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Abstract
 Objective:To construct the adenoviral expression vector system containing human hepatocyte growth factor (hHGF) cDNA, and to
further study the transduction efficiency and the expression of HGF in mesenchymal stem cells (MSCs).  Methods:The HGF cDNA
was amplificated from the expression plasmid pCMV-HGF, and was subcloned into the adenovirus shuttle plasmid pDC316-IRES-
EGFP vector containing a green fluorescence protein (GFP) reporter gene. Virus Ad-HGF was produced by homologous recombination
in HEK293 package cells.  Bone marrow derived MSCs were harvested and cultured, and then were transduced with Ad-HGF. The
efficiency of Ad-HGF transduction was assessed by FACS analysis using GFP gene expression.  And HGF/MSCs were generated. The
HGF concentrations in supernatants of HGF/MSCs were determined by ELISA using anti-human HGF monoclonal antibody. Results:
The recombinant, named pDC316-HGF-IRES-eGFP, was digested with restriction enzyme, and the DNA sequencing of HGF was
identical to the report in Genebank and did not reveal any mutation.  GFP expression could be observed on the second day after packing
of the linearized pAd-HGF in HEK293 cells and 7.15×1010pfu/ml titer of Ad-HGF was obtained.  Forty-eight hours after transduction,
96.89% of HGF/MSCs were GFP positive. Peak concentration levels of hHGF(103ng/mL) in the cultured supernatants were detected
on day 2 post-transduction, and the adenovirus-mediated expression of HGF by MSCs was maintained for at least 2 weeks in vivo.
Conclusion:Our data demonstrated that the adenovirus expression vector system pDC316-HGF-IRES-EGFP has been constructed
successfully, and their effective expressions also have been obtained in MSCs. This will provide material basis for the next study on
liver regeneration after small-for-size liver transplantation.
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INTRODUCTION
 Living donor liver transplantation has been paid
increasing attention because it substantially expands the
availability of potential donor livers. However, the survival
rate in adult recipients undergoing such transplantations
is significantly lower than in children.  Size mismatch
of graft and recipient remains a major risk factor con-
tributing to impaired post-operative graft function.

Transient portal hypertension in small-for-size grafts and
ischemia-reperfusion(I/R) associated with small-for-size
liver transplantation impairs liver graft regeneration. So
small-for-size liver grafts show delayed and impaired
regeneration. Moreover, these grafts encounter several
risks of failure after reperfusion, frequently leading to
liver failure termed“small-for-size syndrome”. In
order to avoid this syndrome in living donor liver trans-
plantation settings, immediate regeneration of the graft
is essential to ensure hepatic mass recovery, and subse-
quent protective measures are required for maintaining
liver function[1].
 Stem cells responsible for self-repair and regeneration
are found in various organs of the human body. Many
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recent reports have shown that MSCs have the capability
to differentiate into hepatocyte-like cells[2-5], when exposed
to specific conditions. There has also been much interest
in their clinical potential for tissue repair and gene
therapy, including the repair of the kidney[6], lung[7], and
heart[8]. Stem cells have also been shown to be associated
with liver regeneration after orthotopic liver transplan-
tation[9]. In addition, bone marrow-derived MSCs have
been a cell type of interest because of their accessibility
and readiness for transfection with exogenous genes[10].
 HGF has a potent cytoprotective action on hepatocyte,
besides enhancing liver regeneration[11-14]. HGF also
stimulates the migration and proliferation of activated
hepatic stem cells into the liver parenchyma, where the
cells differentiate into mature hepatocytes[15, 16]. And
HGF plays a great role in inducing MSCs differentiating
into hepatocytes in vitro.
 Our research, by constructing MSCs with high expres-
sion of hHGF, aimes to provide a material basis for further
in vivo exploration of application of HGF/MSCs in
small-for-size liver transplantation of rats.

MATERIALS AND METHODS
Experimental Animals
 Syngenic male Lewis rats; 8-12 weeks of age, weighing
250-340 g;(Vital River Experimental Animal Co, China)
were used in all of the experiments to exclude immu-
nologic interference. The animals were kept in the animal
facilities at Nanjing Medical University, and the ex-
periments were conducted in accordance with the guide-
lines approved by the China Association of Laboratory
Animal Care.

Preparation of mesenchymal stem cells
 Male Lewis  ra ts were  euthanized by CO 2
asphyxiation. Bone marrow MSCs were isolated by
combining gradient density centrifugation with plastic
adherence from both femurs and tibias, as previously
described by Mizuguchi[17]. MSCs between the third and
sixth passage were used in the experiments.
 At least 2×105 MSCs were harvested and re-suspended
in 0.1mL PBS containing 1% BSA (Sigma).  The cell
suspension was incubated with 0.2μ g FITC-or PE-
conjugated primary antibody(1:100 dilution), mouse
monoclonal anti-rat CD34(Santa Cruz Biotechnology,
Inc,California, USA), anti-CD90, anti-11b and anti-
CD29 (BioLegend, San Diego, USA), anti-CD45 and
anti-CD54 (Catag Laboratories, Burlingame, USA) for
40 min at 4℃. The mouse IgG1 kappa antibody(Catag
Laboratories, Burlingame, USA) was used as an isotype
control.  MSCs surface markers were analyzed by FACS
(BD Calibur, USA).

Consruction of shuttle plasmid pDC316-HGF-
IRES-EGFP
 The HGF cDNA encoding the full-length hHGF gene
was amplificated from the expression plasmid pCMV-
HGF by PCR，using primers containing AgeI and NheI
restriction enzyme sequence(HGF-AgeI-f:5＇-
TAAACTATACCGGTATGTGGGTGACCAAACT
C-3＇and HGF-NheI-r:5＇-TAAACTATGCTAGC
CTATGACTGTGGTACCTT-3＇, then digested with
AgeI and NheI, and subcloned into the same site of the
shuttle plasmid pDC316-IRES-eGFP vector(Vector
Gene Technology Co., China), under the transcriptional
control of the cytomegalovirus(CMV) immediate early
enhancer/promoter.  The recombinant shuttle plasmid
was named pDC316-HGF-IRES-eGFP,and identificated
with double digestion by restriction enzyme(AgeI+
NheI) and sequencing.

Recombinant adenovirus production
 Subsequently, we produced virus Ad-HGF by ho-
mologous recombination in human embryonic kidney
cells, designated HEK293 cells.  The recombinant shuttle
plasmid was co-transfected with the skeleton plasmid
pBHGlox_E1, 3Cre into HEK293 using AdMax pack-
aging system. Recombinant adenoviruses were ampli-
fied and purified by two centrifugation steps on cesium
chloride gradients. The number of viral particles was
assessed by measurement of the optical density at 260 nm.
Viruses were dialyzed against 10mM Tris HCl pH 8.0,
1mM MgCl2, 10% glycerol and stored at -80℃ until
use. Ad-GFP generated by the same procedure using
the pDC316-IRES-eGFP vector was used for concurrent
control.

Transfection of Ad-HGF to BM-MSCs
 MSCs were harvested and inoculated into 6-well culture
plates with 3×105 cells per well.  After being cultured
in incubator for 24 h, MSCs were infected with 100μL
Ad-HGF or Ad-HGF dissolved in 5mL medium, and
cultured for 6h.  After being added another 5mL fresh
medium, they were cultured for another 24h.  Seventy-
two hours after transduction, they were passaged at the
ratio of 1:3.  In this way we generated HGF-producing
MSCs, named HGF/MSCs. The GFP/MSCs were gen-
erated by the same procedure using the Ad-GFP.
 Three groups were established in our experiment:
groupⅠ: no viruses for blank control; groupⅡ: Ad-
GFP vector for negative control; groupⅢ: HGF/MSCs.

Measurement of transgenic efficiency
 The efficiency of Ad-HGF transduction was assessed
by FACS analysis using GFP gene expression.
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Determination of hHGF level of cellular culture
supernatant by ELISA
 The cellular culture supernatants in each group were
collected at day 0, 2, 4, 6, 8, 10, 12 and 14. The HGF
concentrations in supernatants of HGF/MSCs were determi-
ned by ELISA using anti-human HGF monoclonal antibody.

Statistical analysis
 All data were denoted as mean ±SD and performed
with ANOVA test using SPSS 13.0.  P-values less than
0.05 were considered to be statistically significant.

RESULTS
Characteristics of MSCs
 MSCs retained a fibroblastic morphology after repeated
passages, and their identity was confirmed by FACS.
Over 90% of the isolated MSCs expressed CD29, CD90,
and CD54, but not CD34, CD11b/c and CD45 (Fig 1).
These results were in accordance with well-established
markers of bone marrow-derived MSCs[18-20]. These types
of cells were stable and the homogeneity of the 1st and
2nd passages of amplified cells reached 95% and 98%
respectively. Our results indicated that the isolated cells
were of single type of MSCs, other than hematopoietic
stem cell or fibroblast type.

Construction of Adenovirus vectors
 After double digestion of pDC316-HGF-IRES-eGFP
by AgeI＋NheI and agarose gel electrophoresis, a DNA
segment of approximately 2.2 kb, the same in size as
hHGF gene, was produced(Fig 2A), proving a successful
cloning of target gene into shuttle plasmid pDC316-

HGF-IRES-eGFP. PCR amplification of the virus spe-
cifically produced the bands with expected sizes, prov-
ing that the recombinant adenovirus contained the tar-
get segment(Fig 2B). Correctly identified plasmids were
sent for sequencing and its HGF segment turned out to
have a totally identical sequence with that of Genebank
NM001010932 bases(Fig 2C).

Recombinant adenovirus production
 Transfected with pDC316-HGF-IRES-eGFP, nearly
all HEK293 cells expressed GFP protein(Fig 3).
 Based on the fact that 1.0 A260nm=1.1× 1012 viral
particles, the titer of purified virus was estimated to be
2.15 × 1012 particles/ml. A260nm/A280nm is an index for
estimation of viral purity. When it is above 1.3, the viral
purity is good. The value we measured was 1.35.  The
viral infection titer as examined by fast CPE was 7.15 ×
1010pfu/ml. Thus, the potency ratio(ratio between viral
particles and viral infection titer) was 30.

Transduction of Ad-HGF to MSCs
Transfection efficiency
 Forty-eight hours after transduction, 96.89% of HGF/
MSCs were GFP positive(Fig 4).

Measurement of hHGF level of cellular cul-
ture supernatant by ELISA
 Peak concentration levels of hHGF(103 ng/mL) in
the cultured supernatants were detected on day 2 post-
transduction(Fig 5A).  Adenovirus-mediated expression
of HGF by MSC was maintained for at least 2 weeks in
vivo(Fig 5B).

FACS analysis of rat MSCs. Numbers in the panels represented mean fluorescent intensity of the cells expressing each marker
Fig 1 Characterization of isolated MSCs
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A: HEK293 cells; B: HEK293 cells transfected with pDC316-HGF-IRES-eGFP
Fig 3 293 cells transfected with pDC316-HGF-IRES-eGFP

A                                                                                                             B

 A:pDC316-HGF-IRES-eGFP was identificated with double digestion by AgeI + NheI restriction enzyme(M1:Marker DL15000; M2：Marker DL2000;
1:pDC316-HGF-IRES-eGFP; 2:pDC316-HGF-IRES-eGFP digested with AgeI+ NheI); B: the virus was identificated by PCR amplification(M1: Marker
DL15000; M2:Marker DL2000; 1:HGF product); C:pDC316-HGF-IRES-eGFP was identificated with sequencing.

Fig 2 Construction and identification of pDC316-HGF-IRES-EGFP

M1           M2             1              2 1                M1                M2
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DISCUSSION
 Recent studies indicate that tissue damage after liver
transplantation and liver resection caused increased serum
levels of multiple cytokines, but found only I/R injuries
associated with liver transplantation result in the mobi-

lization of bone marrow stem/progenitor cells[10].
Additionally, studies[21] demonstrated that circulating
bone marrow-derived stem cells migrated into the injured
liver and contributed to liver regeneration.  It has been
suggested that stem cells might play a role in liver regen-

 A: The transduction efficiency of MSCs was determined by flow cytometry using a GFP marker; B: MSCs; C: MSCs were transduced with Ad-GFP;
D: MSCs were transduced with Ad-HGF.

Fig 4 MSCs transduced with Ad-HGF
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eration after liver transplantation.
 MSCs are of great interest in clinical application, due
to their characteristics of having the potential to differ-
entiate into hepatocytes and availability for patients and
lack of rejection. Moreover, MSCs are suitable for trans-
fection with exogenous genes. Thus, they can be expected
to become a new method curing end-stage hepatic
diseases.
 HGF distributes widely in the human body and enjoys
multiple biological features.  I t  has a  potent
cytoprotective action on hepatocytes besides enhancing
liver regeneration, and has been utilized for many ex-
perimental and clinical applications[22-24].  Upon binding
to its receptor, c-met, HGF elicits multiple distinct actions
on a number of target cells, and has been implicated in
the control of expression of transcription factors related
to progenitor pool maintenance, cell fate determination,
cell growth and differentiation, and organ regeneration
[25]. HGF influences the whole process of hepatic growth
and regeneration[26]. Thus, we have chosen HGF as the
key cytokine for our further study on the regeneration
and protection of small-for-size liver transplant.
Unfortunately, exogenous HGF is rapidly cleared by the
liver from circulation and has a half-life of less than 15
minutes. So it is almost impossible to sustain a constant
high level of exogenous HGF in circulation, even using
repeated injections of HGF protein at short intervals. A
logical way to overcome this problem is to develop a
gene transfer strategy that would permit persistent
expression of HGF protein in vivo.
 The present study was designed to construct MSCs
with high expression of hHGF, and aims to provide a
material basis for further in vivo exploration of appli-
cation of HGF/MSCs in a 30% small-for-size liver trans-
plantation of rats.
 Before this, the authors also constructed retrovirus
expression vector plEGFP-HGF and recombinant plasmid
vector pEGFP-HGF containing hHGF gene.  But it is
found in the research that the transfection of pEGFP-
HGF is not efficient，and the hHGF contained in culture
supernatant of plEGFP-HGF transduced MSCs is low

in productivity.  On the other hand, the adenovirus vector
features high transfection efficiency and protein
productivity.
 Adenoviral vector is commonly used due to its easy
preparation and its high-titer production of recombinant
virus. AdMax packaging system enables stable and fast
harvest of recombinant virus with high titer.  After the
transduction of adenovirus to host cells, the exogenous
gene continues its expression for at least 2 weeks while
not integrates into host cells genome, which is especially
suitable for our next in vivo experiment.
 In conclusion, we have achieved sustained, high levels
of HGF gene expression in MSCs using adenovirus
vectors. HGF/MSCs can be transplanted to models of
liver transplantation or hepatic failure.  HGF can be uti-
lized to promote the regeneration of liver and protection
of hepatocytes, and MSCs have the potential to differ-
entiate into hepatocytes, taking effect to support and
improve liver function. GFP is a bioluminescence report-
ing factor which is harmless to cells.  It can be used for
tracing and positioning within a human or animal body
and for observing the settling, induction and differen-
tiation of MSCs in organs. Thus, the HGF/MSCs provide
great conveniences for further in vivo research.
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