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Abstract

Sleeping Beauty (SB) transposon-mediated integration has been shown to achieve long-term transgene expression
in a wide range of host cells. In this study, we improved the SB transposon-mediated gene transfer system for
transduction of human CD34þ stem=progenitor cells by two approaches: (1) to increase the transposition effi-
cacy, a hyperactive mutant of SB, HSB, was used; (2) to improve the expression of the SB transposase and the
transgene cassette carried by the transposon, different viral and cellular promoters were evaluated. SB com-
ponents were delivered in trans into the target cells by Nucleoporation. The SB transposon-mediated integration
efficacy was assessed by integrated transgene (enhanced green fluorescent protein [eGFP]) expression both
in vitro and in vivo. In purified human cord blood CD34þ cells, HSB achieved long-term transgene expression in
nearly 7-fold more cells than the original SB transposase. Significantly brighter levels of eGFP expression (5-fold)
were achieved with the human elongation factor 1a (EF1-a) promoter in Jurkat human T cells, compared with
that achieved with the modified myeloproliferative sarcoma virus long terminal repeat enhancer–promoter
(MNDU3); in contrast, the MNDU3 promoter expressed eGFP at the highest level in K-562 myeloid cells. In
human CD34þ cord blood cells studied under conditions directing myeloid differentiation, the highest transgene
integration and expression were achieved using the EF1-a promoter to express the SB transposase combined
with the MNDU3 promoter to express the eGFP reporter. Stable transgene expression was achieved at levels up
to 27% for more than 4 weeks of culture after improved gene transfer to CD34þ cells (average, 17%; n¼ 4). In vivo
studies evaluating engraftment and differentiation of the SB-modified human CD34þ cells demonstrated that SB-
modified human CD34þ cells engrafted in NOD=SCID=g chainnull (NSG) mice and differentiated into multi-
lineage cell types with eGFP expression. More importantly, secondary transplantation studies demonstrated that
the integrated transgene was stably expressed in more primitive CD34þ hematopoietic stem cells (HSCs) with
long-term repopulating capability. This study demonstrates that an improved HSB gene transfer system can
stably integrate genes into primitive human HSCs while maintaining the pluripotency of the stem cells, which
shows promise for further advancement of non-virus-based gene therapy using hematopoietic stem cells.

Introduction

Hematopoietic stem cells (HSCs) represent a major
focus for efforts at gene therapy for genetic diseases,

cancer and leukemia, and AIDS. HSCs produce all the blood

cells, essentially for a lifetime, and can be isolated from bone
marrow, genetically modified ex vivo, and retransplanted into
a patient to provide a long-lasting source of blood cells en-
gineered to replace a congenital deficiency, or to afford new
properties, such as specific anticancer immunoreactivity or
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resistance to infection with HIV-1. There has been significant
progress in the development of methods for gene modifica-
tion of human HSCs, and results from a select number of
clinical trials are promising (Kohn and Candotti, 2009).

The most effective method for gene modification of HSCs
has been with the use of integrating retroviral and lentiviral
vectors. These can be used to transduce relatively high per-
centages of HSCs with minimal acute cytotoxicity. Clinical
trials using retroviral vectors to add to HSCs the cDNA for
genes involved in the pathogenesis of congenital immune
deficiencies (adenosine deaminase [ADA]-deficient and
X-linked forms of severe combined immunodeficiency [SCID]
and chronic granulomatous disease [CGD]) have led to clear-
cut clinical benefits, with the sustained production of geneti-
cally corrected lymphocytes and neutrophils, respectively,
and restoration of protective immunity in a majority of
treated patients (Cavazzana-Calvo et al., 2000; Horwitz et al.,
2001; Aiuti et al., 2002; Gaspar et al., 2006; Ott et al., 2006).
These immune deficiencies were chosen as initial disease
candidates for clinical trials of gene therapy because they can
be ameliorated by only a relatively low fraction of gene
correction of stem cells; the genetically normal lympho-
cytes have selective survival and accumulate to clinically
relevant levels from a low number of corrected HSCs in
SCID patients.

However, 5 of 20 X-SCID patients and 2 of 3 CGD subjects
developed leukemia-like hyperproliferative disorders, due to
insertional oncogenesis by integrated copies of the retroviral
vectors trans-activating cellular proto-oncogenes (Hacein-
Bey-Abina et al., 2003; Kaiser, 2003; Ott et al., 2006; Metais
and Dunbar, 2008). Novel methods to genetically modify
HSCs that retain the beneficial effects of the retroviral vectors
but with better safety profiles and greater gene transfer ef-
ficiency are needed to allow these methods to be applied to a
broader range of diseases lacking the strong selective ad-
vantage seen in the immune deficiencies, such as hemoglo-
binopathies, lysosomal storage diseases, leukodystrophies,
and cancer and AIDS applications.

As an alternative to integrating viral vectors, delivery of
plasmids to cells may have several advantages. Plasmids
may carry larger gene expression units than viral vectors,
allowing more sophisticated patterns of gene expression ra-
ther than the constitutive, ubiquitous expression that is often
achieved with viral vectors and strong enhancer=promoters.
Genomic elements, such as extended upstream, downstream,
and intronic sequences affecting transcription, locus control
regions, insulators, and so on, can be included more readily
in plasmids than in viral vectors. Plasmids by themselves
would not persist in HSCs once the HSCs begin their massive
proliferation for blood cell production. Several approaches
may be used to make the results of plasmid-mediated gene
delivery have long-lasting effects (Porteus and Baltimore,
2003; Dorigo et al., 2004; Porteus and Carroll, 2005; Hollis
et al., 2006).

The Sleeping Beauty (SB) transposon system, as one of the
plasmid-mediated gene delivery approaches, is a re-
combinase-based gene integration system with the ability to
stably integrate genes in various target host cells (Izsvak et al.,
2000; Yant et al., 2000; Izsvak and Ivics, 2004; Essner et al.,
2005; Hackett et al., 2005). The SB transposon belongs to the
Tc1=mariner family of transposable elements and was re-
constructed from the fish (salmonid) genome (Ivics et al.,

1997). In its natural configuration, the SB transposase con-
sists of a DNA-binding domain at the N terminus, a nuclear
localization signal (NLS), and a catalytic core domain at the
C terminus of the transposase (Ivics et al., 1997; Yant et al.,
2004). There are two components in the SB-mediated gene
integration system: a transposon that carries the therapeutic
gene and a transposase that catalyzes the mobilization of the
transposon. The components are encoded by two separate
plasmids that are codelivered to the target cells. In this two-
plasmid system (Walisko et al., 2007), one plasmid carrying
an enhanced green fluorescent protein (eGFP) reporter cas-
sette (or a therapeutic gene) flanked by the SB inverted=
direct repeat (IR=DR) sequences for permanent integration is
coelectroporated with a second plasmid carrying the SB
transposase expression cassette for transient production of
the SB transposase enzyme. SB-mediated gene integration is
based on a cut-and-paste mechanism that integrates the
transgene into the chromosomal target site (Walisko and
Ivics, 2006). SB first binds to the IR=DR sequences on both
ends of the transposon and excises the transposon from the
donor site. The excised transposon is then integrated into TA
dinucleotide base pairs of the host chromosomal DNA.
Several studies have characterized the integrations site
preferences of the SB transposon system and found that it
has a significantly lower frequency of integration into ex-
pressed genes, compared with retroviral and lentiviral vec-
tors, which may afford a decreased risk for causing
insertional oncogenesis, although this has not been formally
proven (Liu et al., 2005; Yant et al., 2005; Berry et al., 2006).

The major hindrance to using nonviral gene modifica-
tions in HSCs has been the great difficulty in getting them
into HSCs, compared with the more efficient gene delivery
by viral vectors. Methods such as transfection, lipofection,
or electroporation suffer from low efficiency and=or high
cytotoxicity. More recently, stable gene transfer and expres-
sion in primary human T cells, neurons, embryonic cells,
and HSCs (CD34þ) by the SB transposon system in vitro
have been reported by using the Amaxa Nucleofector (an
electroporation-based device; Amaxa=Lonza Walkersville,
Walkersville, MD) as the SB carrier in SB-mediated gene
therapy (Hollis et al., 2006; Huang et al., 2006; Wilber et al.,
2007; Zeitelhofer et al., 2007, 2009; Hohenstein et al., 2008).
Amaxa Nucleoporation has been developed as a more effi-
cient and gentle approach, delivering SB components via
electroporation.

Despite the success of SB gene transfer, the efficacy of gene
transfer by the SB-mediated system to primary cell popula-
tions for HPC gene therapy still remains to be optimized. On
the basis of the data reported by Hollis and colleagues,
suboptimal stable gene expression was achieved. The level
of eGFP expression in CD34þ cells (enriched for HPCs) by
the SB transposon system drastically decreased from 30–70
to 1–6% by 2 weeks postelectroporation (Hollis et al., 2006).
The efficiency of gene transfer into CD34þ cells electro-
porated with the SB plasmids was also evaluated in vivo.
Nonobese diabetic=severe combined immunodeficiency=
b2-microglobulin deficient (NOD=SCID=B2mnull) mice were
transplanted with electroporated human CD34þ cells to
demonstrate human cell engraftment and reporter gene
transduction. Unfortunately, the results were inconclusive
because of significant impairment of cell survival and en-
graftment due to cytotoxicity in electroporated cells. There-
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fore, further improvement remains necessary to verify and
improve the efficacy of the SB transposon gene transfer
system for HSC gene therapy.

In this study, we improved the SB transposon-mediated
gene transfer system to achieve higher stable transgene
expression in K-562 human erythroleukemia cells, Jurkat
human T-lymphoid cells, and primary human CD34þ he-
matopoietic stem=progenitor cells. A hyperactive mutant of
SB, HSB (Baus et al., 2005), with higher transposition effi-
ciency than the original SB transposase, was used to increase
the transposition efficacy in target cells. In addition, ex-
pression of the SB transposase and transgene cassette carried
by the transposon were also enhanced on analysis of three
different viral and cellular promoters: the modified myelo-
proliferative sarcoma virus (MPSV) long terminal repeat
enhancer–promoter (MNDU3), the human cytomegalovirus
(CMV) immediate-early region enhancer–promoter, and the
human elongation factor 1a (EF1-a) promoter. The stable
gene transfer efficiency of the improved SB-mediated gene
delivery system was also evaluated in vivo in a NOD=SCID=g
chainnull (NSG) neonatal transplant model. The improved SB
transposon system in primary human CD34þ hematopoietic
progenitors reported here has improved the stable gene
transfer efficiency by ~30-fold, compared with our prior
published data (Hollis et al., 2006). Furthermore, this study is
the first report demonstrating that SB-modified human
CD34þ progenitor cells can be engrafted and differentiated
into multilineage cell types in vivo, which shows promise for
further advancement of non-virus-based gene therapy using
hematopoietic stem cells.

Materials and Methods

Plasmid construction

The transposon plasmid pT=MNDU3-eGFP-BGH (Hollis
et al., 2006), used in this study, contains the Sleeping Beauty
(SB) inverted repeat (IR) sequences flanking the eGFP ex-
pression cassette. The pT=MNDU3-eGFP-BGH plasmid was
modified from plasmid pT=MC containing the IRs from SB
flanking a multicloning site (kind gift from M. Kay, Stanford
University, Stanford, CA) as described previously (Hollis
et al., 2006). The transient expression plasmids pCMV-SB and
pCMV-mSB, containing regular and defective versions of the
SB transposase, respectively, were also obtained from M.
Kay (Yant et al., 2000). The plasmid pCMV-HSB16, contain-
ing the ‘‘hyperactive’’ version of the SB transposase, HSB16,
was obtained from B. Fletcher (University of Florida, Gaines-
ville, FL) (Baus et al., 2005).

The plasmid pT=EF1-a-eGFP-BGH was created from
pT=MNDU3-eGFP-BGH (Hollis et al., 2006) and pCCL-EF1-
a-GFP (Uetsuki et al., 1989; Mizushima and Nagata, 1990;
Nakai et al., 1998; Ramezani et al., 2000; Haas et al., 2003;
Nakai et al., 2003). The MNDU3 fragment was removed from
pT=MNDU3-eGFP-BGH with BgIII. The human EF1-a pro-
moter was removed from pCCL-EF1-a-GFP with PvuI and
BamHI, blunt ended, and inserted into the BgIII site of pT=X-
eGFP-BGH to create pT=EF1-a-eGFP-BGH. The human EF1-a
promoter fragment generated with PvuI and BamHI was also
used to create pEF1-a-HSB16. The CMV promoter was re-
moved from plasmid pCMV-HSB16 (Baus et al., 2005) with
SpeI and BamHI to create pX-HSB16. The EF1-a promoter
was then inserted into the blunted SpeI site to obtain plasmid

pEF1-a-HSB16. Plasmid pMNDU3-HSB16 was created by
inserting the MNDU3 promoter into pX-HSB16. The
MNDU3 promoter was obtained from pT=MNDU3-eGFP-
BGH by means of BgIII and SpeI, blunt ended, and ligated
into the blunted BamHI site of pX-HSB16. The plasmids used
in this study are illustrated in Fig. 1.

Cells

Human K-562 myeloid leukemia and Jurkat T cells were
both obtained from the American Type Culture Collection
(ATCC, Manassas VA) and cultured in RPMI 1640, 10% fetal
calf serum, with 2 mM glutamine and penicillin–streptomycin
(100 U=ml). CD34þ cells were isolated from human cord
blood (CB) obtained from normal deliveries, using Ficoll-
Paque PLUS (GE Healthcare Life Sciences, Piscataway, NJ)
density gradient centrifugation followed by passage through
MidiMACs separation columns (Miltenyi Biotech, Sunny-
vale, CA). Use of CB was approved by the Committee on
Clinical Investigations at Childrens Hospital Los Angeles
(Los Angeles, CA) (Hao et al., 1995).

Electroporation

Cells were electroporated with the Amaxa Nucleofector
according to the manufacturer’s instructions. An Amaxa
Nucleoporation cell line kit with program T-16 was used to
electroporate 1�106 cells (K-562 cells), and program C-16
was used to electroporate 2�106 cells ( Jurkat cells). For
human CD34þ cells, 2�106 cells were used with Amaxa pro-
gram U-08. Before electroporation, freshly isolated CD34þ

cells were stimulated overnight in X-VIVO 15 medium
(Cambrex, East Rutherford, NJ) containing 2 mM l-glutamine
with stem cell factor (SCF, 50 ng=ml; R&D Systems, Min-
neapolis, MN), Flt-3 ligand (50 ng=ml; R&D Systems), and
thrombopoietin (50 ng=ml; R&D Systems). After electro-
poration, CD34þ cells for in vitro analyses were cultured for
4 weeks under conditions inducing myeloid differentiation
in RetroNectin-coated plates (Takara Mirus Bio, Madison,
WI) in Iscove’s modified Dulbecco’s medium with 20% fetal
calf serum, 0.5% bovine serum albumin (BSA), 2 mM gluta-
mine, and penicillin–streptomycin (100 U=ml) plus human
interleukin-3 (IL-3, 5 ng=ml; Biosource International, Camarillo,
CA), IL-6 (10 ng=ml; Biosource International), and SCF
(25 ng=ml; R&D Systems).

Human CD34þ cell transplantation into neonatal
immune-deficient mice

NOD=SCID=g chainnull (NSG) mice (NOD.Cg-Prkdcscid

Il2rgtm1Wjl=SzJ, stock no. 005557; Jackson Laboratory, Bar
Harbor, ME) were housed in accordance with the guidelines
of the Institutional Animal Care and Use Committee of the
Saban Research Institute of Childrens Hospital Los Angeles
and the National Institutes of Health (Bethesda, MD). All
animals were handled in laminar flow hoods and housed in
microinsulator cages in a pathogen-free colony.

On the day of transplantation, CD34þ cells were electro-
porated after 5–8 hr of prestimulation, counted by trypan
blue exclusion to determine numbers of live cells, and re-
suspended in phosphate-buffered saline (PBS) with heparin
(10 U=ml) for transplantation at a concentration of 1�106 live
cells per 50ml. Before transplantation, NSG mice received
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150 cGy of sublethal total body irradiation from a 137Ce source
with attenuator. Neonatal NSG mice (1 to 2 days old) re-
ceived approximately 1�106 modified human CD34þ cells by
facial vein injection, using a 28-gauge needle. Transplanted
pups were housed with nursing mothers and weaned to
separate cages at 3 weeks. Blood samples were collected via
the retro-orbital venous plexus under general anesthesia
with isoflurane at 6 and 10 weeks posttransplantation to
evaluate engraftment efficiency. Bone marrow, thymus,
spleen, and blood were harvested from each animal 5
months posttransplantation for flow cytometric and quanti-
tative polymerase chain reaction (PCR) analyses.

Secondary bone marrow transplantation

Adult (6- to 10-week-old) NSG mice were used as recipi-
ents for the secondary transplants of marrow from the mice
that had received primary transplants of human CD34þ cells
as neonates 5 months earlier. Five months after transplan-
tation, the primary recipient mice were killed by CO2 nar-
cosis. Femurs and tibias were harvested and washed in PBS
with 5% fetal bovine serum (FBS; Omega Scientific, Tarzana,
CA). Marrow was flushed with a 23-gauge needle and a 1-ml
syringe filled with PBS with 5% FBS. Cells were counted by
trypan blue exclusion to determine numbers of live cells and
were resuspended in 100ml of PBS with 5% FBS for trans-
plantation. Recipient mice received 270 cGy of sublethal ir-
radiation from a 137Ce source with attenuator 1 hr
pretransplantation. Approximately 2–7�107 bone marrow
cells were transplanted into each recipient mouse via the
retro-orbital venous plexus under general anesthesia with
isoflurane. Bone marrow cells of the secondary recipients

were analyzed by flow cytometry for human CD45 and eGFP
expression 2 months posttransplantation.

Flow cytometry

In vitro transgene expression analysis. For in vitro
studies, electroporated cells were analyzed by flow cytome-
try performed with a FACSCalibur (BD Biosystems, San Jose,
CA) using CellQuest software for eGFP transgene expression
weekly for up to 4 weeks. Initial eGFP expression and regi-
men-related toxicity in the electroporated cultures were an-
alyzed by fluorescence-activated cell sorting (FACS) on day 3
postelectroporation. Toxicity was determined by propidium
iodide (PI; Sigma-Aldrich, St. Louis, MO) staining followed
by FACS analysis. Levels of eGFP expression obtained after
week 4 of culture were defined as an indication of stable
long-term transgene integration in this study.

In vivo hematopoietic chimerism analysis. To detect hu-
man cells in NSG mice, multicolor cytometric analysis was
performed with the FACSCalibur. Peripheral blood (PB) was
taken from the retro-orbital venous plexus 6 and 10 weeks
after transplantation under general anesthesia to assess the
level of engraftment. Blood was collected through heparin-
ized calibrated pipettes (Drummond Scientific, Broomall,
PA) and transferred to 50 ml of FBS for FACS analysis. Five
months posttransplantation, the mice were killed by CO2

narcosis. The PB, femurs, thymus, and spleens were har-
vested from each animal. Cell suspensions from each organ
were made by pressing tissue through a 70-mm pore size
sterile nylon cell strainer (BD Biosciences) and were sub-
jected to FACS analysis and quantitative PCR. Samples were

FIG. 1. Vectors for Sleeping Beauty-mediated gene transfer. The pTransposon transposon plasmids include the Sleeping
Beauty inverted=direct repeat (IR=DR) sequences flanking the expression cassette, which consists of the promoter, the en-
hanced green fluorescent protein (eGFP) coding sequence, and a bovine growth hormone (BGH) polyadenylation site (pA).
The pSB transposase transient expression plasmids contain the Sleeping Beauty (SB) or hyperactive Sleeping Beauty (HSB16)
transposase (or the mutant inactive SB, not shown) and the BGH poly(A) sequence driven by various viral and cellular
promoters including human cytomegalovirus (CMV), the myeloproliferative sarcoma virus long terminal repeat enhancer–
promoter (MNDU3), and human elongation factor 1a (EF1-a).
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depleted of erythrocytes with BD FACS lysing solution (BD
Biosciences) and approximately 3�106 cells from each sam-
ple were incubated in 10% FBS for 30 min at 48C to block
nonspecific staining. The remaining cells were used for PCR
analysis (see the section Quantitative PCR Analysis). Ap-
propriate volumes of the indicated antibodies (BD Bios-
ciences) were added to the blocked samples for 30 min in the
dark at room temperature. Human T cells were examined by
triple staining with peridinin–chlorophyll protein (PerCP)-
conjugated anti-human CD45 antibody, allophycocyanin
(APC)-conjugated anti-human CD4 antibody, and phycoer-
ythrin (PE)-conjugated anti-human CD8 antibody. To detect
human B and natural killer (NK) cells in each sample, three-
color cytometric analysis with PerCP-conjugated anti-human
CD45 antibody, APC-conjugated anti-human CD19 anti-
body, and PE-conjugated anti-human CD56 antibody was
also performed. Last, human granulocytes were detected by
double staining with PerCP-conjugated anti-human CD45
antibody and PE-conjugated anti-human CD14 antibody.

Hematopoietic repopulation analysis. Bone marrow was
harvested from adult NSG mice 2 months after secondary
transplantation. To detect repopulating human eGFPþ cells in
the recipients, bone marrow cells were stained with PerCP-
conjugated anti-human CD45 antibody (BD Biosciences) and
analyzed by FACS for human CD45þ and eGFPþ cell expression.

Quantitative PCR analysis

eGFP DNA copy numbers were determined by real-time
quantitative PCR (qPCR). DNA from in vitro experiments
was extracted with a DNeasy tissue kit (Qiagen, Valencia,
CA). DNA from tissues and cell populations purified from
organs was extracted with phenol–chloroform and resus-
pended in Tris–ethylenediaminetetraacetate (TE). All DNA
was quantified by fluorimetry with a DNA-specific dye
(Hoechst dye; Sigma-Aldrich). qPCR was performed with
primers and probe designed to amplify integrated eGFP se-
quence: sense primer (ctg ctg ccc gac aac ca), antisense pri-
mer (gaa ctc cag cag gac cat gtg), and the TAMRA probe
sequence (ccc tga gca aag acc cca acg aga). The primer con-
centrations (sense and antisense) were 400 nM and the probe
concentration was 50 nM in all reactions. All reactions used
universal master mix (Applied Biosystems, Foster City, CA)
and were run under default conditions in a 7900HT fast real-
time PCR system (Applied Biosystems). Each of the wells
contained 350 ng of template DNA and was compared with a
standard curve made by diluting DNA from a cell line con-
taining one copy of an integrated eGFP gene diluted into the
DNA of nontransduced cells, yielding a detection sensitivity
of 1:100,000 vector-containing cells.

Statistical analysis

The Student t test was used to determine statistical sig-
nificance, and p< 0.05 was considered significant.

Results

HSB is a more efficient enzyme in comparison
with the original SB

Baus and colleagues derived a hyperactive mutant version
of the SB transposase (HSB), which they reported to increase

SB-mediated transposition up to 17-fold over the original
SB transposase in HeLa cells (Baus et al., 2005). To evaluate
the transposition efficacy of HSB in our target cell types,
namely human hematopoietic cells, HSB was compared with
the original SB using a two-plasmid system (Hollis et al.,
2006) in K-562 human erythroleukemia cells, Jurkat human
T-lymphoid cells, and primary human CD34þ hematopoietic
progenitor=stem cells. SB components were delivered in trans
into the target cells by Nucleoporation. One plasmid carrying
a transposon consisting of the eGFP reporter gene under the
transcriptional control of the MNDU3 retroviral LTR pro-
moter and flanked by the SB IR sequences (pT=MNDU3-
eGFP-BGH) was codelivered with a transposase-expressing
plasmid containing the original SB (CMV-SB), the hyperac-
tive SB (CMV-HSB), or an inactive mutant SB transposase
(CMV-mutSB) (Fig. 1). In these studies, 10mg of the trans-
poson plasmid (pT=MNDU3-eGFP-GBH) and 1 mg of the
transposase-expressing plasmid were used.

Initial levels of GFP-expressing cells 3 days after Nucleo-
poration were consistent for each cell type, independent of
which SB plasmid was used (Fig. 2). K-562 cells showed the
highest percentages of GFP-expressing cells (:80%) and Jur-
kat cells had >50% expressing eGFP. Primary human CD34þ

cells had a lower level of expression (6–12%). Four weeks
postelectroporation, the percentages of eGFPþ cells detected
in Jurkat cells and human CD34þ cells were decreased from
the initial levels. In all three cell types, cells that were elec-
troporated with the mutant inactive SB transposase plas-
mid (CMV-mutSB) or with no transposase plasmid did not
show any stable eGFP reporter gene expression, with GFP-
expressing cells declining to background levels by 4 weeks
postelectroporation (Fig. 2). In contrast, cells receiving the SB
or HSB plasmid persistently expressed GFP out to 4 weeks.
This observation indicated that a functional SB transposase
was required to achieve stable transgene persistence.

The functional assay based on stable eGFP expression
showed that HSB was a more efficient enzyme compared
with SB under the same delivery conditions in K-562, Jurkat,
and primary human CD34þ cells (Fig. 2). K-562 cells elec-
troporated with the HSB-expressing plasmid showed a
2-fold higher level of stable eGFP expression in comparison
with cells electroporated with the original SB at 4 weeks
postelectroporation (64 vs. 37%). Jurkat human T cells that
received the HSB plasmid showed a 4.5-fold increase in
stable transgene expression compared with cells receiving
the original SB plasmid (9 vs. 2%). The stable transgene ex-
pression detected in primary human CD34þ cells electro-
porated with HSB plasmid was 6.6-fold higher (4 vs. <1%)
when compared with CD34þ cells electroporated with the
original SB plasmid (Table 1). These findings demonstrated
that HSB was a superior SB transposase leading to higher
transposition efficacy than the original SB in these human
hematopoietic cell types.

In addition, the results from the stable transgene expres-
sion time-course study suggested that there might be cell
type-specific differences in SB integration efficiency as re-
ported by other studies (Izsvak et al., 2000; Berry et al., 2006).
K-562 cells showed the highest levels of long-term GFP ex-
pression; SB transposition efficiency was significantly lower
in Jurkat human T cells, and lowest in primary human
CD34þ cells. Over a series of experiments, the overall level
of stable eGFP expression in K-562 cells, using the HSB
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plasmid, was approximately 10- to 16-fold higher than in
Jurkat T cells and primary human CD34þ cells (Table 1).

Improvement of transposon-mediated gene transfer

Fresh versus frozen CD34þ cells. In our previously
published studies of gene transfer with SB in human hema-
topoietic cells, SB-mediated gene transfer to primary human
CD34þ hematopoietic stem=progenitor cells by electropora-
tion was relatively inefficient, caused significant cytotoxicity,
and was not able to achieve any stable transgene expression
in vivo (Hollis et al., 2006). Those studies were done with
human umbilical cord blood (CB) CD34þ cells that were
cryopreserved and thawed before electroporation. One of the
possible ways to improve stable transgene expression could
be by using fresh human CD34þ cells to avoid any possible
alterations in cell integrity that might have occurred during
the freeze–thaw process. To investigate the transposition
efficiency of the HSB transposon system using previously
frozen human CD34þ cells, equal numbers of viable frozen–
thawed or fresh primary human CD34þ cells were coelec-
troporated with the transposon-containing plasmid (pT=
MND-eGFP-BGH) and the HSB-expressing plasmid. Fresh
CD34þ cells showed 6-fold higher transgene expression than
frozen CD34þ cells under the same conditions (Fig. 3A). This
finding suggested that the HSB transposon system delivered
by electroporation occurs more effectively in fresh human
CD34þ cells. Therefore, subsequent experiments using pri-
mary human CD34þ cells in this study were all done with
freshly isolated human CD34þ cells from CB and were not
frozen before the experiment.

Nucleoporation program comparison. Stable gene trans-
fer and expression in primary human T cells and hemato-
poietic progenitor=stem cells (CD34þ cells), using the SB
transposon system, have been reported with the Amaxa
Nucleofector (Amaxa=Lonza Walkersville) as the nonviral
deliver system for the SB-mediated gene transfer approach
(Hollis et al., 2006; Huang et al., 2006; von Levetzow et al.,
2006; Nakata et al., 2007; Wiehe et al., 2007). The Amaxa
Nucleofector is an electroporation-based technique that
augments transfer of DNA into the nucleus of the target cell.
An ideal electrical parameter for each specific cell type has
been preprogrammed into the Nucleofection device and cell-
specific solutions are provided by the manufacturer. In an
attempt to reduce cell mortality occurring during electro-

FIG. 2. Stable long-term HSB- and SB-mediated gene
transfer. Transgene expression over time in (A) K-562, (B)
Jurkat, and (C) primary human CD34þ cells isolated from
cord blood. Ten micrograms of the transposon plasmid
(pT=MNDU3-eGFP-BGH) and 1mg of either pCMV-SB (solid
squares), pCMV-HSB (solid triangles), or pCMV-mutSB (solid
circles) transposase-expressing plasmid were coelectropora-
ted into each cell population. Cells were also electroporated
with pT=MNDU3-eGFP-BGH alone (open squares) or with
Amaxa Nucleoporation solution only, without added DNA
(open diamonds), as controls. Aliquots of cells were analyzed
by flow cytometry at each time point to determine the per-
centage of GFP-expressing cells and the percentage of pro-
pidium iodide (PI)þ cells. Each experiment was repeated
three times (n¼ 3) with two or three replicates per experi-
ment. Error bars represent the standard error of the mean
(SEM).

Table 1. Summary of HSB- versus SB-Mediated

Gene Transfer in K562, Jurkat,

and Primary Human CD34þ Cells

Cell type

SB-mediated
gene transfer
(% eGFP�

SEM)

HSB-mediated
gene transfer
(% eGFP�

SEM) Fold increase

K-562 (n¼ 3) 36.6� 9.9 63.8� 8.7 2 ( p¼ 0.0014)
Jurkat (n¼ 3) 1.2� 0.8 8.0� 1.7 4.5 ( p¼ 0.013)
LTC-CD34þ

(n¼ 4)
0.6� 0.1 4.1� 0.6 6.9 ( p¼ 0.0012)

Abbreviations: eGFP, enhanced green fluorescent protein; HSB,
hyperactive mutant of Sleeping Beauty transposon; LTC-CD34þ, long-
term-cultured CD34þ cells; SB, Sleeping Beauty transposon.
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poration to primary human CD34þ cells, two different re-
commended Nucleofection programs (U-01 and U-08) were
compared. Primary human CD34þ cells were electroporated
with 10 mg of pT=MNDU3-eGFP-BGH, using either program
U-01 or U-08 of the Amaxa Nucleofector, and analyzed by
flow cytometry for initial eGFP reporter gene expression and
cell viability (by PI staining) 3 days after electroporation.
Cells electroporated according to program U-08 showed 4-
fold higher transfection efficiency compared with cells treated
according to program U-01 (10.7 vs. 2.8%), with only mini-
mally higher cytotoxicity (32 vs. 28%) (Fig. 3B). This suggested
that whereas program U-01 was a gentler electroporation
program, it was also less efficient in delivering DNA into
human CD34þ cells. Subsequent studies (and those previously
discussed) were done with the U-08 program.

Improvement of the transposon-to-transposase plasmid
ratio. The quantities of transposon and transposase plas-
mids have been known to be one of the major factors that
determines the transposition efficiency of the SB transposon
system. An optimal ratio of transposase to transposon is
needed to achieve high transposition levels (Yant et al., 2000;
Liu and Visner, 2007). On the basis of the previously pub-
lished quantities of SB plasmids used to achieve stable
transgene expression in human CD34þ cells in vitro (10 mg of
the transposon and 10mg of the transposase SB plasmid)
(Hollis et al., 2006), the amount of pCMV-HSB was varied
from 1 to 10mg, with the amount of transposon plasmid
(pT=MND-eGFP-BGH) kept constant at 10mg. Populations
of human CD34þ cells were electroporated and then ana-
lyzed by flow cytometry to measure eGFP expression after

FIG. 3. Improvement of transposon-mediated gene transfer. (A) Viable frozen–thawed or freshly isolated human CD34þ

cells (2�106) isolated from cord blood (CB) were electroporated with 10 mg of pT=MNDU3-eGFP-BGH with 1 mg of HSB
transposase-expressing plasmid. Flow cytometric analysis was performed 4 weeks postelectroporation for stable transgene
expression detection. Asterisks (* and **) indicate significant differences ( p< 0.01; n¼ 3) between the data points. (B) Cells
were electroporated with 10mg of pT=MNDU3-eGFP-BGH according to either program U-08 or U-01 of the Amaxa Nu-
cleofector. The percentages of eGFPþ cells (columns) and the percentages of PIþ cells (circles) were determined by flow
cytometric analysis 3 days postelectroporation for transgene expression and cell viability, respectively. Asterisks (* and **)
indicate significant differences ( p< 0.05; n¼ 4) between the data points marked. (C) Primary human CD34þ cells were
coelectroporated with 10 mg of pT=MNDU3-eGFP-BGH and increasing quantities of pCMV-SB (open columns), pCMV-HSB
(solid columns), or pCMV-mutSB (gray columns). Flow cytometric analysis was performed 4 weeks postelectroporation for
stable transgene expression (n¼ 2). (D) Ten micrograms of pT=MNDU3-eGFP-BGH was coelectroporated with increasing
quantities of pCMV-SB (squares), pCMV-HSB (triangles), or pCMV-mutSB (circles) (n¼ 2). The percentages of PIþ cells were
determined by flow cytometric analysis 3 days postelectroporation. Error bars represent the standard error of the mean
(SEM).
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4 weeks, without any selection. A transposon-to-transposase
plasmid ratio of 10 to 1 mg was determined to be the optimal
ratio for the HSB transposon system to achieve the highest
level of gene transfer into human CD34þ cells (Fig. 3C).
Lower levels of gene transfer were achieved with the SB
plasmid at each of the amounts used. The greater activity of
HSB allows the total amount of DNA used in a Nucleo-
poration reaction to be decreased from 20 mg (10 mg of
transposon and 10mg of SB transposase) to 11mg (10mg of
transposon and 1mg of HSB transposase).

Interestingly, the levels of gene marking in human CD34þ

cells were inversely proportional to the quantity of HSB
transposase plasmid used, declining from 3.4% when using
1 mg of pCMV-HSB to less than 1% with 10 mg of pCMV-HSB.
The decrease in the level of gene expression observed for the
largest quantity of transposase could be due either to toxicity
caused by the DNA plasmid (Hollis et al., 2006) or by the
activity of the SB transposase per se, or may represent the
phenomenon of ‘‘overproduction inhibition,’’ wherein ex-
cessive amounts of transposase activity lead to inhibition of
transposition, presumably by increasing the rate of the re-
verse, excision reaction (Yant et al., 2000; Geurts et al., 2003;
Hollis et al., 2006; Hackett, 2007).

When cells were mocked electroporated without any plas-
mid added to the reaction, low levels of PIþ cells were seen
(<10%) (Fig. 3D). Addition of 10mg of only the eGFP-expressing
transposon plasmid, but no transposase plasmid, led to a large
increase in cytotoxicity, with more than 60% PIþ cells. Addition
of increasing amounts of any of the transposase-expressing
plasmids led to further dose-related increases in the percentage
of PIþ cells, but these were essentially the same with any of the
HSB, SB, and mutSB plasmids, indicating that the presence of
functional HSB transposase did not affect cell viability. Large
quantities of plasmid added to the Nucleoporation, in contrast,
were responsible for the cytotoxicity, as reported previously
(Hollis et al., 2006). Thus, the ability of the HSB to achieve
greater gene transfer with lower amounts of plasmid also
moderately reduces acute cytotoxicity.

HSB transposase expressed by human EF1-a
promoter achieved the highest stable transgene
expression

Promoters used in expression plasmids display different
expression strengths, depending on the specific cell type
(Fitzsimons et al., 2002; Weber and Cannon, 2007). The
human CMV early region enhancer–promoter, for example,
expresses strongly in nonhematopoietic cells (Boshart et al.,
1985) but performs poorly in vivo and in hematopoietic cells
(Scharfmann et al., 1991; Kay et al., 1992; Baskar et al., 1996;

Miyoshi et al., 1999; An et al., 2000). In contrast to the CMV
promoter, the human EF1-a promoter has been identified as
a strong promoter in primary human hematopoietic cells (Ye
et al., 1998; Chang et al., 1999) and exhibits high transcription
activity in vivo (Taboit-Dameron et al., 1999). The MNDU3
LTR promoter, derived from the MPSV retrovirus, has been
shown to express well in murine and human hematopoietic
and lymphoid cells (Halene et al., 1999; Haas et al., 2003).

To further improve both the activity of the HSB transpo-
sase to mediate stable gene persistence and the expression
level of the reporter eGFP transgene carried by the transpo-
son in human hematopoietic cells, we evaluated these three
different promoters. Each promoter was cloned into an in-
dividual construct to express either the HSB transposase or
the eGFP reporter gene carried by the transposon. The im-
provement of HSB-mediated gene transfer efficacy involved
two parts. First, expression of the HSB transposase by the
various promoters was evaluated, using the pT=MNDU3-
eGFP-BGH reporter transposon plasmid. Second, with the
improved HSB transposase construct identified, expression
of the eGFP reporter gene contained in the transposon con-
struct using the various promoters was then examined.

In the comparison of different promoters driving expres-
sion of the HSB, K-562 cells were much more permissive to
HSB-mediated gene integration than Jurkat T cells and pri-
mary human CD34þ cells with any of the promoters used to
express HSB (Table 2). Long-term stable transgene expres-
sion in K-562 cells under all conditions remained approxi-
mately 80% by 4 weeks postelectroporation. Both Jurkat and
human CD34þ cells showed lower levels (5- to 14-fold, re-
spectively) of HSB-mediated stable transgene expression
than that observed in K-562 cells.

The highest level of stable transgene integration was
achieved when using the EF1-a promoter to express HSB in
all three cell types, compared with either the human CMV or
MNDU3 promoter (Table 2). Although this effect was not
significantly above the already high level of gene transfer
with the CMV-HSB plasmid in K-562 cells, there was a 2-fold
increase in the percentages of GFP-expressing Jurkat and
primary CD34þ cells when the EF1-a promoter was used to
direct expression of the HSB transposase.

eGFP reporter gene expression from the integrated
transposon was influenced by the promoter
and the target cell types

Next, we evaluated the MNDU3 and EF1-a promoters for
expression of the eGFP reporter gene from the integrated
transposon in K-562, Jurkat, and primary human CD34þ cells
(Fig. 4A). The mean fluorescence intensity (MFI) of eGFP

Table 2. Comparison of Stable Transgene Expression Achieved with HSB Transposase Expressed

by NMDU3, CMV, or EF1-a Promoter in K-562, Jurkat, and Primary Human CD34þ Cells

Cell type

CMV-HSB-mediated
gene expression

(% eGFP� SEM)

MNDU3-HSB-mediated
gene expression

(% eGFP� SEM)

EF1-a-HSB-mediated
gene expression

(% eGFP� SEM) Fold increase

K-562 (n¼ 2) 76.0� 1.1 68.1� 13.6 85.6� 0.7 1.1 ( p¼ 0.18)
Jurkat (n¼ 2) 8.0� 2.1 7.6� 1.6 16.6� 2.3 2.1 ( p¼ 0.006)
LTC-CD34þ (n¼ 3) 3.8� 0.8 2.1� 1.2 6.9� 1.8 1.8 ( p¼ 0.05)

Abbreviations: CMV, cytomegalovirus; EF1-a, elongation factor 1a; MNDU3, modified myeloproliferative sarcoma virus long terminal
repeat enhancer–promoter.
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expression by the MNDU3 promoter was 2-fold higher than
by the EF1-a promoter in K-562 cells (Fig. 4A and B). In
primary human CD34þ cells (cultured under conditions di-
recting myeloid differentiation; LTC-CD34þ), the MFI of
eGFP expression was significantly higher with the MNDU3
promoter than with the EF1-a promoter ( p< 0.01). In con-
trast, the highest MFI of GFP expression in Jurkat human T
cells occurred when the EF1-a promoter was used to express

the GFP reporter (Fig. 4A). Thus, the MND promoter was
more active in myeloid-type cells (K-562 erythroleukemia
cells and cultured CD34þ cells), whereas the EF1-a promoter
was more active in the T-lymphoid cells.

By incrementally enhancing each element of the SB trans-
poson system we have been able to significantly increase
the efficiency of stable gene delivery to human hematopoi-
etic cells, including primary human CD34þ hematopoietic

FIG. 4. Promoter analysis for expression of transposase and transposon reporter. (A) Representative FACS plots showing
stable HSB-mediated eGFP expression after 4 weeks in K-562, Jurkat, and primary human CD34þ cells (LTC-CD34þ) cultured
under conditions directing myeloid differentiation. Average mean fluorescence intensity (MFI) values are indicated in the top
left corner of each plot. (B) Comparison of the average MFI of eGFP-expressing cells. LTC-CD34þ refers to long-term cultured
human CD34þ cells under myeloid differentiation conditions. Ten micrograms of pT=MNDU3-eGFP-BGH or pT=EF1-a-
eGFP-BGH transposon plasmid was coelectroporated with 1mg of pEF1-a-HSB plasmid in this study. Cells were analyzed at
week 4 postelectroporation for detection of HSB-mediated stable eGFP reporter gene expression. Each experiment was done
with two or three replicates per condition. Error bars represent the SEM. The Student t test was performed for statistical
analyses and p values are as indicated. *p< 0.01.
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progenitor=stem cells. The level of stable gene expression
increased 20-fold by combining the use of the HSB transpo-
sase and the EF1-a promoter to direct HSB expression and the
MND promoter to express the GFP transgene (Fig. 5).

HSB-modified human CD34þ progenitor cells
were engrafted and reconstituted in NSG mice
after neonatal transplantation

Primitive human hematopoietic cells can be assayed on the
basis of their ability to repopulate immune-deficient NOD=

SCID mice. The efficiency of HSB-mediated gene transfer to
human CD34þ hematopoietic cells was therefore evaluated
in vivo. Fresh primary CD34þ hematopoietic progenitor cells
were isolated from human cord blood, electroporated with the
best HSB plasmids, and transplanted into nonobese diabetic
NOD=SCID=g chainnull (NSG) neonatal mice (Fig. 6). To assess
the transduction of primitive normal human stem cells (SCID
repopulating cells, or SRCs), human cell engraftment (percent
CD45þ) and gene transduction (percent eGFPþ) were deter-
mined in peripheral blood from NSG mice 6, 10, and 20 weeks
posttransplantation by flow cytometric analysis.

FIG. 5. Overall SB transposon system improvement in primary human CD34þ hematopoietic progenitor=stem cells in vitro.
Shown are representative FACS plots elucidating the progression of improvement of the SB-mediated gene integration
system in this study. The percentages of eGFP-positive cells 4 weeks postelectroporation are indicated in the top left corner of
each plot. The transposon–transposase plasmid DNA combinations used for each condition are also denoted at the top of the
FACS plots.

FIG. 6. Schematic diagram of the experimental timeline for in vivo analysis of SB-mediated gene transfer to human CD34þ

cells by NOD=SCID=g chainnull neonatal transplantation. NSG, NOD=SCID=g chainnull mouse.

1616 SUMIYOSHI ET AL.



Seven NSG litters (n¼ 49) received neonatal bone marrow
transplantation in four different treatment groups. Twenty of
49 transplanted neonatal NSG mice did not survive to 1 week
posttransplantation, because of poor nurturing by their birth
parents. The successfully transplanted animals were divided
among treatment groups receiving the following CD34þ cells:
group A, nontransduced (n¼ 3); group B, mock transduced
(n¼ 4); group C, electroporated with pT=MNDU3-eGFP-BGH
transposon plasmid and the pEF1-a-HSB plasmid (n¼ 11); and
group D, electroporated with pT=EF1-a-eGFP-BGH transposon
plasmid and the pEF1-a-HSB plasmid (n¼ 11). Table 3 sum-
marizes the level of engraftment percent human CD45þ in
mouse peripheral blood and bone marrow at 10 and 20 weeks
posttransplantation. Differences were observed in the en-
graftment efficiencies of the nontransduced CD34þ cells (group
A), mock-transduced human CD34þ cells (group B), and
human CD34þ cells electroporated with either MNDU3- or
EF1-a-expressed eGFP in the presence of HSB (groups C and D,
respectively). When the cells were electroporated with or
without plasmid DNA, the engraftment efficiency of the
transplanted CD34þ cells was significantly reduced compared
with engraftment of CD34þ cells that were not electroporated
(Fig. 7; p< 0.05). At 10 weeks posttransplantation, an average
engraftment level of 60% was observed in animals transplanted
with nontransduced human CD34þ cells (group A). In com-

parison, mice that received electroporated human CD34þ cells
(groups B, C, and D) showed significantly (5- to 8-fold) lower
engraftment levels, at a range of 8–12%. This lower level of
human cells in mice receiving CD34þ cells that had been elec-
troporated suggested that the use of electroporation as a DNA
delivery method to primary human CD34þ cells is detrimental
to their engraftment and normal hematopoietic ability. The
level of engrafted human cells from the groups receiving the
transposon and transposase plasmids (groups C and D) in-
creased to a level comparable (~20%) to that detected in the
mock-transduced group (group B) by 5 months posttrans-
plantation, despite the lower initial engraftment levels of the
HSB-modified human CD34þ cells (average, 3 vs. 7%, respec-
tively). This finding suggested that the significant decrease in
the engraftment level of HSB-modified CD34þ cells was due
mainly to toxic effects of the electroporation and not to the HSB
transposase or the integration process.

Transgene expression detected in multiple organs
of NSG mice transplanted with HSB-modified
human CD34þ cells

To evaluate the efficiency of HSB-mediated stable gene
transfer to human CD34þ cells in vivo, eGFP expression in
human cells (percent CD45þeGFPþ) was determined (Table 3).

Table 3. Summary of Engraftment Level and Transgene Expression in Primary Transplanted NSG Mice

% Human CD45þ % Human
CD45þ eGFPþ

Gene marking (copies=human cell)

Treatment
Animal

no.
PBMCs BM Spleen BM BM Spleen

(week 10) (week 20) (week 20) (week 20) (week 20) (week 20)

(A) Nontransduced; n¼ 3 1 48.8 4.7 48.5 0.0 0 0
2 61.2 59.0 55.1 0.0 0 0
3 63.0 ND ND ND ND ND

(B) Mock transduced; n¼ 4 1 8.6 1.7 38.4 0.0 0 0
2 1.6 8.4 11.6 0.0 0 0
3 0.0 0.3 12.0 0.0 0 0
4 41.3 48.0 89.0 0.0 0.001 0

(C) pT=MNDU3-eGFPþ
pEF1-a-HSB; n¼ 11

1 3.5 58.2 23.0 0.0 0.001 ND
2* 24.9 51.2 92.1 0.6 0.006 0.160
3 0.2 0.0 0.1 0.0 0 0
4 0.0 0.3 3.0 0.0 0.109 0.010
5 0.3 ND ND ND ND ND
6 30.2 14.2 80.6 0.2 0.011 0.001
7 2.9 71.1 79.5 0.0 0 0
8 3.8 55.2 80.7 0.0 0.001 0
9 5.7 8.5 4.1 0.1 0.006 0.012

10 0.5 1.4 3.0 0.2 0.037 0.010
11 34.5 46.1 57.9 0.0 0.004 ND

(D) pT=EF1-a-eGFPþ
pEF1-a-HSB; n¼ 11

1 16.3 46.1 48.1 0.0 0.001 0.001
2 5.5 ND ND ND ND ND
3 0.2 1.8 1.2 0.0 0.017 0.025
4 2.3 66.9 63.0 0.0 0.001 0

5* 16.4 48.9 71.4 10.2 0.164 0.102
6 1.2 42.9 9.6 0.0 0.001 0.032
7 21.1 ND ND ND 0.002 0.002
8 4.0 53.6 63.8 0.0 0.001 0
9 0.7 0.5 1.8 0.1 0.065 0.018

10 7.7 21.3 62.5 0.1 0.005 0
11 7.8 19.1 52.3 0.0 0.002 0.001

Abbreviations: BM, bone marrow; ND, not done; PBMCs, peripheral blood mono nuclear cells.
*eGFP expression was detected in human repopulating cells of transplanted NSG mice by flow cytometric analysis.
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Stable transgene expression in up to 2.5% of the cells was
first observed by flow cytometric analysis at week 10 post-
transplantation in the peripheral blood of mice that received
HSB-modified human CD34þ cells. Five months after trans-
plantation, high eGFP expression levels (MFI range, from
1000 to 6500; data not shown) were detected in peripheral
blood, spleen, bone marrow, and thymus of two animals, C-2
and D-5 (Fig. 8A). Up to 11.3% human CD45þeGFPþ cells
were detected in the bone marrow of the transplanted NSG
mice 5 months posttransplantation.

eGFP expression detected in human cells in NSG mice
5 months after neonatal bone marrow transplantation

eGFP expression in total human leukocytes was deter-
mined in peripheral blood (PB), bone marrow (BM), thymus,
and spleen harvested from NSG mice at 5 months post-
transplantation. Distinct GFPþ populations were detected by
flow cytometry 5 months posttransplantation in two NSG
mice that had been transplanted with HSB-modified human
CD34þ cells. With an average engraftment level of 50% hu-
man CD45þ cells in the BM, stable eGFP expression was
detected in T cells (CD4 and CD8, single positive), B cells
(CD19þ), NK cells (CD56þ), and myeloid cells (CD14þ) in
both C-2 and D-5 animals (Fig. 8B). Normal T cell develop-
ment was observed in the bone marrow of both eGFPþ an-
imals by 10 weeks posttransplantation. In animal C-2 bone
marrow, eGFP expression was detected in CD8þ T cells,
CD19þ B cells, CD56þ NK cells, and also CD14þ myeloid
cells with the highest percentage of eGFP-expressing cells
(13.1%) found in the CD56þ NK cell population (Fig. 9A).

FIG. 7. Comparison of engraftment levels of human CD34þ

progenitor cells in NSG mice. At the indicated times after
neonatal transplantation of human CD34þ cells, human
CD45þ cells in mouse peripheral blood (PB) were assayed by
flow cytometric analysis. Freshly isolated human CD34þ

cells isolated from CB were coelectroporated with 10 mg of
pT=MNDU3-eGFP-BGH and 1mg of pEF1-a-HSB plasmid
(group C; n¼ 11) or with 10mg of pT=EF1-a-eGFP-BGH and
1 mg of pEF1-a-HSB plasmid (group D; n¼ 11). As study
controls, NSG mice received human CD34þ cells that were
not transduced (group A; n¼ 3) or that were ‘‘mock trans-
duced’’ (electroporated without plasmid DNA) (group B;
n¼ 4). Asterisks (* and **) indicate significant differences
( p< 0.01) between the data points marked.

FIG. 8A. (see page 1620).
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Normal thymopoiesis was also observed in mouse C-2 with
0.5% CD8þeGFPþ T cells. No eGFP expression was detected
in the CD4þ or CD19þ populations of the BM and thymus of
mouse C-2. In comparison with animal C-2, animal D-5
showed a high percentage (16.4%) of eGFPþ cells in the
CD19þ B cell population of the bone morrow and 3.3% eGFP
expression in its CD4þ T cells (Fig. 9B).

eGFP gene marking (copies per cell) in human CD45þ cells
in mouse bone marrow and spleen at 20 weeks post-
transplantation is also summarized in Table 3 and Fig. 10.
DNA from total cells harvested from the BM of each trans-

planted mouse was isolated and analyzed for eGFP copy
number by quantitative PCR analysis. There were no sig-
nificant differences in vector copy numbers between groups
C and D when the reporter gene was expressed by either the
MNDU3 or EF1-a promoter (geometric mean, 6.1�10�4 vs.
7.3�10�4 copies per cell, respectively). Mouse C-2 with 0.6%
human CD45þeGFPþ cells was found to have 0.006 eGFP
copies per human cell in the BM. Mouse D-5 with 11.3%
human CD45þeGFPþ cells was found to have 0.164 eGFP
copies per human cell in the BM. Up to 0.16 vector copies per
cell was detected in cells from the spleen.

FIG. 8B. (see page 1620).
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eGFP expression levels in each cell lineage were also de-
termined in PB, BM, thymus, and spleen harvested from
transplanted NSG mice (Fig. 9). The highest eGFP expression
was detected in the NK cell (21%) and B cell (25%) popula-
tions in mouse C-2 (group C, MNDU3 treatment group). In
contrast, the majority of eGFPþ cells (12.5%) were found in
the B cell lineage of mouse D-5 (group D, EF1-a treatment
group).

To characterize human hematopoietic stem cells in the
human cells engrafted in the NSG mice, secondary trans-
plantations were conducted. Donor animals were selected on
the basis of the engraftment level of human CD45þ cells
detected in the peripheral blood 10 weeks posttransplanta-
tion. After euthanasia, total bone marrow cells from two fe-
murs and tibias from each primary mouse were injected via
the retro-orbital venous plexus into individual secondary
mice, after 350 cGy of total body irradiation. Eight adult NSG
mice were transplanted with bone marrow cells harvested
from primary mice (Table 4). At 8 weeks posttransplantation,
substantial secondary grafts with eGFP transgene expression
(0.7% human CD45þeGFPþ) were detected in one secondary
murine recipient that had received bone marrow cells from
mouse D-5. This observation indicates that the HSB trans-
poson system could achieve stable gene transfer to a primi-
tive human HSC population with long-term repopulating
capacity (Fig. 8C).

Discussion

This study reports improved efficacy using the Sleeping
Beauty transposon system for stable gene transduction of

human CD34þ hematopoietic stem=progenitor cells achieved
by incrementally improving elements of the system. By
combining multiple modifications to the Nucleoporation
delivery methods we used previously, we improved gene
transduction to CD34þ cells so that we could readily detect
expression of the GFP reporter gene in cells transplanted into
immune-deficient mice and beyond into secondarily trans-
planted recipients.

We first assessed benefits from using a ‘‘hyperactive’’ ver-
sion of the SB transposase (HSB). This modified transposase
had been created by a phylogenetically based comparison
approach to generate a combination of mutations in the N-
terminal DNA-binding domain, with triple alanine substitu-
tions (K33A, T83A, and L91A) (Geurts et al., 2003; Yant et al.,
2004; Baus et al., 2005), and also in the C-terminal domain with
mutations in the integrase and also the C1 and C2 proteins.
We observed that the level of stable gene transfer to human
hematopoietic and lymphoid cells was consistently higher
when the HSB was used, compared with the original SB
transposase. The greater activity of the HSB allowed us to
reduce the total amount of plasmid DNA used for Nucleo-
poration, with 1mg of HSB plasmid leading to greater gene
transfer than 10mg of the parental SB plasmid. Using the HSB
transposase, we defined an effective ratio of transposase to
transposon plasmids in the Nucleoporation system. Under the
conditions we used, the most effective ratio of transposon
plasmid to HSB transposase plasmid was 10 to 1mg. These
numbers may vary for different cell types, different electro-
poration conditions, and with different plasmids.

With the greater activity of the HSB transposase, we ob-
served the phenomenon of overexpression inhibition, which

FIG. 8. Representative flow cytometric analysis of eGFP-expressing human cells from NSG mice engrafted with HSB-modified
human CD34þ cells at 5 months posttransplantation. (A) Stable eGFP expression was detected in peripheral blood, bone
marrow, thymus, and spleen from NSG mice transplanted with human CD34þ cells modified by HSB-mediated gene transfer.
(B) Stable eGFP expression was detected in CD4þ or CD8þ T cells, CD19þ B cells, CD56þNK cells, and CD14þmyeloid cells from
all organs. Data shown here are FACS plots of the BM and thymus harvested from C-2 and D-5 NSG mice. The thymus of mouse
D-5 was not sufficiently populated for immunostaining analysis. (C) Total bone marrow cells harvested from NSG mouse D-5
were successfully engrafted into secondary adult NSG recipients. eGFP transgene expression was also detected in NSG human
repopulation cells. Each number represents the percentages of human CD45þeGFPþ cells in the specific cell lineage.
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has been one of the major limitations of the SB transposon
system for efficient gene delivery. Only a narrowly defined
ratio of transposon to transposase will allow maximal
transposition activity of the SB transposase (Geurts et al.,
2003). We observed higher transduction levels with 1 mg of
the HSB plasmid than with 5 or 10 mg. SB transposition ef-
ficiency depends greatly on the relative availability of
transposase molecules per transposon. Studies demonstrated
that a total of four transposase molecules (two per IR binding
site on each end of a transposon) were required to complete a
stable integration of one transposon molecule. The transpo-
sase molecules can bind to each other in a criss-cross manner
to juxtapose the two ends of the transposon (Hartl et al., 1997;
Cui et al., 2002; Geurts et al., 2003). Insufficient levels of
transposase will not effectively form a functional synaptic
complex for transgene transposition. However, surplus lev-
els of transposase will also inhibit SB transposition activity
(Lohe et al., 1996; Hartl et al., 1997; Lampe et al., 1998; Geurts
et al., 2003; Wilson et al., 2005) by preventing the juxtaposi-
tion of transposon ends and inhibiting the transposition
process. In this study, an overexpression inhibition effect was

observed when the transposon-to-transposase ratio increased
from 10:1 to 2:1.

As another strategy to increase the efficiency of HSB
transposition activity, we also investigated the effect of vari-
ous promoters used for the expression of the HSB transposase
and the GFP reporter cassette in the transposon. The promoter
from the ubiquitously expressed cellular elongation factor 1a
(EF1-a) gene, used to direct expression of the HSB transposase,
led to the highest level of stable transgene integration in each
of the cell types examined. Among the promoters tested, the
best promoter for expression of the transgene from the inte-
grated transposon varied in the different target cell types
studied. We observed that the MND promoter, from the my-
eloproliferative sarcoma virus, was more active for expressing
the transgene in human myeloid cells (K-562 and primary
myeloid cells derived from transduced CD34þ cells). In con-
trast, the EF1-a promoter was more active in T-lymphoid cells.
It is important to consider the different expression needs for
the transposase, in the immediate target cells, and the trans-
poson expression cassette, in the ultimate cell type where
transgene expression is intended.

Other important factors that we examined included the
quality of the CD34þ cells used for electroporation, and the
specific electroporation parameters encoded by the Amaxa
Nucleofector. Freshly isolated human CD34þ cells were
shown to allow higher levels of initial and stable transgene
expression than cryopreserved cells. No higher immediate
cytotoxicity to the frozen cells was observed, and therefore
the basis for their poorer transduction is not known. The
Amaxa Nucleoporation program setting U-08 led to 6-fold
higher transgene expression than did program U-01; there
was somewhat more acute cytotoxicity with the U-08 pro-
gram than with the more gentle U-01 program, but U-08
nonetheless led to higher DNA delivery efficiency in human
CD34þ HSCs.

With the significantly improved gene delivery efficiency
achieved in primary human CD34þ cells in vitro, these im-
proved HSB transposon methods were evaluated in a more

FIG. 9. Summary of multilineage eGFP expression levels
determined in peripheral blood, bone marrow, thymus, and
spleen harvested from NSG mice 5 months after neonatal
transplantation of HSB-modified human CD34þ cells. Shown
is the percentage of human CD45þeGFPþ cells detected in
CD4þ or CD8þ T cells, CD19þ B cells, CD56þ NK cells, and
CD14þ myeloid cells from all organs harvested from (A)
NSG mouse C-2 and (B) NSG mouse D-5.

FIG. 10. Summary of eGFP gene marking in human CD45þ

cells isolated from the BM and spleen of NSG mice 5 months
posttransplantation. The geometric mean of the eGFP
marking, calculated on the basis of the values listed in Table
3, is represented by the horizontal bars. Zero values were not
included in the determination of geometric means.
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stringent model for evaluating transduction of human HSCs,
by xenografting the transduced CD34þ cells in the NSG
neonatal transplantation model. In our prior study with the
Sleeping Beauty system and human CD34þ cells, we were not
able to obtain engraftment of transduced cells in an immune-
deficient mouse model, primarily because of severe cyto-
toxicity from the Nucleoporation (Hollis et al., 2006). For
the studies reported here, we made several changes to our
approach. First, we used the NSG mouse strain for these
studies, whereas we had used NOD=SCID=b2-micro-
globulin�=– mice in the previous studies. We have found that
the NSG model affords significantly greater human HSC
engraftment (and life expectancy) and supports vigorous T
cell production (Ito et al., 2002; Ishikawa et al., 2005). In ad-
dition, the NSG mice were transplanted with human cells by
neonatal transplantation, which also leads to greater en-
graftment and T cell production than in postnatal trans-
plants. The ability of newborn NSG pups to engraft human
hematopoietic cells and support the presence of circulating
human cells in the peripheral blood makes the neonatal
transplant model more applicable than the adult transplant
model to investigate the development of rare human cell
populations in the transplanted mice (Sands et al., 1993;
Ishikawa et al., 2005; Park et al., 2008).

In addition, the length of culture with cytokines (stem cell
factor, Flt-3 ligand, and thrombopoietin [SCF=Flt-3L=TPO])
for the ex vivo gene modification was also significantly re-
duced to less than 12 hr compared with our previous study
(Hollis et al., 2006). These culture conditions have commonly
been used for human HSC priming before retroviral vector
transduction to facilitate HSC proliferation and transduction
(Murphy et al., 1992; Murray et al., 1999; Ueda et al., 2000; Wu
et al., 2001a). In the context of transfection via electropora-
tion, prestimulation with cytokines has also been shown to
be necessary and beneficial for transfection efficiency (Wu
et al., 2001a; Nightingale et al., 2006). Shorter cytokine ex-
posure time may better maintain the stem cell characteristics
of HSCs (Ailles et al., 2002) Last, because of the possible
electroporation- and=or plasmid DNA-related toxicity in-
volved in our system (Hollis et al., 2006), the cell dose used
for transplantation was increased to 1�106, which was 5-fold
higher than the cell dose used in our previous study.

These modifications of the transplantation protocol aug-
mented the engraftment level of HSB-modified human
CD34þ cells in the transplanted NSG mice. Multiorgan and
multilineage stable transgene expression was detected in the
repopulating human cells in the NSG mice 5 months post-
transplantation. In addition, persistent transgene expression
was also observed in secondarily transplanted NSG mice.
These results demonstrated that the improved HSB trans-
poson protocol delivered by electroporation could transfer
transgenes into primitive human long-term hematopoietic
stem cells that could engraft and sustain expression of the
transgene in vivo. However, the low absolute levels of
transduction and engraftment preclude definitive demon-
stration that pluripotent HSCs were transduced.

During the preparation of this manuscript, similar find-
ings were published using another version of hyperactive SB
transposase mutant (SB100X) (Xue et al., 2009). In their re-
port, the CMV promoter was used to express the SB trans-
posase and a hybrid CMV enhancer=chicken b-actin promoter
(CAGGS) was used to express the transgene encoded in the
transposase cassette. Efficient gene transfer and stable
transgene expression were achieved in human CD34þ pro-
genitor cells (HPCs) and also in multiple cell lineages when
differentiated both in vitro and in vivo. However, the ‘‘stem
cell’’ characteristics of the transgene-expressing SRCs were
not addressed by serial transplantation and the SCID re-
populating cells (SRCs) detected in their in vivo model could
be more mature, committed hematopoietic progenitor cells.

Furthermore, on the basis of the promoter identification
data shown in our study, use of the CMV promoter to ex-
press SB100X and of the CAGGS promoter to express
transgene may be suboptimal. We found that the EF1-a
promoter was more effective to increase SB transposition
activity when compared with the CMV promoter (Table 2).
The CAGGS promoter has been shown to have lower pro-
moter strength than the EF1-a promoter in lymphoid cells
and lower strength than the MND promoter in myeloid cells
(Weber and Cannon, 2007). Therefore, the promoter analysis
approaches and findings described in our study may further
improve the stable gene transfer efficiency of SB100X.
Nevertheless, the study reported here, together with the
work published by Xue and colleagues (2009), further

Table 4. Engraftment Level and Transgene Expression in Secondary Transplanted NSG Mice

Recipient=donor
No. of

transplanted cells
Estimated transplanted

human CD45þ
Engraftment

(% human CD45þ)
% human

CD45þ eGFPþ

A. Nontransduced
1=A-2 5.3�107 3.1�107 7.0 0

B. Mock transduced
2=B-4 2.8�107 1.3�107 22.0 0

C. pT=MNDU3-eGFP-BGHþpEF1-a-HSB
3=C-8 3.1�107 1.7�107 12.3 0
4=C-6 4.3�107 0.6�107 0.9 0
5=C-9 7.1�107 0.6�107 ND ND

D. pT=EF1-a-eGFP-BGHþpEF1-a-HSB
6=D-10 3.6�107 0.8�107 0.3 0
7=D-5 1.9�107 1.0�107 4.7 0.7
8=D-11 3.9�107 0.7�107 0.1 0

Abbreviation: ND, not determined.
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strengthen the possibility of using the SB transposon system
as a nonviral gene transfer system for HSC gene therapy.

Despite the significant progress made in these studies,
limitations still remain to be overcome in order for the effi-
cacy of the SB transposon system to be more clinically rele-
vant for HSC gene therapy. One of the major limitations in
the approach is cytotoxicity to human CD34þ cells from the
electroporation per se, which is augmented by the presence
of plasmid DNA. In the in vitro studies, toxicity observed
during electroporation of human CD34þ cells was due
mainly to the quantity of plasmid DNA and occurred in a
concentration-dependent manner, as reported previously
(Wu et al., 2001b; Hollis et al., 2006). However, electropora-
tion alone seems to be detrimental to the engraftment and
differentiation ability of human hematopoietic cells in vivo;
we observed a significant decline in the engraftment effi-
ciency of electroporated cells even in the absence of plasmid
DNA. Therefore, other methods of DNA delivery with lower
toxicity should be explored. One possible alternative is the
use of nonintegrating lentiviral (NIL) vectors as a carrier for
SB component delivery. NIL vectors are designed to disable
vector integration but to retain the normal viral entry func-
tions. (Nightingale et al., 2006) NIL vectors have been shown
to achieve gene delivery and to mediate transient gene ex-
pression in various cell types, including primary human
HPCs and embryonic stem cells (Yanez-Munoz et al., 2006;
Lombardo et al., 2007). In combination with the SB transpo-
son, an NIL=HSB transposon hybrid gene transfer system
could potentially provide not only the benefit of viral
transduction (high-level, minimally cytotoxic transient gene
expression) but also SB-mediated permanent transgene in-
tegration. Other delivery methods for SB plasmids such as
hydrodynamic injection, lipofection, and cationic polymer
polyethyleneimine (PEI) have also been actively investigated
(Yant et al., 2000; Bell et al., 2007; Belur et al., 2007; Liu et al.,
2009).

The efficiency of SB-mediated transposition also depends
on the size of the transposon being delivered. Use of alter-
native nonviral transposon systems with higher transgene
carrying capacity, such as the PiggyBac transposon derived
from the cabbage looper moth Trichoplusia ni or the bacte-
riophage fC31 integrase, may be more effective to deliver
larger DNA fragments. In addition to their larger carrying
capacity, the lack of overexpression inhibition observed in
the PiggyBac transposon system and the site-specific inte-
gration capacity of the fC31 integrase may be advantageous
(Wilson et al., 2007; Keravala and Calos, 2008).

Although we were able to achieve multilineage transgene
expression in NSG repopulating cells, the engraftment of
electroporated HSB-modified human CD34þ cells showed
large variability (0.01 to 60% in BM at 5 months), with only
about 10% of the transplanted mice achieving high-level
engraftment of human cells with persistent transgene ex-
pression. Because of the low numbers of well-engrafted mice,
we were not able to draw any conclusions about the relative
efficacy of the MNDU3 or EF1-a promoter on transgene ex-
pression in specific cell lineages in vivo; further improvement
in transduction and engraftment is needed to make these
studies feasible. To improve the inconsistency of this NSG
neonatal transplant model, several modifications could be
made to potentially better evaluate the efficacy of stem cell
survival and transduction in vivo. For example, because cells

are relatively fragile immediately after electroporation, the 1–
2 hr of incubation we allowed before transplantation may not
be optimal to allow electroporated cells to recover fully and
may subsequently lead to further cells being lost during
transplantation. A longer incubation time after electropora-
tion (i.e., 4–5 hr) may be able to reduce cell death and con-
sequently increase engraftment of stably transduced human
CD34þ cells. In addition, the radiation dose given to the
animals may be increased to facilitate engraftment ability of
the NSG neonates, although neonatal mice may not tolerate
much higher levels of total body irradiation. Alternatively,
the electroporated CD34þ cells that express eGFP could be
sorted by flow cytometry and transplanted into the mice to
increase the level of cells expressing the transgene in vivo.

In conclusion, the improved SB transposon system for
transduction of primary human CD34þ hematopoietic pro-
genitors reported here has improved the stable gene trans-
fer efficiency by at least 20-fold, compared with our prior
published data. Furthermore, this study demonstrated that
SB-modified human CD34þ progenitor=stem cells can be
engrafted and differentiated into multilineage cell types
in vivo, which shows promise for further advancement of
non-virus-based HSC gene therapy.
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