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Abstract
Purpose: The expression of c-Met, the receptor protein
tyrosine kinase for hepatocyte growth factor/scatter factor,
frequently increases during prostate tumor progression.
However, whether reduced c-Met expression inhibits tumor
growth and metastasis has not been ascertained.
Experimental Design: c-Met expression was reduced by
infection of an adenovirus expressing a c-Met ribozyme into
the highly metastatic human prostate cancer cell line PC3LN4. In vitro, effects on c-Met, Akt, and extracellular signalregulated kinase 1/2 expression and phosphorylation, Src
expression and activity, and vascular endothelial growth
factor expression were determined, as were effects on cell
migration and invasion. Prostate tumor formation and metastasis to regional lymph nodes in nude mice were examined after both ex vivo and in vivo infection of cells.
Results: Infection of PC3-LN4 cells with the Ad-c-Metexpressing ribozyme decreased steady-state c-Met levels,
decreased Src kinase activity, decreased vascular endothelial growth factor expression, and decreased migration and
invasion versus the pU1 (control) virus. Significant inhibition of tumorigenicity (histologically confirmed tumors in
only 1 of 10 mice) and consequent lymph node metastasis
were observed upon ex vivo infection of Ad-c-Met. Similarly,
gene therapy experiments led to complete inhibition of tumor growth in 7 of 8 mice.
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Conclusions: Reduction in c-Met expression substantially inhibits both tumor growth and lymph node metastasis
of PC3-LN4 cells in orthotopic nude mouse models. Therefore, targeting the c-Met signaling pathways may be important in controlling tumor growth and metastasis in human
prostate cancers.

Introduction
Cancer of the prostate is the most common cancer in men
in North America and ranks second in cancer-related deaths in
this population (1, 2). Despite efforts to promote early detection,
⬎50% of patients have metastatic disease at diagnosis and
initiation of treatment (3). As a result, metastases of hormonerefractory cells develop and ultimately lead to mortality. Currently, conventional treatments such as taxane-based chemotherapy (4, 5) are ineffective in treating patients with advanced
disease. Thus, the identification of novel targets and new treatment regimens are critical for future control of advanced prostate cancer. Inhibitors of RPTKs,2 often overexpressed in prostate cancer, may provide such targets for development of novel
therapies.
One potential RPTK target in prostate cancer is c-Met.
c-Met is expressed primarily in epithelial tissues (6). HGF, also
known as SF, is the primary ligand of c-Met (6 – 8). Upon
stimulation of HGF/SF, c-Met is tyrosine phosphorylated and
initiates a cascade of signals that lead to activation of cellular
behaviors such as mitogenesis, cell migration, matrix adhesion
and invasion, angiogenesis, morphogenesis, survival, or combination of these events depending on the cell types stimulated.
Mutations and aberrant overexpression of c-Met and HGF/SF
have been correlated with disease progression and clinical outcome in a variety of cancers (9 –14).
Aberrant signaling through c-Met has been associated with
prostate tumorigenesis and progression in rodents and man. In
the Nobel rat, overexpression of HGF and c-Met occurs during
sex hormone-induced prostatic carcinogenesis (15). In the human disease, c-Met overexpression occurs as early as prostate
intraepithelial neoplasia (16). Furthermore, strong correlative
evidence also suggests a role for HGF/SF/c-Met signaling in the
progression and metastasis of human prostate cancers. Analysis
of prostate cancer surgical specimens demonstrates a direct
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The abbreviations used are: RPTK, receptor protein kinase; HGF,
hepatocyte growth factor; SF, scatter factor; VEGF, vascular endothelial
growth factor; FBS, fetal bovine serum; MOI, multiplicity of infection;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Erk, extracellular
signal-regulated kinase; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.
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Materials and Methods
Cell Lines and Cell Culture Conditions. The PC-3 human prostate cancer cell line was originally obtained from the
American Type Culture Collection (Manassas, VA). The
PC-3M cell line was derived from a liver metastasis produced

by parental PC-3 cells growing in the spleen of a nude mouse.
PC-3M cells were implanted orthotopically into the prostate of
nude mice, and after several cycles of in vivo selection through
prostate and regional lymph nodes, the highly metastatic cell
line to lymph node and distant organ, PC-3P-LN4, was isolated
(36). The PC-3P-LN4 cell line was maintained as monolayer
cultures in DMEM/F12 (Life Technologies, Inc., Grand Island,
NY) supplemented with 10% FBS, 1 mM sodium pyruvate, 0.1
mM nonessential amino acids, 2 mM L-glutamine, a 2-fold vitamin solution (Life Technologies, Inc.) in the absence of antibiotics. Cell cultures were maintained and incubated in 5% CO2/
95% air at 37°C. Cultures were free of Mycoplasma and the
following murine viruses: reovirus type 3; pneumonia virus; K
virus; Theiler’s encephalitis virus; Sendai virus; minute virus;
mouse adenovirus; mouse hepatitis virus; lymphocytic choriomeningitis virus; ectromelia virus; and lactate dehydrogenase
virus (assayed by M. A. Bioproducts, Walkersville, MD).
Animals. Male athymic nude mice (NCI-nu) were purchased from the Animal Production Area of the National Cancer
Institute-Frederick Cancer Research Facility (Frederick, MD).
The mice were housed and maintained in specific pathogen-free
conditions. The facilities were approved by the American Association for Accreditation of Laboratory Animal Care and meet
all current regulations and standards of the United States Department of Agriculture, United States Department of Health
and Human Services, and the NIH. The mice were used in
accordance with Institutional guidelines when they were 8 –12
weeks old.
Adenovirus Ribozyme Construct Targeting Human cMet. A plasmid expressing the c-Met ribozyme was constructed by Abounader et al. (32). Briefly, pZeoU1EcoSpe parent vector was derived from wild-type U1snRNA, which is an
essential component of the spliceosome complex and is stable
and abundant in the nucleus. The U1 promoter was cloned in a
BamHI site of a modified pZeo-EcoSpe vector, which is zeocin
resistant. A hammerhead ribozyme that recognizes and cleaves
the GUC sequence was used. The complementary pair of ribozyme oligonucleotides that span between 540 and 560 with a
GUC sequence at position 560 of human c-Met was synthesized,
annealed at 40°C, and ligated into pU1 at the EcoRI and SpeI
site to create the vector. As a control, an irrelevant sequence was
also cloned into pU1 between EcoRI and SpeI sites and was
designated (Ad PU1).
Replication-defective adenoviral vectors of the ribozyme
expressing (Ad-c-Met) and control (Ad-PU1) constructs were
constructed as previously described by Abounder et al. (32), and
purified viruses were a generous gift of Dr. John Laterra
(Kennedy Krieger Research Institute). For viral stock, adenoviruses were infected into 293 embryonic kidney cells. Cells were
harvested 36 – 40 h after infection, pelleted, resuspended in PBS,
and lysed by three freeze-thaw cycles. Cell debris was removed,
and resulting cellular lysates were subjected to double CsCl
centrifugation. Concentrated virus was dialyzed, aliquoted, and
stored at ⫺80°C. Adenovirus titer represented as optical particles units was determined by optical absorbance as described
previously (28). Infectious viral titers were determined by quick
cytopathic effect assays. Viral particles/ml were calculated by
using the following formula: [(number of cells/well) ⫻ (dilution
with cytopathic effect, 104) ⫻ (10 virus/cell)]/0.3 ml viral
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association between increased c-Met expression and the formation of bone and lymph node metastases (17–19). More than
80% of all men who develop prostate cancer will develop
metastatic disease in the bone, especially in the pelvis, femur
and vertebrae and human bone stroma, a rich source of HGF/SF
(20, 21). The possible role of HGF/SF in the preferential metastasis of prostate cancer to the bone was implicated by demonstrating the importance of this growth factor on the formation
of prostate epithelial cell colonies on bone marrow stroma with
epithelial cells from benign and malignant prostate tissues (22).
HGF/SF and c-Met are also biomarkers of invasion of prostate
cancer cells and progression of disease in latent and clinical
prostate cancer, including prostatic intraepithelial neoplasia
(23–29). Parr et al. (30) demonstrated that NK4, an HGF/SF
variant, suppressed the HGF/SF-induced phosphorylation of
paxillin, matrix adhesion, and invasion of prostate cancer cells.
However, although substantial evidence implicates c-Met overexpression with prostate tumor progression, no studies have
assessed the effects of reducing c-Met expression on tumor
growth and metastasis.
To examine the role of c-Met in other tumor types in which
it is overexpressed, the strategy of ribozyme-mediated-c-Met
down-regulation has been used (31–33). In the glioblastoma cell
lines U-373 (expressing c-Met only) and U-87 (expressing cMet and HGF), Abounader et al. (32) demonstrated that stable
ribozyme-expressing clones were reduced in c-Met expression
by 95%. c-Met down-regulation in U-373 did not affect tumor
growth or incidence. Reduction in tumor incidence and growth
in the brain resulted only when an autocrine HGF/c-Met loop
was present (32). Therapeutic treatment of orthotopically implanted U-87 tumors with adenovirus and/or liposomes containing the c-Met or HGF specific ribozyme increased the median
survival of treated animals compared with untreated animals
(31). Thus, in this model, c-Met down-regulation reduces tumorigenicity only when c-Met is activated by autocrine production of HGF. In two human breast cancer cell lines, MDA-MB
231 and MCF-7, ribozyme-mediated c-Met down-regulation
significantly reduced HGF-induced migration and invasion (33)
relative to a control (PU1) construct. Thus, expression of this
c-Met ribozyme has proven successful in determining the biological effects of reducing c-Met expression in a highly specific
manner. In this study, we report that reduction of c-Met expression by either ex vivo or in vivo infection with a defective
adenovirus expressing a c-Met ribozyme of PC3P-LN4 prostate
cancer cells, a metastatic variant of PC3P, inhibits tumorigenic
growth and lymph node metastasis in orthotopic models in male
nude mice. Previous studies have demonstrated that signaling
through c-Met induces angiogenesis (34, 35). In accord with
these results, we demonstrate that down-regulation of c-Met
strongly down-regulates VEGF expression and, furthermore,
that c-Src tyrosine kinase activity is, in part, responsible for
reduced VEGF expression.
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CA) for 30 min. Pellets were then washed three times in a buffer
consisting of 0.1% Triton X-100, 150 mM NaCl, and 10 mM
sodium phosphate. Reactions were initiated at 22°C by the
addition to each sample of 10 Ci of [␥32P]ATP, 10 mM Mg2⫹,
and 100 M sodium orthovanadate in 20 mM HEPES buffer. To
analyze phosphorylation of an exogenous substrate, 10 g of
rabbit muscle enolase (Sigma-Aldrich) were added to the reaction buffer. After 10 min, reactions were terminated by the
addition of SDS sample buffer. Proteins were separated by
SDS-PAGE on 8% polyacrylamide gels, and radioactive proteins were detected by autoradiography.
Cell Proliferation. The MTT assay was used to estimate
growth rates of cells. PC3-LN4 cells (4 ⫻ 105) were plated in
monolayer on a 10-cm dish and infected with Ad-Pu1 or Ad-cMet at MOIs of 25 and 50. Cells were trypsinized, and viable
cells were counted using a hemacytometer after trypan blue
staining. One thousand cells for each line were plated in triplicate each on a 96-well plate. Every 24 h, 50 l of MTT
(Sigma-Aldrich) were added to each well. After 2 h of incubation, all media were removed, and the cells were solubilized
with the addition of 200 l of DMSO (Fisher Scientific). The
absorbance readings were performed on a spectrophotometer at
750 nm. The optical densities readings were divided by the
reading at time 0 to obtain the percent increase in growth and
plotted on a log scale versus time.
Migration and Invasion Assays. Migration assays were
performed using a modified Boyden chamber system with a
filter containing 8-m pores (Control Inserts; Fisher Scientific).
Invasion chambers (Biocoat Matrigel Invasion Chambers;
Fisher Scientific) are identical to the migration chambers, with
the addition of Matrigel layered on the top of the insert. For both
assays, the bottom chamber was filled with 500 l of conditioned media and then the insert was placed in the conditioned
media. Conditioned media were obtained by growing NIH 3T3
fibroblasts to 80% confluency at 72 h in DMEM:Ham’s F-12 ⫹
10% FBS. After 72 h, the media were removed from the cells
and filter sterilized. For the migration and invasion assays, equal
numbers of cells in a volume of 500 l for each cell line were
suspended in their growing media and placed in the top chamber. The chamber was placed at 37°C for the length of the assay.
To assess the cells that had migrated, the cells on the top of the
filter were removed with a cotton swab. The cells that migrated
through and adhered to the bottom of the filter were fixed and
stained with the Hema 3 Stain Set (Fisher Scientific) according
to the manufacturer’s instructions. The stained cells on each
insert were counted in five ⫻200 fields and averaged to give
n ⫽ 1/insert. The sample size was therefore the number of
inserts.
VEGF Expression. To determine expression of VEGF
protein, conditioned medium from PC3-LN4 control and infected cells were harvested after 48 h from cells growing in 1%
FBS-containing medium. The VEGF concentration was determined using an ELISA kit for human VEGF (Biosource) as we
have previously reported (38, 39) [the ELISA kit recognizes the
VEGF121 and VEGF165 isoforms of the protein (40)].
Ex Vivo Infection and Orthotopic Implantation of PC3
LN-4 Cells. Tumor cells (1 ⫻ 106) were infected for 24 h with
either Ad-PU1 or Ad-c-Met at an MOI of 25. Cells were
harvested after a brief exposure to 0.25% trypsin:0.1% EDTA
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sample/well. For infection of PC3-LN4 cells, cultures at 70%
confluency were infected with at the indicated MOI. MOI was
determined by plaque forming units in 293 s cells after serial
dilution.
Immunoblotting. Cells (1 ⫻ 106) were plated in monolayer on a 10-cm dish and infected with either Ad-PU-1 or
Ad-c-Met for 24 h. Cells were washed twice with Ca2⫹, Mg2⫹free ice-cold PBS [135 mM NaCl, 1.5 mM KH2PO4, 8.0 mM
Na2HPO4 (pH 7.4), and 2.5 mM KCl] and lysed on ice in lysis
buffer [50 mM HEPES (pH 7.0), 150 mM NaCl, 1.5 mM MgCl2,
1 mM EGTA, 10 mM Na PPi, 10% glycerol, 1% Triton X-100,
and 1 mM Na2VO4] plus 1 tablet/10 ml lysis buffer consisting of
Complete Mini, EDTA-free protease inhibitor mixture tablets
(Roche) for 10 min before clarification by centrifugation at
15,000 rpm at 4°C for 15 min. Protein concentrations were
quantitated by using the Detergent-Compatible Protein Assay
system (Bio-Rad, Hercules, CA) and absorbance measured by a
spectrophotometer at 750 nm. Whole cell lysates were boiled for
5 min then loaded in Laemelli’s sample buffer (2% SDS, 5%
mercaptoethanol, 125 mM Tris (pH 6.8), 1 mM EDTA, 10%
glycerol, and 0.02% bromphenol blue] and resolved by SDSPAGE on an 8% polyacrylamide gel. Proteins were transferred
to NitroPure nitrocellulose membranes (Fisher Scientific).
Membranes were blocked for 1 h in blocking buffer (5% dry
milk; Kroger, Houston, TX) in Tris-buffered saline pH 7.5
(TBS-T, 100 mM NaCl, 50 mM Tris, and 0.05% Tween 20).
Blots were probed with anti-c-Met (clone C-28; Santa Cruz
Biotechnology, Santa Cruz, CA), anti-actin (clone AC-15; Sigma-Aldrich, St. Louis, MO), anti-GAPDH antibody (ChemiCon, Temecula, CA) anti-Src (clone 327; Oncogene Research
Products, Cambridge, MA) mouse monoclonal antibodies,
and/or anti-Erk1/2 (Ab-2; Oncogene Research Products), antiphospho-p44/42 mitogen-activated protein kinase (Thr202/
Tyr204; Cell Signaling Technology, Beverly, MA), anti-Akt
(Cell Signaling Technology), and anti-phospho-Akt (Ser473;
Cell Signaling Technology) rabbit antisera as indicated. Antibodies were diluted in TBST [Tris-buffered saline-0.1% Tween
20 (v/v)] with 5% dried milk. Peroxidase-conjugated secondary
antisera, goat antimouse antisera (Bio-Rad), or goat antirabbit
(Bio-Rad) were used to detect the respective primary antibodies.
Immunoreactive proteins were visualized with Chemiluminescence Reagent Plus detection system (NEN, Boston, MA), followed by and exposing the membrane to Kodak Biomax MR
film (Amersham, Piscataway, NJ). Bands were scanned using a
Hewlett-Packard ScanJet scanner and quantitated using Scion
Image. The densitometry readings of the chemiluminescent
bands were normalized to GAPDH or actin expression. Control
lanes were normalized to 1.0.
Src Immune Complex Kinase Assay. Cells were rinsed
with ice-cold PBS then detergent lysates were made as described above. Cells were homogenized and clarified by centrifugation at 10,000 ⫻ g. Cell lysates (250 g protein) were
reacted for 2 h with the Src monoclonal antibody 327 (Oncogene Research Products). Immune complex kinase assays were
performed as previously described by Windham et al. (37).
Briefly, immune complexes were formed by the addition of 6 g
of rabbit antimouse IgG (Organon Teknika, Durham, NC) for
1 h, followed by 50 l of 10% (v/v) formalin-fixed Pansorbin
(Staphylococcus aureus, Cowan strain; Calbiochem, La Jolla,

5164 c-Met Down-Regulation Inhibits Prostate Tumor Growth

Fig. 1 Effects of Ad-PU1 and Ad-c-Met infection on c-Met expression
in PC3-LN 4 cells. Cells were mock infected or infected with the
indicated MOI of adenovirus, and immunoblotting was performed for
c-Met expression as described in “Materials and Methods.”

Results
Reduction of c-Met Protein Levels in PC3-LN4 Cells by
Ad-c-Met Infection. PC3-LN4 human prostate cancer cells
express high c-Met levels, with constitutive tyrosine phosphorylation and high intrinsic tyrosine kinase activity, characteristic
of cell lines with activated c-Met. Although c-Met can be
activated by mutation in the tyrosine kinase domain (12, 13), no

Fig. 2 Effects of infection with Ad-PU1 and Ad-c-Met on proliferation
of PC3-LN4 cells. Cells (4 ⫻ 105) were seeded in 10-cm tissue culture
dishes and mock infected or infected with adenovirus at the indicated
MOI. Proliferation was estimated by the incorporation of MTT, as
described in “Materials and Methods.”

mutations in this region were observed in c-Met in PC3-LN4
cells (data not shown). To examine the effects of c-Met downregulation, PC3-LN4 cells were mock infected or infected with
PU1 and Ad c-Met adenoviruses. As shown in Fig. 1, infection
with pU1 (control) virus did not change the expression of c-Met
at MOIs as high as 50. In contrast, infection with MOIs of 25
and 50 decreased c-Met expression by 95% relative to PU1
infection at similar MOIs and corrected for loading by GAPDH
expression.
Inhibition of Cellular Proliferation of PC3-LN4 Cells
by Ad-c-Met Infection. To determine the in vitro growth
rates of c-Met down-regulated cells, MTT analysis was performed at 24, 48, 96, and 120 h after infection. The results are
shown in Fig. 2. Infection with pU1/control adenovirus did not
affect cellular proliferation of PC3-LN4 cells, but c-Met ribozyme adenovirus significantly inhibited the cellular proliferation of PC3-LN4 cells. Growth inhibition rates (percentage) at
24, 48, 72, 96, and 120 h were 33.0 ⫾ 7.3, 52.5 ⫾ 3.0, 64.5 ⫾
5.2, 82.8 ⫾ 0.9, and 87.2 ⫾ 0.8 with 25 MOI and 44.6 ⫾ 2.7,
62.1 ⫾ 4.4, 73.1 ⫾ 1.0, 82.3 ⫾ 1.4, and 92.4 ⫾ 0.8 with 50
MOI, respectively (P ⬍ 0.01, paired Student’s t test). There was
no significant difference in inhibitory effect of cellular proliferation between the two different MOIs. These results suggest
that c-Met expression is important to proliferation and/or survival of PC3-LN4 cells.
Suppression of Migration and Invasion by Ad-c-Met
Infection. One of the principal functions of c-Met is promotion of migration, a process also important in metastasis. To
examine the effects on migration of reduced c-Met expression in
PC3-LN4 cells, single cells were seeded in the upper chamber of
a standard two-chamber migration assay (Boyden chamber), and
cells migrating to the bottom of the insert were counted as
described in “Materials and Methods.” As shown in Fig. 3A,
PC3-LN4 cells were substantially reduced in migratory capacity
when infected with Ad c-Met but not Ad-PU1, with almost no
cells migrating upon infection with an MOI of 50 (a 97%

Downloaded from http://aacrjournals.org/clincancerres/article-pdf/2085341/df1403005161.pdf by guest on 29 September 2022

solution (w/v). After dislodging cells, the cell suspensions in
culture media were pipetted to obtain single-cell suspensions
and counted for cell viability in trypan blue with a hemacytometer. A total of 2.5 ⫻ 106 cells/group was counted, centrifuged,
and resuspended in sterile Ca2⫹- and Mg2⫹-free HBSS at 5 ⫻
105 cells/50 l. Orthotopic injection was done as described
previously (36). In brief, nude mice were anesthetized with
Nembutal (Abbott Laboratories, North Chicago, IL) and placed
in a supine position. A low midline incision was made, and the
prostate was exposed. Fifty l of HBSS containing 5 ⫻ 105 cells
were injected into a lateral lobe of this prostate. The wound was
closed with surgical metal clips. A total of 10 mice/group was
injected.
Gene Therapy Studies. Subconfluent cultures of PC3PLN4 cells were harvested by trypsinization. Cells were counted
and resuspended in Ca2⫹- and Mg2⫹-free HBSS at 50,000
cells/50 l. Cells were then implanted in the prostate of nude
mice as described above, and the wound was closed with surgical metal clips. Tumors were treated at 7 and 14 days after
implantation. Tumors were exposed by the same procedure by
low midline incision and exposure of the prostate. Tumors were
injected with PBS or 1.5 ⫻ 109 plaque forming units of Ad-cMet or Ad-PU1, each in a total volume of 20 l. Tumors and
lymph nodes were harvested 14 days after the final gene intratumoral injection. Each experimental condition was performed
on groups of 8 mice.
Necropsy Procedures and Histological Studies. The
mice were euthanized at 4 weeks after tumor cell injection, and
body weights were determined. Primary tumors in the prostate
were excised, measured, and weighed. Specimens were formalin-fixed and paraffin-embedded for H&E staining. Macroscopically enlarged lymph nodes were harvested, and the presence of
metastatic disease was confirmed by histology.
Statistical Analyses. Tumor incidence and incidence of
lymph node metastasis (2 test), tumor weight (Mann-Whitney
test), total and phosphorylated c-Met protein expression (Student’s t test), and cellular proliferation (Student’s t test) were
compared statistically.
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Table 1 Tumorigenicity and lymph node metastases induced by
PC3-LN4 cells after ex vivo infection of adenovirus or mock infection
Groupa

Tumor incidenceb

Tumor size (g)
Median (range)

Lymph node
involvementc

Mock
Ad-Pu-1
Ad-c-Met

8/8
9/9
1/10

0.58 (0.31–1.01)
0.47 (0.01–2.45)
0.07

8/8
9/9
0/1

Fig. 3 Effects of infection of Ad-PU1 and Ad-c-Met on migratory and
invasive potentials of PC3-LN4 cells. Migration and Invasion assays
were performed using a modified Boyden chamber system with a filter
containing 8-m pores. NIH 3T3 conditioned medium was used as a
chemoattractant in the bottom chamber, and equal numbers of infected
cells or mock-infected cells were placed on the top chamber and allowed
to grow for 72 h. Cells that migrated to the bottom of the insert were
counted as described in “Materials and Methods.” A, migration assays in
which Boyden chambers were uncoated; B, invasion assays in which
inserts were coated with Matrigel.

decrease to an average of ⬍1 cell ⫾ 0.31, P ⬍ 0.01, unpaired
Student’s t test). Parallel assays in which cells on the top of the
insert were stained with trypan blue indicated that the cells were
viable. To assess the ability of cells to invade through an
extracellular matrix-like environment, Boyden chambers were
used in which inserts were coated with Matrigel, and invasion
assays were also performed as described in “Materials and
Methods.” The results are shown in Fig. 3B. Very similar results
were seen to that of the migration assay, with no significant
effect of the PU1 [control virus on invasion and an almost
complete inhibition of invasive capacity at an MOI of 50 of Ad
c-Met (99% decrease in cells invading to an average of ⬍1
cell ⫾ 0.11, P ⬍ 0.001, unpaired Student’s t test)]. Thus,
reduction of c-Met corresponded with reduced biological functions resulting from c-Met signaling.
Tumorigenicity in the Prostate after ex Vivo Infection of
Ad-c-Met. As c-Met down-regulation decreased the in vitro
growth rates, migration and invasion activity, in vivo growth
rates, and metastatic behavior were analyzed. Cells were in-

fected with adenovirus or mock infected and were implanted
orthotopically into male nude mice as described in “Materials
and Methods.” Four weeks after injection, prostates were harvested and analyzed. In mock-infected PC3-LN4 cells 88.9% (8
of 9) mice developed tumors. Similarly, 88.9% (8 of 9) mice
formed prostate tumors with pU1/control virus-infected PC3LN4 cells (Table 1). There was no significant difference in
tumor weight between mock-infected PC3-LN4-injected group
(median: 0.58g) and pU1/50 adenovirus-infected PC3-LN4injected group (median: 0.47g; P ⬎ 0.05, Mann-Whitney test).
In mock-infected and the Ad-pU1/50 control virus-infected group,
lymph nodes of tumor-bearing mice were enlarged and macroscopically confirmed of their tumor involvement by H/E staining (Figs. 4 and 5). In contrast, infection with Ad-c-Met significantly reduced tumor incidence and tumor growth with 10% of
animals (1 of 10) developing tumors, and the one macroscopically detectable tumor was very small (0.07g) with largely
normal histology by H&E staining (Fig. 5D). There were no
mice with detectable lymph node metastases (Fig. 4C). Statistical comparison in tumor weight was inappropriate because of
the low tumorigenicity induced by Ad-c-Met-infected cells.
Effects of Intraprostatic Injection of Adenoviruses into
Preestablished PC3-LN4 Tumors. To determine whether reduced c-Met expression could affect the growth of PC3-LN4
cells growing in the prostate, gene therapy experiments were
performed by allowing the tumor cells to grow in the prostate
for 7 days, then injecting Ad-c-Met, Ad-PU1, or sham-injecting
mice in the prostate 7 and 14 days later as described in “Materials and Methods.” The results of these experiments are shown
in Table 2. In 7 of 8 mice infected with Ad-PU1 and 8 of 8
sham-injected mice, tumors developed in the prostate. In contrast, only 1 of 8 mice injected with Ad-c-Met developed a
tumor and that tumor was substantially smaller than tumors
forming in control mice (Table 2). These results suggest that
c-Met is performing an important survival function in PC3LN4-induced tumors, and c-Met reduction is incompatible with
development of macroscopic tumors.
Decreased c-Met Decreases VEGF Expression and Src
Kinase Activity. Ample evidence has implicated c-Met signaling in angiogenesis and especially expression of VEGF (34,
35, 41, 42). To determine whether decreased VEGF expression
along with decreased proliferation rates might explain, in part,
the growth inhibition of tumors after decreased c-Met expres-
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a
PC3-LN4 cells were mock infected, or infected with the indicated
adenovirus at an MOI of 50, and 5 ⫻ 105 cells were injected into the
prostates of nude mice, as described in “Materials and Methods.”
b
Number of mice with tumors/number of mice surviving surgery
for prostate tumor cell implantation.
c
Number of mice with lymph node metastases/number of mice
with tumors.
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Fig. 5 H&E staining of nude mouse prostate tumors after orthotopic injection of mock, Ad-PU 1 control virus, or Ad-c-Met-infected PC3-LN4 cells.
Primary tumor (A) and lymph node metastasis (B) from mice with mock-infected cells; primary tumor (C) and lymph node metastasis (D) from
PU-1-infected cell; H&E of possible primary tumor from Ad-c-Met-infected cells (D); normal prostate (E).

sion, we examined VEGF expression in the media of PC3-LN4
cells 48 h after infection with ribozyme-expressing (Ad-c-Met)
or control (PU-1) virus. The results are shown in Fig. 6. Significant reduction in VEGF expression (per 106 cells as measured by ELISA) was observed in PC3-LN4 cells in Ad-c-Metinfected cells relative to Ad-PU1 (control)-infected cells.
To begin to examine signaling pathways that might be
affected by c-Met expression and are important to VEGF expression, we determined the status of Erk1/2, Akt, and Src after
down-regulation of c-Met by Ad-c-Met. The activity of Src, (Src

autophosphorylation and phosphorylation of the exogenous substrate enolase) in the immune complex kinase assay is reduced
in PC3-LN4 cells infected with Ad-c-Met, with ⬎50% reduction
observed in autophosphorylation at an MOI of 25 and ⬎80%
reduction of autophosphorylation observed at an MOI of 50,
relative to uninfected controls (Fig. 7). Phosphorylation of the
exogenous substrate enolase was also reduced relative to uninfected controls in a dose-dependent manner, although to a lesser
extent than autophosphorylation. Only a small reduction in Src
activity was observed upon infection with high MOIs of the
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Fig. 4 Tumor formation in nude mice following: mock infection (A); ex vivo infection with Ad-PU-1 control adenovirus (B); or ex vivo infection
with Ad-c-Met (C). PC3 LN-4 cells were mock infected or infected with given adenoviruses at an MOI of 50, after which cells were implanted into
the prostate of nude mice as described in “Materials and Methods.” Mice were killed 4 weeks later and examined for presence of tumors. C displays
the only mouse implanted with PC3 LN-4 Ad c-Met-infected cells with macroscopic evidence of tumor.
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Table 2 Tumorigenicity and lymph node metastases after mock or
intraprostatic infection of adenovirus into nude mice injected
intraprostatically with PC3-LN4 cells
Groupa

Tumorigenicityb

Tumor size (g)
Median (range)

Lymph node
involvementc

Sham
Ad-PU1
(50MOI)
Ad-c-Met
(25MOI)
Ad-c-Met
(50MOI)

8/8
7/8

0.66 (0.48–0.99)
0.48 (0.4–0.59)

8/8
7/7

1/8

0.04

0/1

1/8

0.08

0/1

Fig. 6 Expression of VEGF in PC3 Ln-4 cells infected with Ad-c-Met
or Ad-PU1. Conditioned medium from PC3-LN4 control and infected
cells was harvested after 48 h from cells growing in 1% FBS-containing
medium, and VEGF expression was determine by ELISA, as described
in “Materials and Methods.” To account for differences in growth rates,
VEGF expression is expressed as pg VEGF/106 cells.

control virus, and no obvious changes in Src expression were
observed at the MOIs used for control or ribozyme-expressing
virus (Fig. 7). These results demonstrate that down-regulation of
c-Met down-regulates Src activity. In contrast, adenovirus infection (i.e., either Ad-c-Met or Ad-PU1) appeared to increase
expression of Akt, but no differences in phosphorylation were
observed between control (Ad-PU1) and ribozyme-expressing
(Ad-c-Met) viruses (Fig. 8). Erk1/2 expression appeared somewhat decreased by infection with Ad-c-Met, but this decrease
was ⬍2-fold and likely reflects the slower proliferation rate of
these cells. Thus, decreased VEGF expression observed after
c-Met down-regulation correlates with decreased c-Src activity.

Discussion
Despite surgical removal of organ-confined lesions, the
biological unpredictability of prostate cancer does not guarantee
patient survival. As with most solid tumors, patients that succumb to prostate cancer almost invariably do so because of
metastatic spread of the disease. Metastasis of androgen-independent prostate cancer to the bone causes devastating symptoms such as intractable bone pain, nerve compression and
pathological fractures, and at this stage, tumors rarely respond to

Fig. 7 Expression and activity of c-Src in mock, Ad-c-Met, and AdPu1-infected PC3 LN-4 cells. Cells were mock-infected or infected with
adenoviruses at indicated MOIs. To determine Src activity, cell lysates
were immunoprecipitated with the Src-specific antibody mAb 327, and
the immune complex kinase assay was performed with addition of
enolase as an exogenous substrate as described in “Materials and Methods.” To determine expression of Src, immunoblotting with mAb 327
was performed as described previously.

Fig. 8 Expression of phosphorylated and total Erk1/2 and Akt in mock,
Ad-c-Met, and Ad-PU-1-infected PC3 LN-4 cells. Cell lysates were
subject to SDS-PAGE, electrotransferred to NitroPure nitrocellulose
membranes, and incubated with phospho-Akt-specific or phospho-Erk1/
2-specific antibodies. Blots were stripped and reprobed with antibodies
recognizing phosphorylated and nonphosphorylated Akt or Erk 1/2 as
previously described in “Materials and Methods.”

conventional chemotherapies (4, 5). Therefore, development of
new treatment modalities inhibiting progression and metastasis
of the disease are clearly needed. Inhibition of receptor protein
tyrosine kinases has shown considerable promise in the treatment of some tumors. In prostate tumors, aberrant expression of
RPTKs is relatively common. For example, members of the
ErbB family, specifically HER1, HER2, HER3 (43, 44) but not
HER4 (45), are frequently overexpressed. This overexpression
is associated with androgen-independent growth of prostate
tumor cells, suggesting that overexpression of this gene family
promotes tumor progression. One of the most consistently overexpressed RPTKs in prostate cancer is c-Met. Analysis of clinical specimens has linked c-Met overexpression to prostate
tumor progression (16 –18, 23, 24, 26); however, no studies
have examined the cause/effect relationship between c-Met tumor growth and metastasis in an orthotopic model.
In this study, we used PC3-LN4 cells, a variant of PC3-P
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a
PC3-LN4 cells (5 ⫻ 105) were injected into the prostates of nude
mice as described and allowed to grow for 7 days, after which indicated
adenovirus (or sham injection) was delivered 7 and 14 days after tumor
cell implantation.
b
Number of mice with tumors/number of mice injected.
c
Number of mice with lymph node metastases/number of mice
with tumors.
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tate tumor growth and/or progression. However, the multifunctional roles of c-Met in activating signal transduction pathways
suggest that additional pathways important to tumor progression
may be down-regulated as well and that decreased Src activity
may be only one of the factors contributing to decreased VEGF
expression. Nevertheless, we have demonstrated previously
with this model system that ectopic expression of PTEN inhibited the development of lymph node metastases but not that of
primary tumors (56). Furthermore, vascularization of tumors
was unchanged (56). Ectopic expression of PTEN does not
affect c-Src activity (G. E. Gallick, unpublished observations),
suggesting that promotion of angiogenesis by c-Met through Src
activation may be early event in prostate tumor progression.
Although it is difficult to determine whether the down-regulation of c-Met significantly reduced metastatic potential of the
PC3-LN4 cells because of low tumorigenicity and low tumor
burden (delayed growth), the in vitro data showing reduced
migration and invasion activity suggests that suppression of
metastatic activity of the cells by down-regulation of c-Met is
highly probable. Thus, altering gene expression in prostate
tumor cell lines and examining the effects in orthotopic models
is providing insights as to not only what roles specific gene
products play in tumor growth and progression but also where in
progression of the disease these alterations are important. These
results have potential important therapeutic implications as protein tyrosine kinase inhibitors continue to reach the clinic.
Understanding which pathways are required for various stage of
prostate tumor progression should lead ultimately to understanding which inhibitors and combinations thereof may be of efficacy in different state tumors.
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