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Abstract

BACKGROUND—Prostate specific antigen (PSA) is a well known biomarker for early diagnosis 

and management of prostate cancer. Furthermore, PSA has been documented to have anti-

angiogenic and anti-tumorigenic activities in both in vitro and in vivo studies. However, little is 

known about the molecular mechanism(s) involved in regulation of these processes, in particular 

the role of the serine-protease enzymatic activity of PSA.

METHODS—Enzymatic activity of PSA isolated directly from seminal plasma was inhibited 

specifically (>95%) by incubation with zinc2+. Human umbilical vein endothelial cells (HUVEC) 

were utilized to compare/contrast the physiological effects of enzymatically active versus inactive 

PSA.

RESULTS—Equimolar concentrations of enzymatically active PSA and PSA enzymatically 

inactivated by incubation with Zn2+ had similar physiological effects on HUVEC, including 

inhibiting the gene expression of pro-angiogenic growth factors, like VEGF and bFGF, and up-

regulation of expression of the anti-angiogenic growth factor IFN-γ; suppression of mRNA 

expression for markers of blood vessel development, like FAK, FLT, KDR, TWIST-1; P-38; 

inhibition of endothelial tube formation in the in vitro Matrigel Tube Formation Assay; and 

inhibition of endothelial cell invasion and migration properties.

DISCUSSION—Our data provides compelling evidence that the transcriptional regulatory and 

the anti-angiogenic activities of human PSA are independent of the innate enzymatic activity
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INTRODUCTION

Prostate cancer (CaP) is the leading cause of cancer mortality in male in the US. CaP also is 

the most commonly diagnosed cancer in men, primarily due to use of the serum-based 

prostate-specific antigen (PSA) test. PSA is an androgen-regulated serine protease of the 

tissue kallikrein family with chymotrypsin like activity [1]. PSA is neither disease, nor tissue 

specific, with the major known function to liquefy the seminal coagulum upon discharge. 

PSA protein and/or gene expression has been detected to a varying degree in endometrium 

[2], normal breast tissue [3], breast cancer [4, 5], breast milk [6], female serum [7], adrenal 

neoplasm [8], renal cell carcinoma [9], and ovarian cancer [10]. In normal healthy post-

pubertal males, PSA present in circulation (s-PSA) is less than 4 ng/ml, and more than 90% 

of it is complexed with serine protease inhibitors and, thus, is enzymatically inactive [11]. In 

contrast, PSA is secreted into seminal plasma (sp-PSA) by prostate epithelial cells at 

concentrations of 0.2–3.0 mg/ml [12]. More than 90% of sp-PSA is not complexed with 

chaparones, and is enzymatically active [13]. A less appreciated pool of PSA, however, is 

PSA sequestered within prostate tissue (t-PSA), which is present in microgram quantities, 

and is enzymatically active [14]. Most importantly, of the three pools, it is the t-PSA level 

that correlate with the physiological state of the prostate gland [15]. t-PSA levels are highest 

in benign prostate tissue, and decrease progressively with increasing grade and stage of CaP 

[16]. Furthermore, down-regulation of PSA expression in both CaP [17] and breast cancer 

tissue [3] has been correlated with more aggressive cancers and poorer prognosis. These 

correlations are in stark contrast to the relationship of s-PSA levels with CaP progression, 

where s-PSA level increases with progression of CaP, even though the CaP cells produce 

significantly lower levels of PSA than benign prostate epithelial cells [16–18]. The enhanced 

level of s-PSA in CaP patients that correlates with disease free survival and distant 

metastasis-free survival rate is hypothesized to be due to leakage of PSA into the serum, and 

is of unknown biological significance for disease progression [19].

Angiogenesis is a complex process that provides for development of new blood vessels from 

existing vasculature [20,21]. Under normal physiologic conditions, this tightly regulated 

process occurs only during embryonic development, the female reproductive cycle and 

wound healing [22]. In contrast, in pathological conditions such as cancer, rheumatoid 

arthritis and diabetic retinopathy, angiogenesis is persistent, apparently due to an imbalance 

between positive and negative regulatory signals [23]. Analysis of the mechanism(s) of 

“pathological angiogenesis” has indicated the role of growth factors, growth factor 

receptors, cell adhesion molecules, tissue hypoxia and locally active enzymes, such as 

metalloproteinases. Specific growth promoting factors known to induce angiogenesis 

include VEGF, bFGF, TGF-β, and IL-8 [24,25]. To balance these ubiquitous pro-angiogenic 

stimuli, multiple endogenous factors, such as IFNs, IL-12, matrix-glycoproteins, and 

thrombospondin negatively regulate angiogenesis.

PSA has been demonstrated to have both anti-tumorigenic and anti-angiogenic activity in an 

in vitro assay [26]. Transfection of PC-3 CaP cells with PSA before transplantation into 

nude mice prolonged doubling time, reduced tumorigenicity and reduced metastasis [27]. 

PSA treatment of CaP cells in vitro caused the release of anti-angiogenic fragments 

(angiostatin-like) by proteolytic digestion of extracellular matrix components and 
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plasminogen [28]. Furthermore, both enzymatically active and inactive forms of PSA had 

anti-angiogenic activity in vitro [29]. Our group demonstrated that purified enzymatically 

active, and inactive free-PSA (f-PSA is un-complexed with chaperone proteins) equivalently 

downregulated expression in CaP cells of pro-angiogenic factors/cancer-related genes, 

which included VEGF, EphA2, CYR61, Bcl2, Pim-1 oncogene, and uPA, and up-regulated 

expression of anti-angiogenic genes, which included IFN and IFN-related genes [29]. In 

addition, f-PSA inhibited growth of PC-3M prostate tumor xenografts in nude mice [29]. 

These data suggested that enzymatic activity of f-PSA was not essential for modulation of 

gene expression, anti-angiogenic activity and anti-tumor activity. However, Mattsson et al. 

[30] reported that recombinant pro-PSA did not demonstrate anti-angiogenic activity. pro-

PSA innately lacks enzymatic activity, reflecting structural differences between the un-

processed pro-protein and the proteolytically activated mature PSA protein. Therefore, pro-

PSA may not represent an appropriate control for definitive determination of the role of 

enzymatic activity in the modulation of anti-angiogenic/anti-tumorigenic effects of PSA.

This study addressed directly the role of enzymatic activity in mediation of the anti-

angiogenic and anti-tumorigenic effects of PSA, and found that enzymatically active f-PSA, 

and f-PSA that was enzymatically inactivated by incubation with Zn2+, exhibited similar 

physiological activities in human umbilical vein endothelial cells (HUVEC), which 

included: (a) suppression of mRNA expression of pro-angiogenic growth factors, such as 

bFGF and VEGF, and up-regulation of mRNA for IFN-γ; (b) suppression of mRNA 

expression of growth factors like FAK, FLT, KDR, TWIST-1, P-38, and Cathepsin-D, that 

have direct roles in blood vessel development; (c) inhibition of tube formation in the in vitro 

Matrigel Tube Formation Assay; and (d) inhibition of endothelial cell invasion and 

migration. These data provide compelling evidence that the transcriptional regulatory and 

anti-angiogenic activities of human PSA are independent of enzymatic activity since these 

biological end-points are observed at Equimolar concentrations of enzymatically active and 

inactive f-PSA.

MATERIALS AND METHODS

Cell Culture

Human umbilical vein endothelial cells (HUVEC) were obtained from PromoCell 

(Heidelberg, Germany). Cells were grown in Endothelial Cell Basal Medium supplemented 

with Endothelial Cell Growth Medium Supplemental Pack (PromoCell) and 5 nM 

metribolone. Cells were maintained at 37°C in 5% CO2. Cells used were between passages 2 

and 5, with populations maintaining >95% viable.

f-PSAI solation and Characterization

A two-step column chromatography procedure was used to purify f-PSA from human 

seminal plasma [31–33]. Briefly, seminal plasma dialyzed against buffer containing 25 mM 

Hepes and 1 M sodium sulfate, pH 7.0, was applied to a column packed with T-gel 

(Fractogel TA 650(s), Merck Darmstadt, Germany). The column was washed with 

equilibration buffer and bound proteins were eluted with 25 mM Hepes buffer, pH 7.0, 

which lacked sodium sulfate. The retained fraction of the T-gel columns contained some 
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seminal proteins and all forms of PSA (f-PSA and complexed PSA). Fractions containing 

the retained protein were pooled, concentrated, and applied to a column packed with 

Ultrogel AcA-54, which provided gel-filtration fractionation over the range 5,000–70,000 

kDa. The column was equilibrated with 10 mM sodium acetate buffer, pH 5.6, that 

contained 0.15 M sodium chloride. Column fractions that contained PSA were identified 

using Western blot analysis of column eluate containing proteins over a range of molecular 

weights between 25 and 40 kDa. Details of the purification of f-PSA were reported 

previously [31]. The f-PSA was characterized for purity using 2D-gel electrophoresis/

Western blot analysis using anti-PSA and anti-PSA-complex monoclonal antibodies [31]. 

Several lots of f-PSA preparations subjected to amino-terminal sequencing did not reveal 

any protein other than PSA (W.M. Keck Foundation Biotechnology Resources Laboratory, 

Yale University).

Inhibition of f-PSA Enzymatic Activity by Zinc

Purified f-PSA was assayed for enzymatic activity using a PSA-specific fluorogenic 

substrate (Mu-His-Ser-Ser-Lys-Leu-Gln-AFC; Calbiochem, San Diego, CA) [34]. The 

inhibition of enzymatic activity of f-PSA (5.7 nM) by Zn2+ concentrations ranging from 

0.001 to 50 mM was studied by mixing enzymatically active f-PSA with zinc chloride in the 

assay buffer (50 mM Tris–HCl, pH 7.9 containing 10 mM NaCl) for 10 min at 25°C before 

addition of the PSA-specific fluorogenic substrate (38 μM) for analysis of enzymatic 

activity. In the presence of zinc chloride, fluorescence readings were consistently lower, 

which suggested quenching of fluorescence. Therefore, zinc chloride blanks were always 

included. The enzymatic activity of PSA was determined from the linear increase of 

fluorescence over the initial 20 min, with time points taken at 200 sec intervals.

RNA Extraction

Total cellular RNA was extracted from PSA-treated and untreated HUVEC cells using an 

acid guanidinium thiocyanate–phenol–chloroform method [35] using TRIzol reagent 

(Invitrogen, Carlsbad, CA). DNA contamination was removed by treatment of the RNA 

preparation with DNAse (1.0 IU/mg of RNA, Promega, Inc., Madison, WI) for 30 min at 

37°C, followed by Proteinase K digestion at 37°C for 15 min, extraction with phenol/

chloroform and precipitation with NH4OAc/ETOH. The final pellet was dried and 

resuspended in diethyl-pyrocarbonate (DEPC) water. The amount of RNA was quantitated 

using a Nano-Drop ND-1000 spectrophotometer (Nano-Drop™ Wilmington, DE), and the 

RNA was stored at −80°C until used.

Reverse Transcription Real-Time Quantitative PCR (Q-PCR)

Q-PCR was used to quantitate the effect of PSA on expression of cancer-related genes in 

HUVEC cultures. Approximately 1×106 HUVEC cells were treated with PSA for 48 hr, 

cells harvested, and RNA extracted. Purified RNA was reverse transcribed to cDNA using a 

reverse transcriptase kit from Promega (Promega, Inc.; Cat #A3500). Relative abundance of 

each mRNA species was quantitated using real time quantitative PCR using specific primers 

and the Brilliant® SYBR® green Q-PCR master mix from Stratagene (Stratagene, Inc., La 

Jolla, CA; Cat #600548-51).
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In Vitro Angiogenesis Assay and Quantitation

The in vitro endothelial cell tube formation assay performed in a basement membrane 

matrix, Matrigel (BD Biosciences, San Jose, CA), was conducted as described previously 

[36] with modification. A 24-well tissue culture plate was coated with 200 μl/well of 

Matrigel and incubated 30 min at 37°C. Approximately 7.5×104 HUVECS in 0.5 ml of 

media supplemented with either enzymatically active or enzymatically inactive f-PSA (1, 5, 

10 μM) was applied on top of the Matrigel layer and cells incubated 16–18 hr at 37°C for 

endothelial cell tube formation. Control wells contained 7.5×104 HUVEC in media only. 

Live cell images (4× magnifications) were taken using a Nikon Eclipse TE300 inverted 

microscope system and analyzed using the Spot Advance software program (Diagnostic 

Instruments, Inc., Sterling Heights, MI). Five images were taken per well. The images were 

processed further using Analyze 7.0 (AnalyzeDirect, Inc., Overland Park, KS) and 

Angioquant v1.33 [37] to obtain the average tubule length for each image. Average tubule 

length of the five images is expressed in pixels. Percent inhibition is expressed in relation to 

tubule length in un-treated control cells.

Cell Invasion Assay

The effect of PSA on the cell invasion property of HUVEC was analyzed using the 

CytoSelect 24-well Cell Migration Assay [38,39]. The assay kit contains polycarbonate 

membrane inserts (8 μm 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 layer, and ultimately pass through the pores of the polycarbonate 

membrane. At the conclusion of the assay, cells on the top of the membrane, and the cells 

that have invaded through the membrane, are removed separately, stained, and quantified. 

Briefly, after overnight serum-starvation, HUVEC cells were seeded in the upper chamber at 

3×104 cells per well in serum-free medium, in the absence or presence of active/inactive 

PSA (10 μM), and the cells allowed to migrate toward FBS containing medium in the 

bottom chamber for 24 hr. Migratory cells were stained, the stain eluted, and quantified as 

absorbance at 540 nm.

Cell Migration Assay

The CytoSelect™ 24-well Wound Healing Assay Kit contains 24-well plates that contain 12 

proprietary treated plastic inserts. The inserts create a wound field with a defined gap of 0.9 

mm for measuring the migration and proliferation rates of cells. Migratory cells extend 

protrusions, and ultimately invade 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 with the proprietary treated plastic inserts and grown in endothelial cell 

conditioned medium with reduced FBS. The monolayers were disrupted by the plastic insert 

to produce a linear wound (0.9 mm width), the wells washed with PBS to remove debris, 

and cultures incubated with active or inactive PSA (10 μM). Wound fields were examined at 

different time points using phase contrast microscopy (Olympus) to measure wound size.
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Statistical Analysis

All experiments were repeated a minimum of three times. Values are expressed as the mean 

± SE. 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

Zinc2+ Inhibits Enzymatic Activity of Purified f-PSA

Enzymatic activity of f-PSA purified to homogeneity from human seminal plasma [31] was 

evaluated using a substrate highly specific for PSA protease activity (Fig. 1). f-PSA was 

incubated with a series of concentrations of zinc chloride, and demonstrated a dose-

dependent inhibition of enzymatic activity by zinc. Inhibition of >95% was achieved at a 

concentration of 50 μM zinc chloride, which confirmed an earlier report [40].

Enzymatic Activity of f-PSA Under Different Cell Culture Conditions

Enzymatic activity of f-PSA is routinely measured in salt buffer. Zinc2+ has been 

documented to inhibit enzymatic activity of PSA. It has been reported in the literature that 

binding of zinc to PSA is rather tight and this binding is not easily reversible [41]. In order 

to assess the physiological effects of enzymatically inactive f-PSA, it may be essential to 

document f-PSA inhibited by zinc remains “enzymatically inactive” under all cell culture 

conditions that includes serum containing growth medium. A series of experiments were 

carried out to assess the enzymatic activity of zinc2+ inhibited f-PSA in the presence of 

growth media and growth media containing fetal bovine serum. Assay buffer was used as 

control. The enzymatically inactivated f-PSA (activity inhibited with 50 μM Zinc2+) had no 

activity both in the presence of media or media with serum. The results are shown in Table I. 

It is clearly shown that f-PSA inhibited by zinc2+ remains “enzymatically inactive” under all 

cell culture conditions.

Enzymatically Inactive f-PSA Inhibits In Vitro Angiogenesis

Formation of tube-like structures in Matrigel by HUVEC is a well characterized in vitro 

assay for “angiogenic” activity [42–44]. Enzymatically active PSA was demonstrated 

previously to inhibit HUVEC tube formation in Matrigel [26]. However, the role of PSA 

enzymatic activity in inhibition of angiogenesis by HUVEC in Matrigel was not established. 

Enzymatically active f-PSA, or f-PSA inactivated by treatment with 50 μM zinc chloride 

(enzymatic activity inhibited > 95%), were mixed with liquid Matrigel that contained 

HUVEC, and the mixture plated in triplicate in 24-well tissue culture plates. Plates were 

incubated for 18 hr to allow formation of endothelial cell tube-like structures. Media 

containing 50 μM zinc chloride without PSA was used as the negative control. In the 

absence of f-PSA (control), HUVEC efficiently migrated, coalesced, and formed tube-like 

structures during the incubation (total length of tubule complexes (pixels) 11,871 ± 949; Fig. 

2). In contrast, enzymatically active f-PSA inhibited significantly, in a dose-dependent 

manner, the migration, chemotaxis and attachment functions required for tube formation by 

HUVECs. The length of tubule complexes in wells treated with 1 and 10 μM PSA 
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respectively were 5,303 ± 424 and 861 ± 69. Inactivated f-PSA was also equally effective in 

inhibiting the tube formation by HUVEC in Matrigel-based in vitro angiogenesis assay as 

enzymatically active f-PSA (length of tubule complexes for 1 and 10 μM inactive PSA were 

5,305 ± 424 and 770 ± 62 respectively (Fig 2). Substituting another serine protease, 

Chymotrypsin, in place of f-PSA, failed to show any inhibition of HUVEC tube formation in 

this Matrigel assay. This suggests that inhibition of HUVEC tube formation in the Matrigel 

is the function associated with PSA alone and not a property of any serine protease.

Enzymatically Inactive f-PSA Inhibits Cell Invasion

Enzymatically active or inactive f-PSA was used to evaluate the effect on the invasive 

property of HUVECs using the commercially available CytoSelect Cell invasion assay kit. 

Polycarbonate membrane inserts (8.0 mm pore size) coated with basement membrane matrix 

solution were seeded with HUVEC in serum-free medium in the presence of active or 

inactive f-PSA. Cells that invaded through the membrane were stained and quantitated (Fig. 

3). In the presence of enzymatically active f-PSA, HUVEC invasion was inhibited 

significantly (27–35% of control). As with the effect on angiogenic activity, enzymatically 

inactive f-PSA inhibited the invasive potential of HUVECs comparably with Equimolar 

concentrations of enzymatically active PSA: the level of inhibition was 35% in the presence 

of enzymatically active f-PSA and 27% in the presence of enzymatically inactive f-PSA. 

Therefore, the enzymatic activity of f-PSA has no significant role in modulation of the 

physiological response to f-PSA.

Enzymatically Inactive f-PSA Inhibits Cell Migration

The effect on HUVEC migration of enzymatically active and inactive f-PSA was compared 

using the CytoSelect™ 24-well Wound Healing Assay Kit. HUVEC were plated in 

endothelial cell conditioned medium with reduced FBS in 24-well tissue culture dishes that 

contained the proprietary treated inserts. In vitro “scratch” wounds were created (0.9 mm) 

using treated plastic inserts in HUVEC monolayer. Wound widths were measured at 0, 24, 

and 48 hr. At the end of 24 hr, the average wound widths were 0.128 ± 0.01 mm for control 

wells; 0.89 ± 0.07 mm for wells treated with active PSA and; 0.83 ± 0.05 mm for wells 

treated with inactive PSA. At the end of 48 hr the wound fields in the control wells were 

healed completely; whereas the wound widths of the wells treated with active and inactive 

PSA were respectively 0.076 ± 0.06 mm and 0.64 ± 0.05 mm (Fig. 4). There were no 

significant differences observed between the wound healing property of HUVEC treated 

with active and inactive PSA. Both enzymatically active and inactive f-PSA suppressed 

HUVEC migration as compared to an untreated control, suggesting that enzymatic activity 

of PSA is not essential for this physiological response (Fig. 4).

Modulation of Gene Expression of Growth Factors and Angiogenic Markers by 
Enzymatically Active and Inactive f-PSA

Vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (b-FGF) 

promote tumor growth, and interferons (IFNs) suppress tumor growth [45,46]. The VEGF/

VEGF receptor axis triggers a network of signaling processes that promote endothelial cell 

growth, migration, and survival [47]. In addition, focal adhesion kinase (FAK), Fms-like 

tyrosine kinase 1 (Flt-1or VEGFR-1), vascular endothelial growth factor receptor-2 
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(VEGFR-2 or KDR), p-38 MAP-kinase, epithelial-mesenchymal transition-inducing factor 

(TWIST), and cathepsin-D also are key regulators of angiogenesis [48–51]. We reported that 

f-PSA suppressed VEGF gene expression, and promoted IFN-γ gene expression, in human 

CaP cell line PC-3M [29]. Consequently, modulation in expression of growth factors and 

angiogenic markers by enzymatically active or inactive f-PSA was analyzed in a biological 

target cell for angiogenesis, HUVEC. HUVEC were treated with enzymatically active or 

inactive f-PSA, RNA was extracted and message levels for the growth factors as well as 

angiogenic markers were determined by Real Time Q-PCR. Both enzymatically active and 

inactive PSA significantly modulated the expression of VEGF, bFGF and IFN-γ in HUVEC 

as shown in Figure 5. f-PSA inhibited VEGF and bFGF gene expression, and enhanced IFN-

γ gene expression in HUVEC, and enzymatically inactive f-PSA modulated gene expression 

levels comparably to f-PSA (Fig. 5). Similarly, both active and inactive PSA suppressed 

gene expression of the angiogenic markers FAK, Flt, KDR, TWIST-1, P-38, and Cathepsin-

D in HUVEC in similar fashion (Fig. 6).

DISCUSSION

Analysis of serum levels of prostate specific antigen (PSA), or kallikrein-related peptidase 3 

(KLK3), is used extensively for the early diagnosis and management of CaP. However, the 

biological function of PSA in the serum is not clear. PSA is produced as an inactive pro-

protein by the epithelial cells of the prostate that also produce additional proteases that 

enzymatically cleave PSA, activating pro-PSA into enzymatically functional f-PSA which is 

secreted into semen [13]. The major physiological function of enzymatically active PSA in 

semen is the proteolytic digestion of semenogelins, resulting in liquefaction of the seminal 

clot [52]. In contrast, the physiological role of serum PSA, which is complexed with 

protease inhibitors and enzymatically inactive, is unknown. There is an inverse correlation 

between the increased level of PSA in serum and decreased level of PSA production by the 

prostate tissue with disease progression. While serum PSA levels go up with age and with 

prostate disease, particularly in advanced CaP, PSA production by prostate epithelial/cancer 

cells goes down [18].

PSA has been shown to have anti-angiogenic activity in several angiogenesis models, 

including the human umbilical vein endothelial cell (HUVEC) assay, where HUVEC cells 

spontaneously form tubular networks in Matrigel. Fortier et al. [26] showed that 

enzymatically active PSA inhibited HUVEC tube formation, suggesting its anti-angiogenic 

activity to be linked to enzymatic function. The same group also reported that recombinant 

PSA reduced angiogenesis in an in vivo model where basement membrane preparations 

supplemented with FGF-2 were injected under the skin of mice to produce a plug. Addition 

of PSA to the plugs reduced blood vessel growth into the plug [53]. Consequently, these in 

vitro and in vivo assays suggest that PSA has a direct effect on both tumor cells, tumor 

vasculature and tissue compartments that would be available to PSA sequestered in the 

tissue microenvironment.

The mechanism by which PSA exerts its anti-angiogenic effect is not understood. However, 

multiple reports indicated that the anti-angiogenic effect of PSA was blocked by protease 

inhibitors [54]. Mattsson et al. [55] reported that enzymatic activity of PSA-isoforms is 
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essential in inhibition of tube formation by HUVECs. It is possible that the isoforms of PSA 

that lack anti-angiogenic activity are “nicked,” resulting in the enzymatically “active site” 

being distorted, destroying the tertiary structure essential for anti-angiogenic activity. A 

corroborating study also hypothesized that enzymatically inactive “pro-PSA” could not 

inhibit endothelial cell tube formation [30]. However, processing of pro-PSA by peptidases 

is an essential step in converting enzymatically inactive pro-PSA into enzymatically active 

PSA. This post-translational processing may create a change in 3-dimensional structure that 

both produces the “active site,” and creates/exposes an “epitope(s)” on the surface of the 

PSA molecule necessary for anti-angiogenic activity. However, recombinant PSA mutated 

to ablate enzymatic activity for chromogenic PSA-specific substrates, maintained anti-

angiogenic activity [53]. In our own studies Chymotrypsin, a serine protease that has an 

enzymatic activity similar to PSA, had no effect of HUVECs tube formation (unpublished 

data).

In this study, enzymatically active f-PSA was compared to enzymatically inactive f-PSA 

where enzymatic function was inhibited by incubation with Zinc. This allows a direct 

comparison of enzymatically active and inactive PSA that have the same three-dimensional 

structure and amino acid composition. The biological effects of enzymatically active and 

enzymatically inactive f-PSA were compared in a series of studies to evaluate the role of 

enzymatic activity on: (a) HUVEC tube formation; (b) HUVEC invasion; (c) HUVEC 

migration; (d) growth factor expression; and (e) expression of markers and regulators of 

angiogenesis. Zinc plays an important role in the development and normal function of the 

prostate. In healthy individuals, prostate tissue accumulates the highest zinc levels in the 

body, with the zinc concentrations in prostate tissue and prostatic fluid being approximately 

9.0 mM [56]. Therefore, it is of relevance to know the effect of zinc on enzymatic activity of 

PSA. Zinc2+ inhibited enzymatic activity of purified f-PSA in a concentration dependent 

manner: zinc at 10 μM gave nearly 90% inhibition of enzymatic activity of f-PSA, and at 50 

μM resulted in complete inhibition. Consequently, all studies comparing biological activity 

of f-PSA and enzymatically inactive f-PSA utilized 50 mM of zinc2+. Equimolar 

concentrations of enzymatically active and inactive f-PSA gave equivalent inhibitory 

activity in the Matrigel Tube Formation Assay for anti-angiogenic activity. In contrast to 

previous reports, Figure 2 demonstrates that inhibition of endothelial tube formation by f-

PSA was not dependent on its enzymatic activity over the range of the PSA concentration 

studied. f-PSA significantly reduced HUVEC invasion through a polycarbonate membrane 

coated with basement membrane components (average pore size of 8.0 mM). Consistent 

with the results in the Matrigel Tube Formation Assay, there was no significant difference in 

invasive potential of enzymatically active and inactive f-PSA (35% vs. 27%). Similarly, 

enzymatically active and inactive PSA inhibit comparably the migration of HUVEC in a 

wound healing assay. These data suggest that enzymatic activity of PSA also does not play a 

significant role in modulating the inhibition of HUVEC migration, association or invasion. 

Several reports in the literature, including our own, suggest that PSA can modulate gene and 

protein expression of various growth factors and cytokines involved in angiogenesis, tumor 

growth, and metastasis [29,54,57]. VEGF and bFGF are known to promote tumor growth, 

and interferons and interferon-related genes are known to suppress tumor growth [45,46]. 

We demonstrated that treatment of CaP cells, PC3M, with enzymatically active f-PSA 
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down-regulated gene/protein expression of growth factors like VEGF, EphA2, and the 

Pim-1 oncogene, and up-regulated the expression of anti-angiogenic markers, like interferon 

and related genes [29]. The present study extended earlier studies to examine the effect of 

PSA on the target cell for angiogenesis, the endothelial cells. Both enzymatically active and 

enzymatically inactive f-PSA significantly downregulated expression of pro-angiogenic 

growth factors like VEGF and bFGF, and up-regulated expression of anti-angiogenic growth 

factors like interferon γ in HUVEC (Fig. 5). In addition, f-PSA significantly down-regulated 

expression of focal adhesion kinase (FAK), VEGF-receptors (FLT and KDR), Wnt-

inducible transcription factor TWIST-1, P-38, and Cathepsin-D, genes involved in blood 

vessel development and homeostasis. Importantly, as with the functional endpoints 

discussed above, there were no significant difference in down-regulation of gene expression 

between enzymatically active f-PSA and f-PSA that was enzymatically inactivated with 

zinc. In summary, this study addresses the effect of PSA on multiple properties of HUVEC 

as a prototypical endothelial cell, and suggests strongly that f-PSA sequestered in the 

prostate tissue microenvironment modulates the biological properties of CaP tumor 

epithelial cells as well as prostate epithelial cells/CaP cells, and the effect(s) are independent 

of enzymatic activity.

CONCLUSION

This study demonstrates directly the role of enzymatic activity in mediation of the anti-

angiogenic and anti-tumorigenic effects of PSA, and found that, at Equimolar 

concentrations, enzymatically active f-PSA, and f-PSA that was enzymatically inactivated 

by incubation with Zn2+, exhibited similar physiological activities in human umbilical vein 

endothelial cells.
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Fig. 1. 
Effect of zinc2+ concentration on enzymatic activity of f-PSA. f-PSA(5.7 nM) was mixed 

with indicated concentration of zinc chloride, incubated for10 min at room temperature and 

remaining enzymatic activity was measured using PSA specific substrate. The data 

presented here are the mean ± SD from three independent experiments.
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Fig. 2. 
Representative figure showing the Inhibition of in vitro angiogenesis by enzymatically 

active and inactive f-PSA. HUVEC tube formation assay was performed in vitro in Matrigel 

as described in the Materials and Methods Section. The 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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Fig. 3. 
Representative figure depicting invasive potential of HUVEC in the presence/absence of 

enzymatically active and inactive PSA. The assay was done using commercially available 

CytoSelect Cell Migration assay kit as per their instructions. Control wells containing 

identical number of HUVEC were incubated with media only. HUVEC were allowed to 

migrate for 24 hr and migratory cells were stained and eluted. Stain intensity was quantitated 

as absorbance at 540 nm. Three independent experiments were performed.
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Fig. 4. 
Effect of enzymatically active and inactive f-PSA on migratory property of HUVEC. 

Commercially available CytoSelect 24-well Wound Healing Assay kit was used. The details 

are described in the Materials and Methods Section. Monolayers were disrupted by the 

plastic insert to produce a linear wound and wounded fields were measured at 0, 24, and 48 

hr using phase contrast microscopy to measure wound size.
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Fig. 5. 
Gene expression levels of bFGF, VEGF, and IFN-γ in HUVEC treated with enzymatically 

active and inactive f-PSA. Nearly confluent monolayers were treated with10 μM f-PSA; 

RNA was extracted and reverse transcribed. The c-DNA was amplified by real-time QPCR 

using specific primers. The results shown are average of three experiments.
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Fig. 6. 
Gene expression levels of FAK, FLT, KDR, TWIST-1, Cathepsin-D, and P-38 in HUVEC 

treated with enzymatically active andinactive f-PSA. Nearly confluent monolayers were 

treated with10 μM of f-PSA; RNA was extracted and reverse transcribed. The c-DNA was 

amplified by real-time QPCR using specific primers. The results shown are anaverage of 

three experiments. Asterisk (*) denotes significant differences; NS = no significant 

differences.
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TABLE I

Comparison of Enzymatic Activity of Equal Amount of PSA in Different Conditions

Sample Enzymatic activity
(unitsa)

Active f-PSA in assay buffer 30.44

Inactive f-PSA in assay buffer 0   

Active f-PSA in HUVEC media 29.35

Inactive f-PSA in HUVEC media (with serum)b 0   

Inactive f-PSA in HUVEC media (without serum)b 0   

PSA in seminal plasma 35.95

a
Unit of enzymatic activity is defined as the amount of enzyme that cleaves 1 μM of substrate/min/ml.

b
Enzymatic activity was inhibited with 50 μM Zinc2+.
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