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ABSTRACT: Sleeping Beauty transposon (SB-Tn) has emerged as an important nonviral vector for integrating
transgenes into mammalian genomes. We report here a novel dual fluorescent reporter cis SB-Tn system that
permitted nonselective fluorescent-activated cell sorting for SB-Tn-transduced K562 erythroid cells. Using an
internal ribosome entry site element, the green fluorescent protein (¢GFP) was linked to the SB10 transposase
gene as an indirect marker for the robust expression of SB10 transposase. Flourescence-activated cell sorting
(FACS) by eGFP resulted in significant enrichment (>60%) of cells exhibiting SB-Tn-mediated genomic
insertions and long-term expression of a DsRed transgene. The hybrid erythroid-specific promoter of DsRed
transgene was verified in erythroid or megakaryocyte differentiation of K562 cells. Bisulfite-mediated
genomic analyses identified different DNA methylation patterns between DsRed™ and DsRed ™ cell clones,
suggesting a critical role in transgene expression. Moreover, although the host genomic copy of the promoter
element showed no CpG methylation, the same sequence carried by the transgene was markedly hypermethy-
lated. Additional evidence also suggested a role for histone deacetylation in the regulation of DsRed
transgene. The presence of SB transgene affected the expression of neighboring host genes at distances
>45 kb. Our data suggested that a fluorescent reporter cis SB-Tn system can be used to enrich mammalian
cells harboring SB-mediated transgene insertions. The observed epigenetic changes also demonstrated that
transgenes inserted by SB could be selectively modified by endogenous factors. In addition, long-range
activation of host genes must now be recognized as a potential consequence of an inserted transgene cassette
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containing enhancer elements.

The Sleeping Beauty transposon (SB-Tn)' is a nonviral gene
delivery system based on a Tc¢l/mariner-type transposon, whose
activity was restored by genetic correction of accumulated
mutations (/). SB-mediated transposition utilizes a “cut and
paste” mechanism through SB transposase binding to the
inverted repeats (IRs) of the IR/DRs that flank the DNA
fragment for integration into a genomic TA dinucleotide. Shortly
after its reactivation, the SB-Tn system was successfully applied
to the insertion and expression of transgenes into human cells and
mammalian somatic tissues (/, 2). The SB-Tn is now widely used
as a gene delivery system for human cells and is regarded as a
promising nonviral vector for gene therapy (reviewed in ref 3),
particularly as the efficiency of SB insertion is much higher than
previously reported with antibiotic selection following simple
plasmid DNA delivery (4). Although many significant advances
have been made for the SB-Tn system including numerous
engineered SB transposases (J, 6), a number of issues have been
raised, including the potential impact on expression of adjacent
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host genes, and inactivation of the transgene by epigenetic
modifications such as CpG methylation at the cargo and flanking
sequences (4, 7).

p-Thalassemia and sickle cell disease (SCD) are severe con-
genital anemias that result from deficient or altered synthesis of
the -chain of hemoglobin (8, 9). Although the use of retroviral
vectors as gene delivery tools has been studied extensively,
significant safety issues have yet to be resolved (10). Previously,
we reported long-term stable, efficient, and erythroid-specific
expression of human f-globin, mediated by the SB-Tn system
using a single vector, SB-Tn-IHK--globin, carrying both the Tn
and transposase (//). The hybrid promoter, IHK, is composed of
human erythroid S5-aminolevulinate synthase (eALAS) intron 8
enhancer element (/2), HS-40 core element from the human
oLCR, and human ANKYRINI promoter sequences (/3). A
number of challenges remain including the integration efficiency
of the SB-Tn-IHK-$-globin in hematopoietic stem cells (HSCs),
activity of the IHK promoter expressing 5-globin at critical stages
in hematopoietic differentiation, modification of the inserted
IHK-driven transgene in the transduced cells, and the potential
effect of transgene insertion on the host genome flanking the
insertion loci.

To investigate these issues, we designed and tested a dual SB-Tn
reporter system elF-SB10-IRES-GFP//pT2-IHK-DsRed in K562
erythroid cells using a nonselective fluorescence-activated cell
sorting (FACS) method for identification of SB-Tn-transduced
cells. We used an internal ribosome entry site (IRES) (14, 15) to
link an eGFP reporter to the constitutively expressed proximal SB
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transposase gene external to the Tn IR/DRs. The eGFP provided
a selectable marker for FACS sorting of transfected cells. We
found that initial sorting of cells based on the nontransposable
eGFP marker enriched the cells with the SB insertions > 10-fold.
When cells were individually sorted, >60% of the single clones
expressed DsRed, with ~90% having a single insertion of the
IHK -controlled DsRed. DsRed transgene silencing over time was
correlated with DNA methylation.

Taken together, these results provide important insight into
the SB-Tn system, particularly the advantage of isolating cells
using marker expression that is linked to SB transposase expres-
sion. Moreover, they provide a means to investigate the tissue/
developmental specificity of a transgene promoter following
SB-mediated transposition, in addition to a rational basis for
SB-Tn vector design for ex vivo therapeutic applications, includ-
ing primary CD34" HSCs.

MATERIALS AND METHODS

Dual-Reporter SB  Transposon Vector. pT2/IHK-S-
globin//elF-SB10 was used as a parental structure to build the
pT2/IHK-DsRed//elF-SB10-IRES-GFP (/7). DsRed c¢cDNA
was obtained by PCR from pDsRed-Express (BD Biosciences
Clontech). The f-globin gene was replaced by cDNA of DsRed,
yielding pT2/IHK-DsRed//eIF-SB10. The IRES-GFP element
was amplified from pIRES2-EGFP (BD Biosciences Clontech)
by PCR and was inserted into the pT2/IHK-DsRed //elF-SB10
at the EcoRI site located at the 3’ end of SBI0.

Cell Culture, Transfection, FACS Sorting, and Trans-
duced Cell Clone Isolation. The K562 (ATCC no. CCL-243)
cell line was maintained in RPMI 1640 (Invitrogen) supplemen-
ted with 10% FBS (Omega Scientific), 100 units/mL penicillin,
100 ug/mL streptomycin sulfate, and 0.25 ug/mL amphotericin
B. Lipofectamine 2000 (Invitrogen) was used to transfect the
K562 cell line according to the manufacturer’s instruction. The
cells were sorted using the FACSDiva software and FACS
Calibur (BD Biosciences).

Erythroid or Megakaryocytic Induction. For erythroid
differentiation of K562, 20 uM hemin (Sigma-Aldrich) was used.
Megakaryocytic differentiation was induced by incubation with
50 ng/mL phorbol 12-myristate 13-acetate (PMA; Fisher Scien-
tific). After each induction, the cell clones were harvested for
FACS analysis.

Demethylation and Histone Acetylation of Single
Clones. 5-Aza-2'-deoxycytidine (5-aza; Sigma-Aldrich) at a final
concentration of 1 uM and trichostatin A (TSA; Sigma-Aldrich)
at a final concentration of 250 nM were used for reversing
methylation and histone deacetylation, respectively. Cells (5 x 10°)
were cultured in a six-well plate with 1.5 mL of medium. 5-aza
stock solution was prepared daily as previously described (/6).
Since 5-aza decays after 5 h in solution, we replaced the medium
every 24 h with fresh 1 uM 5-aza-containing medium. A similar
procedure was used for TSA treatment except that 250 nM TSA
was added to each well at each time point.

Western Blot Analyses. Fifty micrograms of total proteins
were separated by 13.5% SDS—PAGE and eletrophoretically
transferred to nitrocellulose membranes. The immunoblots were
processed as previously described (/7). The primary mouse
monoclonal anti-y-globin 51-7 (Santa Cruz Biotechnology) was
used at a dilution of 1:500. The monoclonal anti-f-actin AC-15
(Sigma-Aldrich) was used as a loading control at a dilution of
1:10000. The in-house polyclonal anti-SB transposase antibody
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was used at a dilution of 1:200. The secondary horseradish
peroxidase-conjugated antibody, goat anti-mouse or anti-rabbit,
and the Supersignal West Pico Chemiluminescent substrate were
obtained from Pierce Biotechnology, Inc. (Rockford, IL).

PCR Detection of IHK-DsRed and SB10 CDS (Coding
Sequence) in Single Cell Clones. Genomic DNA was purified
by the DNeasy tissue kit (Qiagen) according to the manufac-
turer’s recommendation. Genomic DNA (0.1 ug) was used as
template, and the PCR amplification was performed in a 25 uL
reaction volume with primers (forward, YGAGAACGTCA-
TCACCGAGTTCAY, and backward, YCAGGCGCTCGGT-
GGAGGCCT?') designed specifically for DsRed, using the
Expand Hi-Fidelity PCR system (Roche Molecular Diagnostics).
Following 2 min denaturation at 94 °C, the DNA was amplified
for 26 cycles of 94 °C for 30's, 57 °C for 30 s, and 72 °C for 30 s
with a final extension for 7 min at 72 °C. The HS3 element
(648 bp) in the S-globin locus control region was used as a control
for DNA input and amplified using primers (forward, S ACTG-
AGCTCAGAAGAGTCAAZY; reverse, AATAACCCTATG-
AGATAGAC?Y) by the same thermal cycles as used with DsRed
except that the annealing temperature was 52 °C.

The SB10 transposase gene was detected using 120 ng of DNA
(~2 x 10* copies of human diploid genome) isolated from the
single cell clones as template with primers SBF, 5¥GGACCA-
CGCAGCCGTCATAC3, and SBR, YCCTGTTTCCTCCAG-
CATCTTCAC3'. These were used to amplify a 136-bp region of
the SB transposase gene with an initial denaturation step at 95 °C
for 7 min and subsequent 32 cycles of 95 °C 20 s, 58 °C 20 s, and
72 °C 25 s with the Expand Hi-Fidelity PCR system.

Ligation-Mediated PCR for the Identification of Genomic
Integration Sites. Genomic DNA (1 ug) from cell clones was
digested with either Sspl or EcoRV and purified by the QIAquick
PCR purification kit (Qiagen). The DNA was ligated using 1200
units of T4 DNA ligase (Promega) in a volume of 300 L at room
temperature for 5—6 h. The ligation products were purified by the
QIAquick PCR purification kit, and the DNA was eluted in
25 uL of elution buffer. Using 10 uL of the eluted DNA as template,
the first inverted PCR was performed in a 25 uL reaction volume
with RP1 (5YCTGGGATTAAATGTCAGGAATTGTG?') and
LP1 (YGTGTCATGCACAAGTAGATGTCC3Y') primers using
the Expand Hi-Fidelity PCR system. Following 3 min of denatura-
tion at 94 °C, the DNA was amplified for 21 cycles of 93 °C for 30s,
58 °C for 30 s, and 68 °C for 50 s with a final extension for 7 min at
72 °C. From this initial PCR reaction, 0.5 L was removed to serve
as the template for a second PCR reaction using nested primers
RP2 (YGTGAGTTTAAATGTATTTGGCTAAG?') and LP2
(YACTGACTTGCCAAAACTATTGTTTGY) in 50 uL. The
PCR was performed for 40 cycles using the same cycle para-
meters. PCR products were excised from 1% agarose gel, purified
by the QIAquick gel extraction kit (QIAGEN), and sequenced
directly by the RP2 or LP2 primer.

Flow Cytometry and FACS Analysis. CD235a-FITC, CD41-
APC, FITC-mouse IgG isotype control, and APC-mouse IgG
isotype control were purchased from BD Biosciences, Pharmingen.
The cells were analyzed by FACS Calibur, and the signal of DsRed
was shown in the FL-2 channel, CD235a-FITC in FL-1, and
CD41 in channel FL-4. Flowjo software was used to analyze the
FACS data.

CpG Methylation Analysis. Bisulfite-mediated genomic
sequencing was performed as described previously (7, 17, 18)
on DNA isolated from clones by phenol/chloroform extraction
and ethanol precipitation (/9). PCR primers were designed on the
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basis of sequences converted by Methprimer (20). Bisulfite PCR
primers for SB-THK-DsRed Tn were ¥ GGAGGAGGTGTTT-
TTGTAATTTG? (forward) and YCTTCACCTTATAAATA-
AAACAACCY (reverse). For the endogenous host chromosomal
ANKYRINI promoter, primers were Y ATAAGTAGAAGA-
GGAGATGTTTTG3Y (forward) and YAAAATATACAAAA-
CTACTCTTACTCY (reverse). PCR amplification used 7 min at
94 °C followed by 37 cycles (20 sat 94 °C, 20 s at 55 °C, and 45 s at
72 °C) with final extension of 5 min at 72 °C. PCR products were
purified by the QIAquick gel extraction kit (QIAGEN) and
cloned into pGEM-T Easy vectors (Promega). Bisulfite PCR
plasmid clones were isolated and sequenced using SP6 upstream
primers. Combined bisulfite restriction analysis (COBRA) (21)
was performed with the PCR products.

Statistical Analyses. ANOVA and Bonferroni’s multiple
comparison tests for percent DsRed positive cells were performed
using InStat version 3.1 (GraphPad Software). The methylation
data analysis used paired ¢ tests based on the number of
methylated CpGs at every CpG position between the groups of
cell clones. P values were calculated using two-tailed tests in
Microsoft Excel. Values of P < 0.05 were considered significant.

RESULTS

Highly Efficient Selection of K562 Cells Harboring
SB-IHK-DsRed Transposon. In order to evaluate an alternative
approach for transducing cells with cis SB-Tn, we designed a cis
SB-Tn dual reporter system, in which a fluorescent reporter gene,
DsRed, driven by an erythroid-specific promoter, was placed
between the two IR/DRs for transposition. Another reporter
gene, GFP expressed by the ubiquitous mouse initiation factor
gene (elF) promoter, was linked to the SB10 transposase gene by
an IRES element (14, 15) (Figure 1A). Thus, the expression of
GFP indirectly indicates transposase expression as shown in the
fluorescence images of K562 cells 2 days posttransfection expres-
sing DsRed (left) as well as GFP (right) (Figure 1B). FACS
analysis of the transiently transfected cells (Figure 1C, top panel)
indicated that most of the DsRed™ cells were GFP-positive
whereas about 65% GFP-positive cells were DsRed negative.

Approximately 3 x 10° cells positive for GFP were acquired by
FACS, and passaged for tracking DsRed and GFP expression by
FACS over an 8-week period (Figure 1C, lower panel). In the
GFP-sorted group, DsRed-positive cells were ~44% at 1 week
and remained relatively high at about 28% over 8 weeks in
culture. The number of GFP-positive cells was dramatically
decreased to ~5% after 2 weeks, suggesting the SB10-IRES-
GFP element was episomal and gradually degraded or excluded
from cells. In contrast to the GFP-sorted population, the
DsRed/GFP-positive population was significantly reduced
(P < 0.001), from 5.7% at 48 h to 1.5% at 1 week (Figure 1C,
lower middle panel) in cells transfected with the same SB
construct but not sorted for GFP expression at 48 h. The
enormous difference (P < 0.001) in DsRed expression between
GFP-sorted and nonsorted groups at all later time points is
strong evidence that GFP sorting successfully enriched SB-Tn
transduced cells and resulted in long-term expression of the
transgene.

Table 1 summarizes the DsRed expression levels in the single
clones established from those collected either manually or by
FACS sorting (with respect to GFP expression). Surprisingly, the
percentage of established clones showing DsRed expression
above control was 61% and 77% in manually selected and
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machine-collected clones, respectively, which was significantly
higher (P < 0.001) than ~29% observed from GFP-sorted cells
at 8 weeks (Figure 1C, lower panel, right column). Tables 2 and 3
show the ratio of DsRed-positive cells for each clone at 2 months
after the initiation of individual cell clone cultures.

IHK-DsRed Expression Was Not Proportional to the
Insertion Number but Was Likely Affected by Chromosomal
Loci in the Host Genome. We used semiquantitative genomic
PCR to determine the copy number of the inserted SB transpo-
sons in each cell clone. Genomic DNA from each cell clone was
subjected to PCR using primers specific to DsRed or host
genomic HS3, an internal element in the -globin locus control
region as the autosomal 2-allele endogenous control for copy
number comparison. Clones 20, 22, and 32 produced significantly
stronger signals for DsRed than their respective HS3 control,
suggesting more than two copies of the SB-Tns had been inserted
into the genome (Figure 2A). This was confirmed by inverted-
nested PCR, which revealed that clone 22 had three insertions
(Figure 2B). However, the proportions of DsRed-positive cells in
the three clones harboring more than two copies of IHK-DsRed
transgene were surprisingly low at 4.46%, 0.37%, and 0.14%,
respectively. This suggests that expression of DsRed was not
simply determined by copy number, but rather the chromosomal
environment at the insertion loci may play an important role in
regulating the DsRed expression.

We selected 10 clones with either negative or low DsRed
expression and 13 clones with robust expression of DsRed and
conducted inverted-nested PCR to determine the insertion loci
(Figure 2B). According to the SB insertion database as well as
our previous findings, SB-mediated transgene insertion into the
mammalian genome has a random distribution with a slight
tendency for the TA-rich region (22). In this study using SB10-
IRES-GFP//pT2-IHK-DsRed, 62.5% insertions were intergenic
whereas 37.5% were intragenic, all of which were located in the
introns of genes. This ratio of inter/intragenic insertion is quite
similar to the previous report of 39% intragenic insertions of SB
in human cells, but there were no insertions into exon sequences
disrupting host genes. While the expression of transgenes inserted
into an intron can be dependent only on the strength of their own
promoters (23), the local host gene can also modulate their
expression depending on the transcription activity of the local
gene. Thus, cell clones with negative or low expression of
DsRed could have intronic insertions into transcriptionally
inactive host genes while clones with active DsRed expression
were shown to have at least one intergenic insertion except clone
MS14. However, intergenic insertion did not always lead to
high-level expression of the transgene as exemplified by clones
31, 34, and 35, nor was intronic insertion always associated with
low-level expression as illustrated by clone MS14 (Figure 2,
Tables 2 and 3).

Erythroid-Specific Expression of DsRed by the IHK
Promoter in Response to Drug-Induced Erythroid or Mega-
karyocyte Differentiation. Human K562 cells can be induced
to erythroid (24—26) or megakaryocyte differentiation (27—30)
by a variety of agents. To test the IHK promoter activity,
we chose typical K562 single clones harboring SB-IHK-
DsRed, representing low, intermediate, and high levels of DsRed
expression (Figure 3A), and monitored DsRed expression fol-
lowing induction of either erythroid or megakaryocytic differ-
entiation. When examined under normal culture condi-
tions, clones 14, 18, 49, MS10, MS27, and MS28 were positive
for the erythroid marker, CD235a (glycophorin A) (31)
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FiGure 1: Dual reporter Sleeping Beauty transposon system designed for FACS enrichment of K562 cells with DsRed transgene expression.
(A) Schematic of the dual fluorescent cis SB-Tn plasmid showing the erythroid-specific IHK hybrid promoter consisting of two small enhancer
elements, i8 from the human 4L A4S2intron 8 and HS40 from the human a-globin locus control region, linked to the human A NKYRIN-1 promoter
for the red fluorescent protein, DsRed. On the vector backbone external to the SB-Tn’s IR/DRs, the ubiquitous eukaryotic initiation factor 4A1
(eIF) drives a dual expression cassette of SB10 transposase followed by an internal ribosome entry site (IRES) and enhanced green fluorescent
protein (GFP) that was utilized in the selection of the transiently transfected cells by fluorescent activated cell sorting (FACS). (B) Fluorescence
images 2 days after transfection with the elF-SB10-IRES-GFP//pT2-IHK-DsRed showed K562 cells expressing DsRed (left) and GFP (right),
respectively, and both (middle) with different shades of yellow color when merged. (C) FACS analysis of the transiently transfected cells at 2 days
posttransfection (top panel) using GFP selection. The 3 x 10* GFP™ cells selected by FACS were cultured, passaged under normal conditions, and
subjected to FACS analysis for tracking DsRed and GFP expression at 1, 2, 4, and 8 weeks postsorting (lower panels). The culture time in weeks
after initial selection for GFP is shown on the right side, and the identity of the cells analyzed is indicated at the top of the FACS panels.

(Figure 3B, top panel). Even though clone 49 has a small CD235a-positive cells, suggesting erythroid specificity of the
portion of CD235a-negative cells, DsRed was expressed only in IHK promoter.
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When erythroid differentiation was induced by treatment with
hemin for 3 days, the DsRed-positive populations were increased
in clones 14, 18, and 49 (Figure 3B, bottom panel). The increase
of DsRed-positive cells occurred in the fraction of cells that
transitioned to the CD235a-positive area upon hemin induction
(upper right area, Figure 3B, bottom panel). Clones MSI10,
MS27, and MS28, however, did not respond to hemin treatment,
which may have been due to spontaneous erythroid differentia-
tion without induction as indicated by relatively high proportion
of DsRed-positive, CD235a-positive cells prior to treatment
(Figure 3B, top panel). Since hemin modulates the interactions
of the transcription factors NF-E2, Oct-1, and GATA-1, leading
to the selective activation of y-globin (32, 33), we investigated
expression of y-globin by Western blot analysis after hemin
treatment exhibiting the predicted induction of y-globin
(Figure 3C). In the parallel immunoblot using anti-SB10 antibody,

Table 1: Percentage of GFP' Selected Single Cell Clones Expressing
DsRed at 2 Months

method of clone isolation

hand picked machine sorted
total no. 196 96
survived 26% (51)¢ 41% (40)
DsRed™" 61% (31)° 77% (31)

“Number of single cell clones derived from the total number isolated.
“Number of DsRed-positive clones from the single cell clones established.
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none of the clones expressed detectable SB10 (Figure 3C), suggest-
ing that the SB10-IRES-eGFP cassette outside IR/DR-flanked
IHK-DsRed had been eliminated from the cells. This
loss of SB10-IRES-eGFP element was confirmed by genomic
PCR that indicated no detectable presence of the SBI(0-coding
sequences in most of the clones tested (data not shown).

The erythroid specificity of the IHK promoter was further
tested by megakaryocytic differentiation of clones 1, 14, 18, 23,
and 49 by PMA treatment, in which CD41 (platelet membrane
glycoprotein IIb-1T1a) was used as a marker for cells of mega-
karyocytic lineage (34, 35). We monitored the change of DsRed ™,
CD235a", and CD41" population by FACS analysis before and
after induction (Figure 4). In contrast to hemin, FACS analysis
showed that expression of the IHK promoter-driven DsRed
transgene declined after 2 days of PMA treatment, suggesting
that IHK promoter activity is decreased in response to mega-
karyocytic differentiation (Figure 4A, lower panel). In fact, the
flow cytometry plot of CD235a versus CD41 confirmed that the
number of CD235a™ cells had also dropped (Figure 4B, lower
panel, upper left). In clone 49, however, ~14% of the cells were
DsRed*/CD417" (Figure 4A, lower panel, right end, upper left)
after PMA induction. Overlaying the CD235a signal from this
clone with the parental K562 CD235a isotype staining control
(CD235a negative control), they still expressed CD235a, suggest-
ing that this DsRed”/CD41% population originated from
DsRed"/CD235a" and that expression of CD235a persisted
following induction of CD41 during megakaryocytic differentia-
tion (Figure 4C).

Table 2: Percentage of DsRed " Cells in Clones Selected Manually at 2 Months”

clone ID DsRed (%) clone ID DsRed (%) clone ID DsRed (%) clone ID DsRed (%) clone ID DsRed (%)
1 82.7 11 0.05 21 0.51 31 4.10 41 75.5
2 2.66 12 0.06 22 0.37 32 0.14 42 1.27
3 0.63 13 0.35 23 8.36 33 0.17 43 2.44
4 0.36 14 59.1 24 2.14 34 0.15 44 14.4
5 0.11 15 11.7 25 8.91 35 0.11 45 7.89
6 0.16 16 0.11 26 no data 36 0.15 46 59.6
7 2.37 17 1.30 27 2.73 37 0.23 47 0.84
8 84.8 18 14.2 28 0.36 38 2.03 48 0.32
9 0.21 19 0.19 29 0.33 39 1.67 49 67.0
10 0.19 20 4.46 30 1.21 40 10.3 50 0.23
51 74.3
control 0.11

“Percentage of DsRed ™ cells in the single cell clones was determined by FACS analysis. The clones highlighted in boldface were considered negative as their

values were not significantly above K562.

Table 3: Percentage of DsRed ™ Cells in Machine-Sorted Clones at 2 Months”

clone ID DsRed (%) clone ID DsRed (%) clone ID DsRed (%) clone ID DsRed (%)

1 10.0 11 0.04 21 0.15 31 0.13

2 37.1 12 0.10 22 84.3 32 72.2

3 30.4 13 67.5 23 70.7 33 5.41

4 0.61 14 97.6 24 98.4 34 3.01

5 11.1 15 58.0 25 68.1 35 no data

6 99.6 16 62.5 26 0.42 36 0.81

7 99.8 17 61.2 27 39.2 37 2.62

8 0.40 18 98.1 28 66.1 38 7.69

9 0.18 19 1.43 29 1.57 39 80.5

10 15.5 20 86.0 30 324 40 18.1
control 0.18

“Percentage of DsRed ™ cells in the single cell clones was determined by FACS analysis. The clones highlighted in boldface were considered negative as their

values were not significantly above K562.
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FIGURE 2: Genomic copy number and chromosomal location of SB-IHK-DsRed insertions in individual K562 clones. (A) Genomic DNA
isolated from single-cell clones was used as template for PCR using primers specific for DsRed and for the endogenous genomic HS3.
(B) Determination of the SB-Tn insertion sites in cell clones. Using ligation-mediated nested PCR of the isolated genomic DNA, the insertion sites
of the SB-THK-DsRed were amplified and sequenced. NCBI BLAST analysis of the recovered flanking sequences was used to determine the
genomic insertion sites in the K 562 clones. The proportion of DsRed™ cells in each individual clone was determined by FACS analysis. Number of
insertion loci identified by ligation-mediated PCR corresponded with the number estimated by semiquantitative PCR in (A). MS prefix represents
cell clones isolated by FACS machine whereas other cell clones were isolated manually.

Long-Term Stable Expression of DsRed in the Single
Clones. To observe the long-term expression of IHK-DsRed in
single clones, we selected three clones with relatively robust
expression of DsRed and passaged them under normal condition.
At 1 and 6 months after clone selection, FACS analysis for
DsRed was conducted (Figure 5A). DsRed-positive cells exhib-
ited moderate reductions in clones 14 and 41 from 59% to 50%
and from 81.8% to 68.1%, respectively, while the DsRed ™" ratio
inclone 51 decreased dramatically from 74.3% to 5.39%. We also
found minor modulations of DsRed expression ranging from
10% to 30% in other clones on long-term culture (data not
shown). Taken together, these data imply that persistent long-
term expression from the IHK promoter can be maintained in
human erythroid cells.

To investigate the potential mechanism for such an extreme
change in DsRed expression in clone 51, we derived 31 new
subclones from clone 51. Among them, a highly DsRed-positive
subclone 51-9 was compared by flow cytometry with a subclone
51-11 that had predominately silenced the expression of DsRed
(Figure 5B). Similar to the parental K562 control, subclone
51-9 was 98% positive for CD235a while clone 51-11 had lost
the CD235a marker in 24% of the population (Figure 5B).

This indicated that a significant proportion of subclone 51-11 had
differentiated from the original clone 51, leading to altered
phenotypes related to expression of both DsRed and erythroid
markers. To test the possibility that the decrease in DsRed
expression was due to the loss or genomic rearrangement of
the inserted IHK-DsRed-Tn, we conducted inverted-nest PCR
analysis (Figure 5C). Both subclones exhibited the identical “a”
and “b” bands as the parental clone 51 and by direct sequencing
revealed the same insertion site loci in 51-9 and 51-11 as the
parental clone, suggesting no further transposition/movement of
the inserted Tns. As the “self-ligations” of genomic DNA for the
inverted-nested PCR are random events, the multiple bands in
subclone 51-9 other than “a” and “b” most likely resulted from
nonspecific PCR amplification of ligated products.

This possibility is supported by the presence of the predicted
PCR products from the original insertion loci in subclone 51-9
which should have disappeared if the nonspecific bands were
derived from genomic rearrangements/hopping of the Tns from
their initial insertion sites. Moreover, we used PCR to detect any
potential SB10 transposase gene integration into the host genome
by random insertion mechanisms and, if expressed, could mobi-
lize the genomic inserted SB Tns. Of the seven cell clones
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FIGURE 3: The IHK promoter directs erythroid-specific expression of DsRed. SB-THK-DsRed single clones, representing low, medium, and high
levels of cells expressing DsRed were used to track the modulation of DsRed expression, following treatment to induce erythroid differentiation.
(A) Fluorescent microscopy of clones 14, 49, MS27, and MS28 showing the DsRed expression prior to treatment. (B) Flow cytometry of the cell
clones with DsRed (vertical axis) and erythroid specific marker, CD235a (horizontal axis), under normal culture conditions (upper panels) or
under hemin treatment for 3 days to induce erythroid differentiation (lower panels). At the far left is the parental K562 cells stained with mouse
isotype antibody-FITC as a negative control, while the individual clones are identified above the FACS panels. (C) Western blot analysis of the cell
clones against SB10, y-globin, and -actin control. The clone ID number as well as presence or absence of hemin treatment is indicated above the

lanes.

subjected to PCR analyses, only one cell clone, MS14, exhibited a
randomly inserted SB10 transposase gene. All of the other clones
including 51-9 and 51-11 showed no SB10 transposase gene by
semiquantitative genomic PCR (data not shown). In addition, all
of the cell clones tested by immunoblot analyses demonstrated no
detectable SB10 transposase after the establishment of single
clones (Figure 3C). Thus, the loss of DsRed expression in
subclone 51-11 during long-term culture did not originate from
major genetic rearrangement of the inserted SB-Tns.
IHK-DsRed Expression Was Regulated by DNA
Methylation and Histone Acetylation. In order to determine
whether the silencing of THK-DsRed in cell clones was due to

epigenetic mechanisms such as CpG methylation and/or histone
deacetylation (reviewed in ref 36), we treated subclones 51-9 and
51-11 with 5-aza-2'-deoxycytidine (5-aza), an inhibitor of DNA
methyltransferases (Figure 6A, left panel), or with trichostatin A
(TSA), which blocks histone deacetylation (Figure 6A, right
panel) (16, 37). By day 6 of 5-aza treatment, the percentage of
cells expressing DsRed increased substantially in 51-9 and 51-11
(Figure 6A, left panel, 6B middle column), indicating expression
of THK-DsRed was suppressed by DNA methylation in a
considerable proportion of both subclones. TSA treatment also
led to an increase of DsRed expression in 51-9 and 51-11
(Figure 6A, right panel, 6B, right column) as predicted due to
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(Figure 2A). M, DNA ladder.

the linkage between CpG methylation and histone deacetyla-
tion in transcriptional repression (38). Reactivation of DsRed
expression occurred in more cells following 6 days of 5-aza
treatment than with TSA treatment, suggesting that DNA
methylation may be the primary mechanism for the repression

of IHK-DsRed, followed by supplementary histone deacety-
lation (39).

To confirm and further characterize the DNA methylation of
the transposed IHK-DsRed, bisulfite-mediated genomic analyses
were performed with cell clones exhibiting various levels of
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and the percentage of DsRed™ cells is indicated in the upper left of each plot.

DsRed expression. PCR products amplified using IHK-DsRed
specific primers from bisulfite-treated genomic DNA were sub-
jected to COBRA analyses using the restriction endonuclease
Tagl, in which the CpG of its recognition site (TCGA) must be
methylated for cleavage to occur (2/). Nearly complete Tagl
digestion of the bisulfite-PCR products indicated heavy CpG
methylation of IHK-DsRed in 51-11 (0.5-1.9% DsRed™) and
clone 34 (0.15% DsRed ™), while no detectable cleavage in clones
MS7 (99.8% DsRed™) and MS14 (97.6% DsRed™) implied a
lack of CpG methylation of the same region (Figure 7A). Clone
519 (24—61% DsRed") demonstrated an intermediate level of
Tagl cleavage, suggesting heterogeneous CpG methylation of the
IHK-DsRed Tns in the cell population. These data support a
strong negative correlation between the level of DNA methylation

at IHK-DsRed and the percentage of cells in the population
expressing DsRed determined by FACS analysis.

PCR products from the bisulfite-treated DNA were cloned and
sequenced to establish the precise CpG methylation profile
(Figure 7B,C). Overall, DNA methylation patterns were consis-
tent with the Tagl-COBRA analyses, revealing the highest level of
CpG methylation at IHK-DsRed in 51-11 (0.5—1.9% DsRed™)
and clone 34 (0.15% DsRed ). As predicted from an intermediate
level of cleavage by Tagl, the bisulfite-mediated sequencing data
corroborated heterogeneity of DNA methylation at IHK-DsRed
in 51-9 (24—61% DsRed™), while clones MS7 (99.8% DsRed ™)
and MS14 (97.6% DsRed™) were unmethylated (Figure 7B), in
agreement with COBRA analysis. Differences in CpG methyla-
tion status between the clones were more pronounced in the
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CpG methylation at this region was also verified in the cell clone MS14 (data not shown).

DsRed-coding region than in the THK promoter with the DsRed-
negative clones, 51-11 and 34, exhibiting dense CpG methylation
in the distal portion of the DsRed CDS. Taken together, these
data suggest that methylation in the DsRed CDS plays a key role
in regulating its expression as well as in the potential for this
region to trigger methylation-dependent silencing. When every
CpG is compared between DsRed ™ (MS7 and MS14) and DsRed ™
(51-11 and 34) groups, the difference in the level of methylation was
highly significant in the DsRed CDS (p = 2.09 x 10~'%) as well as
in the ANK'YRINI promoter (p = 2.42 x 10™°). Similar statistical
analyses of subclones 51-11 and 51-9 also revealed a significant
difference (p = 1.77 x 10~”) when the promoter region and DsRed
CDS were combined.

The endogenous genomic copies of the ANKYRINI promoter
were completely devoid of CpG methylation in all of the clones
analyzed (Figure 7C) despite the significant level of CpG
methylation at the identical human ANKYRINI promoter
sequences within the transposed THK-DsRed (Figure 7B). This
data suggested that there is a mechanism(s) that can specifically
discriminate and methylate CpGs in identical DNA sequences
depending on whether they are native or foreign to the host
genome.

Perturbation in Expression of Host Genes Neighboring
the SB-Tn Insertions. The IR/DRs and their adjacent regions

in SB-Tn have been reported to function as mild cis-acting
regulatory elements for the expression of nearby genes, although
the effect is significantly weaker than that observed with
the retroviral long terminal repeat (40, 41). Furthermore, the
enhancer element of cargo transgene cassette could also affect the
expression of host genes located close to the SBinsertion (4/). To
investigate potential effects of SB-IHK-DsRed insertion on the
expression of flanking host genes, we selected clones 8, 16, MS39,
and 41, in which SB insertions are relatively close to neighboring
host genes: RGS 13, 45 kb downstream of SB-Tn insertion in
clone 8; XM_001128367.1 (hypothetical gene), 13.5 kb down-
stream of SB-Tn insertion in clone 16; SNCAIP, 84 kb down-
stream of SB-Tn insertion in clone MS39; and XP_001717916.1
(hypothetical protein), 4 kb downstream of SB-Tn insertion in
clone 41.

Semiquantitative RT-PCR analyses of the neighboring genes
using total RNA purified from each clones were compared with
RT-PCR analysis of control K562. The transcripts from
XM_001128367.1 and XP_001717916.1 in clones 16 and 41,
respectively, were not affected by the SB insertion relative to the
K562 control (Figure 8A,B). The PRKGQ gene, which has an SB
insertion 1n its first intron, was also unaffected in clone 16. In
contrast, the presence of additional RT-PCR products in clones §
and MS39 indicated transcriptional activation of SNCAIP and
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FiGure 8: Effect of SB-IHK-DsRed insertion on the expression of
adjacent endogenous host genes. (A) Total RNA purified from K562
control cells was used as template for RT-PCR with primer sets
correspondent to RGS13, XM_001128367.1, PRKGQ, SNCAIP,
and XP_001717916.1, respectively. The RT-PCR products were
subjected to agarose gel electrophoresis. (B) Total RNA was purified
from cell clones 8, 16, MS39, and 41, and used as templates for RT-
PCR of the closest downstream host genes: RGS13 for clone &;
XM_001128367.1 and PRKGQ for clone 16; SNCAIP for clone
MS39; and XP_001717916.1 for clone 41. XM_001128367.1 and
XP_001717916.1 are abbreviated as xm112 and xp171, respectively.
(C) The control RT-PCR of GAPDH was carried out to verify equal
amount of template for each sample.

RGS13 loci (Figure 8A,B). Since SNCAIP and RGS13 genes are
84 and 45 kb away from the insertion sites in clones MS39 and §,
respectively, their upregulation is most likely attributable to
enhancer elements in the IHK promoter, i8 or HS40. Additional
RT-PCR analysis of clone MS39 indicated that SNX2, the
adjacent downstream gene from SNCAIP, exhibited the same
transcript level as in K562 control cells (data not shown). Taken
together, a transgene cassette harboring enhancer elements could
potentially activate neighboring host genes at long-range depend-
ing on its insertion loci, while the perturbation of SB-Tn inser-
tion on expression of neighboring genes will not jump over the
intervening gene.

DISCUSSION

In this study, we developed and tested a novel dual fluorescent
reporter cis SB-Tn system to select cell clones that expressed an
IHK-driven DsRed transgene. By applying this system to a
human erythroid K562 cell line coupled with FACS-mediated
enrichment of transiently transfected cells via the constitutively
expressed GFP, we achieved 61—77% successful transposition
and long-term expression of IHK-DsRed. We characterized the
involvement of epigenetic modifications such as CpG methylation
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and histone deacetylation in the regulation of the THK-driven
DsRed after genomic insertion of the transgene. In the clones
analyzed, transcriptional activation of host genes located at
relatively distant regions from the SB insertions (>45 kb) was
observed, possibly due to enhancer elements present in the IHK-
DsRed transgene carried by the SB-Tn. The same IHK-DsRed
SB-Tn did not perturb transcription of close host neighboring
genes (< 13.5 kb) nor the PRKGQ gene in which the SB insertion
site was located in the first intron.

The unique design of the cis eIF-SB10-IRES-GFP//pT2-IHK-
DsRed vector is a significant improvement over SB-Tn systems
containing a single fluorescent reporter gene in the SB-Tn
itself (4). As the expression of GFP was tightly linked via an
IRES to the constitutively expressed SB10 transposase that
mediates the insertion of the SB-Tn, we were able to enrich
transfected cells that were actively expressing the transposase,
which definitely enhanced the probability of transgene insertion
into the host genome. Although we used DsRed, replacement
with a therapeutic transgene would enable the elF-SB10-IRES-
GFP//pT2-system to be readily applied for therapeutic gene
delivery. Moreover, the high frequency of successful transposi-
tion events resulting in persistent long-term expression was
achieved using the original SB10 version of the transposase.
Thus, incorporation of recently developed hyperactive SB trans-
posase genes (42—45) may further enhance the efficiency of
transposition using the cis IRES-linked fluorescent reporter
SB-Tn vector.

Even with the high level of transposition events, the number
of SB-Tn insertions in this study was generally 1 or 2, but never
more than 3 (a single case, clone 22) (Figure 2B). In contrast,
despite dependence on gene transfer efficiency, up to nine
retroviral vectors on average could be inserted into the genome
of a single K562 cell (46). The smaller number of transgene
insertions mediated by this cis SB-Tn system is advantageous
over retroviral vector systems in that it could reduce the risk of
insertional mutagenesis. Moreover, no insertions were detected
within exons disrupting normal host genes, although we have
not extensively determined the possible influence of intron
insertions of SB-Tn on the host gene expression except
PRKGQ. Finally, alterations in expression of the transgene over
time in clones with multiple insertions did not result from
remobilization of the IHK-DsRed from its original insertion
site. Quantitative genomic PCR to detect the SBI0 trans-
posase gene showed no detectable SB10 transposase in the host
genome of subclones 51-9 and 51-11. The results are consistent
with long-term stable expression of transgenes in both induced
pluripotent and cord blood-derived CD34" stem cells (47, 48).

Slight modifications in the expression of some host genes
flanking the SB insertions were detected in this study. This
transactivation of the host gene seems to be mediated by
enhancer elements, such as i8 or HS40, carried in the SB-IHK-
DsRed, since endogenous host genes located relatively far from
the insertion (84 and 45 kb) were affected. In particular, HS40
has been shown to act as an enhancer element over ~40 kb
distance (49). This type of long-range transactivation was pre-
viously reported with respect to the insertion of viral LTRs
(50, 51). The long-range enhancer activity of i8 and HS40 in the
context of SB-Tn insertion should be investigated in a more
comprehensive manner, as it is possible that the distal versus
proximal effect observed is due to erythroid-responsive DNA
sequences in the gene promoters. Introduction of insulator
elements such as cHS4 (52) flanking the transgene should prevent
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transactivation of host genes by transgenic enhancer elements.
In addition, balancing the promoter/enhancer properties of a
transgene should ensure the robust expression of the transgene
as well as minimize the potential activation of nearby host
genes (53).

In the clones derived, expression of DsRed did not appear to
be dependent merely on copy number or if the insertion site
was either intronic or intergenic. However, we observed a
negative correlation between the expression of THK-DsRed
and its CpG methylation consistent with numerous reports
linking DNA methylation and consequent silencing of foreign
DNA element(s) inserted in the mammalian host genome
(reviewed in refs 54 and 55). High levels of CpG methylation
were observed in cell clones 51-11 and 34, where most cells
silenced DsRed expression, whereas clones MS7 and MS14
(>97% DsRed™) were almost free of transgene methylation.
The level of methylation was greatest in the CpG-rich area of the
DsRed CDS in all the clones analyzed, suggesting that this
sequence, which is both nonmammalian and CpG-rich, could
play a role in the recognition and nucleation of DNA methylation
machinery at the SB-IHK-DsRed (56).

The DNA methylation of exogenous DNA elements is con-
sidered to be a host defense mechanism against the potential
harmful activity of such DNA elements in mammalian cells (57).
The host endogenous genomic copy of ANKYRINI promoter
was actually free of CpG methylation, which concurs with a
previous report of the complete lack of DNA methylation at the
endogenous copy of ROSA26 sequence despite the heavy methy-
lation in the exogenous counterpart in mice (7). However, the
Agouti transgene derived from the mouse Agouti gene revealed a
negligible level of CpG methylation in the mouse genome when
introduced and inserted by the SB transposon system (58). It
should be noted that transgene silencing could be mediated by
mechanisms other than CpG methylation as shown in a recent
report (59). Thus, more extensive studies are required to identify
the precise sequence elements most susceptible/responsible for
triggering DNA methylation or other epigenetic modifications.

The heterogeneity of the expression and DNA methylation
demonstrated in 51-9 might have originated from the fact that the
subclone actually had two insertions of the SB-Tn at two
different chromosomal loci (human chromosomes 2 and 9).
The local epigenetic status of those two loci could be quite
different from each other, presumably affecting CpG methyla-
tion and expression of the inserted THK-DsRed. Bisulfite-
mediated sequencing with primers that encompass the neighbor-
ing host genomic region as well as the DsRed cDNA would be
able to discriminate the two insertions from each other, whereas
long-range PCR with bisulfite-treated genomic DNA represents
a significant technical challenge. The differences in expression
and methylation of DsRed between 51-9 and 51-11 suggest that
unknown stochastic processes could make notable molecular and
phenotypic changes even in the population of a single cell clone
(clone 51) when passaged through long-term culture. This could
be compensated for by sorting cells with the desired phenotype
immediately prior to use.

The potential to deliver a wild-type S-globin gene expression
cassette to autologous hematopoietic stem cells presents a highly
attractive alternative to the management and/or resolution of
disorders such as f-thalassemia, sickle cell disease, severe com-
bined immune deficiency (SCID), and other congenital immuno-
deficiencies (8). Using nucleofection, over 50% of CD34% cells
can be transduced with SB-Tns (60). However, the survival rate
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and engraftment in an animal is still problematic, most likely due
to cytotoxicity and unknown side effects of the ex vivo process as
well as epigenetic suppression of transgene expression illustrated
in the present study. Although the dual fluorescent reporter
system may require optimization for other cell types by replacing
the promoter driving DsRed, use of the ubiquitous mouse elF
promoter for transposase expression, and the broad range of
transposase levels that provide equivalent amounts of transposi-
tion in the cis configuration (67) illustrate the utility of applica-
tion of this vector system in multiple cell types.

In conclusion, an SB-Tn system (eIF-SB10-IRES-GFP//pT2-
IHK-DsRed) was designed and tested for the enrichment of
transfected human cells according to the expression of the SB
transposase and a linked GFP reporter. The initial screening
based on the GFP expression greatly enriched the cells that had
SB-mediated insertions of DsRed transgene, with up to 60% of
the GFP™ cells resulting in DsRed™ cell clones with long-term
expression maintained in the majority of the cell clones. These
findings indicate that this enrichment system could greatly
enhance the efficiency of obtaining genetically modified cells
with the SB transposon system, defining mechanism(s) by which
modulation of transgene expression occurs in different cell types
to enhance long-term persistent expression.
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