The
early evolution of the paired domain has been
reinvestigated by Breitling and Gerber [84], who
proposed that the paired domain was originally
derived from the DBD of an ancestral Tc1-like
transposase.

Cell. Mol. Life Sci. Vol. 66, 2009 Review Article 1083



The Pipsqueak family (Pogo transposase)
Another example of a DBD shared between cellular
proteins and a transposase is Pipsqueak (Psq), a family
of HTH proteins in eukaryotes that includes proteins
from fungi, sea urchins, nematodes, insects and
vertebrates [85]. This domain consists of four tandem
repeats of a 50-amino acid sequence, in which each
repeat represents a Psq motif. Within this family, three
groups of proteins have been distinguished based on
structural features and phylogenetic relationships
[85]: (1) the BTB group that comprises proteins
containing a protein-protein interaction domain
called BTB (Broad-Complex, Tramtrack, Bric a
brac)/POZ [86] and that includes the Drosophila
Pipsqueak protein [87]; (2) the E93 group that
contains the cell death regulator E93, a key regulator
of steroid-triggered programmed cell death during
Drosophila metamorphosis [88] as well as E93 ortho-
logs found in coelenterates, nematodes and humans;
and (3) the CENP-B/transposase group of two human
proteins, the centromere-associated protein B
(CENP-B) involved in centromeric heterochromatin
assembly and the predicted protein CAB66474, as
well as the Drosophila Pogo transposase belonging to
the Tc1/mariner superfamily. It has been shown that
the Psq motif of the Pogo transposase is responsible
for the specific binding of transposon ends [89]. Nine
other Pogo-derived genes have been identified and
restricted to mammals: the Tigger-derived genes 1–7
(TIGD1– 7) [90, 91], Jerky (JRK) that has both DNA
and RNA-binding activity and is localized specifically
in neurons [92, 93] and Jerky-like [94].

The Myb/SANT/trihelix domain (PIF/Harbinger
Myb-like protein)
The Myb DBD was first described in the transcrip-
tional regulator c-Myb involved in the control of cell
proliferation and differentiation [95]. This domain
consists of three imperfect tandem repeats (R1, R2
and R3), each containing three helices and charac-
terized by regularly spaced tryptophan residues [96].
The SANT domain, identified based on its similarity
with Myb-repeats, is found in many chromatin regu-
latory proteins [97] and is functionally involved in
histone acetylation, deacetylation and ATP remodel-
ing (reviewed in [98]). However, no DNA-binding
activity has been reported for the SANT domain. The
autonomous PIF/Harbinger transposons are known to
encode a transposase and a second protein (referred
to as the Myb-like protein) that contains a Myb/
SANT/trihelix motif [99, 100, 101]. It was recently
shown that the Myb/SANT/trihelix motif of the Myb-
like protein functions as a DBD that specifically
recognizes binding sites in both ends of the Harbin-
ger3_DR transposon [9]. It was also found that the

Myb/SANT/trihelix motif of a Myb-like protein has
been domesticated ~500 million years ago in a com-
mon ancestor of jawed vertebrates to give rise to
NAIF1 (nuclear apoptosis-inducing factor 1) [9], a
pro-apoptotic protein [102].

Evolutionary diversity in domestication events

Before we discuss the possible evolutionary events
that led to the emergence of transposon-derived host
genes, it has to be mentioned that evolution often
works by convergence and, therefore, it is at least
formally possible that transposases could have
evolved from host genes, not only the other way
around. There are two criteria that can be used as a
general guide when assessing host gene–transposon
evolutionary relationships. The first is sequence
similarity. In general, a high (>15 %) identity between
relatively long (>200 amino acids) proteins is strong
evidence for the transposon!host gene pathway.
However, the common catalytic centers in evolutio-
narily unrelated proteins could have arisen as a result
of convergent evolution. For instance, the [D, D, E/D]
catalytic triad in Tc1/mariner, MuDR, Harbinger,
hAT, and Transib transposases might have evolved
convergently in each superfamily (there is no signifi-
cant protein identity between transposases from
different superfamilies). The second criterion is posi-
tion in the phylogenetic tree. For example, if trans-
posase-derived host genes are of relatively recent
origin, but are related to a group of transposases with a
much broader phylogenetic distribution, then it can be
inferred that the host gene is derived from the
transposase rather than vice versa. However, if the
host gene has a deeper phylogenetic origin, it may be
more difficult to infer evolutionary relationships to
transposases. For example, the PAIRED domain
found in Tc1 transposases and PAX proteins is of
ancient origin, but the transposases seem to have a
deeper evolutionary origin. Thus, in this case it seems
more likely that the PAIRED domain was derived
from a transposase and not the other way around (see
�Helix-turn-helix motifs� above).

Multiple acquisition events
P element domestication is a unique example of
multiple independent acquisitions of the same TE-
derived coding sequence that had occurred in separate
lineages of Drosophila (Fig. 3A; reviewed in [103]).
Two distinct classes of functional P elements have
been distinguished [104]. The first class represents
canonical P DNA transposons of drosophilid flies. The
transposase gene consisting of four exons is regulated
in a tissue-specific manner by alternative splicing of
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Figure 3. Evolutionary diversity in domestication events. (A) Recurrent domestication of P elements. The canonical P transposon
produces a 87-kDa transposase in germline cells and a 66-kDa protein repressor in somatic cells in Drosophila through tissue-specific
alternative splicing of intron 3. P elements underwent multiple domestication events in separate lineages of Drosophila. The promoter is
represented by a black sphere. P obscura neogenes produce G or ATHAP proteins. P montium neogenes comprise the P-tsa neogenes that
produce a 65.9-kDa repressor-like protein (RL) and P-boc neogenes that arose from the acquisition of an untranslated exon (E-1) and an
additional exon (E0). The alternative splicing of P-boc neogenes gives rise to two proteins, RL1 and RL2. The D. vulkana genome contains
a third form of P montium neogenes, in which an additional exon (E0�) is located upstream of exon E0. A domestication event of P elements
had also occurred before the separation of birds and mammals that has led to a widespread occurrence of P neogenes in mammalian species,
including humans. The coding region of a P transposase is compared with that of the human THAP9/Phsa gene. The THAP domains are a
highly conserved feature of P neogenes in Drosophila as well as in mammals. (B) Convergent domestication of Pogo transposases. Distinct
Pogo transposase sources independently gave rise to the CENP-B proteins in the mammalian lineage and to Abp1, Cbh1 and Cbh2, present
in fission yeast. All of these proteins play roles associated with centromere-binding activity [126]. (C) Co-domestication of transposon-
encoded proteins. PIF/Harbinger transposons encode two proteins: a transposase (Tnp) and a DNA-binding protein (referred to as Myb-
like protein); both are required for transposition. The domestication process is associated with the immobilization of the two genes (by loss
of the terminal inverted repeats) encoded by an ancestral active transposon. Two instances have been described in vertebrates and in
Drosophila. HARBI1 and NAIF1 have emerged from a transposase and a Myb-like protein, respectively, encoded by an ancestral
Harbinger transposon. DPLG7 and DPM7 originated from a transposase and a Myb-like gene encoded by an ancestral PIF transposon.
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the primary transcript [105]. In the germline, the four
exons (exons 0–3) give rise to an 87-kDa protein
competent for genomic mobility (transposase). In
somatic cells, the third intron is not spliced and a 66-
kDa protein is produced, acting as a repressor of
transposition [106]. The second class includes the
different stationary forms of P element, including
obscura P and montium P species subgroups of
neogenes that became immobile through loss of the
TIRs and the last exon required for transposase
specificity (reviewed in [62]). The obscura P and
montium P neogenes represent two distinct immobi-
lization events of P transposons from the same
ancestral P family [107, 108]. These neogenes have
retained their coding capacity, and produce a protein
similar to the 66-kDa P element repressor of Droso-
phila melanogaster (protein RL for repressor-like).
The obscura P neogenes were originally found as
repetitive units located at a single genomic site in the
Drosophila obscura species subgroup that give rise to
two proteins, G and A THAP proteins [26, 109]. The
montium P neogenes are single-copy genes that occur
in the Drosophila montium species subgroup and
contain an untranslated new exon (Exon-1) [110, 111].
Different forms of montium P neogenes, the P-tsa and
P-boc neogenes, evolved in several Drosophila species
by capture of an additional exon 0 (referred to as exon
0�) downstream of exon 0 [107]. In Drosophila
vulkana, a similar exon-shuffling process gave rise to
a neogene that contains an exon 0� located upstream of
exon 0 [107, 111]. Products of the P-tsa and P-boc
neogenes have been shown to bind chromatin in vivo,
and do not repress transposition or transcription of
canonical P element transposons [108]. These pro-
teins are speculated to be involved in the regulation of
the expression of many different euchromatic regions
and/or in the modification of chromatin structure.
In addition to the immobilization of P-homologous
sequences in Diptera, it has recently been found that a
distinct domestication event of P elements had
occurred before the separation of mammals and
birds [112]. This molecular domestication event has
led to a widespread occurrence of P neogenes in the
vertebrate lineage including Phsa in human (Fig. 3A),
Pgga in chicken and Pdre in zebrafish located at
orthologous positions within their respective host
genomes [65, 112, 113]. These genes as well as the
Diptera P neogenes contain a THAP DBD demon-
strating that the THAP domain is a recurrent theme in
domestication of P elements [61, 112].

Convergent domestication
Many studies have pointed out the possible evolu-
tionary relationship between CENP-B proteins and
several Pogo transposases, including the pogo trans-

posase from D. melanogaster, and the human Tigger1
and Tigger2 transposases [27, 114, 115]. Indeed,
CENP-B and the Pogo transposase share striking
sequence similarities through their DBDs as well as
the [D, D, E/D] catalytic core [27]. Furthermore, the
relationship is reinforced by the fact that the CENP-B
box (the binding site of CENP-B) resembles the TIRs
of Tigger2 [115]. The CENP-B protein is highly
conserved in mammalian species and has a central
function in the assembly of centromere structure
(reviewed in [116]). This protein binds specifically to
the 17-bp CENP-B box located within highly repet-
itive alpha-satellite sequences positioned at the cen-
tromere of autosomes and the X chromosome [117,
118]. The N-terminal region of CENP-B proteins
contains a DBD that forms one of the three groups
distinguished within the Pipsqueak family proteins,
whereas the C-terminal region mediates homodime-
rization [85, 117–119]. Three CENP-B homologs and
their respective target sequences have been identified
in the fission yeast Schizosaccharomyces pombe:
ARS-binding protein (Abp1), CENP-B homolog 1
(cbh1) and CENP-B homolog 2 (Cbh2). These are
involved in centromeric heterochromatin assembly,
chromosome segregation and likely DNA replication
initiation [120–124]. These proteins also play roles in
retrotransposon silencing in yeast [125] (see �Diversity
in functional roles� below). Recently, Casola et al.
[126] have proposed an evolutionary scenario of
convergent domestication by which two distinct
sources of Pogo-like transposase gave rise independ-
ently to mammalian CENP-B and the fission yeast
proteins Abp1, Cbh1 and Cbh2 with centromere
binding activity (Fig. 3B). Although the role of
CENP-B in mammals is not clearly established, this
protein is required for de novo centromere assembly
on DNA lacking a functional centromere, and pre-
vents the formation of excess centromeres on chro-
mosomes [127, 128].

Co-domestication
PIF/Harbinger and CACTA form particular super-
families of class II transposons in a sense that these
elements encode two proteins that are necessary to
mediate transposition [7–9]. Autonomous PIF/Har-
binger transposons are characterized by two ORFs
encoding a transposase and a Myb-like protein
[99–101]. It was recently found that the Myb-like
protein encoded by a resurrected zebrafish Harbin-
ger3_DR transposon is required for transposition in at
least two distinct functions: it promotes the nuclear
import of the transposase, and recruits the transposase
to the transposon ends [9].
Two examples of molecular domestication of PIF/
Harbinger transposons in vertebrates and Drosophila
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species have been reported [9, 100, 101]. Casola et al.
[101] have identified seven distinct transposase-de-
rived genes called DPLG1–7 (Drosophila PIF-like
genes 1–7) that probably arose from at least three
independent domestication events. Furthermore, the
authors have identified a domesticated Myb-like
protein called DPMG7 (Drosophila PIF MADF-like
protein-encoding gene 7) in a region close to the
DPLG7A ortholog in three Drosophila species. These
findings strongly support an evolutionary scenario of
co-domestication by which the DPMG7 and DPLG7
genes have emerged from the same, formerly active
PIF/Harbinger transposon (Fig. 3C).
We have recently described a similar co-domestica-
tion event involving two proteins conserved in bony
vertebrates: HARBI1 (Harbinger derived-protein 1)
evolved from a Harbinger transposase and NAIF1
that was identified as a protein containing a trihelix
motif similar to that found in the myb-like protein [9,
100] (Fig. 3C). We have found that these two proteins
have emerged from a common ancestor of jawed
vertebrates after its separation from jawless verte-
brates some 500 million years ago. The preliminary
functional characterization of these two proteins have
highlighted functional homologies with the trans-
posase and the Myb-like protein of Harbinger3_DR,
further supporting co-domestication. Indeed, similar
to the interactions between the transposase and the
Myb-like protein, NAIF1 interacts with HARBI1,
promotes nuclear import of HARBI1 and acts as a
DNA-binding protein [9]. Although NAIF1 and
HARBI1 are speculated to be involved in the same
molecular pathway, they are not yet functionally
characterized.

Diversity in functional roles

Recruitment for a gene-regulatory function
Transposases carry two essential domains: a specific
DBD and a catalytic domain responsible for DNA
cleavage and joining reactions. Although a large
number of domesticated proteins evolved from the
entire transposase gene, and consequently contain
both functional domains, DBDs appear to have
preferentially been co-opted by the host. Thus, it is
not surprising that the majority of domesticated
proteins function as transcriptional regulators (acti-
vators or repressors) (Table 2). Recently, the human
THAP7 protein containing a THAP DBD has been
reported to display transcriptional regulatory proper-
ties via modification of chromatin structure [66].
THAP7 preferentially binds to hypoacetylated his-
tone H4 tails, recruits the corepressors histone deace-
tylase (HDAC) 3 and the nuclear hormone receptor

corepressor (NcoR) to promoters, and promotes
histone H3 hypoacetylation [66]. Transcriptional
regulation is not restricted to the THAP domain, but
is also associated with the BED, the pipsqueak and the
WRKY/GCM1 families of DBD. In human, the
ZBED1 protein has been shown to act as a transcrip-
tional activator of cell proliferation and ribosomal
genes [80]. In Saccharomyces cerevisiae, the aft1
protein that contains a WRKY-type DBD is a tran-
scription factor involved in ion utilization and homeo-
stasis [129]. Psq has been shown to be essential for
sequence-specific targeting of a Polycomb group
complex that contains HDAC activity [130]. Psq
binds specifically to the GAGA sequence that is
present in many Hox genes and in hundreds of other
chromosomal sites [130]. Furthermore, the recruit-
ment of a transcriptional regulator may affect a
variety of important biological processes, including
DNA replication, morphogenesis, cell proliferation,
growth and differentiation. However, the majority of
domesticated proteins are incompletely character-
ized, and only hypothesized to function as transcrip-
tion factors. An example for another gene regulatory
mechanism is the Jerky protein that has emerged from
a Pogo transposase, and is conserved in mammals.
Jerky binds a large set of mRNAs and may regulate
the availability of mRNAs to the translational machi-
nery in neurons [93]. Moreover, Jerky-deficient mice
develop epileptic seizures showing that this protein
plays an important cellular role [92].

Chromatin-associated factors
Another prominent role played by domesticated
proteins is the regulation of chromatin structure. The
best-characterized proteins are the CENP-B proteins,
BEAF-32 (described in �Evolutionary diversity in
domestication events� above) and HIM-17. In C.
elegans, HIM-17 is required for initiation of meiotic
recombination, chromosome segregation and chiasma
formation [131].

Apoptosis-related functions
Three domesticated proteins with apoptosis-related
functions have been characterized. THAP0 (DAP4/
p52rIPK) is involved in interferon g-induced apopto-
sis in HeLa cells, and was identified as an activator of
the interferon-induced protein kinase PKR, an im-
portant mediator of stress-induced apoptosis [132,
133]. The THAP1 protein is a nuclear proapoptotic
factor that potentiates tumor necrosis factor a-in-
duced apoptosis [134]. This protein is hypothesized to
recruit the Par-4 protein (prostate-apoptosis-re-
sponse-4) to specific promoters to stimulate or inhibit
transcriptional activation of genes involved in apop-
tosis. Finally, the E93 protein is known to be a
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regulator of steroid-triggered programmed cell death
during Drosophila development by playing an impor-
tant role in activation of autophagic cell death [88,
135].

Cell-cycle control
Members of the THAP family of DBD have been
shown to be involved in cell-cycle regulation. In C.
elegans, the LIN-36 and LIN-15B proteins have been
found to act as inhibitors of the G1/S transition [136].
The THAP-E2F6 fusion gene in fish species functions
as a repressor of E2F-dependent transition during S
phase that is critical for distinguishing G1/S and G2/M
transcription during the cell cycle [137]. In human, the
proapoptotic protein THAP1 was recently shown to
be a regulator of endothelial cell proliferation and G1/
S cell-cycle progression, which modulates expression
of pRb (retinoblastoma)/E2F-dependent target genes
including RRM1 that is essential for S-phase DNA
synthesis [138].

Capacity to mediate transposition
Domesticated genes evolved from components of
active, mobile molecular parasites. In light of this
consideration, it appears important to investigate
whether transposase-related proteins could mobilize
transposons in trans or act as transpositional regula-
tors, which could affect host genome integrity. The
evolutionary process of domestication is often accom-
panied by the modification of the [D, D, D/E] catalytic
triad that is important for transposase activity. This
change may not necessarily lead to the loss of trans-
posase function, but suggests a modification of trans-
posase activity that better suits the gain of a new host
function. Some proteins have maintained a perfect [D,
D, D/E] catalytic triad of amino acid residues such as
Buster that was derived from a hAT transposon or
HARBI1 [2, 100]. Nevertheless, the majority of those
transposon-derived proteins that have been tested in
transposition reaction were found defective. For
example, the primate-specific SETMAR has pre-
served a specific DNA-binding ability of its ancestral
transposase, but is defective in the DNA cleavage
reaction that generates the 3�-hydroxyl group at the
end of the transposon [53, 54]. However, the protein is
fully active when supplied with precleaved transposon
ends in vitro, suggesting that this protein could
potentially mobilize Hsmar1 transposons in the
human genome [53]. Similar, the zebrafish ortholog
of HARBI1 that emerged from a Harbinger trans-
posase is deficient both in mediating transposition of
Harbinger3_DR transposons (whose transposase is
phylogenetically the closest to HARBI1) and in
regulating transposition by the cognate transposase
[9]. Kobuta, a domesticated protein derived from a

piggyBac transposase in the Xenopus genome, was
found inactive in Uribo-type piggyBac transposition
[139]. Both the domesticated Kobuta protein and
Uribo transposons coexist in the same genome.
The only transposon-derived elements shown to have
retained the capacity to achieve transposition are the
RAG1 protein together with its cis-regulatory RSS
sequences, both probably evolved from a Transib
transposon [35–38]. However, even though RAG-
mediated transposition can be observed in cell-free
reactions [32–34], transposition is an extremely rare
event in vivo [36–38].

Roles to protect against transposon invasion
Given the potential of TEs to invade the host genome
and cause detrimental effects, it is likely that host
species have evolved different mechanisms to sup-
press or attenuate their activity. DNA transposons can
become silenced via RNA interference (RNAi), a
gene-silencing mechanism in which dsRNA triggers
sequence-specific RNA degradation. This mechanism
takes place in C. elegans to silence Tc1 transposition in
the germline [140]. The authors have also shown that
this silencing machinery can also suppress transposi-
tion of various unrelated transposons such as Tc3, Tc5,
and Tc7. Silencing of TEs can also involve epigenetic
modifications through post-translational modifica-
tions of histone tails and chromatin remodeling
(reviewed in [141]). Transpositional activity can also
be limited or repressed by the transposon itself via the
production of a transpositional repressor; a good
example for this is the P element repressor that is
expressed in somatic tissues of Drosophila [106].
Second, overexpression of the transposase can reduce
transposition activity via an overproduction-inhibi-
tion mechanism [142]. Finally, the production of a
mutated transposase can antagonize the activity of the
wild-type transposase through heterodimerization
and dominant negative complementation (DNC)
[142].
Even though transposon-derived proteins likely per-
form cellular functions that are not related to trans-
poson regulation, several studies raise the question
whether domesticated proteins could originally have
been recruited as regulators or repressors of trans-
position by different processes including RNAi,
epigenetic modifications or DNC. For example, it
has been proposed that SETMAR could regulate
Hsmar1 transposase expression in human cells [54].
Similar, it has been proposed that the PGBD3 trans-
posase was originally domesticated to repress the
transposition of piggyBac and the associated non-
autonomous element MER85 [59]. Recently, DNA
transposon-derived proteins have been shown to
silence another class of TEs in Schizosaccharomyces
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pombe [125]. The Abp1 and Cbh1 proteins, which
originated from a Pogo transposase, were initially
known to act in centromeric heterochromatin forma-
tion and chromosome segregation in yeast [122, 123].
Cam et al. [125] have proposed that these two proteins
have been co-opted by the host to control retro-
element mobility. Abp1 may recruit Cbh2 and Cbh1 to
Tf2 retrotransposon long terminal repeats (LTRs) as
well as LTR-associated genes. Abp1 negatively regu-
lates Tf2 expression by directly recruiting HDACs to
Tf2 and represses several genes through nearby LTRs
(reviewed in [143]).

Concluding remarks and future directions

The numerous examples of transposon-derived genes
detailed above provide evidence that TEs have the
capacity to profoundly influence genome function.
Molecular domestication has led to the emergence of
new host genes that display important cellular func-
tions including transcriptional regulation, chromatin-
based control of the cell cycle, cell proliferation,
apoptosis and chromatin structure. Despite the grow-
ing list of these genes, only few have been functionally
characterized. Future investigations into the mecha-
nisms and evolution of TEs will undoubtedly facilitate
the discovery of new domesticated genes and their
functional characterization. Due to the conservation
of functional domain(s), some domesticated genes
may have preserved some specific activities of the
ancestral transposase. Thus, their biological roles can
potentially be elucidated based on mechanistic sim-
ilarities to bona fide transposition reactions. More-
over, in one recent report, three domesticated genes
that exert crucial biological roles in vivo were also
found to be involved in cellular mechanisms for
silencing transposon activity [125]. Regulation of TE
activity remains one of the most interesting aspects in
current TE research, and we predict that other
examples of domestication of transposon-encoded
proteins for transposition control will be uncovered.
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