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ABSTRACT: Sickle cell disease (SCD) results predominately from a single monogenic mutation that affects
thousands of individuals worldwide. Gene therapy approaches have focused on using viral vectors to
transfer wild-typeâ- or γ-globin transgenes into hematopoietic stem cells for long-term expression of the
recombinant globins. In this study, we investigated the use of a novel nonviral vector system, theSleeping
Beauty(SB) transposon (Tn) to insert a wild-typeâ-globin expression cassette into the human genome
for sustained expression ofâ-globin. We initially constructed aâ-globin expression vector composed of
the hybrid cytomegalovirus (CMV) enhancer chickenâ-actin promoter (CAGGS) and full-lengthâ-globin
cDNA, as well as truncated forms lacking either the 3′ or 3′ and 5′ untranslated regions (UTRs), to optimize
expression ofâ-globin.â-Globin with its 5′ UTR was efficiently expressed from its cDNA in K-562 cells
induced with hemin. However, expression was constitutive and not erythroid-specific. We then constructed
cis SB-Tn-â-globin plasmids using a minimalâ-globin gene driven by hybrid promoter IHK (human
ALAS2intron 8 erythroid-specific enhancer, HS40 core element from humanRLCR, ankyrin-1promoter),
IHâp (humanALAS2intron 8 erythroid-specific enhancer, HS40 core element from humanRLCR, â-globin
promoter), or HS3âp (HS3 core element from humanâLCR, â-globin promoter) to establish erythroid-
specific expression ofâ-globin. Stable genomic insertion of the minimal gene and expression of theâ-globin
transgene for>5 months at a level comparable to that of the endogenousγ-globin gene were achieved
using aSB-Tn â-globin cis construct. Interestingly, erythroid-specific expression ofâ-globin driven by
IHK was regulated primarily at the translational level, in contrast to post-transcriptional regulation in
non-erythroid cells. TheSB-Tn system is a promising nonviral vector for efficient genomic insertion
conferring stable, persistent erythroid-specific expression ofâ-globin.

Sickle cell disease (SCD),1 an inherited monogenic
disorder, affects thousands of people worldwide. Ex vivo
gene transfer into pluripotent hematopoietic stem cells

(HSCs) remains a potential therapeutic approach for SCD.
Viral vectors have been the major vehicle for delivery of
transgenes in correcting recessive monogenic disorders (1),
in part because of their natural ability to infect cells. Specific
viral vectors have been engineered to deliver transgenes
into HSC ex vivo. Introduction of the transduced stem cells
into the transgenic sickle mice has resulted in sufficient
engraftment and therapeutic levels of normal red blood
cells (2).

Both host defense strategies against viruses and potential
risks associated with viral vectors have posed a significant
barrier to success with any viral vector-based gene therapy
protocol. These include host immune response, cellular
inhibitory factors, methylation-associated proviral and trans-
gene silencing, chromatin positional effects, interference of
viral promoters with internal transgene regulatory elements,
and tumorigenesis from activation of flanking genomic genes
(3-6). In addition, systemic instability and the high costs
and biosafety issues for production are still major concerns
for viral vector-mediated gene therapy. The most fundamen-
tal problems associated with nonviral vector systems have
been the low frequency of transgene integration and poor
transfection efficiency of the target cells. One potential
candidate for efficiently inserting aâ-globin transgene into
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the host genome for long-term stable expression is the
Sleeping Beauty(SB) transposon system (SB-Tn).

The SB-Tn system was reconstructed by correcting key
mutations within fishTcl-like transposons (7). Since then, it
has been used successfully to generate transgenic mice (8)
and as a gene therapy vector capable of delivering genes to
mouse liver for somatic integration and long-term transgene
expression (9). Sleeping Beautyhas unique features as a gene
therapy vector for a variety of cell targets, including human
primary T cells (10). It integrates transgenes randomly into
TA-rich regions of the host genome at a frequency compa-
rable with that of viral vectors in both quiescent and
replicating cells (9, 11). It does not appear to be im-
munogenic in rodent models, can be produced easily in mass
quantity, and maintained pathogen-free in any laboratory at
minimal cost.SB-Tn works by a cut-and-paste mechanism
as either a two-plasmid (trans) system or a single plasmid
in cis containing both the IR/DR-flanked transgene and
transposase cassette external to the Tn (12, 13).

In this study, we constructedcis SB-Tn//â-globin trans-
genes as a more convenient and efficient method for
therapeutic application. Since transgene or transposon and
plasmid size are important for transfection and transposition
efficiency (11), we initially expressedâ-globin from its
cDNA and a CAGGS promoter. We then tested a series of
novel minimal gene constructs, devoid of theâ-globin locus
control region (LCR), for erythroid-specific expression. Our
results showed that a hybrid IHK promoter (5, 14) resulted
in the most efficient erythroid-specific expression ofâ-globin
from a minimal 1.54 kb gene. We were able to achieve stable
genomic insertion and long-term expression of theâ-globin
transgene in hematopoietic K-562 cells. Interestingly, eryth-
roid-specific expression ofâ-globin driven by IHK occurred
at the translational level, independent of the proteasomal
degradation mechanism observed with the universal CAGGS
promoter. Our results suggest that the nonviralSB-Tn system
has the capacity to provide stable gene transfer and efficient
position-independent expression ofâ-globin as a potential
gene therapy approach for SCD.

MATERIALS AND METHODS

Plasmids and Sleeping Beauty Transposon Vectors.A
humanâ-globin full-length cDNA clone pDNR-LIB (MGC,
14540; IMAGE, 4292125) was purchased from ATCC
(Manassas, VA). The plasmid was digested into fragments
containing either the entireâ-globin cDNA (SfiI), the cDNA
without the 3′ untranslated region (UTR) (SfiI and MseI),
or only the â-globin coding sequence (CDS) (NcoI and
MseI). Following agarose gel electrophoresis, excision, and
isolation of theâ-globin cDNA fragments, the ends were
modified with Klenow polymerase (New England Biolabs,
Tozier, MA) and subcloned into the pCAGGS vector (15)
at position 1724 by blunt-end ligation to make pCAGGS/â,
pCAGGS/â3′∆, and pCAGGS/âCDS. Theseâ-globin trans-
genes were driven by the strong hybrid CAGGS promoter
and utilized the rabbit globin poly(A) signal.

pT2/â-globin transposon vectors were constructed by
digesting pCAGGS/â3′∆ with SalI and HindIII and sub-
cloning the transgene into thecis vector pT2//eIF-SB10,
creating pT2-pCAAGS-â3′∆//eIF-SB10. ThecispT2 vectors
contained the SB10 transposase gene driven by mouse initia-

tion factor promoter 4A1 (eIF-SB10) (InvivoGen, San Diego,
CA). To construct the erythroid-specific hybrid promoters,
IHK, IH âp, and HS3âp, humanALAS2intron 8 (nucleotides
2595698-2595940 of GenBank accession number
NT_011630.14), HS-40 (nucleotides 103493-103849 of
GenBank accession number NT_037887.4), and HS3
(nucleotides 12459-13097 of GenBank accession number
NG_000007) enhancer elements,ankyrin-1 (nucleotides
11975446-11975833 of GenBank accession number
NT_007995.14), andâ-globin promoter (nucleotides 867297-
867910 of GenBank accession number NW_925006.1) were
amplified by PCR using primer setsALAS2 i8-F (SpeI)/
ALAS2i8-B (NheI), HS-40-F (NheI)/HS-40-B (SphI), and
HS3-F (SpeI)/HS3-B (SphI),ankyrin-1-F (NsiI)/ankyrin-1-B
(EagI), andâp-F (SnaBI)/âp-B (EagI), respectively (Table
1). The enhancer and promoter fragments were inserted into
pT2/â-3′∆//eIF-SB10 by multiple cloning steps, which
resulted in the replacement of the CAGGS promoter with
the hybrid IHK, IHâp, or HS3âp.

PCR usingâ-gene-F and -B primers (Table 1) was used
to amplify the region of globin loci (GenBank accession
number U01317) from nucleotide 62137 to 63671 and
replace theâ-globin cDNA in pT2/IHKâ-3′∆//eIF-SB10 with
the 1.54 kb portion of theâ-globin gene. This region starts
at the transcript initiation site and ends in the third exon, 61
nucleotides 3′ to the CDS stop codon. The initiation site of
the sequence is identical to that of the 5′ UTR inclusive
cDNA but also includes 61 nucleotides of the 3′ UTR which
is absent in the 3′ truncated cDNA sequence. The amplified
genomic sequence was inserted into pT2/IHKâ-3′∆//eIF-
SB10 using the 5′ EagI and 3′ BglII sites that flank theâ-3′∆
sequence. Both the genomic and cDNA IHK-driven tran-

Table 1: Primers Used for PCR and RT-PCRa

primer name sequence

ALAS2-F ACTAGTCACTGCAGAGTTGATGAG
ALAS2-B GCTAGCATTCTGCTGCTTTGAGAT
HS-40-F GCTAGCTCGACCCTCTGGAACCTA
HS-40-B GCATGCGAATTTCTTCAGCTCCAG
HS3-F ACTAGTACTGAGCTCAGAAGAGTCAAG
HS3-B GCATGCAATAACCCTATGAGATAGACA
ankyrin-1-F CATGCATGCGACTAAACCGGACTCCCTTTC
ankyrin-1-B ACGGCCGCCGGTCTTTCAGCAGGGGCCC
âp-F TACGTATCTATTTTTAGACATAATTTA
âp-B ACGGCCGAAGCAATAGATGGCTCTG
LP1 GTGTCATGCACAAAGTAGATGTCC
RP1 CTAGGATTAAATGTCAGGAATTGTG
LP2 ACTGACTTGCCAAAACTATTGTTTG
RP2 GRGAGTTTAAATGTATTTGGCTAAG
â-actin-F CCAAGGCCAACCGCGAGAAGATGAC
â-actin-B AGGGTACATGGTGGTGCCGCCAGAC
â-CAGGS-F CTGCTAACCATGTTCATGCC
â-globin-F TCACCTGGACAACCTCAAGG
â-globin-B GGACAGCAAGAAAGCGAGC
GAPDH-F CCCTTCATTGACCTCAAC
GAPDH-B TTCACACCCATCACAAAC
â-gene-F ACGGCCGACATTTGCTTCTGACACAAC
â-gene-B GAGATCTAGTAGTTGGACTTAGGGA

a All primer sequences are written in a 5′ to 3′ direction and grouped
according to pairs with the exception of those used to determine
â-globin transcript levels from the CAGGS, HS3âp, IHâp, and IHK
promoters (â-globin-F), which utilized the same backward primer
in the â-globin CDS. F, forward primer; B, backward primer. That
portion of the primers used for amplification of the genomic
DNA for the promoters and the 1.54 kb region of theâ-globin allele
that represents the restriction endonuclease sites in the F and B primers
are underlined.

Erythroid-Specificâ-Globin Expression bySleeping Beauty Biochemistry, Vol. 46, No. 23, 20076845



scripts utilized the rabbit globin poly(A) signal that was
present in the original CAGGS-driven pT2/â-3′∆//eIF-SB10
vector.

pT2/IHK-â-gene//eIF-HSB3 was constructed by transfer-
ring a SpeI to BglII fragment containing the IHK-â-gene
from pT2/IHK-â-gene//eIF-SB10 to an EcoRV site of pKT2//
eIF-HSB3 (16).

Cell Culture and Transfections.The K-562 (ATCC catalog
number CCL-243) and MEL (ATCC catalog number CCL-
745) cell lines were maintained in RPMI 1640 (formula 03-
0078DJ, Invitrogen Corp., Carlsbad, CA) supplemented with
10% FBS (Omega Scientific, Inc., Tarzana, CA) and 100
units/mL penicillin, 100µg/mL streptomycin sulfate, and
0.25 µg/mL amphotericin B. HuH-7 (17), U-87 (ATCC
catalog number HTB-14), Daoy (ATCC catalog number
HTB-186), HCT 116 (ATCC catalog number CCL-247), and
MCF7 (ATCC catalog number HTB-22) cell lines were
grown in Dulbecco’s modified Eagle’s medium (Invitrogen
Corp.) supplemented with 10% FBS (Atlanta Biologicals,
Norcross, GA) and 100 units/mL penicillin, 100µg/mL
streptomycin sulfate, and 0.25µg/mL amphotericin B.

Lipofectamine 2000 (Invitrogen Corp.) was used to
transfect cell lines. Eighteen hours prior to transfection, 1
× 106 cells were plated on 100 mm dishes. For each
transfection, 5µg of DNA plasmid and 14µL of lipo-
fectamine 2000 were each diluted into 350µL of OPTI-MEM
I (Invitrogen Corp.). The two solutions were mixed to form
the DNA-lipofectamine complexes, which were then added
to the 5.5 mL of medium in the 100 mm dish. After 18 h,
the cells were split into two or more 100 mm dishes and
maintained for an additional 18-24 h. The transfected cells
were then treated for 48 h with hemin (Fluka, Sigma-Aldrich,
St. Louis, MO) at a final concentration of 20µM to induce
â-globin synthesis or MG132 (Sigma-Aldrich) at a final
concentration of 0.1, 1, 5, or 20µM for 24 h to inhibit
â-globin degradation. MG132 at a final concentration of 5
µM was used to compare the CAGGS and IHKSB-Tns. The
parallel cultures transfected with the DsRed2-expressing
reporter plasmid, pT2-CAGGS-DsRed2, were imaged using
a spot camera coupled to an Olympus IX-70 phase contrast/
fluorescent microscope 48 h post-transfection.

Ten micrograms of plasmid pT2/IHKâ-gene//eIF-SB10
and 25µL of lipofectamine 2000 were each diluted in 500
µL of OPTI-MEM I, mixed, and added to the 5 mL of
medium in the dish. Five hours after transfection, the medium
was changed and the cells were maintained until 18 h post-
transfection. At this time, the transfected cells were split into
two dishes. One K-562 dish was treated with hemin and one
HuH-7 dish treated with MG132 as described above.

For long-term passage experiments, 10µg of plasmid pT2/
IHKâ-gene, pT2/IHKâ-gene//eIF-SB10, pT2/IHKâ-gene//
eIF-HSB3, or the reporter plasmid pT2-CAGGS-DsRed2
was transfected into K-562 cells. Following a medium change
5 h post-transfection, the cells were maintained until 24 h
when 20µM hemin was added to induce globin synthesis.
At 72 h post-transfection, the cells were passaged by replating
10% of the cells and harvesting the remaining 90% for
Western blot analysis. The cells were passaged every 3 days,
using 10% of the cells for the plating. For the time points
that were analyzed, hemin (20µM) was added 48 h prior to
the cells being harvested. No antibiotic selection or continu-

ous hemin induction was used during the long passage
experiments.

For MEL induction, dimethyl sulfoxide (DMSO) was
added to the cells 48 h prior to transfection at a final
concentration of 1.5% to induce differentation from pro-
erythroid to adult erythroid cells (18). The cells were split
for transfection into 100 mm dishes as described above and
maintained in medium supplemented with 1.5% DMSO. For
transfection, 5µg of pT2/HS3âp-gene//eIF-SB10, pT2/IHâp-
gene//eIF-SB10, or pT2/IHKâ-gene//eIF-SB10 was diluted
into 175µL of OPTI-MEM I medium and mixed with 175
µL of OPTI-MEM I medium containing 2.5µg of protamine
sulfate (Sigma-Aldrich) and incubated at room temperature
for 10 min. The protamine-plasmid complex was then mixed
with 350µL of OPTI-MEM I medium containing 14µL of
lipofectamine 2000 and added to the MEL cultures. When
the medium was changed 5 h later, the induced cells were
maintained in complete medium containing 1.5% DMSO.
Hemin induction and processing of the induced and nonin-
duced MEL transfected cells for analysis were carried out
as described for the K-562 cells.

Western Blot Analyses.At the indicated times post-
transfection, the cells were washed twice with PBS, harvested
by scraping, and recovered by centrifugation at 1200 rpm
for 14 s. Following lysis of the cells in 1× SDS-PAGE
sample buffer [50 mM Tris-HCl (pH 6.7) containing 2%
(w/v) SDS, 100 mMâ-mercaptoethanol, and 10% (w/v)
glycerol], 50 µg of total protein was separated by 13.5%
SDS-PAGE and eletrophoretically transferred to nitrocel-
lulose membranes. The immunoblots were processed as
previously described (12). The primary mouse monoclonal
anti-â-globin 37-8 or anti-γ-globin 51-7 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) was used at a dilution of
1:500. The monoclonal anti-â-actin AC-15 antibody (Sigma-
Aldrich) was used for loading control at a dilution of
1:10000. The secondary horseradish peroxidase-conjugated
antibody, goat anti-mouse, was obtained from Pierce Bio-
technology, Inc. (Rockford, IL). The proteins were detected
with ECL (enhanced chemiluminescence), using the Super-
signal West Pico Chemiluminescent substrate from Pierce
Biotechnology.

InVerted, Nested PCR Analysis.Genomic DNA was
purified from the harvested cells using the DNeasy tissue
kit from Qiagen, Inc. (Valencia, CA), according to the
manufacturer’s recommendation. Two micrograms of the
genomic DNA samples was digested using either KpnI or
PvuI and PacI in final volume of 100µL, at 37°C overnight.
The products were purified using the QIAquick PCR
purification kit from Qiagen, as specified by the manufac-
turer. The DNA was eluted in 50µL of buffer and ligated
using 1200 units of T4 DNA ligase (Promega, Madison, WI)
in 600 µL of 1× T4 ligase buffer at room temperature for
5-6 h. The ligation products were purified using the
QIAquick PCR purification kit, and the DNA was eluted in
50 µL of elution buffer. Using 10µL of the eluted DNA as
a template, the first inverted PCR amplification was per-
formed in a reaction volume of 25µL with right IR/DR
primer 1 (RP1) and left IR/DR primer 1 (LP1) (Table 1)
using Expand Hi-Fidelity polymerase (Roche Molecular
Diagnostics, Indianapolis, IN), dNTP, and enzyme concen-
trations recommended by the manufacturer. Following
denaturation for 3 min at 94°C, the DNA was amplified for
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21 cycles of 93°C for 30 s, 58°C for 30 s, and 68°C for
5 s with a final extension for 7 min at 72°C. From this
initial PCR mixture, 0.5µL was removed to serve as a
template for a second PCR using nested primers [right IR/
DR primer 2 (RP2) and left IR/DR primer 2 (LP2) (Table
1)] in 50 µL, under standard conditions for Expand Hi-
Fidelity polymerase. Following the initial 3 min denaturation
step, the PCR was performed for 40 cycles using the same
cycle parameters. The products from the PCRs were sepa-
rated on 1.0% agarose gel, stained with ethidium bromide,
and visualized by UV light. The relevant DNA fragments
were excised from the gel, purified using the Qiagen gel
isolation kit according to the manufacturer’s protocol, and
sequenced directly using the RP2 or LP2 primer.

RT-PCR Analysis.The cells were harvested 72 h post-
transfection, and total RNA was isolated using TRIzol
Reagent (Invitrogen Corp.) and the manufacturer’s recom-
mended protocol. RNA (0.5µg) was treated with RQI
RNase-Free DNase (Promega) in 10µL to eliminate any
remaining episomal DNA vectors. After 30 min at 37°C,
the DNase was inactivated by incubation of the reaction
mixtures at 65°C for 15 min. The DNase-treated total RNA
(20 ng) was used as the template to perform RT-PCR using
the Titan One Tube RT-PCR system (Roche Molecular
Diagnostics). Primers for the CAGGS-drivenâ-globin cDNA
are indicated as CAGGS-F andâ-globin-B (Table 1). The
RT-PCR included the primer, dNTP, and enzyme conditions
recommended by the manufacturer. The PCR amplification
was performed using a RT step at 50°C for 30 min followed
by denaturation at 94°C for 2 min and 33 cycles of 94°C
for 30 s, 55°C for 30 s, and 68°C for 30 s with a final
extension at 68°C for 6 min. For erythroid-specific promot-
ers, the indicatedâ-globin-F and -B primers were used for
PCR amplification (Table 1). The RT step at 45°C for 30
min was followed by denaturation for 2 min at 94°C and
25, 33, or 35 cycles at 94°C for 15 s, 55°C for 20 s, and
72 °C for 30 s with a final extension at 72°C for 5 min.
These primers spanned the exon 2-exon 3 junction and thus
ensured that only spliced transcripts were amplified by the
RT-PCR.

For the controlâ-actin, parallel RT-PCRs were performed
with theâ-actin-F and -B primers using a RT step at 55°C,
for 30 min followed by denaturation at 94°C for 2 min and
35 cycles at 94°C for 30 s, 55°C for 30 s, and 68°C for 45
s with a final extension at 68°C for 6 min. For the GAPDH
controls, GAPDH-F and GAPDH-B primers were used and
the reactions were performed using 30 min at 45°C for RT,
followed by denaturation at 94°C for 2 min and 35 cycles
at 94°C for 30 s, 52°C for 20 s, and 72°C for 30 s with
final extension at 72°C for 5 min. The products from the
PCRs were separated on a 1.0% agarose gel, stained with
ethidium bromide, and visualized with UV light, and digital
images were acquired using a Kodak (Rochester, NY) digital
imaging system.

Densitometry and Statistical Analysis.The Western blots
and digital gel images were analyzed using ImageJ version
1.37 for OS X calibrated using a Stouffer sensitivity guide
(Stouffer Graphic Arts Equipment Co., South Bend, IN).
Statistical analysis was performed using GraphPad InStat
version 3.5 for OS X (GraphPad Software, San Diego, CA)
for the unpairedt tests or ANOVA and Turkey-Kramer
multiple comparison tests depending on the number of groups

being compared.P values of <0.05 were considered
significant. The means( one standard deviation (SD) were
derived from three or more independent experiments.

RESULTS

Expression ofâ-Globin from cDNA DriVen by the pCAGGS
Promoter.We initially used either the full-length or subsec-
tions of theâ-globin cDNA (e640 bp) to optimize protein
expression and significantly reduce the size of the transgene
in SB-Tn. The full-length (â), 3′ untranslated region (UTR)-
deleted (â3′∆), or 5′ and 3′ UTR-deleted (âCDS) cDNAs
were placed under control of the hybrid CAGGS promoter,
together with the rabbit globin poly(A) sequence (Figure 1A).
Since the CAGGS promoter functions ubiquitously (15), we
tested expression of the threeâ-globin expression vectors
by Western blot analysis in both erythroid and non-erythroid
cell lines (Figure 1B). To monitor transfection efficiency,
the cell lines were transfected in parallel with a plasmid
expressing the humanized red fluorescent protein, DsRed2,
under control of the CAGGS promoter (12) (Figure 1C). In
K-562 cells, both pCAGGS-â and pCAGGS-â3′∆ expressed
similar levels in media supplemented with 20µM hemin to
induce translation (19) (Figure 1B, lanes 2 and 4). Interest-
ingly, pCAGGS-âCDS exhibited a dramatic decrease in
â-globin levels (Figure 1B, lane 6), suggesting that the 5′
UTR of theâ-globin cDNA might be essential for efficient
transcription or translation. Although similar levels of
transfection were observed in both cell lines using the
DsRed2 reporter (Figure 1C), no detectableâ-globin expres-
sion was observed in HuH-7 cells (Figure 1B, lanes 7-12).

To determine whetherâ-globin protein expression was
controlled at transcriptional and/or post-transcriptional levels,
we performed RT-PCR analysis using glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) for normalization. The
results (Figure 1D) indicated no significant difference in
levels ofâ-globin transcripts among the different constructs
with or without hemin treatment (1.33( 0.19 vs 1.21(
0.21 units and 3.38( 0.37 vs 3.43( 0.38 units) for K-562
and HuH-7 cells, respectively. However, the steady-state
transcript levels produced by the CAGGS promoter were 3.4
( 0.3-fold (P < 0.001) higher in HuH-7 cells. Taken
together, the data indicated that regulation ofâ-globin protein
expression was occurring at the post-transcriptional level and
the 5′ UTR of the transcript was required for efficient
translation in K-562 cells.

â-Globin Undergoes Proteasomal Degradation in Non-
Erythroid Cells. We also transfected U87 glioblastoma,
HCT116 colon carcinoma, Daoy cerebellar meduloblastoma,
and MCF7 breast cancer-derived cell lines with the pCAGGS-
â3′∆ or pCAGGS-DsRed2 plasmid. Interestingly, the same
pCAGGS-â3′∆ construct was expressed constitutively in the
U87 and HCT116 cell lines (Figure 2A, lanes 1, 2, 5, and
6), yet no detectable expression in either Daoy or MCF7
cell lines (Figure 2A, lanes 3, 4, 7, and 8) was observed.
Again, the difference was independent of transfection ef-
ficiency as determined by DsRed2 expression (Figure 2B),
suggesting post-transcriptional regulation ofâ-globin expres-
sion in the non-erythroid cell lines.

Previous studies have shown thatR-globin levels are
regulated, in part, by the ubiquitin pathway in erythroid cells
(20). We tested whetherâ-globin expression is regulated by
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the same proteolytic pathway in non-erythroid cells using
MG132, a well-known proteasome inhibitor (21). Western
blot analysis indicated thatâ-globin protein levels increased
proportionally with higher concentrations of MG132 (Figure
2C, left panel, lanes 5, 6, 9, and 10). At the highest dose,
the observed decrease in theâ-globin level (Figure 2C, left
panel, lanes 7 and 11) was associated with substantial
apoptosis (22). Similarly, the amount ofâ-globin protein also
increased in both Daoy and MCF7 cells incubated with
MG132 (Figure 2C, right panel, lanes 2 and 4). RT-PCR
analysis of steady-state transcript levels (Figure 2D) con-
firmed that the transcript was present in all cases at levels
greater than or equal to that observed in K-562 cells. In
addition, hemin did not significantly affect transcript abun-

dance in any of cell lines that were examined (P < 0.001).
Taken together, these data demonstrated thatâ-globin can
be expressed from its cDNA containing the 5′ UTR, and its
expression in non-erythroid cells is regulated post-transla-
tionally by proteasomal degradation.

Expression ofâ-Globin from a Minimum Gene Construct
DriVen by IHK and IHâp Hybrid Promoter.Sinceâ-globin
expression driven by the pCAGGS promoter lacks tight
erythroid-specific control, we elected to use small enhancer
elements (i8 from humanALAS2intron 8; HS40 from human
R-globin LCR) linked to the humanankyrin-1promoter to
drive â-globin expression inSB-Tn. To analyze the relative
strength of this erythroid-specific IHK promoter, we also
constructed i8-HS40 linked toâ-globin promoter (âp,

FIGURE 1: Expression ofâ-globin from cDNA in K-562 and HuH-7 cells. (A) Structure of theâ-globin cDNA expression cassettes.
Abbreviations: CAGGS, cytomegalovirus (CMV) enhancer:chickenâ-actin promoter; 5′ UTR, 5′ untranslated region; CDS,â-globin coding
region; 3′ UTR, 3′ untranslated region; poly A, rabbit globin poly(A) signal from the pCAGGS vector. (B) Western blot analysis of cell
extracts from K-562 and HuH-7 cells transiently transfected with the pCAGGS-â, pCAGGS-â3′∆, or pCAGGS-âCDS construct and induced
to expressâ-globin with hemin (20µM). The cells were transfected as described in Materials and Methods. After 36 h, hemin was added
to the culture medium, and the cells were harvested following incubation for an additional 48 h. Lane loading was normalized to 50µg of
protein usingâ-actin as an internal control. The addition of hemin (+) is indicated for each construct at the top. Abbreviations:â, pCAGGS-
â-globin;â3′∆, pCAGGS-â3′∆; âCDS, pCAGGS-â-CDS. (C) Transfection efficiency with pCAGGS-DsRed2 plasmid in K-562 and HuH-7
cells. The cells were transfected in parallel with theâ-globin constructs described in panel A. The live cell cultures were photographed 48
h post-transfection. The phase contrast panels are shown at the left for each pair, and the same field using red fluorescent microscopy is
shown at the right. (D) Reverse-transcribed PCR analysis ofâ-globin mRNA levels from pCAGGS-â, pCAGGS-â3′∆, and pCAGGS-
âCDS in the presence or absence of hemin in K-562 (left) and HuH-7 (right) cells. The construct and addition of hemin (+) to the cultures
are indicated at the top, and glyceraldehyde-3-phosphate dehydogenase (GAPDH) transcript levels were used as an internal standard to
verify RNA quality and lane loading. The smaller size of the amplicon observed using the pCAGGS-âCDS construct reflects the predicted
size due to the deletion of the 51-nucleotide 5′ UTR.
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nucleotides-611 to -1) and the HS3 core element from
the âLCR linked to âp to form IHâp and HS3âp, respec-
tively. However, our preliminary results with pT2-IHK-
â3′∆//eIF-SB10 showed that the level ofâ-globin protein
expression was dramatically decreased compared to that of

the CAGGS promoter (data not shown). RT-PCR analysis
indicated that the steady-stateâ-globin transcript levels from
the IHK promoter had decreased 51.5( 2.4% (P < 0.001)
relative to that of the CAGGS promoter. Sinceâ-globin
introns are critical for stabilization and cytoplasmic trans-

FIGURE 2: Expression ofâ-globin by the CAGGS promoter in non-erythroid cells. (A) Western blot analysis of cell extracts from U87,
Daoy, HCT116, and MCF7 cells transiently transfected with the pCAGGS-â3′∆ plasmid. The cells transfected with theâ-globin construct
were collected 48 h after the addition of hemin (20µM), and Western blot analysis was performed as described in Materials and Methods.
â-Actin was used to control for lane loading. (B) The transfection efficiency in U87, Daoy, HCT117, and MCF7 cells was determined by
parallel transfection with the pCAGGS-DsRed2 plasmid. (C) Theâ-globin protein undergoes proteasomal degradation in non-erythroid
cells. Western blot analysis of HuH-7 (left) or Daoy and MCF7 cells (right) transiently transfected with the pCAGGS-â3′∆ plasmid. Twenty-
four hours post-transfection, the cells were first induced with hemin (20µM), and then MG132 was added at the indicated concentrations
(top) after an additional 24 h. The cells were harvested and processed for Western blot analysis 72 h after transfection. Control, no transfection
control for HuH-7. (D)â-Globin transcript levels in erythroid and non-erythroid cell lines. Reverse-transcribed PCR analysis ofâ-globin
mRNA levels from pCAGGS-â3′∆ in the presence or absence of hemin. The cell line is indicated at the top, andâ-actin transcript levels
were used as an internal standard to confirm RNA quality. The 500 bp DNA maker is shown at the left with the transcript and its respective
size at the right.
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location of the mRNA, we amplified the minimumâ-globin
gene (1.5 kb) from the transcription start site to 61 nucle-
otides beyond the translational stop codon. This sequence
was cloned downstream of IHK, IHâp, and HS3âp in cis
SB-Tn plasmids (Figure 3A, left).

The â-globin transcripts utilize the rabbit globin poly(A)
signal from the pCAGGS vector. Since the threecis SB-Tn
plasmids are similar in structure and size (8.36, 8.58, and
8.61 kb, respectively), the relative activity of the three

promoters can be judged by the level ofâ-globin expression.
We transfected K-562 cells with equal amounts of the three
vectors. The Western blot analysis of the cell extracts showed
that the IHK hybrid promoter was most efficient in driving
â-globin expression with or without hemin induction (Figure
3B, lanes 7 and 8). Moreover, the amount ofâ-globin
produced with hemin was greater than that achieved by the
endogenousγ-globin gene (Figure 3B, lane 8). The IHâp
promoter, using the same enhancer elements as IHK, is less

FIGURE 3: Expression ofâ-globin from differentcis pT2-â-globin//eIF-SB10 constructs in K-562 cells. (A) Structure ofcis pT2-promoter-
â-gene//eIF-SB10 constructs (left) and schematic of the cut-and-paste transposition mechanism used by theSB-Tns (right). The obligate SB
transposase is expressed from the transgene located in the vector backbone, external to the IR/DRs flanking the Tn IHK-âgene cargo.
Following binding of the transposase to the IR/DRs, the Tn is cut from the plasmid vector and pasted into a TA dinucleotide in the host
genomic DNA which is duplicated during the insertion process. Abbreviations: i8, humanALAS2intron 8 erythroid-specific enhancer
element; HS40, core element ofRLCR; HS3, core element ofâLCR; âp, humanâ-globin promoter; Ank-1p, humanankyrin-1promoter;
I, II, and III, â-globin exons; poly A, rabbit globin poly(A) signal from the pCAGGS vector; IR/DR, transposon inverted repeat/direct
repeat; eIF, mouse initiation factor 4A1 promoter; SB10,Sleeping Beautytransposase gene version 10. (B) Western blot (left) and RT-PCR
(right) analysis ofâ-globin protein and transcript levels in K-562 cells transfected with pT2-IHK-â-gene//eIF-SB10 (lanes 7 and 8), pT2-
IHâp-â-gene//eIF-SB10 (lanes 5 and 6), or pT2-HS3âp-â-gene//eIF-SB10 (lanes 3 and 4). Lanes 1 and 2 contained nontransfected controls.
Twenty-four hours after transfection, hemin (20µM) was added to induceâ-globin expression. The cells were harvested for Western blot
and RT-PCR analysis after incubation for an additional 48 h. The proteins and transcripts are indicated at the left. The hybrid promoter
used to drive theâ-gene in the construct and addition (+) of hemin to the cultures is shown at the top. Abbreviations: HS3âp, HS3 core
element ofâLCR and humanâ-globin promoter; IHâp, humanALAS2intron 8 erythroid-specific enhancer element, HS40 core element of
RLCR, and humanâ-globin promoter; IHK, humanALAS2intron 8 erythroid-specific enhancer element, HS40 core element ofRLCR, and
humanankyrin-1promoter.â-Actin and GAPDH served as normalization controls.
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efficient in drivingâ-globin expression but still comparable
to the endogenousγ-globin (Figure 3B, lanes 5, 6, and 8).
Surprisingly, when the enhancer elements were replaced with
HS3, the most active region in producing high-level expres-
sion of â-type globin proteins (23), the level ofâ-globin
expression decreased dramatically (Figure 3B, lanes 3 and
4). RT-PCR analysis (Figure 3B, right panel) indicated that
the level of protein expression was determined by the
transcriptional activity of the promoter. Specifically, the IHK
promoter produced∼3-fold and the IHâp promoter 2.3-fold
more transcripts than HS3âp (P < 0.001). In addition, there
was no significant transcriptional activation with the addition
of hemin for any of the promoters. Our data demonstrated
that theankyrin-1promoter is more active than theâ-globin

promoter, whereas i8, HS40 enhancer elements are stronger
than HS3 when combined with theâ-globin promoter in
K-562 cells.

The IHK Promoter DriVes Erythroid-Specific Expression
of â-Globin. To further test the specificity of the IHK
promoter, we transfected erythroid K-562 and non-erythroid
Jurkat cells, originally derived from a T-cell lymphoma, with
the cis pT2-IHK-â-geneSB-Tn. The Western blot analysis
showed efficient expression of theâ-globin transgene in
K-562 cells as predicted (Figure 4A, left panel, lanes 3 and
4), whereas expression was undetectable in Jurkat cells
(Figure 4A, left panel, lanes 5 and 6). We also transfected
other non-erythroid cancer cell lines, including HuH-7,
MCF7, and HCT116, with the samecis SB-Tn. Unlike

FIGURE 4: Erythroid-specific expression ofâ-globin by the hybrid IHK promoter. (A) Western blot analysis of cell extracts from blood
origin cells, K-562 and Jurkat, transfected with pT2-IHK-â-gene//eIF-SB10, induced to expressâ-globin with 20 µM hemin (left), and
from non-erythrocyte HuH-7, MCF7, and HCT116 cells transfected with pT2-IHK-â-gene//eIF-SB10 (lanes 2-7) or pT2-pCAGGS-â3′∆//
eIF-SB10 (lane 1) (right). MG132 (5µM) was added 48 h post-transfection to inhibit proteasome activity, and the non-erythrocyte cells
were incubated for an additional 18 h before being harvested. Total protein extracts (50µg) from the collected cells were subjected to
Western blot analysis usingâ-actin as an internal control for equal lane loading. The proteins that were detected are indicated in the middle,
and the addition (+) of hemin or MG132 is shown above the blots. (B) Parallel Western blot (top) and RT-PCR analysis (bottom) of cell
samples for K-562 and HuH-7 cells transfected with pT2-IHK-â-gene//eIF-SB10. Hemin (20µM) was added to induceâ-globin synthesis
in K-562 cells and MG132 (5µM) to inhibit proteasome activity in HuH-7 cells. Lanes 1 and 4 are nontransfected controls for K-562 and
HuH-7, respectively. A RT-PCR negative control without reverse transcriptase using RNA sample from lane 6 is included (lane 7). Ten
microliters of the RT-PCR (25 cycles) products was analyzed by agarose gel electrophoresis. The glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) transcript was amplified in parallel and served to normalize RNA sample loading. The cell line and the addition of hemin (+)
or MG132 (+) to the cultures are indicated at the top.
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â-globin expression driven by the CAGGS promoter (Figure
2A,C; Figure 4A, right panel, lane 1), none of the non-
erythroid cell lines produced detectableâ-globin (Figure 4,
right panel, lanes 2-7), even with the proteasome inhibitor,
MG132 (Figure 4, right panel, lanes 3, 5, and 7). The parallel
transfection of each cell line with pT2-CAGGS-DsRed2
exhibited a similar transfection efficiency (data not shown).
Interestingly, RT-PCR showed that HuH-7 cells transfected
with pT2-IHK-â-gene//eIF-SB10 resulted in higher levels of
â-globin transcripts than K-562 cells with or without MG132
(Figure 4B, bottom panel, lanes 2, 3, 5, and 6), although the
â-globin protein was undetectable (Figure 4B, top panel,
lanes 5 and 6). Thus, IHK promoter activity in the non-
erythroid cells was regulated post-transcriptionally with the
following order of activity: HuH-7> HCT116 > MCF7
(data not shown).

Long-Term Expression ofâ-Globin with SB-Tn Transposi-
tion in K-562 Cells.We determined the effect ofSBon long-
term stable expression ofâ-globin in K-562 cells that are
capable of differentiating into erythroid cells when induced
by hemin, pyruvate, or DMSO (24). After transfection with
the different SB-Tn-â-globin gene constructs, cells were
passaged every 3 days by plating only 10% of the prior
culture. At specific passages, hemin was added to half of
the cultures 48 h before cell harvesting to induceâ- or
endogenousγ-globin expression. Total protein extracts from
induced and non-induced cells transfected with pT2-IHK-
â-gene//eIF-SB10 or pT2-IHK-â-gene were analyzed by
Western blotting. The results indicated thatâ-globin expres-
sion was comparable to that of endogenousγ-globin 2
months after transfection with thecis IHK-â-gene SB10-
Tn; by 3 months, it had declined to∼50% of theγ-globin
levels (Figure 5, left panel, lanes 9-12). In contrast, at 2
weeks post-transfection, only a trace ofâ-globin was detected
in cells transfected with the SB10 transposase-deleted pT2-
IHK-â-globin construct (Figure 5, left panel, lane 4).
Moreover, because the transposase expression cassette was

located outside the IR/DRs and predicted not to integrate
into the genome, no SB10 was detectable 3 days post-
transfection.

Transfection with the pT2-IHK-â-gene//eIF-HSB3 plasmid
containing a hyperactive transposase (16) increased the
sustained level of expression ofâ-globin (Figure 5, right
panel, lanes 7-10). Even with the improved transposition,
HSB3 transposase was undetectable 3 days post-transfection
(Figure 5, right panel, lanes 1 and 2). Although the latter
steady-state levels were at times lower than those observed
3 days post-transfection, there was no change when normal-
ized to the amount of endogenousγ-globin produced in the
pT2-IHK-âgene//eIF-HSB3 and pT2-IHK-âgene//eIF-SB10
transfected cells. In all cases, hemin induction of theâ-globin
protein occurred only if theγ-globin protein was induced in
parallel. Theâ-globin levels produced in the HSB3 and SB10
cis Tn transfected cells averaged 105( 12 and 101( 10%,
respectively, of the level of endogenousγ-globin expression.

It is worth noting that the average transfection efficiency
for K-562 cells using lipofectamine 2000 was 25-35% based
on the number of positive pT2-CAGGS-DsRed2 cells in
parallel transfected cultures (data not shown). The results
indicate that transposition by HSB3 of the IHK-â-gene Tn
in 25-35% of the cells can produce levels ofâ-globin
comparable to or higher than that observed for the endog-
enousγ-globin gene in 100% of the cells. Furthermore, the
>5 month expression of the integratedâ-globin from the
pT2-IHK-â-gene suggests that the IR/DR regions of Tn and
hybrid IHK promoter do not inhibit cell growth or promote
silencing ofâ-gene expression.

Identification of SB-â-Globin Tn Transposition Sites in
the Genome of K-562 Cells.Studies aimed at confirming
that the stable expression ofâ-globin in K-562 cells
transfected withcis pT2-IHK-â-gene//eIF-SB10 resulted
from SB10-mediated transposition were conducted. Genomic
DNA was purified 4 weeks post-transfection and used as
the template for inverted, nested PCR using primer pairs

FIGURE 5: Long-term expression ofâ-globin mediated by SB10 andHSB3. Western blot analysis ofâ-globin expression in K-562 cells
transfected with pT2-IHK-â-gene//eIF-HSB3(right) and pT2-IHK-â-gene//eIF-SB10 or pT2-IHK-â-gene (left). The cells were passaged
every 3 days by plating 10% of cells from the previous passage. Hemin (20µM) was included in the medium 48 h prior to the cells being
harvested at each time point. Fifty micrograms of total protein was subjected to Western blot analysis, andâ-actin was used to normalize
sample loading. The time (days) to harvest after transfection is indicated at the top. Cell extracts from pT2-IHK-â-globin (left, lanes 1-4),
pT2-IHK-â-globin//eIF-SB10 transfected cells (left, lanes 5-12), and pT2-IHK-â-globin//eIF-HSB3(right) are shown. The protein levels
determined by Western blot analysis are shown in the middle, and the addition (+) of hemin to the culture is indicated above the panels.
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derived from the Tn IR/DR region (Figure 6A). PCR
products analyzed by agarose gel electrophoresis indicated
that eight distinct amplicons were present with genomic DNA
from pT2-IHK-â-gene//eIF-SB10 transfected cells (Figure
6B). Three PCR bands were also detected when genomic
DNA from pT2-IHK-â-globin transfected cells was used as
the template. No products were produced with DNA from
mock-transfected cells.

To determine the identity of the PCR products, the
individual bands were excised from the gel, purified, and
sequenced. Analysis of sequence data from the PCR products
revealed that seven of eight bands from pT2-IHK-â-gene//
eIF-SB10 transfected cells [Figure 6B (b)] had the canonical
SB insertional footprint consisting of the Tn IR/DR, dupli-
cated TA, and flanking host genomic DNA (7). One band
[Figure 6B (?)] did not match any sequence in the human
genome or in the nonredundant nucleotide sequence database
of GenBank (NCBI). In contrast, the three bands from pT2-
IHK-â-gene transfected cells were derived from either
episomal fragments of the plasmid or random integration
[Figure 6B (O)]. A total of 20 flanking genomic DNA
sequences were recovered from two independent transfec-
tions, and the insertion sites were distributed over 15
chromosomes, with 13 transpositions in regions not associ-
ated with identified genes and seven intronic insertions
(Figure 7). Alignment of the 200 bp of flanking sequences
immediately adjacent to the insertion site indicated no
significant similarity other than it being TA-rich, consistent
with the previous reports of the random nature of SB-
mediated transposition (7, 25).

Determination of the Specificity of the IHK-â-Globin-Tn
Construct in Adult Erythroid Cells.To determine the
expression pattern of the IHK-â-gene Tn in an adult erythroid
cell, we used the murine erythroid leukemia (MEL) CLL-
745 cell line. In this well-established model, differentiation
of the proerythroid MEL cells to adult erythroid cells is
accomplished by addition of DMSO to the medium (18).
We examined the specificity of three different promoter
constructs for theâ-globin gene in both the proerythroid and
adult erythroid states of the MEL cells (Figure 8). Only the
induced MEL cells expressedâ-globin protein, and in
contrast to K-562 cells, each of the three promoters func-
tioned efficiently and produced equivalent steady-state levels
(Figure 8, top right panel). RT-PCR analysis indicated that
the three different promoters resulted in equivalent levels of
theâ-globin transcript in the induced cells (Figure 8, bottom
right panels) and gave a 1.8( 0.06-fold increase over their
respective levels in the non-induced cells (P < 0.001). In
contrast, analysis of the non-induced MEL cells by RT-PCR
indicated a significantly (P < 0.001) decreased level of
transcripts with HS3âp. The absolute level ofâ-globin
transcript, however, when normalized with GAPDH in the
non-induced MEL cells from the IHâp and IHK constructs
did not differ significantly from that of the same promoters
in K-562 cells (Figure 3B, right panel), but without detectable
protein. Taken together, the data indicated thatâ-globin
protein expression is controlled, in part, at the translational
level during differentiation. However, the significant up-
regulation in the induced MEL cells suggests that factors
affecting erythroid promoter function also modulateâ-globin
gene expression in adult erythroid cells.

DISCUSSION

There have been several reports on the success of mini-
LCRs combined withâ-globin promoter in achieving high-
levelâ-globin expression in viral vector-based systems, both
in vitro and in vivo (5, 26). This is in contrast to two decades
of studies indicating thatâ-globin can be efficiently ex-
pressed only from its full-length gene (27). However, even
a 6.5 kbâ-globin expression cassette for viral vectors adopted

FIGURE 6: SB10-mediatedâ-globin transposition and identification
of the insertion sites in K-562 cells transfected with pT2-IHK-â-
gene//eIF-SB10 or pT2-IHK-â-gene. (A) Schematic design for
inverted, nested PCR analysis. The genomic DNA samples were
digested by KpnI and subjected to self-ligation. The ligated products
were used as a template for the initial inverted PCR amplification
with the LP1/RP1 primer pair. The second inverted PCR amplifica-
tion step was performed using an LP2/RP2 internal nested primer
pair. The consequent PCR products were analyzed by agarose gel
electrophoresis and visualized by UV light after ethidium bromide
staining. (B) Inverted, nested PCR analysis of the genomic DNA
samples purified from K-562 cells 4 weeks post-transfection with
an unrelated plasmid (control), pT2-IHK-â-gene, and pT2-IHK-â-
gene//eIF-SB10. Amplified PCR bands from either episomal
plasmid or random integration are denoted with empty circles and
those from canonical SB insertion footprints with filled circles. The
question mark indicates the amplified band of unknown identity.
Lane M contained DNA markers with the size of the bands indicated
in kilobases at the left.
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by theSB-Tn system would result in a significantly reduced
transposition efficiency (28). Thus, our study was designed
to construct an efficient erythroid-specificâ-globin expres-
sion cassette with minimal size for high-level SB delivery
and transposition into cells.

We initially tested the possibility of usingâ-globin cDNA
(640 bp) to express the protein. Only one previous study
demonstrated the expression ofâ-globin transcripts in
HEK293 cells using a plasmid system (29). Moreover, it has
been reported that theâ-globin gene introns are critical for
transcript stabilization and cytoplasmic translocation of the
mRNA (30). Our results demonstrated thatâ-globin mRNA
transcribed from its cDNA by the strong hybrid CAGGS
promoter is, in fact, functional in both erythroid and non-
erythroid cell lines. In fact, the CAGGS promoter (15)
includes an intron derived from fusion of the first chicken
â-actin intron and a second intron from rabbit globin, thus
perhaps fulfilling a mRNA processing requirement necessary
for the accumulation of theâ-globin transcript. Our results
also demonstrated that the 5′ UTR of theâ-globin cDNA is
essential for efficient high-level expression of the protein.
This observation is consistent with previous studies on
â-thalassemia, in which a single-base deletion at position
+10 in theâ-globin 5′ UTR resulted in a translational defect
(31). Interestingly, hemin increased theâ-globin levels in
both erythroid K-562 and non-erythroid U87 and HCT116
cells. This suggests that even with the additional 5′ UTR
sequences fromâ-actin exon 1, translational activity of the
hybrid transcript is regulated by hemin in a manner similar
to that of endogenously producedâ-globin transcripts in
erythrocytes (32). The expression ofâ-globin protein in HuH-
7, MCF7, and Daoy cells was detected only with the
proteasome inhibitor, MG132, suggesting a significant role
for post-translational regulation of tissue specificity for globin

synthesis. This minimal reported 1.6 kb CAGGS-â3′∆
â-globin cassette was predicted to result in the most efficient
transposition with SB (11).

Previous studies demonstrated that theâLCR HS core
elements synergize to confer high-level and position-
independent gene expression. Thus, the HS2, HS3, and HS4
core elements have been used frequently as enhancers in
conventional viral vector design. However, the complex role
that these regulatory elements play in on-off switching of
â-like globin gene expression during development suggests
they could also silence the transgene based on chromatin
structure. In fact, the humanâ-globin mini-LCR (HS4-
HS3-HS2 core elements) silences promoter expression when
viral vector insertion is in a nonpermissive orientation (33)
while simultaneously inducing transcription in flanking
regions of the genome. However, a larger mini-LCR confers
greater stability and strongerâ-globin transgene expression
as the addition of a HS3-HS2 flanking region increased
activity by 200-300% over HS3-HS2 core elements alone
(34).

To mitigate the potential side effects from mini-LCR as
well as minimize the size of the transposon, we constructed
and tested IHK, IHâp, and HS3âp as alternative erythroid-
specific hybrid promoters.ALAS2 is a major regulatory
enzyme in erythrocytes and is active at the first step of the
heme biosynthetic pathway (35). Thus, we chose the ALAS2
intron 8 erythroid-specific enhancer element (i8, 250 bp) so
that â-globin expression from the integrated transgene was
responsive to cellular environmental change (36). TheRLCR
HS40 core element was selected because it is capable of
enhancing the activity of a heterologous promoter such as
the viral SV40 promoter orγ-globin promoter in an eryth-
roid-specific manner (37, 38). The minimum 271 bpankyrin-1
promoter contains all of the sequences necessary and

FIGURE 7: Identification of the insertion sites in K-562 cells transfected with pT2-IHK-â-gene//eIF-SB10. The amplicons resulting from
the second inverted PCRs were isolated from the agarose gel and sequenced directly using the RP2 or LP2 primer as described in Materials
and Methods. The identified flanking genomic sequences of the insertion sites are displayed. The regions in the ID/DR of the transposon
and the requisite duplicated TA are shown in bold letters. The chromosomal location established by BLAST analysis is shown at the right,
and the intronic insertion sites are marked with asterisks.
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sufficient for position-independent, copy number-dependent
erythroid-specific expression of a linked transgene (39).
However, when i8 and HS40 core elements were linked with
theankryn-1minimal promoter, transcriptional activity was
greatly increased (5). Our data showed that the level of
â-globin expression driven by the hybrid promoters increased
in the following order in all the cell types that were examined
but adult erythroid cells: IHK> IHâp > HS3âp. As the
other regions of the vectors were identical, it indicated that
theankyrin-1minimum promoter is stronger thanâ-globin’s,
and the IH enhancer is significantly more powerful than HS3.
Interestingly, the IHK promoter drives synthesis ofâ-globin
mRNA in the non-erythroid HuH-7 cells and to a smaller
extent in HCT116 cells (data not shown). This may result
from certain transcription factors such as GATA-1 and
BKLF, which activate minimalankyrin-1promoter (14) and
are expressed in hepatoma cells (40). Moreover, in transgenic
mice, the minimalankyrin-1promoter produced low levels
of transcripts in both liver and lung (26). However, despite
the robust mRNA levels, there was no detectableâ-globin
protein expression in the non-erythroid cells, consistent with
previous reports that IHK is erythroid-specific in both cell
culture and in vivo (5).

Unlike K-562 cells, â-globin protein expression was
detected only in DMSO-induced MEL cells, suggesting that
differentiated erythroid cells alone have the necessary factors
for translation ofâ-globin transcripts. Moreover, in the adult
erythroid cells, each of the three hybrid promoters was

robustly activated at the transcriptional level and expressed
equivalent steady-state levels of bothâ-globin transcript and
protein, suggesting their potential for sustained expression
following SB transposition.

It was somewhat surprising thatâ-globin transcripts
expressed by the constitutive CAGGS promoter engaged the
translational machinery in non-erythroid cells while those
produced by the IHK promoter in the same cells did not.
The regulatory role of hemin-induced translation and post-
translational mechanisms, such as proteasomal degradation
for erythroid-specific expression of globin, is known (19,
20). However, our results also suggest a potential role of
the promoter in regulating the translational machinery of the
cell independent of the transgene.

Typical â-globin gene constructs containing a 3′ enhancer
region are 3.5-4.5 kb in size (34, 41). However, it has been
reported that the 3′ enhancer is not required for high-level
expression ofâ-globin from a mini-LCR/â-globin gene
construct (30). Thus, we used only 1.54 kb of theâ-globin
gene from its canonical transcription start site to 61 nucle-
otides beyond the translational stop codon utilizing the poly-
(A) signal from the original CAGGS-â3′∆ expression vector.
The size of the entire IHK-â-globin transgene is only 3.1
kb, which is the smallest structure reported for sustained
high-level erythroid-specific expression ofâ-globin. It is
worth noting that with viral vector expression systems the
function of theâ-globin promoter absolutely requires the
âLCR core elements to overcome silencing from both viral

FIGURE 8: Expression of the differentcis â-gene//eIF-SB10 constructs in adult erythroid cells. Proerythroid MEL cells were differentiated
to adult erythroid cells by addition of DMSO to the medium 56 h prior to transfection. After induction with hemin 24 h post-transfection,
the cells were harvested 48 h later and processed for Western blot and RT-PCR analysis as described in Materials and Methods. Noninduced
“proerythroid” MEL cell (left) Western blots ofâ-globin andâ-actin are shown in the top two panels, while the agarose gels of RT-PCR
analysis ofâ-globin and GAPDH transcript levels are shown below. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcript
was amplified in parallel and served to normalize RNA sample loading.â-Actin was used as a lane loading control for the Western blots.
The expression levels in the adult erythroid cells of the same constructs by Western blot (top right panels) and RT-PCR analysis (bottom
right panels) demonstrated robust expression by all three promoter constructs. The erythroid promoter used to drive theâ-gene and addition
(+) of hemin to the cultures is indicated at the top. The protein and transcript are shown at the right with the predicted size of theâ-globin
amplicon given in parentheses. Abbreviations: HS3âp, HS3 core element ofâLCR and humanâ-globin promoter; IHâp, human ALAS2
intron 8 erythroid-specific enhancer element, HS40 core element ofRLCR, and humanâ-globin promoter; IHK, human ALAS2 intron 8
erythroid-specific enhancer element, HS40 core element ofRLCR, and human ankyrin-1 promoter.
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elements and chromosomal position effects. Our results
clearly established that theâ-globin promoter copes well with
non-âLCR enhancer elements in theSB-Tn system for stable
efficient expression ofâ-globin, suggesting i8 in conjunction
with HS40 confers position-independent gene expresssion.
This also suggests that IR/DR regions ofSB-Tn have no
apparent silencing effect on transgene expression following
transposition into the genome (data not shown).

Any DNA element that integrates into the host cell genome
has the potential for insertional mutagenesis. Recent studies
have shown insertional oncogenesis inSB-Tn (T2/Onc)
transgenic mice (42, 43). However, this was accomplished
with aSB-Tn specifically designed for this purpose carrying
a splice acceptor/poly(A) signal in both orientations at each
end flanking the strong MSCV promoter from the 5′ long
terminal repeat of the murine stem cell virus coupled to a
splice donor. This construct was intended to truncate the
protein expression in both orientations following Tn trans-
position into an intronic region of a gene or activate
expression of a downstream gene if the integration was
intergenic, therefore tripling the mutagenesis potential fol-
lowing genomic insertion. In addition, Arf-/- mice, animals
deficient for the p53 pathway regulator and tumor suppressor
p19Arf, or Rosa26-SB10 transgenic mice were required to
produce mice carrying tumors. However, the natural occur-
rence of adverse events leading to tumor genesis mediated
by SB-Tn transposition appears to be very low. A significant
advantage ofSBtransposase-mediated genomic insertion over
vectors derived from viruses is that it shows no substantial
DNA sequence preference for transcribed genomic regions
(7, 25). Biased insertion of viral vectors into transcriptionally
active regions of the mammalian genome is a major concern
in gene therapy (44-46). In particular, oncogenesis is
associated with both retro- and lentiviral vectors administered
in utero and neonatally (47). Moreover, the leukemia
observed in hematopoietic stem cells (HSCs), the proposed
target cell type for SCD gene therapy (4, 48), is correlated
with the apparent integration preference by viral vectors for
specific genomic regions. In contrast, theâ-globin Tns were
located in AT-rich regions, with the genomic insertion sites
exhibiting the expected distribution of the gene (∼33%) and
nongene (∼66%) chromosomal segments (8, 25). The
preference of SB for AT-rich regions may direct the
insertions in the actively transcribed regions to the introns,
preventing exon disruption (49, 50). In fact, others have
reported a similar dramatic bias (96%) inSB-Tn transposition
events into introns rather than exons in the region of the
genome transcribed in humans (25). Moreover, the essential
IR/DRs of SB-Tn do not activate undesirable transcription
of flanking genes (data not shown), which has been observed
for terminal repeats of viral vectors (4).

It is estimated that at least 15-20% of HSCs are required
to take up and stably incorporate the wild-typeâ-globin gene
to reach therapeutic levels for gene therapy of SCD. For this
purpose, theSB-Tn system offers an efficient nonviral
replicatively stable method of genomic transgene insertion.
Our results demonstrated that anSB-â-globin-expressing
transgene could be introduced and precisely inserted into
random TA dinucleotides in the genome of an erythroid cell
line. The ability to expressâ-globin for more than 50
passages over a 5 month period fulfills an essential require-
ment for any HSC-targeted gene therapy, inheritance and

expression of the transgene by the daughter cells. However,
the efficiency for delivering nonviral plasmids into HSCs
or directly into animals is much lower than with engineered
viral vectors. This difficulty was recently reported with the
Sleeping Beautysystem which enabled stable gene transfer
in HSCs, albeit with an exceedingly low overall frequency
and an associated high level of cell death (51). Various
strategies, including expression of wild-typeγ-globin and a
â/γ globin hybrid â-globin T87Q (52-54), have been
investigated as alternatives for gene therapy of SCD to
compensate for low transfection efficiencies of HSCs. These
alternate globins exhibit a significantly increased affinity for
R-globin compared to that of the wild-type protein in forming
functional hemoglobin as well as inhibiting the polymeri-
zation of sickle hemoglobin more effectively than the
â-globin chain itself. On the basis of clinical studies, it has
been calculated thatγ-globin gene expression at∼10-20%
of the adultâ-globin level would significantly reduce the
symptoms associated with SCD (55). The long-term efficient
expression ofâ-globin, at levels comparable to that of
endogenousγ-globin with only∼30% transfection efficiency,
suggests that the use of IHK-drivenγ- or â-globin T87Q-
expressing transgenes coupled with optimized ex vivo
transfection of HSCs withcis HSB3-expressingSB-Tn’s may
provide levels of “normal” hemoglobin sufficient to mitigate
the clinical manifestations of SCD.
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