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To analyze the process of tumor cell intravasation, we
used the human tumor-chick embryo spontaneous
metastasis model to select in vivo high (PC-hi/diss)
and low (PC-lo/diss) disseminating variants from the
human PC-3 prostate carcinoma cell line. These vari-
ants dramatically differed in their intravasation and
dissemination capacities in both chick embryo and
mouse spontaneous metastasis models. Concomitant
with enhanced intravasation, PC-hi/diss exhibited in-
creased angiogenic potential in avian and murine
models. PC-hi/diss angiogenesis and intravasation
were dependent on increased secretion of vascular
endothelial growth factor (VEGF), since treating de-
veloping tumors with a function-blocking anti-VEGF
antibody simultaneously inhibited both processes
without affecting primary tumor growth. PC-hi/diss
cells were also more migratory and invasive, sugges-
tive of heightened ability to escape from primary tu-
mors due to matrix-degrading activity. Consistent
with this suggestion, PC-hi/diss cells produced more
of the serine protease urokinase-type plasminogen
activator (uPA) as compared with PC-lo/diss. The
functional role of uPA in PC-hi/diss dissemination
was confirmed by inhibition of invasion, angiogene-
sis, and intravasation with specific function-blocking
antibodies that prevented uPA activation and blocked
uPA activity. These processes were similarly sensitive
to aprotinin, a potent inhibitor of serine proteases,
including uPA-generated plasmin. Thus, our compar-
ison of the PC-3 intravasation variants points to key
roles for the uPA-plasmin system in PC-hi/diss intra-

vasation, possibly via (1) promoting tumor cell ma-
trix invasion and (2) facilitating development of
VEGF-dependent angiogenic blood vessels. (Am J Pathol
2009, 175:1638–1652; DOI: 10.2353/ajpath.2009.090384)

Subpopulations of congenic tumor cells differing in their
metastatic potential, yet derived from the same parental
cell line, have been invaluable in studying the complex
process of metastasis.1–6 Several approaches have been
used to isolate subpopulations of tumor cells with differ-
ent metastatic potentials and compare the resultant cell
lines to identify key molecules functionally responsible for
their respective metastatic abilities. Early studies using
renal,1 pancreatic,2 prostate,3 and colon4 cancer cell
lines demonstrated the possibility of generating meta-
static variants from established tumor cell lines by in vivo
selection. Modifications of these procedures have also
been used to isolate cell variants with specific organ
preferences for colonization after i.v. inoculation.5,7 The
murine experimental and spontaneous metastasis mod-
els used for in vivo selection often involve the detection
and isolation of tumor cells from large overt metastases in
lymph nodes, lungs, and other organs. This methodology
is useful for generating populations of cells that have
completed the later stages of the metastatic cascade (ie,
vascular arrest, extravasation, and proliferation at the
secondary site), but the selected cells do not necessarily
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differ in their capacity to accomplish early processes
during cancer dissemination (ie, tumor cell escape, inva-
sion, and intravasation). Isolating cell variants differing
distinctly in their abilities to complete early rate-limiting
steps in metastasis allows a more detailed and in depth
investigation of the metastatic process. Selection and
characterization of congenic intravasation variants can
yield potentially important data on the specific molecular
determinants of this greatly understudied individual step
in the metastatic cascade.

The chick embryo spontaneous metastasis model pro-
vides a means to study tumor cell intravasation since
tumor cells of many histological types form primary tu-
mors when inoculated onto the highly vascularized cho-
rioallantoic membrane (CAM).8,9 Within 5 to 7 days, ag-
gressive tumor cells enter the vasculature and can be
detected in distal portions of the CAM, which serves as a
repository of intravasated cells. Levels of tumor cell dis-
semination can be quantified by extracting genomic DNA
from distal CAM tissue and amplifying primate-specific
Alu DNA sequences using qPCR to determine actual
numbers of human cells within a background of chicken
tissue in vast cellular excess.9,10

By using the chick embryo spontaneous metastasis
model, we have previously isolated in vivo intravasation
variants from the HT-1080 human fibrosarcoma cell line.9

The HT-1080 dissemination variants isolated using this
system vary 50- to 100-fold in their ability to intravasate
and metastasize to internal organs of the chick embryo.
To better understand the molecular determinants of intrava-
sation, these variants have been subjected in our laboratory
to several types of analyses, including activity-based-pro-
tein profiling,11 matrix metalloproteinase profiling,12 and cell
surface proteomics.13 These investigations have impli-
cated proteolysis in the intravasation processes and sug-
gested contrasting roles for different matrix metallopro-
teinases in intravasation. The successful isolation of
fibrosarcoma intravasation variants using the chick em-
bryo spontaneous metastasis model suggested that cell
variants differing specifically in their capacity to intrava-
sate might also be isolated from other tumor types using
a modification of this system.

Because carcinomas represent the majority of human
cancers, we set out to select and characterize congenic
carcinoma intravasation variants to elucidate mecha-
nisms involved in early steps of carcinoma hematoge-
nous metastasis. Our focus was on prostate carcinoma
since this highly prevalent cancer is largely untreatable
once metastasis occurs. The chick embryo spontaneous
metastasis model was used for in vivo selection of dis-
semination variants from the well-characterized PC-3
prostate carcinoma cell line. Previously, PC-3 variants
have been isolated from primary tumors and lymph node
metastases of PC-3 tumor-bearing mice, suggesting the
existence of cells with different metastatic potential.3 We
hypothesized that the chick embryo model would repre-
sent an alternative to the previously used selection strat-
egies since it is uniquely well suited for in vivo selection of
intravasation variants due to rapid recapitulation of the
early stages of tumor cell dissemination, ie, escape from

the primary tumor, entry into the vasculature, and arrest in
the capillary network.9

In this study, we have established PC-3 carcinoma
intravasation variants and subjected them to various in
vitro and in vivo assays to analyze specific processes and
molecules contributing to early metastatic dissemination.
In particular, we analyzed tumor-induced angiogenesis
to explore a potential link between increased tumor vas-
cularity and early steps of tumor cell dissemination. In
addition, adhesion, migration, and invasion characteris-
tics were compared between the PC-3 cell dissemination
variants to investigate the putative mechanisms involved
in tumor cell escape. Finally, levels of specific angiogenic
factors, epithelial to mesenchymal transition (EMT) asso-
ciated proteins, and key proteases were compared be-
tween the prostate carcinoma cell variants. Potential roles
of vascular endothelial growth factor (VEGF) and the
serine protease urokinase-type plasminogen activator
(uPA) were highlighted during these analyses. Based
on the observations that these two molecules were
differentially expressed between the PC-3 cell dissem-
ination variants, we specifically modulated VEGF levels
and uPA activity to further investigate their functional
contributions to intravasation and dissemination of
prostate carcinoma cells.

Materials and Methods

Chick Embryo Intravasation Assay

The PC-3 parental cell line was purchased from ATCC
(Manassas, VA). PC-3 cells and subsequently isolated
sublines were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum (Hyclone, Logan, UT) and 10 �g/ml gentamicin
(D-10) in a humidified incubator at 37°C in the presence
of 5% CO2. For intravasation experiments, cells were
passaged 48 hours before experiments, detached with
trypsin/EDTA, washed in D-10, and resuspended in se-
rum free DMEM (SF-DMEM) at a concentration of 8 � 107

cells per ml. SPAFAS White Leghorn embryos (Charles
River, North Franklin, CT) were allowed to develop at
37°C in a humidified rotary incubator. On day 10 of incu-
bation, a portion of the CAM was dropped by applying
suction through a small hole in the air sac, essentially as
described,9,10 and 2 � 106 PC-3 cells in 25 �l were
applied to the dropped CAMs. Embryos with tumor cell
grafts were incubated further in a stationary 37°C humid-
ified incubator. Where indicated, the developing tumors
were treated topically on day 1 after tumor cell grafting
with 25 �g of control goat IgG or goat anti-VEGF antibody
(R&D Systems, Minneapolis, MN; AB-108-C and AB-293-
NA, respectively) in 100 �l PBS/5% dimethyl sulfoxide.
For the uPA studies, 25 �g function-blocking anti-uPA
mAb-112 and mAb-2,14 or normal mouse IgG (Jackson
ImmunoResearch Laboratories, West Grove, PA) were
topically applied in 100 �l PBS/5% dimethyl sulfoxide on
days 2 and 4 after tumor cell grafting. As a positive
control for inhibition of serine proteases, aprotinin was
applied at 0.5 trypsin inhibitor units (TIU) per embryo. On
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day 7, primary tumors were excised and weighed, and
either fixed in 10% Zn-formalin or dissociated for in vitro
propagation (see below). Portions of the CAM, distal to
the primary tumor site (so-called “lower CAM”) were har-
vested and frozen on dry ice for quantitative Alu-PCR anal-
ysis to determine actual numbers of intravasated tumor cells
and, where indicated, dissociated for in vitro selection.

In Vivo Selection of PC-3 Cell Dissemination
Variants

Primary tumors were excised from the CAM under sterile
conditions, washed in SF-DMEM, minced and incubated
for 3 hours in the presence of 2 mg/ml dispase in SF-
DMEM. The dissociated tissue was then passed through
70 �m cell strainers, washed in D-10, and the resultant
cell suspensions from individual tumors were pooled and
seeded for propagation in vitro in D-10. After 2 to 3 weeks,
the expanded tumor cells were grafted onto new CAMs
for another round of tumor growth and cell isolation. This
process of tumor cell grafting followed by tumor cell
isolation was repeated seven times, yielding a series of
“Tu-1” to “Tu-7” cell lines. The Tu-7 subline was then
grafted on the CAM of day 10 chick embryos for tumor
development. After 7 days, portions of CAM, distal from
the primary tumor site, were harvested under sterile con-
ditions and dissociated by mechanical mincing and dis-
pase treatment. The dissociated cells were plated for in
vitro propagation, and within 2 to 3 weeks, visible out-
growths of tumor cells were recognizable by their cob-
blestone-like appearance within a layer of chick embry-
onic fibroblasts. These colonies of tumor cells were
isolated and pooled, generating a high-disseminating
subline of PC-3 (PC-hi/diss).

Chick Embryo Experimental Metastasis Assay

Cell suspensions were prepared at a concentration of
1 � 106 cells per ml SF-DMEM and 100 �l of the cell
suspensions were injected i.v. into the allantoic vein of
embryos developed for 12 days in a humidified 37°C
rotary incubator. After cell injections, the embryos were
incubated for an additional 5 days in a stationary incu-
bator, at which time portions of the CAM were harvested
for Alu-qPCR analysis.

Murine Spontaneous Metastasis Models

Six- to 8-week-old male immunodeficient nu/nu and SCID
mice were purchased from the Scripps Research Institute
breeding colony and maintained under the guidelines of
the Scripps Research Institute Institutional Animal Care
and Use Committee. For implantation under the renal
capsule, nu/nu mice were anesthetized with a mixture of
xylazine and ketamine (12.5 and 100 mg/kg, respec-
tively). An incision was made on the left dorsal region to
expose the kidney. 1 � 106 PC-lo/diss cells in a volume of
7 �l or 5 � 105 PC-hi/diss cells in a volume of 4 �l were
grafted under the kidney capsule. The kidney was re-

turned to its normal location and incisions were closed
with sutures. After 25 days, mice were sacrificed. Tumor
weights were determined by subtracting the weight of the
contralateral kidney. Liver and lung samples were har-
vested and frozen for Alu-qPCR analysis.

For orthotopic implantation into the prostate, severe
combined immunodeficient mice were anesthetized as
described above. An incision was made in the lower
abdomen to expose the anterior prostate. A total of 2.5 �
106 firefly luciferase labeled PC-hi/diss or PC-lo/diss cells
were injected into the prostate in a volume of 25 �l
SF-DMEM, and the abdominal incisions were closed with
sutures. Live animal imaging was performed after 4 to 5
weeks of tumor growth using the IVIS system (Xenogen
Corp, Alameda, CA). Mice were injected i.p. with 3 mg
luciferin (Caliper Life Sciences, Hopkinton, MA) in 100 �l
PBS and imaged in IVIS to monitor primary tumor growth
and development of metastases. PC-hi/diss bearing mice
were sacrificed between 5 to 6 weeks after tumor cell
inoculation when mice became moribund and/or devel-
oped ascites. PC-lo/diss bearing mice were sacrificed
later, at up to 7 weeks to allow tumors to reach similar size
to PC-hi/diss tumors. Images of primary tumors, lymph
nodes, and mesenterium were taken with a digital cam-
era. The excised tumors were weighed and fixed in Zn-
formalin. Liver, lung, spleen, and lymph node samples
were harvested and frozen for Alu-qPCR analysis or fixed
in Zn-formalin for histological analysis.

Quantitative Alu-PCR Analysis

Quantification of disseminated human tumor cells in
chick or murine organs was performed essentially as
described.9,10 Briefly, genomic DNA was extracted from
the tissue of interest using the Puregene DNA purification
system (Genta Systems, Qiagen, Minneapolis MN). Real
time PCR was performed to amplify primate-specific Alu
repeat sequences using 10 ng extracted genomic DNA
as a template in a Bio-Rad myIQ light cycler. The dsDNA
binding dye SYBR green (Molecular Probes, Invitrogen,
Carlsbad, CA) was used for quantification. The cycle
threshold (Ct) values were converted into numbers of
human cells using a standard curve generated by spiking
constant numbers of chicken (or murine) cells with serial
dilutions of human tumor cells.

In Vitro Adhesion, Migration, and Invasion

For haptotactic adhesion experiments, wells of 96 well
clusters were pre-coated overnight at 4°C with 5 �g/ml
type I collagen, 10 �g/ml fibronectin or 10 �g/ml growth
factor reduced Matrigel (BD Biosciences, Franklin Lakes,
NJ). PC-lo/diss and PC-hi/diss cells in SF-DMEM were
plated on the layers of matrix proteins and allowed to
adhere for 45 minutes. Non-adherent cells were washed
out and adherent cells were fixed and stained in 0.2%
crystal violet solution in 10% ethanol. After washing with
PBS, the incorporated dye was extracted with 100
mmol/L sodium phosphate in 50% ethanol (pH 4.5) and
optical density measured at 560 nm.
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In migration and invasion experiments, 1 � 105 PC-hi/
diss or PC-lo/diss cells were plated in 100 �l of SF-DMEM
in the upper chamber of 8 �m pore Transwells in 24 well
clusters (Corning, Corning, NY). For invasion experi-
ments, the upper side of Transwell membranes was pre-
coated with 2 �g Matrigel to create a matrix barrier.
Chemotactic migration and invasion were induced by
conditioned medium (CM) from human microvascular en-
dothelial cells (HMVECs) or chick embryonic fibroblasts
(CEFs) incubated in serum-free conditions. CM was di-
luted 1:1 with SF-DMEM and 500 �l were placed in the
outer chamber. Where indicated, 25 �g/ml normal mouse
IgG or mAb-112, or 0.5 TIU/ml aprotinin were added to both
the upper and lower chambers. Haptotactic migration, per-
formed in SF-DMEM, was induced by type I collagen pre-
coated at 2 �g/well on the underside of the Transwell mem-
brane. All migration/invasion experiments were performed
for 48 hours at 37°C, after which time non-adherent cells
were collected from the outer chamber, combined with
adherent cells detached from the underside of the Trans-
well membrane with trypsin/EDTA, and counted.

Avian and Murine Angiogenesis Models

The CAM angiogenesis assay was performed essentially
as described.15,16 Briefly, type I rat-tail collagen (BD
Biosciences) was neutralized and prepared at a final
concentration of 2 mg/ml. Cells were incorporated into
the collagen mixture at a final concentration of 1 � 106

per ml collagen solution. Where indicated, function-
blocking antibodies (50 �g/ml) or aprotinin (0.5 TIU/ml)
were incorporated into the collagen mixture. A total of 30
�l of the final collagen mixture were polymerized between
two nylon gridded meshes to form an “onplant.” Five to 6
onplants were placed onto the CAMs of shell-less day 10
embryos developing ex ovo (4 to 6 embryos per vari-
able). Angiogenic vessels were scored above the upper
mesh after 72 to 96 hours and an angiogenic index
(number of grids with newly formed blood vessels over
the total number of grids scored) was calculated for each
onplant. All experiments were performed at least twice.

Angiogenesis assays in mice were performed as de-
scribed.15 Briefly, PC-hi/diss or PC-lo/diss tumor cells
were incorporated into 2.5 mg/ml type I collagen from rat
tail (BD Biosciences) at a final concentration of 1 � 106

cells per ml. Approximately 50 �l of cell-containing or
cell-free collagen mixtures were polymerized at 37°C
within hollow silicon tubes (approximately 1.0 cm in
length), making an “angiotube.” Angiotubes were then
inserted into air pockets created by skin incisions on both
dorsal sides of anesthetized nu/nu mice. Each mouse
received a total of four angiotubes (two per flank), and
incisions were closed with surgical clamps. Three weeks
later, the mice were sacrificed and the skin flap with
angiotubes was exposed and photographed. After care-
ful excision, the contents of angiotubes were flushed out
and lysed in modified radio immunoprecipitation assay
(mRIPA) buffer. Hemoglobin concentration in the lysates
was determined using the QuantiChrom Hemoglobin As-
say Kit (BioAssay Systems, Hayward, CA), according to
the manufacturer’s instructions.

Antibody Array and Enzyme-Linked
Immunosorbent Analysis

Serum-free conditioned media were collected from PC-
hi/diss or PC-lo/diss cell monolayers after 48 hours of
incubation. Loading was normalized to cell number per
culture at the time of CM collection. TranSignal Angio-
genesis Antibody Arrays (Panomics, Fremont, CA) were
performed according to the manufacturer’s instructions.
Densitometry of the positive spots was quantified using
an AlphaImager (AlphaInnotech, San Leandro, CA). All
values were normalized to the intensity of positive control
spots on each membrane. The levels of VEGF in PC-hi/
diss and PC-lo/diss CM were analyzed by capture en-
zyme-linked immunosorbent assay (ELISA) (Peprotech,
Rocky Hill, NJ) using the human VEGF ELISA development
kit, according to the manufacturer’s instructions. VEGF con-
centrations were quantified using a standard curve of re-
combinant VEGF protein within the ELISA plate.

Immunohistochemistry

Primary tumors and murine lungs were excised and fixed
in Zn-10% formalin and paraffin-embedded. Deparaf-
finized tissue sections were treated with 0.3% hydrogen
peroxide and blocked with PBS supplemented with 2%
bovine serum albumin and 5% normal goat serum. For
detection of human cells, tissue sections were treated
with antigen unmasking solution (Vector Laboratories,
Burlingame, CA) and stained with 1 �g/ml mAb 29-7,
which specifically recognizes human, but not chicken or
murine, CD44. After washing, the slides were incubated
for 1 hour with secondary biotinylated goat anti-mouse
IgG (1:1000). For vascular staining, CAM tumor sections
were treated with Pepsin DAKO for 10 minutes at 37°C,
followed by staining for 1 hour with 1 �g/ml Biotinylated
Elderberry Bark Lectin (Sambucus nigra agglutinin, SNA),
purchased from Vector Labs. The 29-7 or SNA stained
sections were then incubated with Avidin-D horseradish
peroxidase conjugate (Vector Laboratories) for 30 min-
utes and developed with a diaminoenzidine chromogenic
substrate. Sections were counterstained with Mayer’s he-
matoxylin. Images were captured using an Olympus BX60
microscope equipped with a digital DVC video camera and
processed with Adobe Photoshop 6.0 software. For vessel
quantification, serial images were taken at �20 original
magnification and the number of lumen-containing vessels
per arbitrary grid of tumor-filled tissue was determined in 10
to 20 individual images per tumor section with a total of 3 to
5 different tumors analyzed per variable.

Western Blot Analysis

PC-hi/diss and PC-lo/diss cells were lysed in mRIPA
buffer containing protease inhibitors (aprotinin, leupeptin,
and pepstatin, each at 10 �g/ml, and phenylmethylsulfo-
nyl fluoride at 1 mmol/L) for 30 minutes at 4°C. Cell
lysates were clarified by centrifugation and protein con-
centration was determined by BCA assay (Pierce). For
secreted proteins, 90% confluent cell monolayers were
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incubated with or without 25 �g/ml mAb-112 or 0.1 TIU/ml
aprotinin in SF-DMEM. After 48 hours, CM was collected,
and adherent cells detached with trypsin/EDTA and
counted to normalize loading of CM. To verify that loaded
samples of PC-hi/diss and PC-lo/diss CM contained sim-
ilar protein levels, CM was concentrated tenfold and re-
solved by 4% to 20% SDS-polyacrylamide gel electro-
phoresis (PAGE). Similar intensity of the major protein
bands was confirmed following staining of the gel with
Coomassie blue (data not shown). Equal amounts of
proteins from cell lysates or normalized volumes of CM
were resolved on 4% to 20% SDS-PAGE and transferred
to Immobilon-P PVDF membranes (Millipore, Billerca,
MA). After transfer, the membranes were blocked with
5% nonfat milk in PBS plus 0.05% Tween 20. Membranes
were probed overnight at 4°C with the following primary
antibodies: murine anti-E-Cadherin (BD), murine anti-N-
Cadherin (BD Bioscienses), murine anti-Vimentin (Neo-
markers, Fremont, CA), goat anti-uPA recognizing single-
chain zymogen and B chain (American Diagnostica,
Stamford, CT, #398), or rabbit anti-uPA recognizing sin-
gle chain zymogen and A and B chains of activated
enzyme.14 Membranes were washed in PBS plus 0.05%
Tween 20 and probed with horseradish peroxidase con-
jugated secondary antibodies (anti-mouse horseradish
peroxidase from Bio-Rad, Hercules, CA; or anti-rabbit
horseradish peroxidase from GE Health care, Piscat-
away, NJ). After washes in PBS plus 0.05% Tween 20,
immunoreactive bands were visualized using SuperSig-
nal West Pico Chemiluminescent Substrate (Pierce,
Rockford, IL) and quantified with a Molecular Imager Gel
Doc XR System (Bio-Rad).

Data Analysis and Statistics

Data processing and statistical analysis were performed
using GraphPad Prism Software (GraphPad Software,
Inc., San Diego, CA). Numbers of samples analyzed and
experiments performed are indicated in the Figure Leg-
ends. Data are presented as means � SEM from a rep-
resentative experiment or several normalized experi-
ments, where percent changes were calculated from the
pooled fold differences determined by taking ratios of
numerical values for individual embryos over the mean of
the control group. Mann-Whitney test or Student’s t-test
were used to determine significance (P � 0.05) of differ-
ences between data sets.

Results

Selection of PC-3 Cell Dissemination Variants
Using the Chick Embryo Model

In the chick embryo spontaneous metastasis model,
2.0 � 106 parental PC-3 cells generated 100 to 200 mg
primary tumors within 7 days after grafting on the CAM.
However, PC-3 cells lack the capacity to spontaneously
intravasate into the CAM vasculature and disseminate to
the distal CAM or internal organs. An in vivo selection
strategy was therefore used to isolate from the PC-3

parental line a cell variant capable of efficient spontane-
ous metastasis. Briefly, our strategy involved serial in vivo
passages of PC-3 cells isolated from primary CAM tu-
mors (Figure 1A). Primary tumor weights tended to in-
crease with each round of tumor-to-tumor passaging
(Figure 1B, top). After two rounds of in vivo passaging of
PC-3 cells, intravasated cells were detected by Alu-
qPCR, albeit at low levels and with low incidence among
host embryos, suggesting that cells with intravasation
potential were present within the primary tumor. A total of
seven tumor-to-tumor passages were performed, yield-
ing gradually increasing numbers of disseminated PC-3
cells in the distal CAMs (Figure 1B, bottom, “Tu1-Tu7”).
Finally, intravasated tumor cells were isolated from the
distal, or lower, CAM (LC) of embryos that received “PC-
Tu7” cells and were expanded in vitro and pooled, gen-
erating the “PC-LC” cell line. When reapplied to the
CAMs of chick embryos, PC-LC cells formed sizable (200
to 300 mg) primary tumors and efficiently intravasated
into the CAM vasculature (Figure 1B, “LC”). Importantly,
PC-LC cells were detected in distal CAMs at further ele-
vated concentrations compared with all PC-Tu variants,
yielding 1000 to 5000 intravasated cells per 106 host
cells. Thus, the PC-LC subline represents a highly dis-
seminating variant of the parental PC-3 cell line and will
be referred to as PC-hi/diss. A subline of PC-3 cells,
isolated after one round of in vivo CAM tumor growth
(“PC-Tu1”), was used in comparative studies as a PC-hi/
diss counterpart since it had been exposed to the in vivo
microenvironment, resulting in improved tumor growth,
but retained extremely low-disseminating ability (Figure
1B, “Tu-1”). This low disseminating PC-3 cell variant will
be referred to as PC-lo/diss.

The PC-lo/diss and PC-hi/diss cells formed histologi-
cally similar primary tumors that differed by approxi-
mately twofold in weight (Figure 1B, top). However, the
difference in intravasation was much more profound, with
PC-hi/diss yielding on average 40-fold higher levels of
intravasation over PC-lo/diss (Figure 1B, bottom). Since
the PC-hi/diss variant forms larger primary tumors, it
could be argued that the observed increase in intravasa-
tion was due to the increased tumor mass. To address
this possibility, the intravasation levels were compared
retrospectively between embryos bearing PC-lo/diss and
PC-hi/diss tumors of similar weight (ranging from 160 to
200 mg). This analysis demonstrated that even when
primary tumors reached similar sizes, intravasation dra-
matically and significantly differed by approximately 100-
fold (Figure 1C). Additionally, proliferation rates in vitro
were compared between the PC-3 cell variants and found
to be nearly identical, ruling out any profound difference
in growth characteristics (see Supplemental Figure S1A
at http://ajp.amjpathol.org).

To verify that the differential in dissemination capacity
was due to early events leading to intravasation as opposed
to late events in metastasis such as extravasation and col-
onization, the PC-3 variants were compared in an experi-
mental metastasis assay. In this assay, cells were directly
injected into the allantoic vein of developing chick embryos.
PC-hi/diss and PC-lo/diss cells differed by less than twofold
in their ability to colonize the CAM in this assay (Supple-
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mental Figure S1B at http://ajp.amjpathol.org). Therefore, the
40- to 100-fold dissemination differential between the PC-3
variants appears to lie primarily in their capacity to success-
fully complete early steps of the metastatic cascade, culmi-
nating in intravasation into the CAM vasculature.

High Metastatic Potential of PC-hi/diss in
Spontaneous Metastasis Models in Mice

To confirm that the increased dissemination potential of the
selected PC-hi/diss variant was not attributed to a specific
adaptation to the avian microenvironment used for selec-
tion, spontaneous metastasis of the PC-3 cell variants was
also evaluated in two murine model systems, ie, a renal
capsule model, exploiting the rich vascular microenviron-
ment of the kidney, and a prostate orthotopic model.

In the renal capsule model, the PC-hi/diss and PC-lo/
diss tumor cells were inoculated under the kidney cap-
sule of immunodeficient mice, where they formed primary
tumors of similar size (300 to 600 mg) within 20 to 25 days
after transplantation (Figure 2, A and B). However, PC-
hi/diss yielded higher levels of spontaneous metastasis
compared with PC-lo/diss as detected by Alu-qPCR.
There was a substantial 13.6-fold differential in liver me-
tastasis (Figure 2C) and a clear twofold differential in
metastases to the lungs between the animals bearing
PC-hi/diss versus PC-lo/diss tumors (data not shown).

Thus, the increased dissemination ability of PC-hi/diss,
initially observed in the chick system, was affirmed in this
mammalian spontaneous metastasis model.

To determine whether PC-hi/diss would be also differen-
tially aggressive in an orthotopic spontaneous metastasis
model, PC-hi/diss and PC-lo/diss cells were pre-labeled
with firefly luciferase (fluc) to allow for non-invasive live
animal imaging, and surgically implanted into the anterior
prostates of SCID mice. Both cell variants formed primary
tumors within the prostates in 4 to 6 weeks, as first indi-
cated by bioluminescence in the prostate region (Figure
3A). The levels of bioluminescence in animals bearing
PC-hi/diss tumors were slightly higher than in the mice
with developing PC-lo/diss tumors. In addition, only mice
with PC-hi/diss tumors demonstrated high levels of biolu-
minescence in the abdomen, in the liver and in the spleen
areas (Figure 3B). The presence of expanding primary
tumors in the prostates was confirmed on dissection of
sacrificed animals, demonstrating similar gross morphol-
ogy of the tumors (Figure 3C), although the PC-lo/diss
cells generally gave rise to smaller tumors (Figure 3D).
The localization of human tumor cells within characteristic
prostate glandular tissue was indicated by histological
analysis after H&E staining (Figure 3E, left panel) and
confirmed by immunohistochemical analysis after stain-
ing of primary tumors for human CD44 (Figure 3E, middle
panel). Both cell lines efficiently metastasized to axillary

Figure 1. In vivo selection of PC-3 dissemination variants and their characterization in the chick embryo spontaneous metastasis model. A: Schematic presentation
of multiround selection of dissemination variants from the prostate carcinoma PC-3 cell line. Following grafting on the CAM, the developed tumors were harvested,
expanded in vitro and re-applied to new CAMs. A total of 7 rounds of in vitro-in vivo passaging were performed, yielding a series of primary tumor-derived cell
lines (Tu-1 to Tu-7). After the seventh round, intravasated cells were isolated from the distal CAM (“Lower CAM”), yielding the LC cell line. B: Isolated PC-3 cell
lines were analyzed for their efficiency in tumor growth (top) and intravasation (bottom) in the chick embryo spontaneous metastasis model. Data are means �
SEM from 1 to 5 independent experiments performed with each cell variant. C: A retrospective analysis of tumor cell intravasation (bottom) in individual embryos
bearing PC-lo/diss and PC-hi/diss primary tumors of similar size, 160 to 200 mg (top). Statistical significance of the differences was analyzed in comparison with
Tu-1 cell line: #P � 0.05, one-tailed t-test; *P � 0.05, **P � 0.01; and ***P � 0.0001 in two-tailed t-test (B, top) or Mann-Whitney test (B, bottom; C).
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and inguinal lymph nodes, as indicated by lymph node
enlargement (Figure 3C). However, dissemination of cells
from primary PC-hi/diss tumors to the lymph nodes ap-
pears to be sixfold more efficient than from their low

disseminating counterpart (Figure 3F). In addition, wide-
spread abdominal metastases developed in all (6 out of
6) PC-hi/diss tumor-bearing animals, manifested by as-
cites and numerous large tumor nodules within the mes-

Figure 2. Dissemination of PC-3 variants in the renal capsule spontaneous metastasis model. A: Selected PC-lo/diss and PC-hi/diss cells were grafted under the
kidney capsule of nu/nu mice. Large primary tumors developed on the kidneys and almost completely engulfed them within 4 to 5 weeks post implantation (right
panels). For comparison, contralateral kidneys are shown on the left. B: The net weight of individual primary PC-lo/diss and PC-hi/diss tumors was estimated
by subtracting the weight of the contralateral kidney. Data are means � SEM from a representative experiment using 4 mice per variant. C: Metastasis levels in
the livers of mice bearing PC-lo/diss (open bars) and PC-hi/diss (closed bars), quantified by Alu-qPCR. *P � 0.05 in one-tailed Mann-Whitney test.

Figure 3. Characterization of PC-3 dissemination variants in an orthotopic spontaneous metastasis model. A: Bioluminescence imaging of PC-lo/diss or PC-hi/diss
primary tumors in SCID mice 5 weeks after surgical implantation of firefly luciferase-tagged cells (fluc) into anterior prostates. B: Bioluminescence imaging from
side (top) and dorsal (bottom) views of a mouse bearing a PC-hi/diss tumor 5 weeks after implantation. High levels of bioluminescence are associated with the
primary tumor, liver, spleen, and abdominal ascites. C: Gross morphology of primary tumors, lymph nodes and mesenterium in sacrificed mice. The tumors in
the prostate area are circumscribed by dotted lines (top panels). Arrows point to seminal vesicles, arrowheads point to testes. Significantly enlarged inguinal
(subiliac) lymph nodes are indicated by circles (middle panels). The mesenterium in PC-hi/diss-bearing mice is heavily inseminated with macroscopic metastatic
nodules (bottom panels). D: Primary tumors were excised and weighed, indicating a 1.6-fold difference in tumor size between the two PC-3 variants. E: H&E
staining of a PC-hi/diss tumor (left panel) indicates the presence of a tumor cell mass at the bottom of the section and tumor invasion between prostate glands
at the top of the section. A muscular layer in the middle is indicated by dotted lines. The presence of human tumor cells invaded the prostate glandular tissue
(arrows) was confirmed by immunohistochemical staining with mAb 29-7, specifically recognizing human CD44 (middle panel). A section of lung tissue from
a mouse bearing PC-hi/diss tumor (right panels) stained with H&E (top). Immunohistochemical staining for human CD44 (brown) confirms the presence of
metastatic lesion indicated by the arrowhead (bottom). F: Levels of metastasis in mice bearing PC-lo/diss (open bars) and PC-hi/diss (closed bars) tumors were
determined by Alu-qPCR in the lymph nodes, spleen, lung, and liver. Bars are means � SEM from two independent experiments using six mice total per variant.
Numbers above bars are mean numbers of humans cells quantified in the organ per 106 murine cells. *P � 0.05 in one-tailed Mann-Whitney test.
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enterium (Figure 3C, lower panels). Only 2 of 6 PC-lo/diss
mice presented with ascites and/or tumor cell coloniza-
tion of the mesenterium, although the PC-lo/diss bearing
mice were allowed an additional week of tumor develop-
ment. Importantly, PC-hi/diss tumors were significantly
more metastatic to the liver (eightfold; P � 0.05) and were
clearly more efficient in their spread to the lung (24.5-fold;
P � 0.066) and spleen (fourfold; P � 0.12) as determined
by Alu-qPCR analysis in comparison with PC-lo/diss tu-
mors (Figure 3F). In PC-hi/diss bearing animals, micro-
scopic foci of tumor cells were also identified within the
lung parenchyma by immunohistochemical staining for
human CD44 (Figure 3E, right panels). Thus, in this or-
thotopic model, as in the mouse kidney capsule and
chick embryo spontaneous metastasis models, PC-hi/
diss cells were clearly more aggressive; these in vivo
selected cells formed larger and rapidly growing primary
tumors and metastasized more efficiently than the PC-lo/
diss counterparts.

Contribution of Tumor Angiogenesis to
PC-hi/diss Intravasation

Tumor angiogenesis is often correlated with tumor pro-
gression and high-grade (ie, metastatic) disease, and the

possibility of a link between angiogenesis and metastasis
prompted us to determine whether the PC-3 cell variants
might differentially induce angiogenesis and whether a
difference in angiogenic potential might have a functional
impact on their dissemination capabilities. To this end,
levels of angiogenesis were compared between primary
PC-hi/diss and PC-lo/diss CAM tumors. Sections of CAM
tumors were stained with SNA lectin to highlight the en-
dothelial cells and allow visualization of the tumor vascu-
lature (Figure 4A). Scoring of intratumoral vessel density in
serial images indicated that PC-hi/diss primary CAM tumors
contained substantially more (4.6-fold, P � 0.0001) lumen-
containing vessels per arbitrary square filled with tumor
tissue (Figure 4A, bar graph).

In addition, the ability of the two cell variants to induce
angiogenesis in a quantitative and easily manipulatable
CAM angiogenesis model15 was investigated. In this
model, collagen droplets impregnated with tumor cells
were allowed to polymerize on nylon grids before grafting
on the CAM of day 10 shell-less embryos developing ex
ovo; 72 to 96 hours later these ‘onplants’ were scored for
new vessel development. When PC-hi/diss and PC-lo/
diss cells were incorporated into collagen onplants, only
PC-hi/diss efficiently induced angiogenesis over control
levels observed in onplants containing collagen alone or

Figure 4. Angiogenic potential of PC-3 intravasation variants in chick embryo and mouse models. A: Tumor angiogenesis in the CAM spontaneous metastasis
model. PC-lo/diss and PC-hi/diss primary CAM tumors were stained with SNA lectin to highlight endothelial cells (left panels). Black arrows point to
lumen-containing blood vessels. Vessel density was determined as a ratio of arbitrary grids with lumen-containing vessels per total number of grids analyzed in
digital images of tissue sections taken at �20 original magnification. From 10 to 20 images per tumor in 3 to 5 individual tumors per variable were analyzed to
calculate the means � SEM presented in the bar graph. B: Angiogenic potential of PC-3 variants in the CAM collagen onplant model. PC-lo/diss and PC-hi/diss
cells were incorporated into collagen onplants grafted on the CAM of shell-less chick embryos. The onplants containing collagen alone or non-angiogenic HeLa
cells were used as negative controls. The angiogenic index was calculated at 72 hours as the number of grids containing vessels over total number of grids scored
in four independent experiments (number of onplants, n � 14, no cells; n � 63, HeLa; n � 45, PC-lo/diss; n � 79, PC-hi/diss). The data are presented as fold
difference compared with the angiogenic index of collagen onplants containing HeLa cells. ***P � 0.0001 in two-tailed Student’s t-test. C: Angiogenic potential
of PC-3 variants in the mouse angiotube model. Silicon tubes (angiotubes) containing collagen alone (no cell control) or PC-hi/diss or PC-lo/diss tumor cells were
implanted under the skin of nu/nu mice (left panel). At 3 weeks, the mice were sacrificed, and the skin flaps with the angiotubes exposed, indicating visually
more blood vessels around the PC-hi/diss containing tubes than either control (collagen alone) or PC-lo/diss containing tubes (middle panels). Levels of
angiogenesis were estimated by measuring hemoglobin concentration in the contents of individual angiotubes (n � 8 per variable) (bar graph). Bars represent
means � SEM from a representative experiment. *P � 0.05 in two-tailed Student’s t-test.
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impregnated with HeLa cells characterized by low angio-
genic potential (Figure 4B).

The differential in angiogenic potentials of the PC-3
variants was further confirmed using a murine model,
where silicon tubes filled with collagen alone or a mixture
of collagen and tumor cells (angiotubes) were implanted
under the skin of immunodeficient mice (Figure 4C, left
panel). Three weeks after implantation, the growth of
blood vessels was visually compared between angio-
tubes containing PC-hi/diss versus PC-lo/diss cells or
collagen alone. As can be seen in Figure 4C, blood
vessels appeared to be converging at the openings of
the cell-containing angiotubes. Importantly, PC-hi/diss in-
duced the formation of a more robust blood vessel net-
work around the angiotubes compared with the no cell
control and the PC-lo/diss variant. Hemoglobin content
within the tubes was measured as an indicator of angio-
genesis. Confirming our observations in the chick model
systems, only the PC-hi/diss variant was highly angio-
genic in contrast to the PC-lo/diss cells, which did not
induce angiogenesis over control levels (Figure 4C, bar
graph). Thus three distinct angiogenesis assays in two
separate animal models demonstrated a significant dif-
ferential in the ability of PC-hi/diss and PC-lo/diss to
induce angiogenesis.

To analyze potential differences in secretion of individ-
ual angiogenic factors that might underlie the differential
in angiogenic phenotype of the PC-3 intravasation vari-
ants, we used an antibody array in which levels of se-
creted angiogenic factors were compared in the condi-
tioned media (CM) of PC-lo/diss and PC-hi/diss. This
array highlighted a twofold differential in VEGF produc-
tion by the PC-3 dissemination variants (Figure 5A). The
differential in the levels of secreted VEGF was further
confirmed and quantified by capture ELISA (Figure 5B).
To address whether high levels of PC-hi/diss-induced
angiogenesis could be attributed to the increased VEGF
secretion, we used a function-blocking anti-VEGF anti-
body, which was incorporated into PC-hi/diss-containing
collagen onplants. This antibody significantly decreased
PC-hi/diss induced angiogenesis to the levels observed
for PC-lo/diss (Figure 5C), thus supporting our sugges-
tion that the high levels of angiogenesis induced by PC-
hi/diss were dependent on the elevated VEGF levels.

To analyze whether this VEGF-dependent increase in
tumor angiogenesis was functionally important for PC-hi/
diss dissemination, we diminished the levels of VEGF in
PC-hi/diss tumors by treating the developing CAM tumors
with the function-blocking antibody to human VEGF, and
monitored vessel density, tumor growth, and spontane-
ous metastasis. Four days after tumor cell grafting, a
subset of primary tumors was fixed and stained for hu-
man CD44 to highlight human tumor cells and the tumor-
CAM border and also with SNA to highlight host endo-
thelial cells (Figure 5D). Serial microscopic images were
analyzed to determine the vessel density within the pri-
mary tumors. This analysis indicated a significant 30%
reduction in vessel density in tumors treated with anti-
VEGF (Figure 5E), suggesting efficacy of the strategy to
reduce tumor angiogenesis. After seven days of tumor
growth on the CAM, primary tumors were excised,

Figure 5. Increased VEGF production contributes to enhanced angiogenesis
and intravasation of PC-hi/diss. A: Analysis of pro- and anti-angiogenic
factors produced by PC-lo/diss and PC-hi/diss cells. Serum-free CM from
PC-lo/diss and PC-hi/diss cell monolayers was assayed by a TranSignal
Angiogenesis Antibody Array, indicating differential in secreted VEGF.
B: Levels of VEGF in the CM of PC-hi/diss and PC-lo/diss were quantified by
a capture ELISA. C: Contribution of VEGF to PC-hi/diss-induced angiogenesis
in the CAM collagen onplant model. A function-blocking antibody to VEGF
(R&D) was incorporated at 50 �g/ml into collagen onplants containing
PC-hi/diss cells (3 � 104 cells per onplant). Angiogenic index was deter-
mined at 72 hours in comparison with onplants containing PC-lo/diss cells. In
the scattergram, lines represent means from angiogenic indices determined
for each individual onplant in a representative experiment using 5 to 6
embryos per variant (23 to 25 onplants). D: Contribution of VEGF to PC-hi/
diss-induced angiogenesis in the chick embryo spontaneous metastasis
model. Primary PC-hi/diss CAM tumors were treated topically with the
control IgG or function-blocking antibody to VEGF. After 4 days, 3 to 5
control or anti-VEGF-treated tumors were harvested, fixed, and stained with
H&E, immunostained with mAb-29-7 against human CD44 to identify tumor
cells (brown cell membrane staining), or stained with SNA to highlight the
vasculature. Dotted lines delineate the tumor borders. Arrows point to
lumen-containing blood vessels. E: Vessel density was calculated after scor-
ing lumen-containing blood vessels in control and anti-VEGF-treated PC-hi/
diss tumors in a series of SNA stained tumor sections. Images and vessel
density analysis are from a representative experiment, in which three tumors
were analyzed per variable with 10 to 20 images analyzed per tumor.
F: Contribution of VEGF to PC-hi/diss intravasation in the spontaneous
metastasis CAM model. At day 7, control IgG and anti-VEGF-treated PC-hi/
diss tumors were harvested and weighed (left panel), and intravasated
tumor cells in the distal CAM were quantified by Alu-qPCR (right panel).
Tumor weights and intravasation data are pooled values from three individual
metastasis experiments with total of 25 and 22 embryos treated with control
IgG and anti-VEGF, respectively. #P � 0.05 in one-tailed Mann Whitney test;
*P � 0.05, **P � 0.01, and ***P � 0.0001 in two-tailed Student’s t-test.
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weighed and dissemination of tumor cells to the distal
CAM was quantified by Alu-qPCR. While the anti-VEGF
treatment had only a marginal effect on tumor growth
(Figure 5F, left bar graph), dissemination to the distal
CAM was substantially decreased to 27% of control lev-
els (Figure 5F, right bar graph). Taken together, these
data suggest that targeting VEGF not only reduces tu-
mor-induced angiogenesis and microvessel density
within developing CAM tumors, but also concomitantly
reduces PC-hi/diss cell intravasation and dissemination
within the CAM vascular network.

Adhesion, Migration and Invasion of PC-3
Dissemination Variants

Intravasation of tumor cells into intratumoral angiogenic
vasculature or peritumoral pre-existing blood vessels
would require implementation of escape mechanisms by
aggressive tumor cells, including dissociation from the
primary tumor, invasion of surrounding tissue and migra-
tion toward blood vessels. To address potential differ-
ences in escape mechanisms between PC-lo/diss and
PC-hi/diss, we subjected the cell variants to a series of
in vitro assays to compare their adhesion, migration and
invasion characteristics. The PC-hi/diss cells were less
adhesive to the purified extracellular matrix proteins col-
lagen I and fibronectin and to the basement membrane
proteins of Matrigel (Figure 6A). Since endothelial cells
and fibroblasts would be the two major cell types encoun-
tered by escaping tumor cells within the tumor microen-
vironment, we analyzed the respective abilities of PC-
hi/diss and PC-lo/diss to migrate chemotactically
toward conditioned media from these two cell types.
PC-hi/diss cells displayed increased ability to chemo-
tactically migrate toward CM from HMVECs and CEFs
in Boyden-type chamber assays (Figure 6B). Addition-
ally, PC-hi/diss cells were significantly more migratory
in haptotactic migration induced by type I collagen in
the absence of additional chemotactic stimuli (Figure
6C). When Transwells were coated with Matrigel to
create an extracellular matrix barrier, the PC-hi/diss
cells manifested increased ability to invade through
Matrigel toward chemotactic stimuli present in fibro-
blast CM (Figure 6D).

The enhanced migratory and invasive characteristics
observed in PC-hi/diss were suggestive of a partial epi-
thelial to mesenchymal transition (EMT), a process that
has been well described in embryonic development and
recently linked to carcinoma progression,17,18 as carci-
noma cells lose some of their epithelial characteristics
and gain a more migratory, mesenchymal phenotype.
The possibility that PC-hi/diss cells had undergone EMT
was addressed by Western blot and qPCR analysis of
classical EMT markers. There was a substantial reduction
in levels of the epithelial marker E-cadherin at both the
protein (11-fold) and message (22-fold) levels in PC-hi/
diss compared with PC-lo/diss. Levels of the mesenchy-
mal marker N-cadherin, however, were similar between
the two variants, and vimentin, a second mesenchymal
marker, was not detected in either of the two PC-3 cell

variants in contrast to high levels of this protein ex-
pressed in the mesenchymal tumor cell line HT-1080
used as a positive control (Figure 6E). Finally, mRNA
levels of three EMT-inducing transcription factors (ie,
Slug, Snail and Twist)19,20 were similar between the two
cell variants, as determined by quantitative PCR (data not
shown). Together, these data suggest that although the
PC-hi/diss cells display some characteristics of cells that
have undergone EMT (ie, substantial loss of E-cadherin,
decreased adhesion and increased migration and inva-
sion), the overall molecular changes normally accompa-
nying carcinoma EMT were not observed.

Contribution of uPA to PC-hi/diss Invasion
and Dissemination

Increases in levels and activity of proteolytic enzymes
have been linked to enhanced motility and invasion in
tumor cells,21–23 and specifically the serine protease uPA
is often elevated in aggressive carcinomas.24 Using a

Figure 6. In vitro characteristics of PC-lo/diss and PC-hi/diss cell variants.
A: Adhesion of PC-lo/diss and PC-hi/diss cells to type I collagen, fibronectin,
or Matrigel. Data are presented as fold differences of PC-lo/diss adhesion in
comparison with adhesion levels of PC-hi/diss, determined from 3 indepen-
dent experiments performed in triplicate. B: Chemotactic migration of PC-
lo/diss and PC-hi/diss cells in Transwells was induced by serum-free CM
from CEFs or HMVECs placed into the outer chamber. C: Haptotactic migra-
tion of PC-lo/diss and PC-hi/diss cells in Transwells was stimulated by type
I collagen coated onto undersurface of the membrane. D: Matrigel invasion
of PC-lo/diss and PC-hi/diss cells induced by CM from CEFs placed into the
outer chamber. Data are presented as means � SEM of cells recovered from
individual outer chambers following a 48 hour migration or invasion in three
independent experiments performed in duplicate. *P � 0.05, **P � 0.01, and
***P � 0.001 in two-tailed Student’s t-test. E: Western blot analysis of PC-lo/
diss, PC-hi/diss and HT-1080 cell lysates (20 to 50 �g/lane) for E-cadherin,
N-cadherin, and vimentin. Position of molecular weight markers is indicated
in kDa on the left.
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chemical proteomic approach, our lab has previously
identified uPA activation as a key step in HT-hi/diss fibro-
sarcoma cell intravasation11,14 and we therefore asked
the question of whether uPA might contribute to the en-
hanced invasion and intravasation capacity of PC-hi/diss
as well. To this end, we compared levels of single chain
uPA proenzyme and the two chain uPA active enzyme in
samples of serum-free medium conditioned by equal
numbers of adherent PC-hi/diss or PC-lo/diss cells. By
Western blot analysis, levels of the 50 kDa species of
pro-uPA in the CM of PC-hi/diss were substantially higher
(sixfold) than in PC-lo/diss CM (Figure 7A). A threefold
differential in active uPA was also indicated by quantify-
ing levels of the 33 kDa B chain in the CM of PC-hi/diss
separated by SDS-PAGE under reducing conditions (Fig-
ure 7A). To analyze the contribution of the uPA differential
to the high-disseminating phenotype of PC-hi/diss, we
used function-blocking antibody mAb-112, which specif-
ically blocks uPA zymogen activation by preventing
cleavage to the two chain active enzyme14 and aprotinin,
a potent inhibitor of serine proteases including plasmin.
When PC-hi/diss cell monolayers were incubated with
either mAb-112 or aprotinin, no accumulation of two
chain active uPA in the condition media was observed,
confirming that both reagents prevented uPA activation
in vitro (Figure 7B).

To analyze the functional contribution of uPA in facili-
tating PC-hi/diss intravasation in vivo, we used two func-
tion blocking monoclonal antibodies: mAb-112 to prevent
zymogen activation, and mAb-2 to prevent proteolytic
activity of the enzyme.14 Aprotinin was also included as a
positive control for inhibition of plasmin-mediated activa-
tion of uPA. Developing PC-hi/diss CAM tumors were
treated topically with anti-uPA antibodies or aprotinin and
tumor growth and intravasation were analyzed after 7
days. Each of the antibody treatments slightly decreased
primary tumor growth, while aprotinin did not have any
effect on tumor weight (Figure 7C, left bar graph). How-
ever, the function-blocking antibodies, mAb-112 and
mAb-2, both significantly decreased intravasation to the
distal CAM to 43% and 47% of control levels, respec-
tively, while aprotinin treatment substantially inhibited in-
travasation by 90% (Figure 7C), strongly implicating uPA
activation and activity in PC-hi/diss dissemination. Inter-
estingly, treatment with mAb-112, mAb-2, or aprotinin did
not significantly affect CAM colonization when tumor cells
were injected i.v. in the avian experimental metastasis
model (data not shown), further highlighting the importance
of activated uPA in facilitating those early events in PC-hi/
diss dissemination that lead to tumor cell intravasation.

To explore potential mechanisms by which uPA con-
tributes to PC-hi/diss dissemination, we analyzed the role
of uPA activation in PC-hi/diss invasion. To this end,
mAb-112 or aprotinin were incorporated into in vitro Ma-
trigel invasion assays and both effectively reduced PC-
hi/diss invasion, by 40% and 67%, respectively (Figure
7D). Thus, active uPA seems to be required for PC-hi/diss
cells to proteolytically degrade the basement membrane
proteins of Matrigel and invade through a matrix barrier.

In addition to facilitating invasion, serine proteases
have been implicated in tumor angiogenesis.25,26 Since

we have linked increased tumor angiogenesis with the
increased dissemination capability of PC-hi/diss, we an-
alyzed the contributions of uPA to PC-hi/diss angiogen-
esis in the CAM collagen onplant model. Incorporation of
function-blocking mAb-112 or aprotinin into collagen

Figure 7. Functional contribution of uPA to PC-hi/diss intravasation, inva-
sion, and angiogenesis. A: Western blot analysis of uPA production by
PC-lo/diss and PC-hi/diss cell variants. SDS-PAGE of CM, normalized to equal
numbers of adherent cells, was performed under reducing conditions allow-
ing for detection of single chain pro-uPA (top panel) and B chain of the
activated uPA enzyme (bottom panel) by goat anti-uPA antibody. B: West-
ern blot analysis of uPA activation by PC-hi/diss cells. CM was harvested from
PC-hi/diss cell monolayers incubated for 48 hours with control IgG, mAb-
112, or aprotinin. SDS-PAGE of CM samples was performed under reducing
conditions. Single chain uPA zymogen, and B chain and A chain of activated
two chain uPA were detected by rabbit anti-uPA antibody recognizing all
three uPA species. Position of molecular weight markers is indicated in kDa
on the left. C: Contribution of uPA activation and activity to PC-hi/diss
intravasation. Developing PC-hi/diss CAM tumors were treated topically with
control IgG, mAb-112, mAb-2, or aprotinin. After 7 days, primary tumors
were weighed (left graph) and intravasation to the distal CAM was quanti-
fied by Alu-qPCR (right graph). Presented are means � SEM from pooled
data of three independent experiments using from 22 to 53 embryos per
variable. The levels of intravasation are presented as percentage of intrava-
sation determined in the IgG-treated control. D: Contribution of uPA to
Matrigel invasion in Transwells. PC-lo/diss or PC-hi/diss cells were stimu-
lated to invade Matrigel toward CM from CEFs. Where indicated, mAb-112 or
aprotinin were added to both inner and outer chambers. Presented are
means � SEM from pooled data of three independent experiments per-
formed in duplicate. Data are calculated as percentage of invasion observed in
control IgG-treated PC-hi/diss variant. E: Contribution of uPA to CAM angiogen-
esis. Collagen onplants containing PC-lo/diss cells mixed with control IgG and
PC-hi/diss cells mixed with control IgG, mAb-112, or aprotinin were placed onto
the CAMs of shell-less chick embryos. The scattergram depicts angiogenic indi-
ces in individual collagen onplants from a representative experiment scored at
72 hours; lines are means. *P � 0.05, **P � 0.005, and ***P � 0.001 in two-tailed
Student’s t-test; #P � 0.05 in one-tailed Student’s t-test.
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grafts containing PC-hi/diss cells, significantly decreased
tumor-induced angiogenesis by 50% and 75%, respec-
tively (Figure 7E). Thus, uPA appears to significantly con-
tribute to PC-hi/diss intravasation and metastasis via multi-
ple mechanisms, namely by facilitating tumor angiogenesis
and tissue invasion.

Discussion

Because the multistep metastatic cascade involves com-
plex interactions between tumor cells and stromal cells,
tumor-associated vasculature and extracellular matrix
components, the study of this process requires in vivo
analyses. Therefore, the development of easily manipu-
latable in vivo models greatly facilitates metastasis inves-
tigations.27–30 Further dissection of individual rate-limiting
processes by in vitro and in vivo modeling is also neces-
sary to define the molecular and cellular mechanisms that
lead to successful tumor cell dissemination. Intravasa-
tion, ie, the entry of aggressive cells into the vasculature,
is an early and very much understudied rate-limiting step
in the metastatic cascade.31,32 To identify specific pro-
cesses and molecules that functionally contribute to tu-
mor cell intravasation, our laboratory has generated pairs
of congenic tumor cell lines differing substantially in their
intravasation potentials, namely the HT-1080 fibrosar-
coma variants characterized previously,9,11–13 and pros-
tate carcinoma PC-3 cell variants described herein.

The PC-3 variants, ie, PC-lo/diss and PC-hi/diss, differ
by an average of 40-fold in their ability to disseminate in
the chick embryo spontaneous metastasis model, while
exhibiting similar capacity to colonize the CAM after i.v.
inoculation, indicating that the two PC-3 variants specif-
ically differ during early metastatic events leading to in-
travasation. This difference does not appear to be de-
pendent on tumor weight, as a retrospective analysis of
embryos bearing tumors of the same size revealed a
consistent differential (up to 100-fold) in intravasation.
Therefore, a comparative analysis of the PC-hi/diss and
PC-lo/diss cell variants provides a valuable means to
investigate critical determinants of intravasation.

It is important that in addition to the differences mani-
fested in the chick embryo model, the PC-3 cell dissem-
ination variants also exhibited differential abilities to me-
tastasize in two murine model systems, a renal capsule
model and an orthotopic model. The kidney cortex pro-
vides a rich vascular microenvironment amenable to
rapid growth and hematogenous dissemination of im-
planted tumor cells.33–35 In this model, PC-hi/diss and
PC-lo/diss cells formed sizable primary tumors within 3–4
weeks on grafting under the renal capsule, but PC-hi/diss
bearing animals presented more extensive metastases to
the liver and lung. Xenotransplantation of tumor cells into
the appropriate anatomical location has been shown to
affect gene expression and increase tumor growth rate
and metastasis, as compared with nonorthotopic sites,
especially subcutaneous implants.36,37 While both PC-3
cell variants gave rise to large primary tumors in the
orthotopic site within 4 to 6 weeks, PC-hi/diss cells more
efficiently metastasized to lymph nodes, liver, lungs, and

spleen of recipient mice. Lymph nodes were visibly en-
larged and contained more human tumor cells per million
host cells than any other organ examined, consistent with
the usual pattern of carcinoma lymphatic dissemination
before widespread hematogenous dissemination.38,39

Additionally, mice bearing PC-hi/diss tumors developed
large volume tumor cell ascites in the peritoneal cavity
and multiple macroscopic foci of tumor cells on the mes-
enterium. It could be argued that the peritoneal ascites,
and not vascular or lymphatic dissemination, might be a
source of secondary metastases, especially those in the
liver. However, colonies of PC-hi/diss tumor cells were
repeatedly found within the lung parenchyma by histo-
logical analyses, indicating that these tumor cells metas-
tasized via a hematogenous route to reach and colonize
the lungs, which are not directly accessible to tumor cells
in peritoneal ascites.

The large differential in spontaneous dissemination
demonstrated by PC-hi/diss and PC-lo/diss congenic cell
variants both in the chick embryo and mouse models,
facilitated an identification of key processes and mole-
cules underlying the early events in metastasis. Tumor
angiogenesis has long been correlated with aggressive
prostate cancer and metastasis,40 although it remains to
be determined conclusively whether the angiogenic ves-
sels serve as the actual primary conduits for direct tumor
cell intravasation instead of the more stable pre-existing
vasculature. Correlating with an increased dissemination
potential, the PC-hi/diss cell variant displayed an en-
hanced ability to induce angiogenesis in avian and mu-
rine hosts. PC-hi/diss also manifested a significant in-
crease in VEGF production. A function-blocking antibody
to VEGF significantly inhibited PC-hi/diss tumor angio-
genesis in the avian angiogenesis model, suggesting that
the increase in VEGF secretion functionally contributes to
PC-hi/diss-induced angiogenesis. When the anti-VEGF
antibody was applied to developing PC-hi/diss primary
CAM tumors, the treatment concomitantly reduced vessel
density within the tumors and significantly decreased
intravasation. Importantly, the anti-VEGF treatment did
not significantly affect tumor growth in the chick embryo.
In murine models, anti-angiogenic treatments primarily
affect tumor growth and secondarily metastatic dissemi-
nation. Moreover, reduced primary tumor size makes it
difficult to determine direct effects of anti-angiogenic
treatment on tumor metastasis.41,42 In the CAM model, on
the other hand, it appears that the intratumoral angio-
genic vessels, remaining after anti-VEGF treatment along
with the pre-existing CAM blood vessels, are able to
sustain normal tumor growth without onset of hypoxia or
significant reduction in tumor size. This suggests that
decreasing the number of intratumoral angiogenic ves-
sels directly limits the number of vascular points of entry
available to the escaping tumor cells. Furthermore, these
findings highlight a unique aspect of the chick embryo
metastasis model, in which the confounding factor of
reduced tumor size indirectly contributing to reduction of
metastasis is reduced or can be eliminated.

Before reaching blood vessels, tumor cells are be-
lieved to actively escape from the primary tumor and
invade surrounding stromal tissues. In epithelial-derived
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tumors, EMT may be involved in facilitating tumor cell
escape.43,44 EMT, originally described and character-
ized in development, has been recently implicated in
cancer progression as several morphological character-
istics and protein expression changes are seen in both
developmental EMT and cancer metastasis.17,18 EMT in
development and possibly in cancer progression can be
mediated by a group of transcription factors (ie, Snail,
Slug, and Twist) that, when activated, induce phenotypic
changes in cell behavior.19,20,45,46 These changes in-
volve a loss of polarity and loosening of tight cell–cell
junctions, coinciding with decreased levels of functional
epithelial markers, especially E-cadherin. A gain of mes-
enchymal characteristics is also observed, including in-
creased motility and expression of mesenchymal mark-
ers (N-cadherin, vimentin, fibronectin). Full or partial EMT
is believed to enable aggressive cells to escape from the
primary site and this process has been associated with
enhanced metastatic potential. EMT in cancer is not as
well understood as the parallel process during embryonic
development, and the occurrence of EMT in cancer pro-
gression remains controversial and requires further
definition.47–49

In the current study, we observed a substantial loss of
E-cadherin expression in PC-hi/diss, however N-cadherin
was expressed by both PC-lo/diss and PC-hi/diss and
there was no detectable expression of vimentin in either
variant. The transcription factors Snail, Slug, and Twist
were also detected at similar levels between the two
variants. This is in contrast to studies on breast carci-
noma showing that these transcription factors repress
E-cadherin expression, or conversely, that E-cadherin
repression leads to up-regulation of Snail, Slug, and
Twist.50 Thus, our data suggests that these factors may
play different roles in different carcinoma cell types. Ad-
ditionally, due to dysfunctional components of the catenin
pathway in the PC-3 cell line,51,52 it is unclear whether the
loss of E-cadherin would be a prerequisite for efficient
intravasation of PC-hi/diss. Altogether, despite the clear
loss of E-cadherin expression, the intravasating pheno-
type of PC-hi/diss does not appear to be adequately
explained by a full or partial EMT.

Serine proteases, especially uPA, have been impli-
cated in prostate carcinoma progression both by clinical
biopsy association studies, indicating elevated uPA ex-
pression and secretion in high-grade prostate carcino-
mas,24,53–56 and in preclinical animal models, where
siRNA to uPA decreases tumor growth and metastasis of
prostate carcinoma cell lines.57,58 In the chick embryo
model, blocking uPA has been previously shown to
dampen metastasis of the human epidermoid HEp-3 car-
cinoma.8 Recently, by chemical proteomic and functional
analyses, we were able to directly implicate uPA activa-
tion in the process of HT-1080 tumor cell intravasa-
tion.11,14 The observed enhancement in dissemination
and in vitro invasion ability of PC-hi/diss led us to analyze
a potential role of uPA in PC-hi/diss dissemination. The
PC-hi/diss cells secrete more uPA protein, which is
present in the CM as both the single chain zymogen and
the two-chain, disulfide-linked, activated enzyme. To de-
termine the functional significance of this differential, we

modulated uPA activation and activity in PC-hi/diss in vitro
and in vivo. One relatively under-explored mechanism for
interfering with protease function is by preventing zymo-
gen activation.14 Function-blocking mAb-112, which in-
hibits activation of uPA zymogen, has demonstrated anti-
intravasation function in a fibrosarcoma model.14 In the
current study, we have confirmed the efficacy of preventing
uPA activation as a strategy to inhibit intravasation, expand-
ing our previous findings to a carcinoma model system.
Specifically targeting zymogen activation of uPA with mAb-
112 was as effective as blocking uPA activity using an
independent function-blocking antibody, mAb-2.

The broad-spectrum serine protease inhibitor, aproti-
nin, also substantially inhibited intravasation. Although
aprotinin does not directly target uPA, it is a potent inhib-
itor of plasmin, a major feed-back activator of pro-uPA
in vivo as well as a key product generated by uPA acti-
vation of plasminogen. Therefore, inhibition of PC-hi/diss
intravasation by aprotinin strongly implicates the uPA/
plasmin system in the early processes of metastatic
spread. Treatments with mAb-112 and aprotinin signifi-
cantly decreased Matrigel invasion of PC-hi/diss cells in
vitro, suggesting that the enhanced invasion might be a
possible mechanism by which active uPA could contrib-
ute to PC-hi/diss intravasation. Despite the fact that uPA
can have plasmin-independent functions via interactions
with uPAR and other cell surface molecules,26,59–61 the
near-complete blockade of intravasation by aprotinin
suggests that uPA likely functions via plasmin in the
PC-hi/diss system.

In addition to the classical role of ECM remodeling and
invasion,24–26,62 uPA and plasmin have been linked to
tumor angiogenesis by directly facilitating endothelial cell
migration and invasion61 and by releasing angiogenic
growth factors, including VEGF, from the extracellular
matrix.25,63 Since we have shown that dampening angio-
genesis via anti-VEGF treatment can decrease intravasa-
tion, we asked whether active uPA might also contribute
to intravasation by an angiogenic mechanism. Indeed,
when mAb-112 or aprotinin were incorporated into PC-hi/
diss containing collagen onplants and angiogenesis was
scored, both approaches, ie, inhibiting uPA activation
and blocking serine protease activity, substantially de-
creased PC-hi/diss tumor angiogenesis. Thus, it appears
that interfering with uPA activation and activity might
block intravasation/metastasis by at least two separate
mechanisms: 1) decreasing ECM invasion and 2) de-
creasing tumor angiogenesis. Intriguingly, recent studies
have reported that disrupting the tumor vasculature alone
can actually increase the invasive behavior of tumor
cells64–67 due to hypoxia-response programs.68 Al-
though we did not observe any increase in tumor cell intra-
vasation after anti-VEGF treatment, the possibility of damp-
ening both invasion and angiogenesis simultaneously via
targeting a protease pathway could be one potential way to
overcome the problem of possible increased tumor inva-
siveness after anti-angiogenic treatment.

In conclusion, we have successfully generated a novel
pair of prostate carcinoma PC-3 dissemination variants
that differ substantially in their capacity to complete early
steps of the metastatic cascade that culminate in intra-
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vasation. A comparative analysis of these congenic vari-
ants has indicated important functional roles for VEGF
secretion and uPA activation in facilitating tumor cell
intravasation and has indicated a potential direct link
between tumor-induced angiogenesis and tumor cell
intravasation.
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