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Abstract
To understand the physiological functions of exogenous hepatocyte growth factor (HGF) on normal
adult animals, we delivered human HGF gene into mice by a hydrodynamics-based in vivo gene
transfection approach using a naked plasmid vector. Systemic administration of naked plasmid
containing HGF cDNA driven under cytomegalovirus promoter (pCMV-HGF) by rapid injection via
the tail vein produced a remarkable level of human HGF protein in the circulation, beginning to
appear at 4 hours and peaking at 12 hours following injection. Tissue distribution studies identified
the liver as the organ with the highest level of transgene expression. Through weekly repeated
injections of plasmid vector, we achieved sustained, long-term, high levels of exogenous HGF
expression in mice for 8 weeks. Increases of more than 31% and 16% in liver and body weights were
found, respectively, in the mice that received pCMV-HGF plasmid compared with that given the
control vector for 8 weeks. Expression of exogenous HGF in vivo activated mitogen-activated protein
kinases and induced proliferating cell nuclear antigen expression in normal adult liver and kidneys.
These data suggest that systemic administration of naked plasmid vector is a convenient, safe, and
highly efficient approach to introduce and maintain exogenous HGF gene expression in vivo in a
controllable fashion. Our results also indicate that long-term expression of human HGF in mice
markedly activates growth-related signal transduction events, promotes cell proliferation, and leads
to liver and overall body growth in whole adult animals.

Hepatocyte growth factor (HGF) is a multi-functional cytokine displaying remarkable ability
to promote tissue repair and organ regeneration after injury.1–4 HGF is demonstrated to be a
potent therapeutic agent for acceleration of tissue regeneration following acute insult as well
as for amelioration of tissue fibrosis and dysfunctions in chronic disease conditions.5–9 Despite
this, the fundamental aspects of HGF biology, such as the long-term effects of exogenous HGF
on normal adult animals, remain poorly understood. Because it is rapidly cleared by the liver
in vivo, exogenous HGF is extremely unstable in the blood circulation with a half-life of less
than 15 minutes.10,11 This makes it almost impossible to sustain a constantly 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 allowing
persistently expressing HGF protein in vivo.12,13 Clearly, efficient and sustainable expression
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of HGF gene in vivo is an essential step toward understanding its biological functions and
evaluating its therapeutic potential in whole animals.

Strategies to deliver a foreign gene in vivo can be divided into two distinct groups: nonviral
vector and virus-based vector methods, including retrovirus, adenovirus, and adeno-associated
virus vector systems.12–14 Despite being reasonably efficient in transferring foreign genes in
vivo, the current virus systems have several major inherent limitations. Besides the labor-
intensive procedures for construction and preparation, some viral vectors cannot infect
nonproliferating cells, making it impossible for substantial expression of transgene in most
normal and diseased tissues where cell turnover is relatively low. Other viral vectors induce
severe host immune responses that not only cause short duration of transgene expression but
also make the repeated administration extremely difficult, if not impossible.

Direct administration of plasmid vector containing the genes of interest represents a promising
new strategy to deliver and express foreign genes in vivo.15,16 This approach has obvious
advantages including the easy preparation of a large amount of plasmids as well as its proven
safety in vivo. However, transduction of plasmid vectors in vivo generally is far less efficient,
and the duration of transgene expression is often transient.17 In spite of that tremendous efforts
have been made to increase the expression level of transgene and to sustain the duration of
transgene expression,18–20 introduction and expression of exogenous HGF genes in vivo by
plasmid vector remain extremely inefficient. For example, a previous report only achieved 0.1
ng/mL of exogenous human HGF in rat circulation by intramuscular injection of HGF
expression plasmid with liposomes containing the hemagglutinating virus of Japan (HVJ).20

In this article, we describe a simple hydrodynamics-based in vivo transfection procedure by
systemic administration of naked HGF expression plasmid that results in a high level,
sustainable expression of exogenous human HGF in mice. Our data also indicate that persistent,
long-term expression of HGF in vivo activates mitogen-activated protein kinases and promotes
liver and overall body growth in normal adult animals.

MATERIALS AND METHODS
Animals

Male CD-1 mice weighing at 16 to 20 g were purchased from Harlan Sprague Dawley
(Indianapolis, IN). They were housed in the animal facilities of the University of Pittsburgh
Medical Center with free access to food and water. Animals were treated humanely using
approved procedures in accordance with the guidelines of the Institutional Animal Use and
Care Committee of National Institutes of Health at the University of Pittsburgh School of
Medicine.

Plasmid Injection
The recombinant human HGF expression plasmid (pCMV-HGF) that contains full-length
human HGF cDNA driven under a human cytomegalovirus (CMV) promoter was cloned as
described previously.21 This clone encompasses nucleotides − 26 to + 2262 of the human
placental HGF cDNA. The empty expression plasmid vector pcDNA3 was purchased from
Invitrogen (San Deigo, CA). The plasmid vector containing cDNA encoding the mutated
version of green fluorescent protein under the control of CMV promoter (pCMV-GFP) was
obtained from Quantum Biotechnologies Inc. (Montreal, Quebec, Canada). Plasmid DNA was
administrated into mice by a hydrodynamic-based gene transfer technique via rapid injection
of a large volume of DNA solution through the tail vein, as recently described by Liu et al.
16 Briefly, different amounts of plasmid DNA (10 to 40 μg) was diluted in 1.6 mL of saline
unless indicated otherwise, and injected via the tail vein into the circulation within 5 to 10
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seconds. For some animals, the pCMV-HGF plasmid was injected intramuscularly at multiple
sites as described previously.22

Production of Monoclonal Anti-HGF Antibody
Monoclonal antibodies against human HGF were prepared using a standard protocol of
hybridoma technology. Briefly, hybrid cell lines were generated through cell fusion between
SP 2/0 myeloma and spleen cells from the mice immunized with purified recombinant human
HGF (Genentech, Inc., South San Francisco, CA). Monoclonal antibody H14 in this study was
one of 14 antibodies (designated as H1 to H14) established and was shown to specifically
recognize human HGF protein through preliminary characterization. H14 was purified using
a two-step precipitation method involving 4% caprylic acid followed by 50% ammonium
sulfate. Purified antibody was dialyzed against phosphate buffered saline and stored at −80°C
with or without 0.1% thimerosal. Under nonreducing conditions, H14 identified human
recombinant HGF as low as 5 ng/lane in an immunoblot as a band of ~90 kd, but did not
recognize either purified recombinant rat HGF protein at 50 ng/lane or mouse tissue HGF in
immuoblots. This antibody could detect human HGF protein, but not rodent HGF in an ELISA
and in immunohistochemical staining (see later). H14 antibody did not show any cross-
reactivity with other growth factors, cytokines, and other proteins possessing structural
similarity to HGF such as plasminogen and plasmin (data not shown).

Determination of HGF Levels by ELISA
The amount of human plasma HGF was measured using an enzyme-linked immunosorbent
assay (ELISA) method. This assay utilizes a sandwich method consisting of 3 steps of antigen-
antibody reactions. Briefly, the 96-well microtitre plates (Nunc-Immuno Module, Fisher
Scientific, Pittsburgh, PA) were incubated with 50 μL of uncoupled monoclonal anti-HGF
antibody (H14) per well diluted in 50 mmol/L Tris HCl, pH 8.0 at a final concentration of 1.5
μg/mL at room temperature for 16 hours. The plates were washed 3 times with PBS containing
0.05% Tween 20, pH 7.4, and blocked with 200 μL of blocker solution (PBS containing 1%
BSA) at room temperature for 2 hours. The plates were extensively washed for 5 times with
PBS containing 0.05% Tween 20 and kept at 4°C. Fifty-microliter aliquots of standard human
HGF solution or plasma samples were added to the wells and incubated for 2 hours at room
temperature. After extensive washing, a 100-μL aliquot of biotinylated goat antihuman HGF
polyclonal antibody (purchased from R & D Systems, Minneapolis, MN) at a dilution of
1:2,000 was added, and the plates were incubated for another 2 hours. Following washing, they
were then incubated with 100 μL of horseradish peroxidase (HRP)-conjugated streptavidin
(Zymed Laboratories, South San Francisco, CA) at a dilution of 1:20,000, and subsequently
with enzyme substrate solution containing 0.1 mg/mL of tetramethylbenzidine and 0.006%
H2O2 in 0.1 mol/L sodium citrate, pH 6.0. The plates were allowed to stand for 30 minutes at
room temperature, and the reaction was stopped by addition of 50 μL 4N H2SO4. Absorbance
was read at 405 nm by an automatic Emax Precision Microplate Reader (Molecular Devices
Co., Sunnyvale, CA).

For measurement of tissue HGF level, various tissues from mice were homogenized in the
HGF extraction buffer containing 20 mmol/L Tris-HCl, pH 7.5, 2 mol/L NaCl, 0.1% Tween-80,
1 mmol/L EDTA, and 1 mmol/L PMSF, as described previously.23 After centrifugation at
19,000 g for 20 minutes at 4°C, the supernatant was recovered for determination of HGF using
the human HGF ELISA as described earlier. Samples were diluted if necessary to give an
optical density that was within the linear portion of the standard curve. Total protein levels
were determined using a bicinconinic-acid (BCA) protein assay kit (Sigma) with BSA as a
standard. The concentration of HGF in organs was expressed as ng/mg total protein.
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Western Immunoblotting Analysis
For detection of human HGF protein levels in vivo, total tissue protein extracts as described
earlier for ELISA were used for Western immunoblotting. For detection of other proteins such
as mitogen-activated protein (MAP) kinases and proliferating cell nuclear antigen (PCNA) by
immunoblotting, tissues were homogenized by a polytron homogenizer (Brinkmann) in RIPA
lysis buffer (1% NP40, 0.1% SDS, 100 μg/mL PMSF, 0.5% sodium deoxycholate, 1 mmol/L
sodium orthovanadate, 2 μg/mL aprotinin, 2 μg/mL antipain, and 2 μg/mL leupeptin in PBS)
on ice, and the supernatants were collected after centrifugation at 13,000 g at 4°C for 20
minutes. Protein concentration was determined using a BCA protein assay kit (Sigma, St.
Louis, MO), and tissue lysates were mixed with an equal amount 2X SDS loading buffer (100
mmol/L Tris-HCl, 4% SDS, 20% glycerol, and 0.2% bromophenol blue), as described
previously.23 Samples were heated at 100°C for 5 to 10 minutes before loading and separated
on precasted 10% or 15% SDS-polyacrylamide gels (Bio-Rad, Hercules, CA). The proteins
were electrotransferred to a nitrocellulose membrane (Amersham, Arlington Heights, IL) in
transfer buffer containing 48 mmol/L Tris-HCl, 39 mmol/L glycine, 0.037% SDS, and 20%
methanol at 4°C for 1 hour. Nonspecific binding to the membrane was blocked for 1 hour at
room temperature with 5% Carnation nonfat milk in TBS buffer (20 mmol/L Tris-HCl, 150
mmol/L NaCl, and 0.1% Tween 20). The membranes were then incubated for 16 hours at 4°
C with various primary antibodies in blocking buffer containing 5% milk. The monoclonal
anti-HGF antibody (H14) was diluted at a final concentration of 2 μg/mL. The phospho-specific
Erk1/2 antibody that detects Erk1/2 only when phosphorylated at specific sites was obtained
from New England BioLabs (Beverly, MA). The Erk1/2 antibody that detects total Erk1/2
(phosphorylation state-independent) was purchased from Sigma (St. Louis, MO). The
monoclonal anti-PCNA antibody and the rabbit polyclonal anti-actin antibody were purchased
from Santa Cruz Biochemicals (Santa Cruz, CA). Following 3 extensive washes, the
membranes were then incubated with horseradish peroxidase-conjugated secondary antibody
(Bio-Rad) for 1 hour at room temperature in 1% nonfat milk. The signals were visualized by
the enhanced chemiluminescence system (ECL, Amersham). Quantitation was performed by
measuring the intensity of the hybridization signals using NIH Image analysis software.24

Frozen Section and Immunofluorescence Microscopy
Tissues from various organs were rapidly frozen in OCT compound (Fisher Scientific) by liquid
nitrogen and stored at −80°C. Five-micrometer thick cryosections were prepared in a cryostat
by routine procedures. Sections were directly observed on Nikon Eclipse E600 Epi-
fluorescence microscope (Melville, NY) for GFP expression. For immunofluorescent staining,
cryosections were fixed for 5 minutes in PBS containing 3% paraformaldehyde, and then
incubated with primary anti-HGF monoclonal antibody (H14) at a 1:500 dilution in PBS
containing 1% BSA overnight at 4°C. Sections were then incubated for 1 hour with fluorescein-
conjugated secondary antibodies at a dilution of 1:200 in PBS containing 5% BSA, before
being washed extensively with PBS. Slides were mounted with anti-fade mounting media
(Vector Laboratories, Burlingame, CA) and examined using fluorescence microscope.

TUNEL Staining
Apoptotic cell death was determined by in situ detection of DNA fragmentation using terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL assay).24
Tissue frozen sections, 5 μm in thickness, were stained according to the protocol specified by
the manufacturer (Apoptosis Detection System; Promega, Madison, WI).

Morphological Studies
Tissue sections from the mice were prepared at 4 μm thick by a routine procedure. Sections
were stained with hematoxylin/eosin for general histology.
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Statistical Analysis
Animals were randomly assigned to control and treatment groups. Statistical analysis of the
data was performed by Student’s t-test using SigmaStat software (Jandel Scientific, San Rafael,
CA). A P value of less than .05 was considered significant.

RESULTS
In Vivo Exogenous HGF Gene Expression by Systemic Administration of Naked Plasmid

To efficiently deliver exogenous HGF gene, we have adapted an in vivo gene transfection
procedure by rapid injection of a large volume of naked plasmid DNA solution via the tail vein.
16 As shown in Fig. 1, systemic administration of the pCMV-HGF plasmid resulted in marked
expression of human HGF gene in vivo. The levels of human HGF protein in the circulation
could reach as high as more than 4 ng/mL at 8 hours following intravenous injection (Fig. 1).
The level of HGF gene expression was dependent on the amount of pCMV-HGF plasmid
injected. Twenty micrograms of the pCMV-HGF plasmid injected per mouse was sufficient
for maximal expression of the HGF gene (Fig. 1A). The effect of injection volume per mouse
on the levels of HGF gene expression is shown in Fig. 1B. A large volume of DNA solution
to be injected (1.6 mL per mouse) was apparently required for optimal expression of exogenous
gene by this gene delivery approach.

We also compared the gene transfection efficiency of this hydrodynamic-based approach with
a direct intramuscular injection method. As shown in Fig. 1C, direct intramuscular injection
of naked pCMV-HGF plasmid resulted in very low levels of exogenous HGF protein in the
circulation. Therefore, compared to intramuscular injection, the hydrodynamic-based systemic
administration of the naked plasmid is a far more efficient gene transfer approach.

Temporal and Spatial Expression of Exogenous HGF Gene Delivered by Naked Plasmid
We next determined the temporal and spatial expression of exogenous HGF gene delivered by
naked plasmid injection. As shown in Fig. 2, significant HGF protein was detected in the
circulation as early as 4 hours following single injection of pCMV-HGF plasmid via the tail
vein. The levels of exogenous HGF protein rapidly increased and reached to more than 8 ng/
mL at the peak at 12 hours after injection. Although the circulating level of human HGF began
to decline thereafter, significant amount of human HGF protein was still found in the circulation
at 6 days following the initial injection of pCMV-HGF plasmid. As expected, injection of
empty plasmid vector pcDNA3 in an identical manner produced no human HGF protein in the
circulation of the mice (Fig. 2).

We studied tissue distribution of exogenous HGF protein in different organs after injection of
HGF expression plasmid vector. Figure 3 shows tissue human HGF protein levels from various
organs at 8 hours following a single injection of pCMV-HGF plasmid. We found that the liver
is the organ with the highest level of exogenous HGF expression, at least during the initial
period of time immediately after plasmid injection. Quantitative ELISA revealed as high as
318 ng of human HGF protein per mg of total tissue protein in the liver (Fig. 3). The kidneys
also exhibited a high level of exogenous HGF expression, whereas human HGF protein in other
organs such as the lung and spleen were extremely low, ranging from 1 to 2 ng per mg of total
tissue protein (Fig. 3). Of note, because the H14 antibody only detects HGF protein specific
for human and does not cross-react with endogenous mouse HGF, the level of tissue HGF
protein detected by this assay represents only exogenous human HGF derived from transgene
expression. These results are independently confirmed by an immunoblotting method. As
shown in Fig. 3B, marked expression of exogenous HGF protein was detected in total liver
extracts, with the estimated level being 10 ng per 30 μg of total protein (or ~ 330 ng per mg of
total protein) using purified human HGF protein as a standard. It is worthwhile to mention that
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the level of human HGF in the kidney was below the detection limit of immunoblotting when
loaded at 30 μg of total protein per lane (Fig. 3B). Consistent with this notion, increase in total
tissue protein loaded per lane to 60 μg did detect HGF protein by Western blot in kidney extracts
(see later). Of note, no human HGF protein was detected in various tissues from the mice
injected with pcDNA3 control plasmid.

To further determine the cellular origin of this robust transgene HGF expression in the liver
following plasmid injection, we performed immunohistochemical staining for direct
localization of the sites where the transgene is expressed. Immunostaining of the cryosections
of liver revealed that exogenous human HGF gene was predominantly expressed in
hepatocytes, the most abundant cells in liver (Fig. 4). Expression of exogenous HGF in
hepatocytes was still abundant at 3 days after initial administration of the plasmid. Despite
significant reduction, HGF expression was definitely detectable as late as 6 days after a single
injection, the longest time point that we examined. To exclude the possibility that this pattern
of staining may reflect the binding of secreted HGF to hepatocytes rather than in situ
expression, we used a nonsecreted protein GFP as a marker gene to confirm the cellular origin
of the transgene expression. Thus, a plasmid construct, pCMV-GFP, was injected via tail vein
into mice in the identical fashion. A similar pattern of GFP expression was found in the liver
following plasmid injection, with hepatocytes as the major type of liver cells expressing GFP
transgene (Fig. 4).

Because induction of human HGF protein in the circulation is relatively transient with a rapid
decline after its peak level (Fig. 2), we intended to determine the kinetics of tissue exogenous
HGF levels following a single injection of plasmid vector. As shown in Fig. 5, human HGF
protein in liver rose rapidly, peaked at 8 hours, and declined thereafter. This pattern largely
resembles that of HGF protein in the circulation (Fig. 2), except that HGF peak in liver was
several hours earlier than that in the plasma. To our surprise, human HGF protein in the kidney
was slightly increased, rather than decreased as expected, after 8 hours following plasmid
injection. In fact, at 3 and 6 days after injection, tissue exogenous HGF protein levels in the
liver and kidneys of the mice were comparable with each other (Fig. 5). Such results determined
by a specific ELISA are further confirmed by the Western immunoblotting data. Shown in Fig.
5B, tissue HGF protein in the kidney was at least sustained, if not increased, to 6 days after
initial plasmid injection, whereas human HGF in liver sharply declined during the same period
of time.

Long-Term Expression of HGF Gene by Repeated Injections of Plasmid Vector
To achieve a long-term expression of exogenous HGF gene in vivo, we explored this issue by
repeated injections of naked plasmid DNA into mice. As shown in Fig. 6, repeated weekly
injections for 8 weeks produced a repetitive pattern of HGF expression profile in the circulation.
The peak levels of exogenous human HGF protein in the circulation were found at 12 hours
immediately after each weekly injection (Fig. 6). The levels of HGF protein declined, but still
significantly elevated at 6 days following each injection, similar to the kinetics of HGF
expression following a single injection as described earlier (Fig. 2). As a negative control,
repeated weekly injections of empty plasmid vector pcDNA3 produced no exogenous human
HGF protein (Fig. 6). Of interest, there was a tendency that the absolute levels of exogenous
HGF protein in the circulation gradually increased both at peak and at the baseline following
each weekly injection within the first 5 weeks (Fig. 6). These data indicate that high level,
repetitive expression of exogenous HGF gene is achievable through repeated injections of
naked plasmid DNA.

To examine tissue exogenous HGF levels in mice following repeated injections of naked
plasmid, we measured the human HGF levels in various tissues at the end point of the first,
fourth, and eighth weekly injections, respectively. Because each time point was selected at 6
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days following weekly plas-mid injection, based on the circulating HGF protein levels
described earlier (Fig. 6), we reasoned that exogenous HGF levels at these time points could
represent the lowest level possible in a tissue during the entire 8 weeks experimental scheme.
As shown in Fig. 7, tissue human HGF levels in the liver and kidneys were no less than 100
ng per mg of total protein at any time point, as shown by ELISA and by Western blots.

HGF Gene Expression Promotes Liver and Overall Body Growth
Sustained expression of exogenous HGF gene in mice by repeated injection did not produce
any obvious changes in phenotype and behavior when compared with those group-injected
with pcDNA3 empty plasmid. However, we found that mice receiving HGF gene transfer grew
significantly faster than their littermates. Figure 8 shows the body weights of 2 groups of mice
receiving weekly injections of either pCMV-HGF or pcDNA3 plasmids for 8 weeks.
Significant difference in body weights between these 2 groups of mice was found as early as
1 week following injection. At the end of 8 weeks, the average body weight of the mice
receiving human HGF gene transfer was proximately 16% heavier than that of those receiving
empty plasmid vector (43.21 ± 0.69 g versus 37.13 ± 1.31 g, P < .01), suggesting that sustained
expression of HGF gene in vivo promotes overall body growth.

Table 1 shows the weights of major organs in the mice receiving weekly injections of either
pCMV-HGF or pcDNA3 plasmid for 4 and 8 weeks, respectively. The absolute weights of
major organs such as the liver, kidneys, and spleen were markedly increased in mice receiving
HGF gene transfer (Table 1), compared with those receiving empty vector plasmid. However,
significant difference of the relative organ weight per body weight was only found for liver
and spleen in mice between these 2 groups. These data indicate that sustained expression of
exogenous HGF gene in vivo selectively promotes liver and spleen growth.

Activation of Mitogen-Activated Protein Kinase In Vivo After Exogenous HGF Expression
To understand the mechanism underlying organ growth induced by exogenous HGF
expression, we investigated the signal transduction events leading to cell proliferation in
vivo following injection of HGF expression plasmid vector. As shown in Fig. 9, activation of
p44-MAP kinase (Erk1) and p42-MAP kinase (Erk2) was found in the liver and kidneys in
vivo at 8 hours following plasmid injection (Fig. 9A). About ninefold induction in the
phosphorylated status of these kinases was detected using a phospho-specific antibody. Time
course studies revealed that activation of Erk1/2 was peaked at 8 hours in the liver (Fig. 9B),
whereas Erk1/2 phosphorylation was maximal at 24 hours in the kidney (Fig. 9C). These
distinct kinetics of Erk1/2 activation in the liver and kidneys were closely associated with that
of exogenous HGF protein expressed in these organs (Fig. 5). Of note, persistent elevation of
phosphorylated Erk1/2 was also observed in liver and kidneys at the end of 4 and 8 weeks
following weekly injection of HGF expression plasmid (Fig. 9).

Because one of the functional consequences of Erk1/2 activation is cell proliferation, we
examined the tissue expression of proliferating cell nuclear antigen (PCNA) in vivo after
administration of pCMV-HGF plasmid. Western blot analyses of whole-tissue lysates using a
specific anti-PCNA monoclonal antibody displayed a 3.2-fold increase in PCNA protein
expression in the liver beginning at 24 hours following injection, suggesting that exogenous
HGF promotes liver-cell proliferation (Fig. 10A). Of significance, the induction of PCNA
expression in liver was sustained as late as 8 weeks following weekly injections. This indicates
a persistent cell proliferation in liver during the entire experimental scheme, which ultimately
leads to an increased liver weight (Table 1). Similar results were obtained by immunostaining
with PCNA antibody in the liver tissue sections (Fig. 10C and D). Elevated levels of PCNA
protein were also found in the kidney at 3 and 6 days after injection (Fig. 10B). However, the
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PCNA protein level in the kidney returned to baseline thereafter, despite persistent Erk1/2
activation in this organ after weekly injections.

We also examined the effect of exogenous HGF expression on apoptotic cell death in normal
adult animal. TUNEL staining revealed no significant difference in apoptosis in liver sections
from the mice receiving either pCMV-HGF or control pcDNA3 plasmid (data not shown).

Tissue Morphology and Functions Following Sustained Expression of HGF Gene In Vivo
We examined the structural and functional consequence of sustained expression of exogenous
HGF gene in vivo. Careful observation and anatomy did not reveal any tumor formation and
gross abnormality in the mice receiving weekly injections of pCMV-HGF plasmid for 4 and
8 weeks, respectively. As shown in Fig. 11, tissues from major organs such as the liver, kidneys,
lung, and spleen at 1 day following injection displayed typically normal morphology,
suggesting no acute tissue injury by injection procedure itself or by exogenous HGF expression.
Tissues taken from mice receiving weekly repeated injections for 4 and 8 weeks also exhibited
no morphological abnormalities (Fig. 11). No significant difference in urine protein was found
among these groups (data not shown). These data suggest that either injections of plasmid
vector itself (pcDNA3) or sustained expression of exogenous HGF (pCMV-HGF) for the long
term did not produce any noticeable, adverse side effects in vivo.

DISCUSSION
Although delivery of HGF could theoretically be achieved through injections of recombinant
HGF protein, there are several major obstacles to administration of HGF via direct injection.
First, it is enormously difficult to maintain a constantly high level of exogenous HGF in
circulation even using repeated injections at short intervals, as it is rapidly cleared by the liver
in vivo. Furthermore, HGF is shown to have therapeutic roles in preventing tissue fibrosis and
dysfunctions in a variety of organs.25–28 The progression of these chronic tissue fibrosis
diseases is a slow process that often progresses over long periods ranging from years to decades
in human.29–32 Given that long-term therapy may be necessary, repeated injection of
recombinant HGF is not only inconvenient, but also extremely costly. In addition, the difficulty
in making large quantities of biologically active recombinant HGF is also overwhelming. HGF
is a large molecule with molecular weight of 95 kd as well as a glycoprotein whose biological
activity depends on proper folding and processing in a suitable environment. It is possible that
HGF produced in a bacterial vector expressing system is biologically inactive or less active
because of the lack of post-translational modification and incorrect folding. Therefore, our
results on developing a gene delivery strategy allowing efficient expression of exogenous HGF
in vivo provide a simple and effective approach for studying HGF biological functions and for
evaluating its therapeutic efficacy in whole animals.

The level of exogenous HGF expression achieved in this report via systemic administration of
plasmid vector is quite impressive. At 8 hours following single injection of 10 μg of HGF-
expressing plasmid vector, human HGF level reached to more than 300 ng per mg of total
protein, representing approximately 50 μg of HGF protein per gram of liver. This level of
exogenous HGF expression is comparable with that of luciferase marker gene expression
recently reported using the same gene delivery approach.16 Of note, previous studies using
intramuscular injection of HGF expression plasmid with HVJ liposomes only achieved 0.1 ng/
mL of human HGF in rat circulation, although the level of exogenous HGF protein in the rat
tissues was not examined in that study.20 Thus, the current approach described in this article
establishes a highly efficient way to introduce and express HGF gene in vivo that results in the
highest level of HGF transgene expression ever achieved in whole animals. More importantly,
we have achieved sustained, long-term, high level of HGF gene expression in vivo by repeated
injections of plasmid in a controllable fashion. Although the long-term expression of
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exogenous HGF in mice is terminated at the end of 8 weeks in the current study, this kind of
approach to allow sustainable expression of HGF by weekly injections of plasmid vector could
presumably be carried on during the entire lifespan of the mice. This markedly distinguishes
it from the approach of HGF gene delivery via high dose of adenoviral vector,33 in which it
is extremely difficult to sustain HGF gene expression by repeated injections because of
induction of the well-known adverse immune responses.

The liver and kidneys appear to be the organs with high levels of transgene HGF expression,
whereas the lung and spleen display a low level of exogenous gene expression. These results
are mostly likely due to the characteristic nature of the hydrodynamic and anatomical flow of
the injected plas-mid DNA solution of this procedure. As discussed previously,16 when the
injection rate exceeds the cardiac output, the injected plasmid DNA solution likely accumulates
in the inferior vena cava, leading to a high hydrostatic pressure in that area. This pressure will
force the flow of DNA solution into those organs that are directly connected to the inferior
vena cava, such as the liver and kidney.16 In agreement with this notion, we found that abundant
hepatocytes express transgene following a single injection of a large volume of GFP expression
plasmid in vivo (Fig. 4).

While human HGF protein in liver is typically peaked at 8 hours, the peak of exogenous HGF
protein in the circulation occurs at 12 hours following initial injection of HGF expression
plasmid (Fig. 2). This time lag implies that the circulating HGF protein is secreted from various
tissues, most likely from the liver where exogenous HGF is robustly expressed. Of interest,
although liver produces a large amount of exogenous HGF protein shortly following the
injection, the level of human HGF protein within liver rapidly declines. In contrast, HGF
protein levels in other organs do not fall (Fig. 5). In the kidney, the exogenous HGF at 24 hours
is even higher than that at 8 hours following injection, probably due to the accumulation of
expressed protein. The rapid decline of exogenous HGF in liver is unlikely caused by a sudden
loss of HGF production, because significant expression of exogenous genes including GFP
still takes place as late as 6 days following plasmid injection. Rather, it is probably a result of
the rapid clearance of HGF protein by liver.10,11 Another notable factor contributing to the
fall of HGF level in liver could be the rapid release and secretion of HGF into circulation. This
notion is supported by the concomitant fall and rise of human HGF protein in liver and blood
circulation, respectively.

The high-level, long-term expression of exogenous HGF for 8 weeks in whole animals not
only markedly augments the absolute liver weight, but also significantly increases the liver/
body ratio. This indicates that HGF, as its name implies, indeed promotes liver growth in
normal adult animals. Of great interest, expression of exogenous HGF activates growth-related
signal transduction events and persistently induces the expression of PCNA, an indicative
marker of cell proliferation (Figs. 9 and 10). Of note, previous studies suggest that short-term
infusion of exogenous HGF into animals only promote hepatocyte replication in injury-primed
liver but not in normal intact liver.34,35 This discrepancy is probably a result of the extremely
short half-life of exogenous HGF in liver as well as the low amount of HGF infused. Indeed,
when we increased HGF half-life in the circulation by mixture with dextran sulfate and by
continuous delivery using an osmotic mini-pump, exogenous HGF did promote liver growth
in normal animals.36 Although Erk1/2 activation also leads to promotion of cell survival, we
do not find significant difference in apoptotic cell death by TUNEL staining following
exogenous HGF gene expression in adult mice. This suggests that the increase in liver weight
after HGF gene transfer is mostly mediated by enhanced cell proliferation, rather than by
decreasing cell death. It should be noted that HGF expression also causes an increase in spleen
weight (Table 1). The reason underlying this phenomenon is unknown. One simple explanation
for the enlargement of spleen could be a result of the immune response to human HGF in mice.
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Further experiments using plasmid vector containing mouse HGF cDNA are needed to clarify
this issue.

Although the fact that long-term HGF expression in whole animals promotes liver growth is
not surprising, it is quite interesting to find that HGF facilitates overall body growth of the
animals. As early as 6 days following a single injection of HGF expression plasmid vector,
significant difference in the body weight is found in 2 groups of mice that received either HGF
plasmid or empty vector (Fig. 8). This suggests that short-term exposure to high level of
exogenous HGF is sufficient to enhance the metabolism of the animals. Given that the specific
receptor for HGF, c-met, is widely expressed in various organs,37,38 it is not difficult to
speculate that the increased levels of systemic HGF protein following injections can target
diverse tissues in vivo, which eventually lead to overall growth in whole animals.

It is worthwhile to point out that the plasmid injection procedure itself as well as long-term
expression of exogenous HGF has not produced any adverse side effects. Despite apparent
activation of mitogen-activated protein kinases and increased cell proliferation in liver and
kidneys, no tumor formation and other lesions are found in these organs. This suggests that
long-term administration of HGF for therapeutic purposes is probably safe and unlikely results
in severe adverse effects in vivo. This notion is further supported by the phenotypic
characterization of several HGF transgenic mouse lines recently developed independently in
different laboratories.39–41 However, phenotypes with tumorigenesis and chronic renal failure
are also reported in a particular strain of HGF transgenic mice in which HGF is driven under
metallothionein promoter.42 This phenotypic difference could be because of the inherent
nature of de novo HGF expression and/or random chromosomal insertions associated with
transgenic model. Nevertheless, we cannot exclude the possibility that the mice receiving HGF
plasmid injections could develop tumors at late time points beyond the 8 weeks that we follow-
up, or display to be more susceptible to carcinogenic challenges.

In summary, we have described in this article a convenient, safe, and efficient approach to
introduce and express a high level of exogenous HGF in vivo by systemic injection of a large
volume of naked plasmid solution. By repeated injections, we have achieved sustained, long-
term expression of HGF gene in a controllable fashion. Expression of HGF transgene activates
MAP kinases and promotes cell proliferation that ultimately leads to liver and overall body
growth. Although current technology may not be directly applied to human HGF gene therapy
for immediate usage in a clinical setting, this approach may open a wide window for
investigating the biological functions, evaluating the therapeutic efficacy, and studying the
transcriptional regulation in vivo of not only HGF, but also any gene of interest, in whole
animals.
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hepatocyte growth factor

CMV  
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mitogen-activated protein kinase

Erk1/2  
extracellular signal-regulated kinase1/2

PCNA  
proliferating cell nuclear antigen

PBS  
phosphate-buffered saline

GFP  
green fluorescent protein
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Fig. 1.
Expression of human HGF in mice following systemic administration of naked plasmid
encoding HGF cDNA. The male CD-1 mice were rapidly injected via the tail vein with a large
volume of solution containing different amounts of plasmid DNA encoding human HGF cDNA
as indicated. The plasma was collected at 8 hours following injection, and the HGF levels were
determined by a specific ELISA for human HGF protein. (A) Effect of the amounts of plasmid
DNA injected (μg) on the levels of HGF gene expression. (B) Effect of injection volumes on
the levels of circulating human HGF protein. (C) Effect of injection routes (i.v. vs. i.m.) on the
levels of HGF gene expression. Data are presented as mean ± S.D. (n = 4).
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Fig. 2.
The circulating human HGF levels in mice following a single injection of naked HGF cDNA
plasmid. Mice were rapidly injected via the tail vein with a large volume of solution containing
10 μg of either human HGF cDNA plasmid (pCMV-HGF) or empty plasmid (pcDNA3). At
different time points as indicated, the plasma was collected, and the HGF levels were
determined by a specific ELISA for human HGF protein. Data are presented as mean ± S.D.
(n = 4).
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Fig. 3.
Tissue distribution of exogenous HGF protein in different organs following a single injection
of pCMV-HGF plasmid. (A) Various tissues were collected and homogenized from the mice
given either human HGF cDNA plasmid (pCMV-HGF) or empty plasmid (pcDNA3) at 8 hours
after injection. Tissue HGF protein levels were determined by a specific ELISA. Human HGF
levels in various tissues from the mice injected with pcDNA3 plasmid were undetectable (data
not shown). Data are presented as mean ± S.D. (n = 4). (B) Western blot shows exogenous
human HGF expression in various tissues at 8 hours following injection of plasmid vector.
Tissue total protein extracts were separated on a SDS-polyacrylamide gel under nonreducing
conditions and immunoblotted with a specific monoclonal antibody (clone H14) against human
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HGF. Thirty micrograms of tissue total protein was loaded each lane, which represents about
10 ng of exogenous HGF in liver sample, 2 ng in kidney. Purified recombinant human HGF
(5 ng) was also loaded in the adjacent lane to confirm the correct size of hybridized signal and
to estimate the amounts of HGF protein in each sample. The same blot was stripped and
reprobed with actin to confirm equal loading.
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Fig. 4.
Exogenous gene is predominantly expressed in the hepatocytes of liver. Livers were collected
from mice at different time points as indicated following a single injection of pCMV-HGF and
pCMV-GFP plasmid vectors, respectively. (A, C, E) Frozen sections were immunostained with
antihuman HGF antibody (H14) and observed under fluorescence microscope. (A) No human
HGF staining was observed in liver section of control mice. (C) Abundant hepatocytes were
HGF–positive in liver sections at 8 hours following injection of pCMV-HGF. (E) Significant
expression of HGF was still obvious at 3 days after initial administration of pCMV-HGF. No
staining occurs when omitting the primary antibody or replacing it with normal mouse IgG.
(B, D, F) Frozen liver sections from the mice injected with pCMV-GFP were directly observed
under fluorescence microscope. (B) Control. (D) At 8 hours after injection of pCMV-GFP. (F)
At 3 days after injection of pCMV-GFP.
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Fig. 5.
Time course of tissue exogenous HGF levels in mice following a single injection of the plasmid
vector. Various tissues were collected from mice at different time points as indicated following
a single injection of pCMV-HGF plasmid. Tissue HGF protein levels were determined either
by a specific ELISA for human HGF protein (A) or by Western immunoblotting (B). (A) Tissue
human HGF levels detected by ELISA are expressed as ng per mg of total protein. Data are
presented as mean ± SD. (n = 4). (B) Tissue total protein was immunoblotted with a specific
monoclonal antibody (clone H14) for human HGF. Thirty micrograms of liver total protein
was loaded into each lane, while 60 μg of total protein was used for kidney samples. Purified
recombinant human HGF (10 ng) was also loaded in the adjacent lane to confirm the correct
size of hybridized signal and to estimate the amounts of HGF protein in each sample. The same
blot was stripped and reprobed with anti-actin antibody to confirm equal loading.
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Fig. 6.
Repetitive expression of HGF gene in mice following repeated injections of naked plasmid
DNA. Mice were injected once a week for 8 weeks via the tail vein with a large volume of
solution containing 10 μg of either human HGF cDNA plasmid (pCMV-HGF) or empty
plasmid (pcDNA3). At different time points (0.5, 1, 3, and 6 days following each injection),
the plasma was collected and circulating HGF levels were determined by a specific ELISA for
human HGF protein. Data are presented as means of 6 animals (n = 6).
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Fig. 7.
Tissue exogenous HGF levels are sustained in mice following repeated injections of naked
plasmid DNA. Mice were injected once a week for 8 weeks via the tail vein with 10 μg of
either pCMV-HGF or pcDNA3. Six days following the first, fourth, and eighth injections,
various tissues were collected and homogenized from mice and HGF levels determined by
ELISA and Western blotting. (A) Human HGF levels in tissues determined ELISA. (B)
Western blot showing sustainable expression of human HGF protein in various tissues for 8
weeks. Purified recombinant human HGF (10 ng) was also loaded in the adjacent lane to
confirm the correct size of hybridized signal and to estimate the amounts of HGF protein in
each sample. The same blot was stripped and reprobed with anti-actin antibody to confirm
equal loading.
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Fig. 8.
Body weights of mice following repeated injections of naked plas-mid containing HGF gene.
Mice were injected once a week for 8 weeks via the tail vein with a large volume of solution
containing 10 μg of either pCMV-HGF or pcDNA3. Every week following the injection, the
body weights of the mice were recorded. Data are presented as mean ± S.D. (n = 6).
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Fig. 9.
Activation of MAP kinases in liver and kidney following HGF expression. (A) Various tissues
were homogenized from the mice given either pCMV-HGF or empty plasmid (pcDNA3)
vector. Western blot shows activation of Erk1/2 in liver and kidney at 8 hours following
injection. The blot was first probed with a phosphospecific antibody against activated Erk1/2.
The same blot was then stripped and reprobed with antibody against total Erk1/2. (B) Time
course of Erk1/2 activation in the liver after either single or multiple injections of pCMV-HGF
plasmid. (C) Time course of Erk activation in the kidney after either single or multiple
injections of pCMV-HGF plasmid. Tissues were collected at different time points as indicated
following single injection, or at the 6 days following each weekly injections. The blots were
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first probed with a phosphospecific antibody against activated Erk1/2, and followed by
reprobing with antibody against total Erk1/2.
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Fig. 10.
Protein expression of proliferating cell nuclear antigen (PCNA) in whole organs. Liver (A) and
kidney (B) were collected from mice at different time points as indicated following either a
single or multiple injections of pCMV-HGF plasmid vector. Tissue total protein lysates were
immunoblotted with a specific monoclonal antibody against PCNA, a G1-to-S-phase marker.
Thirty micrograms of tissue total protein was loaded each lane. Significant elevation of PCNA
protein was found in the liver beginning at 24 hours following injection of HGF expression
plasmid vector. The PCNA protein levels were transiently increased in the kidney. The same
blots were stripped and reprobed with anti-actin antibody to confirm equal loading. (C and D)
Immunostaining of PCNA protein expression in liver. (C) Liver cryosection from the mouse
at 3 days following injection of pcDNA3. (D) Liver cryosection from the mouse at 3 days after
a single injection of pCMV-HGF plasmid.
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Fig 11.
Microscopic morphology of major organs of mice following single or repeated injections of
pCMV-HGF plasmid. Mice were sacrificed at 1 day following single injection or at 4 and 8
weeks after weekly injections of either pCMV-HGF or pcDNA3 plasmid. Representative
micrograph shows the normal tissue morphology of major organs of the mice following
injections. (A–D) Tissue morphology of liver, kidneys, lung, and spleen at 1 day following
injection of pCMV-HGF, respectively. (E and F) Morphology of liver and kidney at 4 weeks
following weekly injections of pCMV-HGF. (G and H) Morphology of liver and kidney at 8
weeks following weekly injections of pCMV-HGF. Normal tissue morphology was also
observed in various organs at different time points following injection of control pcDNA3
plasmid (data not shown).
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