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Abstract Human mesenchymal stromal cell (hMSC)
is a potential target for cell and gene therapy-based
approaches against a variety of different diseases.
Whilst cationic lipofection has been widely experi-
mented, the Nucleofector technology is a relatively
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new non-viral transfection method designed for
primary cells and hard-to-transfect cell lines. Herein,
we compared the efficiency and viability of nucleo-
fection with cationic lipofection, and used the more
efficient transfection method, nucleofection, to deliver
a construct of minimalistic, immunologically defined
gene expression encoding the erythropoietin (MIDGE-
EPO) into hMSC. MIDGE construct is relatively safer
than the viral and plasmid expression systems as the
detrimental eukaryotic and prokaryotic gene and
sequences have been eliminated. Using a plasmid
encoding the luciferase gene, we demonstrated a high
transfection efficiency using the U-23 (21.79 £+
1.09%) and C-17 (5.62 £ 1.09%) pulsing program in
nucleofection. The cell viabilities were (44.93 +
10.10)% and (21.93 £ 5.72)%, respectively 24 h
post-nucleofection. On the other hand, lipofection
treatment only yielded less than 0.6% efficiencies
despite showing higher viabilities. Nucleofection did
not affect hMSC renewability, immunophenotype and
differentiation potentials. Subsequently, we nucleo-
fected MIDGE-EPO using the U-23 pulsing program
into hMSC. The results showed that, despite a low
nucleofection efficiency with this construct, the EPO
protein was stably expressed in the nucleofected cells
up to 55 days when determined by ELISA or immu-
nocytochemical staining. In conclusion, nucleofection
is an efficient non-viral transfection approach for
hMSC, which when used in conjunction with a
MIDGE construct, could result in extended and stable
transgene expression in hMSC.
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Introduction

Mesenchymal stromal cell (MSC) is an attractive
source of adult stem cells for therapeutic applications
in the clinics (Parekkadan and Milwid 2010). Genetic
modifications of MSC with therapeutic genes make
them more effective for therapeutic use (Reiser et al.
2005). These cells have been manipulated for the
delivery of various genes including cytotoxic T
lymphocyte antigen-imunoglobulin (CTLA-Ig), factor
VIII, interleukin-2 and tumor necrosis factor apoptosis
ligand (TRAIL) to treat graft versus host disease
(GvHD), hemophilia A, glioma and glioblastoma,
respectively (Deng et al. 2003; Doering 2008; Na-
kamura et al. 2004; Sasportas et al. 2009; Van Damme
et al. 2003).

The most commonly used systems to deliver DNA
into primary cells are viral-based techniques. Adeno-
virus, retrovirus and lentivirus are probably the most
effective gene transfer vehicles that can provide high
transduction efficiency, integration into the host cell
genome, and high levels of expression (Chan et al.
2006). However, viral approaches are complicated by
immune responses, insertional mutagenesis and cell
specificity of transgene delivery (Chen et al. 2008;
Donahue et al. 1992; Thomas et al. 2003; Vorburger
and Hunt 2002). To circumvent biological detriments,
many chemical and physical techniques have also
been used to increase the uptake efficiency and
expression of naked DNA.

It has now been well established that coating DNA
with DEAE-dextran allows DNA to penetrate the cell
membrane. Calcium phosphate and liposomes have
later been found to be able to import DNA into cells
with better efficiency and lower toxicity (Bonetta
2005). Commonly used transfection method employ-
ing physical techniques such as microinjection, ‘gene
gun’ transfer and electroporation, can be very tedious
and require highly skilled workers, and the procedures
often cause high cell toxicity (Heller et al. 2000; Lim
et al. 2010; Zhang 2007).

Derived from liposomes, the cationic-liposomes
contain a mixture of cationic and neutral lipids
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organized into lipid bilayer structures. Transfection
complex formation is based on the interaction of the
positively charged liposome with the negatively
charged phosphate groups of the nucleic acid. The
uptake of the liposome-DNA complexes may be
mediated by endocytosis (Maruyama 2005; Ross and
Hui 1999). The Nucleofector technology is a relatively
new non-viral transfection method especially designed
for primary cells and hard-to-transfect cell lines.
Nucleofection combines electrical parameters and
cell-type-specific solutions to drive plasmid DNA,
oligonucleotides, or siRNA directly into the cell
nucleus (Bruenker 2006; Lenz et al. 2003; Nakashima
et al. 2005). To date, there are few reports on the
comparison of the transfection efficiency and cell
viability of MSC following transfection using nucle-
ofection and lipofection.

The current study aimed to evaluate the efficiency
and viability of cells following two non-viral gene
delivery methods, i.e. nucleofection and cationic
lipofection using Lipofectamine 2000 to deliver a
transgene into adult human MSC (hMSC). Since
nucleofection showed high efficiency, it was then used
to deliver the erythropoietin (EPO) gene via the novel
minimalistic, immunologically defined gene expres-
sion (MIDGE) construct. The protocol developed was
also tested against interference with renewability,
immunophenotype properties and differentiation
potentials of the nucleofected MSC.

Materials and methods
Source of bone marrow MSC

Four samples of hMSC were isolated from the bone
marrow aspirate of patients with non-malignant blood
disorder in Universiti Kebangsaan Malaysia (UKM)
Medical Center after informed consent and using a
protocol approved by the UKM Research Committee
and Ethics Committee. One human MSC sample was
also purchased from Cambrex Bio Science Walkers-
ville, Inc. (Walkersville, MD, USA) and used in our
study.

Isolation and culture of bone marrow MSC

Five mL of bone marrow aspirate was layered on
top of 3 mL Ficoll-Paque (Amersham Biosciences;
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Uppsala, Sweden) and centrifuged at 400 g for
30 min. The mononuclear cells (MNC) in the interface
(density gradient 1.077 g/L) were extracted and
washed twice with culture medium by centrifugation
at 200 g for 10 min. The pelleted cells were then
suspended in Dulbecco’s Modified Eagle Medium
(DMEM) (Gibco-Invitrogen; Grand Island, NY, USA)
and the viability of cells was assessed by using a
haematocytometer after trypan blue staining. The cells
were then seeded at a density of 1 x 107 cells in a
25 cm? plastic flask containing DMEM supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin
and streptomycin antibiotics (Gibco-Invitrogen). The
flask was then incubated in 5% CO, and monitored
daily. Once the cells reached confluency, they were
detached by 1 mL of 0.25% trypsin-EDTA (Gibco-
Invitrogen) and replated again into new flasks at the
similar cell density. Characterization of DMEM-
derived adherent cells was performed by using cells
from the third and fourth passages after 4-5 weeks
from the initial culture (Choong et al. 2007; Mok et al.
2003; Wong et al. 2008).

Immunophenotyping of hMSC

To detect surface antigens, aliquots of DMEM culture-
derived adherent cells were washed twice with phos-
phate-buffered saline (PBS) (Gibco-Invitrogen) pH
7.2 after detachment with 0.25% trypsin—EDTA. The
cells were then diluted with PBS and incubated with
fluorescein isothiocyanate (FITC) or phycoerythrin
(PE)-conjugated monoclonal antibodies for 20 min.
The antibodies used were CD13, CD29, CD34, CD44,
CD45, CD56, CD73, CD90, CD105, CD138, CD147
and CD166, all purchased from Becton—Dickinson
(Ontario, Canada). After incubation, the cells were
rediluted with PBS and subjected to flow cytometric
analysis. Sample preparation for immunophenotyping
was performed according to the procedure recom-
mended by Becton-Dickinson. The CellQuest soft-
ware and FacsCalibur (Becton-Dickinson) were used
for flow cytometric analysis.

Plasmids used for delivering gene into hMSC

pRL-CMYV plasmid encoding the Renilla luciferase
gene (Promega; Madison, USA) was used to study the
transfection efficiency and cell viability of nucleofec-
tion and cationic lipofection treatment. pmaxGFP

plasmid encoding the green fluorescent protein (GFP)
(Amaxa GmbH; Cologne, Germany) was used for the
selection of transfected cells by limiting dilution and
fluorescence microscopy, and for construction of
MIDGE encoding the GFP (MIDGE-GFP).

Cell transfection using Lipofectamine 2000

Transfection with Lipofectamine 2000 was performed
following the manufacturer’s guidelines (Gibco-Invit-
rogen). In brief, cells were plated in opaque 96-well
microplates (Nunc A/S; Roskilde, Denmark) at a cell
density of 10,000 cells per well and were allowed to
grow overnight to achieve 80% confluency. Transfec-
tion complexes, consisting of 0.2 ug pRL-CMV
plasmid DNA and different volumes of the Lipofect-
amine reagent, were added to the wells in serum-free
medium to produce different ratios of plasmid DNA to
Lipofectamine reagent (wt/vol). After 4 h, the media
were discarded and to each well 100 pL of complete
medium containing 10% FBS and 1% antibiotics in
DMEM was added. Cells were analyzed 24 h after
lipofection for transfection efficiency and viability.
For each transfection complex ratio, a replicate of
three wells was carried out.

Nucleofection

Nucleofection of the hMSC was done by using the
Human MSC Nucleofector Kit and the Nucleofector
(Amaxa GmbH). Prior to nucleofection, a petri-dish
culture containing 1 mL of DMEM was incubated in
the CO, incubator at 37 °C. Early passages of MSC
(P3 to P5) were trypsinized and neutralized with
DMEM supplemented with 10% FBS. The cell
number was then counted. An aliquot of 5 x 10° cells
was transferred into an eppendorf tube and centrifuged
at 200 g for 10 min. The pellet was then supplemented
with 100 pL nucleofector solution and 2 pg pRL-
CMYV plasmid DNA. The mixture was resuspended
slowly, transferred into a cuvette and inserted into the
Nucleofector. For nucleofection, the program C-17 or
U-23 was chosen. After nucleofection, the mixture in
the cuvette was supplemented with 500 uL. DMEM
and transferred gently into a prepared petri dish. The
culture was incubated in a CO, incubator at 37 °C and
monitored daily. For a no-DNA control, distilled water
was used to replace the expression vector systems. A
no-transfection control was also carried out by not
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pulsing the cells. Cells were analyzed 24 h post-
nucleofection for transfection efficiency and viability.

Analysis of transfection efficiency and cell
viability based on luminescence activity

Viviren Live Cell Substrates (Promega; Madison,
USA) was suspended in dimethylsulfoxide (Amer-
sham Pharmacia Biotech) to a concentration of
60 mM. To determine the lipofection efficiency,
1 pL suspended Viviren Live Cell Substrates was
added directly to each well containing cells to achieve
a concentration of 60 pM in the supernatant. Two
minutes later, the luminescence was measured using a
BioTek Synergy 2 SL Microplate Reader and Gen 5
software (BioTek Instruments Inc; Winooski, VT,
USA). For cell viability, 100 pL constituted CellTiter
Glo (Promega) was then added to each well of the
microplate. The plate was shaken for 2 min on an
orbital shaker and incubated in the dark for 10 min
before measurement of luminescence activities.

For the analysis of nucleofection efficiency, the
nucleofected cells were trypsinized with 300 pL
0.25% trypsin—-EDTA and washed with DMEM by
centrifuging the cells at 200 g for 10 min. The
supernatant was discarded and the cell pellet was
diluted to 10,000 cells per 100 pL. complete medium.
Aliquots of 100 pL of the diluted cells were seeded
into a 96-well opaque microplate and transfection
efficiency and cell viability were determined as
described above for lipofection.

Renewability and phenotyping following
nucleofection

Following nucleofection, a single cell was seeded into
each well of a 96-well microplate by limiting dilution
and under a fluorescence microscope. The single cells
were then cultured and expanded before they were
tested for positivity for immunocytochemical markers
and for their capability to differentiate into adipocytes
and osteoblasts.

The transfected cells were analyzed in situ for
CD90 and CD105 (BD Biosciences Pharmingen; San
Diego, CA, USA) surface markers. Cells were fixed in
methanol at 4 °C for 30 min before subjected to
immunocytochemical staining using the LSAB+
System-Horseradish Peroxidase (HRP) Kit. The stain-
ing was performed according to the manufacturer’s
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guidelines (Dako Cytomation; Glostrup, Denmark).
For the detection of EPO protein in the transfected
cells, an anti-EPO antibody (Santa Cruz Biotechnol-
ogy, Inc; CA, USA) was used.

Induced differentiation into adipocytes

To induce adipogenesis, an adipogenic induction
medium was prepared with DMEM supplemented
with 1 pM dexamethasone, 0.2 mM indomethacin,
0.01 mg/mL insulin, 0.5 mM 3-isobutyl-1-methyl-
xanthine (Sigma Aldrich; St. Louis, Missouri, USA),
10% FBS and 1% antibiotics. MSC was plated at a
density of 4.0 x 10* cells per cm? of plastic culture
flasks and incubated in a humidified atmosphere at
37 °C with 5% CO,. After 80-90% confluency was
achieved to provide cell-cell interaction, an adipo-
genic induction medium was added to the cells and the
induction medium was changed every 3 days for
2-3 weeks. Oil Red O (Sigma Aldrich) was used as a
histological stain to visualize the presence of lipid
droplets.

Induced differentiation into osteoblasts

To induce osteogenesis, an osteogenic induction
medium was prepared by supplementing DMEM with
10% FBS, 50 pg/mL ascorbate-2-phosphate, 10 mM
p-glycerophosphate, 100 nM dexamethasone (Sigma
Aldrich) and 1% antibiotics. MSC were plated at a
density of 2.4 x 10" cells per cm® of plastic culture
flasks and incubated in the osteogenic induction
medium in a humidified atmosphere at 37 °C with
5% CO,. The medium was changed every 3 days for
2-3 weeks. Alizarin Red S (Sigma Aldrich) was used
to stain matrix mineralization associated with
osteoblasts.

Nucleofection with MIDGE construct carrying
the EPO or GFP gene

Construction of MIDGE-EPO and MIDGE-GFP

First-strand cDNA was synthesized using a fetal liver
total RNA preparation (Cell Applications, Inc.; San
Diego, CA, USA) as the template and oligo-(dT) as the
primer. Reverse transcription was performed using
the SuperScript III RNase H-Reverse Transcriptase
(Invitrogen). The polymerase chain reaction (PCR)
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amplification was carried out using this first-strand
c¢DNA and an upstream oligonucleotide containing a
BamHI restriction site (underlined) (5'-GCGGATCC
ACCATGGGGGTGCACGAATGTCCTGCC-3’) and
a downstream primer containing a Sacl site (under-
lined) (5-GCGAGCTCTCATCTGTCCCCTGTCCT
GCAGGC-3') targeted at the 5'- and 3’-ends of the
erythropoietin (EPO) gene. PCR was performed for 30
cycles of amplification (94 °C, 15 s; 58 °C, 45 s; and
72 °C, 30 s) using a LA Taq PCR mixture (Takara Bio
Inc; Otsu, Shiga, Japan) and this was followed by a
final extension of PCR product at 72 °C for 10 min.

pMCV1.2 plasmid DNA was obtained from Mol-
ogen (Berlin, Germany) as a source plasmid for
synthesis of the MIDGE vectors. The full-length EPO
gene was cloned into the plasmid via the BamHI and
Sacl restriction sites. The pMCV-EPO construct was
then cleaved with Esp3I (Fermentas; Vilnius, Lithu-
ania) to produce a linear double-stranded DNA
molecule consisting solely of the expression cassette.
Both ends of the expression cassette were then ligated
with an oligonucleotide hairpin structure to produce an
end-protected MIDGE recombinant containing the
EPO gene (MIDGE-EPO). The sequence of the
hairpin used at the 5’- and 3'- ends of the expression
cassette were GCGTCTTTTGACGCAGGG and AG-
GGCGCAGTTTTCTGCG (Sigma Proligo; Biopolis
Way, Helios, Singapore), respectively. Meanwhile,
MIDGE-GFP was constructed using pmaxGFP plas-
mid which was restricted with Esp3I and then ligated
with the same oligonucleotide hairpins as used for the
MIDGE-EPO construction. The two MIDGE con-
structs were then purified with GeneJet DNA purifi-
cation kit (Fermentas; Vilnius, Lithuania).

Determination of EPO Expression by ELISA

All the supernatants from the nucleofected and non-
nucleofected cells were collected on every 5 days and
changed with DMEM supplemented 10% FBS and 1%
antibiotics. The collected supernatant was centrifuged
at 200 g for 10 min to exclude dead cells that might
affect the EPO expression as determined by Human
Erythropoietin ELISA Immunoassay Kit (Stem Cell
Technologies; Vancouver, Canada). A duplicate of
wells containing 50 pL of supernatant from each test
sample was performed and the average values of light
absorbance at 450 nm were calculated. A correction
wavelength of 650 nm was used to correct for optical

imperfections. The corrected optical density (OD) was
then subtracted with the corrected OD obtained from a
background control containing culture medium only.
The values of OD were used to determine the EPO
expression from a standard curve prepared according
to the procedures recommended by the manufacturer
of the kit.

Flow cytometric analysis of GFP reporter gene

Cells nucleofected with vector pmaxGFP plasmid or
linearised MIDGE-GFP were trypsinized with 0.25%
Trypsin—-EDTA and washed with PBS pH 7.2 (Gibco-
Invitrogen). Approximately 10,000 cells were ali-
quoted into a Falcon tube and 10 pL. 7-amino actino-
mycin D (Becton-Dickinson) was added. The cells
were incubated for 20 min before they were washed
with PBS and subjected to flow cytometric analysis
using CellQuest software and FacsCalibur (Becton—
Dickinson).

Statistical analysis

Results are expressed as mean £+ S.E.M. The results
were analyzed with Student’s 7, one-way ANOVA or
Kruskal-Wallis test, as appropriate. Two-sided P val-
ues less than 0.05 were considered statistically
significant.

Results

Isolation and identification of mesenchymal
stromal cells from human bone marrow aspirates

hMSCs were successfully expanded in culture from
the bone marrow of all four donors. The MNCs
extracted from the bone marrow samples showed a
viability of more than 99%. When cultured in the
plastic flask, the cells adhered to form fibroblast-like
cells (Fig. 1A). These cells propagated rapidly and
when cells at passage 3 were immunophenotyped, they
showed abundant expression of CD13, CD29, CD44,
CD73, CD90, CD105, CD147 and CD166. However,
the cells did not show the expression of CD34, CD45,
CD56 and CD138 indicating the absence of contam-
inating hematopoietic cells (Fig. 1B). When incubated
in specific culture conditions, the fibroblast-like cells
were capable of being induced to differentiate into
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Fig. 1 Culture of hMSC derived from bone marrow MNC.
A The adherent cells were fibroblast-like and they showed a high
proliferative rate in culture (50X). B Representative flow
cytometric analysis of cultured hMSC. Filled purple histograms
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adipocytes, chondrocytes and osteoblasts as assayed
by Oil Red O, Alcian Blue-PAS and Alizarin Red S
stain, respectively. Furthermore, transcripts of genes
specific for adipogenesis, chondrogenesis and osteo-
genesis were also detected by RT-PCR (as were shown
in our previous paper) (Mok et al. 2008a).

Nucleofection showed higher efficiency
without cellular impairment and phenotypic
changes

Different non-viral transfection methods have been
developed for gene delivery into mammalian cells
(Patil et al. 2005). An ideal gene delivery method
needs to meet three major criterias: (1) it should
protect the transgene against degradation by nucleases
in intercellular matrices, (2) it should be able to
mobilize the transgene across the plasma membrane
and into the nucleus of target cells, and (3) it should
have no detrimental effects (Gao et al. 2007). The
transfection yield and toxicity of these methods vary
for different cell types. Thus, we compared the
efficiency and cell viability of hMSC after lipofection
or nucleofection.

For this purpose, a pRL-CMYV plasmid encoding the
luciferase reporter gene was used for transfection in
hMSC. The amount of expressed luciferase gene in the
hMSC was determined by measuring the lumines-
cence activity of viable cells following addition of
Viviren Live Cell Substrates. Living cells are meta-
bolically active and produce adenosine triphosphate
(ATP). Addition of CellTiter Glo would result in cell
lysis and generation of a luminescent signal propor-
tional to the amount of ATP present. Thus, transfec-
tion efficiency was determined by normalizing the
luminescence activity of the luciferase reporter gene
with the luminescence activity exhibited by the viable
cells.

Our results showed that nucleofection with the
pRL-CMV plasmid using U-23 and C-17 pulsing
programs yielded viabilities of (21.93 £ 5.72)% and
(44.93 £ 10.10)%, respectively, both P = 0.035,
assayed 24 h after nucleofection. The nucleofection
efficiencies of both programs were (21.79 + 1.09)%
and (5.62 £ 1.09)%, respectively, both P = 0.068.
Transfection of 0.2 pg plasmid DNA complexed with
Lipofectamine 2000 at a ratio of 1:1 (w/v) yielded a
higher viability of (60.64 £ 5.18)% and efficiency of
(0.19 £ 0.08)%. Increasing Lipofectamine 2000 to

achieve a complex ratio of 1:6 reduced the cell
viability to (43.79 £ 8.5)% and resulted only in an
insignificant increase in efficiency to (0.56 £ 0.14)%
(Fig. 2). When the amount of plasmid DNA was
increased to 0.4 pg or 0.8 pg in lipofection, there was
not much improvement in the efficiency (data not
shown).

Since nucleofection using U-23 pulsing program
yielded the higher nucleofection efficiency, we next
determined the effect of this program on renewability,
immunophenotype properties and differentiation
potentials of the nucleofected cells. hMSC was
nucleofected with pmaxGFP plasmid DNA and single
cells were isolated by limiting dilution into a 96-well
microplate. The single cells adhered and showed green
fluorescence 24 h post-nucleofection (Fig. 3A). After
5 days, the single cells divided and the daughter cells
also expressed the green fluorescence (Fig. 3B). A
week later, the cells formed a small colony (Fig. 3C).
The cells were expanded and tested for differentiation
capabilities. The results showed that after 2 weeks of
incubation in an adipogenic induction medium, the
cells showed lipid accumulation indicating differen-
tiation into adipocytes (Fig. 3D). The morphological
observation by phase contrast microscopy showed that
the lipid droplets increased in size and numbers during
incubation with adipogenic induction medium and no
appearance of apoptotic bodies. The cells were also
stained positively with Alizarin Red S after 2-3 weeks
of incubation in an osteogenic induction medium
indicating differentiation into osteogenic lineage
(Fig. 3E). The control for non-induced cells showed
negative staining to Alizarin Red S (Fig. 3F). The
expanded cells also showed positive staining to
immunocytochemical markers of CD90 and CD105
(Fig. 3G, H). A negative control for immunocyto-
chemical staining was shown in Fig. 31

MIDGE-EPO resulted in extended and stable EPO
expression in hMSC despite low nucleofection
efficiency

Our initial results prompted us to transfect hMSC
using the Nucleofector technology to induce the
expression of the EPO gene carried in a MIDGE
construct. MIDGE consists solely of the expression
cassette, capped with hairpin structures at the ends for
protection against exonuclease degradation. The
expression cassette includes CMV immediate-early
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Fig. 2 Transfection efficiency and cell viability following
nucleofection (NF) and lipofection (LF) treatment. Two
nucleofection pulsing programs, C-17 and U-23, were used to
nucleofect 2 pg of pRL-CMV plasmid DNA into 5 x 10° cells.
Efficiency and viability of nucleofection were compared with
lipofection using different ratios of 0.2 pg of pRL-CMV
plasmid to volumes of Lipofectamine 2000 (1:1 to 1:6) in
10,000 cells. The percentage of cell viability (grey bar) was

enhancer promoter region providing strong constitu-
tive expression. The construct of MIDGE has been
described previously (Mok et al. 2008b).

The MIDGE-EPO was next nucleofected into
hMSC using U-23 pulsing program. The EPO protein
level in the supernatant collected from cells nucleo-
fected with MIDGE-EPO was determined by ELISA
and compared with that of cells nucleofected with the
corresponding pMCV-EPO plasmid DNA. It was
observed that the EPO expression reached the highest
level of (12.98 £ 5.26) U/mL in the first 5 days
following nucleofection with the plasmid and
(1.70 £ 1.30) U/mL with the MIDGE construct. The
protein level in the supernatant on day 10, however,
dropped sharply to (3.17 &£ 1.34) U/mL and
(1.20 £ 1.41) U/mL in both cells transfected with
the plasmid and the MIDGE construct, respectively.
The EPO level expressed by the plasmid-nucleofected
cells continued to drop on day 15 and 35 to a level of
(581.5 £ 577.6) mU/mL and (13.5 %+ 13.5) mU/mL,
respectively. However, in the supernatant of cells
transfected with MIDGE-EPO, EPO protein was
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Lipofection

determined by normalizing the luminescence activity of cells
following transfection with plated cells (no transfection control)
using CellTiter Glo. Efficiency (dark bar) was calculated by
normalizing the luminescence activity of the luciferase reporter
gene as measured by the Viviren Live Cell Substrates with
luminescence activity exhibited by the viable cells and plated
cell (no transfection control)

found to be consistently expressed. The EPO protein
level was maintained at (0.41 £ 0.32) U/mL to
(0.80 = 1.37) U/mL from day 15 to day 50. There
was no significant difference in the mean level of EPO
expression in the MIDGE-nucleofected cells on dif-
ferent days of measurement (Fig. 4).

The cells nucleofected with MIDGE-EPO were
also immunocytochemically stained for EPO protein.
The staining of hMSC without nucleofection is shown
in Fig. SA. EPO staining on cells nucleofected with
MIDGE-EPO following 24 h of nucleofection is
shown in Fig. 5B. Most of the cells were stained
intensely for the EPO protein. The nucleofected cells
were found to be positively stained (as indicated by
arrow) even after 3 months of nucleofection (Fig. 5C, D).
The results obtained were consistent with the result of
protein expression determined by ELISA.

To confirm that the plasmid had a better transfec-
tion efficiency than the MIDGE construct in hMSC,
we nucleofected both constructs encoding the GFP
reporter gene and analyzed the expression by flow
cytometry 24 h post-nucleofection. The MIDGE
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Fig. 3 Renewability, immunophenotype and differentiation of
hMSC upon nucleofection. A hMSC nucleofected with plasmid
encoding GFP was serially diluted to obtain a single cell. B A
GFP-expressing cell divided after 5 days and C formation of a
colony. D GFP-expressing cells showed lipid accumulation
following adipogenic induction. E Expanded cells were stained

construct resulted in a very low yield of GFP-positive
hMSC (4.05 £ 0.82)% when nucleofected with U-23
pulsing program. Nucleofection using U-23 or C-17
program to deliver the corresponding GFP-encoded
plasmid showed yields of (66.98 £ 3.84)% and
(39.12 £ 6.99)%, respectively. There was a signifi-
cant difference (P < 0.001) in the percentage of cells
expressing GFP in MIDGE compared with plasmid
nucleofection using U-23 program (Fig. 6A). The
mean GFP expression in viable nucleofected cells is
shown in Fig. 6B. There was a significant difference
(P < 0.001) in GFP expression in MIDGE-nucleo-
fected cells compared with plasmid-nucleofected cells
using the U-23 pulsing program (29.63 + 2.04 MFI
vs. 1,169.82 + 140.92 MFI).

Discussion
Mesenchymal stromal cells are useful in delivering

therapeutic protein to specific tissues as they can
migrate to tumor or injury sites (Khakoo et al. 2006;

positively with Alizarin Red S following osteogenic induction.
F The control for non-induced cells showing negative staining
with Alizarin Red S. The expanded cells also showed positive
result to immunocytochemical markers of G CDI105 and
H CD90. I Negative control for immunocytochemical staining

Kidd et al. 2010; Pittenger and Martin 2004; Tomita
et al. 2002; Yen and Yen 2008). This offers an
alternative treatment in lieu of recombinant protein
therapy, as it reduces the cost of treatment, develop-
ment of auto-antibody, and risks related to high
concentration of recombinant proteins in the blood
stream (Bennett et al. 2004). To date, most of the
methods used to deliver genes into hMSC have used
the viral approaches. Non-viral methods using chem-
icals, for instance, Lipofectamine 2000 (cationic
lipofection) has reported the highest efficiency com-
pared with Superfect, Polyfect, Effecten (all Qiagen)
and Fugene HD (Roche; Mannheim, Germany) (Ghei-
sari et al. 2008; Helledie et al. 2008).

Consistent with previous reports, we showed a far
more effective way of transferring a gene into hMSC
using the Nucleofector technology rather than cationic
lipofection. While others showed the percentage of
cells exhibiting green fluorescent protein reporter gene
(Aluigi et al. 2006; Zarogasi et al. 2007), we measured
the mean intensity of luciferase reporter gene in viable
cells using the pRL-CMV plasmid DNA. Our results
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Fig. 4 Nucleofection of
MIDGE-EPO resulted in
stable EPO expression in
hMSC. Analysis of EPO
level in the supernatant of
nucleofected cells was
determined by ELISA. Blue
line represents the EPO
expression by the MIDGE-
EPO-nucleofected cells

(N = 5), red line represents
EPO expression by the
pMCV-EPO-nucleofected
cells (N = 2). (color figure
online)

Fig. 5 Immunocytochemistry staining for EPO protein on
hMSC nucleofected with MIDGE-EPO. Cells nucleofected
with MIDGE-EPO were stained for EPO protein using
monoclonal antibody anti-human EPO with a Dako LSAB Kkit.

showed that the mean expression in viable hMSC was
four times higher (21.79%) when the U-23 pulsing
program was used compared with C-17 (5.62%). On
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A Staining on cells without nucleofection. B Cells were
positively stained 24 h post-nucleofection and C 3 months
later. D Some cells showed very strong positive staining for EPO
protein (arrows). Magnification x40

the other hand, lipofection treatment only yielded less
than 0.6% efficiencies. We also demonstrated that
positively nucleofected cells retained renewability in
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Fig. 6 Nucleofection
efficiency of plasmid and
MIDGE into hMSC using
different pulsing programs
(C-17 or U-23). A Both
GFP-encoding plasmid and
MIDGE were nucleofected
into hMSC. The bars show
the percentage of viable
cells expressing GFP as
determined by flow
cytometry. B Fluorescence
intensities (MFI—Median
Fluorescence Intensity)
exhibited by the
nucleofected cells. Each bar
represents data from six
independent experiments

being able to proliferate to form single colonies;
expanded cells also exhibited capability to differenti-
ate into adipocytes and osteocytes, and showed the
expression of CD90 and CD105 surface markers.
Taken together, these experiments showed that Nu-
cleofector technology is an efficient method for gene
delivery into bone marrow-derived hMSC and does
not impair the renewability, immunophenotype and
differentiation potentials of the nucleofected hMSC.
We also investigated the ability of the nucleofected
hMSC to secrete a functional, transgene-encoded
protein by nucleofecting hMSC with the human EPO
gene via a linearized MIDGE construct using U-23
pulsing program. MIDGE constructs have shown
promising results for in vitro transfection of human
colon adenocarcinoma cell lines (Schakowski et al.
2001) and in vivo enhancement of immunization and
vaccination (Leutenegger et al. 2000; Lopez-Fuertes
et al. 2002; Moreno et al. 2004). However, MIDGE
transfection into stem cells has never been explored.
Here, we reported on the nucleofection of MIDGE into
hMSC and confirmed that, despite the fact that
MIDGE exhibited lower nucleofection efficiency

-
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into hMSC compared with corresponding plasmid,
MIDGE-nucleofected hMSC manifested extended and
stable EPO gene expression in vitro up to day 55. On
the other hand, plasmid-nucleofected hMSC showed
transient expression up to day 25 only.
Immunohistochemistry staining on the MIDGE-
nucleofected cells showed that some cells were
strongly stained for EPO protein after 3 months of
nucleofection, and these cells could have contributed
to the extended and stable expression of EPO as
determined by ELISA. The possibility of MIDGE
driven integration of genes into the genome of hMSC
could not be ruled out in this study as currently there is
lack of data on the intracellular distribution of MIDGE
in vitro. Thus, future study should isolate these
positively stained cells either by using a cell sorter,
laser microdissector or other means to investigate the
site of integration in the MSC genome by a sensitive
detection technique. Factors that could theoretically
affect integration include the construct sequence (by
virtue of recombination signals), mode and route of
administration into cells, use of adjuvants, and the
nature of the transgene protein product. Integration of
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a plasmid encoding the EPO gene has been reported
previously in Balb/c mice following electroporation in
quadriceps muscle by repeat-anchored integration
capture PCR (RAIC PCR) assay (Wang et al. 2004).
Additionally, future study should also increase the
initial amount of MIDGE-EPO to improve the deliv-
ery of MIDGE-EPO by nucleofection into MSC and
the gene expression.

Stable expression of hMSC nucleofected with
MIDGE-EPO has significant benefit for correction of
anemia in patients suffering from chronic kidney
disease (Brines and Cerami 2008). Our previous study
has shown successful induction of erythropoiesis
when hematopoietic stem cells were incubated with
the supernatants from nucleofected cells (Mok et al.
2008b). In neurodegeneration, hMSC could serve as a
vehicle to deliver EPO protein into injured tissues as
recombinant EPO could not pass through the blood—
brain barrier. While high concentrations of recombi-
nant EPO could be administered intravenously to
enable some protein to reach the injured sites, there are
also risks of thrombosis and hypertension to be
considered (Baskin and Lasker 1990; Ghezzi and
Brines 2004; Lieutaud et al. 2008; Loo and Beguin
1999). Local delivery of EPO by MSC has manifested
a more potent therapeutic effect for treatment of
myocardium infarct (Copland et al. 2008) and cerebral
ischemia (Esneault et al. 2008) than with delivery of
MSC or EPO alone in in vivo studies. EPO could
trigger the phosphorylation of Janus associated kinase
2 (JAK2) and thus enhance the survivability of MSC in
hypoxic tissue (Mangi et al. 2003; Rossert and Eckardt
2005).

In conclusion, our results demonstrated that
Nucleofector technology is an efficient method to
induce high levels of transgene expression in bone
marrow-derived mesenchymal stromal cells without
impairing the immunophenotype, renewability and
differentiation potentials. Nucleofection is an efficient
non-viral transfection technique for human MSC using
plasmid compared to MIDGE construct. However,
MIDGE nucleofection could result in a longer term of
EPO transgene expression in MSC.
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