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The high rate of prostate cancer mortality invariably
reflects the inability to control the spread of the dis-
ease. The urokinase-type plasminogen activator and
its receptor (u-PAR) contribute to prostate cancer me-
tastases by promoting extracellular matrix degrada-
tion and growth factor activation. The current study
was undertaken to determine the efficacy of a uroki-
nase-derived peptide (Å6) in reducing the lymph
node metastases of prostate cancer using a model in
which prostatic tumors established in nude mice
from orthotopically implanted PC-3 LN4 prostate can-
cer cells disseminate to the lymph nodes. As a first
step in evaluating the in vivo effectiveness of Å6, we
determined its effect on in vitro invasiveness. In
vitro , Å6 reduced the invasiveness of PC-3 LN4 cells
through a Matrigel-coated filter without affecting
growth rate. A first in vivo survival experiment
showed that all Å6-treated mice were alive after 57
days, and half of them tumor-free, whereas all con-
trol mice receiving vehicle had died. In a second ex-
periment with a larger tumor inoculum and a longer
delay until treatment, whereas 71% of control mice
and 83% of mice treated with a scrambled peptide
developed lymph node metastases, only 22 to 25% of
Å6-treated mice had positive lymph nodes. Further,
lymph node volume, reflective of tumor burden at the
secondary site, was diminished 70% in Å6-treated
mice. In conclusion, we provide definitive evidence
that a peptide spanning the connecting region of
urokinase suppresses metastases and, as a single mo-
dality, prolongs the life span of prostate tumor-bear-
ing mice. (Am J Pathol 2003, 162:619–626)

Prostate cancer afflicts 209,000 American men every
year and is second only to lung cancer as the leading
cause of cancer deaths in the male population. The high
rate of mortality invariably reflects spread of this disease
to the secondary sites and consequently, effective treat-

ments in the future will require a means of combating
prostate cancer dissemination.

It is well established that the spread of virtually all
malignancies require the expression of one or more pro-
teases which serve to cleave extracellular matrix and
activate growth factors.1 The urokinase-type plasmino-
gen activator 2 contributes to tumor progression by con-
verting plasminogen into plasmin a widely acting serine
protease that cleaves several basement membrane com-
ponents including laminin and fibronectin3 as well as type
IV collagen indirectly via activation of metalloprotein-
ases.4 Urokinase, achieves this by binding to a cell sur-
face receptor (u-PAR)5,6 which increases the efficiency
by which plasminogen is converted into plasmin.7 Fur-
ther, urokinase cleaves u-PAR thereby promoting chemo-
taxis.8,9

There is currently strong evidence implicating the
urokinase-u-PAR axis in prostate cancer progression. For
example, the urokinase gene is amplified in some hor-
mone-refractory prostate cancers10 and overexpression
of this protease increases skeletal metastases of this
malignancy.11 Additionally, in two separate studies,12,13

the expression of an exogenous plasmid encoding uroki-
nase lacking an enzyme active site, prevented metasta-
ses of human (PC-3) and murine (MAT-LyLu) prostate
cancers. Further, independent studies by Festuccia et
al14 and Hollas et al15 reported that urokinase-u-PAR
complexes characterized the invasive phenotype of cul-
tured prostate cancer cells and that antibodies that pre-
vented this interaction blocked in vitro invasion. More-
over, high u-PAR levels in the serum is predictive of
metastatic prostate cancer and shortened survival
time.16 Taken together, these reports would suggest that
the urokinase-u-PAR axis represents a therapeutic target
for controlling prostate cancer metastases. We therefore
determined the potential of a urokinase-derived peptide
(Ac-KPSSPPEE-amide, hereafter referred to as Å6) span-
ning amino acids 136–143 to counter the metastases of
orthotopically grown prostate cancer. This peptide, which
non-competitively blocks the interaction of urokinase with
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soluble u-PAR in vitro,17 has proven efficacious in reduc-
ing glioblastoma growth and angiogenesis.18

Materials and Methods

Cell Culture

Establishment of the highly metastatic PC-3 LN4 cell line
has been described elsewhere.19 Cells were grown in
DMEM/F12 culture medium containing 10% FBS.

Western Blotting for u-PAR

Western blotting for u-PAR was performed as described
previously.20 Briefly, cells were extracted into a Triton
X-100-containing buffer supplemented with protease in-
hibitors. Insoluble material was removed by centrifuga-
tion and the cell extract immunoprecipitated with a poly-
clonal anti-u-PAR antibody. The immunoprecipitated
material was then subjected to standard Western blotting
and the blot probed with 5 �g/ml of an anti-u-PAR mono-
clonal antibody (no. 3931, American Diagnostica, Green-
wich, CT) and an HRP-conjugated goat anti-mouse IgG.
Bands were visualized by enhanced chemiluminescence
(Amersham, Arlington Heights, IL).

Northern Blotting

The level of steady state mRNAs was determined by North-
ern analysis.20 Total cellular RNA was extracted from 90%
confluent cultures using 5.0 mol/L guanidinium isothiocya-
nate and purified on a cesium chloride cushion (5.7 mol/L)
by centrifugation at 150,000 � g for 20 hours. Purified RNA
was electrophoresed in a 1.5% agarose-formaldehyde gel
and transferred to Nytran-modified nylon by capillary action
using 10X SSC. The Northern blot was probed at 42°C with
a random primed radiolabeled u-PAR cDNA which starts at

the transcription start site and extends 0.65 kb downstream.
The blots were then washed at 65°C using 0.25X SSC in the
presence of 0.75% SDS.

In Vitro Invasion Assays

These were performed as described by this laboratory pre-
viously,21 but with modifications. Briefly, cells are dispersed
with 4 mmol/L EDTA and 250,000 cells dispensed into a BD
BioCoat Falcon cell culture chamber (BD Biosciences Bed-
ford, MA). The chamber was subsequently inserted into the
outer well, the latter also containing culture medium. The
cells were incubated at 37°C for 2 days after which the cells
on the upper aspect of the filter were removed with a cotton
swab and cells on the lower aspect stained using the
DifQuik kit. Invaded cells were enumerated.

Orthotopic Model to Assess Prolongation of
Life Span

Nu/Nu mice (8–12 weeks of age) were injected with 2 �
105 PC-3 LN4 cells/50 �l in Ca2�, Mg2�-free HBSS into
the prostate as described previously.19 After 3 days to
allow for tumor establishment, mice were injected every
12 hours with either vehicle (PBS) or Å6. Each Å6 injec-
tion contained 37.5 mg/kg such that the daily dose was
75 mg/kg.

Orthotopic Model for Measuring in Vivo
Metastases

These were carried out as above, except that the tumor
inoculum was 5 � 105 PC-3 LN4 cells. After 7 days, when
primary tumors were palpable, Å6 or Å16 was adminis-
tered i.p. twice daily at 25 or 75 mg/kg/day body weight.
In the male mouse, the prostate is located in the bladder

Figure 1. u-PAR expression is increased in locally advanced prostate cancer. A: Equal protein (500 �g) from resected prostate tumor extracts was immunopre-
cipitated with an anti-u-PAR antibody and analyzed for u-PAR protein by Western blotting. The residual supernatant from the immunoprecipitated was
immunoblotted for actin. B: PC-3 LN4 cells were analyzed for u-PAR protein (left panel) or for mRNA (right panel). Western blotting was as described for panel
A with the exception that the amount of protein immunoprecipitated was varied. For the Northern blotting, total RNA (20 �g) from PC-3 LN4 cells was subjected
to Northern blotting for u-PAR mRNA.
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neck (outlet), allowing for easy palpation of an enlarged
prostatic mass from the outside.22 The prostate mass is
round, fixed and hard. At the end of the experiment, mice
were sacrificed and prostate and lymph nodes examined
both macroscopically and microscopically for the pres-
ence of tumor cells. For histological examination, tissues
were stained with hematoxylin and eosin.

Statistics

Statistical analysis was performed using the Instat (ver-
sion 3.05) and Prism statistical software (GraphPad, San
Diego, CA). The Mann-Whitney non-parametric test (two-
tailed) was used to test for statistical significant differ-
ences between Å6-treated and untreated cells in the in
vitro invasion assays as well as reductions in lymph node
volumes in the in vivo model. Survival curves were tested
for statistically significant differences using the log rank
test.

Results

Elevated u-PAR Expression in Locally Advanced
Prostatic Cancer

Previous studies with prostate cancer have strongly sug-
gested a role for the urokinase-u-PAR axis in the progres-
sion of this disease. Therefore, u-PAR protein levels were

compared in resected prostate cancer derived from pa-
tients with organ confined or locally advanced (demon-
strating seminal vesicle involvement) disease. All tumors
were resected at the M.D. Anderson Cancer Center.
Three tumors had bilateral extracapsular tumor extension
without regional lymph node metastases (pT3bN0) while
two other tumors were palpable but confined to the pros-
tate (pT2N0). While u-PAR protein was abundant in tumor
extracts from three patients with locally advanced dis-
ease (Figure 1A), the amount of this protein derived from
patients with organ-confined disease was at, or below,
the detection limit of Western blotting. These results are
consistent with previous studies demonstrating that the
urokinase/u-PAR axis contributes to prostate tumor pro-
gression, and that inhibition of this proteolytic axis might
limit this process.

Reduction of in Vitro PC-3 LN4 Invasion by Å6

We first determined the ability of Å6 to diminish in vitro
invasiveness of PC-3 LN4 cells. These cells express both
u-PAR as evidenced by both Northern and Western blot-
ting (Figure 1B) and urokinase as shown previously.14,15

Cells were plated on Matrigel-coated porous filters and
after 6 hours to allow for cell attachment, Å6 added at
varying concentrations shown previously to reduce in
vitro breast cancer invasiveness.17 In the absence of the
peptide, PC-3 LN4 showed a pronounced invasiveness
through the extracellular matrix-coated barrier (Figure
2A). However, addition of the urokinase-derived peptide
resulted in a dose-dependent decrease in the number of
cells traversing the Matrigel-coated filter (Figure 2A). At
50 �mol/L, Å6 caused about a 60% diminution in in vitro
invasion by PC-3 LN4 cells. This difference was statisti-
cally significant (P � 0.05). The reduced invasiveness

Figure 2. Å6 reduces in vitro invasiveness of PC-3 LN4 cells. A: PC-3 LN4
(2.5 � 105 cells) were plated on Matrigel-coated porous filters. After 6 hours
to allow for cell attachment, Å6, was added at the indicated concentration.
Two days later, the cells on the upper aspect of the filter were removed and
invaded cells stained, photographed and then enumerated. Data are pre-
sented as mean � SD of three independent assays. B: Growth curve of PC-3
LN4 grown in the presence, or absence, of 50 �mol/L Å6.

Figure 3. Untreated, but not Å6-treated, PC-3 LN4-bearing mice show severe
cachexia and decreased survival. A: Pictures of mice bearing orthotopically
grown PC-3 LN4 tumors after daily treatment for 50 days with carrier (PBS-
control) or 75 mg/kg Å6. B: Mice were orthotopically injected with 2 � 105

cells. When primary tumors were palpable, mice were divided into two
groups with one group receiving PBS alone and the other administered with
75 mg/kg Å6 on a daily basis. Mice were sacrificed when moribund as
determined by standard IACUC criteria. Differences in the survival rates were
tested for statistical significance using the log rank test.
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was not due to a diminished cell proliferation (Figure 2B).
The diminished invasion of PC-3 LN4 cells was less im-
pressive than previously published for the urokinase in-
hibitor amiloride.10 It may be that the greater effect with
amiloride reflects its multiple mechanisms of action. In-
deed, in addition to inhibiting urokinase activity,23 amilo-
ride also reduces mRNA levels for this plasminogen ac-
tivator and its receptor.24,25

Å6 Prolongs the Survival Time of PC-3
LN4-Bearing Mice

To assess the efficacy of Å6 in prolonging life span, we
used an in vivo model in which 2 � 105 highly metastatic
PC-3 LN4 cells are injected orthotopically into the pros-
tate. After 3 days to allow for tumor establishment, mice
were injected every 12 hours with either vehicle (PBS) or
Å6 (75 mg/kg/day). After 38 days, all of the mice in the
control group had palpable prostatic tumors whereas
none of the mice in the Å6-treated group had palpable
tumors. The severe cachexia demonstrated by the con-
trol group, but not by the Å6-treated mice, is apparent at
day 50 (Figure 3A). The control mice were sacrificed
when moribund (Figure 3B) to keep the study within
IACUC guidelines. While there were 2 deaths in the Å6-
treated mice after 59 days (Figure 3B), these deaths were
not due to tumor, since at autopsy, both the prostate and
lymph nodes were observed to be tumor-free. Deaths in
these Å6-treated mice were due to systemic infection
originating at the injection site as a consequence of in-
adequate sterile technique compounded by the frequent
injection schedule. The surviving Å6-treated mice were
sacrificed at day 80 and autopsied. Of these, 4 of 10 mice
were deemed to be tumor-free. Of the 6 mice that devel-
oped primary tumors, only 2 showed lymph nodes positive
for disease. It is noteworthy that the reduced incidence
(50%) of primary tumor development in the Å6-treated mice
compares with 100% tumor development in mice receiving
the vehicle alone. Log rank analysis indicated that the pro-
longed survival of the Å6-treated mice compared with the
controls was statistically significant (P � 0.0001).

Å6 Attenuates the Metastasis of Prostate
Cancer in an Orthotopic Model

Since Å6 effectively prevented the establishment of pri-
mary prostatic tumors in the model described above, it
was not possible to assess the drug’s activity against
their metastasis. Therefore, a second study was con-
ducted using the above model, but, with a larger tumor
inoculum and withholding treatment for 7 days until the
primary tumor mass was definitely palpable. Inoculation
of 5 � 105 PC-3 LN4 cells, with no treatment, resulted in
the formation of an enlarged prostatic tumor mass at the
primary site (Figure 4, A and B) at a rate of between 85

and 100% after 6 weeks. The majority of these mice
(71%) demonstrated spread of the disease to the re-
gional lymph nodes as evidenced both macroscopically
(Figure 4A) and microscopically (Figure 4C). In the
treated group, mice were injected twice daily with 25 or
75 mg/kg/day of Å6 or as a control, Å16, a peptide
comprised of the scrambled Å6 amino acid sequence
(Ac-PSESPEKP-NH2). After 6 weeks, mice were sacri-
ficed and tumor weights and lymph node involvement
determined. Å6 treatment had little effect on primary tu-
mor mass (Figure 5, A and C). However, Å6, but not the
control peptide Å16, reduced the percentage of mice
with tumor cell-positive lymph nodes from 71 to as low as
22% (Figure 5, B and C). Further, while Å6 diminished
lymph node volume (Figure 5, A–C) by up to 70% (P �
0.004), the control peptide, Å16, had no effect on this
parameter.

Discussion

Effective therapy of prostate cancer is hampered by the
lack of suitable agents for controlling the spread of the
disease. Indeed the poor prognosis of those patients who
present with metastatic disease compared with those
individuals with organ-confined prostate cancer (81%
and 25% disease-free at 10 years, respectively) indicate
the urgent need for strategies to combat the metastatic
disease. We demonstrate, herein, the efficacy of Å6, a
urokinase-derived peptide previously shown to interfere
with the urokinase-u-PAR system,17 in reducing the met-
astatic spread of orthotopically grown prostate cancer
and prolonging the life span of prostate cancer-bearing
mice.

Å6 has previously been shown to have anti-tumor ef-
fects on other experimental cancers including mammary
adenocarcinoma17,26 and glioblastoma.18 However,
while the previous study of Guo and co-workers17 indi-
cated an anti-metastatic effect of Å6, since the primary
tumor mass was reduced in both cases, it was difficult to
determine whether reduced metastases was a direct ef-
fect of the agent on the metastatic process or secondary
to a smaller primary tumor size. Our study was intended
to resolve this issue and determine whether Å6 has an
anti-metastatic effect. In our first experiment with the
PC-3 LN4 highly metastatic orthotopic prostatic carci-
noma model that used treatment 3 days after a tumor
inoculum of 2 � 105 cells, we fully expected the primary
tumor to establish itself and metastasize despite treat-
ment with Å6. It was therefore a surprise to note that the
treated animals fared very well compared to the un-
treated controls, and we therefore extended the duration
of treatment of 10 mice to 80 days. It is noteworthy that 4
of these 10 mice were tumor-free on autopsy. Of the 6
mice that did have a primary tumor, only 2 had lymph

Figure 4. Extra-prostatic spread of orthotopically grown PC-3 LN4 to the lymph nodes. PC-3 LN4 cells (5 � 105) were injected into the prostate of male nu/nu
mice. After 6 weeks, mice were sacrificed and prostate and lymph node tissues fixed and stained for histological examination. A depicts the prostate tumor mass
and enlarged lymph nodes while histological evidence of tumor cells in the prostatic mass are illustrated in B. The presence of tumor cells in the enlarged lymph
nodes is apparent by histology (C). These data confirm the spread of the orthotopically implanted prostate cancer cells to the lymph nodes.
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node metastases. This result was in pronounced contrast
to the result from the untreated control animals, all of
which succumbed to metastatic disease and exhibited
severe cachexia before their sacrifice. These findings are
consistent with other studies demonstrating an attenuat-
ing effect of Å6 on primary tumor volume.18,26 In a sec-
ond experiment, we therefore made a determined effort

to establish the primary tumor before start of treatment.
This was achieved with a larger tumor inoculum (5 � 105

cells) and waiting until the primary tumor was clearly
palpable; this took 7 days. Å6 treatment started on day 8,
continued for 6 weeks, and resulted in little effect on the
primary tumor mass relative to controls but a marked
effect on lymph node metastasis.

Figure 5. Å6 reduces the lymph node-spread of orthotopically grown PC-3 LN4 cells. A, B: PC-3 LN4 cells (5 � 105 cells) were injected into the prostates of nu/nu
mice. When primary tumors were established, as determined by palpation, mice were injected twice daily with the indicated doses of Å6 or Å16. After 6 weeks,
mice were sacrificed, and examined macroscopically and microscopically for spread of the prostate cancer to the lymph nodes. C: Statistical analysis of the effect
of Å6 and Å16 on the spread of PC-3 LN4 to the lymph nodes. Probability levels are given with respect to the control.
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Thus, our findings are the first to show that Å6 admin-
istered alone effectively prolongs the survival of tumor-
bearing mice, in this case orthotopically grown prostate
cancer. We can only speculate as to how Å6 prolongs
survival of the tumor-bearing mice. Certainly, in the clin-
ical situation in humans, tumor progression is generally
associated with protein wasting (negative nitrogen bal-
ance) and reduced food intake, all events that are self-
reinforcing, thereby hastening the demise of the individual.
Additionally, renal failure and bilateral ureter obstruction
from lymph node enlargement and hepatic failure from
spread of the tumor cells to the liver may also contribute to
the increased morbidity of the control animals.

Our results contrast with a study18 where it was re-
ported that Å6 combined with cisplatin, but not as a
single modality, increased survival of glioblastoma-bear-
ing mice. Second, our findings demonstrate that in the
second, more difficult to treat, model the effect of inhib-
iting the urokinase-u-PAR axis is entirely on the develop-
ment of lymph node metastases and not growth of tumor
at the primary site. A third, broad, conclusion that can be
drawn by comparison of the two experiments is that
earlier treatment with Å6 on smaller PC-3 LN4 tumors was
much more effective than later treatment on larger tu-
mors. This may have implications for how Å6 may best be
used in cancer patients.

At the present time, there are few studies to identify
candidate metastases-suppressing drugs. One excep-
tion is a previous report by Rabbani and colleagues,27

who demonstrated the ability of the nucleoside analogue
�-L-(�)dioxolane-cytidine to reduce the incidence and
spread of the highly metastatic Dunning R3227 Mat Ly Lu
cells to the adrenals. However, as in previous studies with
Å6, it was not clear whether the benefit of this agent was
due to its effect on the metastatic process or secondary
to the marked decrease in tumor volume.

Considering the role of the urokinase-u-PAR axis in
promoting extracellular matrix degradation, cell migration
and chemotaxis8,21,28 as well as preventing tumor dor-
mancy,29,30 antagonism of the urokinase-u-PAR axis rep-
resents one potential means of controlling spread of can-
cer. Some evidence for this possibility has been derived
from the study of various malignancies including prostate
cancer. In one study, the epidermal growth factor domain
of murine urokinase fused to the Fc portion of human IgG
proved to be a high affinity antagonist of the murine
u-PAR and inhibited neovascularization and growth of
B16 melanoma in syngeneic mice.31 In another study,
Goodson and others isolated a family of u-PAR-binding
ligands by affinity selection of a 15-mer random peptide
library displayed on bacteriophage M13.32 Further, small
molecular weight inhibitors of urokinase such as amilo-
ride and p-aminobenzamidine33 have proven effective in
reducing LNCaP and DU145 prostate tumor growth in
mice. While it is not possible at the present time to de-
termine which of these agents would prove most effica-
cious in blocking the urokinase-u-PAR axis, one practical
benefit of Å6 is its high aqueous solubility compared with
the bacteriophage peptides isolated previously.32

The mechanism by which Å6 exerts its anti-tumor and
anti-metastatic effects is presently unclear. In a previous

study,17 it was shown that Å6, which is derived from the
connecting peptide of urokinase (amino acids 136–143)
acts as a non-competitive antagonist of the u-PAR using
a non-cell based biochemical assay in which soluble
u-PAR and immobilized urokinase were used. However, it
is also possible that Å6 mediates its anti-metastatic ef-
fects via other mechanisms. For example, phosphoryla-
tion of urokinase at serine 138 has previously been shown
to modulate cell adhesion and motility34 and Å6 might act
as a phosphorylation substrate in competition with en-
dogenous urokinase.

In conclusion, we have demonstrated the ability of Å6,
a urokinase-derived peptide, to increase the survival of
mice bearing orthotopically grown prostate cancer and to
reduce the metastatic spread of this cancer to lymph
nodes. Å6 can be added to a short list of agents that
perturb the urokinase-u-PAR axis to counter tumor inva-
siveness. Our study sets the stage for future investiga-
tions to determine the clinical utility of Å6, or congeners,
in reducing prostate cancer dissemination.
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