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ABSTRACT | Transposons are natural gene delivery vehicles. The Sleeping Beauty (SB) transposon shows efficient
transposition and long-term transgene expression in the cells of vertebrates including humans. SB transposition into
chromosomal DNA occurs in a fairly random manner. This is clearly not desirable in human gene therapeutic applications
because there are potential genotoxic effects associated with transposon integration. In this study we set out to
manipulate the selection of SB's target sites for targeted transposition into predetermined chromosomal regions. We
evaluated experimental strategies based on engineered proteins composed of DNA-binding domains fused to (i) the
transposase; (ii) another protein that binds to a specific DNA sequence within the transposable element; and (iii) another
protein that interacts with the transposase. We demonstrated targeted transposition into endogenous matrix attachment
regions (MARs) and a chromosomally integrated tetracycline response element (TRE) in cultured human cells, using
targeting proteins that bind to the transposon DNA. An approach based on interactions between the transposase and a
targeting protein containing the N-terminal protein interaction domain of SB was found to enable an approximately 10’-
fold enrichment of transgene insertion at a desired locus. Our experiments provide proof-of-principle for targeted
chromosomal transposition of an otherwise randomly integrating transposon. Targeted transposition can be a powerful
technology for safe transgene integration in human therapeutic applications.

Introduction

DNA transposons have been developed as gene transfer
vectors in invertebrate model organisms and, more
recently, in vertebrates (reviewed in ref. 1). The Sleeping
Beauty (SB) transposable element is a valuable tool for
functional genomics in several model organisms [1], and
shows promise for human gene therapeutic applications
(see ref. 2 for a recent review). SB is a non-viral,
integrating vector system that can provide long-term gene
expression in vivo, coupled with a favorable safety profile
as compared to widely used viral approaches (reviewed in
ref. 2). SB is a two-component gene transfer vector
system; it consists of a gene-of-interest cloned between
the terminal inverted repeats (IRs) of SB that contain
binding sites for the transposase [3] and the transposase
polypeptide, the enzymatic factor of transposition.

As is the case with most other transposable elements, SB
displays a certain degree of specificity in target-site
utilization [4]. That is, SB exclusively integrates into TA
dinucleotides, which are duplicated upon transposition
and flank the integrated element. This is referred to as
target-site duplication [3,4]. Even though SB transposition
shows considerable specificity at the actual DNA
sequence level, it can be considered fairly random on a
genomic level [4]. Random genomic integration may limit
transgene expression through silencing caused by
position effects imposed by DNA methylation and/or the
formation of a local heterochromatin structure. Although
several studies have established that SB-mediated
transposition can provide long-term expression in vivo, it
is not currently known whether a fraction of the integrated
transposons are subject to silencing. Random transposon
integration also poses the potential risk of insertional
activation or inactivation of cellular genes [5]. Even
though SB-based vectors appear to be safer than
retrovirus vectors [6], the integrating transposons are
nevertheless potential mutagens. Thus, the ability to
achieve directed integration into a specific chromosomal
region will have a major positive impact on both the
efficacy and the safety of integrating vectors in genetic
engineering and therapy [7,8].

MDC Repository | http://edoc.mdc-berlin.de/8811/

The process of integration-site selection of retroviruses
and most transposons is primarily determined by the
transposase or integrase (IN) itself, and regions within the
catalytic core DDE domains are involved in mediating
interactions with the target DNA [9,10]. Consequently,
manipulation of target-site selection of retroviruses has
been approached mainly by fusing IN to specific DNA-
binding proteins including the phage A repressor [11] and
the Escherichia coli LexA protein [12,13]. Such
engineered IN proteins have shown biased integration
patterns near targeted sequences in vitro, but these
methods have proven difficult to adapt to cellular
applications [14]. Neither the LexA operator nor the A
operator sequences represent physiological targets in
human DNA. One class of DNA-binding proteins that
offers  both  specificity and flexibility in site-
targeting(conferring site specificity) is the synthetic zinc
finger (ZF) proteins [15]. Fusion proteins consisting of
human immunodeficiency virus type-1 IN and E2C, a
synthetic ZF protein recognizing a unique, 18-base pair
(bp) sequence in the promoter region of the human erb-
B2 gene [16], were found to bias retroviral integration near
the E2C-binding site in vitro [17]. Successful experimental
retargeting of the yeast retrotransposon Ty5 suggests an
alternative approach to controlling transposon integration,
wherein transposase/IN proteins are modified to carry
small peptide motifs or domains that recognize proteins
bound to chromosomal target sites [18].

We set out to evaluate molecular strategies for targeted
transposition of the SB system. Three distinct strategies
were evaluated, all designed to direct the transpositional
complex to a given chromosomal region by specific DNA—
protein interactions. An N-terminal fusion of the artificial
Jazz ZF protein recognizing a 9-bp site in the promoter
region of the human utrophin promoter [19] retained some
transpositional activity, but targeted transposition by this
fusion protein was not seen. We demonstrated targeted
transposition into endogenous chromosomal matrix
attachment regions (MARs) and a chromosomally
integrated tetracycline response element (TRE) in
cultured human cells, using targeting proteins that bind to
the transposon DNA. As high as >10% of transposant
cells were found to contain targeted insertion events by
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the use of an approach based on protein—protein
interactions between the SB transposase and an
engineered targeting protein consisting of the N-terminal
protein interaction domain of SB and the tetracycline
repressor (TetR). We discuss potential applications and
future development of targeted DNA transposition in
molecular genetics and therapy.

Results
Transpositional activities of transposase fusions

Because the transposon system consists of two main
functional components, namely, the transposon DNA and
the transposase protein, the tethering of the
transpositional complex to a given site in the genome can
be brought about by interactions with either of these two
components. Therefore, to achieve targeted transposition
of SB, we considered experimental strategies employing
a DNA-binding protein domain responsible for binding to a
chromosomal target and fused to (i) the transposase
(Fig.1a), or (ii) a protein domain that binds to a site within
the transposable element (Fig.1b), or (iii) a protein
domain that makes contacts with the transposase through
protein—protein interactions (Fig.1c).

Fusion proteins were engineered, containing the SB
transposase and either the bacterial TetR that specifically
binds the tetracycline operator sequence or the Jazz and
E2C ZF peptides (Fig.2a). Transposon excision activity of
the fusion proteins was tested using a polymerase chain
reaction (PCR)-based excision assay [20]. Out of the four
constructs tested, only the Jazz/SB fusion showed
detectable activity in human HelLa cells, though at a
clearly reduced efficiency compared to unfused
transposase (Fig.2b, compare lanes 2 and 4). In line with
the excision data, the Jazz/SB fusion was found to retain
transpositional activity at approximately 10-15% of the
wild-type level (Fig.2c). However, a PCR survey on
genomic DNA isolated from transformant cells generated
using Jazz/SB as transposase source revealed no
indication of targeted transposition into the utrophin locus,
and no occurrence of the 9-bp binding site of Jazz within
a 1-kilobase window around the transposon insertion sites
(data not shown).

Taken together, the results establish that most direct
fusions to the SB transposase have negative effects on
transpositional activity, and suggest that ZFs with higher
specificity in terms of DNA binding will be required for
targeted transposition.

Targeted SB transposition into chromosomal MARs in
cultured human cells

In view of the negative effects of direct transposase
modifications on transposition activity, we sought to test a
targeting strategy that employs modification of the
transposon DNA (Fig.1b). We began our experiments with
targeting into chromosomal regions that are represented
many times in a complex genome, whose base
composition is AT-rich, and for which interacting protein
determinants are known and well characterized, so that
SB can efficiently integrate into them. Scaffold attachment
regions, also called MARs that partition the genome into
distinct, independent loops by binding to the nuclear
matrix, satisfy the above criteria. Scaffold attachment
factor A (SAF-A) is known to bind MAR DNA, and
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contains an evolutionarily conserved protein domain,
termed the SAF-box, which is necessary and sufficient to
mediate MAR binding [21].

A fusion protein in which the SAF-box is fused to the C-
terminus of the E. coli LexA protein was engineered
(Fig.3a). The function of the LexA protein in this
experimental approach is to specify binding of the
targeting fusion protein to a LexA operator site engineered
into an SB transposon vector (pTzeo-322/LexOP in
Fig.3a). Importantly, the Tzeo-322/LexOP transposon
(either with or without the LexA protein) jumped as
efficiently as the parental Tzeo-322 transposon lacking
the LexA binding site (data not shown), thereby indicating
that binding of the fusion protein to the transposon does
not interfere with transposition.

We hypothesized that targeted transposition could occur
by simultaneous interaction of LexA/NLS/SAF with both
the transposon vector and chromosomal MARs, thereby
forcing the transposition complex to integrate into nearby
sites. In the absence of suitable methods for directly
selecting transposition events in MARs, transfected HelLa
cells were pooled, and SB integration sites were cloned
out from genomic DNA and analyzed using a software
called MAR-Wiz that detects the presence of MARs within
DNA sequences. We analyzed 56 unique SB insertions
recovered from cells expressing LexA/NLS/SAF and 57
from cells expressing LexA/NLS only. The results from
each data set were categorized into six groups according
to proximity to a predicted MAR. A statistically significant
(P= 0.024) difference between the two data sets was
found, with the most notable difference being in the group
of insertions that are the closest to a MAR. Specifically,
nine insertions in the targeting group occurred within 1-
kilobase distance from a predicted MAR, versus two
events in the control group (Fig.3b). An output of the
MAR-Wiz program showing the positions of the MAR peak
and that of a ftransposon insertion is shown in
Supplementary Figure S1. Some of the cloned
chromosomal DNA fragments flanking the transposon
insertions and predicted to contain MAR sequences were
tested in an in vitro assay for binding by the SAF-box. As
shown in Figure 3c, two out of three SB target sites
tested showed considerable binding to the SAF-box
peptide, suggesting that SB insertions in these regions
were indeed targeted by the DNA-binding activity of the
SAF-box.

Taken together, our results indicate a shift in the
insertional spectrum of SB in the presence of the targeting
fusion protein, and show a bias for integration in the
vicinity of genomic MAR sequences.

Targeted transposition into a specific locus in human cells

Encouraged by the above results, we next sought
evidence for targeted transposition into a unique site in
the human genome. For this purpose, we concentrated on
the TetR-operator system [22]. Unlike the binding of the
SAF-box to scaffold attachment regions, the interaction of
TetR with its operator site is highly sequence-specific. We
generated a transgenic HelLa-derived cell line containing a
TRE (encompassing seven units of the tetracycline
operator)-driven enhanced green fluorescent protein
(EGFP) gene, which served as a chromosomal target for
transposon integration (Fig.4a). The targeting fusion
protein consisted of TetR, an NLS, and the LexA protein
(TetR/NLS/LexA in Fig.4a). The ability of TetR/NLS/LexA




Ivics Z et al.

to bind to the TRE and the LexA operator-containing
transposon DNA was tested in an electrophoretic mobility
shift experiment using nuclear extracts of HelLa cells
transfected with the fusion protein expression construct
and radioctively labeled TRE and transposon probes
(Fig.4b). Both the TRE and the transposon probes were
shifted with TetR/NLS/LexA (Fig.4b, lanes 2 and 5), but
not with a nuclear extract prepared from untransfected
cells (Fig.4b, lanes 3 and 6).

The TRE-EGFP transgenic cell line was cotransfected
with a transposase expression plasmid, pTzeo-
322/LexOP and TetR/NLS/LexA. After selection,
approximately 400 cell colonies were pooled, and
genomic DNA was prepared and subjected to PCR
analysis with primers designed to amplify transposition
events upstream of the EGFP gene (Fig.4a). PCR
products consistent with transposon integration in both
orientations with respect to the EGFP gene were obtained
from transfections with pTzeo-322/LexOP but not with
pTzeo-322, a transposon vector without a LexA binding
site (Fig.4c), thereby indicating that a functional
interaction between the LexA protein and its binding site
within the transposon DNA is required for targeted
insertion into the TRE locus. Sequencing of the PCR
products revealed transposition of SB in the two different
possible orientations into two TA sites in the promoter
region of the EGFP gene, 44 and 48 bp downstream of
the TRE region (Sites 1 and 2 in Fig.4d).

In conclusion, our strategy based on targeting proteins
that can bind both transposon and target DNA was
successful in directing SB element transposition into the
vicinity of a specific DNA sequence in the human
genome.

Targeting using fusion proteins that interact with the
transposase

Many naturally occurring transposable elements utilize
protein—protein interactions for targeted insertion into
defined sites. A requirement for adapting such a strategy
to SB is to identify proteins that interact with the
transposase. We previously identified an N-terminal
fragment of the SB transposase to encode a transposase
interaction function [23]. The region required for
transposase interaction has been mapped to the N-
terminal 57 amino acids of the transposase containing the
PAI subdomain of the paired-like (PAl + RED) DNA-
binding domain of the SB transposase [23]. We have
shown before that coexpression of a peptide covering the
PAIl subdomain (hereafter called N-57) with the full-length
transposase does not impair transposition [23]. Therefore,
we chose to pursue a strategy to generate fusion proteins
of DNA-binding proteins with N-57, in the hope that these
fusions would retain their ability to bind to desired target
DNA sequences as well as to interact with the SB
transposase without compromising its function.

An experimental strategy similar to that described above
was employed, except that the targeting fusion protein
consisted of TetR and N-57 (Fig.5a). The TRE-EGFP
transgenic cell line was cotransfected with a transposase
expression plasmid, pTzeo-322 and the targeting fusion
protein. Approximately 400 antibiotic-resistant cell
colonies were pooled, and targeted transposition events
were assessed by PCR on genomic DNA, as above. PCR
products consistent with transposon insertions in both
orientations with respect to the EGFP gene near the

MDC Repository | http://edoc.mdc-berlin.de/8811/

targeted TRE region were recovered from transfections
with  TetR/NLS/N-57, but not with TetR/NLS/LexA
(Fig.5b). It therefore follows that N-57 is required for
transposon insertion into the targeted TRE locus. Two of
the insertions correspond to transposition events into Site
1 in different orientations, whereas two other insertions
correspond to transposition events into TA target
dinucleotides 170 bp (Site 3) and 423 bp (Site 4)
upstream of the TRE region (Fig.5b and d). As a further
control, cells transfected with TetR/NLS/N-57 were
selected in the absence and presence of doxycycline
(DOX), an antibiotic that disrupts interaction of TetR with
TRE. As shown in Fig.5c, transposon insertions into the
TRE region can be recovered only in the absence of
doxycycline. Collectively, the results presented in Fig.5b
and c demonstrate that the TRE target itself does not
serve as a transpositional hotspot for SB, because both
N-57 and a functional interaction of TetR with TRE (i.e.,
components of an active targeting mechanism) are
required for transposition into this region. Altogether 12
different insertion sites within the TRE-EGFP target were
recovered from 6 independent transfections, from which 3
sites, Site 1, Site 4 and Site 5, were hit multiple times
independently (Fig.5d).

How efficiently transgenic cells harboring targeted
insertion events can be generated was assessed by doing
the PCR test on DNA isolated from individual transgenic
cell clones. Five out of twenty-four clones contained
targeted transposition events into Site 1 (Fig.5e, upper
gel). In an independent experiment, 4 out of 48 individual
transgenic cell clones were found to have targeted
transposition events (Fig.5e, lower gel). That is, on an
average, the frequency at which transgenic cells with
targeted transposon insertions can be generated is >10%.
We conclude that transposon targeting based on protein—
protein interactions between the SB transposase and a
targeting fusion containing the PAIl subdomain is a
successful strategy to direct SB integrations into a given
locus in the human genome. We also conclude that SB
insertions can occur into multiple sites within a targeted
chromosomal region, and that particular sites are favored
targets (hotspots).

Discussion

Here we demonstrate targeted chromosomal insertion of
the SB transposable element in human cells. The very
fact that targeted transposition can be achieved is
remarkable, because the SB element integrates in a fairly
random manner into human chromosomal DNA.

We have evaluated three distinct molecular strategies for
targeted SB transposition, making use of heterologous
DNA-binding domains that are fused to (i) the SB
transposase itself, or (ii) a protein domain that binds the
transposon DNA, or (iii) a protein domain that interacts
with the SB transposase (Fig.1). Fusions of the bacterial
IS30 transposase with the A repressor and with the DNA-
binding domain of the transcription factor Gli1, using
plasmid targets, showed altered insertion profiles in E. coli
and in zebrafish embryos, respectively [24]. Furthermore,
direct fusions of the Mos1 and piggyBac eukaryotic
transposases with the GAL4 DNA-binding domain were
recently shown to retain transpositional activity, and to
result in site-selective transposon insertion in a plasmid-
to-plasmid experimental setup in mosquito embryos [25].
We have assessed the feasibility of fusing DNA-binding
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proteins directly to the SB transposase polypeptide
(Fig.2a). Out of four fusions, only one, namely, the
artificial three-finger protein Jazz added to the N-terminus
of SB, showed detectable transposition activity (Fig.2b
and c). We obtained no evidence for targeted
transposition by Jazz/SB either into the utrophin locus or
any other region containing the 9-bp binding site of Jazz.
It is possible that specificity for a 9-bp DNA sequence of
Jazz is far too low for targeted transposition. Future
efforts to improve this technology will therefore have to
focus on the identification of highly specific DNA-binding
domains, and on a systematic evaluation of protein
spacer sequences linking the two fusion partners in order
to allow rational designing of direct transposase fusions.

The second, more successful strategy was based on a
fusion protein with dual DNA-binding activity that has the
capacity to bind to two DNA molecules containing binding
sites of the respective fusion partners, thereby bringing
them into close proximity (Fig.1b). A similar mechanism
of bridging of DNA molecules by proteins might act in
targeting some P element transposon vectors in
Drosophila. P element insertion is essentially random at
the genome scale. However, P elements containing
regulatory sequences from the engrailed gene show
some insertional specificity by frequently inserting near
the endogenous parental gene [26,27]. This
phenomenon, called transposon "homing", tends to be
region-specific  [27] with  transposon integrations
distributed over several kilobase pair regions near the
targeted loci.

Potential SB targeting by such a mechanism was
assessed by engineering a LexA operator into a benign
site within an SB transposon vector (Fig.3a). Targeted
transposition events into endogenous chromosomal MAR
sequences as well as a chromosomally integrated TRE
were recovered by employing targeting fusion proteins
containing LexA and either the SAF-box, a protein domain
that binds to chromosomal MARs, or the TetR (Fig.3 and
4). The targeted transposition events identified in these
experiments were likely mediated by simultaneous
binding of the targeting fusion protein to both transposon
and target DNA. In sum, this strategy shows promise,
because it does not measurably interfere with the
transposition process; however, its success may be
limited by the ability of the targeting fusion protein to
interact with the modified transposon in the cell.

A third strategy for targeted SB transposition, based on
protein—protein interactions between a targeting protein
and the SB ftransposase (Fig.1lc), was also evaluated.
Several, naturally occurring transposable elements have
evolved strategies for targeted insertion into defined
chromosomal sites or regions, and the mechanisms of
targeted insertions often rely on protein—protein
interactions between a transposon-encoded factor and a
cellular, DNA-binding host factor. For example, the E. coli
transposon Tn7 integrates into the chromosomal site
attTn7. This targeted insertion is mediated through
sequence-specific  DNA binding of the transposase
subunit called TnsD at attTn7, and interaction with
another subunit called TnsC [28]. There are several
retrotransposable elements in yeast that have evolved
strategies for targeted integration. For example, the
integration of Ty1 and Ty3 occurs upstream of genes
transcribed by RNA polymerase Ill, and this process is
mediated through interaction of IN with components of
transcription factor 1l [29,30]. The Ty5 element integrates
into heterochromatin, mediated by interaction of the IN
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with the heterochromatin protein Sirdp [31]. Finally,
human immunodeficiency virus integration is particularly
favored in active transcription units, and the LEDGF/p75
transcription factor was implicated in directing human
immunodeficiency virus integration-site selection via a
tethering interaction with IN [32]. A recent study showed
increased integration by human immunodeficiency virus
IN near A repressor binding sites in the presence of A
repressor-LEDGF/p75 fusions in vitro [33]. Altogether,
these observations suggest a general model wherein
interactions between transposase/IN and DNA-bound
proteins mediate insertional target choice.

We have successfully adapted such a strategy for
targeted SB transposition by coexpressing the SB
transposase with a targeting fusion protein consisting of a
specific DNA-binding domain and a subdomain of the SB
transposase that mediates protein—protein interactions
between transposase subunits (Fig.5). A significant
advantage of this technology as compared to direct
transposase fusions is that the transposase polypeptide
does not have to be modified; thus, potential negative
effects on transposase activity are eliminated. Analysis of
the insertion sites obtained in the presence of the
TetR/NLS/N-57 fusion protein allows us to draw some
general conclusions concerning the mechanism of
targeted SB transposition. First, although a preferred
integration hotspot 44 bp downstream of TRE was
identified, targeted insertion events occurred within a 2.6-
kilobase window around the targeted TRE (Fig.5d). This
is in contrast to targeted retroviral and retrotransposon
insertions that have been found to occur within a narrow
(<150 bp) integration window around the targeted DNA
sites [11,13]. A possible explanation for this difference is
that these retroelements are fairly promiscuous in terms of
the DNA sequences into which they can integrate; thus,
tethering the integration complex can result in integration
into nearby sites. In contrast, SB requires TA
dinucleotides for integration, and these must be
accessible for the transpositional complex. Our
observations are compatible with a model of targeted
transposition wherein the SB integration complex is drawn
to a chromosomal region by protein—protein interactions,
but the sites at which integration can take place will be
limited by the biochemical and biophysical constraints
affecting SB transposition. In this respect, it is interesting
to note that the TRE itself was never targeted (Fig.5d),
even though the tetracycline operator sequence contains
two TA sites. It is likely that these sites are not available
for integration because they are occupied by TetR/NLS/N-
57. Finally, it is evident from this study that, in addition to
the targeted insertion events, transposition also occurs
into numerous non-targeted sites. Since the efficiency of
targeted insertion of naturally occurring transposons can
approach 100%, the question arises as to how to improve
the success rate of SB targeting. A yet-to-be-explored
possibility for increasing targeting efficiencies is to use
varying ratios of targeting protein to transposase. A further
factor to consider is that the SB transposase used in our
experiments was fully functional in target DNA
binding/capture. Thus, once in the nucleus, the SB
transposase is probably confronted by vast numbers of
potential TA target sites in the chromosomal DNA. Non-
specific binding of the transposase to human
chromosomal DNA likely competes with specific binding to
a desired targeted sequence; this would limit the
probability of a targeted transposition event, and
consequently the frequency of occurrence. Such limitation
could, in principle, be circumvented by interfering with the
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target DNA binding function of the transposase. It is not
immediately evident, and remains to be seen, whether SB
transposase mutants deficient in target DNA binding but
proficient in catalysis can be made.

We demonstrated efficient transposon targeting in the
human genome; >10% of cells receiving transposon
insertions contained at least one transposition event
within the targeted chromosomal region (Fig.5e).
Because the estimated theoretical frequency of hitting any
TA in the human genome by random transposition is
approximately 1 in a total of 108 transposition events, this
technology represents enrichment of transgene insertion
by a factor of approximately 10" at a desired locus. It
should be noted that the targeted site in our experiments
was a 7-mer repeat of the tetracycline operator, and it is
possible that the rate of targeted integration would be
lower if the binding site were monomeric. Indeed, the
efficiency of experimentally retargeted Ty5
retrotransposon integration was found to correlate with
the number of target sites, thereby suggesting that
targeting efficiency is determined by the amount of
targeting protein tethered to the target DNA [18].
Technologies for site-directed transgene integration could
potentially have practical relevance in at least three areas
of molecular genetics and therapy. First, targeted
transposition could provide the means for target-selected
chromosomal engineering in experimental model
systems, for which methods based on homologous
recombination do not exist. Second, the ability to target
transgene integration into loci associated with open
chromatin, and the potential to reliably and persistently
express a transgene, could minimize position effects and
the silencing of transgene expression. Finally, designed
integration into safe regions in the human genome would
reduce the potential genotoxic effects of transposon
insertion, thereby contributing to an overall improvement
in the safety profile of transposon-based gene vectors for
human applications. Future work will have to focus on the
identification of applicable, endogenous chromosomal
target sites and the selection of DNA-binding proteins that
can be exploited for efficiently targeting transposition into
those sites in vivo.

Materials and Methods
Plasmids

The LexA gene was PCR-amplified from plasmid
pEG202, and inserted into the pFV4a expression vector
containing the carp B-actin promoter [34]. A double-
stranded oligo encoding the simian virus 40 T antigen
NLS was inserted downstream of LexA, followed by an in-
frame insertion of 44 amino acids (excluding the initiator
methionine) of the SAF-box. The sequence containing the
LexA operator site (Fig.3a) was inserted into pT/zeo-322
[35] using PCR mutagenesis. The TetR/NLS/LexA and
TetR/NLS/N-57 fusions were constructed by inserting
LexA or 56 amino acids (excluding the initiator
methionine) of the SB transposase into the TetR
expression vector pUHD141-1. The TetR/SB fusion was
constructed by replacing a restriction fragment of FV4a-
SB with a corresponding fragment of TetR/NLS/N-57. In
both of these fusions, the TetR domain and the
transposase domain are connected by an NLS/glycine-
bridge linker with the following amino acid composition:
PKKKRKLAGGGGGGGGGG. The SB/E2C fusion was
made by inserting the SB transposase gene together with
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an E2C gene fragment into FV4a, whereas the E2C/SB
and Jazz/SB fusion were constructed by inserting E2C or
Jazz in place of TetR in FV4a-TetR/SB. In these three
constructs, the ZF domains and the transposase domain
are connected by a linker consisting of 10 glycine
residues. Primer sequences for all PCRs and additional
cloning details are provided in Supplementary Materials
and Methods.

Cell culture and transfections

Transposition assays in HelLa cells were carried out as
described [3]. Typically, 10° cells were transfected with 90
ng of each the transposon donor plasmid pT/neo or
pT/zeo-322 or pTzeo-322/LexOP, the transposase-
expressing vector pCMV-SB10 [3], and a plasmid
expressing a targeting fusion protein, using Fugene6
transfection reagent (Roche, Basel, Switzerland).
Selection with doxycycline was done at 1pug/ml as
recommended by the manufacturer (Clontech, Mountain
View, CA). The transgenic Hela-derived cell line was
generated by cotransfection of pTRE-d2EGFP (Clontech,
Mountain View, CA) and a simian virus 40-Hygro
selectable marker, and selection with hygromycin. One
resulting clone that responded well to transactivation by
the pTet-Off plasmid (Clontech) was retained for all further
experiments. The frequency of targeted transposition
events was assessed by transfecting TRE-transgenic
HelLa cells in 6-well plates using 90 ng pT/neo, 450 ng
pCMV-TetR/NLS/N-57 and 0.9 ng pCMV-SB10, and
plating the cells 2 days post-transfection directly into 96-
well tissue culture plates such that all wells contained at
least one transgenic cell. This ensures that the chance for
subclonal propagation of transgenic clones within a
transfected cell population is kept at a minimum.

Mapping of transposon insertion sites

Cloning of transposon insertion sites from human genomic
DNA was done using splinkerette PCR or transposon
rescue as described [3,4]. MAR-Wiz
(http://www.futuresoft.org/MAR-Wiz/)  predicts MARs
based on the co-occurrence of DNA sequence patterns,
and structural features such as AT-richness, bendability,
and the presence of topoisomerase Il recognition sites,
that have been shown to occur in the neighborhood of
MARSs. The default parameters of MAR search were used.
Statistical analysis was done using student's t-test.

Electrophoretic mobility shift assay

The probes used were an EcoRI fragment of pTzeo-
322/LexOP containing the LexA operator site within the
left inverted repeat of SB and an Xhol/Sacll fragment of
pTRE-d2EGFP containing the TRE region, in assay
conditions described in [3]. Reactions contained labeled
probe, 1 ug poly[dI][dC], 100 pg labeled fragment and 1 ul
nuclear protein extract.

Pull-down SAF-binding assay

A DNA-binding assay was done essentially as described
[21]. The ZZ-45 protein is a recombinant SAF-A peptide
expressed as a C-terminal fusion to an artificial double-Z
domain tag (tandem of the IgG-binding domain of Protein
A). Radiolabeled DNA fragments to be tested and the

5
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control DNAs (pMIl human DNA as positive control and
bacterial pUC19 DNA as negative control) were incubated
together with ZZ-45 immobilized on IgG resin in binding
buffer. Sheared E. coliDNA was added to the binding
reactions as an unlabeled unspecific competitor in 1,000-
fold excess. Unbound DNA was removed by washing the
complex extensively with the binding buffer. DNA binding
was quantified by scintillation counting.
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Figure 1. Experimental strategies for targeting Sleeping Beauty
transposition. The common components of the targeting systems
include a transposable element that contains the inverted repeats (IRs)
(arrowheads) and a gene-of-interest equipped with a suitable
promoter. The transposase (purple circle) binds to the IRs and
catalyzes transposition. A DNA-binding protein domain (red oval)
recognizes a specific sequence (turquoise box) in the target DNA
(parallel lines). (a) Targeting with transposase fusion proteins.
Targeting is achieved by fusing a specific DNA-binding protein domain
to the transposase. (b) Targeting with fusion proteins that bind the
transposon DNA. Targeting is achieved by fusing a specific DNA-
binding protein domain to another protein (white oval) that binds to a
specific DNA sequence within the transposable element (yellow box).
In this strategy, the transposase is not modified. (c) Targeting with
fusion proteins that interact with the transposase. Targeting is
achieved by fusing a specific DNA-binding protein domain to another
protein (light green oval) that interacts with the transposase. In this
strategy, neither the transposase nor the transposon is modified.
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Figure 2. Design and transpositional activities of
transposase fusions. (a) Schematic representation of the
fusion proteins that consist of the Sleeping Beauty (SB)
transposase fused to the tetracycline repressor (TetR), the
Jazz or the E2C zinc finger (ZF) proteins. The TetR/SB fusion
contains the simian virus 40 nuclear localization signal (NLS)
in addition to the NLS naturally present in SB. All fusions
contain a glycine-bridge (G) consisting of 10 consecutive
glycine residues to provide a flexible linker between the fusion
partners. (b) A fusion protein consisting of the SB
transposase and the Jazz ZF protein retains transposon
excision activity. HeLa cells were cotransfected with a neo-
marked transposon plasmid and vectors expressing the
proteins indicated. Transposon excision is assayed with
polymerase chain reaction (PCR) that amplifies a footprint
product. PCR-amplification of the neo marker inside the
transfected transposon donor serves as a loading control. (c)
The Jazz/SB fusion protein is active in SB transposition. HeLa
cells were cotransfected with a neo-marked transposon
plasmid and vectors expressing [(-galactosidase or SB
transposase or Jazz/SB, and selected for transposition events
by antibiotic selection with G-418. The numbers of G-418-
resistant colonies are indicated.
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Figure 3. Transposon targeting into chromosomal matrix
attachment regions (MARs). (a) Components of the targeting
system. The targeting fusion protein consists of the bacterial LexA
DNA-binding protein, a nuclear localization signal (NLS) and the
scaffold attachment factor (SAF)-box. A control protein lacks the
SAF-box. The transposable element contains a 16-base pair binding
site for the LexA protein. Arrows indicate the approximate positions of
nested polymerase chain reaction (PCR) primers that were used to
identify targeted transposition events. (b) Transposon insertions were
recovered from Hela cells transfected with the components of the
targeting system, and human chromosomal DNA flanking the
insertion sites was analyzed with respect to proximity to
chromosomal MARs. Distances were categorized, and the numbers
of insertions obtained in the presence and absence of the targeting
fusion protein in each category are shown. The two datasets show a
statistically significant (P= 0.024) difference in the distribution of
transposon insertions. (c) In vitro binding of Sleeping Beauty (SB)
target sites by the SAF-box. Resin-bound SAF-box peptide was
incubated with radiolabeled (1) MIl DNA (positive control); (2) pUC19
plasmid DNA (negative control), and (3-5) transposon target sites,
and the radioactivity retained on the resin after extensive washing
was measured. Efficiency of binding of the SAF-box to MIl DNA is
arbitrarily set to 100%.
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Figure 4. Transposon targeting into a chromosomally integrated
tetracycline response element (TRE). (a) Components of the targeting
system. The target DNA is a chromosomally integrated TRE upstream of
the cytomegalovirus (CMV) minimal promoter and the enhanced green
fluorescent protein (EGFP) gene in transgenic human Hela cells. Arrows
indicate the approximate positions of nested polymerase chain reaction
(PCR) primers that were used for identifying targeted transposition
events. The targeting fusion protein consists of the tetracycline repressor
(TetR) that binds to the TRE, a nuclear localization signal (NLS), and the
LexA DNA-binding protein that binds to its binding site engineered into a
transposon vector, as shown in Fig.3a. (b) Mobility shift experiment
showing the ability of the targeting fusion protein to specifically bind to
radiolabeled TRE and transposon probes. Lanes 1 and 4: no protein;
lanes 2 and 5: Hela extract containing TetR/NLS/LexA; lanes 3 and 6:
untransfected Hela extract. (c) Cells were cotransfected with the
components of the transposon targeting system, and genomic DNA of
pooled transformant cells was subjected to PCR using primers specific to
the transposable element (Fig.3a) and to the EGFP gene in the target
DNA (Fig.4a). The agarose gel shows PCR products obtained from cells
transfected with pT/zeo-322/LexOP or with pT/zeo-322 with primers
amplifying the left or the right inverted repeat of the transposon. M: size
marker. (d) Targeted transposition close to the TRE. PCR products in
Fig.4c represent two transposon insertions in close proximity of the
targeted TRE region, in the two possible orientations, within two TA
dinucleotides of the CMV promoter TATA-box (Sites 1 and 2).
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Figure 5. Transposon targeting using a strategy based on
protein—protein interactions between a targeting fusion protein
and the Sleeping Beauty (SB) transposase. (a) The targeting
fusion protein consists of the tetracycline repressor (TetR) that binds
to the tetracycline response element (TRE), a nuclear localization
signal (NLS), a glycine-bridge (G) and the N-terminal protein
interaction domain of the SB transposase (N-57). (b) Cells were
cotransfected with the components of the transposon targeting
system, and genomic DNA of pooled transformant cells was
subjected to polymerase chain reaction (PCR) as described in
Fig.4c. The agarose gel shows PCR products obtained from cells
transfected with a vector expressing TetR/NLS/N-57 or with
TetR/NLS/LexA with primers amplifying the left or the right inverted
repeat (IR) of the transposon. M: size marker. (c) The agarose gel
shows PCR products obtained from cells transfected with a vector
expressing TetR/NLS/N-57 and selected in the absence and
presence of doxycycline (DOX), with primers amplifying the left or
the right IR of the transposon. M: size marker. (d) Mapping of
targeted SB insertions (arrows) with respect to the TRE-EGFP target
isolated from six independent experiments is shown. Multiple arrows
represent independent insertions into the same site. Positions of the
insertions are indicated below; the numbers correspond to the base
pair numbering of the pTRE-d2EGFP plasmid (Clontech). (e)
Frequency of targeted transposition. The agarose gels show PCR
products obtained from individual, transgenic cell clones picked from
two independent cell transfections. A PCR product recovered from
pooled (P) DNA samples serves as a reference. M: size marker.
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