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Differentiation of hUC-MSC into dopaminergic-like cells
after transduction with hepatocyte growth factor
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Abstract Parkinson’s disease (PD) is a common neuro-
degenerative condition causing significant disability and
thus negatively impacting quality of life. The recent advent
of stem cell-based therapy has heralded the prospect of a
potential restorative treatment option for PD. In particular,
mesenchymal stem cells derived from human umbilical
cord (hUC-MSCs) have great potential for developing a
therapeutic agent as such. Furthermore, hepatocyte growth
factor (HGF), which shows mitogenic and morphogenetic
activities in a variety of cells, including MSC, and may be
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implicated in the pathophysiology of PD. As such, HGF
may represent a new therapeutic target for the disease. In
this study, we successfully isolated and facilitated the
transduction of an adenoviral vector expressing HGF (Ad-
HGF) into isolated hUC-MSCs. Following transduction,
the hUC-MSC:s can differentiate into dopaminergic neuron-
like cells secreting dopamine, tyrosine hydroxylase, and
dopamine transporter. Our data suggest that hUC-MSCs
have the ability to differentiate into dopaminergic neurons
after transduction with Ad-HGF, providing encouraging
evidence to further explore this approach to the treatment
of PD.
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Abbreviations
PD Parkinson’s disease
hUC-MSCs Mesenchymal stem cells derived from

human umbilical cord

HGF Hepatocyte growth factor
TH Tyrosine hydroxylase
DAT Dopamine transporter
DA Dopamine

Introduction

As the population ages, the incidence of Parkinson’s dis-
ease (PD) increases [1]. Additionally, the age of PD onset
continues to decrease. And so this neurodegenerative dis-
ease presents an increasingly relevant social problem [2, 3].
Although the underlying cause of PD has not been fully
defined, the anatomy of PD has been thoroughly charac-
terized; namely, it involves the loss or dysfunction of
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dopaminergic neurons in the pars compacta of the sub-
stantia nigra [4, 5]. Current medical treatments, such as
levodopa, can improve symptoms of early PD patients, but
they do not prevent the degeneration of dopaminergic
neurons [6]. To combat neuron loss, cell transplantation
has emerged as the gold-standard treatment option because
of its transdifferentiation and functional replacement
capacity [2, 3]. MSCs derived from human umbilical cord
(hUC-MSCs) have shown many advantages including ease
of access, ethical agreeableness, low immunogenicity, and
greater proliferation and differentiation rates. Together,
these attributes make hUC-MSCs an ideal candidate for
cell-based therapy in the medical field [7].

Hepatocyte growth factor (HGF) is a multifunctional
mediator originally identified in hepatocytes. Known as the
“scatter factor”, HGF exhibits mitogenic and morphoge-
netic activities in a variety of cells. In addition, recent data
suggest that HGF is an important neurotrophic factor [4, 8—
11]. In the nervous system, HGF regulates motor neuron
development and survival, axon growth, and guidance. It
also plays an important role in neuroprotection after
peripheral nerve injury, allowing for axons extension and
nerve fiber repair [12—14]. Moreover, HGF is ubiquitous in
the nervous system; for example, Schwann cells, microglia,
astrocytes, and oligodendrocytes can synthesize and express
the HGF/c-met axis. Considering that HGF expression is
significantly higher in the CSF of patients with PD relative to
controls, these facts together suggest that HGF may be
involved in the pathophysiology of PD [10].

The half-life of exogenous HGF protein is relatively
short, and even repeated infusions of HGF fail to reach a
high level in vivo [8]. Most importantly, as a macromo-
lecular protein, HGF cannot easily pass through the blood—
brain barrier. We hypothesized that HGF gene-transferred
hUC-MSCs could continuously produce HGF at high lev-
els, which would induce the cells to differentiate into
neuron-like cells via autocrine and paracrine signaling
pathways. In this article, we isolated and characterized the
MSCs from human umbilical cord. After transduction with
adenoviral vector expressing HGF (Ad-HGF), hUC-MSCs
differentiated into dopaminergic neuron-like cell.

Materials and methods

Preparation of reagents, antibodies, and the expression
vectors

Human umbilical cords were obtained from healthy puerpera
being treated at The Second Affiliated Hospital of Zhengz-
hou University, and all biopsies were performed with
informed consent and approved by the hospital’s ethics
committee. Ham’s F12 nutrient medium (Ham’s F12) and
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MTT were bought from Gibco (Grand Island, NY, USA),
dimethyl sulfoxide from Sigma (Austin, TX, USA), and the
DA ELISA kit from IBL (Munich, Germany). All antibodies
were obtained from R&D systems (Minneapolis, MN, USA).
The recombinant adenovirus carrying green fluorescent
protein (GFP) was a generous gift from Beckman Medical
Instruments (Pasadena, CA, USA).

Construction of recombinant adenovirus vectors
carrying human HGF cDNA

A complementary DNA (cDNA) clone for human HGF
(2,184 bp) was isolated from a human placental cDNA
library by PCR, then subcloned into the HindIIl/NotI site in
pXCIL1/CMV/pA (7,650 bp, kindly provided by the Gene
Therapy Unit, Baxter Healthcare Company, USA) using T4
ligase (New England Biolabs) to generate the shuttle
recombinant plasmid pXCJL1-CMV/HGF/pA. In the final
stage, the recombinant pXCJL1-CMV/HGF/pA vector was
packaged into infectious adenovirus by transfecting human
embryonic kidney 293 cells. Recombinant adenovirus was
harvested by lysing transfected cells. Recombinant ade-
noviruses titer was determined by Titer Kit (Clontech
Laboratories). Purified viruses were stored in PBS and kept
at —80 °C until use.

Cell isolation, culture, and characterization

In order to remove the remnant blood under sterile condi-
tions, the newborn umbilical cords of full-term pregnancies
were washed by PBS. After separating the umbilical cord
artery and vein, the remaining sections were cut to approx-
imately 2 mm in size and directly transferred to a 25 cm?
culture flasks in Ham’s F12 supplemented with 10 % fetal
calf serum, penicillin 100 IU/ml, and streptomycin 100 pg/
ml, in an atmosphere of 5 % CO, at 37 °C. In order to
determine the “stemness” of the isolated cells, hUC-MSCs
were harvested within 3—6 passages via trypsinization. The
cells were then fixed in neutralized 2 % paraformaldehyde
(PFA) solution for 30 min. The fixed cells were washed
twice with PBS and incubated with antibodies against CD44,
CD29, CD105, CD31, and CD45 for 30 min. Primary anti-
bodies were directly conjugated with FITC and phycoery-
thrin. For purposes of isotype control, non-specific FITC-
conjugated IgG was substituted for the primary antibodies.
Lastly, the samples were subjected to flow cytometry.

Determination of the optimal multiplicity
of transduction

The hUC-MSCs were seeded in 6-well plates at
5 x 10° cell/well. When the cells reached about 80 %
confluency, they were washed with PBS for three times,
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and then subjected to Ad-GFP transduction at 50, 100, 200,
or 400 MOI for 2 h at 37 °C. The vibrance of the GFP was
qualified 12 h later by fluorescent microscopy. After 48 h,
flow cytometry was used to detect the transduction effi-
ciency of the hUC-MSCs.

Detection of TH and DAT expression
by immunocytochemistry and western blot

After fixation with 4 % PFA/PBS, cells were treated with
blocking solution (PBS containing 4 % goat serum and
0.1 % Triton X-100) for 45 min at RT. The cells were
incubated in primary antibodies in PBS/0.1 % Triton
X-100 and 1 % goat serum overnight at 4 °C. The fol-
lowing antibodies used were anti-TH and anti-DAT (1:300,
R&D, USA). After washing with PBS, slides treated with
biotin-labeled secondary antibodies (1:500, R&D, USA)
were incubated at RT for 1 h. The chromogenic reagent
DAB was used to show the antibody conjugation. After
immunostaining, cells on coverslips were mounted and
analyzed by an image analysis system. The control group
was no adenovirus transduction.

Following treatment, cells were washed in ice-cold
phosphate-buffered saline, and total cell lysates were pre-
pared by scraping the cells in lysis buffer. Lysates were
rotated at 4 °C for 1 h and the insoluble material was
removed by centrifugation at 12,000x g for 10 min. Equal
amounts of denatured proteins were separated by 12 %
SDS-PAGE and transferred to PVDF membranes (Phar-
marcia). The membranes were blocked by incubation in
Tris—buffered saline non-fat dry milk for 2 h, followed by
incubation at room temperature with indicated antibodies
(against TH, DAT, and B-actin) at room temperature for
2 h. After extensively washing in Tris—buffered saline
containing 0.1 % Tween-20, the membranes were incu-
bated for 1 h with horseradish peroxidase-conjugated sec-
ondary antibody. Membranes were then washed and
developed using enhanced chemiluminescence substrate
(ECL, Amersham Pharmacia Biotech).

Analysis of DA by ELISA

The hUC-MSCs were transfected with Ad-GFP and Ad-
HGF at a MOI of 200 in serum-free F12 for 2 h. The
conditioned media (CMs) were harvested at different time-
points post-transduction. Concentrations of immunoreac-
tive DA in the supernatant were measured by enzyme-
linked immunosorbent assay (ELISA). ELISA plates (R&D
system) were coated overnight at room temperature with
100 pl of a 12 pg/ml solution of affinity purified anti-DA
diluted in 1x antibody coating buffer. Following two
washes with 1x wash buffer, the plate was blocked with
300 Wl of 1x general blocker buffer for 3—6 h at room

temperature. Blocking solution was removed, the plate
firmly tapped on absorbent paper to remove excess liquid
and used immediately. Ninety-five microliter of general
assay diluent was added to each well, followed by 5 pl of
standard blank (purified DA) or serum samples. The plate
was then sealed and incubated overnight at 4 °C. Following
five washes with 1x washing buffer, 100 pl of HRP-con-
jugated secondary antibody was added to each well and the
plate incubated again for 1 h at room temperature. The
plate was washed five additional times. After complete
removal of excess solution, 100 pul of TMB substrate was
added to each well. Following a 15-min incubation period
at room temperature, 100 pl of stop solution was added and
the absorbance at 450 nm was read using a plate reader
(Bio-Rad). Concentrations of DA in the samples were
calculated relative to the exponential standard curve
obtained from the standard included in each assay.

Statistical analysis

All data were expressed as mean =+ standard deviation
(X £ SD). Comparisons between groups were made using
one-way analysis of variance. A P value of less than 0.05
was considered to be statistically significant.

Results
Isolation of hUC-MSCs from tissue explant

In our study, a tissue explant technique was used to sepa-
rate hUC-MSCs. After cleaning the dissected umbilical
cord, the tissue slices were cultured. Using inverted
microscopy, we observed that cells emigrated from the
tissue 3—4 days. The cells were spindle and polygonal in
shape with visible nuclei. Following binary fission, the
cells gradually developed into long spindles—the typical
fibroblast morphology. When 90 % confluent, cells
assumed a parallel arrangement or swirling pattern. Cells
were then passaged at the ratio of 1-2. The molecular
surface markers at the third subpassage were detected by
flow cytometry. Our results suggest that hUC-MSCs can be
readily isolated using the tissue explant technique. They
express the MSCs-related antigens CD29, CDA44, and
CD105, but lowly expressed endothelial cells phenotype
and hematopoietic cells CD31 and CD45 [CD29
(94.20 £ 1.56 %), CD44 (95.63 £+ 1.23 %), and CD105
(90.03 £ 0.64 %), CD31 (6.89 £ 0.09 %) and CDA45
(5.07 &£ 0.068 %) (Fig. 1)]. CD29 is the most important
member of the integrin family, mediating the cell and
extracellular matrix adhesion. As a receptor, CD44 is a cell
surface transmembrane glycoprotein that can identify
hyaluronan (HA) and collagen I and IV, and is also
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involved in cell-cell and cell-matrix-specific adhesion
processes. Similarly, CD105 is a specific mesenchymal
stem cell surface marker [15, 16]. CD31, a member of the
immunoglobulin superfamily, is a surface marker of
endothelial cells, and CD45 is specifically expressed in
hematopoietic stem cells [17, 18].

Adenoviral vector-mediated transduction of hUC-
MSCs

In order to test the transduction efficiency of adenoviral
vectors, we transduced the hUC-MSCs with Ad-GFP
allowing for identification of GFP. As the MOI increased,
the transduction efficiency of hUC-MSCs rose in a dose-
dependent manner. When MOI reached 200, 99.55 % of
the cells became fluorescent (Fig. 2A, B). Under this MOI,
little cell damage was observed (data not shown). Previous
reports have documented that Ad-HGF expresses HGF
increased up to 128 ng/ml in tissue culture media [19].

The hUC-MSCs express TH and DAT neuronal
markers after transduction with Ad-HGF

The hUC-MSCs were transduced with Ad-HGF at 200 MOI
(Ad-HGF group). The control groups were divided into two.
One was transduced with Ad-GFP at 200 MOI (Ad-GFP
group), and the other was a blank control (the control group).
After continuous observation for 72 h, we found that cell
morphology gradually changed in the Ad-HGF group. Cells
became polygonal and irregular with long protrusions. These

phenomena were not observed in Ad-GFP and control
groups. At the same time, the expression of TH and DAT in
hUC-MSCs was detected by immunocytochemistry. This
expression became stronger at 7 and 10 days in the Ad-HGF
group (Fig. 3a). The analysis of western blot corresponded to
the results of immunocytochemistry (Fig. 3b). The results of
western blot were analyzed by an image analysis system. The
10D values were used for statistical analysis (Fig. 3c). Sig-
nificant differences in IOD values were found between the
control, Ad-GFP, and Ad-HGF groups.

The concentration of DA increased in hUC-MSCs
supernatant after transduction with Ad-HGF

After transduction was completed with all groups, the
concentration of immunoreactive DA in the hUC-MSCs
supernatant was measured at different time-points by
ELISA (0, 3, 7, and 10 days). As shown in Fig. 4, DA
accumulated to about 10 ng/ml in the supernatant at 3 days
in Ad-HGF groups. It gradually increased, peaking at
15 ng/ml at 7 days. At 10 days, concentration of DA
declined slightly to approximately 13 ng/ml. In blank
control and Ad-GFP groups, DA concentration remained
stable at 5 ng/ml (Fig. 4).

Discussion

PD is detrimental to the quality of life. Age, genetic, and
environmental factors have generally been thought to be
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Fig. 1 The hUC-MSC membrane proteins were evaluated by flow
cytometry with CellQuest software. Acquisitions are shown in histo-
grams; the number of acquired events was 20,000 in each acquisition.
The hUC-MSCs were positive for CD29 (94.20 &+ 1.56 %), CD44
(95.63 &+ 1.23 %), and CD105 (90.03 = 0.64 %) and lowly expressed
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CD31 (6.89 £ 0.09 %) and CD45 (5.07 & 0.068 %). IgG1-FITC and
IgG1-PE antibodies were utilized as isotype controls. Our results
suggest that hUC-MSCs can be readily isolated using the tissue explant
technique
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Fig. 2 The detection of
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transduction efficiency of hUC-
MSCs. A The cells were
transduced with Ad-GFP at
different MOI (0, 50, 100, 150,
200, and 400) for 2 h and
cultured for 48 h at 37 °C. The
transduction efficiencies were
determined by flow cytometry
(a 0.02 £ 0.0096 %,
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highest MOI. However, the
difference between 200 and 400
MOI groups was not significant,
however. This thus indicates
that the transduction efficiency B
did not become larger as the

titer further increased. B Green
fluorescence in cells was

observed under fluorescence
microscopy after transduction

with Ad-GFP at 200 MOI. The

results show that the
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into the hUC-MSCs
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involved in the etiology of PD but the pathogenesis is still
not entirely clear. The reduction of nigrostriatal dopami-
nergic neurons in the brain, however, is a cellular pheno-
type that has proven true for all PD patients [8, 20]. The
repair of the damaged dopaminergic neurons thus appears
to be critical to cure of the disease. That said, the current
treatment for PD is the administration of exogenous
dopamine. This, however, only alleviates the symptoms
and does not repair the fundamentally damaged neurons.
And exogenous dopamine only goes so far in alleviating
the symptoms of PD because, as PD progresses, the
patients gradually become less sensitive to such therapies.
As a result, the debilitating symptoms reappeared [21, 22].

Cell replacement therapies in PD may provide long-
lasting relief of patients’ symptoms. Stem cells (SCs)
represent a class of pluripotent cells with self-renewing
ability which can, under certain conditions, differentiate
into a variety of functional cells. More and more evidences
show that SCs, when transplanted into recipients, exhibit
plasticity [23, 24]. Among SCs, hUC-MSCs are particu-
larly advantageous in particular for the following reasons:
(a) they are easily obtained without risk of injury to the
mother or newborn; (b) they can be repeatedly passaged

Counts
05101520 2930

Lyosdunndovadosodunnillans
COUntS
0 5101520 2530
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because of their potent proliferation and differentiation
abilities, (c) they do not cause host immune rejection as
their immune activity is minimal, (d) they rarely transfect
with tumor cells, viruses, and pathogenic microorganisms;
and (e) the isolation of hUC-MSCs is not controversial in
the ethical and legal realms [4, 25].

Kim et al. [26] propose that abnormalities of the
immune system may be related to the pathogenesis of PD.
An increasing amount of data confirms that cytokines—
products of the immune response—lead to the chronic
inflammation that occurs as PD progresses [27]. HGF, a
multifunctional cytokine, shows mitogenic and morpho-
genetic activities in a variety of cells, including MSCs. As
an example, literature suggests that HGF regulates the
proliferation and migration of dopamine neural progenitor
cells. Lan et al. [28] isolated dopaminergic neural pro-
genitor cells from the placenta and showed that said cell’s
proliferation was mediated by exogenous HGF and could
be inhibited by U0126, a MAPK inhibitor. Cell migration
mediated by HGF is completely halted by L.Y294002, an
inhibitor of the protein kinase signaling pathway.

In the study of Koike et al. [29], a rat model is available
for the study of PD, which is injected unilaterally into
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Fig. 3 Immunocytochemistry
assay performed on the hUC- ey
MSCs revealed that the cells
could express TH and DAT
after transduction with Ad- :
HGF. a The expression of TH Control e o
and DAT in hUC-MSCs in the ¥

Ad-HGF group gradually i
increased over a 10-day time
period, with intervals at 3, 7,
and 10 days. At the same time,
the morphology of hUC-MSCs
changed, becoming polygonal
and irregular with a number of
long protrusions (denoted by the
arrow). These phenomena were
not observed in Ad-GFP and
control groups. b TH and DAT
expression in cultured hUC-
MSCs was analyzed by western
blot. An increase of TH and
DAT expression was observed
in hUC-MSCs treated with Ad-
HGF, but not in Ad-GFP and
control groups. That is to say,
after hUC-MSCs were
transfected with Ad-HGF, the
expression of TH and DAT up-
regulated. ¢ Graph represents

Ad-GFP <

Ad-HGF <
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densitometric analysis
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western blot were analyzed by
an image analysis system. The

10D values obtained showed

that there were significant

differences between the control
(Ad-GFP and the blank control)

and Ad-HGF groups

(*P < 0.01). Thus, HGF can up-

regulate the expression of TH

and DAT in the hUC-MSCs

after transduction with Ad-HGF
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substantia nigra with 6-hydroxydopamine. They directly
injected human HGF plasmid DNA into substantia nigra,
instead of striatum. At 7 days, after transfection of naked
human HGF plasmid, human HGF protein could be
detected in the striatum as assessed by immunohisto-
chemical staining. Koike et al. found over 90 % of dopa-
minergic neurons were lost in PD rats transfected with
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lacZ, whereas over 70 % survived in rats transfected with
HGF. Lan et al. found that the HGF plasmid group, in a
dose-dependent manner, showed significantly reduced
symptoms after 24 weeks. Immunohistochemical results
showed that about 90 % of the control group of dopami-
nergic neurons disappeared compared to a 70 % decrease
observed in the HGF group, suggesting that HGF
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Fig. 4 The concentration of DA in cells supernatant was detected by
ELISA after the hUC-MSCs were transduced with Ad-HGF and Ad-
GFP. After transduction with Ad-HGF, DA gradually accumulated in
hUC-MSCs supernatant, peaking at about 15 ng/ml at 7 days. Levels
remained stable at 5 ng/ml in the Ad-GFP and blank control group.
Indeed, statistically significant differences emerged between the
control and Ad-HGF groups upon analysis *P < 0.01)

overexpression can prevent dopaminergic neuronal death
in PD [28]. Similarly, Salehi and Rajaei [10] found
increased HGF concentrations in the cerebrospinal fluid of
PD patients compared to the normal population, further
demonstrating that HGF may be involved in the patho-
physiology of PD.

In this article, we sought to combine the use of hUC-
MSCs and HGF to develop and study new approaches for
the treatment of PD. To do so, we constructed Ad-HGF and
facilitated its transduction into the hUC-MSCs. As an
effect, transdifferentiation among the hUC-MSCs fol-
lowed. Previous literature reported that an adenovirus
carrying the HGF vector could enter the MSCs and effi-
ciently expressed HGF protein. However, the role of HGF
on cell proliferation was not made clear [19]. Although, it
was shown that HGF can promote migration of the hUC-
MSC:s. In this study, we focused on the ability of HGF to
promote hUC-MSCs differentiation into dopaminergic
neuron-like cells. Our results suggest that, after transduc-
tion with Ad-HGF, hUC-MSCs express TH, DAT, and DA.
The shape of hUC-MSCs also changes from a long and
spindle-like to polygonal in shape with some long protru-
sions. Their appearance is similar to the morphology of
neural SCs. It needs to be further in vivo studies that the
survival, differentiation, and function of hUC-MSCs gene-
modified by HGF gene in substantia nigra.

TH is often used as a target gene of PD in gene therapy, as
TH is the rate-limiting enzyme in the catecholamine neuro-
transmitter synthesis process, playing a catalytic role in the
process of tyrosine conversion to L-Dopa [30, 31]. DAT is
mainly synthesized and expressed by the nigrostriatal DA
nerve cell bodies, dendrites, and axons, eventually distrib-
uting in the plasma membrane of the dendrites and axons.
The two receptor binding sites on DAT are equivalent to the
DA binding sites although their transmembrane structures

are not the same [32, 33]. In biological fluids, DAT exists in a
cationic form, and its main function is to reuptake the DA in
the synaptic cleft following DA transmission [34, 35]. In
recent years, studies have shown that DAT does not only
serve to reuptake DA but that it is also an important regulator
of the DA nervous system function and the dopamine
transporter molecular vesicle regulates movement, emotion,
learning, memory, and endocrine functions related to the DA
system. DAT is thus recognized as the most specific marker
of DA neurons.

Our findings reveal the conversion of cellular phenotype
in hUC-MSCs following transduction with Ad-HGF,
thereafter expressing markers specific markers to dopami-
nergic neuron (TH, DAT, and DA). This indicates that
HGF promotes hUC-MSCs differentiation into dopami-
nergic-like neurons. Future studies are warranted to
investigate the effect of transplanting HGF gene-modified
hUC-MSCs to PD animal models in vivo.
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