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Human mesenchymal stem cells (MSCs) reside in the bone marrow and are known for their ability to differentiate along the mesenchymal lineage (fat, bone, and cartilage). Recent works have suggested the possibility that
these cells are also capable of differentiating toward the neuroectodermal lineage. Using lentiviral gene delivery,
we sought to reprogram the bone marrow–derived MSCs toward dopaminergic differentiation through delivery
of LMX1a, which was reported to be a key player in dopaminergic differentiation in both developmental animal
models and embryonic stem cells. Transduction of cells with fluorescent reporter genes confirmed efficiency of
gene delivery. On incubation of the LMX1a transduced cells in differentiation medium, the LMX1a protein was
concentrated in the cells’ nuclei and specific dopaminergic developmental genes were upregulated. Moreover,
the transduced cells expressed higher levels of tyrosine hydroxylase, the rate limiting enzyme in dopamine
synthesis, and secreted significantly higher level of dopamine in comparison to nontransduced cells. We hereby
present a novel strategy to facilitate the dopaminergic differentiation of bone marrow–derived MSCs as a possible cell source for autologous transplantation for Parkinsonian patients in the future.

Introduction

P

arkinson’s disease (PD) affects more than 1% of the
population over 60 years old in the Western world [1].
Current treatments for PD are comprised mainly of dopamine replacement and symptom alleviation rather than
offering a cure for the disease. The specificity of the damaged cells makes PD patients ideal candidates for cellular
therapy strategies [2]. Proof of concept of cellular therapy for
PD have long ago been established in a series of open label
trials involving fetal graft transplantations in human PD
patients [3,4]. Postmortem studies demonstrated long graft
survival years after transplantation and a significant reinnervation in the patients’ striata. These studies illustrated
the enormous therapeutic potential of cell therapy for PD
but the moral issues concerning the use of fetuses and the
risk of immune rejection require new solutions to be found.
Adult bone marrow derived mesenchymal stem cells
(MSCs) present an attractive candidate for autologous cell
transplantation source for regenerative medicine [5]. MSCs
have been known for years for their role in nourishing the

hematopoietic cells in the bone marrow. It has long been recognized that MSCs bear the capacity to self renew and differentiate along the mesenchymal lineage into bone, fat and
cartilage cells [6]. However, more recent works have demonstrated MSCs capacity to differentiate outside their accepted
mesenchymal identity, transdifferentiating to other developmental lineages, including neuroectodermal [7,8]. Some
attempts were also made to induce dopaminergic differentiation on bone marrow MSCs [9–12]. However, those works
still did not provide a protocol yielding cells which follow
the essential developmental pathways of the midbrain dopaminergic neuron.
Albeit the tremendous interest which lies in the midbrain
dopaminergic system development, the complete picture of
dopaminergic differentiation is still much in haze. Studies
in dopaminergic cell development are currently working on
deciphering the molecular code determining the dopaminergic fate [13–15]. However, it is accepted by most researchers
that fully compatible dopaminergic differentiation requires
both extrinsic cues provided by signaling molecules such as
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Sonic hedgehog (Shh) and the Fibroblast Growth Factor-8
(FGF-8) [16,17], and intrinsic determinants in the form of
specific transcription factors that are crucial for dopaminergic differentiation [17]. Knockout studies enabled researchers to identify some of the transcription factors essential for
dopaminergic differentiation, including the LIM homeobox transcription factor 1 beta (LMX1b), the orphan nuclear
receptor-related 1 (Nurr1), the paired-like homeodomain
transcription factor 3 (Pitx3) and the engrailed genes (En1/2)
[18–21].
Special interest lies in the homebox transcription factor
LIM homebox transcription factor 1 alpha (LMX1a), of which
expression in the midbrain correlates with dopaminergic
neurogenesis. Andersson et al. [22] reported the generation
of robust dopaminergic neuron population derived from
embryonic stem cells on delivery of LMX1a and exposure to
Shh in mouse cells. In that study, ectopic injection of Lmx1a
in the neural tube was sufficient to induce midbrain dopaminergic neurons whereas RNA-interference experiments
in chicken embryos resulted in reduction of dopaminergic
neurogenesis. Another recent report suggested the importance of LMX1a in the dopaminergic differentiation human
fetal mesencephalic progenitors [23], showing 3-fold expression of tyrosine hydroxylase (TH) in cells overexpressing
LMX1a.
Recent works described the efficient reprogramming of
somatic cells into stem cells via forced expression of transcription factors [24,25], illustrating the enormous potential
of this strategy. In this study, we aimed to induce dopaminergic differentiation of bone marrow MSCs via forced
expression of LMX1a. Combining MSCs and lentiviral gene
delivery technology, we sought to generate an appropriate
candidate cell population for autologous transplantation in
PD patients.

Materials and Methods
MSC isolation, culture, and characterization
Fresh bone marrow aspirates were harvested from iliac
crests of healthy adult donors (five donors, aged 25–78)
following informed consent. Samples were diluted with
Hank’s balanced salt solution. Isolation of mononuclear cells
was achieved by centrifugation in UNISEP-MAXI tubes
(Novamed, Jerusalem, Israel) on the basis of density gradient. Mononuclear cells were plated in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 15% fetal
bovine serum (FBS), 2 mM glutamine, 100 μg/mL streptomycin, 100 units/mL penicillin, 12.5 units/mL nystatin (all
from Biological industries, Beit Haemek, Israel), in polystyrene plastic 75 cm2 tissue culture flasks. After 24 h nonadherent cells were removed. Medium was changed every 3–4
days. Adherent cells were cultured to 70–90% confluency
and reseeded at a density of 5,000–10,000 cells/cm2. Cells
were maintained at 37°C in a humidified 5% CO2 incubator.
MSCs were characterized for their cell surface phenotype
and their mesenchymal differentiation capacity as we previously described [26].

Viral construct preparation
pLenti/CMV/LMX1a and pLenti/CMV/AcGFP were
constructed using ViraPower™ Promoterless Lentiviral
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Gateway® Kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. In brief, the cytomegalovirus (CMV) promoter was amplified by PCR
from plasmid pIRES2/AcGFP1 (Clontech, Mountain
View, CA, USA) using the following primers: CMV FW
5′-CGTATTACCGCCATGCATTAG-3′ and CMV REV
5′-CGGATCTGACGGTTCACTAAA-3′. The CMV-PCR product was cloned into pENTR™5′-TOPO® (Invitrogen). For
the expression genes, the LMX1a gene was amplified from
the plasmid pBluescript/LMX1a (ACCESSION number
BC066353, purchased from RZPD, Berlin, Germany) using the
following primers M13 FW 5′-GTAAAACGACGGCCAG-3′
and M13 REV 5′-CAGGAAACAGCTATGAC-3′. The
AcGFP1 gene was amplified by PCR from plasmid pIRES2/
AcGFP1 (Clontech) using the following primers: AcGFP
FW 5′-CGATGATAATATGGCCACAAC3-′ and AcGFP REV
5′-TCTACAAATGTGGTATGGCTGA-3′. Each of the PCR
amplified constructs, was cloned into the pCR®8/GW/
TOPO® (Invitrogen). All PCR reactions were taken out
using Extensor Hi-Fidelity PCR Enzyme (ABgene, Epsom,
UK). To obtain the final expression construct a recombination of the entry clone harboring the CMV promoter,
the entry clone harboring the expression gene of interest
and pLenti6/R4R2/V5-DEST (Invitrogen) was performed.
Following recombination, the expression construct was
transformed into One Shot® Stbl3™ Competent Escherichia
coli (Invitrogen). Expression clones were sequenced to confirm both the CMV promoter and the expression gene presence (LMX1a or AcGFP1).

Virus production
Virus was produced using ViraPowerLentiviral
Expression System (Invitrogen) according to the manufacturer’s instructions. In brief, expression constructs were
cotransfected with the mixture of the packaging plasmids:
pLP1, pLP2, and pLP/VSVG using LipofectAMINE 2000
(Invitrogen) into the 293FT producer cell line which stably expresses the SV40 large T antigen. The medium was
replaced one day after transfection with DMEM containing
10% FBS and sodium pyruvate. The medium containing the
viral particles was collected 48 or 72 h after transfection, filtered through 0.45 μm PVDF filters following low speed centrifugation (3,000 rpm for 15 min 4°C) and concentrated using
Amicon ultra-15 centrifugal filter 100,000 NMWL (Millipore,
Billerica, MA, USA). Viral titers (transducing units/mL) were
determined by transduction of HeLa cells with serial dilutions of the viral supernatant and colony counting after blasticidin selection (4 ng/mL, Invitrogen) with Crystal Violet
staining (Sigma, St. Louis, MO, USA). Viral titers ranged
from 1 × 106 to 1 × 107 transducing units/mL.

Transduction of human MSCs and estimation of
transduction efficacy
The day before transduction, human MSCs (passage
3–5) were seeded to 30–50% confluency. On the following
day MSCs were transduced at multiplicities of infection
(MOI) of 0.1, 1, and 10 with pLenti6/CMV/AcGFP1 in the
presence of 6 μg/mL Polybrenne (Sigma). For immunofluorescence analysis of reporter vector, transduction of MSCs
with pLenti6/CMV/AcGFP1 was conducted at an MOI of
1. One day following transduction medium was changed.
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Transduction efficiency was estimated by FACS analysis
for GFP expression following fi xation in 2% paraformaldehyde (PFA) and washing of cells. For immunofluorescence analysis, MSCs transduced with reporter genes were
reseeded on glass cover slips, fi xed with 4% PFA, counterstained with DNA-specific fluorescent dye 4,6-diamidino-2-phenylindole (DAPI, Sigma) and photographed. For
differentiation experiments, MSCs were transduced with
pLenti6/CMV/LMX1a or pLenti6/CMV/AcGFP1 at an
MOI of 10.
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Differentiation of human MSCs
Following expansion in growth medium cells were transduced with viral supernatant and incubated in differentiation
media as described previously [22]. Briefly, the differentiation media consisted 50% DMEM/F12 (Biological industries)
supplemented with N2 (Invitrogen) and 50% Neurobasal
medium with B27 supplement (both from invitrogen), 2
mM glutamine, 100 μg/mL streptomycin, 100 units/mL
penicillin, 12.5 units/mL nystatin (all from Biological industries), 20 ng/mL FGF-2, (R&D Systems, Minneapolis, MN,
USA), 100 ng/mL FGF-8 (PeproTech, London, UK) and 1.7
nM Shh (R&D Systems) for 1–3 weeks, medium was changed
twice a week.

Immunocytochemistry
Untreated human MSCs or cells following 2 weeks of differentiation were fixed with 4% PFA and blocked with 5% goat
serum (Biological Industries) and 0.1% bovine serum albumin
(Sigma) in PBS. Cells were washed and incubated with rabbit
anti-LMX1a antibody (1:50, Aviva Systems, San Diego, CA,
USA), mouse anti TH (1:200), mouse anti Tuj1 (1:200), mouse
anti pan NaV (1:500, all from Sigma), mouse anti synaptotagmin 1 (1:500, Synaptic Systems, Goettingen, Germany), rabbit anti Synapsin (1:500, abcam, MA, USA), mouse anti En1
(1:50), mouse anti Msx1 (1:50, both the monoclonal antibodies were developed by Jessell, T.M. and Morton, S. and were
obtained from the Developmental Studies Hybridoma Bank
developed under the auspices of the NICHD and maintained by The University of Iowa, Department of Biological
Sciences, Iowa City, USA), mouse anti MAP2 (1:250), rabbit
anti Pitx3 (1:300, both from Zymed, Invitrogen) and rabbit
anti VMAT2 (1:500, Chemicon) followed by suitable biotin conjugated anti mouse (Zymed, Invitrogen) or antirabbit (1:500, Molecular Probes, Invitrogen) and Streptavidin
conjugated Alexa 488 or Alexa 568 secondary antibodies
(1:500, Molecular Probes). Second antibody controls were
performed in each experiment. DAPI counterstain (Sigma)
was used to detect cell nuclei. Cells were photographed by
fluorescence Olympus IX70-S8F2 microscope with fluorescent light source (excitation wavelength, 330–385 nm; barrier filter, 420 nm) and a U-MNU filter cube (Olympus) at
magnification 100×, 200×, or 400×. Quantification of LMX1a
positive cells was performed following analysis of 20 randomly taken fields of cells stained for LMX1a and DAPI (at
magnification 100×). Quantification of cells with LMX1a in
nucleus was performed following analysis of 20 randomly
taken fields of cells stained for LMX1a and DAPI (at magnification 200×). Counting of colocalized LMX1a and DAPI percentage of cells was conducted following image processing
using Image-Pro® Plus software (Media Cybernetics, Silver

Spring, MD, USA). Cells were considered positive for LMX1a
localization in nucleus when the signal intensity was higher
in the nucleus than in the cytoplasm.

RNA isolation and cDNA synthesis
Total RNA was isolated from cultured untreated MSCs
and MSCs transduced with p/Lenti/CMV/LMX1a using
a commercial reagent TriReagent (Sigma) according to the
manufacturer’s recommended procedure. DNAse treatment
was performed followed by RNA cleaning using RNeasy
mini kit (both from Qiagen,Valencia, CA, USA). The amount
and quality of RNA was determined spectrophotometrically by using the ND-1000 spectrophotometer (Nano-drop,
Wilmington, DE, USA). First-strand cDNA synthesis was
carried out with Super Script II RNase H-reverse transcriptase (Invitrogen) using random primer.

Real-time semiquantitative reverse transcription
polymerase chain reaction (real-time PCR)
Real-time semiquantitative PCR of the desired genes
was performed in an ABI Prism 7700 sequence detection
system (Applied Biosystems, Foster City, CA, USA) by using
Platinum® SYBR® Green qPCR SuperMix UDG with ROX
(Invitrogen). PCR amplification was stopped at 40 cycles
(program: 2 min at 50°C; 2 min at 95°C; 40 repeats of 15 s
at 95°C and 30 s at 60°C). The following primers were used:
GAPDH sense CGACAGTCAGCCGCATCTT, GAPDH
antisense CCAATACGACCAAATCCGTTG; LMX1a sense
CCTGCAGGAAGGTGAGAGAGA, LMX1a antisense TGG
ACGACACGGACACTCAG; Sox2 sense CAGGAGAACCCC
AAGATGC, Sox2 antisense GCAGCCGCTTAGCCTCG;
NGN2 sense CAACTAAGATGTTCGTCAAATCCG, NGN2
antisense CCTTCAACTCCAAGGTCTCGG; hASH1 sense
AGCAGGGTGATCGCACAAC, hASH1 antisense ACGCCA
CTGACAAGAAAGCACTA; En1 sense GTTATTCGGATCGT
CCATCCTC, En1 antisense CGCCTTGAGTCTCTGCAGCT;
Pitx3 sense GTTCGCTGAAAAAGAAGCAGC, Pitx3 antisense TCTGGAAGGTCGCCTCTAGCT. Nurr1 sense
GGATGGTCAAAGAAGTGGTTCG, Nurr1 antisense CCTG
TGGGCTCTTCGGTTT; Fibronectin sense GAGATCAGTG
GGATAAGCAGCA, Fibronectin antisense CCTCTTCAT
GACGCTTGTGGA; RUNX2 sense GCCTTCAAGGTGG
TAGCCC, RUNX2 antisense CGTTACCCGCCATGACAGTA;
VMAT2 sense CCGCCCTGGTACTCTTGGAT, VMAT2 antisense TCCCCTTCTGACTCTCTGGCT; Dopamine transporter sense CTGGAGC CATAGACGGCATC and Dopamine
transporter antisense CCGCGTCAATCCAAACAGA; The
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene served as an internal control. Lentiviral transduction
of human MSCs did not influence the constitutive expression of the reference gene, GAPDH. For each gene, verifying
a single peak in melting curve analysis assessed the specificity of the PCR product. PCR analyses were conducted
in triplicate for each sample. The PCR was performed in
a total volume of 20 μL containing 1 μL of the previously
described cDNA, the 3′ and 5′ primers at a fi nal concentration of either 250 nM or 500 nM each and 10 μL of Sybr
Green Mix. Quantitative calculations of the gene of interest versus GAPDH was done using the ΔΔCT method, as
instructed in the user bulletin 2 ABI prism 7700 sequence
detection system (updated 10/2001).
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Western blot
Total protein was extracted by suspending the harvested cells in lysis buffer containing 10 mM Tris base
(U.S. Biochemical Corporation, Cleveland, OH, USA), 5
mM EDTA (Merck, Whitehouse Station, NJ, USA), 140 mM
sodium chloride (NaCl; BioLab, Jerusalem, Israel), 10 mM
sodium fluoride (NaF; Sigma), 0.5% NP 40 (U.S. Biochemical
Corporation), and 1 μM phenylmethylsulfonyl fluoride
(PMSF; Sigma). Following incubation on ice for 30 min, the
mixture was centrifuged and the supernatants were collected. Protein content was determined by the BCA protein assay kit (Pierce, Rockford, IL, USA). Fifty micrograms
of protein from each sample were subjected to sodium
dodecyl-sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) (12.5% acrylamide), followed by electrophoretic
transfer to nitrocellulose membrane (Schleicher & Schuell,
Dassel, Germany). Membranes were probed with mouse
anti-TH (1:10,000, Sigma) and mouse anti β-actin (1:10,000,
Chemicon) and then by goat antimouse horseradish peroxidase conjugated antibody (1:10,000, Jackson, West Grove, PA,
USA). Proteins of interest were detected using the enhanced
Super Signal® chemiluminescent detection kit (Pierce)
and exposed to medical X-ray film (Fuji Photo Film, Tokyo,
Japan). Densitometry of the specific protein bands was preformed by VersaDoc® imaging system and Quantity One®
software (BioRad, Hercules, CA, USA).

High performance liquid chromatography (HPLC)
Sample collection for HPLC analysis was conducted as
follows; media was removed from cells and replaced with
Hank’s balanced salt solution (HBSS; Biological Industries)
for 30 min. Following the collection all the samples were
stabilized with 0.1 M perchloric acid/metabisulfite (2 mg/
mL, Sigma), mixed with the internal standard dihydroxybenzylamine and extracted by aluminum adsorption
(Bioanalytical Systems, West Lafayette, IN, USA). Dopamine
levels were measured using an HPLC coupled to an ESA
Coulochem II Detector (Model 5200A, ESA, Inc., Chelmsford,
MA, USA). Samples were injected by an autosampler
(AS-2057plus, Jasco, Tokyo, Japan) into a C-18 reverse-phase
column (5 μm; particle size, 4.6 × 150 mm; interfile ODS-2,
GL Science Inc., Tokyo, Japan). The electrode potentials
employed were E1:+100mv and E2:-300mv. Results were validated by coelution with catecholamine standards under
various buffer conditions and detector settings.

Statistics
Statistical analysis of data sets was carried out with
the aid of SPSS for windows (version 10.0.1), data was analyzed by one-way analysis of variance (ANOVA) followed
by multiple paired comparisons (Tukey test). For comparisons between two groups two-tailed Student’s t-test was
employed. Significance was considered for P < 0.05.

Results
Isolation and characterization of human bone marrow
mesenchymal stem cells
MSCs were produced from freshly harvested adult
human bone marrow aspirates. After 2–5 passages, cells

BARZILAY ET AL.
were characterized according to the position paper from
Dominici et al. [27]. Cell surface phenotype was determined using FACS caliber. Human MSCs were found to
ubiquitously express CD29, CD44, CD73, and CD105 (>95%)
whereas hematopoietic markers such as CD14, CD34, and
CD45 were absent (<1%). Mesenchymal differentiation
capacity of MSCs was confirmed by successful adipogenic
and osteogenic differentiation.

Generation of lentiviral constructs and
transduction efficiency
In order to examine our hypothesis that over expression
of dopaminergic transcripts will enhance differentiation in
adult MSCs, we had to overcome the obstacle of successful gene delivery and sustained expression in MSCs. Few
recent studies have reported the ability of lentiviral vectors
to transduce MSCs and sustain transgene expression longer
than other viral and nonviral vectors [28–30]. Those studies also have indicated that the transduction procedure by
itself did not affect the differentiation potential of MSCs.
We chose to insert the genes of interest under the control
of the CMV promoter because it was reported to induce
the highest expression rate in MSCs compared with other
promoters [28]. The virus was pseudotyped with the vesicular stomatitis virus G-protein. We constructed a reporter
vectors encoding AcGFP1 (pLenti6/CMV/AcGFP1) which
allowed us to evaluate the transduction efficiency, and an
expression vector encoding LMX1a cDNA (pLenti6/CMV/
LMX1a).
Following harvest of virus and titer determination,
human MSCs were transduced with pLenti6/CMV/
AcGFP1 at a MOI of 1 to verify reporter protein expression in the cells. Transduced cells were fi xed and analyzed
using a fluorescent microscope (Fig. 1A). Untreated MSCs
did not display fluorescence. Fluorescent expression of
the transduced cells sustained for more than 2 months.
Transduction rate was evaluated by FACS analysis for GFP
expression. MSCs were transduced with pLenti6/CMV/
AcGFP1 at different MOIs of 0.1, 1, and 10. We found consistent results indicating a clear dose response pattern
between the employed MOI and the observed GFP+ percentage of cells (Fig. 1B). In cells transduced at an MOI
of 0.1, less than 5% were GFP+, (4.45 ± 0.88%) MOI of 1
resulted in more than 30% GFP+ cells (30.44 ± 3.79%)
whereas the highest MOI of 10 yielded nearly 80% (78.76 ±
4.25%) rate of GFP expression.

Transduced MSCs express LMX1a
We first sought to examine the gene expression level of
LMX1a in the transduced cells. Following transduction of
MSCs with pLenti/CMV/LMX1a (LMX1a MSCs) at an MOI
of 10, total RNA was extracted and LMX1a gene expression
was determined using semiquantitative real-time PCR or
semiquantitative RT-PCR. We found substantial levels of
LMX1a gene expression in LMX1a MSCs in comparison to
small or undetectable levels in untreated MSCs or mock
transduced MSCs with the GFP vector (Fig. 1C). To assess
the expression level of the LMX1a protein we performed
immunocytochemistry analysis in the transduced cells. We
found that most of the MSCs were positively stained for
LMX1a: 73.34 ± 15.38% (Fig. 1E and F). No expression of the
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FIG. 1. Transduction efficiency of human MSCs. (A) Immunofluorescence of MSCs transduced with the reporter vector pLenti6/CMV/AcGFP1 2 weeks following transduction
(scale bar = 25 μm). (B) FACS analysis of GFP expression 1
month following transduction with pLenti6/CMV/AcGFP1
at different MOI. (*P < 0.005, error bars represent the standard error of means). (C) Semiquantitative PCR gel electrophoresis reveals low levels of LMX1a in MSCs transduced
with a mock vector pLenti.CMV/AcGFP1 compared with
LMX1a encoding vector. The glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) gene served as an internal control.
(D and E) Immunocytochemistry of LMX1a shows no protein expression in mock transduced MSCs compared with
MSCs transduced with pLenti/CMV/LMX1a, respectively.
(F) High magnification of a cell transduced with pLenti/
CMV/LMX1a [DAPI nuclear staining, scale bar in (D) and
(E) = 100 μm, (F) = 25 μm].

LMX1a protein was observed in MSCs transduced with the
GFP encoding mock vector (Fig. 1D).

Following differentiation the LMX1a protein localizes
in the cell nuclei
To direct the LMX1a MSCs toward the dopaminergic fate
we exposed the cells to induction medium containing Shh
and FGF-8, which have previously been reported to serve
as extrinsic signals required for dopaminergic differentiation [15,22,23]. Following differentiation, immunocytochemistry with anti-LMX1a antibodies revealed that LMX1a
MSCs showed increased fluorescent intensity in the cell
nucleus (Fig. 2B), whereas LMX1a was dispersed randomly
within the cell cytoplasm or nucleus prior to differentiation
(Fig. 2A). Counterstaining of cell nuclei with DAPI further
emphasized significant colocalization of the LMX1a protein with the cells nuclei in cells following differentiation
(Fig. 2C and D, prior and following differentiation, respectively). Quantification of cells harboring high level of LMX1a

–diff

+diff

FIG. 2. Intracellular distribution of the LMX1a protein following incubation in differentiation medium. (A and B)
Immunocytochemistry for LMX1a prior to differentiation
and following differentiation, respectively. (C and D) Merged
photos of LMX1a and nuclear DAPI staining (scale bar = 50
μm). (E) Quantification of immonocytochemistry analysis
for colocalization of LMX1a and DAPI, values represent percent of cells displaying intense LMX1a staining within the
nucleus from total LMX1a positively stained cells (*P < 0.05,
error bars represent the standard error of means).

in nucleus revealed significant differences before and after
differentiation: before differentiation, 23.81 ± 20.18%, after
differentiation, 77.1 ± 17.21% (Fig. 2E).

Following differentiation, LMX1a MSCs upregulate
typical midbrain dopaminergic transcripts
To evaluate the effect of LMX1a forced expression on the
dopaminergic differentiation of MSCs, we analyzed the relative gene expression of key transcription factors involved
in the mesencephalic dopaminergic neuron development
using semiquantitative real-time PCR. Prior to differentiation, we observed no change in the transcripts’ expression
levels in the LMX1a MSCs compared with naïve or mock
transduced MSCs (data not shown). However, following differentiation with Shh and FGF-8, we found that an impressive number of those transcription factors were upregulated
in the LMX1a MSCs compared with nontransduced MSCs
by at least 3-folds (Fig. 3A).
Among the upregulated genes we found the neural stem
cell marker SRY-related HMG-box gene 2 (Sox2), which is
expressed in the developing CNS and is required for neural
stem cell maintenance, lineage specification and neurogenesis in the adult brain [31,32]. We also observed an increase in
msh homeobox 1 (MSX1), which was reported to act downstream of LMX1a and enable dopaminergic differentiation
in rodents’ developmental systems [15,22]. In addition, we
found that LMX1a MSCs upregulated their expression of
the proneural genes Neurogenin 2 (NGN2) and the Human
achaete-scute Homologue (hASH1). Those factors belong to
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the basic loop helix (bHLH) protein family that is involved
in the induction of neuronal cell fate [33–35]. Moreover, differentiation of LMX1a MSCs resulted in the upregulation of
the specific mesencephalic transcripts Engrailed1 (En1) and
Paired-Like Homeodomain transcription factor 3 (Pitx3),
both of which are known to be crucial for the mesencephalic
dopaminergic neuron differentiation [21,36]. Interestingly,
Nurr1 expression levels were not affected by the forced
LMX1a expression.
To check whether LMX1a overexpression affects the
expression of mesenchymal genes, we checked the cells for
their expression level of Fibronectin and the osteogenic transcription factor runt-related transcription factor (RUNX2).
We found no significant difference in fibronectin expression following dopaminergic differentiation while a small
decrease in RUNX2 expression was observed in LMX1a
MSCs compared with the nontransduced MSCs.

A

Folds of mRNA Expression
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Differentiated LMX1a MSCs express
dopaminergic-specifi c proteins
Following our observations that the dopaminergic
mRNA transcripts were upregulated in the LMX1a MSCs,
we performed immunocytochemistry analysis for detection of the dopaminergic transcription factors in the differentiated cells. While we could not detect any expression of
MSX1, En1, or Pitx3 in differentiated MSCs without LMX1a
forced expression (data not shown), we found that the MSX1
protein was expressed in the LMX1a MSCs colocalizing
with LMX1a (Fig. 3B and D). The same expression pattern
was observed when we stained the cells for En1 (Fig. 3F–H).
Pitx3 was also expressed in LMX1a MSCs (Fig. 3J and K).
No expression of those transcription factors was noticed in
LMX1a MSCs prior to incubation in differentiation medium
(Fig. 3E, I, and L).
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FIG. 3. Expression of midbrain dopaminergic transcripts in MSCs overexpressing LMX1a following differentiation. (A)
Nontransduced MSCs and LMX1a MSCs were induced to differentiate as described in the Methods section. RNA was
extracted following 3 weeks of differentiation. Samples were analyzed by semiquantitative real-time PCR for Sox2, hASH1,
MSX1, NGN2, En1, Pitx3, Nurr1, Fibronectin, and RUNX2 gene expression. Calculations of the investigated gene versus
GAPDH were done by using the ΔΔCT method. The data presented here are from a representative experiment repeated
three times with similar results (Bars represent standard deviation between samples). Staining for MSX1 (B) and LMX1a
(C) in LMX1a MSCs following differentiation. (D and E) Merged photos following and prior to differentiation, respectively.
Staining for En1 (F) and LMX1a (G) in LMX1a MSCs following differentiation. (H and I) Merged photos following and prior
to differentiation, respectively. (J) Staining for Pitx3 in LMX1a MSCs following differentiation. (K and L) Merged photos following and prior to differentiation, respectively. Nuclear DNA was stained with DAPI. (scale bar = 50 μm). White represents
overlapping of various stains.
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Differentiated LMX1a MSCs express functional
neuronal markers
To examine whether the change in gene expression profile and the expression of dopaminergic transcription factors were accompanied by expression of neuronal markers,
we stained the cells for the neuronal precursor marker Tuj1
(β-3Tubulin), we found that following differentiation, most
of the LMX1a MSCs expressed Tuj1 (>90%, Fig. 4A–C) compared with the basal level of Tuj1 expression in untreated
MSCs (Fig. 4D). Moreover, when we looked for the expression of functional neuronal markers, we found that following differentiation, some of the LMX1a MSCs expressed
voltage gated sodium channels typical of neurons (Fig.
4E–G). In addition, few of the LMX1a expressing cells were
stained positively for synaptotagmin 1 (Fig. 4H), which
is a Ca2+ sensor on synaptic vesicles which triggers neurotransmitters’ release. Some of the differentiated LMX1a
MSCs were also positively stained for the mature neuronal marker microtubule associated protein 2 (MAP2) and
the synaptic marker synapsin (Fig. 4I). None of the functional neuronal markers were found to be expressed prior
to differentiation.

Differentiated LMX1a MSCs upregulate
dopaminergic protein expression and secrete
higher levels of dopamine
To assess the functional dopaminergic traits of the differentiated LMX1a MSCs, we examined the protein expression
of TH and vesicular monoamine transporter 2 (VMAT2).
Immunocytochemistry analysis for TH expression revealed

A

that the LMX1a MSCs expressed higher levels of the TH
enzyme following differentiation (Fig. 5A–C) compared
with the cells prior differentiation (Fig. 5D). VMAT2 positively stained cells were detected only in the differentiated
LMX1a MSCs, but not in LMX1a MSCs before differentiation
or in nontransduced MSCs (Fig. 5E–G). Moreover, real-time
PCR revealed that VMAT2 mRNA was only detected in differentiated LMX1a MSCs and neither in cells prior to differentiation nor in nontransduced MSCs (data not shown).
At no time point could we detect dopamine transporter
expression.
In order to better quantify the upregulation of TH
expression, we performed western blot analysis on cells
with or without LMX1a forced expression before differentiation and along the differentiation course (following
1 week and 3 weeks of differentiation). As reported elsewhere [11,12,36], incubation of MSCs in differentiation
media resulted in upregulation of the TH protein expression levels. However, we found that TH protein upregulation was significantly higher in LMX1a MSCs compared
with nontransduced MSCs (Fig. 4H). One week differentiation induced an increase of 3.05-folds ± 0.39 in LMX1a
MSCs versus 1.71-folds ± 0.26 in untransduced MSCs, while
3 weeks of differentiation induced an increase of 4.43-folds
± 0.66 in LMX1a MSCs versus 1.82-folds ± 0.22 in nontransduced MSCs.
Finally, to evaluate the functional dopaminergic differentiation, we incubated the cells in neutralized secretion media
(HBSS) and analyzed dopamine secretion with HPLC. We
found that following differentiation, LMX1a MSCs secreted
3-fold more dopamine to the secretion medium compared
with untransduced MSCs : 294.59 + 51.1 pg/100,000 cells

C

D

G

H

B

E

I

F

FIG. 4. Neuronal phenotype of differentiated LMX1a MSCs. Staining of differentiated LMX1a MSCs for Tuj1 (A) and
LMX1a (B). (C and D) Merged photos of LMX1a MSCs following and prior to differentiation, respectively. Staining of differentiated LMX1a MSCs for voltage gated sodium channel (NaV, E), LMX1a (F), and merged (G). (H) Merged photos of differentiated LMX1a MSCs stained for LMX1a and synaptotagmin 1. (I) Merged photos of differentiated LMX1a MSCs stained
for synapsin and MAP2. [Scale bars in (A–D) = 100 μm, scale bar in (E–G and I) = 50 μm, scale bars in (H) = 25 μm], nuclear
DNA was stained with DAPI. White represents overlapping of various stains.
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FIG. 5. Dopaminergic phenotype of differentiated LMX1a MSCs. (A–C) Staining of differentiated LMX1a MSCs for TH and
LMX1a. (D and E) Merged photos of LMX1a MSCs following and prior to differentiation, respectively. (F and G) Staining of
LMX1a MSCs for VMAT2 and DAPI following and prior to differentiation, respectively. (E) High magnification of VMAT2
staining in a cell transduced with LMX1a following differentiation. [Scale bars in (A–D) = 100 μm, scale bar in (E) = 25 μm,
scale bars in (F and G) = 50 μm], nuclear DNA was stained with DAPI. White represents overlapping of various stains. (H)
Densitometry analysis of western blot with TH antibodies in nontransduced MSCs and LMX1a MSCs before differentiation
and following one or three weeks of differentiation. Expression levels were normalized to β-actin, and values represent
the level of upregulation in TH expression in relation to expression before differentiation (*P < 0.05, bars represent standard error of means). (I) HPLC analysis for dopamine secretion levels following incubation in secretion media for 30 min
(*P < 0.05, bars represent standard error of means).

in the differentiated LMX1a MSCS versus 95.63 + 71.35
pg/100,000 cells in the differentiated MSCS (Fig. 4I). We also
observed that the LMX1a MSCs secreted higher, though not
statistically significant, levels of dopamine in response to
depolarization media (56 mM KCl) compared to HBSS (data
not shown). No dopamine secretion was detected in cells
prior to differentiation.

Discussion
Here we describe the efficient transduction of human
MSCs with a lentiviral vector encoding the complete cDNA
of the human Lmx1a gene. We show for the first time that
forced expression of Lmx1a in human cells harvested from
an adult patient, induces upregulation of key transcriptional
factors which are known to be involved in the dopaminergic differentiation of primitive stem cells in the developing
midbrain and of embryonic stem cells. We demonstrate that
Lmx1a forced expression, together with extrinsic signaling
molecules such as Shh and FGF-8 is sufficient to produce

cells that exhibit a gene expression profile typical of dopaminergic cells. Moreover, the LMX1a MSCs expressed
higher levels of TH, the rate limiting enzyme in dopamine
synthesis, and secreted significantly higher levels of dopamine compared with nontransduced cells.
The developmental pathway underlying mesodiencphalic dopaminergic differentiation has yet to be elucidated. The knowledge obtained from knockout animal
models has enabled researchers to suggest a rough scheme
involving several transcription factors and signaling molecules [13–21,35–37]. However, there are more than a few
question marks regarding both the identities of the factors
involved and the exact sequence in which they operate.
When attempting to induce in vitro stem cell differentiation,
we must assume that developmental cues observed in vivo
in a rodent or a chick’s central nervous system will induce
differentiation on human stem cells, a paradigm which in
itself is not trivial. Moreover, the mere question of a nonneural adult stem cell’s capacity to differentiate to neuron has
not yet been resolved [38,39].
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DOPAMINERGIC DIFFERENTIATION OF LMX1a MSCs
Bone marrow derived MSCs hold great potential to serve
as an autologous source for cell based regenerative therapy
[5]. Reports of MSCs potential to differentiate to the neural
lineage [7–12] have prompted researchers to utilize them
for the treatment of neurodegenerative diseases. Previous
works in our laboratory have shown that prior to any exposure to inductive signals MSCs already express a basal level
of neural genes and proteins including a variety of dopaminergic neuron associated genes and proteins [26]. Among
them is TH, the rate limiting enzyme in dopamine synthesis [9,12,40]. Moreover, on intrastriatal transplantation into
rodent PD models MSCs integrated into the brain parenchyma and showed survival and migration to the lesion
[41]. A few other works have reported the clinical improvement in PD animal models following MSCs transplantation
[42,43]. Those studies reveal the great potential of MSCs for
the treatment of PD.
Recent works in hematopoetic stem cells suggested that
forced expression of a single transcription factor is sufficient
to enable transdifferentiation of lineage specific stem cells
[44], a phenomenon previously considered unfeasible. We
aimed to facilitate the differentiation process using forced
expression of a dopaminergic determinant. A few works
have been conducted to date in attempting to induce bone
marrow stem cells neuronal differentiation via gene delivery
[43,45] but works in embryonic stem cells suggest that such
a method of inducing differentiation is promising [22,46].
Some studies in embryonic or neural stem cells point out
that efficient dopaminergic differentiation may even require
delivery of more than one gene [47–50].
We chose to focus on LMX1a because it is presumed
to be the first intrinsic dopaminergic determinant to be
expressed [13–15,22,37], thus probably the key player in
initiating the dopaminergic direction. The lack, or very
low level, of LMX1a expression in MSCs made us curious to check the effect of its forced expression. Though
the first study indicating LMX1a’s crucial role in dopaminergic differentiation was conducted in mice [22], a
recent study showed that LMX1a forced expression in a
human embryonic midbrain-derived progenitor cell line
enhanced the generation of TH positive cells by 3-folds
[23]. Our findings, together with reports of LMX1a’s
observed upregulation in human stem cells dopaminergic differentiation [11,51], strongly imply that LMX1a is
of great importance in dopaminergic differentiation of
human cells as well.
In a previous study conducted in embryonic stem cells
[22], forced expression induced dopaminergic differentiation only after the addition of differentiation media containing Shh and FGF-8, augmenting the need for an extrinsic
inductive signal in addition to gene delivery. Concomitantly,
we found that LMX1a forced expression failed to induce
dopaminergic differentiation without the addition of extrinsic signaling molecules. Future works elucidating LMX1a’s
interaction with Shh and FGF-8 will definitely shed light on
the mechanism through which LMX1a exerts its effect on
dopaminergic differentiation.
Comparing the effect of LMX1a forced expression in
MSCs with that in embryonic stem cells is a tricky task.
Whereas naïve embryonic stem cells present more or less
a “clean sheet” in terms of neuronal or dopaminergic gene
expression, some genes which are considered dopaminergic
specific are already expressed in MSCs at some level before
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any induction. Nurr1, for example, is considered to be a transcriptional marker for dopaminergic differentiation [19] but
we found it to be expressed in untreated MSCs. In this study,
we did not observe a change in Nurr1 expression in LMX1a
MSCs compared to nontransduced MSCs. We therefore cannot rule out that the dopaminergic differentiation of MSCs is
Nurr1 independent as previously reported [52].
In a recent review entitled ‘How to make a mesodiencephalic dopaminergic neuron’ published in Nature
Neuroscience, Smidt and Burbach [37] follow the developmental path of the dopaminergic neuron and present
an updated molecular code of dopaminergic differentiation. In their proposed developmental flowchart, LMX1a
expression is the first transcriptional factor to be expressed
following extrinsic signaling. Its expression triggers the
expression of Sox2, NGN2, and mash1 to make a dopaminergic precursor, which in turn, following Nurr1 and
engrailed expression, is specified to express Pitx3 and TH
and matures to the functional dopaminergic neuron. In
our work, we found that forced expression of LMX1a in
cells harvested from an adult, together with exposure of
the cells to extrinsic signals in the form of Shh and FGF-8,
resulted in a gene expression profile which mimics the
expression pattern of dopaminergic precursors The differentiated LMX1a MSCs displayed significant up regulation
of Sox2, MSX1, NGN2, hASH1, En1, and Pitx3 compared
with nontransduced MSCs expressing little or no LMX1a.
To our knowledge, this is the first work to describe such
a comprehensive dopaminergic expression pattern of nonneural derived adult stem cells.
Analyzing the functional dopaminergic traits of the cells,
we found a clear advantage of the LMX1a MSCs. While TH
upregulation in differentiated MSCs has been reported
before [11,12], we found that LMX1a forced expression
enhanced this upregulation and resulted in higher levels of
dopamine secretion in LMX1a MSCs than in nontransduced
MSCs. We also observed a trend of increased dopamine
secretion in response to depolarization in LMX1a MSCs
though we could not achieve statistic significance, suggesting that a compatible neuronal differentiation was yet to be
established. This results fall in place with previous reports
that show that, in the course of neurogenesis, the neurotransmitter identity is determined prior to the acquirement of electrophysiological properties [53]. Our inability
to detect expression of the dopamine transporter, a more
mature dopaminergic marker, supported the notion that the
dopaminergic phenotype was still immature. We did however detect few cells over expressing LMX1a that expressed
functional neuronal proteins like sodium channels and
synaptotagmin. It is clear that future works would have
to improve the differentiation protocol, either by changing
the cocktail of the extrinsic signaling molecules or through
the addition of other intrinsic signals to be expressed in the
cells. Alternatively, these cells could exploit the neurogenic
environment of the parkinsonian degenerated dopaminergic system [54]. Future in vivo works would have to demonstrate functional integration and clinical improvement after
transplantation of these cells.
To conclude, we have shown that gene manipulation
of adult MSCs may help to facilitate dopaminergic differentiation. Following lentiviral transduction of MSCs with
LMX1a we observed a transcriptional profi le characteristic of a developing mesodiencephalic neuron, though
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the cells originated from an adult donor. We believe this
study will provide a fi rst step in generating a suitable
autologous cell source for cellular therapy strategy in PD
patients. Our results present a fi rst proof of concept that
gene delivery can facilitate nonneural adult stem cell’s
dopaminergic differentiation by reprogramming its transcriptional code.
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