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ABSTRACT | Genomic insertion of a functional gene together with suitable transcriptional regulatory elements is often 
required for long-term therapeutical benefit in gene therapy for several genetic diseases. A variety of integrating vectors 
for gene delivery exist. Some of them exhibit random genomic integration, whereas others have integration preferences 
based on attributes of the targeted site, such as primary DNA sequence and physical structure of the DNA, or through 
tethering to certain DNA sequences by host-encoded cellular factors. Uncontrolled genomic insertion bears the risk of the 
transgene being silenced due to chromosomal position effects, and can lead to genotoxic effects due to mutagenesis of 
cellular genes. None of the vector systems currently used in either preclinical experiments or clinical trials displays 
sufficient preferences for target DNA sequences that would ensure appropriate and reliable expression of the transgene 
and simultaneously prevent hazardous side effects. We review in this paper the advantages and disadvantages of both 
viral and non-viral gene delivery technologies, discuss mechanisms of target site selection of integrating genetic 
elements (viruses and transposons), and suggest distinct molecular strategies for targeted gene delivery. 
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Viral vectors and genotoxic effects of their 
genomic integration 
About 23% of gene therapy clinical trials have used 
retroviral and lentiviral vectors based on the murine 
leukemia virus (MLV), the avian sarcoma-leukosis virus 
(ASLV), or the human immunodeficiency virus (HIV) 
(http://www.wiley.co.uk/genmed/clinical). Retroviral 
vectors are very efficient in gene delivery and in providing 
sustained expression of the transgene, but their use 
raises serious concerns with respect to safety 
(recombination in vivo), immunological complications [1] 
and insertional mutagenesis. MLV has been shown to 
have a strong tendency to insert into transcription start 
sites of genes [2], whereas HIV exhibits a bias toward 
insertions into transcription units but without bias to 
transcription start sites [3]. ASLV shows the weakest 
preference for insertion into active genes in this group, 
but still at a frequency higher than that of random 
integration [4]. Integration of the vector into a gene or its 
regulatory elements can knock out the gene, alter its 
spatio/temporal expression pattern, or lead to truncation 
of the gene product (Fig. 1). Such genotoxic effects can 
have devastating consequences for the cell and the whole 
organism, including the development of cancer [5]. 

Such unfortunate events were observed in clinical trials 
using an MLV-based vector for gene therapy for X-linked 
severe combined immunodeficiency (SCID-X1). Nine out 
of 11 patients could be cured upon ex vivo transfer of a 
gene construct encoding the γ chain of the common 
cytokine receptor (γc) into autologous CD34+ bone 
marrow cells [6]. However, several years after the gene 
therapy treatment, two patients developed T-cell 
leukemia. In both patients, development of the leukemia 
was due to insertion of the transgene close to the 
promoter region of the LIM domain only 2 (LMO2) gene 
[7], and deregulated cell proliferation driven by retrovirus 
enhancer activity on the LMO2 promoter. Since then, the 
number of severe adverse events in this particular clinical 
trial has grown to four [8], and yet a new case has been 
reported in a separate SCID-X1 trial [9]. These incidents 
very drastically underscored the peril of insertional 
mutagenesis upon transgene integration. Despite these 
adverse events, it needs to be emphasized that a number 

of patients who received gammaretroviral vector-mediated 
gene therapy treatment profit from improvements or even 
cure of their disease. This includes successful gene 
therapy trials for adenosine deaminase deficiency-linked 
SCID [10]. 

Retroviral vectors, with the exception of HIV-based 
systems, require active cell division for transgene delivery 
to the nucleus. In contrast, adenovirus-based vectors are 
capable of infecting dividing as well as postmitotic cells. In 
postmitotic cells, adenovirus-based vectors persist in an 
episomal state within the host cell, thereby alleviating the 
problems associated with mutagenic chromosomal 
insertions. However, due to their episomal state, 
adenoviral vectors are eliminated from proliferating cells 
over time. Native adenoviruses have the ability to transfer 
genes to a range of cell types. Capsid modification can 
alter the tropism of the virus, allowing infection of different, 
defined tissue targets [11]. 

One substantial problem with the use of adenovirus-based 
gene therapy vectors is their immunogenicity. Jesse 
Gelsinger, a patient suffering from partial ornithine 
transcarbamylase deficiency, was the first person to die 
from the experimental technique of gene therapy. Soon 
after receiving adenovirus-based gene therapy, he 
developed acute respiratory distress syndrome, and died 
of multiple organ failure [12]. In first- and second-
generation adenoviral vectors that are deficient in regions 
of the adenoviral genome that are transcribed during early 
stages of infection, residual expression from remaining 
adenoviral genes can trigger a cytotoxic T-lymphocyte 
(CTL) immune response toward infected cells, which can 
lead to elimination of transduced cells and thus 
expression of the therapeutic gene [13]. Adenoviral 
vectors also have the capacity to induce an adaptive 
humoral immune response against the vector capsid, 
which can lead to elimination of readministered vectors 
due to circulating neutralizing antibodies [14]. 
Furthermore, systemic delivery of adenoviral vectors can 
lead to activation of an innate immune response even 
against third-generation, or so-called gutless or helper-
dependent, adenoviral vectors that are completely devoid 
of all viral genes [15]. The problems associated with 
episomal DNA also apply to adenovirus-based vectors: 
stability of the gutless vector particle in vivo, as well as a 
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decrease in the expression of the therapeutic transgene 
can be observed over time [16]. 

Adeno-associated virus (AAV) is a single-stranded DNA 
virus that depends on the protein machinery of a helper 
virus such as adenovirus or Herpes Simplex Virus (HSV) 
to enter its lytic cycle [17]. In the absence of helper virus, 
the rep proteins encoded by AAV catalyze chromosomal 
integration and formation of a provirus. AAV has limited 
capacity in terms of cargo size, and thus in recombinant 
AAV (rAAV) vectors the viral genes including rep are 
removed to make room for genes of interest and elements 
necessary for their expression. Thus, even though rAAV 
vectors are able to transduce a wide variety of cells, they 
lack chromosomal integration. As a result, transgene 
expression from rAAV predominantly results from 
episomal vector DNA, though some integration of viral 
episomes can occur, dragging along the problems 
described above [18]. 

Taken together, potential genotoxic effects elicited by 
integrating viral vector systems, immunological 
complications associated with virus readministration and 
loss of therapeutic transgene expression for episomal 
vectors give rise to serious problems bearing great risk for 
patients undergoing gene therapy. Targeted integration of 
the therapeutic gene to a “safe” site in the human genome 
would prevent possible hazards to the host cell and 
organism due to the problems mentioned above. 

 

Nonviral vectors 
Due to safety concerns regarding viral vectors, there is 
much interest in developing nonviral gene delivery 
technologies. Nonviral vector systems collectively cover 
physical methods, i.e., hydrodynamic pressure 
techniques, electroporation, ballistic delivery or 
microinjection and complexing of nucleic acids with 
cationic polymers such as lipofection, cationic peptides, 
polyethylenimine (PEI), or receptor-mediated delivery for 
introducing therapeutic nucleic acids into cells (reviewed 
in [19]). 

The major challenge with any nonviral gene delivery 
method is to provide efficient entry into the cell, escape of 
the endosomal and lysosomal compartment and transport 
into the nucleus. Though generally showing lower 
immunogenicity and toxicity than viruses, easy and cost-
effective production and no strict size limitation for the 
therapeutic cargo, nonviral vectors are difficult to deliver 
at a reasonable efficiency. Integration of DNA by 
homologous recombination, though a highly sequence-
specific process, generally takes place at frequencies 
<0.1% [20], making it unsuitable for transgene delivery in 
clinical settings. However, frequencies of homologous 
recombination-based gene repair can be boosted by 
delivering a homologous DNA template by an AAV vector. 
Such an approach allows high-fidelity targeted gene 
repair at frequencies of up to 1% in human fibroblasts 
[21]. 

In the absence of genomic integration, DNA introduced 
into a cell can persist in an episomal state. Episomal DNA 
is eventually lost in dividing cells, and expression often 
decreases in quiescent tissues over time, probably due to 
transgene silencing. Exclusion of bacterial sequences and 
inclusion of certain elements of the Epstein–Barr Virus 
(EBV) such as nuclear antigen I and human scaffold or 
matrix attachment regions (S/MARs) can prolong 

persistence of the episome, and thereby ensure effective 
expression levels [22, 23]. However, EBV nuclear antigen 
I has been suggested to contribute to the oncogenic 
potential of EBV [24] and shown to inhibit apoptosis 
independently from other viral genes [25], thereby 
presenting a risk of cellular transformation and the 
development of cancers. An alternative is to construct and 
apply human artificial chromosomes (HACs) [26]. 
However, experimental manipulation and full 
characterization of HACs may prove difficult due to their 
large size and their content of sometimes highly repetitive 
sequences. 

 

Transposons as integrating, nonviral gene delivery 
vectors 

Transposable elements represent nonviral vector systems 
that possess the capacity to stably integrate into the 
genome, and thus provide long-lasting expression of 
transgene constructs in cells. The synthetic fish and 
amphibian transposons Sleeping Beauty (SB) [27] and 
Frog Prince [28], respectively, are members of the 
Tc1/mariner superfamily belonging to so-called DNA 
transposons that transpose via a cut-and-paste 
mechanism from one DNA molecule to another. These 
transposon systems are made up of two components: the 
transposon carrying a gene of interest and the 
transposase, the enzymatic factor of the transposition 
process (Fig. 2a). During transposition, the transposable 
element stably integrates into a recipient DNA molecule 
(Fig. 2b). Since, unlike viruses, transposons are not 
infectious, they have to be actively delivered into the cell. 

Various methods for non-viral DNA delivery including 
hydrodynamic injection, electroporation, microinjection, 
and complexing of the transposon components with PEI 
have been tested in conjunction with transposable 
element vectors (reviewed in [29]). Alternatively, 
transposon vectors can be delivered into cells by coupling 
the integration machinery of the transposable element to 
the cell infection machinery of a virus. Transposon-virus 
hybrid vectors delivering the components of the SB 
transposon system into cells by infection of adenovirus 
[30] or herpes simplex virus [31] have been developed. 

Sleeping Beauty is the most thoroughly studied vertebrate 
transposon to date, and it has shown highly efficient 
transposition in different somatic tissues of a wide range 
of vertebrate species including humans, as well as in the 
germline of fish, frogs, mice, and rats (reviewed in [32]). 
SB has been shown to provide long-term transgene 
expression in preclinical animal models (see [29] for a 
recent review). SB inserts into TA dinucleotides, and 
shows additional target site preferences based on 
physical properties of the DNA rather than on primary 
DNA sequence [33, 34]. A slight bias toward integration 
into genes and their upstream regulatory sequences can 
be observed [35]; this tendency, however, is not as 
pronounced as seen for viral vectors, and no insertion 
preference was seen for transcribed genes. The safety 
profile of SB transposon-based vectors is further improved 
by recent findings that they are fairly inert in their 
transcriptional activities, and that insulator elements can 
successfully be incorporated in the next generation of 
transposon vectors [36]. 

In this context, a clear distinction between an SB vector 
used for gene therapy and an SB vector engineered for 
the purpose of somatic, gain-of-function mutagenesis has 
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to be made. The SB vectors used in genetic screens in 
the mouse for oncogene discovery were specifically 
developed to contain strong, viral enhancers and splice 
donor signals to purposefully overexpress genes that 
happen to be located near the transposon insertion sites 
[37]. This is clearly not the case in a typical SB vector 
used for gene therapeutic purposes that would carry a 
therapeutic expression cassette (Fig. 2a). Indeed, it is 
important to note that no dominant adverse effects 
associated with SB vector integration have been 
observed in experimental animals, not even in a cancer-
predisposed genetic background [38]. 

The piggyBac (PB) element, a DNA transposon isolated 
from the cabbage looper moth, also has a potential as a 
vector in gene therapy [39]. PB has shown transpositional 
activity in mouse and human cells. PB is able to mobilize 
a cargo of up to 14 kb without loss of efficiency [40]; it 
integrates into TTAA sequences, preferentially in introns 
of transcriptionally active regions [39]. 

The Tol2 element from medaka fish is the only known, 
naturally occurring, active DNA transposon of vertebrate 
origin [41]. Its cargo capacity covers at least 10 kb; it has 
been widely used as a tool for transgenesis in zebrafish 
[42] and was shown to be active in a preclinical 
experimental setting in the mouse liver [43]. So far, 
neither sequence- nor DNA structure-specific insertion 
preference has been observed for Tol2. Its potential as a 
vector in gene therapy remains to be further investigated. 

 

Naturally occuring specificity in target site 
selection of integrating genetic elements 
Site-selectivity in viral integration 

As discussed above, most viral vectors show an 
integration bias toward transcriptionally active regions in 
the genome. Because no sequence-specific integration 
preference of the retroviral/lentiviral integrase (IN) protein 
itself has been observed, biased genomic integration can 
be due to the interaction of the viral components with 
certain host proteins or recognition of different chromatin 
states of the chromosomes during integration [4]. For 
example, in contrast to MLV, the integration pattern of 
HIV does not correspond to the genomic distribution of 
DNaseI hypersensitivity sites that are associated with 
open chromatin found in regions upstream of genes and 
in active transcription units [44]. Instead, the bias of HIV 
toward integration into active cellular transcription units 
was proposed to be due to tethering interactions with 
cellular proteins rather than to chromatin accessibility. In 
particular, the cellular lens epithelium-derived growth 
factor (LEDGF)/p75 was shown to influence HIV target 
site selection [45]. LEDGF/p75 acts as a transcriptional 
co-activator, and interacts with components of the basal 
transcription machinery [46]. LEDGF/p75 binds tightly to 
HIV IN and drives IN into the nucleus when both proteins 
are produced at high levels [47]. LEDGF/p75 is conserved 
among vertebrate species, indicating that insertion site 
selection of HIV could be maintained among vertebrates 
[48]. Cells in which LEDGF/p75 expression is knocked 
down to <10% by RNAi are still capable of production of 
infectious HIV, indicating that LEDGF/p75 is dispensable 
for virus replication [45, 47], but showed reduced 
integration into transcribed units as compared to normal 
control cells. 

AAV shows strict sequence specificity for integration 
(Table 1). In the absence of a helper virus, two of the four 
rep proteins termed rep78 and rep68 encoded by AAV 
catalyze integration at a single locus named AAVS1 on 
human chromosome 19. The exact mechanism of site-
specific integration of AAV is still unknown. The viral 
components involved in targeted DNA integration include 
the inverted terminal repeats (ITRs) and either the rep68 
or the rep78 protein. The ITR spans the terminal 145 nt of 
the AAV genome and contains a rep-binding element 
(RBE) and a terminal resolution site (trs). An RBE and a 
trs-like site can also be found in the AAVS1 locus in the 
human genome, and this region is required for site-
specific integration of AAV into the human genome [49]. A 
replicative recombination mechanism has been suggested 
for site-specific integration of AAV. By binding to both the 
genomic as well as viral DNA, rep68/rep78 brings the viral 
genome to close proximity to the AAVS1 locus [50]. 
Rep68/rep78 bound to the RBE at AAVS1 introduces a 
nick at the trs, and initiates unidirectional DNA synthesis 
[51]. Rep68 bound to the RBE in the AAV genome also 
introduces a nick at the viral trs, and viral DNA is 
integrated into the AAVS1 locus by template strand 
switches during unidirectional DNA synthesis [49]. 

Combining favorable traits of two vector systems could 
result in a powerful hybrid vector. A hybrid vector 
composed of a HSV amplicon and AAV components for 
site-specific integration showed genomic integrations in 
10–30% of infected cells, 50% of which occurred at the 
AAVS1 locus [52]. Using a hybrid vector combining the 
integration machinery of AAV with an adenoviral vector, 
site-specific integration frequencies of up to 2% were 
accomplished in a transgenic mouse model [53]. 
However, persistence of the rep protein leads to 
chromosomal instability and to mobilization of the 
transgene [54], greatly undesired effects in gene therapy. 

 

Site-specific recombinases 

Sequence-specific DNA integration is also mediated by 
some recombinases (Table 1). Two groups of 
recombinases can be distinguished: the serine and 
tyrosine recombinases that differ in the mechanisms by 
which they catalyze recombination. The structural 
domains of serine recombinases are often spatially 
separated as opposed to tyrosine recombinases whose 
domains are interwoven. Cre is a type I topoisomerase 
from bacteriophage P1 that mediates recombination of 
DNA between loxP sites. Cre has been shown to be 
active in eukaryotic, including human, cells and is widely 
used for genome engineering in mice [55]. DNA flanked 
by loxP sites in a direct orientation will be excised and 
integrated into a loxP site previously placed into the 
human genome [56]. Recombination at pseudo loxP sites 
(endogenous human DNA sequences that show similarity 
to loxP) in the human genome occurs with a fourfold lower 
efficiency than for wild-type loxP sites [57]. A directed 
evolution approach was employed to create a new site-
specific Cre recombinase. The newly created 
recombinase, termed Tre, recombines sequences in the 
LTRs of integrated HIV proviruses, resulting in excision of 
the HIV provirus from genomic DNA [58]. 

Flip (FLP), a recombinase from Saccharomyces 
cerevisiae, recombines DNA between its recognition sites 
called FRT. Though wild-type FLP shows lower affinity to 
its target than Cre, mutants created by directed evolution 
displayed improved performance in human 293 and 
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mouse embryonic stem cells [59]. Both Cre and FLP are 
bidirectional recombinases that catalyze DNA excision 
and integration, but favoring the excision reaction. This 
feature leads to inefficient integration and expression of 
transgene constructs. Furthermore, genotoxic effects 
including chromosomal rearrangements and growth 
inhibition observed for Cre recombinase when expressed 
persistently at high levels make it a possible hazard to 
genome integrity [60]. 

The same holds true for a site-specific IN from the 
Streptomyces phage ΦC31 [61] that catalyzes 
recombination between so-called attachment (att) sites. 
The attP site is found in the ΦC31 genome, whereas attB 
is located in the host Streptomyces genome. ΦC31-
mediated integration in human as well as mouse cells 
frequently occurs into pseudo att sites such as psA in 
human or mpsA in the mouse genome [62, 63]. PsA 
shares 44% identity with attP [64]. In human 293 cells 
harboring an inserted attP site, 15% of the integrations 
were detected at attP, 5% of the rest of the integration 
events occurred at psA, 5–10% were random, whereas 
the rest of integrations was believed to be distributed over 
the other ~100 pseudo sites in the human genome [63]. 
In several studies, reasonably efficient delivery and stable 
expression of genes relevant in human genetic diseases 
[65] was achieved in mouse or human cells using ΦC31 
recombinase. However, ΦC31 is mutagenic, because it 
can cause chromosomal aberrations due to 
recombination between pseudo sites or imperfect 
recombination reactions [66, 67]. It remains to be tested if 
insertions of transgenes at pseudo sites in the human 
genome can cause alterations of host gene expression 
patterns leading to abnormal cell behavior. 

 

Site-specific transposable elements 

Unlike viruses, transposons do not possess envelope 
genes and hence lack an extracellular phase in their life 
cycle. This makes their fate closely linked to the fate of 
the host cell, and may result in integration patterns less 
mutagenic to the cell. The higher the gene density of a 
genome, the higher the chance for transposable elements 
to insert into coding sequences, resulting in potentially 
fatal consequences to the cell. Significant fractions of 
genomes with a small proportion of coding regions and 
extensive intergenic regions can be composed of 
transposon-derived sequences (e.g., 45% of the human 
genome), in contrast to organisms having a small genome 
with high gene density, such as yeast. Ty 
retrotransposons in Saccharomyces cerevisiae are 
structurally and functionally related to retroviruses. 
Integration of Ty1, Ty3, and Ty5 retrotransposons is 
tethered to certain sites in the genome by host proteins 
(Table 1).  

The Ty1 element shows a strong insertion preference for 
genes transcribed by RNA polymerase III (Pol III). Ninety 
percent of Ty1 insertions can be found about 1 kb 
upstream of transfer RNA (tRNA) genes [68]. A second 
preferred integration area of Ty1 is found upstream of the 
5S RNA genes that are also transcribed by Pol III [69]. 
Targeting of this site by Ty1 elements may thus depend 
on the same factors as targeting of the tRNA genes. 
Indeed, components of the Pol III transcription machinery 
were found to be required for targeting of Ty1 [70]; 
however, other factors such as chromatin components, 
physical properties of DNA, or subnuclear localization of 
the target may as well specify integration sites. 

Ty3 integrates one or two base pairs upstream of Pol III 
transcription start sites. TFIIIB and TFIIIC are important 
factors for assembly of Pol III complexes at transcription 
start sites of Pol III-transcribed genes, and are also 
involved in the recruitment of Ty3 [71]. Though TFIIIB is 
sufficient to target Ty3, TFIIIC orientates binding of TFIIIB 
to the TATA box [72], and weakly interacts with Ty3 IN 
[73]. The Ty5 element interacts with the host protein Sir4p 
[74], which targets insertions to heterochromatic regions 
of the genome such as telomers and silent mating locus 
[75]. Interaction of Ty5 IN with Sir4p is mediated by its 
targeting domain, a 6-amino-acid motif at the C terminus 
of Ty5 IN. Mutations within this domain abolish interaction 
between IN and Sir4p and result in random integration of 
Ty5 retrotransposons. Concordantly, random integration 
of Ty5 is observed in cells deficient in Sir4p [74]. 

Targeting of a specific genomic site may be specified by 
primary DNA sequence recognized by specific DNA-
binding domains (DBDs). In addition, physical properties 
of the DNA such as kinks due to protein binding, triplex 
DNA or altered/abnormal DNA structures due to base 
composition may cause preferential binding of proteins or 
protein complexes at certain sites. For the bacterial 
transposon Tn7, both sequence- and structure-specific 
binding apply. The Tn7 transposon encodes five different 
proteins: TnsA, B, C, D, and E. Depending on proteins 
involved in the transposition process, either a particular 
DNA structure found during conjugation or a specific site 
in the bacterial genome is targeted [76]. 

During bacterial conjugation, TnsE seems to recognize 
DNA structures with recessed 3′-ends during lagging 
strand DNA synthesis, and directs integration of the 
transposon to this site. TnsD binds to a specific DNA 
sequence called attTn7 in the 3′-end of the bacterial 
glutamine synthetase (glmS) gene in the bacterial 
genome, followed by insertion of the transposon several 
base pairs downstream of glmS (Table 1). Binding of 
TnsD creates DNA distortion probably responsible for 
recruitment of TnsC, which in turn interacts with TnsAB 
promoting insertion of Tn7 at attTn7. Importantly, Tn7 
inserts into the human homologue of glmS in E. coli and 
test tube reactions [77], but Tn7 transpositional activity in 
human cells has not been reported. 

The eukaryotic microorganism Dictyostelium discoideum 
has a highly compact genome of 34 Mb with 76% coding 
regions and a surprisingly high transposon load of 10%. 
Transposons in D. discoideum have developed two 
strategies to avoid genotoxic insertion into coding 
sequences (Table 1). One of these strategies is nested 
integrations of transposons forming clusters. For example, 
the DIRS LTR-retrotransposon family shows no initial 
target site selectivity, but can be found in few clusters, 
made up of several copies of themselves [78], located in 
centromeric and telomeric regions of chromosomes. The 
other strategy is targeted integration into “safe” regions of 
the genome free from protein-coding sequences. This 
strategy is primarily used by non-LTR retrotransposons 
that insert up- and downstream of tRNA genes [79]. The 
non-LTR retrotransposons collectively called TRE (tRNA 
gene-targeting retrotransposable elements) can be 
divided into two groups: TRE5 elements preferentially 
integrate about 50 bp upstream of tRNA genes, whereas 
TRE3 elements favor the integration of 100–150 bp 
downstream to tRNA genes. An in vivo assay using a 
reporter gene tagged with a tRNA coding region showed 
targeted integration of TRE5 in the same manner as in a 
genomic context, indicating that targeted insertion of 
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TRE5 is dependent on interactions with Pol III 
transcription factors [80]. Indeed, the ORF1 protein 
encoded by the TRE5 element was recently shown to 
interact with TFIIIB, suggesting a role of this interaction in 
targeting integration into tRNA genes [81]. 

In sum, the existence of transposable elements with 
natural targeting abilities raises promise that 
recombinase/transposase/IN proteins with target-selective 
insertion properties can be engineered. 

 

Artificial (imposed) targeting of DANN 
integration into preselected sequences 
None of the vector systems currently used either in 
preclinical experiments or in clinical trials described above 
displays DNA sequence preferences specific enough for 
targeted insertion into a defined location in the human 
genome. Integration into selected sites in the genome 
would simultaneously ensure appropriate expression of 
the transgene (lack of position effects), and prevent 
hazardous effects to the organism due to insertional 
mutagenesis of cellular genes (lack of genotoxicity). 
Targeted gene delivery can rely on distinct molecular 
strategies. One possibility implies fusion of the 
recombinase/transposase/IN to a DNA binding domain. 
Upon binding of the engineered recombinase to a specific 
target site, integration of the DNA component of the 
vector system may occur in adjacent regions (Fig. 3a). A 
more indirect approach uses DNA-binding specificity of 
interacting proteins. Interaction of proteins bound to 
specific target sequences can tether either the DNA (Fig. 
3b) or the protein (Fig. 3c) component of the vector 
system to this region of DNA, resulting in integration into 
nearby regions. 

 

Targeting through fusion to DNA-binding domains 

Altering sequence-specificity of most recombinases may 
prove difficult since they do not have spatially separated 
catalytic and target DBDs that could be modularly 
replaced irrespectively of each other. Target specificity 
can potentially be altered by directed evolution (random 
mutagenesis techniques followed by activity screening 
under selective conditions) or by substitution of key amino 
acids implicated in target recognition. Both approaches 
yielded mutants of proteins showing more relaxed target-
site specificity or even a complete shift in target site 
preference (reviewed in [82]). Engineering of proteins that 
specifically bind to desired DNA sequences is expected to 
pose a major challenge, and may not only lead to altered 
site specificity, but also to impaired or modified catalytic 
activity. Fusions of proteins to a specific DBD appear to 
be a much easier and more direct approach (Table 2). 

However, some proteins display sensitivity to fusions with 
foreign peptides, domains, or proteins, possibly due to 
altered folding of the resulting chimeric protein. Thus, 
fusions may result in abolished or limited enzymatic 
activity. Another factor to consider is that the native DNA-
binding capacity of the protein can compete with the 
foreign DBD of the fusion partner. Requirements for 
integration of a vector system, such as a TA dinucleotide 
within an appropriate structural context for the SB 
transposon, should also be taken into account when 
selecting a site to be targeted in the genome. Keeping 
this in mind, fusions between a DBD and a recombinase 

protein may overall be a promising approach to targeted 
gene insertion. 

In vitro targeting studies of the IN of avian sarcoma virus 
(ASV) fused to the DNA-binding domain of the E. coli 
LexA protein showed altered insertion patterns and an 
insertion hot spot near a tandem LexA operator as 
compared to unfused IN [83]. HIV IN fusions to the DBD 
of phage λ repressor protein [84] or to the DBD of the 
LexA repressor protein [85] were also capable of targeting 
integrations near their specific binding sites in vitro. These 
experiments demonstrated the feasibility of using fusions 
between DBDs and INs to target viral insertions to a 
certain extent to specific sites. 

Transcription factors (TFs) recognize and bind specific 
DNA sequences followed by recruitment of proteins 
affecting the transcriptional status of the associated gene. 
These processes are usually mediated by distinct 
domains, making it possible to separate these functions. 
Consequently, the DBD of a TF by itself would preserve 
its unrestrained DNA-binding capacity (specificity and 
affinity), serving as a potent source as a fusion partner. 
TFs are typically classified according to the structure of 
their DBDs, such as zinc finger (ZF), leucine zipper, helix-
turn-helix, helix-loop-helix, and high-mobility group boxes. 
One naturally occurring ZF is the DBD of transcription 
factor Gli1 present in vertebrates that recognizes and 
binds a 9-bp DNA sequence. The bacterial insertion 
sequence element IS30 was fused to either the cI 
repressor of phage λ or the Gli1 DBD, and the resulting 
fusion proteins showed targeted integration into plasmid 
targets in E. coli and zebrafish [86]. This study was the 
first demonstration that targeted transposition by an 
engineered transposase could work in vivo. 

The DBD of the yeast Gal4 TF contains a ZF domain of 
the Zn2Cys6 type. It recognizes a specific, 17-bp DNA 
sequence called upstream activating sequence (UAS). 
Fusions of the Gal4 DBD to the Mos1 (a Tc1/mariner 
transposon from Drosophila mauritiana) and PB 
transposases were tested for their transpositional 
activities and targeting potentials by applying plasmid-
based transposition assays in mosquito embryos [87]. 
Transposition mediated by the chimeric Mos1 
transposase into the UAS-containing target plasmid 
occurred at a 96% frequency at the same TA located 
954 bp away from the targeted UAS sequence. 
Transposition by the Gal4-PB fusion protein into a plasmid 
containing the UAS target sequence occurred at a 67% 
frequency into a TTAA site located 1,103 bp upstream of 
the UAS. 

These results present quite efficient targeting by Mos1- 
and PB-Gal4 fusions. Binding of the Gal4 DBD to its 
recognition site presumably brings the fused transposase 
to close proximity, thereby enhancing the chance of 
transposon insertions nearby. Chimeric transposases may 
structurally be limited after UAS binding, allowing 
transgene integration into only few sites. 

An independent study examined the transpositional 
activities of three different transposase proteins after 
fusion to Gal4 in cultured human cells [88]. Fusions 
completely abolished transpositional activity of Tol2 and 
SB11 (an early-generation hyperactive mutant of SB), 
whereas only a slight decrease in activity was observed 
for Gal4-PB when compared to unfused PB transposase. 
Targeted transposition by the fusion transposases was 
not investigated in this study. However, another group 
reported that only N-terminal fusions to the SB 
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transposase retained transpositional activity, and that 
fusion of the Gal4 DBD to HSB5 (a third-generation 
improved SB transposase) resulted in a drop in 
transposition efficiency to ~26% of unfused HSB5 [89]. 
This fusion transposase showed targeted transposon 
integration in a plasmid-based assay in cultured human 
cells. Targeted transposition events were enriched about 
11-fold in a 443-bp window around a 5-mer UAS site in 
the target plasmid, as compared with integration patterns 
mediated by unfused transposase. 

Naturally occurring ZFs also include the three-finger 
transcription factor Zif286 originally identified in the 
mouse. A chimeric recombinase composed of the DBD of 
Zif268 and the catalytic domain of the bacterial Tn3 
resolvase was successfully assayed for targeting of two 
inverted Zif268 recognition sites flanking a Tn3 res site in 
E. coli [90]. Tn3 belongs to the serine recombinases that 
have spatially separated catalytic and DNA-binding 
domains. Functionality of the chimeric protein proves that 
exchange of the physiological DBD of Tn3 resolvase with 
a foreign DBD yields a recombinationally competent 
enzyme. It remains to be investigated whether such a 
fusion construct is also functional in eukaryotic cells. 
Zif268 fusions with the HIV IN were also shown to have 
biased insertion patterns near specific binding sites in 
vitro [91]. 

Naturally occurring DBDs have some limitations for use 
as gene targeting agents. First, some of the DBDs 
discussed above are derived from proteins that do not 
have physiological targets in the human genome; thus, 
specific target sites would need to be introduced into the 
genome prior to delivery of a transgene. Second, those 
DBDs that do have physiological binding sites in the 
human genome recognize short DNA sequences present 
in multiple copies throughout the human genome, making 
targeted insertion with these DBDs impractical (for 
example, a 9-bp recognition sequence of a ZF would be 
expected to occur >10,000 times in the human genome). 
Recognition sites of 18 bp would be expected to be 
unique in the human genome. 

Artificial ZFs, especially the C2H2 type, offer a potential 
solution. Their modular character in structure and function 
is the key advantage in engineering of proteins that are 
able to recognize theoretically any sequence in the 
human genome [92]. Each individual zinc finger binds 3–
4 bp DNA, thus a set of 64 domains would cover 
recognition of any desired DNA sequence. ZF nucleases 
(ZFNs) consisting of the FokI cleavage domain fused to a 
ZF represent an attractive technology for targeted gene 
repair by homologous recombination. Two ZFNs need to 
heterodimerize in order to cleave DNA at the target site. 
So far, the use of ZFNs has exhibited cytotoxic effects on 
cells probably resulting from off-target DNA cleavage. 
Recent work, however, shows reduction of cytotoxic 
effects after redesign of the dimerization interface of the 
nucleases [93]. In combination with integrase-defective 
lentiviral vectors as a delivery tool, high levels of gene 
repair and gene addition into a variety of human cells 
were recently accomplished [94]. 

Fusions of engineered ZFs to recombinase proteins could 
enable selective insertion of a transgene into a desired 
region of the genome. The synthetic E2C ZF protein is a 
six-finger ZF recognizing an 18-bp target site in the 5′-
untranslated region of the human erbB-2 gene. E2C 
fusions to transcriptional activator and repressor domains 
have been used to regulate endogenous erbB-2 gene 

expression [95]. Fusions of E2C to HIV IN were shown to 
target retroviral integration near the 18-bp E2C binding 
site in cell-free reactions [96]. The E2C/IN fusion protein 
was then tested for targeting of the E2C locus in cultured 
human cells using a quantitative real-time PCR assay 
showing an approximately tenfold increase of insertions 
near the E2C binding site in the genome as compared to 
unfused IN. However, virions containing the fusion 
proteins exhibited poor infectivity ranging from 1 to 24% 
compared to viruses containing wild-type IN [97]. 

A recent publication reported the generation of fusion 
proteins of E2C and the HSB5 hyperactive SB 
transposase [89]. As seen before [98], fusion proteins 
showed reduced transpositional activity as compared to 
unfused transposase, but about 20% transposition activity 
could be rescued by applying a glycine/serine linker 
between the ZF and transposase domains and by using a 
human codon-optimized E2C gene. This optimized fusion 
protein showed targeted transposon integration in a 
plasmid-based assay in cultured human cells. Targeted 
transposition events were enriched about eightfold in a 
443-bp window around a 5-mer repeat of the E2C binding 
site in the target plasmid, as compared with integration 
patterns mediated by unfused HSB5. However, cell-based 
assays failed to detect targeting of the E2C binding site in 
a genomic context. 

Similarly, the artificial three-finger protein Jazz, binding to 
a 9-bp sequence in the promoter region of the human 
utrophin gene [99], was fused to the SB transposase. The 
fusion protein retained about 15% transpositional activity 
when compared to wild-type transposase, but targeted 
transposition events on the genome level could not be 
identified [100]. One possibility to explain failure of 
targeting in a genomic context could be physical 
constraints on the transposase upon site-specific binding 
in that the tranposase is unable to interact with a TA 
dinucleotide to integrate the transposon. This may 
especially hold true for GC-rich DNA sequences at the 
erbB-2 promoter region. 

Taken together, direct fusions of DBDs to 
integrase/transposase proteins appear to interfere with 
the production of genetically stable virions (in case of viral 
vectors) and with the biochemical activities of transposase 
proteins. Nevertheless, engineered recombinases do 
show biased insertion patterns near targeted DNA sites in 
vitro, as well as in cultured cells using plasmids as targets. 
Site-selected transgene insertion by engineered IN and 
transposase proteins at the genome level remains a 
challenge. 

 

Targeting through interaction with DNA-binding proteins 

An alternative approach to target DNA integration is 
based on employing DNA-binding proteins that interact 
with either the transposon DNA and/or with the 
transposase protein (Fig. 3b,c). Either naturally occurring 
or engineered transposon/transposase interactors may 
tether the transpositional machinery to specific DNA sites, 
potentially leading to integration into nearby regions 
(Table 3). As outlined above, there are examples for the 
existence of such targeting mechanisms in nature. For 
example, based upon observations for a role of 
LEDGF/p75 in directing HIV integration into expressed 
transcription units, in vitro studies have shown increased 
integration near λ repressor binding sites by fusing either 
the full-length LEDGF/p75 or the LEDGF/p75 IN-binding 
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domain to the DBD of phage λ repressor protein [101]. In 
an analogous fashion, Sir4p (which, as described above, 
mediates targeted insertion of the yeast retrotransposon 
into heterochromatin in yeast) fused to the E. coli LexA 
DBD was shown to result in integration hot spots for Ty5 
near LexA operators [102]. Domain swaps in 
recombinase proteins by changing protein–protein 
interaction domains could also lead to modified 
integration patterns. Indeed, replacing the targeting 
domain of Ty5 IN, which interacts with Sir4p, with a 
heterologous domain interacting with a protein fused to 
LexA, also leads to insertions near the LexA operators 
[102] (Table 3). 

Different approaches to targeting were taken in work 
involving the SB transposon system [100]. The principle 
of these approaches was to bring either component of the 
SB transposon system (transposon DNA or transposase 
protein) in close proximity to a specific site in a human 
cell environment (Table 3). Components of a first 
approach were a LexA operator site incorporated into an 
SB transposon, a fusion protein consisting of LexA and a 
SAF-box, and unmodified SB transposase. The SAF-box 
is a domain first identified in the human scaffold 
attachment factor (SAF-A) that specifically binds to 
scaffold/matrix attachment regions (S/MARs) [103]. 
S/MAR elements are bound to the nuclear matrix, thereby 
structuring chromosomal DNA by forming chromatin 
loops. Transgenes flanked by S/MARs have shown 
expression independent from their site of integration. 
Therefore, a possible way to minimize silencing effects on 
transgene expression could be the insertion of a 
transgene into S/MARs. For targeted transposition into 
S/MARs to occur, the LexA-SAF-box fusion protein was 
expected to bind the LexA operator-containing 
transposon. This protein–DNA complex would then be 
tethered to S/MAR regions of chromosomes through SAF-
box binding, whereas transposition into linked sites would 
occur upon recruitment of SB transposase (Fig. 3b). An 
increase in transposon insertions within a 1-kb range of 
genomic S/MAR sequences was observed as compared 
to controls with fusion proteins lacking the SAF-box. In 
this study, targeting by a protein with highly specific DNA-
binding properties, the tetracycline repressor (TetR), was 
also sought. A transgenic HeLa cell line incorporating a 
tetracycline response element (TRE)-driven EGFP gene 
as a targeted locus was created. In this experiment, a 
targeting fusion protein consisting of TetR and LexA was 
applied. Integrations upstream of the EGFP gene were 
determined, yielding insertions into two TA sites within the 
EGFP promoter region 44 and 48 bp downstream of the 
TRE region. No insertions into this region were detected 
with transposons lacking the LexA operator sequence, 
suggesting that interaction between the targeting protein 
and the transposon DNA is indeed required for targeted 
transposition events. 

As shown for HIV IN and LEDGF/p75, protein–protein 
interactions can tether integration complexes to certain 
regions of the genome, suggesting that such a 
mechanism can be adapted for targeted transposon 
insertion as well (Fig. 3c and Table 3). Accordingly, a 
previously identified protein–protein interaction domain of 
the SB transposase was built into an experimental setup 
aiming at targeted transposition in human cells. This 
domain spans the N-terminal helix-turn-helix domain 
(termed N57 for containing 57 amino acids) of the SB 
transposase [104]. Importantly, coexpression of N57 
together with full-length transposase had no dominant 

negative effect on transposition [104]. Targeted 
transposition into the chromosomal TRE-EGFP region 
using a TetR-N57 fusion was monitored in human cells 
[100]. On average, >10% of cells undergoing transposition 
were found to contain targeted events within the TRE-
EGFP locus. Insertions obtained by this strategy occurred 
at multiple sites within a 2.5-kb window and featured 
some insertion hot spots. 

An overall advantage of applying technologies based on 
protein–DNA and/or protein–protein interactions for the 
manipulation of target site selection of transposases is 
that the transposase does not need to be modified, 
thereby eliminating the decrease in transpositional activity 
associated with direct fusions. 

 

Conclusion 
As discussed in this review, there are several factors 
affecting site-selectivity of integrating vector systems. 
These include accessibility of specific chromosomal sites 
by chromatin components, primary sequence, and 
physical structure of the DNA at the targeted region, 
endogenous expression of proteins that may compete for 
binding, and the specificity as well as capacity of chimeric 
proteins in DNA-binding as well as in catalytic functions. 
Both naturally targeted recombinase systems (such as 
ΦC31) and targeting systems engineered from promiscuously 
integrating vectors (such as Sleeping Beauty) show off-
target effects in the context of the human genome. For the 
former, the capacity of the recombinase to act at 
endogenous pseudo sites can lead to genomic 
rearrangements. For the latter, despite the fact that 
targeted integrations can be generated, non-targeted 
insertions can still occur at high frequencies because the 
natural DNA-binding capacities of the transposase 
competes with that of the foreign DBD used for targeting. 
Keeping such off-target effects at a minimum remains a 
major challenge. Although several hurdles are yet to be 
overcome before technologies of targeted gene insertion 
can be considered for applications, recent evidence 
suggests that target-selected transgene insertion into 
desired regions in the human genome is a realistic goal. 
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Fig.1: Possible mutagenic consequences of transgene integration in or close to a transcription 
unit. a The figure depicts a hypothetical transcription unit with a promoter (red arrow) and three 
exons. Normal gene expression results in physiological levels of the correctly spliced protein. b A 
gene of interest (GOI) carried by an integrating vector inserts into an exon, thereby resulting in a 
truncated gene product. The black arrows flanking the GOI represent retroviral long terminal 
repeats or transposable element terminal inverted repeats. c Transgene insertion occurs in an 
intron. An enhancer linked to the GOI upregulates transcription of the endogenous gene, resulting 
in overexpression and/or ectopic expression. d Transgene insertion occurs upstream of the 
targeted gene. An enhancer linked to the GOI upregulates transcription of the endogenous gene, 
resulting in overexpression and/or ectopic expression 
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Fig.2: Transposon-based gene vectors. a Components and structure of a two-
component gene transfer system based on Sleeping Beauty. A gene of interest 
(orange box) to be mobilized is cloned between the terminal inverted repeats (IR, 
black arrows) that contain binding sites for the transposase (white arrows). The 
transposase gene (purple box) is physically separated from the IRs, and is 
expressed in cells from a suitable promoter (black arrow). b Mechanism of cut-
and-paste transposition. The transposable element carrying a gene of interest 
(GOI, orange box) is maintained and delivered as part of a plasmid vector. The 
transposase (purple sphere) binds to its sites within the transposon inverted 
repeats (black arrows). Excision takes place in a synaptic complex. Excision 
separates the transposon from the donor DNA. The excised element integrates 
into a TA site in the target chromosomal DNA (wavy lines) that will be duplicated 
and will be flanking the newly integrated transposon 
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Fig.3: Experimental strategies for target-selected transgene 
integration by transposable element gene vectors. The 
common components of the targeting systems include a 
transposable element that contains the IRs (arrowheads) and 
a gene of interest (GOI) equipped with a suitable promoter. 
The transposase (purple sphere) binds to the IRs and 
catalyzes transposition. A DNA-binding protein domain (yellow 
circle) recognizes a specific sequence (blue 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 (red oval) that binds to a specific DNA 
sequence within the transposable element (red 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 (green oval) that interacts with the 
transposase. In this strategy, neither the transposase nor the 
transposon is modified 
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Table1: Integrating genetic elements showing targeted insertion in their natural hosts 

Recombinase Integration site Efficiency of targeting Natural host/origin Cofactors Reference 

Cre 
recombinase 

loxP; pseudo loxP sites 
exist in mammalian 
genomes 

0,12% for human lox h7q21 (site 
specific/total integrations) 

(~100% excision for wt loxP in E. coli) 

Escherichia coli 
(Bacteriophage P1) 

No [57] 

Flp 
recombinase 

FRT, pseudo sites in 
mammalian cells 
unknown 

unknown Saccharomyces cerevisiae No [59] 

ΦC31 
integrase 

attP; pseudo attP sites; 
at least 11 in 
humans 

5% for human psA site; 15% at 
inserted attP site  

Streptomyces lividans No [63] 

Tn7 
transposase 

Original target site: 
attTn7 in the E. coli 
glmS gene; gfpt-1 
and gfpt-2 are 
human orthologs of 
glmS 

Frequency of targeting attTn7 in E. 
coli �100%; Frequency of 
targeting gfpt-1 (31%) is 
comparable to targeting glmS 
(32%) in vitro; for gfpt-2 (23%) 

Bacterial TnsD transposase 
subunit binding to 
attTn7 in glmS 

[76,77] 

Ty1 within 750 bp of tRNA 
or other RNA pol III 
transcribed genes 

90% of insertions Saccharomyces cerevisiae Interaction of 
integrase with TFIII 
components 

[68,70] 

Ty3 within 750 bp of tRNA 
or other RNA pol III 
transcribed genes 

95% of insertions Saccharomyces cerevisiae Interaction of 
integrase with 
TFIIIB and C 

[68] 

Ty5 silent heterochromatin 21% of insertions adjacent or within 
transcriptional silencers flanking 
HML and HMR or subtelomeric 
repeat in chromosome III 

Saccharomyces cerevisiae Interaction of 
integrase with Sir4 

[74,75] 

TRE3 100–150 bp 
downstream of 
tRNA genes 

100% Dictyostelium discoideum Not known [80] 

TRE5 50 bp upstream of 
tRNA genes 

100% Dictyostelium discoideum Interaction of ORF1 
with TFIIIB 

[80,81] 

DIRS cluster formation on 
extremities of 
chromosomes 

87% into transposons Dictyostelium discoideum Not known [78] 

AAV Rep AAVS1 70–90% Homo sapiens Not known [49,50] 
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Table2: Targeting of gene delivery systems by direct fusion to DANN-binding domains 

Protein Efficiency of targeting Activity of chimeric enzyme Experimental system Reference 

ASV IN/LexA Significantly enriched integration 
adjacent to binding site 

Full processing activity; similar joining 
activity 

In vitro [83] 

HIV IN/ 

λ-repressor Enriched integration near binding 
sites 

Fusion retained known activities of HIV IN In vitro [84] 

LexA Enriched integration near target site No appreciable change in activities 
compared to wt 

In vitro [85] 

Zif268 Different integration patterns when 
compared to wt with integration 
hot spots near targeted sites 

Infectivity abolished, but restored when 
mixing in wt IN (up to 93% of wt only 
when mixed 1:1) 

In vitro [91] 

>60% of insertions within 10 bp of 
binding site (5% for wt) for GC-
rich strand (for G-rich strand 14% 
bzw 32%; wt 5%) 

no appreciable change in processing and 
joining activity 

In vitro [96] E2C (ZF) 

~ tenfold higher preference for 
integration near the E2C site as 
compared to wt IN 

up to ~20% activity of viruses compared to 
wt 

cell culture (HeLa, 
chromosomal target) 

[97] 

IS30/ 

cI repressor More than tenfold Similar activity to wt (2,5x10−2 vs 2x10−2) E. coli (plasmid target) [86] 

Gli1 6 insertions near binding site (5 
illegitimate, one legitimate); none 
found on target lacking the 
binding site 

Low excision and integration efficiency Zebrafish (plasmid 
target) 

[86] 

Tn3 resolvase/ 
Zif268 

100% of plasmid molecules 
recovered were resolved 
(indicating efficient binding to 
binding site and recombinational 
activity) 

44–98% (of resolved substrate molecules 
in recovered plasmid DNA) 

E. coli [90] 

PB/Gal4 67% of insertions into location ~1 kb 
upstream of binding site 

> tenfold increased transpositional activity 
(compared to transposition into 
plasmid lacking target site) 

mosquito embryos 
(plasmid target) 

[87] 

Mos1/Gal4 96% of insertions into location ~1 kb 
upstream of binding site 

> tenfold increased transpositional activity 
(compared to transposition into 
plasmid lacking target site) 

mosquito embryos 
(plasmid target) 

[87] 

SB/ 

Gal4 11-fold increase in a window around 
target site 

26% Cell culture (HeLa, 
plasmid target) 

[89] 

E2C (ZF) Eightfold increase in a window 
around target site 

20% Cell culture (HeLa, 
plasmid target) 

[89] 

Jazz (ZF) No targeted transposition 15% Cell culture (HeLa, 
chromosomal target) 

[100] 

 

MDC Repository | http://edoc.mdc-berlin.de/9618/ 15 



Voigt K et al. 

 
Table3: Targeting of gene delivery systems by fusing a DANN-binding domain to a protein domain that interacts with the 
recombinase 

Protein Interaction partner Efficiency of 
targeting 

Efficiency of 
transposition 

Experimental system References 

HIV IN LEDGF/p75 fused to λ 
repressor 

Significantly enriched 
integration near the 
λ operator 

Wild-type activity In vitro [101] 

Ty5 IN Sir4p fused to LexA 11% 100% Yeast (plasmid target) [102] 

TD replaced with a 
Rad9p motif 

LexA-FHA1 11% 100% Yeast (plasmid target) [102] 

TD replaced with a 12 
aa NpwBP motif 

LexA-Npw38 14% 100% Yeast (plasmid target) [102] 

SB N57-TetR 10% 100% Cell culture (HeLa 
transgenic for TRE-
EGFP, 
chromosomal 
target) 

[100] 

Transposon Interaction partner Efficiency of 
targeting 

Efficiency of 
transposition 

Experimental system References 

LexA-TetR Two insertions (out of 
400 in total) 44 bp 
and 48 bp 
downstream of TRE 

100% Cell culture (HeLa 
transgenic for TRE-
EGFP, 
chromosomal 
target) 

[100] LexA-SB transposon 

LexA-SAF Box >Fourfold increase in 
the frequency of 
targeting a MAR 

100% Cell culture (HeLa, 
chromosomal 
target) 

[100] 
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