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DNA Transposons: Nature and Applications in Genomics
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Abstract: Repeated DNA makes up a large fraction of a typical mammalian genome, and some repetitive elements are
able to move within the genome (transposons and retrotransposons). DNA transposons move from one genomic location
to another by a cut-and-paste mechanism. They are powerful forces of genetic change and have played a significant role in
the evolution of many genomes. As genetic tools, DNA transposons can be used to introduce a piece of foreign DNA into
a genome. Indeed, they have been used for transgenesis and insertional mutagenesis in different organisms, since these
elements are not generally dependent on host factors to mediate their mobility. Thus, DNA transposons are useful tools to
analyze the regulatory genome, study embryonic development, identify genes and pathways implicated in disease or
pathogenesis of pathogens, and even contribute to gene therapy. In this review, we will describe the nature of these ele-
ments and discuss recent advances in this field of research, as well as our evolving knowledge of the DNA transposons

most widely used in these studies.
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INTRODUCTION

Eukaryotic genomes contain an abundance of repeated
DNA, and some repeated sequences are mobile. Transpos-
able elements (TEs) are defined as DNA sequences that are
able to move from one location to another in the genome.
TEs have been identified in all organisms, prokaryotic and
eukaryotic, and can occupy a high proportion of a species’
genome. For example, transposable elements comprise ap-
proximately 10% of several fish species, 12 % of the C. ele-
gans genome [1, 2], 37% of the mouse genome [3], 45% of
the human genome [4], and up to >80% of the genome of
some plants like maize [5]. From bacteria to humans, trans-
posable elements have accumulated over time and continue
to shape genomes through their mobilization.

The mobilization of TEs is termed transposition or retro-
transposition, depending on the nature of the intermediate
used for mobilization. There are several ways in which the
activity of TEs can positively and negatively impact a ge-
nome; for example, TE mobilization can promote gene inac-
tivation, modulate gene expression or induce illegitimate
recombination. Thus, TEs have played a significant role in
genome evolution. However, from a strictly theoretical point
of view, TEs can be considered as selfish DNA or junk
DNA, and the existence of these elements in a genome repre-
sents the fight between selfish DNA (to be perpetuated) and
the host (to curtail their spread and its consequences).
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As TEs make up a large percentage of genome volume, it
is hypothesized that they have participated in changes of
genome size during speciation and evolution, as reported in
plants [6], Drosophila or primates [7-9]. The trigger(s) for
TE-induced genome size increases is not clearly known, al-
though it is thought that stress could be implicated in the
amplification of TEs [10]. TEs are able to produce various
genetic alterations upon insertion as a consequence of the
transposition process (insertions, excisions, duplications or
translocations in the site of integration). For example, DNA
transposons can inactivate or alter the expression of genes by
insertion within introns, exons or regulatory regions [11-15].
In addition, TEs can participate in the reorganization of a
genome by the mobilization of non-transposon DNA [16-18]
or by acting as recombination substrates. This recombination
would occur by homology between two sequences of a
transposon located in the same or different chromosomes,
which could be the origin for several types of chromosome
alterations [19]. Indeed, TEs can participate in the loss of
genomic DNA by internal deletions [20] or other mecha-
nisms [21, 22].

The reduction in fitness suffered by the host due to trans-
position ultimately affects the transposon, since host survival
is critical to perpetuation of the transposon. Therefore,
strategies have been developed by host and transposable
elements to minimize the deleterious impact of transposition,
and to reach equilibrium. For example, some transposons
tend to insert in nonessential regions in the genome, such as
heterochromatic regions [23-26], where insertions will likely
have a minimal deleterious impact. In addition, they might
be active in the germ line or embryonic stage [27-29], where
most deleterious mutations can be selected against during
fecundation or development, allowing only non-deleterious
or mildly deleterious insertions to pass to successive genera-
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tions. New insertions may also occur within an existing ge-
nomic insertion to generate an inactive transposon, or can
undergo self-regulation by overproduction-inhibition (see
below). On the other hand, host organisms have developed
different mechanisms of defense against high rates of trans-
poson activity, including DNA-methylation to reduce TE
expression [30-33], several RNA interference mediated
mechanisms [34] mainly in the germ line [35, 36], or through
the inactivation of transposon activity by the action of spe-
cific proteins [37-39].

In some cases, transposable elements have been “domes-
ticated” by the host to perform a specific function in the cell
[40]. A well-known example are RAG proteins, which par-
ticipate in V(D)J recombination during antibody class
switching, and exhibit a high similarity to DNA transposons,
from which these proteins appear be derived [41-45]. An-
other example is the centromeric protein CENP-B, which
seems to have originated from the pogo-like transposon [46].
The analogous human mariner Himarl element has been
incorporated into the SETMAR gene, which consists of the
histone H3 methylase gene and the Himarl transposase do-
main. This gene is involved in the non-homologous end join-
ing pathway of DNA repair, and has been shown to confer
resistance to ionizing radiation [47]. From a genome wide
view, it has been estimated that ~25% of human promoter
regions and ~4% of human exons contain sequences derived
from TEs [48, 49]. Thus, we are likely underestimating the
rate of domestication events in mammalian genomes.

A type of TE, RNA transposons (Class I), function via
reverse transcription of an RNA intermediate (replicative
mechanism) and can be further subdivided in two main
groups depending on the presence of Long Terminal Repeats
(LTR) flanking the retroelement main body (Fig. 1). LTR
retrotransposons are similar in structure and life cycle to
retroviruses, and their biology has been recently reviewed
[50]. Additionally, the biology and impact of non-LTR retro-
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transposons in mammalian genomes has been reviewed ex-
tensively (see [51], for a recent review) as well as their po-
tential use as mutagens in genomics [52]. Thus, no Class |
TEs will be reviewed in this manuscript, although they pos-
ses some unique characteristics that may be very useful in
genomics studies.

DNA transposons (Class 11) generally move by a cut-and-
paste mechanism in which the transposon is excised from
one location and reintegrated elsewhere. Most DNA trans-
posons move through a non-replicative mechanism, although
there are exceptions (see below). DNA transposons consist
of a transposase gene that is flanked by two Terminal In-
verted Repeats (TIRs) (Fig. 1). The transposase recognizes
these TIRs to perform the excision of the transposon DNA
body, which is inserted into a new genomic location (see
below for further details). Upon insertion, target site DNA is
duplicated, resulting in Target Site Duplications (TSDs),
which represent a unique hallmark for each DNA trans-
poson. DNA transposons are classified into different families
depending on their sequence, TIRs, and/or TSDs. The fami-
lies in Subclass | are: Tcl/mariner, PIF/Harbinger, hAT,
Mutator, Merlin, Transib, P, piggyBac and CACTA. Helitron
and Maverick transposons belong to a different subclass
(Subclass 1), since they are replicated and do not perform
double-strand DNA breaks during their insertion (see be-
low).

Within both classes of TEs (Class | and Il) we can find
non-autonomous elements (i.e., do not encode proteins re-
quired for their mobilization), which are presumably de-
pendent on autonomous transposons for mobility. As an ex-
ample, Miniature Inverted-repeat Transposable Elements
(MITES) are short (80-500 bp) DNA transposon-like ele-
ments present in large numbers in many eukaryotes, particu-
larly plant species [53, 54], and occasionally in bacteria [55,
56]. Although they have TIRs and are flanked by TSDs, lack
transposase coding potential and are thus presumably de-

Class I:
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Fig. (1). Classes of Transposable Elements (TEs). A Class | element (clade LINE-1) consist of a 5’-UTR with internal promoter activity, and
two Open Reading Frames (ORFs). ORF1 encodes a nucleic acid binding protein, and ORF2 encodes a protein with Endonuclease (EN) and
Reverse Transcriptase (RT) activity, lacks Long Terminal Repeats (LTR), and ends in a poly(A) tail (reviewed in [51]). Class Il elements
consist of a transposase gene flanked by Terminal Inverted Repeats (TIRS).
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pendent on autonomous DNA transposons for their mobiliza-
tion.

In the following sections, we will describe and review
several DNA transposon families, from their nature to their
applications as genomic tools.

Superfamily Tc1l/mariner

The elements from the superfamily Tcl/mariner are
probably the most widely distributed family of TEs in nature,
represented in such diverse taxa as rotifers, fungi, plants, fish
and mammals [57-59]. Despite this fact, the vast majority
harbor multiple inactivating mutations and only ten naturally
occurring elements are known to be active: Tcl and Tc3
from C. elegans [60, 61], Minos from Drosophila hydei [62],
Mosl from D. mauritiana [63, 64], Famarl from European
Earwig (Forficula auricularia) [65], Osmar5 from rice
(Oryza sativa) [66], Fotl and Impala from the fungus
Fusarium oxysporum [67, 68], 1SY100 isolated in bacteria
[69], and Mboumar-9 from the ant Messor bouvieri [70]. In
addition, four well-characterized active Tcl/mariner trans-
posons have been reconstructed from inactive elements:
Sleeping Beauty from salmonid-type fishes [71], Himarl
from the Horn Fly (Hematobia irritans) [72], Frog Prince
from the frog Rana pipiens [73] and Hsmarl, incorporated
into the SETMAR gene, from H. sapiens [74-76].

Tcl/mariner elements are between 1 and 5 kb in length,
and encode a transposase of 282 to 345 amino acids which is
flanked by two TIRs that can vary between 17 to 1100 bp in
length [58, 77]. The transposase proteins from different
Tcl/mariner elements are not very similar in sequence, but
all of them harbor two characteristic domains: an amino-
terminal region containing the helix-turn-helix (HTH) motif
necessary for recognition and binding of TIRs, and a car-
boxy-terminal domain harboring the catalytic motif consti-
tuted by three amino acids, DDD in the case of mariner-like
elements, or DDE in the case of Tcl-like elements (Fig. 2).
The first and second aspartate residues are separated by 92
amino acids, whereas the distance between the second and
third residue is variable, between 31 and 39 amino acids in
the different families from the superfamily Tcl/mariner [78].
Other motifs harbored by the transposase are the Nuclear
Localization Signal (NLS), indispensable for transposase
transport through the nuclear membrane [78], and the
WVPHEL linker motif, which might participate in the inter-
action between transposase monomers [78].

Tcl/mariner elements can be further sub-classified in
seven different groups or families: maT elements (DD37D),
isolated from Bombyx mori, C. elegans and C. briggsae [79];
DD37E elements isolated from mosquito and rotifers [59,
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80]; Tcl-like elements (DD34E) isolated from insects, nema-
todes and vertebrates [71, 81-84]; Gambol elements
(DD34E), phylogenetically distinct from the group above
and isolated from mosquito [85]; DD39D elements isolated
only in plants [86]; and mariner-like elements (DD34D).
The mariner family is probably the most widely distributed
family of transposons in nature, represented in such diverse
taxa as fungi, ciliates, rotifers, insects, nematodes, plants,
fish and mammals [57-59]. The phylogenetic analysis of
theses elements define at least five clear sub-families: mau-
ritiana, cecropia, mellifer/capitata, irritans and ele-
gans/briggsae.

Transposition Mechanism

The mobilization of Tcl/mariner elements is a non-
replicative transposition process that operates by a cut-and-
paste mechanism (Figs. 3 and 4) and consists of the follow-
ing steps:

1. Two transposase molecules recognize the TIRs and
bind to them via their HTH motifs, forming the Sin-
gle-End Complex (SEC) (Fig. 3).

2. Both transposases cleave the 5’-ends of the TIRs by
hydrolysis of the phosphodiester bond to liberate the
non-transferred strands (5°-P extremes), which do not
participate further in the transposition process (Fig.
4).

3. The two transposase molecules interact and bring
together the transposon ends to form the Paired-End
Complex (PEC) generating a transposase dimer (Fig.
3). At this point, the phosphodiester bond undergoes a
hydrolysis in the 3’-ends to produce the transferred
strands (3’-OH extremes) (Fig. 4).

4, The PEC binds to target DNA forming the Target
Capture Complex, at which insertion takes place (Fig.
3). The target in Tcl/mariner elements is any TA
dinucleotide. Therefore, the transposase selects a ran-
dom TA where the transposon insertion will be car-
ried out. The 5’-end in the target DNA undergoes a
nucleophilic attack from the transposon transferred
strands 3’-OH. The gaps in the transposon 5’-ends
are filled by the host, generating canonical TSDs
flanking the new transposon insertion (Fig. 4).

None of the transposition steps described above require
energy (in the form of the cofactor ATP), since the necessary
energy to form the phosphodiester bonds in the integration
process comes from the cleavage reaction of target DNA
(exergonic reaction) [87-89]. Indeed, the catalytic motif
DDE/D in the transposase carries out both excision and in-

Tc1/mariner transposase
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1 D D 34 E/D

DNA-binding domain
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Fig. (2). Structure of Tcl/mariner transposase. Schematic representation of the Tcl/mariner transposase, which contains a DNA-binding
domain with the Helix-Turn-Helix motif (HTH), a Nuclear Localization Signal (NLS) and a catalytic domain with the DDE or DDD motif.
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Fig. (3). Transposition steps. Representation of the transposition
mechanism performed by the transposase proposed for Tcl/mariner
elements. The process begins with the binding of two transposase
monomers to the TIRs, forming the Single-End Complex. Then, the
transposon ends are brought together by both transposase mono-
mers that form a dimer, generating the Paired-End Complex, and
transposon excision takes places. Finally, the transposase dimer
recognises a TA dinucleotide, joins it, and forms the Target Cap-
ture Complex to carry out the insertion.
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Fig. (4). Cut and paste reaction. Representation of cut-and-paste
reaction in which the transposon is excised from one site and rein-
tegrated at a TA target dinucleotide. Upon insertion, the TA
dinucleotide is duplicated generating the Target Site Duplication
(TSD). Then, the host will repair the excision site. If this repair is
carried out by nonhomologous end-joining (NHEJ), a transposon
footprint is generated.

sertion reactions during transposition. However, the DDE/D
motif needs to interact with a divalent cation to perform the
transposition reaction. Although the physiological ion is
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Mg 2+, the transposase can also use the cofactor Mn 2+,
which seems to cause a relaxation in target site specificity.
This has been seen for many transposition systems and is
supported by experimental evidence that indicates that
Mn “* permits more flexzible DNA strand positioning in the
active site than does Mg “* [74, 90].

Consistent with these data, transposition of Tc1l/mariner
elerggnts requires no proteins or cofactors other than
Mg “" and the transposase itself. Indeed, elements from this
superfamily are able to perform transposition in vitro, when
provided thzelrright szqrnd salt conditions, a donor and target
DNA, Mg“ or Mn"", and an active transposase protein
[70, 72, 91]. Therefore, this fact confirms that Tc1l/mariner
elements are not dependent on host factors to mediate their
mobility, making them excellent tools for genomic manipu-
lation in non-native hosts (see below). However, in some
circumstances, it has been reported that the transposition
efficiency can be affected by the cellular environment [92].

To complete a round of transposition, the DNA double
strand breaks (DSBs) left behind by the Tcl/mariner trans-
posons upon excision must be repaired by the host cellular
machinery. One possible pathway of DSB repair is homolo-
gous recombination (HR), either using the homologous
chromosome (or the sister chromatid) or a homologous se-
guence on the same chromosome as a template. In the first
case, the result is the regeneration of a new copy of the
transposon [93]. In the second case, repair occurs by single-
strand annealing, generating a deletion in the DNA flanking
the excision site [93]. Another possibility is to repair the
DSBs through the Non-Homologous End-Joining (NHEJ)
DNA repair pathway, which leads to the generation of a
transposon footprint flanked by the TA duplication [94, 95].
The choice of DSB repair is likely dictated by the host, as
different organisms are more prone to repair DSBs lesions
through either HR or NHEJ.

Regulation and Control of Transposition

Transposition is potentially deleterious to the host as well
as the transposon, whose replication and propagation depend
on the survival of their host. Thus, the development of ways
to decrease the impact of transposition on host fitness is
beneficial for both host and transposon. Some of the known
strategies for transposon control are the following:

Overproduction Inhibition (OPI)

The transposase itself can act as a transposition inhibitor,
as when it exceeds a threshold concentration, transposon
activity is decreased. This fact has been observed in
Tcl/mariner elements [96, 97], although the nature of this
mechanism is not clear. It has been suggested that transpo-
sase monomers could form inactive or less active oligomers,
thus decreasing the activity of the transposition process [96,
97]. When the copy number of these elements increases in
the host genome, the production of transposase is also in-
creased, and through OPI the mobilization of the transposon
is reduced.

Vertical Inactivation

Although Tcl/mariner elements are widespread in na-
ture, the vast majority harbor multiple inactivating mutations
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and only a few naturally occurring elements are known to be
active (see above). It has been suggested that this is the result
of selective pressure to reduce damage to the host genome
[98]. In addition, inactive elements could produce inactive
transposases that would impede the transposition of active
elements, by OPI or by competition with the active transpo-
sases for TIRs. As two functional transposase molecules are
necessary to perform transposition, inactive transposase pro-
teins act as dominant negative inhibitors of transposition [96,
99]. On the other hand, inactive elements with active TIRs
can recruit active transposase to mediate their mobilization.
This phenomenon could explain the replacement of active
elements by inactive elements, which seems to have occurred
in many species during the course of evolution [53].

Other Mechanisms

As mentioned above, the host can develop different
mechanisms to decrease the activity of transposons. One way
used by the host to silence a Tcl/mariner element is DNA
methylation, thereby preventing its transcription [100], or
using post-transcriptional silencing mechanisms such as
RNA interference [101, 102].

Life Cycle and Horizontal Transfer

TEs are parasitic DNAs whose only function is to repli-
cate and propagate themselves. When a transposon invades a
new host, it must colonize the germline genome to persist in
the population. Then, it will increase in copy number [103],
and persists in the genome until, by vertical inactivation, all
transposon copies become inactive and remain only as fos-
sils. These inactive elements may even disappear by genetic
drift [98]. To escape this cycle, a transposon must invade a
new species, or extends to multiple species. In other words,
to ensure its survival, the transposon must pass to a new ge-
nome by Horizontal Transfer, and begin its life cycle again
(Fig. 5).

As discussed previously, Tcl/mariner elements do not
require specific factors from the host to perform the transpo-
sition process, and therefore are not restricted to one specific
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host. Indeed, many cases of horizontal transfer between dif-
ferent hosts have been proposed for these elements. Exam-
ples include transfer between marine crustaceans [104], be-
tween insects from different orders [105, 106], and even be-
tween organisms from different phyla, as divergent as human
and a parasitic nematode [107]. However, it is not known
how these elements are able to invade new genomes. Poten-
tial vectors that might be implicated in this horizontal trans-
fer are external parasites, such as mites, which seems to be
the vehicle for the horizontal transfer of P elements in Dro-
sophila [108], or internal parasites such as viruses [103].

Tcl/mariner Transposons as Genetics Tools

Sleeping Beauty (SB) is the Tcl/mariner element most
widely used as a genetic tool. It is a synthetic transposable
element reconstructed from defective copies of eight salmon
species by reverse engineering [83]. SB is active in species
ranging from protozoa to vertebrates, including frogs, fish,
mice, rats or humans [109]. The hyperactive version of SB,
SB100X, exhibits approximately a 100-fold increase in effi-
ciency when compared to the first generation of SB transpo-
sase, facilitating robust stable gene transfer in vertebrates
[110]. Therefore, SB represents a promising system for gene
transfer in vertebrates (somatic and germ line), embryonic
stem cells, and many other cultured cell lines [110, 111].

The SB transposon system, similar to other DNA trans-
posons, consists of two components (Fig. 6): the SB trans-
poson vector, which contains the gene to be mobilized
flanked by SB TIRs, and the SB transposase expression
vector, which is the transposase mRNA or an expression
plasmid. The SB transposase expression vector contains the
SB transposase open reading frame (ORF) between a strong
promoter (ubiquitous or cell-type restricted) and a poly(A)
signal. To achieve transposition of SB, the two components
of the system are introduced in the host (transfection in cell
cultures, injection into fertilized eggs, injection in live ani-
mals, etc.) where insertion takes places. The SB system has
been tested in several fish species, the frog Xenopus, rat,
mouse and in cultured human cell lines [110, 112-114].

/|\

| Germline invasién |

Increase in copy number |

Horizontal Transfer
of Transposon

| Stochastic loss |

Life Cycle
in host

Spread in
population

Horizontal Transfer
to other species

3

| Vertical Inactivation l

Functional diversification
by mutation

to other species

Horizontal Transfer

Fig. (5). Life cycle of Tc1l/mariner. Shown is the evolutionary life cycle proposed for Tcl/mariner elements. The figure has been adapted

from Miskey et al., [92].
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Fig. (6). DNA-Transposon System. The Transposon Vector, consist-
ing of the DNA of interest flanked by transposon TIRs, and the
Transposase Expression Vector, harbouring the transposase gene
placed downstream of a strong promoter.

In humans, the SB transposon system was initially used
in human T cells, resulting in stable gene transfer and ex-
pression of the reporter gene [111]. The novel hyperactive
SB100X has been tested in primary human CD34-positive
hematopoietic stem cells, resulting in stable gene expression
[110]. Furthermore, transgenic mice have been generated by
co-injecting the SB transposon vector with the SB transpo-
sase mMRNA into fertilized oocytes, some of which gave rise
to transgenic offspring [110]. Additionally, SB has also been
used in functional genetic screens in mammals for the identi-
fication of genes implicated in diseases such as cancer. SB is
used to induce insertional mutagenesis, and candidate genes
identified through the analysis of insertion sites in tumors vs
control tissues (in gain of function studies [115, 116], re-
viewed in [117]).

Although Sleeping Beauty is currently the most promis-
ing gene transfer system for vertebrate cells within the
Tcl/mariner superfamily, other transposons from this family
have been used as genomic tools as well. Frog Prince was
reconstructed from the Northern Leopard frog, Rana pipiens,
and is characterized by the presence of 214 bp-long TIRs
flanking the transposase gene (which harbors a DD34E cata-
lytic domain, see above). Frog Prince shows preference for
intronic insertions, and is very efficient in gene trapping ex-
periments conducted in tissue culture cells [73]. Further-
more, Frog Prince has been tested in zebrafish embryos and
other cultured vertebrate cell lines [73]. Similarly, the trans-
poson Minos, isolated from Drosophila hydei, is 1.8 kb in
length, has 254 bp-long TIRs and a two-exon transposase
gene (60 bp-long intron) with the catalytic domain DD34D.
This transposon has preference for genes, inserting mostly
into introns, and has been tested in cultured human cells
[118], mouse tissues [119] and the sea squirt Ciona intesti-
nalis [120]. Another example is Himarl (also with a DD34D
transposase), reconstructed from Haematobia irritans, which
has been used in screens to identify genes implicated in bac-
terial pathogenicity by insertional mutagenesis [121-123],
and in cultured human cells [124]. In addition, there are
other Tcl/mariner transposons that are active, but have not
been tested in cells yet; for example, Mboumar-9, a new
naturally active mariner transposon from ant, which shows
robust efficiency of transposition in vitro [70].
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Superfamily piggyBac

piggyBac is a DNA transposon identified in the genome
of the Cabbage Looper moth (Trichoplusia ni). Much of its
biology is shared with Tcl/mariner elements, including
transposition mechanism, control, and life cycle. Related
piggyBac transposable elements have been found in plants,
fungi and animals, including humans [125], although they
are probably inactive due to mutation. piggyBac is 2.4 kb in
length, contains 13 bp TIRs, and additional 19 bp internal
inverted repeats located asymmetrically with respect to the
ends [126]. Its target insertion site is TTAA and it harbors a
single ORF (1.8 kb) that encodes a functional transposase,
although the DNA-binding domain and catalytic core have
not yet been defined. The transposase from piggyBac has
been optimized to generate a more active transposition sys-
tem [127]. This transposon has been used in such diverse
organisms as protozoa, planaria, insects and mammals, in-
cluding human cells [128-132].

piggyBac represents a versatile gene-trap vector for
transgenesis in insects, being the most widely used trans-
poson system for germline transformation in these organisms
(dipteran, hymenopteran, coleopteran and lepidopteran spe-
cies). It is an important tool to generate modified insects
carrying lethality or sterility genes by transgenesis for plague
control and thus pest control [133-135]. In mammals, the
piggyBac system has been used for different applications,
such as germline or somatic mutagenesis and gene therapy. It
has been used to mediate gene transfer in human cells [132]
and recently to generate transgene-free induced pluripotent
(iPS) stem cells from mouse cells [131].

Superfamily hAT

DNA transposons from the superfamily hAT
(hobo/Ac/Tam3) have been isolated in eukaryotes, are 2.5 to
5 kb in length, and encode a transposase harboring a catalytic
DDE motif and a DNA binding domain BED zinc finger
(named after Drosophila proteins DEAF and DREF) [136,
137]. In hobo/Ac/Tam3 transposons, the transposase gene is
flanked by TIRs of 5 to 27 bp in length, and the TSDs of
these elements consist of heterogenic sequences of 8 bp in
length. A member from this family widely used as a genetic
tool is Tol2, which was the first active autonomous trans-
poson isolated in vertebrate species [138, 139]. This element
was identified in Medaka fish (Oryzias latipes) where it had
generated a mutation in the tyrosinase gene, resulting in al-
bino mutant fish. Tol2 is 4.7 kb in length and consists of two
TIRs of variable length flanking the transposase gene which
is made up of four exons [140]. It has also been engineered
for improved efficiency to facilitate its use as a tool for en-
hancer trap screens in vertebrates to identify genes impli-
cated in different functions and pathways [141-143]. Tol2
can have a cargo capacity of more than 10 kb [144, 145], and
its integration preference is not clear, although similarly to
other hAT elements, it could have preference for 5’ regions
of genes [146]. This system has been used in different verte-
brates such as zebrafish and Xenopus, chicken embryos, and
cultured vertebrate cells, including human stem cells [141,
147-149].
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Transposon System Characteristics

In the following section, we will discuss the most useful
characteristics of each DNA transposon as well as their
known limitations.

There are many ways to manipulate an organism’s ge-
nome (somatic or germline), and viral delivery systems ap-
plied in gene therapy have several disadvantages when com-
pared to transposon vectors. For example, viral vectors may
induce a destructive immune response [150, 151], their pro-
duction is difficult and expensive [152, 153], they prefer to
integrate within 5’UTR regions of genes which may induce
oncogenesis [150, 154, 155], and they have a relatively lim-
ited cargo capacity (less than 8 kb in lentivirus, retrovirus or
adeno-associated viral vectors) [150], among others. In con-
trast, transposon systems are inexpensive and easier to pu-
rify, and are non-inmunogenic [156-158]. In addition, they
permit elimination of the transgene and, in some cases such
as piggyBac, can be excised without leaving notable genetic
alterations [131]. Unfortunately, relative to viral systems,
DNA transposons are less efficient for gene transfer. How-
ever, the efficiencies of newly developed transposon systems
such as piggyBac and SB100X are comparable to those of
viruses [110, 127]. In addition, with a DNA transposon sys-
tem as SB, almost 70% of the integrations occur in inter-
genic regions; they do not exhibit targeting of the 5’ region
of genes as occurs with viruses [159, 160].

Among the characteristics that distinguish DNA trans-
poson systems as biotechnical tools, we highlight:

Capacity for Cargo

Transposon insertion efficiency can vary depending on
the size of the gene to be transferred. Tcl/mariner elements

Gene
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are notably affected by this factor, since an increase in cargo
size decreases the efficiency of transposition in cultured cells
[161]. In contrast, piggyBac or Tol2 transposons are more
tolerant in their capacity for cargo. In piggyBac, when the
cargo approaches 9 kb the efficiency decreases in pronu-
cleus-injected mice [162], and in Tol2 the efficiency begins
to drop off only when the cargo is higher than 10 kb [144].
To overcome this limitation in the SB system, a “sandwich
SB vector” has been designed, which consists of two com-
plete SB transposons flanking the gene to be mobilized, in-
creasing the number of SB binding sites and thereby improv-
ing the efficiency of transposition for transgenes longer than
10 kb [163].

Integration Site Preference

Integration site preference is an important consideration
when choosing a transposon system for a given application.
For example, piggyBac has preference for transcription units,
with insertions primarily targeting introns [132]. On the
other hand, SB prefers heterochromatin over actively tran-
scribed genes [26, 159], and when it does insert into genes, it
prefers intronic sequences. Finally, superfamily hAT mem-
bers like Tol2 seem prone to insert within 5’ regions of genes
[146]. The integration site preference is likely dictated by the
transposase protein, and SB as well as other Tcl/mariner
elements seem to have structural preferences with regards to
their integration site [164, 165]. On the other hand, piggyBac
inserts in its target TTAA without any other apparent re-
quirements [166, 167]. Thus, depending on the study, both
SB and piggyBac can be useful systems. In the case of
mutagenesis screens, it is preferable for the transposon to
insert into genes, whereas gene therapy protocols require a
system with less affinity for insertion within genes and, in
general, low-risk chromosomal regions. However, integra-

Gene trap transposon
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Fig. (7). Gene Trap Transposons. A gene-trap designed to disrupt a gene, consisting of the transposon TIRs flanking a strong splice acceptor
(SA) site followed by a reporter gene and a strong poly(A) signal. Therefore, if this transposon inserts into an intron of a gene (introns in
grey; exons in blue), the inserted reporter will provoke a mis-splicing process and as a result the trapped gene is inactivated.
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tion within heterochromatin (as observed for SB, [26]) has
the disadvantage of typically producing low levels of trans-
gene expression [168].

In functional genomic studies, it is often desirable to in-
active genes by insertional mutagenesis by transposons. If
the transposon insertion takes place within an intron, splicing
would likely render such an insertion irrelevant. To avoid
this situation, a splice acceptor followed by the reporter gene
and a poly(A) tail may be included in the transposon. In this
way, splicing is altered, leading to the fusion of the trapped
gene and reporter gene downstream (Fig. 7). Thus, the
trapped gene remains inactivated and the reporter gene is
expressed. In sum, for insertional mutagenesis studies, both
Tol2 and piggyBac are superior to SB, while for gene ther-
apy SB is theoretically more secure than either Tol2 or pig-
gyBac transposon systems.

Local Hopping

Like others Tcl/mariner elements, SB tends to insert in
the vicinity of the donor locus. This phenomenon is known
as Local Hopping and seems to be a property of the
Tcl/mariner family, as well as other DNA transposons in-
cluding P elements or Ac elements. For example, SB shows a
much larger local transposition interval (5-15 Mb) than P
elements (100 kb). Differences in the range of Local Hop-
ping have been observed for the same transposon, depending
on host species and chromosomal location of the donor site
[169-172]. In some cases, this phenomenon could be ex-
ploited to produce insertions in a limited chromosomal re-
gion. In the opposite case, when it is necessary to extend the
mutagenesis region, a solution could be to establish several
donor loci. In contrast, recent reports have indicated less
Local Hopping for piggyBac [162], although further studies
are required to truly determine its Local Hopping constrains.

Overproduction Inhibition

The Overproduction Inhibition (OPI) phenomenon, as
described previously, consists of decreasing transposition
due to high transposase concentration. This phenomenon
appears in Tcl/mariner elements and is variable depending
on the transposon from this family [96, 163], whereas in pig-
gyBac and Tol2 the OPI has not yet been described [132,
141]. In fact, this is the main limitation of the SB system.
Using piggyBac, it is also possible to use a transposase-
transposon vector, which results in a 2-fold higher activity in
human cells relative to protocols in which the transposon and
transposase plasmids are transfected separately. Therefore,
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OPI represents a disadvantage for gene transfer in
Tcl/mariner elements, but not for transposons from others
families such as piggyBac and hAT. However, the mecha-
nism responsible for OPI is not clearly understood.

The Perfect Transposon System for Genomics

DNA transposon systems represent an important alterna-
tive to viral systems for gene therapy studies, and they have
several advantageous properties that make them very promis-
ing tools for a wide variety of genomic studies (Table 1).

If we compare the characteristics of the most frequently
used DNA transposon systems, SB and piggyBac, we believe
that piggyBac has some advantages over SB, such as its high
efficiency of insertion, the lack of OPI, non-local hopping,
and a relatively high tolerance for cargo size (9-14 kb) [162]
(Table 1). In contrast, SB undergoes OPI, local hopping and
its efficiency of insertion decreases as a function of trans-
gene length. However, the new hyperactive SB version,
SB100X, seems to have a higher efficiency of insertion than
piggyBac [110], unlike previous SB versions [127]. Another
advantage of piggyBac is that it does not leave “footprint”
upon excision, unlike DNA transposons such as Tc1/mariner
elements. The “footprint” of SB is TAG(T/A)CTA, whereas
the piggyBac target site is repaired to the original sequence
[162], which allows removal of the inserted transposon leav-
ing the genome without any sequence alteration, a very im-
portant characteristic for applications in gene therapy. For
example, piggyBac has been used to generate iPS cells, and
later the reprogramming factors have been removed from the
genome of iPS cells by re-expressing the transposase [131].

Taking into consideration the virtues and disadvantages
of current DNA transposons for genomics studies, the hypo-
thetical “perfect” transposon system would be: a high-
efficiency system comparable with that of viral vectors or
higher, that does not manifest OPI, that lacks local hopping
(although in some cases this could be useful), with a high
capacity for cargo, that leaves no-footprint upon insertion,
and that induces the lowest possible level of mutations and
chromosomal rearrangements. Among some other character-
istics to consider, the preference of insertion site could be
variable depending on the goal of the study. If the purpose is
insertional mutagenesis for a screen of gene function, it
would be necessary that the transposon has a preference for
insertion into genes, as do piggyBac and likely Tol2. How-
ever, in gene therapy protocols it is essential that the inser-
tion occurs outside genes, as with SB, to avoid deleterious

Table 1. Characteristics of DNA Tranposons Used in Genomics
Transposon Origin Target Integration Site Capacity for Overproduction Local
Preference Cargo Inhibition Hopping
Sleeping Beauty Salmon species TA Intergenic regions >10 Kb, efficiency Yes High
(Superfamily Tc1l/mariner) (reconstructed) decrease with size

piggyBac Trichoplusia ni TTAA Transcription units >9 Kb Not observed Low

(Superfamily piggyBac) (introns)
Tol2 Oryzias latipes Heterogenic Probably 5’ regions >10 Kb Not observed Low

(Superfamily hAT) (Medaka fish) sequence of 8 bp of genes
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mutations or chromosomal alterations that could originate
during integration—excision events.

At present, the transposon system that encompasses more
of these characteristics is piggyBac, follow by SB. Although
Tol2 is similar to piggyBac in most aspects, the mobilization
of piggyBac seems to be more efficient [173]. SB and pig-
gyBac have been tested successfully in mammalian genomes,
including humans, to carry out transgenesis and functional
genomics studies. Therefore, by virtue of their natural char-
acteristics acquired over the course of their evolution as ge-
netic parasites or selfish DNA, DNA transposons constitute a
promising tool to perform important advances in functional
genomics studies, gene therapy approaches, and for the gen-
eration of animal models with Knock-Out in each gene con-
tained in its genome. Many of the useful characteristics of
DNA transposons have been improved, and efforts have
been made to overcome their inherent disadvantages. Further
research, however, is required to obtain a perfect transposon
system. Despite potential limitations inherent to their “free
life” in host genomes, among them the propensity to gener-
ate mutations or chromosomal rearrangements, we should
emphasize that these characteristics have been an important
catalyst for genomic variability, which ultimately represents
the raw material of evolution. Although repeated DNA and
TEs are sometimes considered junk DNA, they have and will
continue to prove useful in many biotechnical applications,
and will remain a motor for the evolution of species.
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ABBREVATIONS

DSB = Double Strand Break

HR = Homologous Recombination
HTH = Helix-Turn-Helix

LTR = Long Terminal Repeats

MITE = Miniature Inverted-repeat Transposable Element
NHEJ = Non Homologous End Joining
NLS = Nuclear Localization Signal
OPI = OverProduction Inhibition
ORF = Open Reading Frame

PEC = Paired-End Complex

SB = Sleeping Beauty

SEC = Single-End Complex

TE = Transposable Element

TIR = Terminal Inverted Repeats
TSD = Target Site Duplication
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