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ln vitro expression of erythropoietin by transfected
human mesenchymal stromal cells
P-L Mokt, S-K Cheongr'2, C-F Leongs and A Othman3

'Crllrlo, Therap2 Unir, fuIAKNA-HUKM Cancer l*siwte, Ktah Lumpur Malayia,

'Department of Medicite, hternaional Medical Unit:erity, Kaala Lanpar lfahysia znd

'Degattm*t of Patbology, Llnfueriti Kebangtaan futak1ia, ktah Llmpuri Malayia

Background

Metncforual.rtmual cetrh (MSC) ere plaipotenr progeninr cellr tbar

cat be frard in hanan bone marrw (BM). Tiete celk bme lott

inmwoganicitl and could npprat alhreactioe T-cell retporrer. ln tbe

eurrmt rudlt, MSC tnre artcd for tbeir capacitl to carry md delfuer

tbe erytbropoietin (EPO) gme in vitro.

Methods

Expanded BlvI MSC asr tranrfectcd witb EPO-mcoded pkmid
ptoICVL.2 and EPO-nnded MIDGE (nininalioic innunohgicalll

dfircd gte expnttiot) oator b1 elearoporation. Tbe e:cpresed EPO

aat used tu indrce benaapoietic $em celk (HSC) inn eryrtbroid

coloilet

ResulE

Tbe renht sboued tbat ilte MIDGE l)eotor uar more fficthte and

rta.bk tbm tbe pl.annid (?MCt/1.2) in delbering EPO gene into

MSC. Tbe supernamnt conrainirg EPO obrained frun tbe tranrfected

cell culture wtre able to indace tbe difermtittim of HSC irn
erytbroid colonies.

Discussion

MSC bold pranirc ar a cell factory for tbe prodaaion of biologic

molecukr, and MIDGE uector ir morc ffecti,oe ard nable tbax tbe

pkmid in nlcleofecio* inooloing the EPO gme.

Keywords

erytbnpoienn, lipofemon, muarcblmal firunal cdk, nininalicic

innunolagicalJX dfincd gmc expnrriwt (MIDGE), naclcofeaion,

ptuaid.

lntroduction
Mesenchymal stromal cells (MSC) are adulr human

pluripotent progenitor cells found in bone marrow (BM).

MSC are suitable for manipularion in gene delivery

because (1) they are easily isolated and expanded in

culrure; (2) they are able to maintain an undifferendated

state unles exposed to cenain differenriadon srimulators

and thus can be kept in large volumes for a long period; (c)

genedcally altered MSC can also be easily recovered after

installation in oiaq and (d) transduced MSC and their

progeny can express newly introduced genes in a less

resricdve fashion than orher cells, thereby expanding

their porenrial application in treating medical disease.

Previous researches have also shown thar they have low

immunogeniciry and even suppress allogeneic T-cell

responses [l-a]. Thus allogenic MSC can survive in the

microenvironment after in oioo uarsplantation in animal

models.

MSC had been used experimentally to carry and deliver

numerous therapeutic genes, for example coagulation

factor VIII (FVII) [5], cytoroxic T-lymphocyte associated

antigen immunoglobulin (CTLAIg) [6] and e-galactosi-

dase A [7] to treat hemophilia A, graft vs. hosr disease

(GvHD) and Fabry's disease, respecdvely. Recently MSC

have also been shown ro have high rumor uopism and were

demonstrated to exerr an anti-tumor effect and furrher
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prolong rhe survival of a rat glioma model when

genetically engineered MSC expressing interleukin-2

(IL-2) were injected intratumorally [8,9].
Despite a promising furure for gene therapy by

manipulating MSC, vector systems for gene therapy

strategies should offer both a means ofsuccessfiil transfec-

tion and a maximum of safery for rhe parienm. Most gene

transfer protocols have used murine replication-defeccive

retroviral vectors or adenoviral vectors. Although reroviral
vectors can effectively transduce and integrate into the

genome of targeted cells, the risk of oncogene activation

has to be considered. Adenoviral vecrors have significantly

improved transduction efificacy but the death of an

l8-year-old padent who received an adenoviral-delivered

therapeutic gene in 1999 has raised concern regarding the

safery of rhe therapy using viral vectors [10-12].
Plasmid-based gene transfer using physical or chemical

rransfecrion methods avoids these risks- Howeveq transflec-

rion efficiency is usually lower and protein expression may

not be sustainable for non-viral vectors. There is a

substanrial risk of immunologic side-effects, includiag

elimination of transfected cells by the host's immune

reaction u,hen therapeutically unwanted eu- and prokar-

yoric proreins (e.g. antibiotic resistance genes, viral protein

genes and prokaryotic promoters) are expressed as antigen

(Ag) on translected cells [13]. Moreover, plasmid DNA
contains immune stimulatory sequences, called CpG

motifs, and they can activate both the innare and acquired

arms of immune responses [14,15].
The consrrucr of minimalisric immunologically defined

gene expression (iv[DGE) has been described previously

and has abolished the rransfer of therapeudcally derri-

mental sequences [13]. Hence in this srudy we wanted ro

determine the capability of MSC ro carry and express

rherapeutic genes using MIDGE as a rrecror for gene

delivery in oitroby means of electroporarion. The gene we

chose for the srudy was eryrhropoietin (EPO), which is

important in stimulating the production of red blood cells

(RBC). The MSC used had been isolated and identified

morphologically, cytochemically and immunochemically

by flow cyrometry. The cells rvere capable of differentiat-

ing into adipocyres, chondrocytes and osteoblasrs [16,17].

Methods
Samples

Two samples of human IVISC were used in the gene

rransfer srudy The firsr sample was labeled as pMSC and

was isolated from the BIr,I aspirate of a r+3ai,:':.:.::
anemia padetrt, who came for a rouri.e checE up a: :::
Hospital Universiti Kebangsaan Malaysia, Kuala Lu;p--
Malaysia, after in[ormed consent and under a pro:o-',:'^

approved by the UKM Research Comminee and Erhics

Commicee. The second human MSC sample was bought

from Cambrex Bio Science Walkersville Inc. (Walkersrille,

MD, USA) and labeled as hMSC.

lsolation of BM MSC

Five milliliters of BM aspirate were layered on top of 3 mL

Ficoll-Pague (Amersham Biosciences, Uppsala, Sweden)

and cenrrifuged at 400 g for 30 min. The mononuclear cells

(MNC) in the interface (density gradient 1.0?7 g/L) werc

extracted and washed ru,ice with culrure medium by

centrifuging at 100 g for l0 min. The pellet cells were

then suspended in Dulbecco's modified Eagle's medium

(DIvIENI; Gibco, Grand Island, New York, Nl USA) and

the viability of cells counred by hematocytometer and

trypan blue staining. The results showed that the perceD-

tage o[viable cells was 99.7o/o.The cells were then seeded

at a densiry of I x 107 cells in a 25-m2 plasdc flask

conraining DMEIvI supplemented wirh l0% fetal bovine

serum (l-BS; Gibco). The flask was then incubated in 5%

CO2 in air and monitored daily. Once the cells reached

confluency, they were detached *,ith I mL 0.25% crypsin-

EDTA (Gibco) and replated again into new flasks at a

similar cell density. Characterization of DMEM-derived

adherent cells was performed by using cells from the third

and fourth passages zl--5 weeks after the initial culture

[16,r7].

Construction of Ml DC E-EPO

First-srrand cDNA was synthesized by using fetal liver

total RNA (Cell Applicarions Inc., San Diego, CA, USA) as

remplare and oligo dT as synthesis primer. Reverse

rranscriprion was performed using SuperScript III RNase

H-Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA).

Polymerase chain reaction (PCR) amplification was then

carried out using this first-strand cDNA synthesis product

as remplare and synthetic oligonucleotides upsream

containing a BamHI restricrion sire (5'-GCGAGCTC-
CACCATGGGGGTGCACGAATGTCCTGCC.3,) ANd

dorvnstream containing a Sacl resrricrion site (5'-

GAGCTCTCATCTGTCCCCTGTCCTGCAGGC-3')
targeted at the S'-end and J'-end of rhe EPO gene in the

follorving PCR reaction: 30 cycles oF amplificacion (94"C,

Eryrhropoierin expression by uansfecred human \'[SC r17
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15 s; 58'C, 45 s;72oC,30 s) using a LA llhq PCR mixrure

(Takara Bio Inc., Otzu, Shiga, Japan) and Eppendorf

Masterrycler Gradienr (Eppendorf, Hamburg, Germany).

Plasmid pMCV was obrained from Mologen (Berlin,

Germany) as a source plasmid for synthesis of the MIDGE
vectors. The fullJength EPO gene was then cloned into

the plasmid via the BanrHI and SaeI restriction sites. The

pMCV encoded EPO was then cleaved with Etp3I

(Fermentas, Vilnius, Lithuania) ro produce double-

stranded DNA molecules consisdng solely of rhe expres-

sion cassette. The expression cassene u,as rhen ligated u,ith

an oligotrucleodde hairpin srrucrure ar both ends of the

double-srranded DNA to produce rhe MIDGE vector

containing the EPO gene (MIDGE-EPO). The sequences

ofthe hairpin used ar the 5'- and 3'-end ofthe expression

cassefte were GCGTCTTTTGACGCAGGG and

AGGGCGCAGTTTTCTGCG (Sigma Proligo, Singa-

pore).

Nucleofection of hurnan MSC with MIDGE-EPO
or pEGFP

Nucleofecdon of human IvtSC was done using a human

MSC nucleofector kit and nucleofector (Amaxa GmbH,

Cologne, Germany). Prior to nucleofection, a Petri dish

culture containing 1.0 mL DMEM was incubated in a CO2

incubaror at 37'C. Early passage of MSC (P3) was

trypsinized with trypsin-EDTA and neuualized with

DMEM supplemented with 10.0% FBS. The cell number

was then counted by trypan blue staining with a hemato-

cytometer. A number of 1.25 x 105 cells was rhen aliquoted

into an Eppendorf tube and cenuifuged at 200 g for

l0 min. The pellet was then added to 100 pL nucleofector

solution and 2.0 pg MIDGE-EPO, plasmid pMCV1.2-

EPO or plasmid EGFP (pEGFP). The mixmre rvas

rezuspended slowly and ransfemed into a cuvette and

iaserted into the nucleofecror. The program U-21 was

chosen for high transfecdon efficienry. After transfecrion,

the mimrre in the cuvene was added to 500.0 pL DMEM
and transferred gently into a prepared Perri dish culrure.

The Petri dish culrure was rhen incubated in the CO,
incubator ar lToC and monitored daily. For a no-DNA

control, distilled warer u/as used ro replace the vector

expression systems. A no-transfecdon control was also

carried out by not pulsing the cells with any mansfection

Progfam.

Determination of EPO expression by ELISA

All the supernatant from *re transfected and non-trans-

fected cells (from che no-rransfection conrrol) were

collected ar various dme points and changed with new

medium, i.e. DMEM supplemented wirh l0% FBS and I %

penicillin/srreptomycin. The collected supernatant was

used for EPO expression determination according to the

procedures recommended by the manufacturer (human

erythropoietin ELISA immunoassay kit, Srem Cell Tech-

nologies, Vancouver, Canada). A background conuol with

culrure medium alone was also performed.

Differentiation of CD34+ enriched cells into
erythroid colonies
llegaCult-C collagen and medium rvithout cytokines kit,

human recombinant EPO for posirive control, stem cell

factor and MegaCult-C staining kir for erythroid colonies

were obtained from Stem Cell Technologies. CDi4+
enriched cells were obtained from a normal apheresis

donor after informed consent and under a protocol

appro'r,ed by the UK,\I Research Commimee and Ethics

Commicee. Recombinant EPO or supernatant contaidng

the highest EPO level from pMCVI.2-EPO- aad MIDGE-
EPO- rransfected cells and non-transfected cells were

added with stem cell facor to induce the differentiation

of CD34+ cells into erythroid colonies. Collagen was

mixed with the cell medium suspension and the suspension

containing 1500 cells ft?s then subsequenrly dispersed inro

a single-chamber culrure slide with a 22-G blunt-ended

syringe- After 2 weeks rhe gels were dehydrated and fixed.

Immunocytochemical staining was then performed using

glycophorin A andbody (Ab) directed against human

erydroid colonies (CFU-E and BFU-E) and the imunor-

eaction was detected with an alkaline phosphatase detection

sysrem. For a negative control, Ab aati-trinitrophenol (anti-

TNP) was used. The staining prorocol was carried out

according ro the recommendations in rhe MegaCult-C

staining kit for erythroid colonies.

Results
lsolation and identification of MSC from human
BM aspirates
Isolated MNC from the BM adhered as fibroblast-like cells

(Figure l).'lhese cells propagated rapidly and, when cells

at P3 were immunophenotyped, they showed abundanr

expression of CD10, CDll, CD29, CD44, CD7l, CD90,

CD105 and CD147. However, the cells did nor express

EtEl+TE L, !'.,! €ri
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Iigan 1. Tbe itolated celh were fbroblat-like end rbel sbtued a

bigp proliferanxe rate in calture (50 x ).

CD3, CDllq CD14, CD34, CD45 and HLA-DR, indicat-

ing no presence of contaminating hematopoietic cells.

These cells were positive to cytochemical saining wirh

periodic acid schiff (PAS) and cr-naphryl acetate esrerase

(II{SE) but not to naphtol AS-D chloroacetate esrerase

(NASDA), sudan black B (SBB) and alkaline phosphatase

stains (ALP). When incrrbated in specific culrure condi-

tions, the fibroblast-like cells were capable of differendat-

ing into adipocytes, chondrocytes and osreoblasts. The

differentiadon inro ttrese cell rypes were confirmed by Oil
Red O, Alcian Blue-PAS and Alizarin Red S stain,

respecdvely, and reverse Ernscripdon PCR for mRNA-

specific genes for adipogenesis, chondrogenesis and osteo-

genesis (data not shown).

Construction of plasmid pMCVI.2 and MIDCE
vector encoding EPO gene
The EPO gene was successfully cloned from hurnau fetal

liver total RNA. The EPO gene was zuccessfully insened

into the multiple cloning site (MCS) of pMCV1.2 aud rhe

encoded plasmid was largely expanded in LB broth and

extracted for the following transfecrion experiment and

construcdon of MIDGE vecror (Figure 2).

Determination of EPO expression from the
transfected MSC
The nucleofecrion was efficient to deliver pEGFP with
more than 50% of the pMSC and hMSC expressing tbe

green fluorescence twenty four hours following nucleoflec-

tion (Figure 3)-

EPO expression uras high on day I in pMCV-EPO-

uansfected pMSC and hMSC, respectively, i.e.4779.40 and
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Figure 2. Conmuctiol of a MIDGE wcror mcoded airb EPO. (A)

Plotnid pMCVl.Z (B) The EPO gne aor inserred inn tbe plunid
pllICVt.2- (C) Tbr plamid wet c*t witb Esp3I, reruhitg h a

drDNA contining of tbe expration casete (1838 @) ail tbne

backbutc of qlamid (:izet raryed fron 364 to 981 b?). @) fbe

exprerion castette was sEarated from tbe bachborct b7 eleanpfurit

or agamse gel. It was rtu irohted md ligtted n tbe foiryia (daumt

fiuun).

3965.35 mU/mL/1.0 pg vector/l x l0' cells. On day 6,

EPO expression in pMCV-EPO-transfecred pMSC rose to

5l+7.+5 mU/mL. Shortly after that EPO expression fell

sharply, to less than l0 mU/mL/l.O pg vector/l x 10'

cells on day 22, and continued ro drop to 525 mU/mL/
1.0 pg vector/l x l0' cells J months post-transfection- In

hMSC transfected wirl'r pMCV-EPO, EPO expression fell

rapidly o 2.45 mU/mL/1.0 pg vector/l x l0) cells after

day 23. Akhough the expressior was low in these rwo

samples, EPO was srill expressed. Meanwhile, in the

tvIIDGE-EPO-uansfeced hMSC, expression of EPO

rose to its peak on day 6, reaching 2681.76mU/mL/

1.0 pg vecror/l x 10' cells. Over the following period of 3

months, EPO expression was surprisingly well maintained,

at 64156 mU/mL. In MIDGE-EPO-transfected pMSC,

the highest expression was achieved on day 2 (373.53 mU/

mL/1.0 pg vector/l x 10' cells) and conrinued ro flucruate

to 470.80 mU/mL on day 29 (Figure +). The discrepancy

in inirial EPO expression by both MlDGE-transfected

ffiIGHYS . il,r
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Figure 3. Tuentl-four bour pott-nucleofection cellr uere arnllzed b)' pbore-clntr&tt (A) and fuorescare microscopl (B).
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samples might have been because oF the discrepancy

in transfection efficiency run in tu'o difflerent nucleofec-

tion experiments (e 80% and -;0%) (deta not shown).

Nleanrvhile, rhe background conrrol and non-rransflected

cells showed no EPO expression ar all time points of
measurement.

Differentiation of hematopoietic stem cells
(CD34+) into erythroid colonies
Ot 1500 cells being seeded onro each chamber slide, rhe

superDataot collecred from the EPO-encoded ptr,IC\rI.2
and N,IIDGE vector-rransfecred cell culrures was found ro

induce 17.5% and 16.60/o of the cells to differenriate inro
erythroid colonies. The posidve conrrol wirh recombinant

EPO could induce 2i.4% while the culure of hemaro-

poietic srem cells (HSC) ',vith supernatanr lrom non-
rranslecred cells did not result in anrr er'\,rhroid colony ar

all. The eryrhroid colonies rvere confirmed by perlorming

,,V UTFO E}PFESSIC*I OF ERYIHSOPOETIII BY HU}!A!,I I,IESENCHYMAL STROI,IAL CELLS
USING PUSIffi P,IICV AND tilDGE VECTOR ENCODIHG EPo st{E 8Y MUcLEoFEcToTI

sS, 
(inmujml)prrl0ug!IDiUX XJotcdl,

a soecific immunostain for anri-elycophorin A. The

colonies s'ere CFU-E, as the1. had more tban 3 but fewer

than 100 cells.'lhe sraining rvas performed rvell, as rhe

colonies did nor pick up an)/ red stain at all rvhen anri-

TNP, a negatiye control Ab, rvas used (Figure 5).

Discussion
l1e have previously isolated fibroblast-like cells from the

B\I aspirare of non-malignanr parienrs (Figure l). These

cells shorved morphologic and immunophenorypic proper-

ries similar ro ivtSC. When stained c),tochemically, they

showed posiril'e reacriviry to PAS and NSE, but not ro

NASDA, SBB and ALP, indicating that they had glycogen

and ct-naphtyl acerare esrerase, respectively, and rvere

der.oid ofnaphrhol AS-D chloroacerate esrerase, lipid aud

alkaline phosphatase, respecrively. Fern6ndez et al. [18)had
shown rhat I,ISC isolated from breasr cancer patients were

positive rc PAS and stained rveakly with SBB and ALP
Meanwhile, Erices er al. ll9) had isolated MSC from

umbilical cord blood and these fibroblasr-like cells demon-

srrated 61,166[emical sraining results consisrenr q'ith ours.

Besides morphologic, c)rtochemical and imrnunophenorl,-

pic fearures, these cells have also been shown to differ-
entiare inro adipocytes, chondrocvtes and osreoblasts

[16,171, a characteristic properry of tr{SC.

The construcred MIDGE, vector encoding the EPO

gene (approximatelr, 600 bp) was rransfeoed into the

human MSC via nucleofecrion (Figure 2). On day I post-

nucleolection, rhe nucleofecred IVISC expressed 439.22

and Ii6.99 mU/mL EPO extracellularly/1.0 pg \,[DGE-
EPO/1 x 10' cells in rr.vo different experimenrs. The

+!.1ioeE-
tP(ihfir;f,,

+l,lJDGE-
:?Gpri3!,

EFAtir!L-.

FP a/ htJ:lC r

rilnslecllon

Figure 4. In vitro exprestion 0f EPO bjt buttan MSC ring
pMcl/l.2 and .l4lDGE aector etcoding EPO gate b1 nrcleofccion.

Two samplu of MSC uerc uyd (alteled nr pMSC and ItMSC)
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Erythropoietin expression by transfected human l{SC

Figun 5. CF{.i-E ina.gs ulcn uitb a pbase-coztratt rnicrarcol,e Tbc difaantiation of HSC oat prfirned b1 incufuthg 3.3 x td cctk oitb
j U/nL rhEPO (A) or rupettarant collected fron rbe ndeofe*ed ulls @) and 50 ng/nL SCF in MegzCalt-C mediun. (C) and (O) are imaget

of CFU-E cultured in 3 U/nL rbEPO and 50 nglnl SCF. Tbey utre ttcirr€d ?orii1td1 for ani-g$cEbortu A. Tbe CFU-E cilrured in tbe

rrptmnnw collected frun tbe nucleofected cells were aho stained patiriaely ftr anti-gllcoplnnn A @ and F). Fm a negzrbe connol, Ab atti-TNP

wat used ard rbe CFU-E did tnt pick ap atry red oair at ill (G ann fl.

EtE+*TBq,i{q!?++
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expression reached its highesr levels on days 6 and 2, with

2681.7 6 mU/mL an d i : i. :- I mU f mL, respecrively.

In another r\\'o conco=iianr srudies using the source

plasmid to deliver rhe EPO sene into human MSC, ir was

found rhar the expressic'n rose rp rc 4779.40 and

3965.35 mU/mL/1.0 yg pltC\ -EPO/1 x 10' cells on

day I post-nucleofecrion Ii: rhe first srudy, rhe EPO level

condnued to increase ro -;1+---i arU/ml on day 6 and

then fell sharply to 28.i1 arU'mL oo day 22. The EPO

level never rose again and conrln-u:ed ro show ao expression

level less than l0 nU/mL unril i monchs later. In the

second plasmid srudy, the EPO expression dropped ro

2.45 mU/mL on day 22 and thus se stopped moniroring.

Meanwhile, the MIDGE-EPO-rransfecred cells showed a

flucruadng expression of EPO and maintained a relatively

higher EPO secretion than thar of plasmid-rransfecred

cells. One of the MIDGE-EPO-transfecred cells was found

to express 611.56mU/mL EPO e1'en after 90 days of
Ducleofection (Figure 4). The EPO orotein expressed by

both MIDGE-EPO- and pMC\iEPO-transfecred cells

was able to induce the differenriadon of HSC into

erythroid colonies (Figure 5).

Previouslv MIDGE vecrors have been reporredly used

mosrly for entrancement of immunization and vaccinadorl

Leutenneger et al. [20] coated MIDGE consrrucrs encod-

ing inactivated feline immunodeficiencl, virus (FIVgpl40)

alone or with feline IL-12, IL-16 or a CpG morif on gold

microcarriers, and inuadermal co-injecrion into rhe feline

groups showed posidve humoral and cellular immunity
towards FI\i In another experiment [21-l, MIDGE vecrors

were used to coflsrrucr a vaccine to combat Leishmaniasis

in mice models MIDGE were inserted rvirh the coding

sequence of LACKlp36, an Ag highly conserved among

relarcd Leishmania species. The results showed rhar COS-7

cells rransfected with I,IIDGE encoding LACK/pl6
expressed lower Ag compared with cells transfected with
its source plasmid. However, when the consrructs lr'ere

injecred inrradermally twice in rhe back of BALB/c mice,

rhe first was found to confer similar prorecdon (i.e.

reduced thickness of the infected collareral flootpads)

with half the amounr of DNA used compared with the

latrer. Lopez-F'tetes er al. [2I] suggesred rhar the Ag load

may not be the only limidng facror when vaccinating wirh

DNA and that MIDGE vecrors have an unknown feanrre

that makes them immunologically more efficient. Alter-
natively, it could be that VIIDGE vecrors induce a higher

protein expression in pito or rhar rhe amount of Ag

expressed after t',vo doses is above the threshold required

for rhe induction of an immune responses [21]. A similar

result has been achieved br' \'{oreno et al. 122). They

showed thar MIDGE encoding hepatiris B virus Ag

(HBsAg) was capable of expressing Ag levels comparable

rvith those obrained rvith plasmids over a range of doses oF

DNA injected intramuscularly into BALB/c mice. How-

ever, when they were injected inuadermally MIDGE

could surprisingly uigger higher amounrs of Ab compared

wirh the plasmid [22].
Our studv has revealed that lvlIDGE vectors are more

effecrive and useful than the corresponding plasmid

(pMCVl.2) in long-term gene expression using nucleofec-

tion as a mode of gene transfer into human MSC, despite

the high initial expression shou'n by pMCVl.2-uansfected

cells. Currently there is a lack of data on the stable

expression of MIDGE it aitro, and rhe possibility of
MIDGE-driven integration of genes into the genome of

NISC should nor be nrled our in this srudy. It is also not

clear to us why the pMC\'-transfected cells had a higher

initial expression than the MIDGE vector-Eansfected

cells, as rhe MIDGE had a 1.79-fold reduced size

compared wirh its source plasmid [23). The decline of
rhe EPO concentrarion obseryed could be aaributed to the

progressive loss of plasmid as a result of endonuclease

degradadon. The plasmid could be linearized and might

have adverse effects on the processing of uninjured and

functional forms [24]. In this case, MIDGE seems to be

more superior than pMCV as it lacks unnecessary getres

thar might trigger endonuclease degradation. The discre-

pancy in gene expression might also be because of the

diflerent molariry of the expression casseme as rhe same

amount of DNA was used for nucleofection.

There have been a number of reports that have used

viral vecrors carrying rhe EPO gene for transduction into

MSC [25-27]. The resuks showed that the hemarocrit

levels were increased in mice models even afrer 2 months.

In another srudy, the plasma EPO was recorded as 67 mU/

mL after a 14-day subcutaneous transplantation with

collagen-embedded EPO-secrering marrow srroma, which

released c.3 lJ EPO l106 cells/24 h, and this level dropped

to l5 mU/mL atd,ay 147. Meanwhile the hematocrit levels

had increased to 8l% ar 22 d,ays following implantadon

with 107 collagen-embedded EPO MSC, and remained at

values of82-88% until day 106, surpassing 70% up to day

201 [28]. Although the results are promising, we should

not rule out rhe risk of oncogene activadon and the

Ettfii14YEi,..: t r,?
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immunotoxiciq- rlat the r.iral vectors inititi pose. Our

resulrs shou' thar rhe I{IDGE vecror could be ar

akernadye to r:iral vectors in gene transfer as \,IIDGE-
EPO-ransfected \tSC could stably express EPO at even

3 months posc-nucleofecdon and I\'{IDGE abolish the

transfer of therapeutically detrimental sequences.

In conclusion, our results demonsrrate that human MSC

car carry ]vIIDGE vectors and erpress the EPO gene

srably itt oitro.MSC seem to *ork uell sl.nergisrically u,ith

MIDGE vecrors compared x'irh rhe corresponding plasmid

to deliver EPO continuouslr. and eificientlv. Holever,

furrher srudy could be done to irnrrot'e rhe gene expres-

sion level, for example to add a nuclear iocalization signal

[29,30] or to improve the transfecrion method, perhaps by

using magnetic transfection [31,32). and to look into the

capabiliry of rransfected MSC to carri, and deliver EPO in

an animal model.
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