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A nonviral vector for highly efficient site-specific integration would
be desirable for many applications in transgenesis, including gene
therapy. In this study we directly compared the genomic integra-
tion efficiencies of piggyBac, hyperactive Sleeping Beauty (SB11),
Tol2, and Mos1 in four mammalian cell lines. piggyBac demon-
strated significantly higher transposition activity in all cell lines
whereas Mos1 had no activity. Furthermore, piggyBac transposase
coupled to the GAL4 DNA-binding domain retains transposition
activity whereas similarly manipulated gene products of Tol2 and
SB11 were inactive. The high transposition activity of piggyBac and
the flexibility for molecular modification of its transposase suggest
the possibility of using it routinely for mammalian transgenesis.

gene therapy � site-specific � transposase � cancer � mutagenesis

DNA transposons and retrotransposons constitute a major
component of repetitive sequences in eukaryotes (1, 2). Their

movement around the host genome has played a crucial role in
shaping current genomes. Owing to their natural property of
mobilizing around genomes via a ‘‘cut-and-paste’’ mechanism,
DNA transposons have been routinely used as tools for genetic
manipulation in lower organisms (3–6). Only recently have scien-
tists realized the potential value of transposons in mammalian
transgenesis because most naturally occurring transposons are
inactive and possibly were overlooked until recently because of the
success of integrating viral vectors. Examples of transposon systems
used in mammalian gene transfer are (i) hAT-like Tol2, the only
naturally active vertebrate transposon, isolated from the genome of
the Japanese medaka fish; (ii) two Tc1-like transposons, Sleeping
Beauty (SB) and Frog Prince, reconstructed from inactive trans-
posons of fish and frog genomes, respectively; and (iii) the founding
member of the piggyBac family, piggyBac, isolated from the cabbage
looper moth Trichoplusia ni, recently shown to transpose efficiently
in mice (7–11). Since its awakening, SB has gained the leading
position in transposon-mediated mammalian transgenesis and mu-
tagenesis. For example, SB was used to act as a somatic insertional
mutagen to identify genes involved in solid tumor formation
(12–14).

Many applications in mammalian transgenesis would benefit
from a vector that integrates with high efficiency and site specificity.
Transposon-based vectors appear applicable to human gene ther-
apy because of the risks associated with viral-based vectors. These
risks have been highlighted by the death of a young patient from a
systemic inflammatory response to the viral vector used and
insertional mutagenesis resulting in the development of leukemia in
another trial (15, 16).

SB has been explored in preclinical models (17–19). However,
two obstacles hinder the immediate advancement of SB to human
clinical trials. First, the integration rate of the SB transposon is
much lower than viral-based vector transgene transfer. The second

obstacle to SB is nonspecific integration of the transgene with
potential undesired consequences (20). The incorporation of ex-
ogenous DNA-binding domains (DBD) into the transposition
machinery can potentially increase transformation efficiency and
result in site-specific integration (21). To test feasibility, SB trans-
posase was fused to zinc finger DBD (22). However, these SB fusion
transposases exhibit dramatically reduced transposition efficiency,
thus tempering the potential for SB targeted integration.

To overcome the limitations of SB, this study sought to identify
a transposon system that mediates gene transfer with high efficiency
while possessing flexibility for molecular modifications in mamma-
lian cells. We explored four different transposons, SB11 (a hyper-
active version of SB), Tol2, piggyBac, and Mos1, directly comparing
their transposition activity in four different mammalian cell lines. In
every cell line tested piggyBac demonstrated the highest transpo-
sition activity, whereas no activity was detected with Mos1. Like
Tc1�mariner transposons, the transposition of piggyBac is reduced
as the amount of transposase DNA increases beyond a threshold.
In addition, piggyBac transposase with a GAL4 DBD fused to its N
terminus retains significant transposition activity, whereas such
modification essentially abolishes Tol2 and SB11 transposition.
Given its flexibility for molecular engineering and its relatively high
transposition activity as demonstrated in this study, piggyBac is a
promising nonviral vector for mammalian transgenesis, with pos-
sibilities for targeted integration.

Results
piggyBac, Tol2, and SB11 Are Active in Mammalian Cells. Because each
transposon system has been independently developed and tested in
different laboratories, it is difficult to draw conclusions regarding
their relative efficiency only on the basis of published literature.
Thus, a direct comparison of transposition activity was needed to
identify the most promising transposon(s). To address this issue, we
constructed four transposons using the two-component system: a
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helper plasmid containing the transposase driven by the CMV
promoter and a donor plasmid with the terminal repeats (TR)
bearing a cassette with hygromycin resistance and kanamycin
resistance genes to facilitate selection in eukaryotes and pro-
karyotes, respectively, and a ColE1 replication origin for plasmid
propagation in bacteria (Fig. 1). The four transposon systems
constructed were Mos1, SB11, Tol2, and piggyBac. Additionally, the
efficiency of chromosomal integration might vary among the trans-
posons depending on chromatin organization and�or host factors.
Therefore, transposition activity of the four transposons was de-
termined in four mammalian cell lines, HeLa (human cervical
carcinoma), HEK293 (human embryonic kidney cell), H1299 (hu-
man lung carcinoma), and CHO (Chinese hamster ovarian carci-
noma). For each transposon system, 200 ng of donor plasmids with
200 ng of helper plasmids (or control) was transfected. Resistant
clones were counted after 14 days of hygromycin selection. Similar
to a previous report, we observed that colonies �0.5 mm in
diameter often failed to be subcloned in the presence of hygromy-
cin; therefore, these colonies may simply be ‘‘feeder colonies’’ (23).
In this study only colonies �0.5 mm in diameter were counted. As
shown in Fig. 2 A–E, piggyBac and Tol2 demonstrated activity in all
cell lines tested. SB11 displayed slight transposition activity in CHO,
HeLa, and HEK293 cells, whereas it was inactive in H1299 cells. No
transposition activity was detected with Mos1 in the four cell lines
used (Fig. 2 A–E).

The type of DNA transposition described herein involves a
two-step action: (i) excision of the transposable element from the
donor plasmid and (ii) integration of the excised fragment into its
DNA target (i.e., the host chromosome in our system). Therefore,
the numbers of hygromycin-resistant colonies are the result of both
excision and integration events. Although no activity was detected
in cells transfected with Mos1, it was still possible that successful
excision occurred but that integration did not. To exclude this
possibility, we performed a plasmid-based excision assay using
PCR. As a consequence of excision, a short version of the donor
plasmid should be produced. No excision-dependent PCR product
was detected in cells transfected with donor and helper plasmids for
Mos1, whereas excision-dependent PCR products with sizes of 533
bp for SB11 and 316 bp for piggyBac were detected (Fig. 2F).

piggyBac Is the Most Efficient Transposon Tested. piggyBac displayed
the highest transposition activity as compared with Tol2 and SB11
in all four mammalian cell lines when equal amounts of donor and
helper plasmids (200 ng of DNA for each) were introduced into the
cells (Fig. 2 A–E). To further confirm that piggyBac is the most
efficient transposase, we performed a chromosomal integration
assay by transfecting HEK293 with a fixed amount of donor (200
ng) plus varying amounts of helper for piggyBac, Tol2, and SB11. As
shown in Fig. 3 A–C, the lowest number of hygromycin-resistant
colonies for piggyBac was �1,500, which was still significantly higher
than the highest number of resistant colonies observed for both
Tol2 (490) and SB11 (1,180). Furthermore, piggyBac achieves its
highest transposition activity (4,535) when 200 ng of donor and 100
ng of helper plasmids were introduced into cells. Therefore, piggy-
Bac consistently demonstrated the highest transposition activity in
the four mammalian cell lines used in this study.

As observed in Fig. 2 A–D, the transposition activity of piggyBac,
Tol2, and SB11 varies in different cells. For example, �1,000
hygromycin-resistant colonies were detected with both the controls
and SB11 in H1299, suggesting a lack of transposition activity of
SB11 in this cell line, whereas in HEK293 cells only �500 hygro-
mycin-resistant colonies were detected in the presence of SB11
transposase, which represents an 8-fold increase as compared with
the control. We therefore used two parameters, relative fold and
percentage of transposition, to assess the transposition activity of
the different transposons. The relative fold is obtained by dividing
the number of resistant colonies detected in cells transfected by
donor plus helper with the colony number that resulted from
random integration (i.e., control without transposase added). The
percentage of transposition, hereafter designated as transposition
rate, is calculated by subtracting the number of hygromycin-
resistant colonies detected in the controls from the number of
resistant colonies in the presence of transposase, dividing by 1 � 105

(the number of cells originally seeded before transfection), and
finally multiplying by 100. The transposition rate represented here,
however, was not normalized by the transfection efficiency in
various cell lines. As summarized in Table 1, the relative fold ranges
for the three transposons in different cell lines were as follows: (i)
SB11 from 1 (no difference) in H1299 to 8.1 in HEK293, (ii)
piggyBac from 5.7 in H1299 to 114 in HEK293, and (iii) Tol2 from
3.3 in CHO to 93.9 in HEK293. The transposition rate ranges were
as follows: (i) SB11 from 0% in H1299 to 2.9% in CHO, (ii) piggyBac
from 0.7% in HeLa to 7.0% in CHO, and (iii) Tol2 from 0.08% in
HeLa to 1.8% in CHO. Once again piggyBac displayed the highest
transposition activity among the three active transposon systems
tested as judged by both the transposition rate and relative fold. The
transposition rate of Tol2 is higher than SB11 in H1299 and
HEK293 but not in CHO and HeLa cells. Owing to the relatively
high integration rate of the SB11 control, the relative fold seen in
all four cell lines for Tol2 was higher than that of SB11.

piggyBac Transposition Declines as Helper Levels Increase. Transpo-
sition efficiency depends on the availability of transposon (donor)
and transposase (helper) in cells. It was shown elsewhere that, over
a certain threshold, SB11 transposition declines with increasing
transposase, a phenomenon known as overproduction inhibition
(24). Conversely, Tol2 transposition was directly proportional to the
levels of transposase and did not appear to exhibit overproduction
inhibition (25). We also observed overproduction inhibition for
SB11, whereas Tol2 transposition was directly proportional to the
amount of transposase DNA (Fig. 3 A and B) (25, 26). Like SB11,
piggyBac also showed peak activity at a ratio of 2:1 (donor:helper).
However, unlike SB11, which demonstrated a gradual reduction of
activity above this ratio, the activity of piggyBac declined rapidly
(Fig. 3C). These findings suggest that piggyBac exhibits overpro-
duction inhibition.

To further address the issue we performed a chromosomal
integration assay for piggyBac using 50 ng of donor with increasing

Fig. 1. Schematic representations of the two-component transposon sys-
tems. (A) Helper plasmids. The expression of four transposases was driven by
the CMV promoter. The plasmid backbone for all transposases is pcDNA�neo
except SB11, which was cloned in pCMV-SB11. All transposases are wild type
except SB11, which is a hyperactive version. (B) Donor plasmids. A cassette with
hygromycin and kanamycin resistance genes and a bacterial ColE1 replication
origin was subcloned into the donor plasmid of the four transposons.
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amounts of helper ranging from 50 to 300 ng. As seen in Fig. 3D,
increasing amounts of helper beyond the ideal ratio (2:1) resulted
in a gradual reduction in transposition. These data further support
the hypothesis that overproduction inhibition occurs with piggyBac.

Activity of a GAL4-piggyBac Fusion Is Similar to That of Wild Type.
Directing transgene integration to a unique and safe site on the host
chromosome would overcome the inherent hazards of insertional
mutagenesis that can result with currently used integrating vectors.
To achieve target specificity, engineering a chimeric transposase
fused with a DBD to specifically target a unique sequence was
proposed (21) and later demonstrated in mosquito embryos by
targeting a unique site in a plasmid (27). A transposon-based gene
delivery system ideally requires a custom-engineered transposase
with high integration activity and target specificity. SB transposase
modifications to engineer target specificity have resulted in dra-
matic reductions in transposition activity (22). Therefore, we as-
sessed the potential for modifications of SB11, Tol2, and piggyBac
transposases by fusing GAL4 DBD to their N terminus (Fig. 4A).

The transposition activities of these chimeras were determined by
using a chromosome integration assay in HEK293 cells. GAL4-
piggyBac transposase demonstrated transposition activity similar to
that of wild type, whereas GAL4-Tol2 and GAL4-SB11 trans-
posases possessed negligible activity, even though GAL4-SB11
protein was detected by Western blot with use of a monoclonal
antibody (Fig. 4B and data not shown). We were unable to detect
GAL4-piggyBac or GAL4-Tol2 fusions with either monoclonal or
polyclonal anti-GAL4 antibodies, perhaps because of masking�
alteration of the GAL4 epitopes when fused to the transposases.
Alternatively, the amount of fusion transposases may not have been
sufficient for detection because of a reduction in half-life as
compared with GAL4-SB.

piggyBac inserts into the tetranucleotide site TTAA, which is
duplicated upon insertion (11, 28). To test whether fusing GAL4 to
the N terminus of piggyBac transposase alters its preference for
TTAA sites, we performed plasmid rescue experiments to retrieve
the sequence information of the target sites using genomic DNAs
isolated from individual hygromycin-resistant clones in CHO cells.

Fig. 2. Transposition activity of SB11, Mos1, piggyBac, and Tol2 transposons in different mammalian cells. A total of 1 � 105 cells per individual well in 24-well
plates were transfected with 200 ng of donor plus 200 ng of helper plasmid. The pcDNA3.1�neo vector served as a control for the absence of transposase.
Transposition activity was measured by counting hygromycin-resistant colonies after a 2-week selection period. Data are shown as mean values with SD (n � 3).
(A) HeLa cells. (B) H1299 cells. (C) HEK293 cells. (D) CHO cells. (E) An example of HEK293 cells transfected with piggyBac, Tol2, and SB11 transposon systems and
their controls. Colonies were stained with methylene blue after 2 weeks of hygromycin selection. (F) Excision assays in HEK293. Shown is PCR analysis of excision
assays performed in HEK293 transfected with donor plus helper or the control (pcDNA3.1�neo).

15010 � www.pnas.org�cgi�doi�10.1073�pnas.0606979103 Wu et al.



Six independent genomic sequences were recovered from four
drug-resistant clones. As shown in Table 2, all of these sequences
contained genomic DNA with the signature TTAA sequence at the
integration site. This experiment demonstrates that the chromo-
somal integrations observed in cells transfected with GAL4-
piggyBac is mediated by a true transposition event with the same
insertion preference for TTAA sites. Thus, piggyBac is potentially
the ideal DNA transposon for development of a highly efficient,
site-specific integrating nonviral vector because it exhibits high
integration efficiencies in many cell types, and modifications to alter
site specificity are unlikely to significantly reduce activity.

Discussion
A highly efficient site-specific nonviral vector would reduce the
potential hazards associated with insertional mutagenesis and the
uncertainty of transgene expression resulting from positional ef-
fects. We have previously demonstrated that a GAL4-piggyBac
transposase can direct integration to a single target site on a plasmid
in mosquito embryos (27). In this study we show that piggyBac is
more efficient than Tol2 and SB11 in different mammalian cell lines
and is amenable to further molecular modification without reducing
its activity in mammalian cells. Thus, piggyBac has the potential for
use in mammalian site-directed transgenesis and mutagenesis.

Mos1 has been shown to function in vitro, suggesting that host
factors are not required for transposition (29). Surprisingly, our

chromosomal assay detected no transposition activity for Mos1 in
the four mammalian cell lines tested. It is possible that host factors
may interfere or that the complexity of chromatin organization in
mammalian cells may be too high to render notable chromosomal
integrations mediated by Mos1. Structural analysis of the SB TR
reveals four transposase binding sites (30). Thus, the optimal molar
ratio of transposase:transposon is expected to be 4:1. However,
instead of reaching a plateau, transposition activity decreases with
increasing amounts of SB transposase, a phenomenon known as
overproduction inhibition (Fig. 3A) (24). On the contrary, and
consistent with a previous observation in mouse embryonic stem
cells, increasing transposition activity was seen in HEK293 cells as
the amount of Tol2 transposase increased (Fig. 3C) (25). The Tol2
transposable element has several inverted repeats, including ter-
minal, subterminal, and internal TR, which are presumably re-
quired for binding of Tol2 transposase (31). Hence, the abundance
of inverted repeats present in the Tol2 transposon may titrate out
the transposase, resulting in the absence of overproduction inhibi-
tion at the ratios and doses of donor and helper plasmid tested.
Alternatively, it is possible that overproduction inhibition does not
occur at all in this case. Supporting this possibility, a sandwich
system using the SB transposon demonstrated that increasing the
number of SB binding sites in the transposon improved transposi-
tion of large-sized transgenes (26). However, whether the improve-
ment of transposition in the SB sandwich system is a consequence

A B

C D

Fig. 3. The transposition activity of SB11 (A), Tol2 (B), and piggyBac (C and D) at various ratios of donor and helper. Transposition activity was measured under
a fixed amount of donor plasmid (200 ng in A–C and 50 ng in D) with increasing amounts of helper plasmid cotransfected into HEK293 cells. pcDNA3.1�neo was
used to adjust the total amount of DNA transfected in each sample. Data are shown as mean values with SD (n � 3).

Table 1. Summary of the transposition efficiency of SB11, piggyBac, and Tol2 transposons

SB11 piggyBac Tol2

Cells
Relative

fold
Percentage of
transposition

Relative
fold

Percentage of
transposition

Relative
fold

Percentage of
transposition

CHO 2.9 � 1.6 2.3 � 1.5 9.8 � 6.4 7.0 � 3.9 3.3 � 1.7 1.8 � 1.2
HeLa 2.7 � 1.0 0.2 � 0.1 14.5 � 3.5 0.7 � 0.2 5.4 � 3.2 0.08 � 0.03
H1299 1.0 � 0.16 0 5.7 � 1.3 2.2 � 0.2 4.1 � 0.8 1.4 � 0.3
HEK293 8.1 � 2.1 0.4 � 0.1 114.6 � 81.6 2.8 � 1.4 93.9 � 75.8 0.9 � 0.3

Relative fold values indicate the relative fold of hygromycin-resistant clones as compared with controls (n �
6). Percentage of transposition values indicate the percentage of true transposition from 1 � 105 cells seeded.
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of alleviating overproduction inhibition or facilitating transposo-
some formation remains elusive. Overproduction inhibition of
piggyBac was also observed in both sets of experiments with
transposon (donor) fixed at 50 ng and 200 ng (Fig. 3 C and D,
respectively). We observed that piggyBac transposition was more
dosage-sensitive with increasing levels of helper when the amount
of donor was fixed at 200 ng rather than at 50 ng.

Different transposon families display various DNA insertion
sequence preferences. For example, the Tc1�mariner family
targets the dinucleotide TA whereas the piggyBac family prefers
the tetranucleotide TTAA. Thus, nonmodified transposons are
not site-specific. Methods to target the transposon to a unique
genomic site have been proposed (21). Theoretically, transposon
site-specific integration can be achieved by increasing the DNA
binding specificity of its transposase (21, 27). It appears that the
most feasible way to achieve targeted transposition is to fuse a
DBD recognizing a unique chromosomal sequence to the trans-
posase (or possibly just the catalytic domain). Recently, a
chimeric piggyBac transposase with GAL4 DBD attached to its
N terminus resulted in targeting a specific site upstream of the
UAS (GAL4-binding) site in a plasmid assay system in Aedes
aegypti embryos (27). Herein we show that GAL4-piggyBac

retains activity as compared with the wild type without changing
its TTAA insertion preference in CHO cells. It is plausible that
we may see increased transposition activity as compared with the
wild type if the cell contains an upstream activation sequence
tandem array, as previously demonstrated in a plasmid assay
system in mosquito embryos (27). It would be of interest to
determine whether the GAL4-piggyBac transposase results in
targeted genomic integration in engineered mammalian cells
with a UAS site or to develop a piggyBac transposase fused with
a zinc finger DBD to target an endogenous genomic location.
Furthermore, it is theoretically possible to ablate the nonspecific
DNA-binding interaction of a chimeric transposase to enhance
site specificity. Site-directed or random mutagenesis of the
chimeric transposase and insulators could increase site specific-
ity and decrease positional effects of integration, respectively.

SB is the most popular transposon system currently used for
genetic manipulations in mammals. Ding et al. (11) recently dem-
onstrated that piggyBac could efficiently integrate in human and
mouse cells as compared with controls; however, no direct com-
parison with SB, thought to be the most efficient transposon for
mammalian transgenesis, was made. In our study piggyBac demon-
strated higher transposition activity and transposase flexibility than
SB. The fact that piggyBac efficiently transposes in a variety of
organisms indicates its utility for a variety of genetic studies in both
invertebrate and vertebrate systems. Our findings suggest that
piggyBac could be the ideal transposon for mammalian transgenesis
and holds promise for preclinical gene therapy experiments.

Materials and Methods
Cell Culture and Transposition Assay. Unless otherwise stated, all cell
lines used were maintained in MEM� medium (HyClone, Logan,
UT) containing 5% FBS (HyClone). For the transposition assays,
cells at 80% confluence were harvested, and 1 � 105 cells were
seeded into individual wells of 24-well plates 18 h before transfec-
tion. A total of 400 ng (Fig. 2) or 600 ng (Fig. 3) of DNA was used
for each transfection with FuGENE 6 (Roche, Florence, SC). For
each cell line, 1�10th of the transfected cells were transferred to
100-mm plates followed by hygromycin selection for 14 days. The
concentration of hygromycin B used in HeLa, HEK293, H1299, and
CHO cells was 200, 100, 400, and 400 �g�ml, respectively. To count
the clones, cells were fixed with PBS containing 4% paraformal-
dehyde for 10 min and then stained with 0.2% methylene blue for
1 h. After 14 days of hygromycin selection only colonies �0.5 mm
in diameter were counted.

Transposition Assays for Various Molar Ratios of Transposon and
Transposase. Transposition assays were performed in HEK293 cells
following the procedure described above. For the experiments with
donor plasmids fixed at 200 ng, various amounts (0, 50, 100, 150,
200, and 400 ng) of helper plasmids (transposases) were cotrans-
fected into cells. For the experiments with piggyBac donor fixed at
50 ng, various amounts of piggyBac transposase (0, 50, 100, 150, 200,
and 300 ng) were cotransfected. In all experiments pcDNA3.1�neo

A

B

Fig. 4. Transposition activity of GAL4 transposases. (A) A schematic repre-
sentation of engineered chimeric transposases. A GAL4 DBD was fused in-
frame to the N terminus of transposases, with a linker of 18–21 aa placed
between GAL4 DBD and the transposases to facilitate proper domain folding.
(B) The percentage of transposition activity relative to wild-type transposase
in HEK293 cells. To compare the activity of each chimeric transposase to its
wild-type counterpart, the wild-type transposition efficiency was normalized
to 100%. Data are shown as mean values with SD (n � 6).

Table 2. Analysis of transposon–chromosomal junction mediated by GAL4-piggyBac
in CHO cells

Independent
isolated clone Donor plasmid TR

Chromosomal
insertion site Flanking chromosomal sequence

G8-2 5�-TGATTATCTTTCTAGGG TTAA GCTCGGGCCGGCCGCGTCGCCGCTTC-3�

G25-2 TGATTATCTTTCTAGGG TTAA CAATCAATAAGATAAACATACACAGA
G25-3 TGATTATCTTTCTAGGG TTAA CACCACATTTAACTTGCTCTTTGATA
G28-1 TGATTATCTTTCTAGGG TTAA TAGAGTGCTGAGATTTGGGACATTGC
G29-1 TGATTATCTTTCTAGGG TTAA GGCGTTGGTGGCACACAACTTTAAGT
G34-2 TGATTATCTTTCTAGGG TTAA TAAGACAATGTATGACTTTGTCCCAT

Six clones were analyzed, and all demonstrate that GAL4-piggyBac mediated integration into a TTAA site. The
raw sequence data are provided in Fig. 5.
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was used to normalize the total amount of DNA introduced into the
cells.

Plasmid Excision Assays. One million HEK293 cells were seeded
onto 60-mm plates 18 h before transfection. One microgram
each of donor and helper plasmid was transfected into cells.
Plasmids were recovered by using the Hirt method 72 h after
transfection (32). Plasmids isolated were used as templates for
nested PCR by using the following primers to detect the
presence of donor plasmids that underwent excision: piggyBac
first round, 5Bac-1(TCGCCATTCAGGCTGCGC)�3Bac-
1(TGTTCGGGTTGCTGATGC); piggyBac second round,
5Bac-2(CCTCTTCGCTATTACGCC)�3Bac-2 (TGACC-
ATCCGGAACTGTG); SB first round, F1-ex (CCAAACTG-
GAACAACACTCAACCCTATCTC)�o-lac-R(GTCAGT-
GAGCGAGGA AGCGGA AGAG); SB second round,
KJC031(CGATTAAGTTGGGTAACGCCAGGGTTT)�i-
lac-R(AGCTCACTCATTAGGCACCCCAGGC); Mos1 first
round, 5mos-1 (TCCATTGCGCATCGTTGC)�3mos-1 (AG-
TACTAGTTCGAACGCG); Mos1 second round, 5mos-2
(ACAGCGTTGTTCCACTGG)�3mos-2 (AAGCTGCATC-
AGCTTCAG).

Plasmid Constructions. The sequences of PCR-based constructs
were confirmed by DNA automatic sequencing (Applied Biosys-
tems, Foster City, CA). With the exception of pCMV-SB11 (a gift
from Perry Hackett, University of Minnesota, Minneapolis, MN),
all of the helper plasmids were constructed by placing the trans-
posase cDNA under the control of the CMV promoter in the
pcDNA3.1�neo plasmid derived from pcDNA3.1 (Invitrogen,
Carlsbad, CA) by removing most of the neomycin resistance gene.

Selection Cassette. The fragment containing the hygromycin resis-
tance gene driven by the SV40 promoter was excised from
pcDNA3.1�hygro�LacZ vector (Invitrogen). After XmnI and SapI
digestion, the fragment was cloned into the SmaI site of pBlueScript
SKII to complete the construction of pBS-hygro. To further insert
the kanamycin resistance gene and the ColE1 origin of replication,
the ApoI�AflIII fragment of pZErO-2.1 (Invitrogen) was cloned
into the EcoRV site of pBS-hygro to complete the construction of
the pBS cassette.

Mos1 Transposon System. For the Mos1 transposase expression
construct, the SacII�BamHI fragment isolated from pIE-
Hr5mos-ORF was blunted and cloned into the EcoRV site of
pcDNA3.1�neo. The donor plasmid was built by inserting the
cassette fragment into the blunted XbaI site of pELHY6-0
vector (a gift from Stephen Beverley, Washington University,
St. Louis, MO).

piggyBac Transposon System. For the piggyBac transposase expres-
sion construct, the blunted SacII�BamHI fragment from pIE-Hr5-

piggyBac was cloned into the EcoRV site of pcDNA3.1�neo.
Regarding the GAL4 fusion, a PCR fragment containing GAL4
DBD with a linker (primer pairs gatcgaattcaccATGAC-
CCCCCCCAAGAAGAAGC and CTCTAATAGTCCTCTGT-
GGC) was cloned into the N terminus of pcDNA3.1�neo-
piggyBac. The donor plasmid was built by inserting the selection
cassette into the SmaI�EcoRV sites of pXLBacIIPUbnlsEGFP,
derived from pBSII-ITR1 (33). This donor plasmid is a minimal
piggyBac vector with TR of 308 bp and 238 bp at the 5� and 3� ends,
respectively.

Tol2 Transposon System. For the Tol2 transposase expression con-
struct, the Tol2 ORF was PCR-amplified from pBK-CMV-Tol2 (a
gift from Vladimir Korzh, National University of Singapore, Sin-
gapore) by using the primers atcgggatccatgttcattggtcctttgg and
cgattctagactactcaaagttgtaaaacc. The PCR fragment was then in-
serted into the BamHI�XbaI sites of pcDNA3.1�neo. For the
GAL4 DBD fusion the PCR fragment of GAL4 DBD plus linker
(primer pair gatcgctagcaccATGACCCCCCCCAAGAAGAAGC
and CCATggatccggatcggccgcggagcttgg) was cloned into the
BamHI�NheI sites of pcDNA3.1�neo. For the donor construct, the
selection cassette was inserted blunt into the NotI site of the vector
pGEM-T-easy-Tol2ends (a gift from Vladimir Korzh).

SB Transposon System. The SB11 transposase expression construct
(pCMV-SB11) was provided by Perry Hackett. The GAL4 DBD
fusion was obtained by inserting the PCR fragment obtained by
using the primers ATCGCGGCCGACCATGACCCCCCCCAA-
GAAG and CGATCGGCCGCGGAGCTTGGGGCCGCC into
the EagI site of the vector pCMV-SB11. The donor plasmid was
generated by inserting the selection cassette into the BglII�EcoRV
sites of the vector pT2�HB (a gift from Perry Hackett).

Analysis of Transposon–Chromosomal Junction Mediated by GAL4-pig-
gyBac in CHO Cells via Plasmid Rescue. Individual clones were isolated
and proliferated until confluence in a 100-mm plate. Genomic
DNA was isolated by using a DNeasy Tissue kit according to the
manufacturer’s protocol (Qiagen, Valencia, CA). Five micrograms
of genomic DNA was subjected to XhoI digestion followed by
ligation. The ligation reactions were transformed into Escherichia
coli DH10B cells. Plasmids rescued from transformants were sub-
jected to DNA sequencing to retrieve the genomic sequence
flanking the insertion site. The raw sequence is provided in Fig. 5,
which is published as supporting information on the PNAS web site.
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