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BACKGROUND. PSA is a biomarker for diagnosis and management of prostate cancer.
PSA is known to have anti-tumorigenic activities, however, the physiological role of PSA in
prostate tumor progression is not well understood.
METHODS. Five candidate peptides identified based upon computer modeling of the PSA
crystal structure and hydrophobicity were synthesized at >95% purity. The peptides in a
linear form, and a constrained form forced by a di-sulfide bond joining the two ends of the
peptide, were investigated for anti-angiogenic activity in HUVEC.
RESULTS. None of the five PSA-mimetic peptides exhibited PSA-like serine protease
activity. Two of the peptides demonstrated significant anti-angiogenic activity in HUVEC
based on (i) inhibition of cell migration and invasion; (ii) inhibition of tube formation in
Matrigel; (iii) anti-angiogenic activity in a sprouting assay; and (iv) altered expression of pro-
and anti-angiogenic growth factors. Constrained PSA-mimetic peptides had greater anti-
angiogenic activity than the corresponding linearized form. Complexing of PSA with ACT
eliminated PSA enzymatic activity and reduced anti-angiogenic activity. In contrast, ACT
had no effect on the anti-angiogenic effects of the linear or constrained PSA-mimetic peptides.
Modeling of the ACT-PSA complex demonstrated ACT sterically blocks the anti-angiogenic
activity of the two bioactive peptides.
CONCLUSIONS. The interaction of a hydrophilic domain on the surface of the PSA
molecule with a target on the cell membrane of prostate endothelial and epithelial cells was
responsible for the anti-angiogenic or anti-tumorigenic activity of PSA: enzymatic activity
was not associated with anti-angiogenic effects. Furthermore, since PSA and ACT are both
expressed within the human prostate tissue microenvironment, the balance of their
expression may represent a mechanism for endogenous regulation of tissue angiogenesis.
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INTRODUCTION

Prostate cancer (CaP) is the leading cause of non-
cutaneous cancer diagnoses in men and the second
leading cause of cancer-related death [1]. The
biology of CaP is not understood fully and the
clinical behavior remains unpredictable. Prostate-
Specific Antigen (PSA) is a valuable biomarker used
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extensively in diagnosis and management of pros-
tate cancer [2,3] despite the fact that the physiolog-
ical role of PSA within the prostate tissue
microenvironment, or in the pathogenesis of pros-
tate cancer, is not known. The sole well-character-
ized physiological function of PSA is the enzymatic
cleavage of semenogelins I & II in the seminal
coagulum to facilitate sperm motility [4]. Recent
evidences from both in vitro and in vivo models
suggest strongly that PSA has both anti-tumorigenic
and anti-angiogenic activity [5–8]. However, at
present the anti-tumoricidal potential of PSA is
controversial [7,9]. Williams et al [10] reported that
enzymatically active PSA conferred an enhanced
growth rate to human prostate cancer cells, suggest-
ing a causal role in prostate cancer progression. On
the contrary, however, transfection of PC-3 CaP cells
with PSA before transplantation into nude mice
prolonged doubling time, reduced tumorigenic
activity and reduced metastasis [11]. Furthermore,
in vitro treatment of CaP cells with PSA released
angiostatin-like peptides by proteolytic digestion of
extracellular matrix components and plasminogen
that exhibited anti-angiogenic activity [12]. Conse-
quently, the anti-tumorigenic activity of PSA, as for
the degradation of semenogelins, was proposed to
be related to the serine protease enzymatic activity
of PSA in that denatured PSA did not demonstrate
biological activity in these assays [13]. However,
our group demonstrated in CaP cells (PC-3M) that
both purified, enzymatically active PSA (free-PSA:
f-PSA) and enzymatically inactive PSA, where
enzymatic activity was inactivated by incubation
with Zinc2þ [14], equivalently down-regulated
expression of pro-angiogenic factors/cancer-related
genes/proteins, including VEGF, EphA2, Bcl2, Pim-1
oncogene, CYR61 and uPA, and up-regulated expres-
sion of anti-angiogenic genes/proteins, including
interferon (IFN) and IFN-related genes [15]. In addi-
tion, both enzymatically active and enzymatically
inactive f-PSA comparably modulated gene expres-
sion in human umbilical vein endothelial cells
(HUVEC) of multiple growth factors, including
suppression of expression of bFGF and VEGF, and
up-regulation of IFN, and of proteins that have a
direct role in blood vessel development, including
FAK, FLT, KDR, TWIST-1, P-38, and Cathepsin-D.
Furthermore, maintenance of PSA enzymatic activity
was not required for inhibition of endothelial cell tube
formation in the in vitro Matrigel Tube Formation
Assay or for inhibition of endothelial cell invasion
and migration by HUVEC cells [15]. Therefore,
our data suggests strongly that PSA has a significant
physiological role in prostate tissue, potentially
affecting both prostate epithelial cells/prostate cancer

cells and prostate endothelial cells, which is independ-
ent of the serine protease enzymatic activity of PSA.

PSA is an androgen-regulated gene produced pre-
dominantly in the male prostate, but also produced in
multiple other AR-expressing tissues, including breast
tissue in human females and in the parotid
gland [16,17]. Consistent with our hypothesis that
PSA represents an endogenous anti-tumoricidal mole-
cule, others also reported that tissue PSA levels
declined with increasing disease stage, and tissue PSA
expression levels had an inverse correlation with
prognosis in both prostate and breast cancer [18–23].
Furthermore, PSA production in the prostate
decreases with reduction of circulating testicular
androgen levels due to age or tumor progression, and
is lost with androgen-deprivation therapy, suggesting
that decreases in endogenous PSA in the prostate
could contribute to a more tumor-supportive tissue
microenvironment. However, circulating levels of
PSA usually are higher as disease progresses and this
increase in circulating PSA level is not due to increase
in production of PSA in the prostate epithelium, but
primarily is due to damage to prostate endothe-
lium [24]. The increase in circulating PSA level
generally is small relative to the 1000-fold higher level
of PSA in prostate tissue compared to in circulation,
and because essentially all of the PSA in circulation is
complexed with the chaperone molecule alpha-1-
antichymotrypsin (ACT) [25,26].

Our evidence that the anti-angiogenic activity of
PSA was maintained in f-PSA protein in which the
enzymatic active site was inactivated by incubation
with Zn2þ [15] is in contrast to reported data where
the anti-angiogenic activity was not preserved
in enzymatically inactive internally cleaved PSA-
isoforms [27]. This study suggests that rather than
through enzymatic activity, the anti-tumoricidal activ-
ity of PSA may be mediated through the interaction of
f-PSA with a cell surface protein(s) on prostate cancer
cells and/or prostate endothelial cells. Domains of the
PSA protein likely to be present on the external
surface of PSA in aqueous solution were identified
based upon hydrophilicity mapping of the external
surface in 3-D structures of human PSA. Five candi-
date peptides were identified and evaluated for their
effect on gene expression, invasion, migration and
anti-angiogenic activity as evaluated by inhibition of
vascular tube formation by HUVEC cells. The goal
was to demonstrate that candidate peptides derived
from human PSA protein would maintain significant
anti-tumorigenic and anti-angiogenic activity in the
absence of enzymatic function. Peptides derived from
PSA may not elicit an immune response, and would
not be subjected to complexing with and inactivation
by ACT, allowing systemic administration to obviate
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the loss of endogenous intact tissue PSA due to age,
disease progression or iatrogenic intervention.

MATERIALS AND METHODS

Cells

Human umbilical vein endothelial cells (HUVEC)
were obtained from PromoCell (Heidelberg, Ger-
many). HUVEC were grown in Endothelial Cell Basal
Medium supplemented with Endothelial Cell Growth
Medium Supplemental Pack (PromoCell) and 5.0 nM
metribolone. HUCEC were maintained at 37°C in 5%
CO2. Cells were used between passages two and five,
with experimental populations > 95% viable. We
reported that HUVEC express AR and are androgen
responsive (28).

f-PSA Isolation

A two-step chromatographic procedure was used
to obtain homogeneous preparations of f-PSA from
human seminal plasma [29]. Briefly, seminal plasma
was dialyzed against 25mM HEPES buffer that
contained 1.0M sodium sulfate, pH 7.0, and was
applied to a column packed with T-gel (Fractogel TA
650(s), Merck Darmstadt, Germany). The column was
washed with column equilibration buffer (dialysis
buffer) and the bound proteins were displaced with
25mM HEPES buffer, pH 7.0 containing no salt. The
bound fraction contained immunoglobulins, seminal
fluid proteins, and both free and complexed PSA. The
eluted fractions that contained bound proteins were
pooled, concentrated and applied to a Molecular Size
Filtration Chromatographic column (Ultrogel AcA-54;
fractionation range of 5,000–70,000 kDa) that was pre-
equilibrated with 10mM sodium acetate buffer, pH
5.6, that contained 0.15mM sodium chloride. The
Ultrogel column fractionated the immunoglobulins,
f-PSA and PSA complexed with chaperone protein.
Column fractions that contained f-PSAwere identified
using Western blot analysis of the eluate: f-PSA was
recovered in the molecular weight range between
25 and 40kDa. The f-PSAwas characterized for purity
using 2D-gel electrophoresis/Western blot analysis
using anti-PSA- and anti-PSA-chaperone-complex, spe-
cific monoclonal antibodies [29]. Several individual
preparations of f-PSAwere subjected to amino-terminal
sequencing, and did not reveal the presence of proteins
other than PSA (W.M. Keck Foundation Biotechnology
Resources Laboratory, Yale University).

Identification of PSA-Derived Peptides

Computer modeling of the crystal structure of PSA
in conjunction with hydrophobicity mapping based

on the primary amino acid sequence allowed identi-
fication of five candidate peptides exposed on the
surface of PSA in aqueous solution. These peptides
were hypothesized to represent regions of PSA mole-
cule capable of binding/interacting with a target(s) on
a cell membrane surface. The sequence of these
peptides and their location within the PSA primary
amino acid sequence are given in Figure 1. The
peptides were synthesized and purified to >95%
purity by a commercial source. The five PSA-derived
linear peptides are referred as PSA-P1L; PSA-P2L;
PSA-P3L; PSA-P4L and PSA-P5L respectively.
Because of the fluidity of peptide structure in aqueous
solution, and potential sensitivity to proteolytic deg-
radation in culture, Peptides one & three were
redesigned to include cysteine residues at both ends
of the peptide sequence to produce peptides that
display a constrained (rigid) structure in solution
forced by di-sulfide bonding of the cysteines.

Enzymatic Activity of f-PSA, and PSA-Derived
Peptides

The enzymatic activity of f-PSA and the candidate
PSA-derived peptides was determined using a PSA-
specific fluorogenic substrate, Mu-His-Ser-Ser-
Lys-Leu-Gln-AFC (Calbiochem, San Diego, CA). The
substrate was diluted in 20mL of enzymatic activity
buffer (50mM Tris, 0.1M NaCl, pH 7.8) to a final
concentration of 38mM. The f-PSA and PSA-derived
peptides were diluted in enzymatic activity buffer to a

Fig.1. Computer modeling of PSA protein showing the five
candidate PSA-derived peptides (P1-P5) in corresponding color.
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concentration of 5.7 nM (0.1mg/10mL). The total assay
volume (530mL) contained 10mL PSA, or PSA-derived
peptide, 20mL of fluorogenic substrate, and 500mL
enzymatic assay buffer. The fluorescent signal due to
hydrolysis of the fluorogenic substrate was deter-
mined with a LS 45 Luminescence Spectrophotometer:
excitation at 400 nm and emission at 505 nm. The
fluorescent intensity was determined by recording the
fluorescent intensity at 200 sec intervals for a total of
20min, and quantitated using the FL-WinLab soft-
ware (PerkinElmer, Waltham, MA). The enzymatic
activity was expressed as described previously [30].

In Vitro Angiogenesis Assay

The in vitro endothelial cell tube formation assays
using Matrigel basement membrane matrix (BD Bio-
sciences, San Jose, CA) were performed as described
elsewhere [31] with some modifications. The day
before performing the tube formation assay, appropri-
ate volumes of Matrigel were thawed overnight
in an ice bucket placed in a 4°C cold room. Similarly,
24-well tissue culture plates (Corning Life Sciences,
Lowell, MA) and 200mL pipette tips were chilled
overnight at 4°C. Matrigel (200mL) was added to each
well of the culture plates and incubated for 30min at
37°C to allow the liquid Matrigel to solidify. During the
30min incubation, HUVEC cultures were trypsinized,
endothelial cell media added to neutralize the trypsin,
cells pelleted and the cell pellet re-suspended in 1.0ml
of fresh media. After the Matrigel had solidified,
approximately 75,000 HUVECs in 0.5ml of media or
media containing either f-PSA, chymotrypsin,
scrambled peptide or PSA-derived peptide, was added
to each well. The plate was incubated for 16–18hr at
37°C. Live cell images (4x magnification) were taken
using a Nikon Eclipse TE300 inverted microscope and
images of the endothelial tubes analyzed using the
Spot Advance software program (Diagnostic Instru-
ments, Inc., Sterling Heights, MI). Five images were
taken per well and the images were processed using
Analyze 7.0 (Analyze Direct Inc., Overland Park, KS)
and AngioQuant v1.33 [32] to obtain the average tube
length (in pixels) for each image. Percent inhibition of
tube formation is expressed relative to tube formation
in untreated control cells. Statistical analysis was
performed using Student’s t-test. P-values < 0.05 were
considered statistically significant.

Cell Invasion Assay

The effect of intact PSA or PSA-derived peptides
on the invasion property of HUVEC was analyzed
using the CytoSelect 24-well Cell Invasion
Assay [33,34]. The assay kit contains polycarbonate

membrane inserts (8mm pore size) in 24-well plates.
The upper surface of the insert membrane is coated
with a uniform layer of dried basement membrane
matrix that serves as the barrier to discriminate
invasive cells from non-invasive cells. Invasive cells
degrade the matrix proteins in the basement mem-
brane matrix layer, and pass through the pores of the
polycarbonate membrane. At the conclusion of the
assay, cells on the top of the membrane, and cells that
have invaded through the membrane, are removed
separately, stained, and quantified. Briefly, after over-
night serum-starvation, HUVEC cells were seeded in
the upper chamber (3� 104 cells per well) in serum-
free medium, in the absence or presence of PSA or
PSA-derived peptide (10mM), and the cells allowed to
migrate toward the FBS containing medium in the
bottom chamber for 24 hr. Migratory cells were
stained and quantified by absorbance at 540 nm.

Cell Migration Assay

The CytoSelectTM 24-well Wound Healing Assay is
performed in 24-well plates that contain proprietary
plastic inserts. The inserts create a wound field with a
defined gap of 0.9mm for measuring the migration and
proliferation rates of cells. Migratory cells extend
protrusions, and ultimately invade into the gap to close
the wound field. Cell proliferation and migration rates
can be determined using microscopic imaging. A fixing
solution is provided for stopping cells at specific time
points. Briefly, HUVEC cells were plated in 24-well
culture plates and grown in endothelial cell conditioned
medium with reduced FBS. Cell monolayers were
disrupted to produce a linear wound (0.9mm inwidth),
the wells washed with PBS to remove debris, and the
cultures incubated with PSA-derived peptide (10mM)
or f-PSA that was demonstrated previously to inhibit
HUVEC cell migration [15] andwas used as the positive
control. Wound fields were examined at different time
points using phase contrast microscopy (Olympus) to
measurewound size.

Cell Proliferation Assay

The MTT assay was performed as described pre-
viously [35]. Briefly, HUVECs in suspension were
seeded at 1�104 cells per well in 96-well micro titer
plate, and cultured in a humidified atmosphere of 5%
CO2 in air at 37°C. The cells were exposed to free-PSA
and PSA-derived peptide three (PSA-P3L) for 48 hr.
After that, culture medium was carefully removed
and exchanged for fresh medium. . MTT solution
(5mg/ml in PBS) was added and plates were incu-
bated for 2 hr. at 37°C and 5% CO2; metabolically
active cells reduced MTT to blue formazan crystals,
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At the conclusion of the incubation, MTT- formazan
crystals were dissolved in DMSO and absorbance was
measured at 570 nm on a multifunctional BioTek
ELISA reader (Molecular Device, Sunnyvale, CA) and
absorbance in treated cells compared with control,
untreated cells.

Angiogenic Sprout Assay

Angiogenic sprout assays were done using HUVEC
cells following a protocol taken from Nakatsu
et al. [36]. Dextran-coated Cytodex-3 micro carrier
beads (Amersham Biosciences) were mixed with
HUVEC (400 cells/bead) in EGM-2 medium and
incubated overnight at 37°C and 5% C02. HUVEC-
coated beads were washed three times with 5ml of
EGM-2 medium, and resuspended in clotting medium
containing fibrinogen (2.5mg/ml; Sigma) at a density
of 200 beads/ml in the presence of aprotinin (0.15
units/ml; Sigma) at pH 7.4. To induce clotting, 0.5ml
of fibrinogen/bead solution was added into one well
of a 24-well tissue culture plate that contained 0.625
units of thrombin (Sigma), and incubated for 5min at
room temperature and for 20min at 37°C in 5% CO2.
The clot was equilibrated in 1ml of EMG-2 containing
2% FBS and with 0.15 units/ml of aprotinin for 30min
at 37°C in 5% CO2 The medium was replaced with
1.0ml of clotting medium containing lung fibroblast
cells (WI-38, ATCC,�30,000 cells/ml). PSA or peptides
were added as indicated, and the assay was moni-
tored for 7 days with a change in medium every other
day. Each condition was repeated in two wells.
Images of the beads were captured using an inverted
photo-microscope and the sprouts were counted using
angiogenic add on tool in NIH Image J software.

RNA Extraction and Reverse Transcription Real-
Time Quantitative PCR (Q-PCR)

Total cellular RNA was extracted from HUVEC
treated with PSA or PSA-derived peptide, and
untreated HUVEC, using an acid guanidium thiocya-
nate–phenol–chloroform method [37] using TRIzol
reagent (Invitrogen, Carlsbad, CA). DNA contamina-
tion was removed by treatment of the RNA prepara-
tion with DNAse (1.0 IU/mg of RNA, Promega, Inc.,
Madison, WI) for 30min at 37°C. Protein contamina-
tion was removed from the RNA isolates by Protei-
nase K digestion at 37°C for 15min, followed by
extraction with phenol/chloroform, and precipitation
with NH4OAc/ETOH. The final RNA pellet was
dried and re-suspended in diethyl-pyrocarbonate-
treated (DEPC) water. The amount of RNA was
quantitated using a Nano-Drop ND-1,000 spectropho-
tometer (Nano-DropTM Wilmington, DE), and the

RNA was stored at �80°C until used. Q-PCR was
used to quantitate the effect of PSA-derived peptides
on expression of cancer-related genes in HUVEC
cultures. Approximately 1�106 HUVEC cells were
treated with PSA or PSA-derived peptide for 48 hr,
cells harvested, and RNA extracted. Purified RNA
was reverse transcribed to cDNA using a commercial
reverse transcriptase kit from Promega (Promega,
Inc). Relative abundance of each mRNA species was
quantitated with real time quantitative PCR using
specific primers and the Brilliant1 SYBR1 green Q-
PCR master mix from Stratagene (Stratagene, Inc., La
Jolla, CA; Cat #600548-51).

Statistical Analysis

All experiments were repeated a minimum of three
times. Values are expressed as the mean� SD. The
significance of the difference between the control and
each experimental test condition were analyzed by
unpaired t-test, and a value of P< 0.05 was considered
statistically significant.

RESULTS

Enzymatic Activity of PSA-Derived Peptides

The enzymatic activity of f-PSA and the five PSA-
derived peptides (Fig. 1) was determined using the
PSA-specific fluorogenic substrate Mu-His-Ser-Ser-
Lys-Leu-Gln-AFC (Calbiochem, San Diego, CA). As
reported previously [29], f-PSA isolated by our stand-
ard protocol demonstrated significant enzymatic
activity for the PSA-specific substrate. The generation
of the fluorescent reaction product by intact PSA
increased linearly over the 20min reaction time
(Fig. 2). In contrast, none of the five PSA-derived
peptides demonstrated PSA-like serine protease activ-
ity capable of enzymatic hydrolysis of the PSA-
specific substrate. The five PSA-derived peptides are
comprised of between 11 and 17 amino acids that are
contiguous in the primary sequence of PSA, however,
none of the peptides contained all three amino acids
that comprise the active site of the serine protease.
The inset in Figure 2 demonstrates that pre-incubation
of f-PSA with 50mM Zn2þ produced complete
inhibition of PSA enzymatic activity for the PSA-
specific test substrate. Addition of PSA-P1L and PSA-
P3L to the reaction mixture had no effect in modifying
the enzymatic activity of f-PSA.

PSA-Derived Peptides Alter Expression of
Pro-and Anti-Angiogenic Growth Factors

Intact f-PSA modulated expression of genes associ-
ated with proliferation and angiogenic activity in both
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human prostate cancer cells (PC-3M) and in human
endothelial cells (HUVEC) [6,15]. Consistent with the
hypothesis that f-PSA gene-regulatory activity is
dependent on signaling induced by interaction of
exogenous f-PSA with a cellular target, not PSA
enzymatic activity, peptides derived from the primary
sequence of intact PSA inhibited expression in
HUVEC cells of multiple genes whose expression is
modulated by intact f-PSA (Fig. 3). While the linear
form of peptide three (PSA-P3L) elicited moderate
reductions in expression of the majority of the genes
modulated by incubation with f-PSA, the constrained
(circularized) form of Peptide three (PSA-P3C) pro-
duced levels of inhibition of expression comparable
to, or greater than, intact f-PSA for three of the five
target genes. Consequently, the bioactivity associated
with modulation of gene expression patterns in
human endothelial cells was associated with signaling
mechanism(s) initiated by PSA interaction with the
cell, and did not require either full-length PSA protein
or PSA enzymatic activity.

PSA-Derived Peptides Inhibit In Vitro
Angiogenesis.

The human umbilical vein endothelial cell based
assay of endothelial tube formation in Matrigel base-
ment membrane matrix was utilized as an in vitro

surrogate of in vivo angiogenesis. The requirement
for PSA enzymatic function for anti-angiogenic
activity was evaluated by comparison of the anti-
angiogenic activity of intact f-PSA to that of the five
PSA-derived peptides. Figure 4 presents representa-
tive images of endothelial cell tube formation in
Matrigel by HUVEC in the absence and presence of
intact PSA (10mM), PSA derived peptides in a linear
form, PSA-P3L (10mM and 100mM), and PSA derived
peptide in a “circularized” form, PSA-P3C (10mM
and 100mM) . Scrambled peptide and chymotrypsin
treatment of HUVEC cells at concentrations compara-
ble to the PSA/PSA mimetic peptides did not show
any anti-angiogenic activity (Fig. 4). In HUVEC tube
formation assay, addition of 5mM of PSA-P3L peptide
did not show any significant change in level of anti-
angiogenic activity expressed by 10mM of f-PSA.
This lack of additive and or synergistic response in
anti-angiogenic assay, when PSA and peptide were
combined, could be due to the fact that f-PSA
concentration used were at maximal. In order to see to
see any additive effect it may be necessary to use PSA
at suboptimal doses.

Inhibition of HUVEC tube-formation in Matrigel
by f-PSA and the five linear peptides was consistent
with the hypothesis that serine protease activity was
not required for anti-angiogenic activity. Two of the
five PSA-derived peptides in the linear conformation
(PSA-P1L and PSA-P3L) demonstrated significant
anti-angiogenic activity in the in vitro angiogenesis
assay (Fig. 5). Intact f-PSAwas reported previously to
produce maximal inhibition at 10–20mM, therefore,
PSA at 10mMwas used in these studies as the positive
control. PSA-P1L at 100mM and PSA-P3L at 10mM
concentrations gave 57.99% and 49.7% inhibition of
HUVEC tube-formation in Matrigel relative to intact
f-PSA (10mM), respectively. Three different scrambled
peptides and another serine protease inhibitor, Chy-
motrypsin, were evaluated as additional controls.
None of these controls had any biological activity
(Fig. 4). Furthermore, three of the PSA-derived pep-
tides tested in this study had little/no biological
activity, suggesting the specificity of the inhibitory
activity of the two selected PSA-derived peptides
(Fig. 5). Subsequently, the two linear peptides that
demonstrated marked anti-angiogenic activity in the
Matrigel tube formation assay were re-synthesized
with cysteine residues flanking the coding sequence
of the peptide, with the cysteine residues connected
through a di-sulfide bond. Figure 6 compares the
inhibition of endothelial tube formation by HUVEC
by the linear and “circularized” forms of Peptide
three. PSA-P3C produced greater inhibition of tube
formation than PSA-P3L, with the level of inhibition
comparable to that by intact PSA. Inhibition of tube

Fig. 2. Comparison of the enzymatic activity of f-PSA and the
five PSA-derived peptides measured using a PSA specific substrate.
The inset figure shows the enzymatic activity of PSA and PSA
inactivated by treatment of Zn2þ. The data presented are the
mean of three independent experiments.
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formation by intact f-PSA generally increased with
peptide concentration over the range tested, however,
as shown in Figure 5, for some peptides increasing
concentrations resulted in decreased inhibition of

tube formation. The potency of inhibition by the linear
form of Peptide three at a concentration of 10mM
approached that of f-PSA, but the level of inhibition
decreased at 100mM. In contrast, while the “circular-

Fig. 3. Gene expression levels of angiogenesis-related genes FAK, KDR, bFGF, VEGF, and ANG2 in HUVEC treated with f-PSA or PSA-
derived peptides PSA-P3L and PSA-P3C. Nearly confluent monolayers were treated with 10mM f-PSA or peptide; RNA was extracted and
reverse transcribed. The c-DNA was amplified by real-time QPCR using gene-specific primers. The results shown are the mean of three
independent experiments.

Fig. 4. Representative figure showing in vitro inhibition of angiogenesis by enzymatically active f-PSA, and PSA-derived peptides PSA-P3L
and PSA-P3C. Controls used were media control, chymotrypsin (10mM) and scrambled peptide (100mM) HUVEC tube formation assay
was performed in a Matrigel matrix. Images were processed using Analyze 7.0 and Angioquant v 1.33 to obtain average tube length in pixels
for each image. All experiments were performed in triplicate.
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ized” form of Peptide three had slightly more inhib-
itory activity than the linearized form at both concen-
trations, inhibition by the “circularized” form of
Peptide three was greatest at a 100mM concentration,
where the level of inhibition was comparable to
f-PSA. The sequence within PSA-P3C was scrambled

and it resulted in loss of anti-angiogenic activity
in HUVEC tube formation assay suggesting that
a unique sequence is essential in expressing anti-
angiogenic activity.

PSA and PSA-Derived Peptide Inhibits
Angiogenesis Sprout Assay

The formation of new blood vessels during classic
angiogenesis requires nascent endothelial cells to
invade the extracellular matrix. To identify the bio-
logical activities of PSA and PSA mimetic peptides
associated with inhibition of new blood vessel for-
mation we used an in vitro sprouting assay. Sprouting
from the bead is a recapitulation of Branching, the
surface of which can be thought of as a segment of a
vessel wall. HUVEC were cultured on dextran coated
cytodex-3 beads and the beads embedded in fibrin gel
during sprout formation. After 2–3 days HUVEC
structures began to sprout from the beads, forming
short, narrow cordlike structures. Subsequently, many
single cells migrated away from the beads, and after
4–5 days the cords tended to disintegrate into disor-
ganized groups of cells or single, highly migratory
cells (Fig. 7). Lumens formed behind the lead cell, as
previously described in vivo [38] and appeared to be
surrounded by cells, as opposed to being the result
of coalescing intracellular vacuoles [39,40]. PSA
(10mM) and PSA-derived cyclic peptide (PSA-P3C,
100mM) efficiently and significantly suppressed tube
formation (Fig. 7a and 7b), consistent with the anti-
angiogenic or anti-proliferative effects of PSA and
PSA mimetic peptide. After 4 days (Fig. 7a), the
HUVEC in the treatment groups demonstrated less
sprouts of shorter lengths, compared to controls, and
the vessels regressed more rapidly and demonstrated
numerous migrating HUVEC surrounding the bead.
By Day 7, HUVEC sprouts in treatment group are
markedly un-stable compared to sprouts in controls.

PSA- Derived Peptide Inhibits Cell Migration and
Cell Invasion by HUVEC

The anti-angiogenic effect of PSA and PSA-derived
peptides could be due to inhibition of expression of
proliferation/survival related genes that results in
inhibition of endothelial cell migration and associa-
tion. Importantly, as reported earlier, inhibition of
tube formation by HUVEC is independent of effects
on endothelial cell proliferation since cell proliferation
is not required for tube formation in the Matrigel
assay [15]. Evaluation of the effects of f-PSA and PSA-
derived peptides on migration was conducted in vitro
using commercially available invasion and wound
healing assay systems. Figure 8 presents images of a

Fig. 5. Inhibition of in vitro angiogenesis by HUVECs in
Matrigel using f-PSA, scrambled peptide of PSA-P3L and five PSA-
derived linear peptides identified using MODELLER7: PSA-P1L,
PSA-P2L, PSA-P3L, PSA-P4L, and PSA-P5L. Out of five peptides
used, P1L and P3L exhibited significant inhibition of HUVEC tube
formation compared to Control/scrambled peptide.

Fig. 6. Comparison of inhibition of in vitro angiogenesis by
enzymatically active f-PSA versus the peptides PSA-P3L and PSA-
P3C at concentrations of 10 and 100mM.
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“wound-healing” assay, and quantitative evaluation
of the extent of inhibition of cell migration into the
“scratch” (repair) by the linear and cyclic forms of
peptides one and three. The incubation interval was
selected to allow closure of the “scratch” in control
cultures. Incubation with intact f-PSA significantly
inhibited repair (gap¼ 0.47mm) of the damage
(scratch) to the test monolayer. Incubation with the
linear or cyclic forms of Peptides one and three
resulted in marked inhibition of wound closure, with
Peptide three producing greater levels of inhibition
than Peptide one. The “circularized” form of Peptide
three produced levels of inhibition of wound healing
comparable to that observed for f-PSA. Similarly, both
the linear and cyclic conformations of Peptide three
inhibited HUVEC cell migration in the trans-well
assay, with the “circularized” form of Peptide three
producing inhibition comparable to that induced by
f-PSA (Fig. 9). The anti-proliferative effects of f-PSA
and PSA-derived peptide (PSA-P3L) were investi-
gated by an MTT assay. Both PSA and the PSA-P3L
peptide had anti-proliferative effects compared to
untreated controls, however, the anti-proliferative
effect was not significant between controls and pep-
tide treated samples (P¼ 0.23) (Data not shown).

Inhibition of Anti-Angiogenic Activity of f-PSA
and PSA-Derived Peptides by Complexing With

ACT

In humans, the vast majority of PSA in circulation
is complexed with serine proteinase inhibitors, pri-

marily a1-anti-chymotrypsin (ACT). Consistent with
the hypothesis that complexing of PSA with ACT
blocks the enzymatic function of f-PSA, PSA in
circulation lacks enzymatic activity [41]. Complexing
of purified, enzymatically active PSA with ACT ex
vivo was demonstrated to inhibit the enzymatic
activity of PSA, suggesting that ACT binds in prox-
imity to, and/or sterically hinders access, to the serine
proteinase active site (Fig. 10). In the HUVEC tube
formation assay, ACT alone demonstrated no inhib-
itory activity against tube formation (Fig. 11). Intact
f-PSA reduced tube formation by almost 80%,
whereas, pre-incubation of f-PSA with ACT before
addition to the tube formation assay resulted in a
significant reduction of the ability of f-PSA to inhibit
tube formation. In contrast, pre-incubation of PSA-
P3L with ACT before introduction of the peptide into
the Matrigel tube formation assay had no effect on the
ability of the peptide to inhibit tube formation. The
lack of modulation by ACT of peptide-mediated
inhibition of tube formation resulted from the lack of
formation of complexes between the peptide and
ACT. ACT locally produced within human prostate
tissue would be available for complexing and inacti-
vation of endogenous PSA in benign or prostate
cancer tissue, providing a possible mechanism for
regulation of PSA activity at the prostate tissue level.

Structural Modeling of PSA-ACT Complex

Crystal structures of cleaved and un-cleaved
serine protease inhibitor (serpin) bound to trypsin,

Fig. 7. PSA and PSA derived peptides inhibit capillary-like sprouting by HUVEC grown on dextran coated Cytodex beads in fibrin gels. a.
Representative image shows at day 4 (A) Controls, (B) PSA, (C) PSA-P3C peptide and DAPI stained images at day 7 (D) Control, (E) PSA,
(F) PSA-P3C peptide b. Average number of HUVEC sprouts per five beads on treatment of PSA and PSA derived peptides.
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as in 1K9O and 1EZX (Protein Data Bank), indicates
substantial changes in the conformation of the
trypsin post-cleavage as a result of the insertion of
the serpin’s reactive central loop (RCL) into the
trypsin active site [42]. To understand the interac-
tion of PSA with ACT at the molecular and atomic
level, we generated structural models of free and
substrate bound PSA with MODELLER7 [43,44]
using the high-resolution X-ray crystal structure of
KLK3 (1GVZ, 2ZCH, 2ZCL, and 2ZCK as template),
and of the structure of ACT (3DLW as template),
with the structure of the reactive central loop
modeled from 1K9O, and of the loop inserted into
the active site of PSA modeled from 1EZX. The
resulting models were subjected to molecular
dynamics simulations and energy minimization
using the DISCOVER module of Insight II
(Accelrys, Inc). The Michaelis complex of PSA-ACT
(Fig. 12) provides structural clues for the partial
inactivation of PSA’s anti-angiogenic activity due to
complexing with ACT. RCL residues 355-ITLLSALV-
362 of the ACT molecule occupy the S4-S4 protease
pockets of hPSA with molecular interactions similar
to that of the modelled PSA-substrate, with Leu358
occupying P1 and Ser 359 the P1’ sites. The RCL is

cleaved by PSA, with Ser213 of the PSA active site
becoming covalently linked to Leu 358 of the RCL.
Mapping the interaction zone of the RCL loop and
the active site of PSA (as in Figs. 12, 13) provides a
close look at the influence of PSA-ACT complex
formation on the availability of the five candidate
PSA-mimetic peptides explored in this study. More
than 75% of peptide one is overlapped by the ACT
interaction zone, whereas, less than 10% of peptide
peptide three is covered reflecting the greater
maintenance of PSA anti-angiogenic activity in the
presence of ACT. The loop inserted model gener-
ated from 1EZX post molecular dynamics showed
significant conformational changes in the PSA struc-
ture, as observed by Huntington et al [42]. In spite
of this conformational change, the coverage of the
candidate peptides by ACT in similar in both
models. The modeling provides two significant
observations. First, the primary sequence of pep-
tides one and three in the intact PSA molecule are
partially/completely covered in the PSA-ACT com-
plex. Second, because peptides lack the tertiary
structure of the active site in PSA, the peptides P1-5
should have significantly lower or no affinity to
ACT in comparison with intact PSA.

Fig. 8. Inhibitory effect of PSA and PSA-derived peptides on the migratory property of HUVEC. The commercially available CytoSelect
24-well Wound Healing Assay kit was used. Monolayers were disrupted by a plastic insert to produce a linear wound, and wound fields
were measured at 0 and 24 hr using phase contrast microscopy to measure wound size.
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DISCUSSION

Prostate-specific antigen (PSA), also known as
gamma-seminoprotein or kallikrein-3 (KLK3), is a
serine protease enzyme encoded in humans by the
KLK3 gene [45]. The protein product of the KLK3 gene
is secreted predominantly by the epithelial cells of the
human prostate gland. PSA is present in nanogram
range (0–4 ng/ml) in the serum of men with healthy
prostates, but serum levels often are elevated in the
presence of prostate cancer (CaP) or other prostate
disorders (>10 ng/ml). As such, PSA has become a
widely accepted biomarker for clinical diagnosis and
management of prostate cancer [2,3]. However, PSA is
present at the level of micrograms per gram of tissue
in prostate, about 1000X the level in serum, suggest-
ing a mechanistic role in the prostate tissue micro-
environment. The function of PSA in normal prostate
tissue, and in CaP tissue, is not known. While the
elevated serum levels of PSA in CaP patients suggest

Fig. 9. Evaluation of the extent of inhibition of cell migration by the linear and circularized forms of PSA-derived peptide three (PSA-P3L
& PSA-P3C) in a trans-well assay. Representative image depict invasive potential of HUVEC in the presence/absence of PSA and PSA
peptides.

Fig. 10. Computer modeling of PSA-ACT complex (A) Pre-
dicted model of the PSA-ACT complex. (B) A portion of the ACT
molecule (rendered in blue) mimics a prototypical substrate for
PSA (yellow) localized in the catalytic pocket of PSA. Amino acids
of ACT molecule form a covalent complex with the Ser213
residue of the active site after cleavage of the Leu358-Ser359
bond.
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a role for circulating PSA in the pathobiology of CaP,
even in patients with hormone refractory cancer PSA
serum levels rarely approach the level of PSA in
benign prostate tissue.

The anti-angiogenic activity of PSA was first
reported by Fortier et al [7]. In this study anti-
angiogenic activity of PSAwas linked to its enzymatic
function. Mattsson et al [27] also reported that
enzymatic activity of PSA is essential in inhibition of
tube formation by HUVECs. They used either pro-
PSA that is enzymatically “inactive” to begin with or
by using monoclonal anti-PSA antibody to neutralize
enzymatic activity of PSA [27]. Processing of pro-PSA
by peptidases is an essential step in converting
enzymatically “inactive” pro-PSA into enzymatically
“active” PSA. This post translational processing
results in creating an “active site” on the surface of
PSA molecule required for enzymatic activity. The
loss of anti-angiogenic activity of enzymatically active
PSA when exposed to anti-PSA antibody may be due
to loss of accessibility of the “active site” on PSA-
antibody complex required for its anti-angiogenic
activity. In our previous studies, we have shown that
enzymatically “active” PSA and enzymatically “inac-
tive” PSA, where enzymatic function was inhibited by
Zinc, have comparable anti-angiogenic activity [15],
suggesting that enzymatic function of PSA is not
required for its anti-angiogenic activity. In addition,
recombinant PSA mutated to ablate enzymatic activ-
ity for chromogenic PSA-specific substrate has been
reported to have significant anti-angiogenic activ-
ity [8].

Importantly, the data in this study argues that
enzymatic and biologic activity are not synonymous.
A potential regulatory role for the f-PSA sequestered
in the human prostate tissue microenvironment is
suggested further by the observations that PSA
expression is reduced in prostate cancer cells com-
pared to benign prostate epithelial cells, is reduced
further in poorly differentiated cancers and in castra-
tion-resistant prostate cancers, and is significantly
reduced in response to anti-androgen thera-
pies [18,21,22]. These observations suggest that PSA
in the tissue microenvironment may have a tumor
suppressive role, and that the complexed, biologically
inactive PSA in serum cannot replace the biological
function of PSA sequestered in prostate tissue that is
lost with age, disease progression and iatrogenic
intervention. The data presented demonstrates that
complexing of PSA with ACT destroys the enzymatic
function of PSA. In addition, the complexing of PSA
with ACT also appears to sterically block regions of
the external surface of the PSA, such as the areas of
peptides one and three, that are essential to the
initiation of signaling (Fig. 13). Therefore, PSA in

Fig. 11. Inhibition of in vitro angiogenesis by enzymatically
active f-PSA, PSA-P3L and their respective complexes with ACT.
PSA complxed with ACT results in significant loss in PSA anti-
angiogenic activity in HUVEC Matrigel tube formation assay. On
the contrary, no loss in anti-angiogenic activity was seen when
PSA-P3L was mixed with ACT under identical conditions.

Fig. 12. Modeling of the PSA-ACT binding interface. PSA-
derived candidate peptides P1, P2 and P5 are overlapped
significantly by the ACT interaction zone (highlighted in orange).
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circulation, regardless of the level, may have little
impact on the biology of a prostate cancer.

Intact f-PSA in the tissue microenvironment, in
contrast, may have mechanistic roles in inhibition of,
growth, invasion and metastasis of prostate cancer, as
well as other human neoplasms, including breast
cancer. We reported that purified, enzymatically
active and enzymatically inactive, free-PSA (un-com-
plexed to chaperone proteins) equivalently down-
regulated expression of pro-angiogenic factors/can-
cer-related genes, including VEGF, EphA2, CYR61,
Bcl2, uPA, and Pim-1 oncogene, and up-regulated
expression of anti-angiogenic genes, including inter-
ferons and interferon-related genes in prostate cancer
epithelial cells [6]. Furthermore, f-PSA inhibited
human umbilical vein endothelial cell (HUVEC) pro-
liferation, migration and invasion in vitro [15], and
angiogenesis both in vitro and in vivo [6]. Trans-
fection of PC-3M human prostate cancer cells with
PSA before transplantation into nude mice prolonged
their doubling time, and reduced their tumorigenicity
and metastatic potential [11]. Lastly, PSA over-expres-
sion by cancer cells caused release of anti-angiogenic
fragments by proteolytic digestion of extracellular
matrix and plasminogen [12]. Therefore, PSA appears
to represent both an autocrine and paracrine signal
that elicits multiple biological responses, including
modulation of gene/protein expression of pro-and
anti-angiogenic growth factors in both prostate epi-
thelial and endothelial cells that results in inhibition
of angiogenesis and tumor growth.

To characterize further the role of PSA in the
pathobiology of prostate cancer, and to evaluate
the possible clinical potential of PSA-replacement as a
therapeutic modality, it was important to have a
reliable source of high quality PSA. At present, PSA

used in research, or in clinical diagnostic laboratories,
is purified from seminal plasma. These resources for
generation of PSA are limited, and are associated with
biological variability. Several biologically active pro-
teins, including interferons, produced by expression
in mammalian system have been evaluated clini-
cally [46]. However, attempts to clone and express
PSA, have resulted in poor expression levels that are
unable to generate PSA in large enough quantities for
clinical evaluation. Further, PSA systemically intro-
duced into the blood potentially would complex
rapidly with circulating protease inhibitors, primarily
a1 anti-chymotrypsin and a2 macroglobulin, and by
enzymatically/biologically inactivated. Consequently,
this study focused on evaluation of candidate PSA-
mimetic peptides derived from the primary structure
of PSA as potential therapeutic modalities. Peptides
that sustain substantial portions of the critical bio-
logical activity of intact PSA could be chemically
synthesized at minimal cost, would be of consistent
clinical quality, and since they represent a native
protein sequence, should be minimally antigenic.

Five candidate PSA-mimetic peptides (PSA-P1L to
PSA-P5L) were designed based upon their localiza-
tion on the surface of native PSA in aqueous solution.
These peptides were hypothesized to represent
regions of the PSA molecule capable of interacting
with target(s) on a cell surface, and independent of
the active enzymatic site of PSA. None of five PSA-
mimetic peptides, ranging between 11–17 contiguous
amino acids in the primary sequence of PSA, demon-
strated serine protease activity capable of hydrolysis
of the test PSA-specific substrate. PSA-mimetic pep-
tides (PSA-P1L and PSA-P3L) had no influence on
enzymatic activity of f-PSA. Consistent with our
previous report that f-PSA that was enzymatically
inactivated by pre-incubation with Zn2þ maintained
anti-angiogenic activity, two of the five PSA-derived
peptides (PSA-P1L and PSA-P3L) had significant anti-
angiogenic activity both in terms of modulation of
expression of genes involved in blood vessel develop-
ment, including FAK, KDR, bFGF, VEGF and ANG2,
and in terms of inhibition of formation of endothelial
cell tubes in MATRIGEL, endothelial cell migration/
invasion, and in the anti-angiogenic sprouting assay.
The stability of a linear peptide can be increased by
introduction of cysteine residues at the flanking
regions for the creation of a circularized peptide by
generating a di-sulfide bond [47]. While the linear
form of peptide three (PSA-P3L) produced moderate
levels of inhibition relative to f-PSA, the circularized
form of peptide three (PSA-P3C) produced levels of
inhibition of gene expression, and inhibition of endo-
thelial cell tube formation, comparable to that
achieved by f-PSA. The native structural motif of P3

Fig. 13. Superposition of PSA linear peptide P3 (magenta) and
disulfide circularized P3 (green) reveals that preserving PSA's
native fold may be a requirement for enhanced anti-angiogenic
activity of PSA peptides.
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may be required for its anti-angiogenic activity, and
the structure constrained by the artificial disulfide
bond that circularized P3, may partially/largely pre-
serve a “native” conformation (Fig. 13) and presents
hydrophobic regions R2, R4 and R5 comparable to f-
PSA, suggestive of potential hydrophobic interactions
with its binding target. While the regions R1 and R2
are required for the basal activity of P3, regions R4
and R5 (absent in linear P3) may be required for
higher affinity interaction with its binding target. R2-
R4-R5 pharmacophore holds structural clues towards
designing peptido-mimetic/small molecular anti-
angiogenic compounds

These data support our hypothesis that the enzy-
matic activity of PSA is not required for the inhibitory
action of PSA, and that the anti-angiogenic/anti-
tumorigenic action of PSA is mediated through bind-
ing of a hydrophilic domain on the surface of the PSA
molecule to a target on the cell membrane of prostate
endothelial cells and prostate cancer epithelial cells.
Consequently, PSA replacement therapy via systemic
administration of PSA-mimetic peptides may provide
an effective treatment to counteract the reduction/
loss of the endogenous anti-tumorigenic/anti-angio-
genic regulatory protein, PSA, with age, disease
progression and/or ADT.

ACKNOWLEDGMENTS

This work was supported by Alliance Foundation,
Roswell Park Cancer Institute, Buffalo, NY and by
Margaret Duffy and Robert Cameron Troup Memorial
Fund for Cancer Research of Kaleida Health and the
Kaleida Health Foundation. We are thankful to
Dr. Latif Kazim for his input in many aspects of this
study and to Ashley Orillion for technical assistance.

REFERENCES

1. Siegel R, Naishadham D, Jemal A. Cancer statistics, 2013. CA:
Cancer J Clin 2013;63(1):11–30.

2. Stenman U, Finne P, Zhang W, Leinonen J. Prostate-specific
antigen and other prostate cancer markers. Urology 2000;56-
(6):893–898.

3. Partin AW, Oesterling JE. The clinical usefulness of prostate
specific antigen: Update 1994. J Urol 1994;152(5 Pt 1):1358–1368.

4. Lilja H. A kallikrein-like serine protease in prostatic fluid
cleaves the predominant seminal vesicle protein. J clin Invest
1985;76(5):1899–1903.

5. Bindukumar B, Schwartz S, Aalinkeel R, Mahajan S, Lieberman
A, Chadha K. Proteomic profiling of the effect of prostate-
specific antigen on prostate cancer cells. Prostate 2008;68-
(14):1531–1545.

6. Bindukumar B, Schwartz SA, Nair MP, Aalinkeel R, Kawinski
E, Chadha KC. Prostate-Specific Antigen Modulates the Expres-

sion of Genes Involved in Prostate Tumor Growth. Neoplasia
2005;7(5):544.

7. Fortier AH, Nelson BJ, Grella DK, Holaday JW. Antiangiogenic
activity of prostate-specific antigen. J Nat Cancer Inst 1999;91-
(19):1635–1640.

8. Fortier AH, Holaday JW, Liang H, Dey C, Grella DK, Holland-
Linn J, Vu H, Plum SM, Nelson BJ. Recombinant prostate
specific antigen inhibits angiogenesis in vitro and in vivo.
Prostate 2003;56(3):212–219.

9. Cohen P, Graves HC, Peehl DM, Kamarei M, Giudice LC,
Rosenfeld RG. Prostate-specific antigen (PSA) is an insulin-like
growth factor binding protein-3 protease found in seminal
plasma. J Clin Endocrinol Metabo 1992;75(4):1046–1053.

10. Williams SA, Jelinek CA, Litvinov I, Cotter RJ, Isaacs JT,
Denmeade SR. Enzymatically active prostate-specific antigen
promotes growth of human prostate cancers. Prostate 2011;71-
(15):1595–1607.

11. Balbay M, Juang D, Ilansa P, Williams N, McConkey S, Fidler IJ,
Pettaway CA. Stable transfection of human prostate cancer cell
line PC-3 with prostate-specific antigen induced apoptosis both
in vivo and in vitro. Proc Am Assoc Cancer Res (abstr)
1999;49:225–228.

12. Heidtmann HH, Nettelbeck DM, Mingels A, Jager R, Welker
HG, Kontermann RE. Generation of angiostatin-like fragments
from plasminogen by prostate-specific antigen. Br J Cancer
1999;81(8):1269–1273.

13. Denmeade SR, Litvinov I, Sokoll LJ, Lilja H, Isaacs JT. Prostate-
specific antigen (PSA) protein does not affect growth of prostate
cancer cells in vitro or prostate cancer xenografts in vivo.
Prostate 2003;56(1):45–53.

14. Satheesh Babu, Smith MA, Chadha GJ, . Thiophilic-interaction
chromatography of enzymatically active tissue prostate-specific
antigen (T-PSA) and its modulation by zinc ions. Journal of
chromatography B. Anal Technol Biomed Life Sci 2008;861-
(2):227–235.

15. Chadha KC, Nair BB, Chakravarthi S, Zhou R, Godoy A,
Mohler JL, Aalinkeel R, Schwartz SA, Smith GJ. Enzymatic
activity of free-prostate-specific antigen (f-PSA) is not required
for some of its physiological activities. The Prostate 2011;71-
(15):1680–1690.

16. Yu H, Diamandis EP. Measurement of serum prostate specific
antigen levels in women and in prostatectomized men with an
ultrasensitive immunoassay technique. J Urol 1995;153(3 Pt
2):1004–1008.

17. Clements J, Mukhtar A. Glandular kallikreins and prostate-
specific antigen are expressed in the human endometrium. J
Clin Endocrinol Metab 1994;78(6):1536–1539.

18. Stege R, Grande M, Carlstrom K, Tribukait B, Pousette A.
Prognostic significance of tissue prostate-specific antigen in
endocrine-treated prostate carcinomas. Clin Cancer Res 2000;6-
(1):160–165.

19. Stege R, Tribukait B, Lundh B, Carlstrom K, Pousette A,
Hasenson M. Quantitative estimation of tissue prostate specific
antigen, deoxyribonucleic acid ploidy and cytological grade in
fine needle aspiration biopsies for prognosis of hormonally
treated prostatic carcinoma. J Urol 1992;148(3):833–837.

20. Stege RH, Tribukait B, Carlstrom KA, Grande M, Pousette AH.
Tissue PSA from fine-needle biopsies of prostatic carcinoma as
related to serum PSA, clinical stage, cytological grade, and
DNA ploidy. Prostate 1999;38(3):183–188.

1298 Chadha et al.

The Prostate



21. Magklara A, Scorilas A, Stephan C, Kristiansen GO, Haupt-
mann S, Jung K, Diamandis EP. Decreased concentrations of
prostate-specific antigen and human glandular kallikrein 2 in
malignant versus nonmalignant prostatic tissue. Urology
2000;56(3):527–532.

22. Pretlow TG, Pretlow TP, Yang B, Kaetzel CS, Delmoro CM,
Kamis SM, Bodner DR, Kursh E, Resnick MI, Bradley EL Jr..
Tissue concentrations of prostate-specific antigen in prostatic
carcinoma and benign prostatic hyperplasia. International
journal of cancer Journal international du. cancer 1991;49-
(5):645–649.

23. Yu H, Diamandis EP, Levesque M, Giai M, Roagna R, Ponzone
R, Sismondi P, Monne M, Croce CM. Prostate specific antigen in
breast cancer, benign breast disease and normal breast tissue.
Breast Cancer Res Treat 1996;40(2):171–178.

24. Lilja H, Ulmert D, Vickers AJ. Prostate-specific antigen and
prostate cancer: Prediction, detection and monitoring. Nat Rev
Cancer 2008;8(4):268–278.

25. Wu P, Zhu L, Stenman UH, Leinonen J. Immunopeptidometric
assay for enzymatically active prostate-specific antigen. Clin
Chem 2004;50(1):125–129.

26. Mattsson JM, Laakkonen P, Stenman UH, Koistinen H.
Antiangiogenic properties of prostate-specific antigen (PSA).
Scand J Clin Lab Invest 2009;69(4):447–451.

27. Mattsson JM, Valmu L, Laakkonen P, Stenman UH, Koistinen
H. Structural characterization and anti-angiogenic properties of
prostate-specific antigen isoforms in seminal fluid. Prostate
2008;68(9):945–954.

28. Godoy A, Montecinos VP, Gray DR, Sotomayor P, Yau JM,
Vethanayagam RR, Singh S, Mohler JL, Smith GJ. Androgen
deprivation induces rapid involution and recovery of human
prostate vasculature. Am J Physiol Endocrinol Metab 2011;
300(2):E263–E275.

29. Bindukumar B, Kawinski E, Cherrin C, Gambino LM, Nair MP,
Schwartz SA, Chadha KC. Two step procedure for purification
of enzymatically active prostate-specific antigen from seminal
plasma. Journal of chromatography B. Anal Technol Biomed
Life Sci 2004;813(1-2):113–120.

30. Denmeade SR, Lou W, Lovgren J, Malm J, Lilja H, Isaacs JT.
Specific and efficient peptide substrates for assaying the
proteolytic activity of prostate-specific antigen. Cancer Res
1997;57(21):4924–4930.

31. Godoy A, Watts A, Sotomayor P, Montecinos VP, Huss WJ,
Onate SA, Smith GJ. Androgen receptor is causally involved in
the homeostasis of the human prostate endothelial cell. Endo-
crinology 2008;149(6):2959–2969.

32. Niemisto A, Dunmire V, Yli-Harja O, Zhang W, Shmulevich I.
Robust quantification of in vitro angiogenesis through image
analysis. Ieee T Med Imaging 2005;24(4):549–553.

33. Ridley AJ, Schwartz MA, Burridge K, Firtel RA, Ginsberg MH,
Borisy G, Parsons JT, Horwitz AR. Cell migration: Integrating
signals from front to back. Science 2003;302(5651):1704–1709.

34. Horwitz R, Webb D. Cell migration. C B 2003;13(19):R756–R759.

35. Kuzma L, Wysokinska H, Rozalski M, Krajewska U, Kisiel W.
An unusual taxodione derivative from hairy roots of Salvia
austriaca. Fitoterapia 2012;83(4):770–773.

36. Nakatsu MN, Sainson RC, Aoto JN, Taylor KL, Aitkenhead M,
Perez-del-Pulgar S, Carpenter PM, Hughes CC. Angiogenic
sprouting and capillary lumen formation modeled by human
umbilical vein endothelial cells (HUVEC) in fibrin gels: The
role of fibroblasts and Angiopoietin-1. Microvasc Res 2003;66-
(2):102–112.

37. Chomczynski P, Sacchi N. Single-step method of RNA isolation
by acid guanidinium thiocyanate-phenol-chloroform extraction.
Anal Biochem 1987;162(1):156–159.

38. Folkman J. What is the role of endothelial cells in angiogenesis?
Laboratory investigation. J Tech Methods Pathol 1984;51(6):
601–604.

39. Egginton S, Gerritsen M. Lumen formation: In vivo versus in
vitro observations. Microcirculation 2003;10(1):45–61.

40. Lubarsky B, Krasnow MA. Tube morphogenesis: Making and
shaping biological tubes. Cell 2003;112(1):19–28.

41. Lilja H. Regulation of the enzymatic activity of prostate-specific
antigen and its reactions with extracellular protease inhibitors
in prostate cancer. Scand J Clin Lab Invest Suppl 1995;220:47–56.

42. Huntington JA, Read RJ, Carrell RW. Structure of a serpin-
protease complex shows inhibition by deformation. Nature
2000;407(6806):923–926.

43. Eswar N, Webb B, Marti-Renom MA, Madhusudhan MS,
Eramian D, Shen MY, Pieper U, Sali A. Comparative protein
structure modeling using Modeller. Curr Protoc Bioinformatics
2006; Chapter 5:Unit 5.6.

44. Fiser A, Do RK, Sali A. Modeling of loops in protein structures.
Protein Sci 2000;9(9):1753–1773.

45. Stenman UH, Leinonen J, Zhang WM, Finne P. Prostate-specific
antigen. Semin Cancer Biol 1999;9(2):83–93.

46. Jonasch E, Haluska FG. Interferon in oncological practice:
Review of interferon biology, clinical applications, and toxic-
ities. Oncologist 2001;6(1):34–55.

47. Trabi M, Craik DJ. Circular proteins-no end in sight. Trends
Biochem Sci 2002;27(3):132–138.

Anti-angiogenic Activity of PSA-derived Peptides 1299

The Prostate


