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Antiangiogenic Activity of Prostate-Specific Antigen

Anne H. Fortier, Barbara J. Nelson, Davida K. Grella, John W, Holaday

Background: Measurement of serum levels of prostate-
specific antigen (PSA) is widely used as a sereening tool for
prostate cancer. However, PSA is not prostate specific, hav-
ing becn detected in breast, lung, and uterine cancers. In one
study, patients whosc breast tumors had higher levels of PSA
had a better prognosis than patients whose tumors had lower
PSA levels. To test the hypothesis that PSA may have anti-
angiogenic properties, we evaluated the effects of PSA on
endothelial cell proliferation, migration, and invasion, which
arc key steps in angiogenesis, the process by which tumors
develop a blood supply. Methods: To assess the antiprolifer-
ative effects of PSA, we treated bovine endothelial cells and
human endothelial cell lines (HUVEC and HMVEC-d) with
purified human PSA (0.1-10 pM) and then stimulated them
with 10 ng/mL fibroblast growth factor-2 (FGF-2). Effects
on FGF-2- or vascular endothelial growth factor (VEGF)-
stimulated endothelial cell migration, invasion, and tube for-
mation were measured by use of one cell line only (HUVEC).
PSA was administered to mice at 9 pM for 11 consccutive
days after intravenous inoculation of B16BL6 melanoma
cells to assess its ability to inhibit the formation of lung
colonics (i.e., metastatic tumors). Resules: PSA inhibited en-
dothelial cell proliferation, migration, and invasion at IC,,
(i.e., the concentration at which inhibition was 50%) values
ranging from 0.3-5 pM, In addition, PSA inhibited endothe-
lial cell responses to both angiogenic stimulators tested,
FGF-2 and VEGF. In 2 mouse model of metastatic disease,
daily PSA trcatment resulted in a 40% reduction in the
mcan number of lung tumor nodules compared with phos-
phate-buiTered saline treatment (two-sided P = 003). Con-
¢clusion: To our knowledge, this is the first report that PSA
may function in tumors as an endogenous antiangiogenic
protein. This function may explain, in part, the naturally
slow progression of prostate cancer. Qur findings call into
question various strategies to inhibit the expression of PSA
in the treatment of prostate cancer. [J Natl Cancer Inst 1999;
91:1635-10]

With the cxception of skin cancers, prostate cancer is the
most frequently diagnosed cancer among U.S. men, with an
estimatcd 179000 new cases and 37000 deaths expected by the
American Cancer Society in 1999 (1). Over the pust decade, the
measurement of circulating levels of prostate-specific antigcn
(PSA) in the serum to screen for prostate cancer resulted in an
increase in the reported incidence of this discase (2). Despite the
importance of PSA as a surrogate marker for prostate canccr,
relatively litde is known about the biologic function of this
molecule. PSA is a serine protease and a member of the human
kallikrein multigene family of enzymes (3). Studies (4) have
suggested that PSA may serve to modulate insulin-like growth
factor (IGF) function in prostate cancer by blocking the inter-
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action between IGF and its binding protein, insulin-like growth
factor-binding protein (IGFBP). Although, (o our knowledge,
there are no reports 1o indicate any direct effect of PSA on the
proliferation or metastasis of prostate cancer cells, efforts to
design and manufacture anti-PSA vaccines arc under way under
the assumption that PSA itself may adversely affcct the outcome
of prostate cancer (5,6),

PSA is netther prostate specific nor made exclusively by
prostate epithelium. PSA has been found in paticnts with breast,
lung, and uterine cancers (7, &). Circulating serum concentrations
of PSA have been documented in healthy women and in women
with benign and malignant breast discases (9-11). Furthermore,
as with men, the PSA gene in female breast tissues is regulated
by androgens and progestins (72), In one study of particular
intcrest, patients with breast tumors with high levels of PSA had
a better prognosis than thosc patients whose tumors had lower
PSA levels (13).

In cancer, the growth of the tumor is dependent on the an-
giogenic growth of new blood vessels {14). Angiogencsis is a
tightly regulated process, modulated by the dynamic interplay
between angiogenic stimulators and inhibitors that control en-
dothelial cell proliferation, migration, and invasion. This con-
cept is reinforced by the carlier discovery of endogcnous stimu-
lators of angiogenesis, such as fibroblast growth factors (FGF)
and vascular endothelial growth factors (VEGF), and, more re-
cently, by the discovery of endogenous inhibitors of angiogen-
csis, including the Angiostatin® and Endostatin™ proteins (15—
17). Preliminary results indicatc that increascd concentrations of
the antiangiogenic Endostatin™ protcin may occur in animals
and patients with growing tumors, which may indicate that an-
giogenesis is taking place (18). These and other observations
prompted our speculation that increasing PSA concentrations
may not be a harbinger of bad news and prostate cancer pro-
gression but, rather, may indicate that the body is attempting to
fight cancer by producing its own antiangiogenic proteins. If so,
then PSA would bc expected to demonstrate an inhibitory effect
on the key elements of angiogenesis.

The process of angiogenesis is complex and involves u num-
ber of orchestrated steps that can be studied separately in vitrao,
such as FGF-2- and/or VEGF-stimulated endothclial cell prolif-
eration and migration. For cxample, the Angiostatin® and End-
ostatin™ proteins inhibit these processes (15,79), We hypoth-
csized that PSA may have antiangiogenic propertics. To test this
hypothesis, we systematically evaluated the effects of PSA on
endothelial cell proliferation, migration, and invasion.

Affiliation of authors: BnreMed, Inc., Rockville, MD.

Correspondence to: John W, Holaday, Ph.D,, EntreMed. Inc., 9640 Medical
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MATERIALS AND MEgTHODS
Proliferation

Single-donor human umbilical vein endothelial cells (HUVYEC) were oblained
frozen at passage 1 from Clonetics (Sin Diego, CA). The cells were maintained
in endothelial cell growth medium (Clonetics) supplemented with bovine beain
extruct (Clonetics), cultured at 37 °C in % CO, in moist air and used at passages
2-5 in all experiments, For proliferation assays, HUVEC were resuspended in
endothclial cell basal medium-2 (EBM-2; Clonetics) supplemented with 2%
heat-inactivated fetal bovine serum (FBS; HyClone Laboratories, Inc.. Logan,
UT) and 2 mM L-glutamine (BioWhittaker, Inc., Walkersville, MD) and cultured
ovemight. Cells were incubated with various concentrations, at least thres con-
centratons (0.1-10 wA) in several repeat experiments, of purified human PSA
(Vitro Diagnostics, Littleton, CO) or media alone for 30 minutes, and then
stimulated with 10 ng/mL of FGF-2 (R&D Systems, Inc., Minneapolis, MN) or
media for an additional 48 hours, Cell proliferation was asséssed with a color-
imemic enzyme-linked immunosarbent assay (ELISA) kit (Boehringer Mann-
heim Biochemicals, Indianapolis, IN) that measured the amount of bromodoe
oxyuridine (Brdl)) incorporated during DNA synthesis. Results are expressed as
the mean absorbance of triplicate cultures measured at 370 nm (reference wave-
length, 492 nm).

Bovine adrenal capillary endothelial cclls (BCEC) were obrained at passape 9
from J, Folkman (Children's Hospitul, Harvard Medical $choo!, Boston, MA).
The cells were cultured and maintained as described previously (11). For evalu-
ation of PSA inhihition of BCEC prolifcration, cells were exposed to five dif-
ferent concentracions of purified PSA or medis, in triplicate wells, for 30 minutcs
at 37°C in 10% CO, prior 10 sumulation with FGF-2. Cell prolifertion was
arsesged by counting the number of cells per well with a Coulter 7] paricle
counter (Coulter Corp., Hinleuh, FL),

Single-donor adult human microvascular dermal cells (HMVEC-d) were ob-
tained frozen at passape 4 from Clonetics. The cells were maintained in micro-
vascular endothelial cell growth medium-2 (EGM-2-MV; Clonetics). Cells were
cultured as for HUVEC described ahave and were used at passages 58 in all
experiments. For proliferation assays, HMVEC-d were resuspended in endothe-
lial coll basal medium-2 (Clonctics) supplemented with 2% FBS and 2 mM
L-glutumine. Cells were plated as described above for BCEC, and after 30
minures’ preincubation with at lcast five different concentrations of PSA In
triplicate wells, culred with FGF-2 (10 ng/mL) for an additional 48 hours. Cell
proliferation was assessed a8 shove by eounting the number of cells per well,

B16BL6, a murine melunoma, obtined from the National Cancer Institute-
Frederick Cancer Rescarch and Development Center (Frederick, MD) cell re-
pository and human prostate cuncer cell line, PC3, a gift from I. Folkman, were
maintained in Dulbeeco's modified Eaple medium (BioWhitaker, Inc.), supple-
mented with 5% FBS und 2 mM L-glutamine. The ability of PSA ta inhibit
proliferation of B16BL6 was assessed with a colotimerric ELTSA kit (Boehringer
Mannheim Biochemicals) for BrdU incorporation as described above for
HUVEC, and inhibition of PC3 proliferation was assessed by cell counts from
wriplicare cultures; each experiment was performed with five doses of PSA,

Migration

To derermine the ability of PSA to block HUVEC migration induced by
recombinant FGF-2 or recombinant VEGF 165 (R&D Systems, Inc.), we per-
formed a wound-migration assay as previously deseribed (20), To date, the
migration assay a5 described here has been estublished only with HUVEC;
migration assays with bovine (BCEC) and human (HMVEC-d) endothelial cells
are curreatly under development in our laboratory. In bricf, HUVEC in endo-
thelial cell growth medium were plated onto 1.5% gelatin-coated tissue culture
dishes (Coming Costar, Inc., Cambridge, MA) and incubated for 72 hours at
37°C in 5% CO, in moist air, After incubation, confluent monolayers were
wounded with u sterile, single-edged No. 9 razor blade (VWR Scientific, Mcdia,
PA), washed with phosphute-buffered suline (PBS; BioWhittuker, Inc.), and
further incubated in endothelial cell basal medium supplemented with 1% FBS,
2 mM L-glulamine, 100 UfmL penicillin, 100 pg/mL sreptomycin, and 0,25
wg/mL fungizone, Wounded monolayers were exposed 10 2 ng/mL FGF-2 or 10
ng/mL VEGF in the presence or absence of PSA or to media alone for 16-20
hours. The monoluyers were fixed with ahsolute methanol and stained with
hematoxylin solution, Gill Ne. 3 (Sigma Diagnostics, St. Louis, MO). Migration
wag quantified by counting the number of cells that migrated from the wound
edpre into the denuded uren ulong a 1-cm distance in duplicute cultures. Doxe-
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;dependent inhibition of migralion was nssesscd in several repeat experiments
‘(gn:ulcr thun five experiments with FGF-2-stimulated ¢ells and two scparate

experiments with VEGF-stimulated cells) using at least [ive different concen-
trations of PSA in duplicate cultures.

Biogout 8-pwm invasion chambers (Collaborative Biomedical Products, Bed-
ford, MA) wera precoated with Matrigel (Colluborative Biomedical Products).
The lower chambers werc filled with assuy media tontwining 5 ng/mL FGF-2 ar
ussay media glone, and the upper chamber had HUVEC ptetceated for 20 min-
utes with PSA (5 ) or media, Cells were incubated in the upper chambers for
24 hours at 37°C in 5% CO,. After incubation, the noninvading cells were
removed with 1 cotton swab, and cells on the lower surface of the membrane
were stained with Diff-Quik (Dade Diagnostics, Aquado, Puerto Rigo). The
membrane was removed and mounted on a microscope slide, and the number of
cells invuded was determined by counting the cells at x150 magnification in the
central field of the membrane from wriplicate cultures,

Endothelial Tube Formation

For induction of endothelial tube formation, the following procedure was
adapted from the protocol of Kubota et al. (21). In bricf, Matrigel is aliquoted
into 2 96-well tissue culture plare and allowed 10 gel. PSA or 2-methoxyestradiol,
as a positive conlrol for inhihition (22), was added to Marrigel, followed by the
uddition of HUVEC. After 16 hours, endothelial cells wore microscopicully
evaluated for wbe formation,

In Vivo Metastatic Model

B16BL6 murinc melanoma cells (5 x 10%) were inoculuted into CSTBLJGT
male mice (The Jackson Labaratory, Bar Harbor, ME) via the lateral tail vein on
day 0. In two scparate experiments, beginning on duy 3, three groups of five
mice each were treated subcutanenusly for 11 consecutive days with either PBS
(0.1 mL) or PSA (9 pM) or positive control Endostutin™ protein (15 uM). On
day 14, mice were killed, lungs were removed and fixed in formalin (Sigma
Chemical Co., St, Louis, MO), and melanoma lesions were counted with the aid
of a dissecting microscope, Histologic examination of the fixed lung rissues
confimed the presence of tumor cells containing melanin, Animal care snd use
procedures were performed in accordance with standards described in the Na-
tional Insuwnes of Heulth Guide for Care and Use of Laboratory Animalr.

Inhibition of PSA Enzymatic Activity

The abilily of o,-antichymatrypsin (ACT) to inhibir the proteolytic activity of
PSA war measured by use of the syntheric substrute $-25%6 (MeO-—Suc-Arg-
Pro=Tyr-pNA, where MeO = methoxy, Suc = succinyl, and pNA = para-
nitroaniline). The rate of hydrolysis of 5-2586 (1.3 mA?) by 6 ug PSA (0.89 pdM)
with and without pretreatment with an equimolar concentration of ACT (Sigma
Chemical Co.) was monitored at 405 nm in 50 ma Tris—HCI, 0.1 M NaCl (pH
7.8). Stuble complexcs of PSA and ACT farmed after a 4-hour incubation at
37 °C and were confirmed by sodium dodecyl sulfate—polyacrylamide pel elec-
trophoresis. The regults were plotted as an increase in absorbance versus time in
minutes. The ability of ACT to inhibit the antimigratory activity of PSA wasg
measurcd by preincubating PSA (5 wM) with un equimolar concentration of
ACT for 4 hours at 37 “C prior (o addition to the HUVEC migration assay.

Statistical Analysis

Meansg were compared by use of the Swdent's ¢ tost (two-tailed). Differcnees
were considered to be statistically significant a1 #<.05.

Rresurts

We first observed the antiproliferative cffects of PSA in
HUVEC (Fig. 1, A). Purified human PSA demonstrated potent
and dose-related inhibitory activity on FGF-2-stimulated prolif-
eration of HUVEC, with an 1Cq, (i.e., the concentration at which
inhibition was 50%) of 4 wM. To determine whether PSA in-
hibited a variety of endothclial cells or simply displayed speci-
ficity for HUVEC, we tested the ability of PSA to inhibit pro-
liferation of BCEC and HMVEC-d (Fig. 1, B and C). PSA once
again potently inhibited FGF-2-stimulated endothelial cell pro-
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kig. 1, Etfects of prostate-specific antigen (PSA) on proliferation of endothelial
and tumor cells in vitro. Endotheliul cells—human umbilical vein epithelial cells
(HUVEC) (A), bovine adrenal capillary endothelial cells (B), and human mi-
crovascular dermal cells (HMVEC) (C)—were cultured with fibroblast growth
factor-2 (FGF-2) in the presence or absence of the indicated concenwrations of
purified human PSA for 3 days at 37 “C in $% CO, with humidity. Tumor cell
lines=—murine melanomu B16BL6 (DY) and human prostute carcinoma PC3 (E)—

liferation, with an ICg, for BCEC cells of 1.25 pM and an IC,,
for HMVEC-d of 0.6 uM.

PSA does not appear to have a direct stimulatory or inhibitory
effect on the proliferation of cancer cells. The growth of murine
melahoma cells (B16BL6) or human prostate cancer cells (PC3)
was unaffected by the addition of purified human PSA (Fig. 1,
D and E, respectively).

For evaluation of the in vitro effects of PSA on endothelial
cell migration in response to FGF-2 or VEGF, confluent mono-
layers of HUVEC were scraped to remove a section of mono-
layer and cultured for 24 hours with FGF-2 or VEGF in the
presence or absence of purified human PSA. The endothelial cell
response was assessed by counting the number of cells that
migrated into the denuded arca of the cell monolaycr. The data
in Fig. 2, A and B, demonstrate the dose—response of HUVEC to
the inhibitory effects of PSA on FGF-2- and VEGF-stimulated
migration, respectively, with an IC, for PSA versus FGF-2 of
1.2 WM and for PSA versus VEGF of 4 pM. On a molar basis,
the inhibitory activity of purified PSA on both endothelial cell
proliferation and migration was approximately fivefold o 10-

Journal of the National Cancer Institute, Vol. 91, No. 19, October 6, 1999

were cultured without FGF-2 (these cells do not require exogenous FGF-2 for
proliferation) in the presence or absence of purified human BSA. Cell prolifera-
tion was estimated by measurcment of the amount of incorporated bromodeoxy-
uridine (A and D) or by performing cell counts (B, C, and K) as described in the
“Marcrials and Methods™ section. Each data point is the mean of observations
from triplicate experiments + | standard deviation. O.D. = optical density; IC4,
= conccntration at which inhibition wag 50%.

fold less potent than that of the antiangiogenic proteins Angio-
statin® protein and Endostatin™ protein (data not shown).

Assays to measure migration ol endothelial cells can be
coupled with measurement of another parameter of angiogene-
sis, invasion, by performing the assay in a two-chamber envi-
ronment where the chambers are separated with a membrane
filter coated with Matrigel. In this assay, PSA (5 M) inhibited
FGF-2-stimulated HUVEC invasion through Matrigel by 77%.
In addition, at concentrations ranging from 0.3 to 3 LM, purified
human PSA inhibited tube formation of HUVEC in Matrigel by
approximately 50%. This inhibition appeared to be dose depen-
dent and not the result of toxicity because endothelial cells ap-
pearcd viable. Although some clongation of the endothelial cells
was noted, thete were no junctions and, thus, no clear indication
of functional tubes made by the endothelial cells.

Wec have been using the murine B16BL6 melanoma cell line
in a model of experimental metastasis to asscss the antitumor
effects of the angiogenesis inhibitor Endostatin™ protein, In this
model, mice were inoculated intravenously with B16BL6 cells
on day 0. On day 3, the mice were treated subcutaneously once

ACCELERATED DISCOVERY 1637




"00 01707 FRI 11:09 FAX 043 287 7629 sRERf EE

[1005/007

140

A

Fig. 2. Llfects of prostate-specific antigen (PSA)
on migration of endothelial cells. Human umbili-
cal vein endothelial cells were stimulated with
tibroblast growth factor-2 (2 ng/mL) (A) or vas-
cular endothelial growth fuctor (10 ng/inl ) B)to
miprate either in the absence of PSA or in the
presence of the indicated concenteations of PSA.
Migration wus assessed by counting the number
of celly thac migrated into the denuded portion of
the monolayer over a lem distance along the
wounded edge. Rosults reported here are the
mean number of cells % | standard devistion
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a day for 11 consecutive days with purified human PSA (9 pM).
On day 14, the mice were killed, their lungs were removed, and
the number of melanoma tumor nodules on the surface of the
lungs were counted. The number of lung metastases in control
mice treated with PBS was 115 = 16 (mean = standard deviation)
and in PSA-treated micc 70 + 8 (mean ¢ standard deviation),
representing a 40% reduction in tumor number (P = .003).
While the inhibition of B16BL6 development in the lung in-
duced by PSA was not as great as that observed in Endostatin™
protein-treated mice (86% inhibition in the same experiment;
meun number of lung merastasis was 16 + 8, P = .0002), we
also obscrved a fivefold to 10-fold difference in potency be-
tween the two proteins in our in vitro assays. Further studies in
tumor models in which both vessel density and tumor growth
can be assessed are necded to characterize the inhibition ob-
served after PSA treatment,

PSA has serine protcase activity and, in serum, is predomi-
nantly bound 1o the protease inhibitor ACT (23). We tested the
ability of ACT to inhibit both serine protease activity of our
purified PSA (Fig, 3, A) as well as the antimigratory effeets of

PSA on FGF-2-stimulated HUVEC (Fig. 3, B). By use of
equimolar concentrations of ACT and PSA, preincubation of
PSA with ACT completely blocked seripe protease activity
(Fig. 3, A) and significantly blocked migration inhibition (Fig. 3,

B; P = .0038) when compared with cells treated with PSA
alone.
DISCUSSION

In this report, we provide evidence that PSA is an endothelial
cell-specific inhibitor of angiogenesis that exhibits potent anti-
proliferative activities on a variety of cultured endothelial cells.
In addition, we show that PSA blocked migration of FGF-2-
stimulated HUVEC. Furthermore, in a murine model of meta-
static disease, purified human PSA inhibited the number of sur-
face lung metastases by 40%,

As Polkman (24) noted, there are two prominent compart-
ments in growing tumors: the cancer cells and the cndothelial
cells making up the blood vessels that provide the cancer cells
with oxygen and nutrients. The balance between the positive and

Fig. 3. Inhibition of prostate-specific antgen
(PSA) sctivities by a-antichymotrypsin (ACT).

Proteolytic activity of PSA was measured (A) by
use of the synthetic substrate S-2586 (MeO-Suc—
Arg~Pro-Tyr—pNA, where MeOQ = methoxy, Suc
= succinyl, und pNA = para-nitroaniline), and
the fate of hydrolysis was monitored at 405 nm.
PSA (0.89 pa) () or ACT (0.92 nM) (@) was
incubated alone, with substrate, and hydrolysis
was méasured aver a 40-minute period For analy-
sis of an inhibitory effect of ACT on PSA, PSA
was preincubated with (V) or without (A)
equimolar amounts of ACT at 37°C for 4 hours
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mean, Inhibitory acavity of PSA on human um-

bilicul vein epithelisl cells mipration was assessed in the presence or absence of
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negative regulators produced by these two compartments deter-
mines the ultimate growth rate of the tunor. Many reports (25)
have used morphimetric analysis to establish a predictive asso-
ciation between microvessel density (angiogenesis) and prostate
cincer progression. Qur results suggest that, in addition to its
role as an indicator of prostate cancer, PSA may also inhibit the
growth of blood vessels associated with cancer progression;
however, when prostate cancer progression occurs in spite of
elevations of PSA, the local angiogenic stimulators overcome
the effects of PSA and dominate. Qur observations are thercfore
consistent with other data indicating a “paradoxical” increase in
PSA associated with disease cure in certain circumstances (26).
Furthermore, in paticnts with prostate cancer, PSA values range
between 4 and 15000 ng/mL (equivalent to 0.1 nM-0.5 pM),
with thc highest concentrations in the range of our in vitro
inhibitory results (0.3-5 wM). These data suggest that the pro-
duction of PSA by prostate cancers is one reason for their
characteristically slow growth and that PSA may help to main-
tain homeostasis in the face of progressing angiogenesis and
cancer.

With the exception of data indicating a potential role as an
IGFBP-3 protease (27), surprisingly little is known about the
role of PSA in cancer. The antiangiogenic and antitumor effects
of PSA deseribed in this report may result from its actions as a
serine protease, since ACT blocked both its enzymatic activity
and its antiangiogenic activity in virro. These data may point to
a peneralized action of scrine proteases and suggest that other
setine proteases and members of the kallikrein multigene family
of enzymes should be evaluated for potential antiangiogenic
actions.

Cohen et al. (27) have speculated that lowering PSA pro-
duction or decteasing PSA ¢énzymatic activity may inhibit the
progression of prostate cancer. Likewise, a number of initiatives
arc under way to develop a vaccine against PSA (5,6). Our
findings indicate that these strategies should be rethought in
view of the evidence that PSA acts as an antiangiogenic agent
that may play a physiologic role in slowing the progression of
cancer,

Published reports indicating that PSA is not prostate specific
and that higher PSA concentrations are associated with im-
proved outcome in breast cancer are consistent with our find-
ings. Furthermore, the antiangiogenic drugs thalidomide and
TNP470 have recently been reported to produce statistically sig-
nificant increases in PSA concentrations in vitro (28). We be-
lieve that such an effect may partially account for the antian-
giogenic properties of these drugs in vivo. Taken together, our
data may indicate that clevations of PSA in a varicty of malig-
nancies are part of a normal homeostatic process to fight cancer
progression. Furthermore, the administration of PSA as a drug to
augment endogenous concentrations could provide a rational
therapcutic approach in the treatment of cancer.
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BACKGROUND: Measurement of serum levels of prostate—specific antigen (PSA) is widely used as a screening tool
for prostate cancer. However, PSA is not prostate specific, having been detected in breast, lung, and uterine cancers.
In one study, patients whose breast tumors had higher levels of PSA had a better prognosis than patients whose
tumors had lower PSA levels. To test the hypothesis that PSA may have antiangiogenic properties, we evaluated the
effects of PSA on endothelial cell proliferation, migration, and invasion, which are key steps in angiogenesis, the
process by which tumors develop a blood supply. METHODS: To assess the antiproliferative effects of PSA, we
treated bovine endothelial cells and human endothelial cell lines (HUVEC and HMVEC—d) with purified human PSA
(0.1-10 ?M) and then stimulated them with 10 ng/mL fibroblast growth factor-2 (FGF-2). Effects on FGF-2- or
vascular endothelial growth factor (VEGF)-stimulated endothelial cell migration, invasion, and tube formation were
measured by use of one cell line only (HUVEC). PSA was administered to mice at 9 ?A/for 11 consecutive days after
intravenous inoculation of B16BL6 melanoma cells to assess its ability to inhibit the formation of lung colonies (i.e.,
metastatic tumors). RESULTS: PSA inhibited endothelial cell proliferation, migration, and invasion at ICs (i.e., the

concentration at which inhibition was 50%) values ranging from 0.3-5 ?M. In addition, PSA inhibited endothelial cell
responses to both angiogenic stimulators tested, FGF-2 and VEGF. In a mouse model of metastatic disease. dailv PSA
treatment resulted in a 40% reduction in the mean number of lung tumor nodules compared with phosphate—buffered
saline treatment (two-sided 2= .003). CONCLUSION: To our knowledge, this is the first report that PSA may function
in tumors as an endogenous antiangiogenic protein. This function may explain, in part, the naturally slow progression of

prostate cancer. Our findings call into question various strategies to inhibit the expression of PSA in the treatment of
prostate cancer.
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