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Abstract. Genome sequences of many model organisms
of developmental or agricultural importance are becom-
ing available. The tremendous amount of sequence data
is fuelling the next phases of challenging research: 
annotating all genes with functional information, and 
devising new ways for the experimental manipulation 
of vertebrate genomes. Transposable elements are
known to be efficient carriers of foreign DNA into cells.
Notably, members of the Tc1/mariner and the hAT 
transposon families retain their high transpositional 
activities in species other than their hosts. Indeed, several
of these elements have been successfully used for trans-
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genesis and insertional mutagenesis, expanding our 
abilities in genome manipulations in vertebrate model 
organisms. Transposon-based genetic tools can help 
scientists to understand mechanisms of embryonic 
development and pathogenesis, and will likely contribute
to successful human gene therapy. We discuss the 
possibilities of transposon-based techniques in functional
genomics, and review the latest results achieved by the
most active DNA transposons in vertebrates. We put 
emphasis on the evolution and regulation of members of
the best-characterized and most widely used Tc1/mariner
family.
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The Tc1/mariner transposon family

Transposable elements (TEs) are discrete DNA se-
quences that possess an intrinsic capability to change
their genomic position. TEs are widespread in all organ-
isms from bacteria to humans, and form a major fraction
of eukaryotic genomes [1, 2].
TEs are distinguished whether their movement involves
reverse transcription of an RNA intermediate (retroele-
ments) or relies exclusively on DNA intermediates (DNA
transposons). The vast majority of DNA transposons use
a ‘cut-and-paste’mechanism for moving [3]. These TEs are
excised by an element-encoded transposase enzyme, and
can be reinserted in a variety of sites in the host genome. 

* Corresponding author.

Members of the Tc1/mariner family are probably the
most widespread DNA transposons in nature, represented
in ciliates, plants, fungi and animals [4]. This mono-
phyletic family is defined on the basis of transposase 
sequence homologies and a similar molecular mechanism
of transposition [5]. These transposons are generally
1.3–2.4 kb long, and encode a transposase gene flanked
by terminal inverted repeats (IRs) (fig. 1A). Tc1/mariner
elements follow the cut-and-paste mechanism of transpo-
sition without overt target preference, except that they 
always integrate into TA target dinucleotides of host 
chromosomes (fig. 1B) [4]. 
The active invertebrate Tc1/mariners were isolated from
Caenorhabditis elegans (Tc1, Tc3) and from the
Drosophila genus (Mos1, Minos). The active Himar1 
element is a majority rule consensus of cloned genomic
copies obtained from the horn fly Haematobia irritans



[6]. However, extensive search for active vertebrate 
transposons has so far failed to yield an active vertebrate
Tc1/mariner-like transposon, for reasons that are 
discussed in the next section.

Evolutionary history of Tc1/mariner transposons 
in natural hosts

Phylogenetic relationships between very closely related
Tc1/mariner elements are often inconsistent with those
of their hosts [7, 8]. For instance, the closest relatives of
a mariner subfamily in humans can be found in insects
and worms [9]. It has been suggested that ‘horizontal
transfer’ accounts for the spreading of elements across
distantly related phyla [10]. Because TEs themselves are
not infectious, it is not exactly known how they can 
invade new genomes. Potential vectors of horizontal
transmission include viruses, and external and intracellular
parasites [11, 12]. Once a transposon is transferred to a
new host, it has to colonize its germline to persist in a
population or, ultimately, in the entire species. At this ini-
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tial phase, transposons can explosively amplify themselves
[13]. However, transposable elements are not under posi-
tive selection, and thus mutations may accumulate in
them in a time-proportional manner, resulting in partially
or completely inactive transposon copies. This process is
termed ‘vertical inactivation’ [10]. In parallel, the mutated
transposase copies might become dominant-negative 
regulators of transposition. Thus, with time, the rate of
propagation slows down, and finally, due to random ge-
netic drift, transposons start to be extinct from their host
genomes. The phenomenon is known as stochastic loss
[10]. Therefore, in order to survive, transposons have to
be horizontally transferred to new germlines and start
their life cycle over again (fig. 2). DNA transposons are
believed to be horizontally transferred more often than
retroelements, possibly because the endurance of DNA
intermediates of transposition within cells offers a better
chance for hitchhiking transfer vectors [14]. Indeed, in
some retrotransposition reactions the RNA intermediate
is directly reverse transcribed into the integration site
[15], thereby offering little chance to be horizontally
transferred. 
Due to the above mechanisms, Tc1/mariner transposons
are extraordinarily widespread in nature. But the vast 
majority of these elements are defective in all eukaryotic
genomes, and no active element has been identified so far
from vertebrates. The ability of recombinant transposase
proteins to catalyze complete transposition reactions in
vitro [6, 16] implies that the broad distribution of these
elements is due to the lack of highly specific host factors
required for their transposition. However, Tc1/mariner
elements are not truly promiscuous. For example, the 
reconstructed vertebrate Sleeping Beauty (SB) and Frog

Figure 1. Structure and mechanism of transposition of Tc1/mariner
elements. (a) Schematic representation of a Tc1/mariner transpo-
son. The terminal inverted repeats (IR, black arrows) contain one or
two binding sites for the transposase (white arrows). The element
contains a single gene encoding the transposase (blue box). The N-
terminal part of the transposase contains a DNA binding domain,
followed by a nuclear localization signal (NLS). The C-terminal
part of the protein is responsible for catalysis, including the DNA
cleavage and rejoining reactions. The DDE amino acid triad is a
characteristic signature of the Tc1-like transposases; mariners have
DDD. (b) Cut and paste mechanism of transposition. The trans-
posase initiates the excision of the transposon with staggered cuts
and reintegrates it at a TA target dinucleotide. The single-stranded
gaps at the integration site as well as the double-strand DNA breaks
in the donor DNA are repaired by the host DNA repair machinery.
After repair, the target TA is duplicated at the integration site, and a
small footprint is left behind at the place of excision. 

Figure 2. Evolutionary life-cycle of Tc1/mariner elements in natural
hosts. The main events of the life cycle are depicted (for details, see
text). The cycle was proposed to describe the evolution of mariner
elements [26], but is probably also valid for the Tc1 family. Horizontal
transfer of active transposons into new species can occur before or
after functional diversification. Modified after [26] and [9].



Prince (FP) elements are active in essentially all vertebrate
classes [17, 18], but there are indications that they might
not be active outside vertebrates. Similarly, the activity of
the nematode transposons Tc1 and Tc3 and the insect
mariner elements in vertebrate species is not comparable
with transposition frequencies observed in their original
hosts [19]. Accumulating evidence indicates that certain
host factors are needed for transposition, which can set
barriers for the successful colonization of a new species
by any given element. 

Regulation of Tc1/mariner transposons

Any TE that can regulate its activity either by its intrinsic
features or by interaction with host factors can override
evolutionary factors acting towards its elimination [13].
The general presence and long-term persistence of TEs 
in genomes provoked regulatory mechanisms to evolve
both in the transposons themselves and in the host
genomes. Host-encoded regulatory mechanisms include
transcriptional and post-transcriptional silencing processes
that can downregulate factors required for transposition.
For example, RNA interference (RNAi) has been found to
be a major mechanism for transposon silencing in nema-
todes [20], and perhaps contributes to transposon regula-
tion in other animals as well. 
One of the transposon-derived regulatory mechanisms
acts when the functional (‘wild-type’) transposase is pre-
sent in the cell at a higher-than-optimal concentration. In
this case, the overall transposition activity decreases. The
phenomenon, termed overproduction inhibition (OPI),
has been described for bacterial, plant and vertebrate
transposons [21–24], and the best studied during transpo-
sition of the Mos1 and Himar1 mariner elements [25–27].
The mechanism of OPI is not clearly understood, but it
has been suggested that it acts on the post-translational
level. Given that transposases function in multimeric
complexes, the high number of available transposase
molecules can shift the equilibrium towards less active
multimers [25].
A decline in overall transposition frequency can also be
observed in the presence of missense mutations and 
truncated versions of the transposase proteins [28]. In the
case of Mos1 transposition, transposases mutated in their
catalytic domain have the most profound effect. Such
transposases are not only impaired in their abilities to 
catalyze the transposition reaction, but can also downreg-
ulate the activity of the active transposase [29, 30]. The
most likely explanation for the phenomenon is dominant-
negative complementation by inactive transposase subunits
that ‘poison’ the activity of wild-type transposase in mul-
timeric complexes [25]. Catalytically inactive transposases
might also compete with wild-type transposase in substrate
binding, thereby lowering transpositional frequencies.

Finally, transposons that no longer encode functional
transposases but still retain transposase binding sites can
function as substrates for transposition, thereby soaking
up wild-type transposase. The process called transposase
titration was first suggested for P elements [31]. These
non-autonomous transposons can move and multiply, but
they do not contribute to propagation of the transposase
gene. As a result, this process will lead to a decrease of
the ratio of autonomous to nonautonomous elements in a
genome over evolutionary time [26]. The latter two regu-
latory mechanisms imply that inactive elements can be
positively selected for their repressing activities [25], and
can explain the prevalence of many defective elements 
in the same genome. Recent data suggest the intimate 
involvement of various host factors in the regulation of
DNA transposition in vertebrates. 

Host factors in SB transposition

Structural factors in SB transposition
Dependence of the transposition process on host factors
is best studied in the case of SB, a reactivated Tc1/mariner
transposon from fish [32]. Although SB can jump in cells
of all the major vertebrate classes, the efficiency of trans-
position can significantly vary between different cell
types [17]. Even in the same organism, depending on
whether transposition occurs in somatic, germinal or 
embryonic stem cells, the frequency of transposition can
differ by up to three orders of magnitude [33]. One possi-
ble explanation for this phenomenon is differential ex-
pression of cellular factors required for transposition.
Recent results indicated that conformational properties of
the transposon and those of its genomic context have a
profound influence on the efficiency of SB transposition.
Zayed et al. (2003) found that the high-mobility group
protein HMGB1 is a host factor of SB transposition.
HMGB1 is a non-histone, chromatin-associated protein
which is thought to be recruited to specific DNA 
sequences by protein-protein interactions [34]. HMGB1
has been implicated in gene regulation, DNA replication
and recombination processes mainly through its ability to
alter DNA architecture [34]. The transposition frequency
of SB dropped dramatically in HMGB1 knockout mouse
cells. Moreover, overexpression of this protein in wild-
type mouse cells resulted in an elevated level of transpo-
sition, suggesting that HMGB1 is a limiting factor of SB
transposition. The role of HMGB1 is most likely mani-
fold, but its main contribution to transposition seems to
apply to the pre-excision phase of transposon movement.
HMGB1 is recruited to the IRs by the SB transposase,
where it facilitates transosase binding [35]. In addition,
due to its pronounced DNA bending ability, HMGB1 was
proposed to regulate the proper assembly of the catalyti-
cally active synaptic complex at the transposon ends [35].
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Similarly to SB transposition, HMG proteins are involved
in other transposition-like mechnisms, such as V(D)J 
recombination [36] and retroviral integration [37]. 
Another host mechanism regulating SB transposition 
is CpG methylation, and subsequent heterochromatin 
formation at the transposon donor site [33]. Expression of
a transgene from concatameric transposon units was
found to be silenced [38], suggesting that the transposon
arrays had been epigenetically modified. Interestingly,
methylated transposons from both episomal and genomic
contexts excise approximately 100-fold more efficiently
than unmethylated transposons [33]. Chromatin immuno-
precipitation experiments revealed that the hyperactive
genomic donor sites have the characteristics of a hete-
rochromatic structure. Thus, similarly to the effect of
HMGB1, it seems that conformational changes of the 
excising transposon greatly influence the efficiency of
transposition. Nevertheless, differences in chromatin
state of mouse ES cells and germ cells can only partly 
explain the pronounced differences in transposition rates
in these cells [38–40]; thus, alternative explanations, e.g.
specific cellular factors, are yet to be sought.

SB and host DNA repair
Since SB, like any other DNA transposon, is not equipped
with innate DNA repair activity, it remains the duty of the
host cell to heal the chromosomal wounds introduced 
by transposition. Based on studies performed on the P 
element [41] and mariner [42], it has been proposed that
both nonhomologous end joining (NHEJ) and homolo-
gous recombination (HR) play a role in repairing DNA
damage induced by cut-and-paste transposons. Two recent
studies examined the relationship between SB transposi-
tion and host DNA repair in mammalian cells [43, 44].
The fate of transposon excision sites was monitored in
wild-type and mutant mammalian cells lacking compo-
nents of the major pathways of double-strand break re-
pair. It has been found that the NHEJ pathway is the pre-
dominant way of repairing transposon-induced DNA
breaks; however, in the absence of these factors, HR path-
ways can also participate in the process. Izsvák et al.
(2004) showed in vivo interaction between the SB trans-
posase and Ku, the DNA binding subunit of the DNA-de-
pendent protein kinase, a major factor in NHEJ. This ob-
servation suggests an intimate relationship between SB
transposition and this particular host repair machinery. 
Taken together, several lines of research indicate that SB
can interact with various proteins of its hosts, and some
of them are limiting factors of its activity. The host 
factors of SB transposition identified so far are all abun-
dant components of cells. They are also highly conserved
proteins among (but not necessarily outside) vertebrates,
providing an explanation why SB is able to transpose in
all vertebrate classes, but not in invertebrates. It is also

tempting to speculate that the abundance of these proteins
and the capability of SB to interact with them can 
contribute to the varying transpositional activity of SB 
in different vertebrate cells [17]. Understanding these 
interactions offers the opportunity to further develop the
system as a research tool. 

Transposons as genetic tools

Insertional mutagenesis
Alongside computational approaches and gene expression
studies, mutational analysis is the most straightforward
way of identifying gene function. One approach of creating
mutants is to target and disrupt a gene of interest by 
homologous recombination; also referred to as reverse
genetics. However, in spite of our growing acquaintance
with protein domains, protein-protein interactions and
molecular structures, our knowledge is still inadequate to
reliably predict the biological process that will be affected
by knocking out a particular gene. 
Another approach of obtaining mutant phenotypes is to
introduce loss-of-function mutations into genomes of
model organisms in a random and genome-wide fashion,
termed forward genetics. Mutagenesis efforts have been
carried out mainly based on X-ray irradiation and chem-
icals. However, it turned out that X-ray irradiation can
cause a variety of chromosomal rearrangements affecting
several genes simultaneously, which makes identification
of the functions of individual genes difficult. Ethylni-
trosourea (ENU) is a potent chemical mutagen that 
primarily introduces point mutations into DNA [45]. Two
large-scale mutagenesis screens have been performed in
zebrafish (Danio rerio) using ENU, and it is routinely
used in functional genetic analyses of the mouse genome
[46–48]. The major advantages of ENU are easy use and
highly efficient mutagenic rates in high-throughput
screens. Nonetheless, a common disadvantage of these
mutagenesis approaches is the time-consuming and 
labor-intensive molecular identification of the affected
genes by positional cloning. While in some cases mutant
phenotypes implicate certain signal transductional or de-
velopmental processes or genes, such a candidate gene
approach can only be used in a fraction of the mutants.
There are ~35,000 genes in mammals [2], which necessi-
tates the development of methods for rapid identification
and functional annotation of genes.
An alternative approach of introducing mutations into 
the genome is insertional mutagenesis. Discrete pieces 
of foreign DNA can be harnessed to disrupt host gene 
function by creating random insertions in the genome. 
As opposed to chemical mutagenesis, inserting DNA
fragments into genes simultaneously provides a molecular
tag which can be used to rapidly identify the mutated 
allele. Viral and non-viral technologies have been devised
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to facilitate the penetration of transgenes through biolog-
ical membranes. Non-viral methods, including naked
DNA injection, electroporation, liposomes and ‘gene
guns’ can be useful to introduce DNA into the cells, but
chromosomal integration of the introduced DNA is 
still very inefficient. Moreover, a common drawback 
of the integration created by these techniques is the 
concatamerization of the foreign DNA at the insertion 
locus. Such events can facilitate chromosomal re-
arrangements [49], aberrant splicing, heterochromatin for-
mation, gene silencing [50], and can interfere with
cloning. 
The above problems can be circumvented by using retro-
viruses. The overt advantage of using viruses as vehicles
for delivering DNA into cells is their capability to penetrate
membranes and to catalyze the integration of single
copies of the proviral DNA into chromosomes. However,
retroviruses have pronounced preferences for their sites
of integration [51], thereby limiting the spectrum of 
mutations. Moreover, retroviral vectors have limited
packaging size, and due to their long terminal repeats,
they can induce gene silencing [50] and ectopic reporter
gene expression. Additionally, the observations coming
from mutagenesis screens in zebrafish suggest that virus-
based techniques are labor intensive, and achieving high
throughput requires a large facility for screening [52].
Therefore, as an alternative approach to viruses, tech-
niques of transposon-based whole-genome manipulation
launched a new wave of research in functional biology.
DNA transposons have been routinely used for studying
bacterial, fungal and plant genes in forward genetic
screens. Similarly to the retrovirus-based methods, trans-
posons can be utilized for insertional mutagenesis, 
followed by easy identification of the mutated gene.
However, DNA transposons have several advantages
compared to the above approaches. For example, unlike
proviral insertions, transposon insertions can be remobi-
lized by supplying the transposase activity in trans. Thus,
instead of performing time-consuming microinjections, it
is possible to generate transposon insertions at new loci
by simply crossing stocks transgenic for the two compo-
nents of the transposon system (transposon + transposase).
This scenario is especially useful when transposition
events are directed to the germline of experimental 
animals in order to mutagenize germ cells. Also, trans-
posase expression can be directed to particular tissues 
or organs by using a variety of specific promoters. In 
addition, remobilization of a mutagenic transposon out of
its insertion site can be used to isolate revertants, and if
transposon excision is associated with a deletion of 
flanking DNA, it can be used to generate deletion muta-
tions. Furthermore, since transposons are composed of
DNA and can be maintained in simple plasmids, they are
much safer and easier to work with than highly infectious
retroviruses. The transposase activity can be supplied in

the form of DNA, messenger RNA (mRNA) or protein in
the desired experimental phase.
When transposons are used in insertional mutagenesis
screens, transposon vectors often comprise four major
classes of constructs to identify the mutated genes rapidly
(fig. 3). These contain a reporter gene, which should 
be expressed depending on the genetic context of the 
integration. In enhancer traps (a), the expression of the
reporter requires the presence of a genomic cis-regulator
to act on an attenuated promoter within the integrated
construct. Promoter traps (b) contain no promoter at all.
These vectors are only expressed if they land in-frame 
in an exon or close downstream to a promoter of an 
expressed gene. In polyA traps (c), the marker gene lacks
a polyA signal, but contains a splice donor (SD) site.
Thus, when integrating into an intron, a fusion transcript
can be synthesized comprising the marker and the down-
stream exons of the trapped gene. Gene traps (or exon
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Figure 3. Transposon-based gene-trapping vectors. On top, a hypo-
thetical transcription unit is depicted with an upstream regulatory
element (purple box), a promoter (red arrow), three exons (blue
boxes) and a polyadenylation signal (pA). Major classes of transposon-
based trapping constructs and spliced transcripts are shown below.
Transposon inverted repeats are indicated by black arrows, different
promoters are depicted as green arrows, and SD and SA represent
splice donor and slice acceptor sites, respectively. Modified after
[53]. 



traps) (d) also lack promoters, but are equipped with a
splice acceptor (SA) preceding the marker gene. Reporter
activation occurs if the vector is integrated into an 
expressed gene, and splicing between the reporter and an
upstream exon takes place. The gene trap and polyA trap
cassettes can be combined. In that case, the marker of the
polyA trap part is amended with a promoter so that the
vector can also trap downstream exons, and both 
upstream and downstream fusion transcripts of the
trapped gene can be obtained [53]. The above constructs
also offer the possibility to visualize spatial and temporal
expression patterns of the mutated genes by using LacZ
or fluorescent proteins as a marker gene.

Transgenesis
The other major field of applications of transposon-based
technologies is somatic and germline transgenesis. Trans-
poson-based technologies can be exploited for gene
transfer in cultured cells. Once integrated, transposase-
deficient non-autonomous transposons are stable in the
absence of the transposase. Transposons can be harnessed
to integrate plasmid-based siRNA expression cassettes
into chromosomes to obtain stable knockdown cell lines
by RNAi [54]. Also, TEs hold potential for generating
transgenic model organisms, or animals of agricultural
and biotechnological importance. Nevertheless, the far
end on the scale of transposition-based somatic gene
transfer is human gene therapy. Indeed, a large body of
work has already been done in mice investigating possi-
bilities of transposon-based human gene therapy. These
issues have recently been reviewed [55], and are therefore
not considered in this article.

Tc1/mariner and hAT superfamily transposons 
in vertebrate functional genomics

The invertebrate P element and Tc1 transposon-based
vectors have been extremely valuable in exploring gene
function in the invertebrate model organisms Drosophila
melanogaster and Caenorhabditis elegans, respectively
[56, 57]. However, manipulating vertebrate genomes with
TEs was until recently not feasible. Unfortunately, verte-
brate model organisms seem to lack active, endogenous
transposons such as P and Tc1; the only exception so far
is the Tol2 element of the medaka fish (Oryzias latipes)
(see below). To address this problem, a variety of inverte-
brate TEs were adopted for gene transfer in vertebrates.
However, invertebrate transposons tend to have moderate
activity in vertebrates [19], most likely due to restricting
activities, or to the lack of specific cofactors. Another
way out of the problem is resurrecting vertebrate trans-
posons from their once active genomic remnants. Indeed,
the two, probably most powerful, vertebrate transposon

systems SB and FP are results of molecular reconstruc-
tions performed on defective fish and frog transposon 
sequences, respectively (see below). 
The following sections focus on the latest genetic appli-
cations of members of the two most promising transposon
families so far: the Tc1/mariner and the hAT superfamily
elements.

Minos
The Tc1 family Minos element [58] has been used for
gene transfer in cultured human cells [59] and in mouse
tissues [60]. Transfection of 106 HeLa cells with Minos
vectors resulted in ~4 ¥ 104 transgenic cells with an aver-
age of two insertions per cell. In a larger-scale gene trap
experiment the authors proved for the first time that a TE
is potentially capable of disrupting all genes of a mam-
malian organism [59]. The transposition activity of Minos
in mammalian tissues was assessed in a double transgenic
mouse line expressing the transposase in the thymus and
in the spleen. The ~0.6% transposition frequency per 
thymus cell was low compared to that detected in HeLa
cells. However, directing transposase expression into the
female germline with an oocyte-specific promoter re-
sulted in an 8.2% transpositional frequency [61].
Encouraging results were obtained when gfp-marked 
Minos transposons were coinjected with Minos trans-
posase mRNA into fertilized eggs of the basal chordate
model system Ciona intestinalis [62]. Founder animals
transmitted the tissue-specifically expressed transgene to
every third of their progeny. In two of the green fluores-
cent protein (GFP) positive lines irregular GFP patterns
were observed. Molecular analysis revealed that the inte-
grated transposon disrupted genes. Therefore, the authors
concluded that these insertions were in fact enhancer trap
events, and the promoter of the marker gene was influ-
enced by enhancer sequences [62]. 
These results indicate the usefulness of the Minos system
in different model organisms with various gene identifi-
cation approaches. However, the potential of Minos
based-vectors in high-throughput screens still has to be
determined. 

Sleeping Beauty
SB exhibits high transpositional activity in a variety of
vertebrate cultured cell lines [17], embryonic stem cells
[39] and in both somatic [63] and germline [19, 38, 40, 64]
cells of the mouse in vivo. However, the major bottleneck
of any TE-based application is overall transpositional 
activity. Therefore, considerable effort has been made to
improve the transposition efficiency of SB by means of
modifying its IRs and systematically mutating the trans-
posase gene [23, 24, 65]. The combined effect of these
modifications is an almost 10-fold enhancement of trans-
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position in human cells as compared to the first-generation
transposon system [24]. It was recently reported that 
profound changes introduced into the IR structure of the
transposon significantly extended the transgene-carrying
capacity of SB vectors [24]. Furthermore, SB can be
equipped with gene-trap cassettes [64, 66, 67], which 
significantly enhances its utility as a tool for functional
genomics in vertebrate models. 

Insertional mutagenesis in mouse with SB
SB has been successfully used for forward genetics 
approaches in the mouse. Double transgenic mouse lines
were generated bearing chromosomally present trans-
posons and an either ubiquitously [38, 40, 64, 66] or male
germline-specifically [19] expressed transposase gene.
Segregating the transposition events by mating the
founder males to wild-type females revealed that up to
80% of the progeny can carry transposon insertions [38],
and a single sperm of a founder can contain, on average,
two insertion events [40]. Additionally, a recent paper 
elegantly showed that the germline of such a founder can
harbor ~10,000 different mutations [64]. 
These experiments revealed that the transposons in the
double-transgenic animals are efficiently mobilized
from an array of multiple transposon units at a chromo-
somally resident donor site. Indeed, excision frequencies
of gfp-marked transposons in founder mice were as high
as 1 per 1.5 cells in the tail, and 1 per 15 cells in the blood
[38]. Experimental evidence suggests a correlation 
between frequencies of element excision and integration
[68], and that most of the excised transposons get reinte-
grated [39]. Thus, it was an unexpected finding that no
GFP expression was detected in founder animals in
which transposon excision apparently occurred efficiently.
These data indicate that the transgenes carried by SB can
be subjected to positional effects and expressional down-
regulation. However, when the doubly transgenic
founders were crossed with wild-type mouse, the 
frequency of GFP-active mice reached up to 80% [38].
As an explanation the following scenario is suggested.
Multiple arrays of transposons in a head-to-tail orientation
(created by transposase-independent integration) are
subject to mechanisms of epigenetic modifications, such
as methylation and heterochromatin formation, but these
DNA alterations do not hinder element excision. Never-
theless, the integrated elements retain their repressed
chromatin state in their new locus; thus no GFP expres-
sion is detected. On the other hand, when the insertions
at new loci are passed through the germline, they are
freed of the repressed state. Thus the marker gene can 
be expressed. Transposition of gene-trap transposons 
identified mouse genes with ubiquitous and tissue-
specific expression patterns, and mutant/lethal phenotypes
were easily obtained by generating homozygous animals
[64, 66].

Local Hopping
The studies described above established very efficient
transposition of SB in the mouse germline, showed no 
integration preference with respect to gene structure [66],
but revealed that SB tends to reintegrate to sites that are
relatively close to the donor locus, a phenomenon called
local hopping. Local hopping of SB was first described
by Luo et al. (1998) in mouse embryonic stem (ES) cells,
and then observed in the mouse germline, indicated by
cosegregation of new transposon insertions with their
donor sites [19, 40]. Additional data showed that most of
the reintegration events occur within 3 Mb [64], and that
the total transposition interval of local hopping is between
5 and 15 Mb, which is significantly broader than the 
100-kb local hopping interval of the P element [69].
Given that Minos has also been found to exhibit preference
for local transposition in mice [61], the phenomenon seems
to be a general property of the Tc1/mariner family.
Local hopping offers the possibility to direct extensive 
insertional muatagenesis to gene clusters and particular
chromosomal regions. The feasibility of such application
has recently been demonstrated by generating four mutant
mice having different transposon insertions in a single
gene. Does local hopping interfere with the intention to
perform whole-genome transposon mutagenesis from a
limited number of donor sites? The high number of trans-
position sites in the germ cells of founder mice and the
fact that approximately every fourth excised transposon
can be randomly reintegrated into chromosomes other
than the donor chromosome suggest that whole-genome
mutagenesis is feasible [64]. Alternatively, the problem of
local hopping can be circumvented by injecting SB trans-
posons and transposase mRNA into one-cell mouse 
embryos. In this case, integration into any chromosome
has equal likelihood [70]. These results may also indicate
that local hopping is not an intrinsic feature of the trans-
position machinery, but is due to unequal availability of
the different chromosomes as a transposition target in the
nucleus. 

Transgenesis with SB in fish 
SB has been used for transgenesis in both of the most 
important fish model systems: zebrafish and medaka.
Fertilized zebrafish eggs were coinjected with SB mRNA
together with fluorescent protein-marked transposons
[71]. A transgenesis rate of 30% was obtained; ~90% of
the total integration events were transposase mediated,
and at least 80% of these expressed the cargo transgene. 
A similar experimental setup was used to determine the
efficiency of SB transposition in medaka [72]. It was
found that the presence of SB IRs alone was able to 
enhance promoter-dependent transient expression in the
injected F0 fish. Transgenesis frequencies in the presence
and absence of the transposase were also very similar (31
and 29%, respectively). The reason for this has not been
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elucidated. The authors tested whether the SB system can
be used to detect enhancer trap events in medaka, and
temporally and spatially restricted GFP expression was
observed in F1 transgenic fish lines, presumably due to
integration of the enhancer trap SB construct near 
chromosomal regulatory sequences.
Together, SBs can efficiently be harnessed for reporter
gene integrations in fish, with transgenesis rates compa-
rable to those obtained with the non-transposon based 
I-SceI meganuclease approach in medaka [73]. 

Frog Prince
As discussed above, SB is not equally active in different
model species. Consistently, transposition assays in a 
variety of vertebrate cultured cells revealed an extensive
variation in the efficiency of transposition [17]. Therefore,
it was expected that the availability of other, highly active
transposons of different vertebrate origins could widen the
possibilities of transposon-based genetic manipulations.
FP is a Tc1/mariner-like element that was recently reac-
tivated from genomic transposon copies of the Northern
Leopard Frog (Rana pipiens) [18]. An open reading
frame trapping method was used to identify uninterrupted
transposase coding regions, and the majority rule consen-
sus of these sequences revealed an active transposase
gene. Thus, in contrast to the ‘resurrection’ procedure of
SB, the relatively young state of genomic elements in
Rana pipiens made it possible to ground the majority rule
consensus on transposon copies derived from a single
species. The SB and FP transposons are clearly distinct,
sharing only ~50% identity in their transposase 
sequences [18].
The transposition activity of FP was determined in 
cultured cell lines of major vertebrate taxa. FP shows
similar activity to SB, but interestingly, it exhibits 70%
higher transposition efficiency in zebrafish cells. In 
considering explanations for this finding, the intrinsic 
activity of FP can possibly be ruled out, since the two 
systems have similar activities in mammalian cells. 
However, it is tempting to speculate that the difference in
transposition activity is due to the lack, or inefficiency, of
repressing activities that would interfere with the FP
transposition machinery. Being a fish element, SB can 
be subject to inhibitory mechanisms acting originally on 
numerous endogenous copies of the Tdr1 element, a 
zebrafish transposon very similar to SB [74]. On the 
contrary, the amphibian FP transposon, significantly 
different from SB, seems to be less vulnerable to such 
inhibitory mechanisms. 
The ability of FP to efficiently trap expressed genes was
tested using a gene-trap transposon in cultured HeLa cells
[18]. To our surprise, up to 30% of the selected FP inser-
tions hit human genes so that correct splicing could occur
with 5¢ exons and the marker gene. The reasons for this

exceptional gene-trapping efficiency and the activity of
FP in embryos and in the germline of different model 
systems are yet to be determined. The lack of detectable
interaction between SB and FP offers the possibility to
use the two systems simultaneously and complementarily
in genetic analyses in vertebrates.

The Tol2 element: an active member of the hAT 
transposon family in medaka
A recessive mutation causing an albino phenotype of the
Japanese medaka (Oryzias latipes), a small freshwater
fish of East Asia, was isolated from a wild population
[75]. It was found that the mutation is due to a 4.7-kb-long
TE insertion into the fifth exon of the tyrosinase gene
[76]. The DNA sequence of the element, named Tol2, is
similar to transposons of the hAT family, including hobo
of Drosophila, Ac of maize and Tam3 of snapdragon [77]. 
Two lines of evidence suggest that the Tol2 element 
invaded the medaka fish genome recently. First, only 2 out
of 10 medaka species tested, Oryzias latipes and Oryzias
curvinotus, possess the Tol2 elements in their genomes
[78]. Second, the transposon copies found in these species
are highly homogeneous in their structures [79]. It is not
known where the Tol2 element was horizontally transferred
from and when it was captured by the medaka genome.
Although the Tol2-tyr element, the particular copy found
at the tyrosinase gene locus, can be excised during
medaka embryogenesis at low frequencies [76], it had not
been known whether it is autonomous (i.e., capable of 
expressing an active transposase). To address this question,
a simple assay system to detect transposition activity in
zebrafish embryos was developed [80]. When plasmid
DNA containing a non-autonomous transposon vector is
injected into fertilized zebrafish eggs together with the
transposase mRNA synthesized in vitro, the transposase
protein catalyzes excision of the transposon from the
plasmid. The excision site on the plasmid is healed by the
host repair machinery, resulting in characteristic transpo-
son footprints, whereas the excised transposons can 
integrate into the genomes of future germ cells during
embryogenesis, and the insertions can be identified in the
offspring from the injected founder fish [80]. Tol2 inser-
tions are flanked by 8-bp duplications of the integration
site and do not cause any chromosomal rearrangement at
the target locus [80]. Tol2 is the only natural transposon
in vertebrates from which an autonomous member en-
coding a fully functional transposase has ever been found.

Tol2-mediated transgenesis and a gene-trap 
approach in zebrafish
Transposition of Tol2 in zebrafish is highly efficient. Using
optimized experimental conditions, ~50% of the fish 
injected with a transposon-containing plasmid and trans-
posase mRNA can transmit transposon insertions to the
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next generation, thereby becoming founder fish [81].
This frequency is higher than that observed with any
other method used to generate transgenic fish, including
injection of naked plasmid DNA (5–9% [82]), the Tc3
transposon system (7.5% [83]), a pseudotyped retrovirus
(10% [84]), the I-SceI meganuclease system (30.5% [73])
and the SB transposon system (5–31% [71]). The germ
cells of the founder fish are highly mosaic with respect to
transposon insertions. In one extreme case, 100% of F1
fish had transposon insertions, and in total, more than 25
different insertions were transmitted by a single founder

fish. The average number of transposon insertions trans-
mitted per founder fish is currently between five and six
[81].
An important application of transgenesis in zebrafish is
to establish transgenic lines expressing GFP in a specific
tissue or organ. The Tol2 transposon system was applied
to construct transgenic fish expressing GFP under the
control of the promoter of the six3.2 gene, which is 
expressed in the anterior neural plate and in the eye [85].
Embryos containing a single transposon insertion 
expressed GFP in the forebrain and eyes, indicating that
regulated gene expression can be recapitulated by trans-
genesis using the Tol2 transposon system (fig. 4) [81].
Importantly, specific expression patterns are observed
through several generations (currently up to F4), indicating
that transgenic lines can be established with persistent 
reporter gene expression. 
The Tol2 transposon system has been applied to gene
trapping [81]. When a gene trap transposon vector con-
taining a splice acceptor, the GFP gene, and the SV40
polyA signal are integrated in the zebrafish genome, a 
variety of GFP expression patterns can be observed in F1
embryos: i.e. some are weak and some are strong, or
some are ubiquitous, and some are temporally and spa-
tially restricted (fig. 5). This indicates that the gene-trap
construct is inserted at various loci, and GFP is expressed
under the control of endogenous promoters [81]. In a 
pilot experiment, 36 unique GFP expression patterns at
the first day of development were identified out of 156 
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Figure 4. Transgenesis in zebrafish using Tol2. (A) Expression of
six3.2 in a 24-h zebrafish embryo as revealed by whole-mount in
situ hybridization using a six3.2 RNA probe. (B) GFP expression in
transgenic fish with an insertion of the transposon construct carry-
ing the GFP gene under the control of six3.2 promoter.

A B

Figure 5. Gene traps using Tol2 in zebrafish. Unique GFP expression patterns observed in embryos carrying insertions of the gene-trap
transposon construct. GFP expression in (A) forebrain, (B) midbrain, (C) midbrain-hindbrain boundary, (D) hindbrain, (E) forebrain and
eye, (F) heart.

A B C
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injected fish. 5¢ RACE analysis revealed fusion tran-
scripts of endogenous upstream exons and the GFP gene
precisely at the splice acceptor within the transposon. The
GFP gene in the gene-trap construct contained an ATG
codon for translational initiation, so that gene trapping
could occur by insertion either upstream or downstream
of the endogenous initiation codon of a gene. Indeed, one
of the transposon insertions trapped the hoxc3a gene by
fusing the first non-coding exon of the gene to the GFP
coding region. The amount of the hoxc3a transcript in 
homozygous embryos was decreased to less than 25% of
that synthesized in wild-type embryos. Thus, although
the insertion did not abolish the wild-type transcript 
completely, it markedly interfered with the synthesis 
of the normally spliced transcript. The leakiness of the
gene-trap vector may be consistent with the finding that
no lethal phenotypes have been observed to date in 
animals that are homozygous for transposon insertions.
The next goal, therefore, is to develop methods that 
couple gene trapping with efficient insertional muta-
genesis. 
In the pilot screen for gene traps, transgenic zebrafish
lines with 36 unique GFP expression patterns were estab-
lished by screening offspring from 156 injected fish, and
it is estimated that about 8% of the chromosomal inser-
tions of the gene-trap construct can cause such unique
GFP expression patterns [81]. Currently, construction of
one transgenic fish line with specific GFP expression
usually takes more than a year. The gene trap approach
will be an alternative. Since one unique expression pat-
tern can be isolated in every four or five injected fish (36
patterns out of 156 injected fish), a small lab can collect
hundreds of fish with different expression patterns within
1 year, possibly including the desired one. Collaborative
work by several laboratories could produce thousands of
gene trap lines, which would represent a useful resource.
The transposon-mediated gene trap approach in zebrafish
should facilitate studies on the function of vertebrate 
developmental genes, and provide a basis for further 
development of useful genetic methodologies in 
zebrafish.

Tol2 in other vertebrates
The Tol2 transposon system is also active in vertebrates
other than zebrafish. Chromosomal transposition has
been demonstrated in medaka [86]. Transposase-
dependent excision of a transposon vector form plasmids
injected into embryos has been shown in Xenopus laevis
and tropicalis [87]. Furthermore, the element can 
undergo excision in mouse and human cells [88], and
chromosomal transposition from donor plasmids has
been demonstrated in mouse ES cells [89]. Thus, 
although host factors necessary for transposition of Tol2
have not yet been elucidated, such factors should be 
conserved from fish to mammals.

Conclusions

Transposable elements belonging to the Tc1/mariner
superfamily and the Tol2 element are both being applied
in a variety of experimental approaches for transgenesis
and insertional mutagenesis in vertebrate model systems.
It will be important to determine whether these diverse
transposons have different characteristics in both effi-
ciency and preference for integration. All transposons
display some level of preference for integration sites, and
target site selection has been shown to be governed by,
among other factors, primary DNA sequence and struc-
tural characteristics of the target DNA. For example, all
Tc1/mariner elements integrate into TA dinucleotides
within bendable regions of DNA [90]. Although the Tol2
element does not show a pronounced specificity for 
inserting into a particular sequence [81], it is expected
that it nevertheless will show a non-random insertion 
profile. It is likely that, similar to the hobo element in
Drosophila [91], target selection of Tol2 is influenced by
structural characteristics of the DNA and chromatin.
Thus, the preferences of these elements to integrate into
expressed genes versus non-coding DNA, and preferences
for integration sites within genes may be substantially
different. If so, the different patterns of integration of
these transposon systems can be exploited in a comple-
mentary fashion. For instance, one could use different
transposon systems to introduce several transgenes into
cells sequentially, without accidental and unwanted 
mobilization of already integrated transgenes. In addition,
the number of target loci that can be mutagenized 
by transposon vectors could dramatically increase by
combining different transposon systems in genome-wide
screens. Undoubtedly, these transposon systems will be
of great utility as genetic tools to develop novel gene
transfer, transgenesis and insertional mutagenesis strate-
gies in mouse and other vertebrates, and possibly to 
develop novel, non-viral vectors for gene transfer in 
humans.

Acknowledgements. We thank members of the Transposition Group
at the MDC for their dedicated work, which has in part been sup-
ported by EU grant QLG2-CT-2000-00821, and grant I/78707 from
the Volkswagen Stiftung. K.K. is supported by grants from
NIH/NIGMS GM069382, and the Ministry of Education, Culture,
Sports, Science and Technology of Japan. The work of Makoto
Kobayashi in six3.2 transgenesis is highly appreciated.

1 Kidwell M. G. and Lisch D. R. (2001) Transposable elements,
parasitic DNA and genome evolution. Int. J. Org. Evol. 55:
1–24

2 International Human Genome Sequencing Consortium (2001)
Initial sequencing and analysis of the human genome. Nature
409: 860–921

3 Kaufman P. D. and Rio D. C. (1992) P element transposition in
vitro proceeds by a cut-and-paste mechanism and uses GTP as
a cofactor. Cell 69: 27–39

638 C. Miskey et al. Transposon-based genetic tools



4 Plasterk R. H., Izsvak Z. and Ivics Z. (1999) Resident aliens:
the Tc1/mariner superfamily of transposable elements. Trends
Genet. 15: 326–332

5 Robertson H. M. (1995) The Tc1-mariner superfamily of trans-
posons in animals. J. Insect Physiol. 41: 99–105

6 Lampe D. J., Churchill M. E. and Robertson H. M. (1996) A 
purified mariner transposase is sufficient to mediate transposi-
tion in vitro. EMBO J. 15: 5470–5479

7 Robertson H. M. and MacLeod E. G. (1993) Five major sub-
families of mariner transposable elements in insects, including
the Mediterranean fruit fly, and related arthropods. Insect Mol.
Biol. 2: 125–139

8 Ivics Z., Izsvák Z., Minter A. and Hackett P. B. (1996) Identifi-
cation of functional domains and evolution of Tc1-like 
transposable elements. Proc. Natl. Acad. Sci. USA 93: 5008–
5013.

9 Lampe D. J., Walden K. K. and Robertson H. M. (2001) Loss of
transposase-DNA interaction may underlie the divergence of
mariner family transposable elements and the ability of more
than one mariner to occupy the same genome. Mol. Biol. Evol.
18: 954–961

10 Lohe A. R., Moriyama E. N., Lidholm D. A. and Hartl D. L.
(1995) Horizontal transmission, vertical inactivation, and 
stochastic loss of mariner-like transposable elements. Mol.
Biol. Evol. 12: 62–72

11 Kidwell M. G. (1992) Horizontal transfer. Curr. Opin. Genet.
Dev. 2: 868–873

12 Houck M. A., Clark J. B., Peterson K. R. and Kidwell M. G.
(1991) Possible horizontal transfer of Drosophila genes by the
mite Proctolaelaps regalis. Science 253: 1125–1128

13 Hartl D. L., Lohe A. R. and Lozovskaya E. R. (1997) Modern
thoughts on an ancyent marinere: function, evolution, regula-
tion. Annu. Rev. Genet. 31: 337–358

14 Silva J. C., Loreto E. L. and Clark J. B. (2004) Factors that 
affect the horizontal transfer of transposable elements. Curr. 
Issues Mol. Biol. 6: 57–71

15 Luan D. D., Korman M. H., Jakubczak J. L. and Eickbush T. H.
(1993) Reverse transcription of R2Bm RNA is primed by a nick
at the chromosomal target site: a mechanism for non-LTR retro-
transposition. Cell 72: 595–605

16 Vos J. C., De Baere I. and Plasterk R. H. (1996) Transposase is
the only nematode protein required for in vitro transposition of
Tc1. Genes Dev. 10: 755–761

17 Izsvák Z., Ivics Z. and Plasterk R. H. (2000) Sleeping Beauty,
a wide host-range transposon vector for genetic transformation
in vertebrates. J. Mol. Biol. 302: 93–102

18 Miskey C., Izsvak Z., Plasterk R. H. and Ivics Z. (2003) The
Frog Prince: a reconstructed transposon from Rana pipiens
with high transpositional activity in vertebrate cells. Nucleic
Acids Res. 31: 6873–6881

19 Fischer S. E., Wienholds E. and Plasterk R. H. (2001) Regu-
lated transposition of a fish transposon in the mouse germ line.
Proc. Natl. Acad. Sci. USA 98: 6759–6764

20 Vastenhouw N. L. and Plasterk R. H. (2004) RNAi protects the
Caenorhabditis elegans germline against transposition. Trends
Genet. 20: 314–319

21 Wiegand T. W. and Reznikoff W. S. (1992) Characterization of
two hypertransposing Tn5 mutants. J. Bacteriol. 174: 1229–
1239

22 Kunze R., Behrens U., Courage-Franzkowiak U., Feldmar S.,
Kuhn S. and Lutticke R. (1993) Dominant transposition-
deficient mutants of maize Activator (Ac) transposase. Proc.
Natl. Acad. Sci. USA 90: 7094–7098

23 Geurts A. M., Yang Y., Clark K. J., Liu G., Cui Z., Dupuy A. J.
et al. (2003) Gene transfer into genomes of human cells by the
Sleeping Beauty transposon system. Mol. Ther. 8: 108–117

24 Zayed H., Izsvak Z., Walisko O. and Ivics Z. (2004) Develop-
ment of hyperactive Sleeping Beauty transposon vectors by 
mutational analysis. Mol. Ther. 9: 292–304

25 Lohe A. R. and Hartl D. L. (1996) Autoregulation of mariner
transposase activity by overproduction and dominant-negative
complementation. Mol. Biol. Evol. 13: 549–555

26 Hartl D. L., Lozovskaya E. R., Nurminsky D. I. and Lohe A. R.
(1997) What restricts the activity of mariner-like transposable
elements? Trends Genet. 13: 197–201

27 Lampe D. J., Grant T. E. and Robertson H. M. (1998) Factors 
affecting transposition of the Himar1 mariner transposon in
vitro. Genetics 149: 179–187

28 Lozovskaya E. R., Hartl D. L. and Petrov D. A. (1995) Genomic
regulation of transposable elements in Drosophila. Curr. Opin.
Genet. Dev. 5: 768–773

29 Lohe A. R., Sullivan D. T. and Hartl D. L. (1996) Subunit inter-
actions in the mariner transposase. Genetics 144: 1087–1095

30 Lohe A. R., De Aguiar D. and Hartl D. L. (1997) Mutations in
the mariner transposase: the D,D(35)E consensus sequence is
nonfunctional. Proc. Natl. Acad. Sci. USA 94: 1293–1297

31 Simmons M. J. and Bucholz L. M. (1985) Transposase titration
in Drosophila melanogaster: a model of cytotype in the P-M
system of hybrid disgenesis. Proc. Natl. Acad. Sci. USA 82:
8119–8123

32 Ivics Z., Hackett P. B., Plasterk R. H. and Izsvak Z. (1997) 
Molecular reconstruction of Sleeping Beauty, a Tc1-like trans-
poson from fish, and its transposition in human cells. Cell 91:
501–510

33 Yusa K., Takeda J. and Horie K. (2004) Enhancement of 
Sleeping Beauty transposition by CpG methylation: possible
role of heterochromatin formation. Mol. Cell. Biol. 24:
4004–4018

34 Bustin M. (1999) Regulation of DNA-dependent activities by
the functional motifs of the high-mobility-group chromosomal
proteins. Mol. Cell. Biol. 19: 5237–5246

35 Zayed H., Izsvak Z., Khare D., Heinemann U. and Ivics Z.
(2003) The DNA-bending protein HMGB1 is a cellular 
cofactor of Sleeping Beauty transposition. Nucleic Acids Res.
31: 2313–2322

36 van Gent D. C., Hiom K., Paull T. T. and Gellert M. (1997)
Stimulation of V(D)J cleavage by high mobility group proteins.
EMBO J. 16: 2665–2670

37 Li L., Yoder K., Hansen M. S., Olvera J., Miller M. D. and 
Bushman, F.D. (2000) Retroviral cDNA integration: stimulation
by HMG I family proteins. J. Virol. 74: 10965–10974

38 Horie K., Kuroiwa A., Ikawa M., Okabe M., Kondoh G., 
Matsuda Y. et al. (2001) Efficient chromosomal transposition
of a Tc1/mariner-like transposon Sleeping Beauty in mice.
Proc. Natl. Acad. Sci. USA 98: 9191–9196

39 Luo G., Ivics Z., Izsvák Z. and Bradley A. (1998) Chromosomal
transposition of a Tc1/mariner-like element in mouse embry-
onic stem cells. Proc. Natl. Acad. Sci. USA 95: 10769–10773

40 Dupuy A. J., Fritz S. and Largaespada D. A. (2001) Transposition
and gene disruption in the male germline of the mouse. Genesis
30: 82–88

41 Engels W. R., Johnson-Schlitz D. M., Eggleston W. B. and Sved
J. (1990) High-frequency P element loss in Drosophila is 
homolog dependent. Cell 62: 515–525

42 Lohe A. R., Timmons C., Beerman I., Lozovskaya E. R. and
Hartl D. L. (2000) Self-inflicted wounds, template-directed gap
repair and a recombination hotspot. Effects of the mariner
transposase. Genetics 154: 647–656

43 Yant S. R. and Kay M. A. (2003) Nonhomologous-end-joining
factors regulate DNA repair fidelity during Sleeping Beauty
element transposition in mammalian cells. Mol. Cell. Biol. 23:
8505–8518

44 Izsvák Z., Stuwe E. E., Fiedler D., Katzer A., Jeggo P. A. and
Ivics Z. (2004) Healing the wounds inflicted by Sleeping
Beauty transposition by double-strand break repair in mam-
malian somatic cells. Mol. Cell. 13: 279–290

45 Russell W. L., Kelly E. M., Hunsicker P. R., Bangham J. W.,
Maddux S. C. and Phipps E. L. (1979) Specific-locus test

CMLS, Cell. Mol. Life Sci. Vol. 62, 2005 Review Article 639



shows ethylnitrosourea to be the most potent mutagen in the
mouse. Proc. Natl. Acad. Sci. USA 76: 5818–5819

46 Driever W., Solnica-Krezel L., Schier A. F., Neuhauss S. C.,
Malicki J., Stemple D. L. et al. (1996) A genetic screen for 
mutations affecting embryogenesis in zebrafish. Development
123: 37–46

47 Haffter P., Granato M., Brand M., Mullins M. C., Hammer-
schmidt, M., Kane D. A. et al. (1996) The identification of genes
with unique and essential functions in the development of the
zebrafish, Danio rerio. Development 123: 1–36

48 Kile B. T., Hentges K. E., Clark A. T., Nakamura H., Salinger
A. P., Liu B. et al. (2003) Functional genetic analysis of mouse
chromosome 11. Nature 425: 81–86

49 Babinet C., Morello D. and Renard J. P. (1989) Transgenic
mice. Genome 31: 938–949

50 Garrick D., Fiering S., Martin D. I. and Whitelaw E. (1998) 
Repeat-induced gene silencing in mammals. Nat. Genet. 18:
56–59

51 Bushman F. D. (2003) Targeting survival: integration site 
selection by retroviruses and LTR-retrotransposons. Cell 115:
135–138

52 Amsterdam A., Burgess S., Golling G., Chen W., Sun Z.,
Townsend K. et al. (1999) A large-scale insertional mutagenesis
screen in zebrafish. Genes Dev. 13: 2713–2724

53 Zambrowicz B. P. and Friedrich G. A. (1998) Comprehensive
mammalian genetics: history and future prospects of gene 
trapping in the mouse. Int. J. Dev. Biol. 42: 1025–1036

54 Heggestad A. D., Notterpek L. and Fletcher B. S. (2004) 
Transposon-based RNAi delivery system for generating knock-
down cell lines. Biochem. Biophys. Res. Commun. 316:
643–650

55 Izsvák Z. and Ivics Z. (2004) Sleeping Beauty transposition: 
biology and applications for molecular therapy. Mol. Ther. 9:
147–156

56 Spradling A. C., Stern D., Beaton A., Rhem E. J., Laverty T.,
Mozden N. et al. (1999) The Berkeley Drosophila Genome 
Project gene disruption project: single P-element insertions
mutating 25% of vital Drosophila genes. Genetics 153:
135–177

57 Zwaal R. R., Broeks A., van Meurs J., Groenen J. T. and 
Plasterk, R. H. (1993) Target-selected gene inactivation in
Caenorhabditis elegans by using a frozen transposon insertion
mutant bank. Proc. Natl. Acad. Sci. USA 90: 7431–7435

58 Franz G. and Savakis C. (1991) Minos, a new transposable 
element from Drosophila hydei, is a member of the Tc1-like
family of transposons. Nucleic Acids Res. 19: 6646

59 Klinakis A. G., Zagoraiou L., Vassilatis D. K. and Savakis C.
(2000) Genome-wide insertional mutagenesis in human cells
by the Drosophila mobile element Minos. EMBO Rep. 1:
416–421

60 Zagoraiou L., Drabek D., Alexaki S., Guy J. A., Klinakis A. G.,
Langeveld A. et al. (2001) In vivo transposition of Minos, a
Drosophila mobile element, in mammalian tissues. Proc. Natl.
Acad. Sci. USA 98: 11474–11478

61 Drabek D., Zagoraiou L., deWit T., Langeveld A., Roumpaki
C., Mamalaki C. et al. (2003) Transposition of the Drosophila
hydei Minos transposon in the mouse germ line. Genomics 81:
108–111

62 Sasakura Y., Awazu S., Chiba S. and Satoh N. (2003) Germ-line
transgenesis of the Tc1/mariner superfamily transposon Minos
in Ciona intestinalis. Proc. Natl. Acad. Sci. USA 100: 7726–7730

63 Yant S. R., Meuse L., Chiu W., Ivics Z., Izsvak Z. and Kay M.
A. (2000) Somatic integration and long-term transgene expres-
sion in normal and haemophilic mice using a DNA transposon
system. Nat. Genet. 25: 35–41

64 Horie K., Yusa K., Yae K., Odajima J., Fischer S. E., Keng V. W.
et al. (2003) Characterization of Sleeping Beauty transposition
and its application to genetic screening in mice. Mol. Cell. Biol.
23: 9189–9207

65 Cui Z., Geurts A. M., Liu G., Kaufman C. D. and Hackett P. B.
(2002) Structure-function analysis of the inverted terminal 
repeats of the Sleeping Beauty transposon. J. Mol. Biol. 318:
1221–1235

66 Carlson C. M., Dupuy A. J., Fritz S., Roberg-Perez K. J.,
Fletcher C. F. and Largaespada D. A. (2003) Transposon 
mutagenesis of the mouse germline. Genetics 165: 243–256

67 Clark K. J., Geurts A. M., Bell J. B. and Hackett P. B. (2004)
Transposon vectors for gene-trap insertional mutagenesis in
vertebrates. Genesis 39: 225–233

68 Liu G., Aronovich E. L., Cui Z., Whitley C. B. and Hackett P. B.
(2004) Excision of Sleeping Beauty transposons: parameters
and applications to gene therapy. J. Gene Med. 6: 574–583

69 Tower J., Karpen G. H., Craig N. and Spradling A. C. (1993)
Preferential transposition of Drosophila P elements to nearby
chromosomal sites. Genetics 133: 347–359

70 Dupuy A. J., Clark K., Carlson C. M., Fritz S., Davidson A. E.,
Markley K. M. et al. (2002) Mammalian germ-line transgen-
esis by transposition. Proc. Natl. Acad. Sci. USA 99: 4495–
4499

71 Davidson A. E., Balciunas D., Mohn D., Shaffer J., Hermanson
S., Sivasubbu S. et al. (2003) Efficient gene delivery and gene
expression in zebrafish using the Sleeping Beauty transposon.
Dev. Biol. 263: 191–202

72 Grabher C., Henrich T., Sasado T., Arenz A., Wittbrodt J. and
Furutani-Seiki M. (2003) Transposon-mediated enhancer 
trapping in medaka. Gene 322: 57–66

73 Thermes V., Grabher C., Ristoratore F., Bourrat F., Choulika A.,
Wittbrodt J. et al. (2002) I-SceI meganuclease mediates highly
efficient transgenesis in fish. Mech. Dev. 118: 91–98

74 Izsvák Z., Ivics Z. and Hackett P. B. (1995) Characterization of
a Tc1-like transposable element in zebrafish (Danio rerio).
Mol. Gen. Genet. 247: 312–322

75 Tomita H. (1975) In:  Medaka, Biology and Strains, Yamamoto
T. (ed.), Yugakusha, Tokyo, pp. 251–272

76 Koga A., Suzuki M., Inagaki H., Bessho Y. and Hori H. (1996)
Transposable element in fish. Nature 383: 30

77 Calvi B. R., Hong T. J., Findley S. D. and Gelbart W. M. (1991)
Evidence for a common evolutionary origin of inverted repeat
transposons in Drosophila and plants: hobo, Activator and
Tam3. Cell 66: 465–471

78 Koga A., Shimada A., Shima A., Sakaizumi M., Tachida H. and
Hori H. (2000) Evidence for recent invasion of the medaka fish
genome by the Tol2 transposable element. Genetics 155:
273–281

79 Koga A. and Hori H. (1999) Homogeneity in the structure of the
medaka fish transposable element Tol2. Genet. Res. 73: 7–14

80 Kawakami K., Shima A. and Kawakami N. (2000) Identification
of a functional transposase of the Tol2 element, an Ac-like 
element from the Japanese medaka fish, and its transposition in
the zebrafish germ lineage. Proc. Natl. Acad. Sci. USA 97:
11403–11408

81 Kawakami K., Takeda H., Kawakami N., Kobayashi M., Matsuda
N. and Mishina, M. (2004) A transposon-mediated gene trap
approach identifies developmentally regulated genes in 
zebrafish. Dev. Cell. 7: 133–144

82 Amsterdam A., Lin S. and Hopkins N. (1995) The Aequorea
victoria green fluorescent protein can be used as a reporter in
live zebrafish embryos. Dev. Biol. 171: 123–129

83 Raz E., van Luenen H. G., Schaerringer B., Plasterk R. H. 
and Driever W. (1998) Transposition of the nematode
Caenorhabditis elegans Tc3 element in the zebrafish Danio 
rerio. Curr. Biol. 8: 82–88

84 Linney E., Hardison N. L., Lonze B. E., Lyons S. and DiNapoli
L. (1999) Transgene expression in zebrafish: a comparison of
retroviral-vector and DNA-injection approaches. Dev. Biol.
213: 207–216

85 Kobayashi M., Nishikawa K., Suzuki T. and Yamamoto M.
(2001) The homeobox protein Six3 interacts with the Groucho

640 C. Miskey et al. Transposon-based genetic tools



corepressor and acts as a transcriptional repressor in eye and
forebrain formation. Dev. Biol. 232: 315–326

86 Koga A., Hori H. and Sakaizumi M. (2002) Gene transfer and
cloning of flanking chromosomal regions using the medaka
fish Tol2 transposable element. Mar. Biotechnol. 4: 6–11

87 Kawakami K., Imanaka K., Itoh M. and Taira M. (2004) 
Excision of the Tol2 transposable element of the medaka fish
Oryzias latipes in Xenopus laevis and Xenopus tropicalis. Gene
338: 93–98

88 Koga A., Iida A., Kamiya M., Hayashi R., Hori H., Ishikawa Y.
et al. (2003) The medaka fish Tol2 transposable element can
undergo excision in human and mouse cells. J. Hum. Genet. 48:
231–235

89 Kawakami K. and Noda T. (2004) Transposition of the Tol2
element, an Ac-like element from the Japanese medaka fish
Oryzias latipes, in mouse embryonic stem cells. Genetics 166:
895–899

90 Vigdal T. J., Kaufman C. D., Izsvák Z., Voytas D. F. and Ivics Z.
(2002) Common physical properties of DNA affecting target
site selection of Sleeping Beauty and other Tc1/mariner
transposable elements. J. Mol. Biol. 323: 441–452

91 Saville K. J., Warren W. D., Atkinson P. W. and O’Brochta D. A.
(1999) Integration specificity of the hobo element of
Drosophila melanogaster is dependent on sequences flanking
the integration site. Genetica 105: 133–147

CMLS, Cell. Mol. Life Sci. Vol. 62, 2005 Review Article 641


