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ABSTRACT The piggyBac transposon is one of the
most attractive nonviral tools for mammalian genome
manipulations. Given that piggybac mobilizes in a “cut-
and-paste” fashion, integrant remobilization could po-
tentially damage the host genome. Here, we report a
novel piggyBac transposon system with a series of
recombinant transposases. We found that the transpo-
sition activity of wild-type (PBase) and hyperactive
(hyPBase) piggyBac transposases can be significantly
increased by peptide fusions in a cell-type dependent
fashion, with the greatest change typically seen in
mouse embryonic stem (ES) cells. The two most potent
recombinant transposases, TPLGMH and ThyPLGMH,
give a 9- and 7-fold increase, respectively, in the num-
ber of integrants in HEK293 compared with Myc-tagged
PBase (MycPBase), and both display 4-fold increase in
generating induced pluripotential stem cells. Interest-
ingly, ThyPLGMH but not TPLGMH shows improved
chromosomal excision activity (2.5-fold). This unique
feature of TPLGMH provides the first evidence that
integration activity of a transposase can be drastically
improved without increasing its remobilization activity.
Transposition catalyzed by ThyPLGMH is more ran-
dom and occurs further from CpG islands than that
catalyzed by MycPBase or TPLGMH. Our transposon
system diversifies the mammalian genetic toolbox and
provides a spectrum of piggyBac transposases that is
better suited to different experimental purposes.—
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A highly efficient genome manipulation system
holds remarkable potential not only for biomedical
research but also for facilitating the advancement of
molecular medicine including gene and cell therapies.
Current gene transfer technology mainly relies on viral
vectors due to their high transduction rate (1, 2).
However, their small cargo capacity, high immunoge-
nicity, and tendency to target to active genes limit their
repertoire for gene transfer applications. Furthermore,
the integrase of viral vectors mediates irreversible ge-
nome modifications, making viral vectors inapplicable
to genetic manipulations requiring subsequent trans-
gene removal, such as the generation of transgene-free
induced pluripotent stem cells (iPSCs). In addition,
transgenes inserted by viral vectors are inclined to be
silenced, and viral vectors possess a higher predisposi-
tion than nonviral ones to induce tumorigenesis (3).
Taken together, the disadvantages associated with viral
vectors create a barricade preventing their advance-
ment to clinical applications.

The DNA transposon is a mobile DNA element
capable of transposing within genomes and sometimes
between genomes in a cut-and-paste fashion, making it
an ideal vehicle for transporting genetic materials into
and out of the host genome (4–7). Sleeping Beauty, a
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synthetic transposon reconstructed from the TC1/
mariner-like fossil sequence found in the salmonid
genome, was the first transposon shown to be active in
mammalian genomes (8). The awakening of Sleeping
Beauty ignites the hope not only of advancing non-virus-
based gene therapy to routine clinical applications but
also of using mammalian transgenesis for functional
genomics (9–12). Since then, numerous transposons
have been identified and shown to be active in mam-
mals (13). Among them, the piggyBac transposon iso-
lated from the cabbage looper moth, Trichoplusiani, is
recognized as one of the most efficient DNA trans-
posons currently available for manipulating mamma-
lian genomes (14, 15). In addition to its high transpo-
sition activity in mammals, several favorable characteristics
of piggyBac make it the most promising genetic tool for
clinical applications. It has a large cargo capacity, it has
the unique ability to remove transgenes without a trace
(16), and its transposase can be molecularly engineered
without sacrificing its activity (14). The successes of piggy-
Bac in generating transgene-free iPSCs from somatic cells
of various organisms, including humans, further distin-
guish the great potential of piggyBac for future clinical
applications (17–20). Nevertheless, to advance piggyBac to
clinical applications, many obstacles still need to be over-
come to improve its efficiency and safety.

The DNA transposon system has two major compo-
nents, the terminal repeat domains (TRDs) and a gene
encoding a transposase that catalyzes the movement of
the transposon. To increase the transposition efficiency
of a transposon, molecular engineering of the TRDs or
the transposase is generally required. These ap-
proaches have been utilized successfully to improve the
transposition efficiency of Sleeping Beauty transposase
(SB100X; ref. 21) and its TRDs (22). The native piggy-
Bac transposon can engineer the mammalian genome
with high efficiency. By optimizing the codon usage of
piggyBac transposase for translation, a new transposase,
mouse-codon-optimized piggyBac transposase (mPB),
was created, which had greatly improved activity in the
mouse (23). The transposition activity of mPB in hu-
man embryonic stem (ES) cells was further increased
by eliminating the cryptic splice site present in mPB
and optimizing the codon usage for translation in
human cells (24). A hyperactive piggyBac transposase
(hyPBase) was recently generated by an error-prone
polymerase chain reaction (PCR)-based genetic screen
(25) and is believed to be the most active transposase
up to this point.

The conventional piggyBac-based genetic manipula-
tion system uses 2 plasmids, a donor plasmid carrying
the gene of interest flanked by 2 TRDs and a helper
plasmid expressing piggyBac transposase. A protein-
based genetic manipulation platform is, however, more
desirable given the drawbacks associated with the
helper plasmid-dependent system that continuously
expresses transposase, potentially leading to complica-
tions including transposon relocation, possible chro-
mosomal integration of the transposase gene, and the
presence of multiple integrants in the genome, all of

which might increase genome instability. Establishing a
protein-based platform normally involves generating
recombinant transposases. Furthermore, specifically
targeting transgenes to a predefined “genome safe
harbor” which allows faithful transgene expression
without disturbing global gene expression, is of great
interest for clinical applications. Likewise, to achieve
this goal, it is often necessary to molecularly engineer
the transposase, for example, by fusing it with a DNA
binding protein. Understanding the impact of molecu-
larly engineering the piggyBac transposase by peptide
fusion will further improve the piggyBac-based genetic
platform and broaden its applications both academi-
cally and clinically.

In this study, we established a set of piggyBac helper
plasmids expressing various recombinant transposases.
We demonstrated that the activity of wild-type piggyBac
transposase (PBase) and hyPBase can be significantly
increased via peptide fusion. Two of the recombinant
piggyBac transposases generated here, TPLGMH and
ThyPLGMH, are proven to be highly effective and
beneficial for generating transgene-free iPSCs. Finally,
genome-wide target profiling reveals that ThyPLGMH,
the most active piggyBac transposase by far, is potentially
safer for therapeutic applications than Myc-PBase,
given the nature of its target preferences.

MATERIALS AND METHODS

Plasmid construction

Plasmids were constructed following the protocols described
previously (26) and are described briefly below. Constructs
involving PCR-based cloning were confirmed by DNA se-
quencing.

To construct pTriEx-TAT, the primers TAT-1 (catgGGTCG-
CAAGAAACGTCGCCAACGTCGCCGTCCGCCTatcatgac) and
TAT-2 (tcgagtcatgatAGGCGGACGGCGACGTTGGC-
GACGTTTCTTGCGACC) were annealed and subsequently li-
gated to the 5.6 kb NcoI-XhoI fragment of pTriEx-HTNC (no.
13763; Addgene, Cambridge, MA, USA).

To construct pTriEx-TPMH, the open reading frame of
piggyBac was generated by PCR from pCMV-piggyBac using pig-1
(atcgccATGGGTAGTTCTTTAGAC) and pig-2 (cgataagctt-
GAAACAACTTTGGCACATATC). The resulting PCR fragment
was digested by NcoI and HindIII and inserted into the BspH I
and HindIII sites of pTriEx-TAT.

To construct pTriEx-HTMP, the coding sequence of Myc-
tagged piggyBac was generated by PCR from CMV-mycpiggyBac
using mycPIG-1 (atcgactagtATGGCATCAATGCAGAAGC) and
mycPIG-2 (cgatctcgagTCAGAAACAACTTTGGCAC). Following
SpeI/XhoI digestion, the PCR product was cloned into the SpeI
and XhoI sites of pTriEx-HTNC.

To construct pTriEX-TPLGMH, the linker fragment was
amplified by PCR from pUB-linker-GFP using LinkerF1
(cccgggaagcttaagttg) and LinkerR1 (cgataagCTTGTA-
CAGCTCGTCCATGC), digested by HindIII, and inserted to the
HindIII site of pTriEx-TPMH. The linker sequence is
KLKLGGGAPAVGGGPKAADKPVAT.

To generate pCMV-TPLGMH, a 1.8-kb Swa I-PstI fragment
was obtained from pTriEx-TPLGMH and ligated with the
5.7-kb Swa I-PstI fragment of pCMV-TPMH.

pTriEx-Tmcs-LGMH was generated by inserting a PCR
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fragment from pTriEx-TPLGMH using the primer pair
LGMH-1 (atcgTGGCCAaagcttaagttgggcggcgg) and LGMH-2
(GGAGAATTTCCTCCGCATG).

To generate pTriEx-TLGMH, pTriEx-Tmsc-LGMH was di-
gested with XhoI and then blunted with T4 DNA polymerase.
The resulting fragment was digested again by MscI and then
self-ligated.

To build pCMV-TPGMH, a fragment was first generated by
duplex PCR: the first 314-bp PCR fragment was generated using
CMV-1 (atcggccggcggtcgttacataacttac) and CMV-2 (gcatggta-
atagcgatgactaatacg), and the second 315-bp PCR fragment was
produced using CMV-3 (cgctattaccatgctgatgcggttttggc) and
CMV-4 (cgatCCATggtgggcccgcgggt). The final PCR product was
generated by CMV-1 and CMV-4 using PCR products 1 and 2 as
a template. The resulting 815-bp PCR product was digested by
NcoI and NgoM IV and ligated with the 6.0-kb NcoI-NgoM IV
fragment of pTriEx-TPMH.

To generate pTriEx-ThyPLGMH, the hyPBase coding re-
gion was amplified by PCR from pCMV-hyPB (25) using the
primers hyPB-1 (atgactcgagccATGGGCAGCAGCCTGGACG)
and hyPB-2 (cccaacttaagcttGAAACAGCTCTGGCACATG) and
cloned into the XhoI and AflII sites of pTriEx-TmcsLGMH.

The construction of pXLBacII-lox-CAG-GLuc-ires-puro�TK-
cassette involved �10 unpublished intermediate constructs.

To construct ATP1-GLuc, the TK-GLuc-ires-puro�TK frag-
ment was derived from pTK-GLuc-ires-puro�TK (unpub-
lished construct), by PCR using TKGlucPUROTK-3 (atcg-
gctagcacctgacgtcgacggatcgg) and TKGlucPUROTK-4 (agcgat-
gggtcccatgcctgctattgcagc). The PCR fragment was digested by
NheI and SanD I and use to replace the kanamycin resistance
gene in ATP1 (27).

Cells and transfections

The transposition assay in HEK293 cells [American Type
Culture Collection (ATCC), Manassas, VA, USA], CHO cells
(ATCC), and C17.2 cells (28) was done as described previ-
ously (29). For the transposition assay in mouse R1 ES cells
(Invitrogen, Carlsbad, CA, USA), 1 � 106 cells were nucleo-
fected with 5 �g of a DNA mixture containing 2.5 �g of the
donor, pPBcassette3short (29), and 2.5 �g of the selected
helper. The transfected cells (1/120) were plated into a 6-cm
dish with irradiated DR4 mouse embryonic fibroblasts
(MEFs), followed by hygromycin selection (200 �g/ml) 24 h
later. Media were changed daily for 8 d, and the resulting
colonies were stained with 0.5% methylene blue and counted.

HEK293 medium was MEM with 10% FBS, 2 mM l-glu-
tamine, 1� nonessential amino acids, 1� penicillin/strepto-
mycin, and 1 mM sodium pyruvate.

C17.2 medium was high-glucose DMEM containing 10%
FBS, 5% horse serum, 2 mM l-glutamine, 1� penicillin/
streptomycin, and 1 mM sodium pyruvate.

CHO medium was DMEM containing 10% FBS, 1� peni-
cillin/streptomycin, and 2 mM l-glutamine. The hygromycin
concentration for selection of transfected HEK293, CHO,
and C17.2 cells was 100, 300, and 300 �g/ml, respectively.

R1 ES cell medium was high-glucose DMEM containing
15% FBS (Hyclone, South Logan, UT, USA), 2 mM GlutaMAX,
1� nonessential amino acids, 1� penicillin/streptomycin, 1 mM
sodium pyruvate, 0.1 mM 2-mercaptoethanol, 10 mM HEPES,
and 103 U Lif on MEF feeder cells.

MEF medium: high-glucose DMEM containing 10% FBS, 2
mM L-glutamine, 1� nonessential amino acids, 1� penicil-
lin/streptomycin, and 10 mM HEPES.

MEFs were isolated from embryonic day 14.5 (E14.5)
mouse embryos and were irradiated at 2500 cGy as feeder
cells.

Reprogramming of MEFs

MEFs (1�106) isolated from E14.5 MO mice (see below) were
nucleofected with 2.5 �g of piggyBac helper plasmids and 2.5
�g of PB-TET-mFx (20959; Addgene), a piggyBac transposon
carrying tetracycline-regulated Yamanaka factors (c-Myc, Klf4,
Sox2, and Oct4; ref. 19) and plated in a 6-cm dish with
irradiated DR4 MEFs in R1 ES cell medium. After 24 h, 1.5
�g/ml doxycycline was added to induce the expression of
reprogramming factors for the entire course of nuclear
reprogramming. The culture medium was changed 48 h after
nucleofection and then daily until the formation of visible
colonies strongly expressing GFP (usually 21 d).

Excision assay

In the excision assay, 1 � 106 HprtPB-in2 ES cells (24) were
nucleofected with 10 �g of each transposase-expression
helper plasmid, and 1/25 of the transfected cells were plated in
a 6-cm dish with irradiated ICR MEFs. After 2 d, hypoxanthine-
aminopterin-thymidine (HAT) selection was initiated. The
culture medium with HAT medium supplement (H0262;
Sigma-Aldrich, St. Louis, MO, USA) was changed daily for 7 d,
and the resulting colonies were stained with 0.5% methylene
blue and counted.

Quantitative PCR (qPCR)

To isolate hygromycin-resistant colonies, 100 ng of
pPBcassette3short was cotransfected with 100 ng of pCMV-
MycPBase, pTriEx-TPLGMH, or pTriEx-ThyPLGMH into 1 �
105 HEK293 cells as described previously (14). Transfected
cells were grown at a low density (�30 colonies/plate) on a
10-cm plate in culture medium containing hygromycin until
visible colonies formed. Individual hygromycin-resistant colo-
nies were cloned and expanded as described previously (27).
The genomic DNA of individual clones was isolated using a
DNeasy Blood and Tissue kit (Qiagen, Valencia, CA, USA).
To prepare the template for qPCR, the concentration of
individual genomic DNA samples was adjusted to 1 �g/�l. To
obtain a genomic DNA mixture that equally represents all the
genomic DNA of individual clones for each transposase, 2 �l
of genomic DNA from each sample was pooled and diluted to
50 ng/�l. The mixed genomic DNA (100 ng) was subjected to
qPCR as described previously (29) by using hygro-f1 (ATGTG-
TATCACTGGCAAACT) and hygro-r1 (GACATTGTTGGAGC-
CGAAA) for hygromycin and GAPDH-f2 (CACTGCCACCCA-
GAAGA) and GAPDH-r2 (GCTTCCCGTTCAGCTCA) for
GAPDH. The level of hygromycin DNA present in the DNA
mixture was normalized to the level of GAPDH DNA to obtain
the relative copy number of piggyBac integrants.

Overexpression inhibition (OEI) activity assays

Transposition assays were done as described previously (14).
Briefly, 100 ng of piggyBac donor and 0–400 ng of each helper
was transfected into 1 � 105 HEK293 cells. A control vector,
pcDNA3.1, was used to top up the total amount of DNA
transfected to 500 ng. Each treatment was done in triplicate.
At 24 h after transfection, 1/5 of the transfected cells were
subjected to a transposition assay. The remaining transfected
cells from each triplicate were pooled and grown in a 35-mm
plate for another 24 h before being subjected to Western
blotting. Western blotting was done as described previously
(29) using anti-Myc antibody (sc-40; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), mouse anti-GFP antibody
(SC9996; Santa Cruz Biotechnology), and anti-�-actin anti-
body (Millipore, Billerica, MA, USA).
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Retrieval of chromosomal sequences flanking the
transposon targets

For TPLGMH and ThyPLGMH, the chromosomal sequences
flanking the transposition sites were retrieved by performing
plasmid rescue on genomic DNA samples from individual
hygromycin-resistant clones before they were pooled for the
aforementioned qPCR analysis. For MycPBase, the genomic
DNA for plasmid rescue was obtained as follows. First, 2.5 �g
of pPBcassette3short was nucleofected into HEK239 cells with
2.5 �g of pPRIG-piggyBac, a helper expressing a bicistronic
unit containing the coding sequence of MycPBase and GFP
(29). The top 5% of GFP-expressing cells were isolated by
flow cytometry and grown in culture medium at a low density
until visible colonies formed. Colonies resistant to hygromy-
cin were individually expanded and subjected to genomic
DNA isolation as described above. Individual genomic DNA
samples were then subjected to plasmid rescue as described
previously (29). The rescued sequences were subjected to
bioinformatic analyses as described previously (29).

Subcellular distribution of recombinant piggyBac
transposases

To visualize the localization of the recombinant piggyBac trans-
posases, 5 �g of pPBcassete3short was nucleofected with 5 �g of
helper plasmid (pTriEX-TPLGMH, pTriEx-PLGMH, pTriEx-
ThyPLGMH, pTriEx-TLGMH, pCMV-MPG, or pTriEx-
HTMPG). After 48 h, cells were stained with 10 �M viable
Hoechst 33342 for 30 min. The number of cells with GFP puncta
was scored under the �40 objective lens of a Nikon fluorescence
microscope (Nikon, Tokyo, Japan).

Mouse husbandry and breeding

All transgenic mice were purchased from the Jackson Labo-
ratory (Bar Harbor, ME, USA). To generate the double
transgenic line MO, a transgenic line with the reverse tetra-
cycline-controlled transactivator (rtTA) inserted at the Rosa26
locus [B6.Cg-Gt(ROSA)26Sortm1(rtTA*M2)Jae/J] was crossed with
a transgenic line with a GFP reporter gene knocked in to the
endogenous Oct4 locus (B6;129S4-Pou5f1tm2.Jae/J). The ge-
notype of the double-transgenic mouse was confirmed by
the PCR-based method provided by the Jackson Labora-
tory.

Statistical analyses

Data are presented as means � sd. All statistical analyses
except the ones specified below were performed using 1-way
ANOVA (SPSS 15; SPSS, Chicago, IL, USA). To avoid the
inflated type I error, the Bonferroni procedure was con-
ducted for all post hoc multiple comparisons. Student’s t test
was utilized to compare the difference of transposition activity
between TPLGMH at 200 ng and ThyPLGMH at 100 ng (see
Fig. 3A), while the �2 test was performed to analyze the
difference between TPLGMH and ThyPLGMH in their ten-
dency of targeting to or closed to the cancer genes (see
Fig. 7B).

RESULTS

GFP fusion enhances the transposition activity of
PBase and hyPBase in HEK293 cells

To investigate the effect of peptide fusion on piggyBac
transposase, we constructed a series of helper plasmids

carrying PBase fused with GFP, His tag, Myc tag, or
HIV-TAT in different combinations (Fig. 1A, constructs
3, 4, 6–8) in pTriEx, which facilitate the future purifi-
cation of recombinant transposases from bacterial,
insect, and mammalian cells (Fig. 1A). As a control, we
constructed pTriEx-TLGMH, which expresses a fusion
protein with all peptides except PBase (Fig. 1A, con-
struct 1).

To determine whether the constructs were func-
tional, each helper plasmid was cotransfected with the
donor plasmid pPBcassette3short (Fig. 1A and ref. 29)
into HEK293 cells (Fig. 1B). We compared the activity
of the new helper plasmids utilizing the colony forma-
tion assay described previously (14) and found that
pTriEx-TPLGMH, which contains a TAT-PBase-linker-
GFP-Myc-His (TPLGMH) fusion, was 2.7- and 3.2-fold
more active than pTriEx-HTMP (His-TAT-Myc-PBase)
and pTriEx-TPMH (TAT-PBase-Myc-His), respectively
(both with P	0.001). By placing TPLGMH in
pcDNA3.1, we observed a 2.2-fold (P	0.001) activity
increase in pCMV-TPLGMH compared with pCMV-
MycPBase, which expresses the wild-type PBase with an
N-terminal Myc tag. In sharp contrast to the activity
increase seen in pCMV-TPLGMH and pTriEx-
TPLGMH, pTriEx-HTMPG, which has GFP directly
fused to PBase without a linker, displayed no activity.
To avoid comparing two constructs with different pro-
moters and to address whether direct GFP fusion
without the linker abolishes its activity, we fused GFP to
the C terminus of the MycPBase motif of pCMV-
MycPBase to create pCMV-MPG, which has the same
setting as pTriEx-HTMPG. Like pTriEx-HTMPG,
pCMV-MPG displayed no transposition activity. To test
whether placing hyPBase (25) in the same context
improves its activity, we created two further constructs,
pTriEx-ThyPLGMH and pTriEx-hyPLGMH. Indeed,
this modification enhanced the transposition activity of
both constructs 2.7-fold (P	0.001) compared with
pCMV-HAhyPBase, which expresses HA-tagged hyPBase
(Table 1 and Fig. 1A, B). An even higher activity
(3.1-fold) was seen in HEK293 cells when ThyPLGMH
and hyPLGMH were driven by the same CMV promoter
as in pCMV-HAhyPBase (compare pCMV-ThyPLGMH
and pCMV-hyPLGMH to pCMV-HAhyPBase in Fig. 1B;
P	0.001). Unexpectedly, in contrast to the much im-
proved transposition activity observed previously in
mouse ES cells (25), the activity of pCMV-HAhyPBase
was slightly reduced (1.4 fold) in HEK293 cells com-
pared with pCMV-MycPBase, although the reduction is
not statistically significant.

Next, to address whether the activity differences
between various constructs were caused by altered
protein levels, we performed Western blot analyses to
evaluate the expression level of the recombinant pro-
teins in the transfected cells (Fig. 1B, bottom panel).
All of the helper plasmids tested, except pCMV-piggyBac
and pCMV-HAhyPBase, express Myc-tagged recombi-
nant proteins, but the anti-Myc antibody only gave a
positive signal in cells transfected with pCMV-MycPBase
and pCMV-MPG (Fig. 1B, lanes 2 and 5). The likely
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reasons for this are that the other helper plasmids give
very low levels of protein expression and/or the con-
figuration of the fusion peptides in other recombinants
masked the Myc epitope. To address this issue, the
same protein samples were analyzed again using an
anti-GFP antibody. The only plasmids that gave detect-
able amounts of GFP-containing recombinant protein
were pCMV-hyPLGMH (highest), pCMV-ThyPLGMH,
and pTriEx-hyPLGMH (lowest) (Fig. 1B, lanes 13–15).
These observations have several implications. First, a
much higher level of detectable protein expression
from pCMV-ThyPLGMH than from pTriEx-Thy-
PLGMH suggests that in HEK293 cells, the CMV pro-
moter in pcDNA3.1 is much stronger than the CAG
promoter in pTriEx. Second, pCMV-ThyPLGMH and
pCMV-hyPLGMH, which carry hyPBase recombinants,
express much higher levels of proteins than pCMV-

TPLGMH, which carries the PBase recombinant (Fig.
1B; compare lanes 14 and 15 with lane 10). This
observation is consistent with previous reports showing
that hyPBase is expressed at higher levels than mPB,
which in turn produces more protein than PBase when
expressed by the same promoter (23, 25). Third, no
activity was detected with pTriEx-TPMH and pCMV-
MPG, most likely because the direct GFP fusion causes
a conformational change that abolishes transposase
activity, rather than absence of protein expression. This
is based on the observation that a significant level of
protein was detected from pCMV-MPG (Fig. 1B, lane 5)
by the anti-Myc antibody, and both MPG and HTMPG
can be visualized in nuclei of transfected cells by
epifluorescent microscopy (as detailed below). Fourth,
all these recombinants contain different peptides fused
in various configurations. It is likely that the epitopes
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Figure 1. piggyBac transposition in various mamma-
lian cells. A) Schematic representation of helper
and donor constructs utilized in this study. Name of
the recombinant protein is in parentheses. Letters
in the protein name indicate the following: T, TAT;
M, Myc; H, HIS; P for PBase; HA, HA tag; hyP,
hyPBase; G, GFP; L, linker. B) Transposition activity
of piggyBac helper plasmids encoding various re-
combinant transposases in HEK293, CHO, and
C17.2 cells. Top panel: transposition activity as-
sessed by the colony formation assay. Bottom panel:
Western blot analyses with anti-c-Myc (top), GFP
(middle), and �-actin (bottom) antibodies in pro-
tein samples isolated from the remaining trans-
fected cells in triplicate from the top panel. Arrows
indicate the specific signal from the corresponding
fusion protein; asterisks indicate nonspecific sig-
nals. C) Transposition activity of selected helper
plasmids in mouse ES cells. Values in B and C are
means � sd of an average of 3 independent exper-
iments performed in triplicate for each helper plasmid
in A along with the donor, pPBcassette3short. Note that
for simplicity, only the P values with particular interest
are labeled here. ***P 	 0.001.
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are partially or completely masked in recombinants
with particular peptide configurations. This is evident
from the observation that the level of hyPLGMH is
much lower than that of MPG as detected by anti-Myc
antibody in transfected HEK293 cells, while the oppo-
site result was observed with the anti GFP antibody (Fig.
1B, bottom panel; compare lanes 5 and 15). Collec-
tively, our results show that peptide fusion signifi-
cantly improves the transposition activity of PBase
and hyPBase in HEK293 cells.

PBase, hyPBase, and their recombinants display
cell-type-dependent activity

The unexpectedly low transposition activity of hyPBase
and the much improved activity of its recombinant
counterparts in HEK293 cells raised the possibility that
the activity of PBase and hyPBase recombinants may be
cell-type dependent. To address this, we directly com-
pared the transposition activity of all the helper plas-
mids in CHO and C17.2 cells (29). With few exceptions,
the trend of increased activity seen in CHO and C17.2
cells was similar to that in HEK293 cells, but the degree
of improvement was higher in CHO cells and highest in
C17.2 cells. For instance, unlike its much reduced
activity in HEK293 cells, the activity of pCMV-HAhyPBase
was increased 6- and 18-fold (both with P	0.001) in
CHO and C17.2 cells, respectively, compared with
pCMV-piggyBac. Furthermore, the activity of pCMV-
TPLGMH was increased 4- and 8-fold (in CHO and
C17.2 cells, respectively, as compared with pCMV-piggy-
Bac, both with P	0.001). Likewise, the LGMH fusion
further increases the activity of hyPBase 2- to 3-fold in
these 2 cell lines (compare pCMV-hyPLGMH to pCMV-
HAhyPBase in Fig. 1B, both with P	0.001). Among all
of the helper plasmids tested here, pCMV-hyPLGMH

displays the highest activity, with a 17- and 36-fold
increase in CHO and C17.2 cells, respectively, as com-
pared with pCMV-piggyBac (Table 1, both with
P	0.001). C17.2 is a neural stem cell-like cell line
derived from embryonic mouse cerebellum (28). The
fact that C17.2 cells possess stem cell-like properties,
and that the LGMH fusion has a much greater positive
influence on the activity of PBase and hyPBase in C17.2
cells than in CHO and HEK293 cells, raises the possi-
bility that LGMH-tagged PBase and hyPBase may also
display high activity in mouse ES cells. Indeed, we
observed an even greater degree of activity improve-
ment in mouse ES cells than in C17.2 cells (Fig. 1C). In
particular, we observed a 9-, 31-, and 51-fold increase in
activity of pTriEx-TPLGMH, pCMV-HAhyPBase, and
pTriEx-hyPLGMH, respectively, as compared with that
of pCMV-MycPBase (Table 1, all with P	0.001). Inter-
estingly, the PBase recombinant driven by the CMV
promoter in pcDNA3.1 showed a significant higher
transposition activity than those driven by the CAG
promoter in the pTriEX vector in HEK293 cells
(P
0.008) and CHO cells (P	0.001) but not C17.0 and
mouse ES cells (Fig. 1; compare pTriEx-TPLGMH to
pCMV-TPLGMH). As for the hyPBase recombinant, sig-
nificantly higher activity was only detected in C17.2 cells
(P	0.001) in the CMV- vs. the CAG-driven construct,
while the reverse was seen in ES cells (P
0.02; Fig. 1,
compare pTriEx-hyPLGMH to pCMV-hyPLGMH).

Effect of the TAT peptide on PBase and hyPBase
recombinants

TAT is known to facilitate transport of molecules from
outside the cell into the nucleus if TAT is covalently
linked to that molecule. We found that deleting TAT
from pTriEx-TPLGMH resulted in 2- to 3-fold reduc-

Table 1. Transposition efficiency of piggyBac recombinant helper plasmids

Plasmid with recombinant piggyBac transposase

Transposition (FC/%)

HEK293 CHO C17.2 R1 ES

pTriEx-TLGMH 0.0/0.00*** 0.3/0.07 0.3/0.09 0.0/0.00
pCMV-MycPBase 1.0/0.48 1.3/0.35 1.8/0.50 1.00/0.08
pTriEx-HTMP 0.6/0.29 0.7/0.19 0.7/0.19 ND
pTriEx-TPMH 0.5/0.24* 0.8/0.21 1.2/0.32 ND
pCMV-MPG 0.0/0.00*** 0.2/0.04 0.2/0.06 ND
pTriEx-HTMPG 0.0/0.00*** 0.1/0.04 0.2/0.07 ND
pCMV-piggyBac 1.0/0.50 1.0/0.27 1.0/0.28 ND
pTriEx-TPLGMH 1.6/0.82*** 2.4/0.64** 7.3/2.00*** 8.6/0.65
pTriEx-PLGMH 0.6/0.3 1.0/0.26 3.1/0.86 7.6/0.58
pCMV-TPLGMH 2.2/1.1*** 4.1/1.11*** 7.8/2.20*** 1.5/0.12
pCMV-HAhyPB 0.7/0.33 6.1/1.60*** 17.7/4.9*** 30.9/2.35***
pTriEx-ThyPLGMH 1.9/0.97*** 10.8/2.90*** 18.6/5.1*** 45.0/3.42***
pTriEx-hyPLGMH 1.9/0.96*** 13.8/3.60*** 15.1/4.2*** 50.7/3.85***
pCMV-ThyPLGMH 2.2/1.1*** 10.5/2.8*** 29.6/8.1*** 45.4/3.45***
pCMV-hyPLGMH 2.0/1.0*** 16.8/4.5*** 36.1/9.9*** 37.3/2.35***

Fold changes (FC) seen in HEK293, CHO, and C17.2 cells were calculated from the ratio of transposition efficiency of each piggyBac
recombinant helper to the transposition efficiency of pCMV-piggyBac. In ES cells, FC was calculated from the transposition efficiency ratio of
each recombinant helper plasmid to pCMV-MycPBase; % represents the transposition rate for each helper plasmid calculated by dividing the
total number of hygromycin-resistant colonies by the total number of cells subjected to transfection. ND, not determined, *P 	 0.05, **P 	 0.01,
***P 	 0.001.
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tion in transposition activity in HEK293, CHO, and
C17.2 cells (all with P	0.001), but no activity changes
were seen in ES cells (Fig. 1 and Table 1; compare
pTriEx-TPLGMH to pTriEx-PLGMH). Fusing TAT to
hyPBase, however, had no significant influence on its
activity. Next, we examined whether TAT tagging
changes the subcellular distribution of PBase and hyPBase
recombinants. We observed that all the fusion proteins
lacking TAT were distributed evenly in the nucleus,
while those with TAT displayed a punctate staining
pattern, regardless of their transposition activity
(Fig. 2).

TPLGMH and ThyPLGMH display OEI activity like
MycPBase

OEI, the phenomenon by which the transposition activity
of a transposon decreases in the presence of excess
transposase, has been described for a wide variety of
transposons. Previously, we have observed OEI activity
with MycPBase (29). We now wanted to address whether
such an activity is exhibited by two potent PBase and
hyPBase recombinants, TPLGMH and ThyPLGMH. We
cotransfected HEK293 cells with a fixed amount of
pPBcassette3short and an increasing amount of the
helper plasmids pCMV-MycPB, pTriEx-TPLGMH, and
pTriEx-ThyPLGMH. We chose the pTriEx- instead of the

pCMV-based helper plasmid for the OEI assays on
TPLGMP and ThyPLGMH to avoid possible complica-
tions caused by robust CMV activity in HEK293 cells on
the much improved piggyBac recombinants. For each
donor/helper combination, the transposition activity and
protein expression level are shown in Fig. 3A. We ob-
served that the transposition activity of MycPBase in-
creases with the level of protein, as judged by Western blot
with an anti-Myc antibody, until reaching a peak at 200 ng
of transfected helper plasmid. The TPLGMH and Thy-
PLGMH proteins were again undetectable with the anti-
Myc antibody even in cells transfected with 400 ng of
helper plasmid (data not shown). Using the anti-GFP
antibody, however, we found that the expression of
TPLGMH and ThyPLGMH became detectable when the
amount of transfected helper plasmid reached 200 and
100 ng, respectively, and the protein level increased
continuously afterward. Like MycPBase, the transposition
activity of TPLGMH increased as the amount of helper
plasmid increased until reaching its peak at 200 ng. In all
cases, TPLGMH displayed significantly higher activity
than MycPBase, with a 2- to 4-fold increase (all with
P	0.001 except at 400 ng, which has P
0.002; Fig. 3A). In
contrast, ThyPLGMH displayed a different trend from
that seen in MycPBase and TPLGMH. The transposition
rate of ThyPLGMH reached 1.2% (1200/105) when the
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amount of helper plasmid transfected was as low as 25 ng.
Furthermore, its activity remained the same when the
amount of helper plasmid increased, except at 200 ng,
where a further increase in activity was detected. The
activity of all three helper plasmids tested here reaches a
peak at 200 ng, but further increasing the amount of
helper plasmid to 400 ng results in a drastic reduction in
activity, suggesting that like MycPBase, TPLGMH and
ThyPLGMH also display OEI. The OEI activity is higher in
TPLGMH than ThyPLGMH based on their protein level,
assessed by Western blot analyses. Furthermore, the
TPLGMH protein level at 200 ng is lower than that of
ThyPLGMH at 100 ng, and yet the former displays signif-
icantly higher activity (P
0.001) than the latter. Similarly,
we observed that the transposition activity of pCMV-
TPLGMH, which did not generate any detectable protein
(Fig. 1B, lane 10), was comparable to that of pCMV-
ThyPLGMH, which expressed a fair amount of recombi-
nant transposase (Fig. 1B, lane 15). Taken together, these
observations indicate that under certain conditions, the
activity of TPLGMH can be as high as ThyPLGMH in
HEK293, if not higher.

The number of transgene copies inserted into the
host genome likely determines the overall level of
transgene expression. The much improved transposi-
tion activity in TPLGMH and ThyPLGMH as compared
with MycPBase in HEK293 cells is likely due to an

increase in the copy number of integrants. To verify
this, we performed qPCR to determine the relative copy
number of transposon integrants in pCMV-MycPBase-,
pTriEx-TPLGMH-, and pTriEx-ThyPLGMH-transfected
HEK293 cells (see Materials and Methods). Indeed, as
shown in Fig. 3B, the relative number of piggyBac
integrants per transposon-integrated cell increased 9-
and 7-fold in TPLGMH and ThyPLGMH, respectively,
compared with MycPBase (both with P	0.001). As
assessed under the same conditions, the significantly
higher (P	0.001) copy number per piggyBac-integrated
cell detected in cells transfected with pTriEX-
TPLGMH/ pPBcassette3short than in cells transfected
with pTriEx-ThyPLGMH/pPBcassette3short further
supports the idea that the potency of TPLGMH is as
high as ThyPLGMH in HEK293 cells, if not higher.
Since the copy number and OEI analyses were done on
pCMV-MycPBase, pTriEx-TPLGMH, and pTriEx-Thy-
PLGMH, these three helper plasmids were used in
subsequent studies to further characterize the proper-
ties of MycPBase, TPLGMH, and ThyPLGMH.

MycPBase, TPLGMH, and ThyPLGMH display
donor-dependent activity

To address whether the three piggyBac helpers exhibit
activity in a context-dependent manner, we directly
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Figure 3. Catalytic activity of MycPBase, TPLGMH, and ThyPLGMH. A) Top panel: colony formation assay to measure the levels
of piggyBac transposition with increasing amounts of 3 recombinant transposases, MycPBase, TPLGMH, or ThyPLGMH. Bottom
panel: Western blot (WB) analysis on the remaining transfected cells in each triplicate from the top panel. Antibodies used to
assess the protein level were anti-c-Myc antibody for MycPBase, anti-GFP antibody for TPLGMH and ThyPLGMH, and
anti-�-actin antibody for �-actin. B) Comparison of the average number of integrants inserted by MycPBase, TPLGMH, and
ThyPLGMH in HEK293 cells. Top panel: relative copy numbers of the hygromycin gene inserted by MycPBase, TPLGMH,
and ThyPLGMH were obtained by normalizing the DNA level of the hygromycin gene to that of the GAPDH gene in the
corresponding genomic DNA mixture. Results show the fold change in the relative copy number of TPLGMH and ThyPLGMH
compared with MycPBase. Data represent means of an average of 3 independent experiments. Bottom panel: DNA-agarose gel
images of a representative real time qPCR reaction showing the hygromycin (top) and GAPDH (bottom) PCR products at the
end of the 23rd cycle. Number of individual hygromycin-resistant colonies utilized for qPCR analysis was 43, 71, and 46 for
MycPBase, TPLGMH, and ThyPLGMH, respectively. Note that for simplicity, only the P values with particular interest are labeled
here. ***P � 0.002.
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compared their activity on two new piggyBac donor
plasmids, pXLBac-CAG-Gluc-ires-puro�TK-cassette and
pATP1-Gluc (Fig. 4A), in CHO cells. Although pTriEx-
ThyPLGMH showed only 2-fold more activity than
pTriEx-TPLGMH on pPBcassette3short (Fig. 1B), a
much more drastic increase (� 20-fold) was seen with

both pXLBac-CAG-Gluc-ires-puro�TK-cassette (Fig.
4B) and pATP1-Gluc (Fig. 4C) as the size of the insert
within (both with P	0.05). TPLGMH displays only
marginal activity on the two new donors, while no
activity can be detected for MycPBase (Fig. 4B, C) on
pATP1-Gluc. The observations that ThyPLGMH, but
not MycPBase and TPLGMH, retains reasonable activity
on the latter two donors that contain a larger size of the
insert than pPBcassette3short suggest the following
possibilities. First, MycPBase and TPLGMH are much
more vulnerable than ThyPLGMH to the increment of
the insert size. Secondly, the 3 helper plasmids likely
behave differently with various donors. These findings
highlight the necessity of choosing appropriate piggyBac
helpers to suit the needs of different experiments.

TPLGMH and ThyPLGMH are effective tools for
generating quality iPS cells

Although effective, viral-based methods are problematic
in generating iPSCs because they are oncogenic, muta-
genic, and irreversible. The finding that piggyBac can
effectively generate iPSCs while maintaining an unaltered
genome makes piggyBac a favorable vector for generating
iPSCs (17–20). To address whether TPLGMH and Thy-
PLGMH can promote the efficiency of iPSC formation,
we established a double-transgenic mouse line, named
MO, containing 2 transgenes, rtTA (see Materials and
Methods) and GFP. The GFP of MO mice was knocked in
to the endogenous Oct4 locus, while rtTA was knocked in
to the endogenous Rosa26 locus (Fig. 5A). We then
performed nuclear reprogramming on MO-derived MEFs
by nucleofecting the cells with PB-TET-mFx, a piggyBac
donor plasmid carrying tetracycline-regulated Yamanaka
iPS factors (19), and pCMV-MycPBase, pTriEx-TPLGMH,
or pTriEx-ThyPLGMH. Successful nuclear reprogram-
ming of MO MEFs to iPSCs causes activation of the
endogenous Oct4 gene, which is evident by expression of
GFP protein. As shown in Fig. 5B, all three transposases
can induce nuclear reprogramming. In the presence of
doxycycline, compact colonies began to form on d 10
after nucleofection (Supplemental Fig. S1). GFP signal
was detected in some of the colonies at least 2 d later,
indicating that the GFP signal resulted from activation of
the endogenous Oct4 gene rather than from the GFP-
containing piggyBac recombinants TPLGMH and Thy-
PLGMH. As time progressed, the colonies became more
compact, and the GFP signal also became more homoge-
neous and intense. For TPLGMH, we found that the
initial total colony number was significantly increased.
The number of colonies reached its peak at d 14 and then
decreased slightly and stayed at the same level until the
end of the course (Fig. 5C). The formation of GFP-
positive colonies followed a similar trend (Fig. 5D). For
ThyPLGMH, the number of initial colonies and GFP-
positive colonies was not as high as for TPLGMH, but a
steady increase in number was observed (Fig. 5C, D). At d
21, we observed a comparable change for both TPLGMH
and ThyPLGMH, with a 3- and 4-fold increase in the total
number of colonies (P
0.009 and 0.013 in Fig. 5C) and
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Figure 4. MycPBase, TPLGMH, and ThyPLGMH display do-
nor-dependent activity. A) Schematic representation of 2 new
donor plasmids, pXLBacII-lox-CAG-GLuc-ires-puroDTK-cas-
sette and ATP1-Gluc. Cassette element is the same as shown in
Fig. 1A. ATP1 element is derived from the ATP1 transposon
construct described in ref. 28 and contains the components
between the piggyBac TRDs. B) Transposition activity of
piggyBac recombinants on various donors. *P 	 0.05.
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GFP-positive colonies, respectively (P
0.006 and 0.005 in
Fig. 5D).

For therapeutic applications, the removal of iPS
transgenes from genuine iPSCs is required. To address
the efficiency of chromosomal transgene removal me-
diated by these three piggyBac transposases, we utilized
an excision assay established previously (25). In this
assay, we used an ES reporter cell line, HPRTPB-in2 (25),
which is HAT sensitive due to insertion of a piggyBac
transposon in intron 2 of the endogenous Hprt locus.
Removal of the piggyBac integrant will reverse the

HPRT-defective phenotype and make the cell resistant
to HAT selection. By transfecting the transposase-ex-
pressing plasmids into HprtPB-in2, we observed a 2.5-fold
(P	0.001) increase in excision activity for ThyPLGMH,
whereas no increase was detected for TPLGMH.

Genome-wide target profiling of MycPBase,
TPLGMH, and ThyPLGMH in HEK293

As detailed above, fusing LGMH to PBase and hyPBase
greatly enhances their transposition activity, and TAT-

Figure 5. TPLGMH and ThyPLGMH improve the efficiency of iPSC generation. A) Schematic representation of the genotype
of the MO double-transgenic mouse line and the piggyBac-iPS donor. Only the endogenous Rosa26 and Oct4 loci with genetic
alterations are shown. Ires, internal ribosome entry site; poly(A), polyadenylation signal sequence. B) Time-lapse images record
the nuclear reprogramming of MO MEFs to iPSCs by recombinant piggyBac transposases. For each transposase, images at bottom
show the formation of GFP-expressing iPSC colonies. Top panels show corresponding bright field images. C) Total number of
colonies formed during nuclear reprogramming. D) Number of GFP-positive colonies formed during nuclear reprogramming.
E) Relative chromosomal excision activity of recombinant piggyBac transposases in the HprtPB-in2 mouse ES cell line (27).
*P	0.02.
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tagging drastically alters the subcellular distribution
pattern of the recombinant proteins. To address
whether such changes affect their target preference, we
next performed direct genome-wide target profiling of
MycPBase, TPLGMH, and ThyPLGMH in HEK293
cells. By plasmid rescue, a total of 189, 231, and 190
high-quality sequences representing independent true
transposition events were identified for MycPBase,
TPLGMH, and ThyPLGMH, respectively. Bioinformatic
analyses of these sequences revealed a number of
interesting features. In a global sense, the three piggy-
Bac transposases display a similar targeting preference
based on the following observations: overall, all three
types of piggyBac transposase were able to integrate into
the chromosomal bands that are frequently targeted
(clusters of integration sites as seen in Fig. 6), and the
three transposases show a similar trend in targeting to
chromosomal regions with a lower gene density, pre-
ferring a density of 1 gene within a 250-kb interval on
either side of the transposon insertion site (Supple-
mental Fig. S2). Furthermore, TPLGMH and Thy-
PLGMH exclusively target to TTAA sites, like MycPBase
(Fig. 7A). ThyPLGMH, however, displays a higher
tendency (55.6%) in selecting target sites with A at the
fifth position compared with MycPBase (43.2%) and
TPLGMH (48.9%). Next, we asked whether this inte-
gration site selection influences the targeting prefer-
ence in a genomic context. Results as shown in Fig. 7B
suggest that in general, MycPBase and TPLGMH share
similar features, while ThyPLGMH seems to deviate
slightly from the other two in several respects, includ-
ing a higher frequency of integration into 3=-untrans-
lated regions and exons, a lower frequency of integra-
tion into regions within 5 kb of a CpG island, and a
significantly lower tendency to integrate into regions
within or close to cancer-related genes (Fig. 7B; com-
pare ThyPLGMH to TPLGMH; P	0.01). In addition,
integration hotspots (Fig. 6, stars) are detected for both
MycPBase and TPLGMH but not ThyPLGMH, suggest-
ing that ThyPLGMH integrates more randomly than
the other two.

DISCUSSION

In this study, we established a set of recombinant
piggyBac transposases by fusing various peptides in
different combinations. We demonstrated that the
transposition activity of PBase and hyPBase can be
increased 9- and 3-fold, respectively, by this fusion
approach, depending on the type of cells tested. We
further showed that two of the recombinants, TPLGMH
and ThyPLGMH, are much more effective than MycPBase
in generating iPSCs. We also performed genome-wide
integration site profiling on MycPBase, TPLGMH, and
ThyPLGMH, to assess their target preference.

The transposition of a transposon is a 2-step process
involving an excision step that cuts the transposon from
its current position and an integration step that pastes
the excised transposon into a new location. Cellular

factors are presumably dispensable for piggyBac trans-
position because it can occur in vitro (30) and in various
species ranging from yeast to mammals (16, 30–34).
However, piggyBac mutants with significantly improved
activity in yeast did not show the same improvement in
mouse ES cells, suggesting that host factors may mod-
ulate piggyBac activity either positively or negatively
(25). In addition, catalytic activities and the protein
level of a given transposase can be altered and in turn
affect its transposition activity. Based on a number of
observations, we propose that several of these factors
likely work in concert in a cell type-dependent fashion
to determine the transposition efficiency of the helper
plasmids generated in this study.

OEI is one likely factor that negatively affects the
activity of piggyBac transposases. Unlike Sleeping Beauty,
which is well known for its OEI activity, the presence of
this activity in piggyBac is controversial (14, 15, 34, 35).
The OEI activity of MycPBase was detected in HEK293
cells in our previous study (14). In the current study, we
demonstrated that OEI activity is also present in
TPLGMH and ThyPLGMH by comparing the trans-
posase level in transfected cells with the observed
transposition activity. The HA-tagged hyPBase HAhyPBase
has improved transposition activity in CHO, C17.2, and
mouse ES cells, but its activity is reduced 2-fold in
HEK293. This phenomenon can also be explained in
part by OEI based on the following observations. First,
the activity of the CMV promoter is cell-type dependent
and is stronger than that of the CAG promoter in
HEK293T cells (36). By Western blotting, we observed
much lower levels of protein expression from pTriEx-
based plasmids than from pcDNA3.1-based plasmids
(Fig. 1) for any given recombinant transposase. Fur-
thermore, mPB produces a significantly higher level of
transposase than PBase (23), and a further increase in
protein production is seen in hyPBase compared with
mPB under the same promoter (25). Hence, it is highly
likely that pCMV-HAhyPBase expresses a much higher
level of transposase than pCMV-MycPBase, and in turn
triggers the occurrence of OEI in HEK293 cells. In
contrast, the CMV promoter is much less active in
mouse ES cells, with 40 times lower activity than the
CAG promoter in ES cells (37). Consequently, a much
lower level of HAhyPBase may be expressed by pCMV-
HAhyPBase in mouse ES cells. Hence, pCMV-HAhyP-
Base displays greatly improved transposase activity, with
less or no OEI activity detected in ES cells (25). However, the
nature of OEI remains unclear and cannot be entirely
explained by the level of transposase (35).

The greatly improved transposition efficiency seen
with both mPB and hyPBase has been shown to corre-
late with increased protein production, and the in-
creased protein level instead of a change in catalytic
activity has been proposed to be the main cause for the
increased transposition activity (23, 25). On the other
hand, in this study we observed that although pCMV-
TPLGMH produced significantly less recombinant pro-
tein than pCMV-ThyPLGMH, these two helpers
displayed comparable activity in HEK293 cells. Further-
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Figure 6. Chromosome ideogram of piggyBac integration sites. Genomic piggyBac integration events catalyzed by MycPBase,
TPLGMH, and ThyPLGMH in HEK293 cells are marked with black, gray, and white triangles, respectively. Black and gray stars
label MycPBase and TPLGMH hotspots, respectively. ***P 	 0.001.
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more, in HEK293 cells, TPLGMH generates a signifi-
cantly higher integrant copy number than ThyPLGMH
and MycPBase. Collectively, these observations suggest
that the much improved transposition activity observed
in TPLGMH is likely due to the increase in catalytic
activity rather than protein level. Two likely causes of
the improvement in catalytic activity are that fusion of
TLGMH to PBase may attenuate the negative interac-
tion of PBase with host factors, and/or peptide fusion
may result in conformational changes in the catalytic
domain that improve its intrinsic catalytic activity. The

former cause is highly likely, given that the transposi-
tion activities of TPLGMH and ThyPLGMH are cell line
dependent (Fig. 1), indicating the possible involvement
of cell type-specific host factors during transposition.
This issue could be conclusively addressed by directly
comparing the transposition activity of various piggyBac
recombinants in a cell-free setting, i.e., in a test tube. A
cell-free transposition assay for piggyBac has been suc-
cessfully developed (30) and can be applied to tackle
this problem if functional piggyBac recombinant pro-
teins become available. Furthermore, transposition ac-

Figure 7. Preferential target sites of MycPBase, TPLGMH, and ThyPLGMH in HEK293 cells. A) Sequence logos of target sites
for MycPBase, TPLGMH, and ThyPLGMH. Purple numbers show the percentage of integration sites that had an A at the fifth
position on the right from the first T of the TTAA target site. B) Genomic context of MycPBase, TPLGMH, and ThyPLGMH
target sites. **P 	 0.01.

13A NOVEL piggyBac-BASED GENETIC TOOL



tivity is drastically improved in TPLGMH and Thy-
PLGMH, suggesting that both recombinants hold great
potential for establishing a protein-based and helper
plasmid-free piggyBac genetic manipulation platform.
Efforts are now underway in our laboratory to address
this possibility.

By fusing the piggyBac transposase with a DNA bind-
ing domain, targeted integrations can be achieved at
the chromosomal or plasmid level (24, 38–40). Here
we found that the activity of PBase and hyPBase recom-
binants was significantly increased by adding a linker-
GFP fusion. Direct GFP fusion abolished the activity,
suggesting that the linker is indispensable. It is unlikely
that this particular linker increases the activity since the
same linker sequence was used previously to generate
various functional piggyBac recombinants, and none of
them showed a significant improvement in their trans-
position activity (14, 23). Our findings that piggyBac
activity can be greatly improved via protein fusion are
encouraging and the information gained in this study
will help to achieve the ultimate goal of gene therapy:
targeting the therapeutic gene to a predefined location
in the host genome where transgenes can be faithfully
expressed without disturbing global gene expression.

iPSCs hold great potential for regenerative medicine.
The unique characteristic of piggyBac, which enables
reversible genomic modifications, makes it one of the
most superior vectors for generating transgene-free
iPSCs. Currently, most, if not all, piggyBac-based ge-
nome manipulation platforms utilize a helper plasmid
to supply piggyBac transposases. It is known that epi-
somal plasmids have prolonged duration in poorly
proliferating or nonproliferating cells. Somatic cells
that do not proliferate or proliferate at low levels are
the usual source for generating iPSCs. The prolonged
supply of piggyBac transposase by the helper plasmid in
these cells during the long process of nuclear repro-
gramming will increase the possibility of piggyBac remo-
bilization. Even though the traceless excision rate me-
diated by piggyBac reaches 90%, there is still a slim
chance that a devastating consequence may arise from
a rare and hard-to-detect imprecise remobilization,
raising a safety concern about the use of piggyBac to
generate therapeutic transgene-free iPSCs. Similarly,
imprecise remobilization of piggyBac integrants likely
complicates the phenotypic analysis in piggyBac-based
forward genetic screens. One way to minimize this
unwanted consequence is to utilize a piggyBac system
capable of effectively integrating transgenes into the
host genome without increasing the excision activity to
minimize integrant remobilization during the process
of nuclear reprogramming and gene trapping, and
effectively removing the transgenes from the genuine
iPSCs when the transgenes are no longer needed or
from targeted cells to generate revertants for pheno-
typic validation. This does not seem to be an easy task,
because all the mutants created in the effort to gener-
ate hyPBase show similar levels of change between
excision and integration, suggesting that the mutations
mainly enhanced the excision reaction and the integra-

tion reaction remained unaffected. Similarly, SB100X,
the hyperactive Sleeping Beauty transposase, showed a
4-fold increase in transgenesis frequency in HeLa cells
and 100-fold more potency in remobilizing a chromo-
somal integrant compared with SB11 (21). In this study,
we observed that TPLGMH and ThyPLGMH were
significantly more efficient than MycPBase in generat-
ing transgenic cells and iPSCs, while the chromosomal
excision rate remained unchanged in TPLGMH but
was increased 2.5-fold in ThyPLGMH. This unique
feature of TPLGMH suggests that it is possible to
drastically enhance gene transfer activity without poten-
tially increasing the risk of transgene remobilization.
Hence, one way to effectively generate potentially safer
transgene-free iPSCs may be to alternate the use of
TPLGMH and ThyPLGMH, with TPLGMH used for
chromosomal integration of iPS factors to induce nu-
clear reprogramming, and ThyPLGMH used for the
subsequent transgene removal once they are no longer
needed in genuine iPSCs. Similar approaches will also
benefit piggyBac-based forward genetic screens for gene
discovery.

piggyBac is gaining momentum as a tool for mamma-
lian genome manipulation. Our series of piggyBac help-
ers, which have a variety of transposition activities and
other properties, will widen the set of tools for func-
tional genomics and gene therapy in a cell type-depen-
dent fashion.

The authors thank Evan Snyder (Sanford Burnham Medi-
cal Research Institute, La Jolla, CA, USA) for providing C17.2.
ATP1, pHAhyPBase, and the ES reporter cell line HPRTPB-in2

were a kind gift of Allan Bradley (Wellcome Trust Sanger
Institute, Hinxton, UK). This work is supported by the National
Science Council of Taiwan (NSC99-2320-B-182-010-MY3), Chang
Gung Memorial Hospital (CMRPD3A0011-3), and the Molecular
Medicine Research Center (EMRPD1B0171) and Healthy Aging
Research Center of Chang Gung University (EMRPD1C0261).

REFERENCES

1. Ben-Dor, I., Itsykson, P., Goldenberg, D., Galun, E., and Reubi-
noff, B. E. (2006) Lentiviral vectors harboring a dual-gene
system allow high and homogeneous transgene expression in
selected polyclonal human embryonic stem cells. Mol. Ther. 14,
255–267

2. Pfeifer, A., Ikawa, M., Dayn, Y., and Verma, I. M. (2002)
Transgenesis by lentiviral vectors: lack of gene silencing in
mammalian embryonic stem cells and preimplantation em-
bryos. Proc. Natl. Acad. Sci. U. S. A. 99, 2140–2145

3. Hacein-Bey-Abina, S., Von Kalle, C., Schmidt, M., McCormack,
M. P., Wulffraat, N., Leboulch, P., Lim, A., Osborne, C. S.,
Pawliuk, R., Morillon, E., Sorensen, R., Forster, A., Fraser, P.,
Cohen, J. I., de Saint Basile, G., Alexander, I., Wintergerst, U.,
Frebourg, T., Aurias, A., Stoppa-Lyonnet, D., Romana, S., Rad-
ford-Weiss, I., Gross, F., Valensi, F., Delabesse, E., Macintyre, E.,
Sigaux, F., Soulier, J., Leiva, L. E., Wissler, M., Prinz, C.,
Rabbitts, T. H., Le Deist, F., Fischer, A., and Cavazzana-Calvo, M.
(2003) LMO2-associated clonal T cell proliferation in two
patients after gene therapy for SCID-X1. Science 302, 415–419

4. Hayes, F. (2003) Transposon-based strategies for microbial
functional genomics and proteomics. Annu. Rev. Genet. 37, 3–29

5. Thibault, S. T., Singer, M. A., Miyazaki, W. Y., Milash, B.,
Dompe, N. A., Singh, C. M., Buchholz, R., Demsky, M., Fawcett,
R., Francis-Lang, H. L., Ryner, L., Cheung, L. M., Chong, A.,

14 Vol. 27 November 2013 JAMES ET AL.The FASEB Journal � www.fasebj.org

www.fasebj.org


Erickson, C., Fisher, W. W., Greer, K., Hartouni, S. R., Howie, E.,
Jakkula, L., Joo, D., Killpack, K., Laufer, A., Mazzotta, J., Smith,
R. D., Stevens, L. M., Stuber, C., Tan, L. R., Ventura, R., Woo, A.,
Zakrajsek, I., Zhao, L., Chen, F., Swimmer, C., Kopczynski, C.,
Duyk, G., Winberg, M. L., and Margolis, J. (2004) A comple-
mentary transposon tool kit for Drosophila melanogaster using P
and piggyBac. Nat. Genet. 36, 283–287

6. Plasterk, R. H. (1996) The Tc1/mariner transposon family. Curr.
Top. Microbiol. Immunol. 204, 125–143

7. Osborne, B. I., and Baker, B. (1995) Movers and shakers: maize
transposons as tools for analyzing other plant genomes. Curr.
Opin. Cell Biol. 7, 406–413

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

9. Dupuy, A. J., Akagi, K., Largaespada, D. A., Copeland, N. G., and
Jenkins, N. A. (2005) Mammalian mutagenesis using a highly
mobile somatic Sleeping Beauty transposon system. Nature 436,
221–226

10. Collier, L. S., Carlson, C. M., Ravimohan, S., Dupuy, A. J., and
Largaespada, D. A. (2005) Cancer gene discovery in solid
tumours using transposon-based somatic mutagenesis in the
mouse. Nature 436, 272–276

11. Keng, V. W., Villanueva, A., Chiang, D. Y., Dupuy, A. J., Ryan,
B. J., Matise, I., Silverstein, K. A., Sarver, A., Starr, T. K., Akagi,
K., Tessarollo, L., Collier, L. S., Powers, S., Lowe, S. W., Jenkins,
N. A., Copeland, N. G., Llovet, J. M., and Largaespada, D. A.
(2009) A conditional transposon-based insertional mutagenesis
screen for genes associated with mouse hepatocellular carci-
noma. Nat. Biotechnol. 27, 264–274

12. Starr, T. K., Allaei, R., Silverstein, K. A., Staggs, R. A., Sarver,
A. L., Bergemann, T. L., Gupta, M., O’Sullivan, M. G., Matise, I.,
Dupuy, A. J., Collier, L. S., Powers, S., Oberg, A. L., Asmann,
Y. W., Thibodeau, S. N., Tessarollo, L., Copeland, N. G., Jenkins,
N. A., Cormier, R. T., and Largaespada, D. A. (2009) A
transposon-based genetic screen in mice identifies genes altered
in colorectal cancer. Science 323, 1747–1750

13. Dupuy, A. J. (2010) Current applications of transposons in
mouse genetics. Methods Enzymol. 477, 53–70

14. Wu, S. C., Meir, Y. J., Coates, C. J., Handler, A. M., Pelczar, P.,
Moisyadi, S., and Kaminski, J. M. (2006) piggyBac is a flexible
and highly active transposon as compared with sleeping beauty,
Tol2, and Mos1 in mammalian cells. Proc. Natl. Acad. Sci. U. S. A.
103, 15008–15013

15. Wilson, M., Coates, C. J., and George, A. L. (2007) PiggyBac
Transposon-mediated geen transfer in human cells. Mol. Ther.
15, 138–145

16. Ding, S., Wu, X., Li, G., Han, M., Zhuang, Y., and Xu, T. (2005)
Efficient transposition of the piggyBac (PB) transposon in
mammalian cells and mice. Cell 122, 473–483

17. Belay E, Dastidar S, VandenDriessche T, and Chuah MK (2011)
Transposon-mediated gene transfer into adult and induced
pluripotent stem cells. Curr. Gene Ther. 11: 406–413

18. Nagy, K., Sung, H. K., Zhang, P., Laflamme, S., Vincent, P.,
Agha-Mohammadi, S., Woltjen, K., Monetti, C., Michael, I. P.,
Smith, L. C., and Nagy, A. (2011) Induced pluripotent stem cell
lines derived from equine fibroblasts. Stem Cell Rev. 7, 693–702

19. Woltjen, K., Michael, I. P., Mohseni, P., Desai, R., Mileikovsky,
M., Hämäläinen, R., Cowling, R., Wang, W., Liu, P., Gertsen-
stein, M., Kaji, K., Sung, H. K., and Nagy,.A. (2009) piggyBac
transposition reprograms fibroblasts to induced pluripotent
stem cells. Nature 458, 766–770

20. Madonna, R. (2012). Human-induced pluripotent stem cells: in
quest of clinical applications. Mol. Biotechnol. 52, 193–203

21. Mátés, L., Chuah, M. K., Belay, E., Jerchow, B., Manoj, N.,
Acosta-Sanchez, A., Grzela, D. P., Schmitt, A., Becker, K., Matrai,
J., Ma, L., Samara-Kuko, E., Gysemans, C., Pryputniewicz, D.,
Miskey, C., Fletcher, B., VandenDriessche, T., Ivics, Z., and
Izsvák, Z. (2009) Molecular evolution of a novel hyperactive
Sleeping Beauty transposase enables robust stable gene transfer in
vertebrates. Nat. Genet. 41, 753–761

22. Zayed, H., Izsvák, Z., Walisko, O., and Ivics, Z. (2004) Develop-
ment of hyperactive Sleeping Beauty transposon vectors by muta-
tional analysis. Mol. Ther. 9, 292–304

23. Cadiñanos, J., and Bradley A. (2007) Generation of an inducible
and optimized piggyBac transposon system. Nucleic Acids Res. 35,
e87

24. Lacoste, A., Berenshteyn, F., and Brivanlou, A. H. (2009) An
efficient and reversible transposable system for gene delivery
and lineage-specific differentiation in human embryonic stem
cells. Cell Stem Cell 5, 332–342

25. Yusa, K., Zhou, L., Li, M. A., Bradley, A., and Craig, N. L. (2011)
A hyperactive piggyBac transposase for mammalian applica-
tions. Proc. Natl. Acad. Sci. U. S. A. 108, 1531–1536

26. Sambrook, J. (2001) Molecular Cloning A Laboratory Manual (3rd
ed.), Cold Spring Harbor Laboratory, Cold Spring Harbor, New
York, NY, USA

27. Rad, R.. Rad, L.. Wang, W., Cadinanos, J., Vassiliou, G., Rice, S.,
Campos, L. S., Yusa, K,, Banerjee, R., Li, MA., de la Rosa, J.,
Strong, A., Lu, D., Ellis, P,, Conte, N., Yang FT, Liu, P., and
Bradley, A. (2010) PiggyBac transposon mutagenesis: a tool for
cancer gene discovery in mice. Science 1104–1107

28. Snyder, E. Y., Deitcher, D. L., Walsh, C., Arnold-Aldea, S.,
Hartwieg, E. A., and Cepko, C. L. (1992) Multipotent neural cell
lines can engraft and participate in development of mouse
cerebellum. Cell 68, 33–51

29. Meir, Y. J., Weirauch, M. T., Yang, H. S., Chung, P. C., Yu, R. K.,
and Wu, S. C. (2011) Genome-wide target profiling of piggyBac
and Tol2 in HEK 293: pros and cons for gene discovery and
gene therapy. BMC Biotechnol. 11, 28–46

30. Mitra, R., Fain-Thornton, J., and Craig, N. L. (2008) piggyBac
can bypass DNA synthesis during cut and paste transposition.
EMBO. 27, 1097–1109

31. Handler, AM (2002) Use of the piggyBac transposon for germ-
line transformation of insects. Insect Biochem. Mol Biol. 32,
1211–1220

32. González-Estévez, C., Momose, T., Gehring, W. J., and Saló, E.
(2003) Transgenic planarian lines obtained by electroporation
using transposon-derived vectors and an eye-specific GFP
marker. Proc. Natl. Acad. Sci. U. S. A. 100, 4046–4051

33. Balu, B., Shoue, D. A., and Fraser, M. J. Jr and Adams, J. H.
(2005) High-efficiency transformation of Plasmodium falci-
parum by the lepidopteran transposable element piggyBac. Proc.
Natl. Acad. Sci. U. S. A. 10, 16391–16396

34. Wang, W., Lin, C., Lu, D., Ning, Z., Cox, T., Melvin, D., Wang,
X., Bradley, A., and Liu, P. (2008) Chromosomal transposition
of piggyBac in mouse embryonic stem cells. Proc. Natl. Acad. Sci.
U. S. A. 105, 9290–9295

35. Grabundzija, I., Irgang, M., Mátés, L., Belay, E., Matrai, J.,
Gogol-Döring, A., Kawakami, K., Chen, W., Ruiz, P., Chuah,
M. K., VandenDriessche, T., Izsvák, Z., and Ivics, Z. (2010)
Comparative analysis of transposable element vector systems in
human cells. Mol. Ther. 18, 1200–1209

36. Qin, J. Y., Zhang, L., Clift, K. L., Hulur, I., Xiang, A. P., Ren,
B. Z., and Lahn, B. T. (2010) Systematic comparison of consti-
tutive promoters and the doxycycline-inducible promoter. PLoS
One 5, e10611

37. Chen, C. M., Krohn, J., Bhattacharya, S., and Davies, B. A.
(2011) Comparison of exogenous promoter activity at the
ROSA26 locus using a �iC31 integrase mediated cassette ex-
change approach in mouse ES cells. PLoS One 6, e23376

38. Maragathavally, K. J., Kaminski, J. M., and Coates, C. J. (2006)
Chimeric Mos1 and piggyBac transposases result in site-directed
integration. FASEB J. 20, 1880–1882

39. Kettlun, C., Galvan, D. L., George, A. L., Jr., Kaja, A., and
Wilson, M. H. (2011) Manipulating piggyBac transposon chro-
mosomal integration site selection in human cells. Mol. Ther. 19,
1636–1644

40. Owens, J. B., Urschitz, J., Stoytchev, I., Dang, N. C., Stoytcheva,
Z., Belcaid, M., Maragathavally, K. J., Coates, C. J., Segal, D. J.,
and Moisyadi, S. (2012) Chimeric piggyBac transposases for
genomic targeting in human cells. Nucleic Acids Res. 14, 6978–
6991

Received for publication November 4, 2012.
Accepted for publication July 15, 2013.

15A NOVEL piggyBac-BASED GENETIC TOOL


