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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-types3- or y-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 syst&hegetbiag
Beauty(SB transposon (Tn) to insert a wild-tygeglobin expression cassette into the human genome
for sustained expression gfglobin. We initially constructed g-globin expression vector composed of

the hybrid cytomegalovirus (CMV) enhancer chick®actin promoter (CAGGS) and full-lenggiiglobin

cDNA, as well as truncated forms lacking either thei33 and 3 untranslated regions (UTRS), to optimize
expression ofi-globin. 8-Globin with its 3 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 SBTn-S-globin plasmids using a minimgd-globin gene driven by hybrid promoter IHK (human
ALASZ2intron 8 erythroid-specific enhancer, HS40 core element from huwh&R, ankyrin-1promoter),

IHSp (humanALASZintron 8 erythroid-specific enhancer, HS40 core element from huch&R, 5-globin
promoter), or HSBp (HS3 core element from humgi.CR, -globin promoter) to establish erythroid-
specific expression ¢f-globin. Stable genomic insertion of the minimal gene and expression Gfghabin
transgene for5 months at a level comparable to that of the endogemegi®bin gene were achieved
using aSBTn S-globin cis construct. Interestingly, erythroid-specific expressiorgaflobin driven by

IHK was regulated primarily at the translational level, in contrast to post-transcriptional regulation in
non-erythroid cells. Th&BTn system is a promising nonviral vector for efficient genomic insertion
conferring stable, persistent erythroid-specific expressiof-globin.

Sickle cell disease (SCD),an inherited monogenic (HSCs) remains a potential therapeutic approach for SCD.
disorder, affects thousands of people worldwide. Ex vivo Viral vectors have been the major vehicle for delivery of
gene transfer into pluripotent hematopoietic stem cells transgenes in correcting recessive monogenic disordgrs (
in part because of their natural ability to infect cells. Specific
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the host genome for long-term stable expression is the T e 1- Primers Used for PCR and RT-PCR
Sleeping BeautySB) transposon systens8B8Tn).

. primer name sequence
The SBTn system was reconstructed by correcting key A ACTAGTCACTGCAGAGTTGATGAG
mutations within fishTd-like transposons?). Since then, it ALAD-B GOTAGCATTCTGCTGOTTTGAGAT
has been used successfully to generate transgenic B)ice ( Hs.40-F GCTAGCTCGACCCTCTGGAACCTA
and as a gene therapy vector capable of delivering genes to HS-40-B GCATGCGAATTTCTTCAGCTCCAG
mouse liver for somatic integration and long-term transgene HS3-F ACTAGTACTGAGCTCAGAAGAGTCAAG
HS3-B GCATGCAATAACCCTATGAGATAGACA

expressiond). Sleeping Beauthas unique features asagene oo 1r CATGCATGCGACTAAACGGGACTCCCTTTC
therapy vector for a variety of cell targets, including human  ankyrin-tB  ACGGCCGCCGGTCTTTCAGCAGGGGCCC

primary T cells (0). It integrates transgenes randomly into  pp-F TACGTATCTATTTTTAGACATAATTTA
TA-rich regions of the host genome at a frequency compa- fl;-lB é%ggfééfgm GAsﬁgETGGCTTCCCTG
rablg V\_nth that of viral vectors in both quiescent .and RP1 CTAGGATTAAATGTOAGGAATTGTG
replicating cells 9, 11). It does not appear to be im- |p> ACTGACTTGCCAAAACTATTGTTTG
munogenic in rodent models, can be produced easily in mass Rp2 GRGAGTTTAAATGTATTTGGCTAAG
guantity, and maintained pathogen-free in any laboratory at B-actin-F CCAAGGCCAACCGCGAGAAGATGAC

ini _ _ ; p-actin-B AGGGTACATGGTGGTGCCGCCAGAC
minimal cost.SBTn works by a cut-and-paste mechanism B-CAGGS-F  CTGCTAACCATGTTCATGCC

as either a two-plasmidr@ns) system or a single plasmid s g opin-F TCACCTGGACAACCTCAAGG
in cis containing both the IR/DR-flanked transgene and p-globin-B GGACAGCAAGAAAGCGAGC

transposase cassette external to the 2y 13). GAPDH-F CCCTTCATTGACCTCAAC
. . GAPDH-B TTCACACCCATCACAAAC
In this study, we constructeds SBTn//5-globin trans- _gene-F ACGGCOGACATTTGCTTCTGACACAAC
genes as a more convenient and efficient method for g.gene-B GAGATCTAGTAGTTGGACTTAGGGA

therapeut_lc appllpatlon. Since transger]e or tranSposon .ana a All primer sequences are written in atb 3 direction and grouped
plasmid size are important for transfection and transposition according to pairs with the exception of those used to determine
efficiency (1), we initially expressed3-globin from its B-globin transcript levels from the CAGGS, H&8 IHBp, and IHK
cDNA and a CAGGS promoter. We then tested a series of promoters £-globin-F), which utilized the same backward primer

novel minimal gene constructs, devoid of fhglobin locus N the f-globin CDS. F, forward primer; B, backward primer. That
’ portion of the primers used for amplification of the genomic

control region (LCR), for erythroid-specific expression. Our pya for the promoters and the 1.54 kb region of {Bglobin allele
results showed that a hybrid IHK promoté; (4) resulted that represents the restriction endonuclease sites in the F and B primers

in the most efficient erythroid-specific expressiorgeglobin are underlined.
from a minimal 1.54 kb gene. We were able to achieve stable ] ]
genomic insertion and long-term expression of fhglobin tion factor promoter 4A1 (elF-SB10) (InvivoGen, San Diego,

transgene in hematopoietic K-562 cells. Interestingly, eryth- CA). To construct the erythroid-specific hybrid promoters,
roid-specific expression ¢-globin driven by IHK occurred  HK, IH3p, and HSBp, humarALASZintron 8 (nucleotides

at the translational level, independent of the proteasomal2595698-2595940 of GenBank accession number
degradation mechanism observed with the universal CAGGSNT_011630.14), HS-40 (nucleotides 1034903849 of
promoter. Our results suggest that the nom@®&iTn system ~ GenBank accession number NT_037887.4), and HS3
has the capacity to provide stable gene transfer and efficient(nucleotides 1245913097 of GenBank accession number
position-independent expression @fglobin as a potential  NG_000007) enhancer elementankyrin-1 (nucleotides

gene therapy approach for SCD. 11975446-11975833 of GenBank accession number
NT_007995.14), and-globin promoter (nhucleotides 867297
MATERIALS AND METHODS 867910 of GenBank accession number NW_925006.1) were

amplified by PCR using primer se&LAS2i8-F (Spel)/

Plasmids and Sleeping Beauty Transposon Vectdrs. ALAS2i8-B (Nhel), HS-40-F (Nhel)/HS-40-B (Sphl), and
humang-globin full-length cDNA clone pDNR-LIB (MGC,  HS3-F (Spel)/HS3-B (Sphlankyrin1-F (Nsil)/ankyrin-1-B
14540; IMAGE, 4292125) was purchased from ATCC (Eag|), andﬂp-F (SnaB|)ﬁp-B (Eag|), respective|y (Tab|e
(Manassas, VA). The plasmid was digested into fragments 1). The enhancer and promoter fragments were inserted into
containing either the entigg-globin cDNA (Sfil), the cDNA pT2/5-3 AllelF-SB10 by multiple cloning steps, which
without the 3 untranslated region (UTR) (Sfil and Msel), resulted in the replacement of the CAGGS promoter with
or only the S-globin coding sequence (CDS) (Ncol and the hybrid IHK, IH3p, or HSPp.
Msel). Following agarose gel electrophoresis, excision, and  PCR usings-gene-F and -B primers (Table 1) was used
isolation of thef-globin cDNA fragments, the ends were to amplify the region of globin loci (GenBank accession
modified with Klenow polymerase (New England Biolabs, number U01317) from nucleotide 62137 to 63671 and
Tozier, MA) and subcloned into the pCAGGS vectab) replace thgs-globin cDNA in pT2/IHKB-3 A//elF-SB10 with
at position 1724 by blunt-end ligation to make pCAG@S/  the 1.54 kb portion of th@-globin gene. This region starts
PCAGGSB3A, and pCAGGSICDS. Thesgg-globin trans-  at the transcript initiation site and ends in the third exon, 61
genes were driven by the strong hybrid CAGGS promoter nycleotides 3to the CDS stop codon. The initiation site of
and utilized the rabbit globin poly(A) signal. the sequence is identical to that of the TR inclusive

pT2/5-globin transposon vectors were constructed by cDNA but also includes 61 nucleotides of thedB'R which
digesting pCAGGSI3'A with Sall and Hindlll and sub- is absent in the'3runcated cDNA sequence. The amplified
cloning the transgene into thas vector pT2//elF-SB10,  genomic sequence was inserted into pT2/HEKA//elF-
creating pT2-pCAAGP3 AllelF-SB10. TheeispT2 vectors SB10 using the "Eagl and 3Bglll sites that flank thes-3'A
contained the SB10 transposase gene driven by mouse initiasequence. Both the genomic and cDNA IHK-driven tran-
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scripts utilized the rabbit globin poly(A) signal that was
present in the original CAGGS-driven pp28' A//elF-SB10
vector.

pT2/IHK-S-genel//elF-HSB3 was constructed by transfer-
ring a Spel to Bglll fragment containing the IHK-gene
from pT2/IHK-5-gene//elF-SB10 to an EcoRV site of pKT2//
elF-HSB3 (L6).

Cell Culture and Transfection$he 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, 100ug/mL streptomycin sulfate, and
0.25 ug/mL amphotericin B. HuH-7 1(7), 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, 1Q@g/mL
streptomycin sulfate, and 0.2H/mL amphotericin B.

Lipofectamine 2000 (Invitrogen Corp.) was used to
transfect cell lines. Eighteen hours prior to transfection, 1
x 1P cells were plated on 100 mm dishes. For each
transfection, 5ug of DNA plasmid and 14ulL of lipo-
fectamine 2000 were each diluted into 380of 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 384 h. The transfected cells
were then treated for 48 h with hemin (Fluka, Sigma-Aldrich,
St. Louis, MO) at a final concentration of 20M to induce
pB-globin synthesis or MG132 (Sigma-Aldrich) at a final
concentration of 0.1, 1, 5, or 20M for 24 h to inhibit
p-globin degradation. MG132 at a final concentration of 5
uM was used to compare the CAGGS and ISB&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/S

fluorescent microscope 48 h post-transfection.

Ten micrograms of plasmid pT2/IHkgene//elF-SB10
and 25uL of lipofectamine 2000 were each diluted in 500
uL of OPTI-MEM 1|, 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

Zhu et al.

ous hemin induction was used during the long passage
experiments.

For MEL induction, dimethyl sulfoxide (DMSQO) 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 cellsl@). The cells were split
for transfection into 100 mm dishes as described above and
maintained in medium supplemented with 1.5% DMSO. For
transfection, g of pT2/HSPp-genel//elF-SB10, pT2/|Bp-
genel/lelF-SB10, or pT2/IHB-gene//elF-SB10 was diluted
into 175uL of OPTI-MEM | medium and mixed with 175
uL of OPTI-MEM | medium containing 2.:xg of protamine
sulfate (Sigma-Aldrich) and incubated at room temperature
for 10 min. The protamineplasmid complex was then mixed
with 350uL of OPTI-MEM | medium containing 14L of
lipofectamine 2000 and added to the MEL cultures. When
the medium was chandés 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 AnalysesAt 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 inxX SDS-PAGE
sample buffer [50 mM Tris-HCI (pH 6.7) containing 2%
(w/iv) SDS, 100 mMp-mercaptoethanol, and 10% (w/v)
glycerol], 50 ug of total protein was separated by 13.5%
SDS-PAGE and eletrophoretically transferred to nitrocel-
lulose membranes. The immunoblots were processed as
previously describedl@). The primary mouse monoclonal
anti-5-globin 37-8 or antiy-globin 51-7 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) was used at a dilution of
1:500. The monoclonal anfi-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-
ignal West Pico Chemiluminescent substrate from Pierce
Biotechnology.

Inverted, Nested PCR Analysi&senomic 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 Kpnl or
Pvul and Pacl in final volume of 104, at 37°C overnight.

The products were purified using the QIAquick PCR

two dishes. One K-562 dish was treated with hemin and one purification kit from Qiagen, as Speciﬁed by the manufac-

HuH-7 dish treated with MG132 as described above.

For long-term passage experimentsgd0of plasmid pT2/
IHK 5-gene, pT2/IHK3-genel//elF-SB10, pT2/IHB-gene//

turer. The DNA was eluted in 50L of buffer and ligated
using 1200 units of T4 DNA ligase (Promega, Madison, WI)
in 600 uL of 1x T4 ligase buffer at room temperature for

elF-HSB3 or the reporter plasmid pT2-CAGGS-DsRed2 5-6 h. The ligation products were purified using the
was transfected into K-562 cells. Following a medium change QIAquick PCR purification kit, and the DNA was eluted in
5 h post-transfection, the cells were maintained until 24 h 50 uL of elution buffer. Using 1Q:L of the eluted DNA as
when 20uM hemin was added to induce globin synthesis. a template, the first inverted PCR amplification was per-
At 72 h post-transfection, the cells were passaged by replatingformed in a reaction volume of 2bL with right IR/DR
10% of the cells and harvesting the remaining 90% for primer 1 (RP1) and left IR/DR primer 1 (LP1) (Table 1)
Western blot analysis. The cells were passaged every 3 daysusing Expand Hi-Fidelity polymerase (Roche Molecular
using 10% of the cells for the plating. For the time points Diagnostics, Indianapolis, IN), dNTP, and enzyme concen-
that were analyzed, hemin (20/1) was added 48 h prior to  trations recommended by the manufacturer. Following
the cells being harvested. No antibiotic selection or continu- denaturation for 3 min at 94C, the DNA was amplified for
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21 cycles of 93°C for 30 s, 58°C for 30 s, and 68C for

5 s with a final extension for 7 min at 7ZC. From this
initial PCR mixture, 0.5uL 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 uL, 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 AnalysisThe 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 (0.5g) was treated with RQI
RNase-Free DNase (Promega) in 4D to eliminate any
remaining episomal DNA vectors. After 30 min at 3C,
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-drivgsglobin cDNA
are indicated as CAGGS-F afidglobin-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 EDfor 30 min followed
by denaturation at 94C for 2 min and 33 cycles of 92C
for 30 s, 55°C for 30 s, and 68C for 30 s with a final
extension at 68C for 6 min. For erythroid-specific promot-
ers, the indicate@-globin-F and -B primers were used for
PCR amplification (Table 1). The RT step at 246 for 30
min was followed by denaturation for 2 min at 9€ and
25, 33, or 35 cycles at 92C for 15 s, 55°C for 20 s, and
72 °C for 30 s with a final extension at 72 for 5 min.
These primers spanned the exeneXon 3 junction and thus
ensured that only spliced transcripts were amplified by the
RT-PCR.

For the controp-actin, parallel RT-PCRs were performed
with the g-actin-F and -B primers using a RT step at®5
for 30 min followed by denaturation at 9€ for 2 min and
35 cycles at 94C for 30 s, 55°C for 30 s, and 68C for 45
s with a final extension at 68C for 6 min. For the GAPDH
controls, GAPDH-F and GAPDH-B primers were used and
the reactions were performed using 30 min af@5or RT,
followed by denaturation at 94C for 2 min and 35 cycles
at 94°C for 30 s, 52°C for 20 s, and 72C for 30 s with
final extension at 72C for 5 min. The products from the
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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 0f-Globin from cDNA Drien by the pPCAGGS
Promoter.We initially used either the full-length or subsec-

tions of thep-globin cDNA (<640 bp) to optimize protein

expression and significantly reduce the size of the transgene
in SBTn. The full-length ), 3 untranslated region (UTR)-
deleted g3'A), or 5 and 3 UTR-deleted §CDS) 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 ubiquitousl); we
tested expression of the thr@eglobin 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, DsRed?2,
under control of the CAGGS promotet2) (Figure 1C). In
K-562 cells, both pPCAGG$-and pCAGGS33' A expressed
similar levels in media supplemented with 20 hemin to
induce translation1(9) (Figure 1B, lanes 2 and 4). Interest-
ingly, pPCAGGSACDS exhibited a dramatic decrease in
p-globin levels (Figure 1B, lane 6), suggesting that the 5
UTR of the5-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 detectgblglobin expres-
sion was observed in HuH-7 cells (Figure 1B, lane<l?).

To determine whethef-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 of3-globin transcripts among the different constructs
with or without hemin treatment (1.3% 0.19 vs 1.21+
0.21 units and 3.38 0.37 vs 3.43t+ 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
4+ 0.3-fold (P < 0.001) higher in HuH-7 cells. Taken
together, the data indicated that regulatiof-aflobin protein
expression was occurring at the post-transcriptional level and
the 8 UTR of the transcript was required for efficient
translation in K-562 cells.

B-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 pPCAGGS-

PCRs were separated on a 1.0% agarose gel, stained witl#3'A or pCAGGS-DsRed2 plasmid. Interestingly, the same

ethidium bromide, and visualized with UV light, and digital
images were acquired using a Kodak (Rochester, NY) digital
imaging system.

Densitometry and Statistical Analysighe Western blots

pCAGGS#3 A 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.

and digital gel images were analyzed using ImageJ versionAgain, the difference was independent of transfection ef-
1.37 for OS X calibrated using a Stouffer sensitivity guide ficiency as determined by DsRed2 expression (Figure 2B),
(Stouffer Graphic Arts Equipment Co., South Bend, IN). suggesting post-transcriptional regulatiorfeglobin expres-
Statistical analysis was performed using GraphPad InStatsion in the non-erythroid cell lines.

version 3.5 for OS X (GraphPad Software, San Diego, CA)
for the unpairedt tests or ANOVA and TurkeyKramer

Previous studies have shown thatglobin levels are
regulated, in part, by the ubiquitin pathway in erythroid cells

multiple comparison tests depending on the number of groups(20). We tested whethe#-globin expression is regulated by
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Ficure 1. Expression ofs-globin from cDNA in K-562 and HuH-7 cells. (A) Structure of thfeglobin cDNA expression cassettes.
Abbreviations: CAGGS, cytomegalovirus (CMV) enhancer:chiggexctin promoter; SUTR, 5 untranslated region; CDB;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 pCABGESAGGSH3 A, or pPCAGGSECDS construct and induced

to expresg-globin with hemin (20uM). 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 normalizegdaio 50

protein using3-actin as an internal control. The addition of hemtr) {s indicated for each construct at the top. AbbreviatighspCAGGS-

pB-globin; f3'A, pPCAGGSS3'A; fCDS, pCAGGS3-CDS. (C) Transfection efficiency with pCAGGS-DsRed?2 plasmid in K-562 and HuH-7

cells. The cells were transfected in parallel with fliglobin 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 analysjg-gibbin mRNA levels from pCAGG$, pCAGGSA3I'A, and pCAGGS-

BCDS in the presence or absence of hemin in K-562 (left) and HuH-7 (right) cells. The construct and addition offeimithé 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 pCAGBS-construct reflects the predicted

size due to the deletion of the 51-nucleotidd A R.

the same proteolytic pathway in non-erythroid cells using dance in any of cell lines that were examin&d< 0.001).
MG132, a well-known proteasome inhibita21). Western Taken together, these data demonstrated ghgibbin can
blot analysis indicated th@globin protein levels increased be expressed from its cDNA containing thelBI'R, and its
proportionally with higher concentrations of MG132 (Figure expression in non-erythroid cells is regulated post-transla-
2C, left panel, lanes 5, 6, 9, and 10). At the highest dose, tionally by proteasomal degradation.

the observed decrease in thalobin level (Figure 2C, left Expression off-Globin from a Minimum Gene Construct
panel, lanes 7 and 11) was associated with substantialDriven by IHK and IHBp Hybrid Promoter.Sincef-globin
apoptosis22). Similarly, the amount gf-globin protein also expression driven by the pCAGGS promoter lacks tight
increased in both Daoy and MCF7 cells incubated with erythroid-specific control, we elected to use small enhancer
MG132 (Figure 2C, right panel, lanes 2 and 4). RT-PCR elements (i8 from humaALASZ2intron 8; HS40 from human
analysis of steady-state transcript levels (Figure 2D) con- a-globin LCR) linked to the humaankyrin-1promoter to
firmed that the transcript was present in all cases at levelsdrive S-globin expression itsB Tn. To analyze the relative
greater than or equal to that observed in K-562 cells. In strength of this erythroid-specific IHK promoter, we also
addition, hemin did not significantly affect transcript abun- constructed i8-HS40 linked tg-globin promoter f£p,
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FiGURe 2: Expression ofs-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 pCABB&&-plasmid. The cells transfected with tReglobin construct

were collected 48 h after the addition of hemin (2@), and Western blot analysis was performed as described in Materials and Methods.
p-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-DsRed?2 plasmid. (C) Brglobin 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 pCA=&asmid. Twenty-

four hours post-transfection, the cells were first induced with hemin«{@p 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)3-Globin transcript levels in erythroid and non-erythroid cell lines. Reverse-transcribed PCR analysjtobin

MRNA levels from pCAGG3 A in the presence or absence of hemin. The cell line is indicated at the top-actth 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.

nucleotides—611 to —1) and the HS3 core element from the CAGGS promoter (data not shown). RT-PCR analysis
the SLCR linked toSp to form IH3p and HSBp, respec- indicated that the steady-stgteglobin transcript levels from
tively. However, our preliminary results with pT2-IHK- the IHK promoter had decreased 51#52.4% (P < 0.001)

B3 AllelF-SB10 showed that the level gfglobin protein relative to that of the CAGGS promoter. Singeglobin
expression was dramatically decreased compared to that ofntrons are critical for stabilization and cytoplasmic trans-
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FiGure 3: Expression of;-globin from differentcis pT2-3-globin//elF-SB10 constructs in K-562 cells. (A) StructurecifpT2-promoter-
pB-genel/lelF-SB10 constructs (left) and schematic of the cut-and-paste transposition mechanism us8&bnsh@ght). The obligate SB
transposase is expressed from the transgene located in the vector backbone, external to the IR/DRs flanking thég&neltéErgo.
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, héha$2intron 8 erythroid-specific enhancer
element; HS40, core element @ CR; HS3, core element giLCR; 5p, humans-globin promoter; Ank-1p, humaankyrin-1promoter;

I, I, and Ill, B-globin exons; poly A, rabbit globin poly(A) signal from the pCAGGS vector; IR/DR, transposon inverted repeat/direct
repeat; elF, mouse initiation factor 4A1 promoter; SB3@eping Beautiransposase gene version 10. (B) Western blot (left) and RT-PCR
(right) analysis of-globin protein and transcript levels in K-562 cells transfected with pT2-fHéene//elF-SB10 (lanes 7 and 8), pT2-
IHSp-B-genel/lelF-SB10 (lanes 5 and 6), or pT2-i#383-gene//elF-SB10 (lanes 3 and 4). Lanes 1 and 2 contained nontransfected controls.
Twenty-four hours after transfection, hemin (@2®) was added to inducg-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 th¢g-gene in the construct and additioft)(of hemin to the cultures is shown at the top. Abbreviations: HS3HS3 core

element offLCR and humaif-globin promoter; IH5p, humanALAS2intron 8 erythroid-specific enhancer element, HS40 core element of
oLCR, and humars-globin promoter; IHK, humarALAS2intron 8 erythroid-specific enhancer element, HS40 core element©R, and
humanankyrin-1 promoter.5-Actin and GAPDH served as normalization controls.

location of the mRNA, we amplified the minimupfiglobin promoters can be judged by the levefsaflobin expression.
gene (1.5 kb) from the transcription start site to 61 nucle- We transfected K-562 cells with equal amounts of the three
otides beyond the translational stop codon. This sequencevectors. The Western blot analysis of the cell extracts showed

was cloned downstream of IHK, [#, and HSBp in cis that the IHK hybrid promoter was most efficient in driving

SBTn plasmids (Figure 3A, left). B-globin expression with or without hemin induction (Figure
The -globin transcripts utilize the rabbit globin poly(A) 3B, lanes 7 and 8). Moreover, the amount ®globin

signal from the pCAGGS vector. Since the thoie SBTn produced with hemin was greater than that achieved by the

plasmids are similar in structure and size (8.36, 8.58, and endogenoug-globin gene (Figure 3B, lane 8). The fd
8.61 kb, respectively), the relative activity of the three promoter, using the same enhancer elements as IHK, is less
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Ficure 4: Erythroid-specific expression @gHglobin by the hybrid IHK promoter. (A) Western blot analysis of cell extracts from blood
origin cells, K-562 and Jurkat, transfected with pT2-It#kgene//elF-SB10, induced to exprgsglobin with 20 4M hemin (left), and

from non-erythrocyte HuH-7, MCF7, and HCT116 cells transfected with pT2-fi-ifene//elF-SB10 (lanes2) or pT2-pCAGGS53' A//
elF-SB10 (lane 1) (right). MG132 (M) 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 extragtg)(5@m the collected cells were subjected to
Western blot analysis usiryactin 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 pT2-1BHgene//elF-SB10. Hemin (2@0M) was added to inducg-globin synthesis

in K-562 cells and MG132 (&xM) 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 ofemin (

or MG132 +) to the cultures are indicated at the top.

efficient in driving5-globin expression but still comparable promoter, whereas i8, HS40 enhancer elements are stronger
to the endogenoug-globin (Figure 3B, lanes 5, 6, and 8). than HS3 when combined with thgglobin promoter in
Surprisingly, when the enhancer elements were replaced withK-562 cells.

HS3, the most active region in producing high-level expres- The IHK Promoter Dries Erythroid-Specific Expression
sion of -type globin proteins43), the level of3-globin of B-Globin. To further test the specificity of the IHK
expression decreased dramatically (Figure 3B, lanes 3 andpromoter, we transfected erythroid K-562 and non-erythroid
4). RT-PCR analysis (Figure 3B, right panel) indicated that Jurkat cells, originally derived from a T-cell ymphoma, with
the level of protein expression was determined by the the cis pT2-IHK-3-geneSBTn. The Western blot analysis
transcriptional activity of the promoter. Specifically, the IHK showed efficient expression of th&globin transgene in
promoter produced-3-fold and the I8p promoter 2.3-fold K-562 cells as predicted (Figure 4A, left panel, lanes 3 and
more transcripts than HBB (P < 0.001). In addition, there ~ 4), whereas expression was undetectable in Jurkat cells
was no significant transcriptional activation with the addition (Figure 4A, left panel, lanes 5 and 6). We also transfected
of hemin for any of the promoters. Our data demonstrated other non-erythroid cancer cell lines, including HuH-7,
that theankyrin-1promoter is more active than tifieglobin MCF7, and HCT116, with the sameis SBTn. Unlike
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Ficure 5: Long-term expression gf-globin mediated by SB10 andSB3. Western blot analysis ¢f-globin expression in K-562 cells
transfected with pT2-IHK3-gene//elFHSB3(right) and pT2-IHK#-gene//elF-SB10 or pT2-IHIKG-gene (left). The cells were passaged
every 3 days by plating 10% of cells from the previous passage. HemipM2Qvas 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 analySisctindvas used to normalize
sample loading. The time (days) to harvest after transfection is indicated at the top. Cell extracts from pg-2ibtha (left, lanes +4),
pT2-IHK-5-globin//elF-SB10 transfected cells (left, lanesB), and pT2-IHKB-globin//elIFHSB3(right) are shown. The protein levels
determined by Western blot analysis are shown in the middle, and the additfjasf fiemin to the culture is indicated above the panels.

[-globin expression driven by the CAGGS promoter (Figure located outside the IR/DRs and predicted not to integrate
2A,C; Figure 4A, right panel, lane 1), none of the non- into the genome, no SB10 was detectable 3 days post-
erythroid cell lines produced detectalfleglobin (Figure 4, transfection.

right panel, lanes-27), even with the proteasome inhibitor, Transfection with the pT2-IHK3-gene//elF-HSB3 plasmid
MG132 (Figure 4, right panel, lanes 3, 5, and 7). The parallel containing a hyperactive transposask)(increased the
transfection of each cell line with pT2-CAGGS-DsRed2 sustained level of expression gtglobin (Figure 5, right
exhibited a similar transfection efficiency (data not shown). panel, lanes #10). Even with the improved transposition,
Interestingly, RT-PCR showed that HuH-7 cells transfected HSB3 transposase was undetectable 3 days post-transfection
with pT2-IHK-3-gene//elF-SB10 resulted in higher levels of (Figure 5, right panel, lanes 1 and 2). Although the latter
B-globin transcripts than K-562 cells with or without MG132 steady-state levels were at times lower than those observed
(Figure 4B, bottom panel, lanes 2, 3, 5, and 6), although the 3 days post-transfection, there was no change when normal-
fB-globin protein was undetectable (Figure 4B, top panel, ized to the amount of endogenousylobin produced in the
lanes 5 and 6). Thus, IHK promoter activity in the non- pT2-IHK-Sgene//elF-HSB3 and pT2-IHIRgene//elF-SB10
erythroid cells was regulated post-transcriptionally with the transfected cells. In all cases, hemin induction offgobin
following order of activity: HuH-7> HCT116 > MCF7 protein occurred only if the-globin protein was induced in

(data not shown). parallel. Thes-globin levels produced in the HSB3 and SB10
Long-Term Expression @gkGlobin with SB-Tn Transposi-  cis Tn transfected cells averaged 148512 and 104 10%,

tion in K-562 CellsWe determined the effect &on long- respectively, of the level of endogenougllobin expression.

term stable expression @gkglobin in K-562 cells that are It is worth noting that the average transfection efficiency

capable of differentiating into erythroid cells when induced for K-562 cells using lipofectamine 2000 was286% based

by hemin, pyruvate, or DMSQ24). After transfection with on the number of positive pT2-CAGGS-DsRed?2 cells in
the different SBTn-g-globin gene constructs, cells were parallel transfected cultures (data not shown). The results
passaged every 3 days by plating only 10% of the prior indicate that transposition by HSB3 of the IHkgene Tn
culture. At specific passages, hemin was added to half ofin 25-35% of the cells can produce levels gfglobin

the cultures 48 h before cell harvesting to indygeor comparable to or higher than that observed for the endog-
endogenoug-globin expression. Total protein extracts from enousy-globin gene in 100% of the cells. Furthermore, the
induced and non-induced cells transfected with pT2-IHK- >5 month expression of the integratgeglobin from the
p-genellelF-SB10 or pT2-IHK-gene were analyzed by pT2-IHK-S8-gene suggests that the IR/DR regions of Tn and
Western blotting. The results indicated tifaglobin expres- hybrid IHK promoter do not inhibit cell growth or promote
sion was comparable to that of endogenquglobin 2 silencing of3-gene expression.

months after transfection with thes IHK-3-gene SB10- Identification of SBS-Globin Tn Transposition Sites in
Tn; by 3 months, it had declined t850% of they-globin the Genome of K-562 Cell§tudies aimed at confirming
levels (Figure 5, left panel, lanes-92). In contrast, at 2  that the stable expression ¢-globin in K-562 cells
weeks post-transfection, only a tracefefilobin was detected  transfected withcis pT2-IHK-3-gene//elF-SB10 resulted

in cells transfected with the SB10 transposase-deleted pT2-from SB10-mediated transposition were conducted. Genomic
IHK-3-globin construct (Figure 5, left panel, lane 4). DNA was purified 4 weeks post-transfection and used as
Moreover, because the transposase expression cassette walse template for inverted, nested PCR using primer pairs
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A LP2 LP1 RP1 RP2 To determine the identity of the PCR products, the
<« < | > —> individual bands were excised from the gel, purified, and
IR‘,*DR — K pgene _)lﬂ OR sequenced. Analysis of sequence data from the PCR products

revealed that seven of eight bands from pT2-l1Aiene//
elF-SB10 transfected cells [Figure 6@)] had the canonical
SB insertional footprint consisting of the Tn IR/DR, dupli-
cated TA, and flanking host genomic DNA)( One band
Kpnl [Figure 6B (?)] did not match any sequence in the human
genome or in the nonredundant nucleotide sequence database
2 Qg\? of GenBank (NCBI). In contrast, the three bands from pT2-
é’ KIS IHK-3-gene transfected cells were derived from either
§§ episomal fragments of the plasmid or random integration
P [Figure 6B Q©)]. A total of 20 flanking genomic DNA
M sequences were recovered from two independent transfec-
- tions, and the insertion sites were distributed over 15

genomic DNA

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 transpositiorv( 25).

Determination of the Specificity of the IHBGlobin-Tn
Construct in Adult Erythroid Cells.To determine the
expression pattern of the IHK-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 mediudB)

We examined the specificity of three different promoter
constructs for th@-globin gene in both the proerythroid and
adult erythroid states of the MEL cells (Figure 8). Only the
induced MEL cells expresseg@-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
T2 3 the three different promoters resulted in equivalent levels of
FiGURE 6: SB10-mediate@-globin transposition and identification  the 8-globin transcript in the induced cells (Figure 8, bottom

of the insertion sites in K-562 cells transfected with pT2-1IAK- right panels) and gave a 128 0.06-fold increase over their
gene//elF-SB10 or pT2-1Hif-gene. (A) Schematic design for ré;s epctive Izavels ?n the non-induced cels € 0.001). In
inverted, nested PCR analysis. The genomic DNA samples were p : :

digested by Kpnl and subjected to self-ligation. The ligated products contrast, analysis of the non-induced MEL cells by RT-PCR
were used as a template for the initial inverted PCR amplification indicated a significantly B < 0.001) decreased level of

with the LP1/RP1 primer pair. The second inverted PCR amplifica- transcripts with HS8p. The absolute level off-globin

tion step was performed using an LP2/RP2 internal nested primer ranscript, however, when normalized with GAPDH in the
pair. The consequent PCR products were analyzed by agarose geﬁ ' ’

electrophoresis and visualized by UV light after ethidium bromide npn-induped MEL .Ce”S from the IBp and IHK constructs
staining. (B) Inverted, nested PCR analysis of the genomic DNA did not differ significantly from that of the same promoters
samples purified from K-562 cells 4 weeks post-transfection with in K-562 cells (Figure 3B, right panel), but without detectable

an unrelated plasmid (control), pT2-IHBgene, and pT2-IHKs- protein. Taken together, the data indicated thaglobin

genel//elF-SB10. Amplified PCR bands from either episomal ; s : :
plasmid or random integration are denoted with empty circles and protein expression Is controlled, in part, at the translational

those from canonical SB insertion footprints with filled circles. The |€vel during differentiation. However, the significant up-
question mark indicates the amplified band of unknown identity. regulation in the induced MEL cells suggests that factors
Lane M contained DNA markers with the size of the bands indicated affecting erythroid promoter function also modulgtglobin

in kilobases at the left. gene expression in adult erythroid cells.

derived from the Tn IR/DR region (Figure 6A). PCR DISCUSSION

products analyzed by agarose gel electrophoresis indicated There have been several reports on the success of mini-
that eight distinct amplicons were present with genomic DNA LCRs combined with3-globin promoter in achieving high-
from pT2-IHK-3-genel//elF-SB10 transfected cells (Figure level -globin expression in viral vector-based systems, both
6B). Three PCR bands were also detected when genomicin vitro and in vivo 6, 26). This is in contrast to two decades
DNA from pT2-IHK-3-globin transfected cells was used as of studies indicating thaB-globin can be efficiently ex-
the template. No products were produced with DNA from pressed only from its full-length gen&%). However, even
mock-transfected cells. a 6.5 kbS-globin expression cassette for viral vectors adopted

4.0 kb -
3.0-

2.0-
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Flanking sequences at insertion sites Insertion site
IR/DR(L) -
ACTTCAACTGTACATTCTATTGATTGATTGCTACAAAGTAAACTATCCCA 6q21
ACTTCAACTGTAAAAGAGTATTTTTCATTATTTCCACTAAATATTGAAAG 17q22 =
ACTTCAACTGTATATTCTTACAAGAGCCTTCTGGAGACTGAATACTTTTT 22q12.3
ACTTCAACTGTAGGTGACAAGGACGTCTTAGAGCAATGGACTGTCTGCTC 10p15.3 =
ACTTCAACTGTAAGTGTTGTTGTTAACCTTAAGTTCCATTTAATTATTTG 7q34
ACTTCAACTGTAACTACTGAATGCTTGAAGTGTGGCTACTGTAATGGAGG 4pl4
ACTTCAACTGTATATATTTCATAATATCACAGCTCCCCTCACCTGGGGGA 2pl3
ACTTCAAGTGTATGTAAACTTCCGACTTCAACTGTAAATGGGAGCTAAATA 5q23.1
IR/DR(R
ACTTCAACTGTAAATATGGTACATTTGTCGCAATCAATGAATCAATAATG 1925
ACTTCAACTGTATTTCATAACACTAGTGTGAGGATTAAATAACATAAAAA 3q22.3 =
ACTTCAACTGTACTCTGAATAATCTTCATTTACAGCACTTTTATTAACAG 20q13
ACTTCAACTGTAAATTAATTAAGAGAAGAATTCAGGGAGAAATAGAATGT 6p23  *
ACTTCAACTGTATCTAATCCCCATATCTACTATTGTAAAATTTTITTTCTG Xp22
ACTTCAACTGTAGAAGGTACCCTC ACCTCAGCTACAGCAAGTGAGTCTG 7P11.2 %
ACTTCAACTGTAATTTGTATTGAAATGCTGCAAAAACCTTCATAGCAACAT 15q13.1 =
ACTTCAACTGTATGTGACAGAAAACTTTTATCATAAACATGTTCAAAAAATC 1p35.2
ACTTCAACTGTACCTATCCGACAAAGATCTAATATCCAGAATCTACAAGGA 4pl4
ACTTCAACTGTATGTTTATCAGGGATTTTGGTCTGTAGTTTTCTITTTTTGGTT 6pl4.1
ACTTCAACTGTAGTGCTATAAATTTCCCTCTACACACTGCTTTAAATGTGTC 9q32
ACTTCAACTGTATAATTCCAGCTATTTGGGAGGCTGAGGCAGGAGAATCGC 9q34.12 *

Ficure 7: Identification of the insertion sites in K-562 cells transfected with pT2-|HHene//elF-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.

by theSB-Tn system would result in a significantly reduced synthesis. This minimal reported 1.6 kb CAGBSA
transposition efficiency28). Thus, our study was designed 3-globin cassette was predicted to result in the most efficient
to construct an efficient erythroid-specifcglobin expres- transposition with SBX1).
sion cassette with minimal size for high-level SB delivery ~ Previous studies demonstrated that feCR HS core
and transposition into cells. elements synergize to confer high-level and position-
We initially tested the possibility of using-globin cDNA independent gene expression. Thus, the HS2, HS3, and HS4
(640 bp) to express the protein. Only one previous study core elements have been used frequently as enhancers in
demonstrated the expression @fglobin transcripts in conventional viral vector design. However, the complex role
HEK?293 cells using a plasmid syste28]. Moreover, it has that these regulatory elements play in-@ff switching of
been reported that thg-globin gene introns are critical for  f-like globin gene expression during development suggests
transcript stabilization and cytoplasmic translocation of the they could also silence the transgene based on chromatin
MRNA (30). Our results demonstrated th&globin mMRNA structure. In fact, the humag-globin mini-LCR (HS4-
transcribed from its cDNA by the strong hybrid CAGGS HS3—HS2 core elements) silences promoter expression when
promoter is, in fact, functional in both erythroid and non- viral vector insertion is in a nonpermissive orientati@3)(
erythroid cell lines. In fact, the CAGGS promotet5] while simultaneously inducing transcription in flanking
includes an intron derived from fusion of the first chicken regions of the genome. However, a larger mini-LCR confers
p-actin intron and a second intron from rabbit globin, thus greater stability and stronggrglobin transgene expression
perhaps fulfilling a MRNA processing requirement necessary as the addition of a HS3HS2 flanking region increased
for the accumulation of thg-globin transcript. Our results  activity by 206-300% over HS3-HS2 core elements alone
also demonstrated that the\BTR of the5-globin cDNA is (39).
essential for efficient high-level expression of the protein.  To mitigate the potential side effects from mini-LCR as
This observation is consistent with previous studies on well as minimize the size of the transposon, we constructed
pB-thalassemia, in which a single-base deletion at position and tested IHK, Ii#p, and HSBp as alternative erythroid-
+10 in theB-globin 3 UTR resulted in a translational defect  specific hybrid promotersALAS is a major regulatory
(31). Interestingly, hemin increased tlfieglobin levels in enzyme in erythrocytes and is active at the first step of the
both erythroid K-562 and non-erythroid U87 and HCT116 heme biosynthetic pathwa@%). Thus, we chose the ALAS2
cells. This suggests that even with the additionaU3R intron 8 erythroid-specific enhancer element (i8, 250 bp) so
sequences fromi-actin exon 1, translational activity of the thatS-globin expression from the integrated transgene was
hybrid transcript is regulated by hemin in a manner similar responsive to cellular environmental chang®) (ThealLCR
to that of endogenously producgtglobin transcripts in HS40 core element was selected because it is capable of
erythrocytes32). The expression ¢i-globin protein in HuH- enhancing the activity of a heterologous promoter such as
7, MCF7, and Daoy cells was detected only with the the viral SV40 promoter op-globin promoter in an eryth-
proteasome inhibitor, MG132, suggesting a significant role roid-specific manner37, 38). The minimum 271 bankyrin-1
for post-translational regulation of tissue specificity for globin promoter contains all of the sequences necessary and
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Ficure 8: Expression of the differemtis 5-gene//elF-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 of-globin andj-actin are shown in the top two panels, while the agarose gels of RT-PCR
analysis ofs-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 loadinfctin 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 t@eymectlaed addition

(+) of hemin to the cultures is indicated at the top. The protein and transcript are shown at the right with the predicted sjzglobihe

amplicon given in parentheses. Abbreviations: B83HS3 core element gfLCR and humarg-globin promoter; IH#p, human ALAS2

intron 8 erythroid-specific enhancer element, HS40 core elemeat6R, and humarB-globin promoter; IHK, human ALAS2 intron 8
erythroid-specific enhancer element, HS40 core elementL@fR, and human ankyrin-1 promoter.

sufficient for position-independent, copy number-dependent robustly activated at the transcriptional level and expressed
erythroid-specific expression of a linked transge38).( equivalent steady-state levels of b@tglobin transcript and
However, when i8 and HS40 core elements were linked with protein, suggesting their potential for sustained expression

theankryn-1minimal promoter, transcriptional activity was
greatly increased5j. Our data showed that the level of

following SB transposition.
It was somewhat surprising thai-globin transcripts

B-globin expression driven by the hybrid promoters increased expressed by the constitutive CAGGS promoter engaged the

in the following order in all the cell types that were examined
but adult erythroid cells: IHK> IHSp > HS36p. As the

translational machinery in non-erythroid cells while those
produced by the IHK promoter in the same cells did not.

other regions of the vectors were identical, it indicated that The regulatory role of hemin-induced translation and post-

theankyrin-1minimum promoter is stronger th@hglobin’s,
and the IH enhancer is significantly more powerful than HS3.
Interestingly, the IHK promoter drives synthesisgafjlobin
mMRNA 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 minimaankyrin-1promoter (4) and
are expressed in hepatoma cell§)( Moreover, in transgenic
mice, the minimaknkyrin-1promoter produced low levels
of transcripts in both liver and lun@6). However, despite
the robust mMRNA levels, there was no detectahiglobin

translational mechanisms, such as proteasomal degradation
for erythroid-specific expression of globin, is knowh9(

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 5-globin gene constructs containing ‘aeBhancer
region are 3.54.5 kb in size 84, 41). However, it has been
reported that the'3nhancer is not required for high-level
expression off3-globin from a mini-LCRp-globin gene
construct 80). Thus, we used only 1.54 kb of thieglobin
gene from its canonical transcription start site to 61 nucle-

protein expression in the non-erythroid cells, consistent with otides beyond the translational stop codon utilizing the poly-

previous reports that IHK is erythroid-specific in both cell
culture and in vivo §).

Unlike K-562 cells, 3-globin protein expression was
detected only in DMSO-induced MEL cells, suggesting that

(A) signal from the original CAGG$3'A expression vector.
The size of the entire IHK3-globin transgene is only 3.1
kb, which is the smallest structure reported for sustained
high-level erythroid-specific expression gtglobin. It is

differentiated erythroid cells alone have the necessary factorsworth noting that with viral vector expression systems the

for translation of3-globin transcripts. Moreover, in the adult

function of the-globin promoter absolutely requires the

erythroid cells, each of the three hybrid promoters was SLCR core elements to overcome silencing from both viral
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elements and chromosomal position effects. Our results expression of the transgene by the daughter cells. However,
clearly established that thfkeglobin promoter copes well with  the efficiency for delivering nonviral plasmids into HSCs
nonSLCR enhancer elements in B8 Tn system for stable  or directly into animals is much lower than with engineered
efficient expression gf-globin, suggesting i8 in conjunction  viral vectors. This difficulty was recently reported with the
with HS40 confers position-independent gene expresssion.Sleeping Beautgystem which enabled stable gene transfer

This also suggests that IR/DR regions ®BTn have no in HSCs, albeit with an exceedingly low overall frequency
apparent silencing effect on transgene expression followingand an associated high level of cell dea81)( Various
transposition into the genome (data not shown). strategies, including expression of wild-typeglobin and a

Any DNA element that integrates into the host cell genome S/y globin hybrid g-globin T87Q 62—54), have been
has the potential for insertional mutagenesis. Recent studiesnvestigated as alternatives for gene therapy of SCD to
have shown insertional oncogenesis $BTn (T2/0nc) compensate for low transfection efficiencies of HSCs. These
transgenic mice42, 43). However, this was accomplished alternate globins exhibit a significantly increased affinity for
with a SBTn specifically designed for this purpose carrying a-globin compared to that of the wild-type protein in forming
a splice acceptor/poly(A) signal in both orientations at each functional hemoglobin as well as inhibiting the polymeri-
end flanking the strong MSCV promoter from theléng zation of sickle hemoglobin more effectively than the
terminal repeat of the murine stem cell virus coupled to a S-globin chain itself. On the basis of clinical studies, it has
splice donor. This construct was intended to truncate the been calculated thatglobin gene expression at10—20%
protein expression in both orientations following Tn trans- of the adult3-globin level would significantly reduce the
position into an intronic region of a gene or activate symptoms associated with SCB5]. The long-term efficient
expression of a downstream gene if the integration was expression of$-globin, at levels comparable to that of
intergenic, therefore tripling the mutagenesis potential fol- endogenoug-globin with only~30% transfection efficiency,
lowing genomic insertion. In addition, Arf-/- mice, animals suggests that the use of IHK-driven or 5-globin T87Q-
deficient for the p53 pathway regulator and tumor suppressorexpressing transgenes coupled with optimized ex vivo
p19Arf, or Rosa26-SB10 transgenic mice were required to transfection of HSCs witkhis HSB3expressingsBTn’s may
produce mice carrying tumors. However, the natural occur- provide levels of “normal” hemoglobin sufficient to mitigate
rence of adverse events leading to tumor genesis mediatedhe clinical manifestations of SCD.
by SBTn transposition appears to be very low. A significant
advantage o8Btransposase-mediated genomic insertion over ACKNOWLEDGMENT
vectors derived from viruses is that it shows no substantial
DNA sequence preference for transcribed genomic regions
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