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A B S T R A C T  

The present study was undertaken to investigate the role of plasmino- 
gen activator inhibitor type 1 (PAI-1) and activated protein C (APC) in the 
regulation of tumor cell invasion. PAI-1 was purified in active form from 
conditioned medium of human umbilical vein endothelial cells under de- 
naturing conditions (4 M guanidine-HCl). The purified inhibitor reacts 
with urokinase-type plasminogen activator (uPA) and APC. Two selected 
human lines, HOC-I (ovarian cancer cells) and SMT-ccl (choriocarcinoma 
cells), preferentially invaded through reconstituted basement membranes 
in an in vitro invasion assay using a modified Boyden chamber. The 
present study determined the efficacy of these two agents (PAI-1 and APC) 
used alone or in combination in inhibiting or facilitating tumor cell inva- 
sion. Active PAI-1 inhibited the tumor cell surface receptor-bound uPA 
activity. In an in vitro invasion assay, active PAI-1 reduced tumor cell 
invasive potential in a dose-dependent manner. When SMT-ccl cells satu- 
rated with uPA-PAI-1 complexes were treated with a 50-fold molar excess 
of APC, PAI-1-APC complex was demonstrated in conditioned medium, 
indicating that PAI.1 was dissociated from receptor-bound uPA on tumor 
cells and that tumor cell-associated uPA restored its enzymatic activity. 
Although APC alone had no effect on tumor call invasion, the addition of 
APC to the cells saturated with uPA-PAI-1 complexes showed regenera- 
tion of tumor cell surface receptor-bound uPA activity and produced 
substantial and efficient invading effects. These data suggest that PAI-1 
activity may be neutralized by APC or that APC may promote tumor cell 
invasion via inactivation of PAI-1 by formation of a stable PAI-I-APC 
complex. These observations suggest that APC may play a critical role in 
the initiation of a hematogenous metastatic process (extravasation step). 

INTRODUCTION 

Tumor cell invasion and metastasis requires a complex interaction 
of several events. Proteolytic dissolution of extracellular matrix pro- 
teins is a crucial step in the development of tumor invasion and 
metastasis. In this process, a proteolytic cascade is triggered by the 
tumor cell-associated, uPAZ-mediated conversion of plasminogen to 
plasmin and the subsequent activation of procollagenase (1-5). Vari- 
ous test systems have been devised to study the mechanism of tumor 
cell invasion and metastatic formation as well as inhibition of experi- 
mental metastasis (6-11). 

PAls are a family of serine protease inhibitors (serpins) which 
control the activity of plasminogen activators, uPA, and tPA. The 
degree of tumor cell-mediated proteolysis may result from a regula- 
tion between tumor cell-associated proteolytic enzymes and protease 
inhibitors. The uPA and its receptor are present at the focal adhesion 
sites, whereas the pattern of PAl distribution is homogeneous and 
diffuse in the cell substratum. The interaction between uPA and its 
inhibitor may influence the directional migration of tumor cells. It has 
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also been reported that the process of tumor cell-mediated, extracel- 
lular matrix degradation was inhibitable by exogenously added, pu- 
rified, active PAI-1 or PAI-2, suggesting that PAls may play a critical 
role in the regulation of extracellular matrix degradation during tumor 
cell invasion (9, 10). During hematogenous metastasis, fibrin clots 
frequently occur at sites of tumor cell arrest in the microcirculation 
(12, 13). Tumor cells must attach to the vascular wall in the capillaries 
of the target tissue. Coagulation and the formation of microthrombi 
around tumor cells in this stage actively promote the metastatic pro- 
cess by forming a stationary phase of tumor cells in the capillaries of 
the target organ, which allows the tumor cell time for extravasation 
(14). Reduced blood flow could increase trapping of circulating tumor 
cells, and fibrin deposits can facilitate and strengthen tumor cell 
lodgment to the microvasculature. These observations indicate that 
tumor-associated thromboplastic events play an important role in the 
pathogenesis of metastatic formation. Indeed, it has been reported that 
hirudin, a highly specific thrombin inhibitor, has shown superior ac- 
tivity as an anticoagulant, and it can inhibit formation of B16-F10 
melanoma nodules in the lungs of syngeneic mice in a time- and 
dose-dependent manner (15). 

APC is a serine protease derived from the vitamin K-dependent 
zymogen, protein C, via activation by a complex between thrombin 
and thrombomodulin (16). APC has been postulated to be useful for 
treating patients with thrombosis. PAI-1 can be neutralized by plas- 
minogen activators or by APC, which is the physiological inhibitor of 
Factors Va and VIIla (17). Although human APC may not be a good 
inhibitor of the PAI-1, bovine APC was found to be able to neutralize 
PAI-1 activity (18). 

We determined the efficacy of these agents, PAI-1 and APC, used 
alone or in combination in inhibiting or stimulating tumor cell inva- 
sion in an in vitro invasion assay using a modified Boyden chamber 
and artificial basement membranes. We showed that PAI-1 inhibits 
tumor cell invasion. Although human APC alone had no effect on 
tumor cell invasion, the addition of APC to the cells saturated with 
uPA-PAI-1 complexes produced substantial and efficient invading 
effects without impairing tumor cell surface, receptor-bound uPA ac- 
tivity. These results suggest that APC may play a critical role in the 
hematogenous metastatic process, especially in the initiation of the 
extravasation step. 

MATERIALS AND M E T H O D S  

Reagents. All chemicals are the best analytical grade commercially avail- 
able. A highly purified preparation of human APC was kindly supplied with a 
molecular mass of 53 kDa by Teijin Pharmaceutical Co., Tokyo, Japan. Mouse 
moABs against human APC (JTC-3 and JTC-5) were also kindly supplied by 
Teijin. PAI-1 was purified from conditioned media collected from HUVEC 
using concanavalin A-Sepharose (19, 20), followed by a anhydrourokinase- 
Sepharose 4B affinity column (21) as described previously (22, 23). PAl-I- 
containing fractions were activated by 4 ra guanidine-HC1. Then, the crude 
active PAI-1 fractions were subjected to a anhydrourokinase-Sepharose 4B 
affinity column. The proteins bound to the column were eluted with 1 ra 
arginine HC1, pH 5.5, and concentrated in a Centricon 30 apparatus (Amicon) 
(21). In addition, purified recombinant PAI-1 expressed in Escherichia coli 
was kindly supplied by Dr. Takada and Dr. Urano (Department of 2nd Physi- 
ology, Hamamatsu University School of Medicine), with a molecular weight of 
44 kDa and specific activities of 59,000 IU/mg of soluble protein. The purified 
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HUVEC PAl-1 and active nonglycosylated procaryotic PAl-1 were compared 
to study complex formation. 

Human pro-uPA (thrombolyse) expressed in renal HKG cells and enzymati- 
cally active, two-chain HMW-uPA were donated by The Green Cross Co. 
(Osaka, Japan). Mouse moABs to PAI-1 (moAB 3783) and uPA (moAB 377, 
which reacts with the A chain of uPA) were purchased from American Diag- 
nostica (New York, NY). 

Electrophoresis and Western Blot. SDS-PAGE, this was carried out in 
slab gels with a linear 5 to 10% polyacrylamide gradient (nonreducing con- 
ditions). After electrophoresis, the gels were electroblotted onto a PVDF mem- 
brane (Millipore), using a semidry electroblotting apparatus (Marysol, Japan; 
40 mA/gel, 90 min, 23~ according to the procedure described elsewhere 
(24). 

Effect of APC on the uPA-PAI-1 Complex. Reaction mixtures of purified 
PAl-1 and uPA as well as PAl-1 and APC were analyzed by Western blot. 
Eight-tenths ~g of PAl-1 and 1/xg of uPA (or 10 ttg of APC) were mixed, and 
the reaction was incubated for 30 min at 23~ in 0.02 M Tris-HCI and 0.1 M 
NaC1, pH 8.0, and then SDS-PAGE, followed by Western blot, was performed. 
As controls, identical samples of PAl-1 (0.8/xg), uPA (1/xg), and APC (10/xg) 
alone were incubated. Furthermore, competition of APC and uPA for PAl-1 
was analyzed. Ten/.~g of APC and 1/xg of uPA were mixed and then added to 
0.8/~g of PAl-1. In addition, 1/xg of uPA and 0.8/~g of PAl-1 were mixed and 
incubated for 30 min at 23~ followed by the addition of 10/~g of APC (30 
min, 23~ These reaction mixtures were analyzed by SDS-PAGE. After 
fractionation by SDS-PAGE, proteins in the gels were electrophoretically 
transferred to the PVDF papers and analyzed by Western blot. 

Identification of uPA by Zymography. In fibrin zymography, samples 
containing uPA were subjected to 5 to 10% SDS-PAGE. The acrylamide gel 
was soaked in 2.5% Triton X-100 to neutralize the SDS and then placed onto 
a fibrin-agar indicator gel containing plasminogen (8 h, 37~ (25). 

Cells and Culture. A human ovarian cancer cell line, HOC-I, was estab- 
lished from a recurrent ovarian endometrioid carcinoma (26). A choriocarci- 
noma cell line, SMT-ccl, was established from a pulmonary metastatic region 
of human gestational choriocarcinoma (27). Both cells were maintained under 
an atmosphere of 5% CO2 in RPMI 1640 (Nissui, Tokyo, Japan) medium 
supplemented with 10% fetal calf serum (Gibco, Grand Island, NY). These 
cells were grown to confluence in a 75-cm 2 tissue culture flask (Falcon, NJ). 
Cells were washed 3 times with PBS:2% (w/v) BSA, then 1 mM EDTA was 
added, and the cells were removed by agitation until they were detached. The 
cells were then collected by centrifugation (500 • g, 10 min), washed twice 
with PBS:2% BSA, and dispersed by pipetting until a single cell suspension 
was obtained. Before the last centrifugation, a sample was taken, and cell 
numbers and viability were determined by Trypan blue dye exclusion prior to 
use. 

In another set of experiments, serum-free culture supernatants of SMT-ccl 
cells were prepared as follows: 2 • 105 cells/ml were cultured in serum- 
containing medium at 37~ for 7 days (confluence), washed 3 times with 
PBS:0.1% BSA, and incubated in serum-free RPMI medium for a further 24 h; 
supernatants were centrifuged and stored at -20~ Serum-free culture super- 
natants were concentrated 10-fold with Centricon 30 microconcentrators (Ami- 
con) and used for SDS-PAGE and Western blot. 

Cell ELISA. One hundred txl of the cell suspension (1 • 106 cells/ml of 
complete medium) were added to each well of 96-well microtiter plates (Cos- 
tar, Cambridge, MA). After a 5-day incubation period, over 90% of the cells 
were adhered. HOC-I and SMT-ccl cells were grown to confluence in microti- 
ter plates and washed twice with cold PBS:2% BSA. Appropriate samples were 
treated with 50 mM glycine-HCl:0.1 M NaC1 (pH 3.0) to remove endogenous 
uPA (3 min, 4~ and were quickly neutralized with 0.5 M HEPES buffer 
4-(2-hydroxyethyl)piperazineethanesnlforic acid (pH 7.5) containing 0.1 U 
NaC1. Acid-treated cells appeared undamaged and bound to the plates. Then 
the cells were incubated with PBS:0.1% BSA containing 5.0 nM HMW-uPA. 
[When saturation of the uPA receptor was required, a 2.0 nM concentration of 
ligand was used (data not shown)]. After the incubation (60 min, 4~ the cells 
were washed twice with PBS:0.1% BSA and reincubated with different con- 
centrations of active PAl-1 (0 to 1.0 ~g/ml; 30 min, 23~ After washing, they 
reacted with uPA or PAl-1 specific antibody (No. 377 or No. 3783; 1 t~g/ml, 
1 h, 23~ as noted in the legend to Fig. 3. Nonspecific binding was ascertained 
using reactions with murine immunoglobulins as a control. Specifically bound 
uPA or PAl-1 antibody was detected with biotin-conjugated second antibody 

(1.5 p~g/ml, 1 h, 23~ Dako, Copenhagen, Denmark), followed by the addition 
of avidin-peroxidase (0.4/xg/ml, 1 h, 23~ Dako). The reactions with 3,3'5,5'- 
tetramethylbenzidine were terminated after 30 min at 23~ and the A450 of 
each well was measured in an EIA reader (Model 2550; Bio-Rad, Richmond, 

CA) (28). 
In another set of experiments, the cells were incubated with 5.0 nu HMW- 

uPA, followed by the addition of 0.1/xu PAI-1 as described above. Free ligand 
was removed, and the cell surface was saturated with uPA-PAI-1 complexes. 
Then the cells were reincubated with different concentrations of APC (0 to 50 
/zg/ml). After the incubation (30 min, 23~ the cells were washed twice with 
PBS:0.1% BSA, and then appropriate samples were reacted with uPA, PAl-l, 
or APC-specific antibody as noted in the legend to Fig. 4. Specifically bound 
uPA, PAI-1, or APC antibody was detected with biotin-conjugated second 
antibody, followed by the addition of avidin-peroxidase. The reactions with 
tetramethylbenzidine were terminated, and the A45o of each well was mea- 
sured. 

Internalization of uPA-PAI-I Complexes. We tested whether the 
internalization/degradation of uPA-PAi-1 complexes could occur during the 
above experiments according to the procedure described by Olson et  al. (29). 
The uPA-PAi-1 complex was formed by combining uPA (5.0 nu) and a 20-fold 
molar excess of PAL1 (0.1/XM) at 23~ for 30 min, uPA-PAl-1 complexes were 
added and allowed to bind for 1 h on ice. Free ligand was removed, and cells 
were then incubated at 23~ or 37~ for different lengths of time (0 to 3 h). 
The cells were fixed with 4% paraformaldehyde at 0, 30, 60, 120, or 180 min 
of incubation at 23~ or 37~ not permeabilized with saponin, and then 
subjected to indirect immunostaining with moAB 377. Cell membrane-asso- 
ciated uPA was determined by the cell ELISA method described above. 

Phosphatidylinositol-specific Phospholipase C Treatment of Cells. Tu- 
mor cells (HOC-I and SMT-ccl) were washed with PBS:0.1% BSA and treated 
with phosphatidylinositol-specific phospholipase C (5 units/ml) at 37~ for 2 
h (29, 30). Treatment of cells with phosphatidylinositol-specific phospholipase 
C removes uPA receptor from the cell surface. 

Plasminogen ActivatorAmidolytic Assay and Casein Plaque Assay. The 
chromogenic assay for uPA activity was carried out as detailed (24). Tumor 
cells were grown to confluence in microtiter plates. The cells were incubated 
with 5.0 nu HMW-uPA (30 min, 23~ After washing 3 times with PBS:0.1% 
BSA, the cells were incubated with increasing concentrations of active PAl-1 
(0 to 1.0 /~g/ml). After washing twice with PBS:0.1% BSA, the cells were 
incubated with increasing concentrations of APC (up to a concentration of 50 
p~g/ml). After washing again, each well was incubated with the uPA-specific 
chromogenic synthetic substrate S-2444 (KabiVitrum), and the absorbance 
change at 405 nm was measured for different lengths of time (0 to 60 min, 

23~ (24). 
A proteolytic plaque assay was performed using a mixture of 1.5% dry 

skimmed milk, 0.8% agarose (Pharmacia LKB), and 40/xg of plasminogen 
(Sigma)/ml of PBS essentially as described (31). HMW-uPA (5.0 riM) was 
added to the cells and allowed to bind (30 min, 4~ Free ligand was removed, 
and the cells were washed and then reincubated with increasing concentrations 
of active PAl-l, followed by the addition of APC. After washing twice with 
PBS:0.1% BSA, 20-/~1 samples of each cell suspension (2 • 107 cells/ml) were 
placed into holes punched into the casein plate (6 h, 37~ The plaques 
detected around the holes represent the zone of casein lysis (24). 

Cell Attachment Assay. The fibronectin solution (10/xg/ml) or reconsti- 
tuted basement membrane Matrigel (5/xg/well; Collaborative Research, Bed- 
ford, MA) was incubated in the 96-well microtiter plate (2 h, 23~ (32, 33). 
HOC-I or SMT-ccl cells were suspended in PBS:0.1% BSA at a concentration 
of 2 • 106 cells/complete medium. One hundred/~1 of RPMI in the presence 
or absence of uPA-modifying agents (PAI-1 and APC), as described in Table 2, 
were added to each well (1 h, 23~ This was followed by the addition of 100 
/~1 of the cell suspension. After the plate was incubated (2 h, 37~ the 
unattached cells were removed simply by tossing out the medium and washing. 
Under optimal conditions, more than 80% of these cells remain attached to the 
well after washing (control). The cells were then fixed and stained, and at- 
tached cells were counted with an Olympus light microscope ( •  200). The data 
were expressed as the number of attached cells at a randomly chosen area (each 
sample was assayed using triplicate wells, and each well was counted at three 

areas) (28). 
Cell Invasion and Chemotactic Migration Assay. Invasiveness of tumor 

cells was determined using the modified Boyden chamber. Polycarbonate 

262 

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/54/1/261/2453650/crs0540010261.pdf by guest on 19 M

ay 2023



ACTIVATED PROTEIN C AND TUMOR CELL INVASION 

filters, 8-/xm pore size (Costar), were coated with 5 p~g of Matrigel and dried 
(2 h, 37~ Blind-well Boyden chamber were filled with 600 p~l of 
RPMI:0.1% BSA in the lower compartment, and coated filters were mounted 
in the chamber (28, 33, 34). The cells to be studied were collected by short 
exposure to EDTA resuspended in PBS:0.1% BSA and by shaking. The in vitro 

cell invasion assay was carried out to study the role of PAI-1 and APC to 
regulate the invasive potential of the tumor cells. These modifying agents were 
added to the cells under the condition described below. One hundred pA of cell 
suspension (2 • 106 cells/ml) were pretreated with 100/xl of modifying agents 
(at the concentrations noted) as described in Table 2, typically for 1 h at 23~ 
in serum-free medium, with occasional mixing, and then the mixtures (200 p.1) 
were placed in the upper compartment of the chamber. 

PAI-1 was repeatedly added in the upper chamber every 2 h, since PAI-1 
displays a short half-life in vitro (1 to 2 h). Human fibroblast-conditioned 
medium or 10 /xg/ml of human fibronectin diluted with serum-free medium 
were placed in the lower compartment as a source of chemoattractants. Under 
these conditions, few cells died within 6 h in preliminary experiments. After 
incubation for 6 h at 37~ the cells on the upper surface of the flter were 
removed with a cotton swab. The filters were then removed, fixed, and stained. 
Invasive cells adhering to the lower surface of the filter were quantitated with 
a light microscope (x 200). In this assay system using HOC-I and SMT-ccl 
cells, few cells detached from the lower part of the filter. The data are ex- 
pressed as the number of cells on the bottom surface of the filter at a randomly 
chosen area (each sample was assayed using triplicate filters, and filters were 
counted at three areas) (28). 

The chemotactic assays were conducted in a similar fashion without Ma- 
trigel coating (28). The chemotactic migration of tumor cells was assayed in a 
modified Boyden chamber with an 8-/~m pore size polycarbonate filter. Human 
fibronectin or fibroblast-conditioned medium in the lower compartment was 
used as a chemoattractant. The cells were added to the upper compartment with 
or without modifying agents (1 h, 23~ and further incubated for 4 h at 37~ 
The following procedures were the same as those of the invasion assay. 

RESULTS 

Purification of the HUVEC PAI.1. The majority of latent PAI-1 
was recovered in the concanavalin A, c~-methyl-l>mannoside, low-salt 
fraction, a fraction containing only 3% of the total protein (19, 20). 
Latent PAl-1 was activated with 4 M guanidine-HC1 and then dialyzed 
against a buffer containing 0.5 M NH4HCO3 and 1% Triton X-100. 
Active PAl-1 was immediately subjected to the anhydrourokinase- 
Sepharose 4B column. The proteins bound to the column were eluated 
with 1 M arginine-HC1 (pH 5.5), concentrated, and stored at -80~ 
The protein profiles of the preparations of HUVEC PAl-1 were ana- 
lyzed by SDS-PAGE and Western blot as shown in Fig. 1. The purified 
inhibitor yielded a single band with a molecular mass of 44 kDa when 
analyzed by SDS-PAGE under nonreducing condition. Active PAI-1 

1 2 3  4 5 6 M  

106 
"" 80 

..... 3 2  
2 7  

Fig. 1. Purification of the HUVEC PAI-1. Lanes 1 and 4, HUVEC-conditioned me- 
dium; Lanes 2 and 5, ~-methylmannoside low-salt fraction of concanavalin A-Sepharose 
column; Lanes 3 and 6, anhydrourokinase-Sepharose 4B-purified PAI-1. Lanes i m 3, 
SDS-PAGE (Coomassie blue stain); Lanes 4 to 6 were developed with anti-PAL1 anti- 
body. M, molecular mass (kDa). 

reacts with HMW-uPA and APC to yield both SDS-stable complexes. 

The PAI-I-uPA complex and PAI-1-APC complex both formed within 

10 min (data not shown). The lack of any detectable APC-PAI-1 

complex formation in the presence of uPA was observed, when 
equimolar uPA and APC were incubated with PAI-1. APC cannot 

compete with equal amounts of uPA for complex formation with 
active PAl-1. However, when the uPA-PAI-1 complex was incubated 
with more than 10-fold molar excess of APC, both a detectable and 

reproducible amount of APC-PAI-1 complex and a liberation of free 
uPA molecule were observed (Fig. 2A, L a n e  6). This uPA molecule 

was confirmed to be enzymatically active. Fibrin zymography was 
developed to detect proteolytic activity of each band previously frac- 
tionated by polyacrylamide gel electrophoresis in the presence of SDS 
(Fig. 2A). The presence of detectable APC-PAI-1 complex formation 
in the presence of a 10-fold molar excess of APC is shown in Fig. 2, 
B to D. The uPA-PAI-1-APC complex was not detected under the 
experimental conditions used. A significant higher concentration of 
APC can compete with uPA for complex formation with PAI-1 to yield 

a modified inhibitor of slightly lower molecular mass. Furthermore, 
we confirmed that the results obtained by recombinant PAI-1 were the 
same as those obtained by PAI-1 purified from HUVEC-conditioned 

medium (data not shown). 
Effect of APC to uPA-PAI-1 Complexes on the Tumor Cell 

Surface. We have demonstrated that cell ELISAs using different 
uPA-specific moABs detect cell membrane-localized uPAs in HOC-I 
and SMT-ccl cells (28). These cells have been shown to express a 
functional uPA receptor that is partially occupied by uPAs (28). We 
first investigated the time course and extent of uPA-PAI-1 internal- 
ization and/or degradation in SMT-ccl cells. The cells were saturated 
with uPA-PAI-1 complexes on ice for I h, washed, and then shifted to 
23~ Approximately 15% of receptor-bound uPA-PAl-1 complexes 
disappeared from the surface within 1 h (Table 1). When the cells were 
incubated at 37~ about 50% of complexes disappeared within 1 h. 
We next tested whether the uPA-PAI-1 complexes can bind to the cells 
treated with phosphatidylinositol-specific phospholipase C. This treat- 
ment removed uPA-PAI-1 complex binding sites from the cells (Table 
1). These results indicate that uPA-PAI-1 complexes bind to the uPA 
receptor and that approximately 15% of the complexes are internal- 
ized, degradated, or dissociated within 1 h at 23~ 

PAI-1 reacted with receptor-bound uPA to yield stable complexes. 
Binding of PAl-1 to SMT-ccl cells saturated with HMW-uPA occurred 
in a dose-dependent and saturable manner. Specific PAI-1 binding 
approached saturation at approximately 0.1/~g/ml (Fig. 3). We tested 
whether complexes between uPA and PAI-1 on the cell surface, once 
formed, are resistant to dissociation by APC. The specific binding of 
PAI-1 to SMT-ccl cell surface was assayed in the presence of increas- 
ing concentrations of APC. PAI-1 bound to the cell surface uPA was 
dissociated from SMT-ccl cells in the presence of a high concentration 
of APC (approximately 50-fold molar excess of APC compared to 
PAl-l)  (Fig. 4). APC would be unable to compete with equal amounts 
of uPA for complex formation with PAI-1. Under experimental con- 
ditions, in which the concentration of APC was more than a 50-fold 
molar excess of that of PAl-l, PAl-1 was dissociated from receptor- 
bound uPA. The amount of APC-PAi-1 complexes formed in condi- 
tioned medium was evaluated by immunoblotting (Fig. 5). We showed 
the magnitude of difference in rates of interaction of PAI-1 with uPA 
as compared to APC. In addition, the mechanism by which APC 

stimulates cell-associated fibrinolysis was studied in cell ELISA. Cell- 
associated uPA activity (amidolytic and caseinolytic activity) was 
recovered by the addition of APC (-->10/zg/ml) (Figs. 6 and 7). In the 
absence of PAl-l,  however, APC did not stimulate cell-associated uPA 

activity (Figs. 6 and 7). 
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A 1  2 3 4 5 6 7 M C 1  2 3 4 5 6  7 M 

i 
106 
80 

49 

32 
2 7  

B 1  2 3 4 5 6 7  M D 1  2 3 4 5 6 7  M 
106 ~ 106 
80 ,-~-- ~ : ~  ~ 80 

49 IB ~ ~ 49 

32 
27 

Fig. 2. Fibrin zymography (A) and immunoblotting studies (B to D) of PAI-I-uPA or PAI-1-APC complexes. Lane 1, PAI-1 (0.8/~g); Lane 2, HMW-uPA (1 ~g); Lane 3, APC (10 
~g); Lane 4, a mixture of PAI-1 (0.8 ~g) and uPA (1 /.Lg) that had been allowed to react for 30 min at 23~ (PAl-1 + uPA); Lane 5, a mixture of PAl-1 (0.8/xg) and APC (10/.tg) 
that had been allowed to react for 30 min at 23~ (PAl-1 + APC); Lane 6, the uPA-PAI-1 complex incubated with a 10-fold molar excess of APC (10/xg) for 30 min at 23~ [(uPA 
+ PAl-l) + APC]; Lane 7, APC (10/~g) and uPA(I /~g) mixed and then immediately added to PAI-1 (0.8 ixg) for 30 min at 23~ [(APC + uPA) + PAl-l]. Fibrin zymography (A; 
8 h, 37~ and immunoblotting using anti-PAI-1 (moAB 3783, B), anti-APC (JTC-5, C), and anti-uPA antibody (moAB 377, D). A, Lane 2: arrow, HMW-uPA; arrowhead, 
contamination of LMW-uPA; Lane 4: arrow, PAI-I-uPA complex; B, Lane 4: arrow, PAl-1-uPA complex; Lane 5: arrowhead, PAI-1-APC complex (two bands); C, Lane 5: arrowhead, 
PAI-1-APC complex (two bands); D, Lane 4: arrow, PAI-I-uPA complex. M, molecular mass (kDa). 

Effect of P A I - 1  o r  & P C  o n  T u m o r  Ce l l  I n v a s i o n .  I f  r ecep to r -  

b o u n d  uPA ac t iv i ty  is essent ia l  to the i nvas ion  p roce s s  o f  t u m o r  cells,  

an inh ib i t ion  o f  i nvas ion  w o u l d  be  o b s e r v e d  in t u m o r  cel ls  t rea ted  wi th  

PAI-1.  T h e  i nvas ivenes s  o f  H O C - I  cel ls  cu l t iva ted  wi th  and  w i t h o u t  

PAI-1 (0 to 1 . 0 / x g / m l )  was  assessed  us ing  the in vitro r econs t i t u t ed  

b a s e m e n t  m e m b r a n e  invas ion  assay. PAI-1 was  p r e i n c u b a t e d  w i th  

Mat r ige l  (1 h, 37~ the cel ls  w e r e  then  pla ted,  and  t u m o r  cel l  

i nvas ion  was  m o n i t o r e d  af te r  6 h. E x p e r i m e n t s  us ing  mi ld  ac id-pre -  

t r ea ted  H O C - I  ce l l s  s h o w e d  a s ta t i s t ica l ly  s ign i f ican t  dec r ea se  in the 

Table 1 Internalization or dissociation of the uPA-PAI-1 complexes in SMT-ccl cells 

SMT-ccl cells were incubated with 10 nM uPA-PAI-1 complexes on ice for 1 h, 
washed, and then shifted to 23~ or 37~ for different lengths of time (0 to 180 min). The 
cells were fixed with 4% paraformaldehyde, not permeabilized with saponin, and then 
subjected to indirect immunostaining with anti-uPA monoclonal antibody 377. 

Cell ELISA (%) 

Time course (min) 23~ 37~ 

0 0.52 ___ 0.09 a (100) b 0.52 • 0.09 (100) 
30 0.48 • 0.10 (92) 0.38 _ 0.08 (74) 
60 0.44 + 0.07 (85) 0.26 • 0.06 (50) 

120 0.37 • 0.08 (71) 0.22 _+ 0.08 (43) 
180 0.33 • 0.06 (63) 0.20 _+ 0.05 (38) 

Control 0.57 ___ 0.12 (100) 0.57 _+ 0.12 (100) 
+ Phospholipase C c 0.02 ___ 0.01 (<5) 0.02 ___ 0.01 (<5) 

a Mean • SD of A4so (adsorption at 450 nm) of assays carried out at least in triplicate. 
b Numbers in parentheses minutes at 23~ or 37~ 
c In another set of experiments, cells were washed with PBS: 0.1% BSA and treated 

with and without phosphatidylinositol-specific phospholipase C (5 units/ml) at 37~ for 
2 h. This treatment removed complex binding sites from the cells. 

cel l  invas ion .  Sa tu ra t ion  o f  the  uPA r e c e p t o r  wi th  H M W - u P A  en- 

h a n c e d  the i nvas ion  by  abou t  2 - fo ld  c o m p a r e d  to non t r ea t ed  cells .  As  

expec t ed ,  d e c r e a s e d  cel l  su r face  uPA ac t iv i ty  in H O C - I  ce l ls  cu l t iva ted  

wi th  PAI-1 (1.0 txg/ml)  r e su l t ed  in a s ta t i s t ica l ly  s ign i f i can t  d e c r e a s e  

in the cel l  invas ion ,  c o m p a r e d  wi th  the PAI-1 un t r ea t ed  cells.  H O C - I  

Binding of PAl-1 to the SMT-ccl cells saturated with HMW- uPA 

A B 

0.34 o.3-t _ 

, r  9~ . . . .  
0 0.01 0.1 1.0 0 0.01 0.1 1.0 

PAl- 1 (~ /me)  PAl- 1 ( ~ e / ~ )  

O, acid-treated cells ; � 9  cells saturated with HMW-uPA 
Cells were reacted with PAl-1 (A)-or uPA (#377, B)-specific 
antibodies. 

Fig. 3. Binding of PAI-1 to SMT-ccl cells saturated with HMW-uPA. SMT-ccl cells 
were grown to confluence in 96-well microtiter plates. Appropriate samples were treated 
with 50 mM glycine-HCl: 0.5 M NaC1 (pH 3.0) to remove endogenous uPA (3 min, 23~ 
and immediately neutralized with 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid 
buffer. Part of the cells was incubated with PBS:0.1% BSA containing 5.0 nM HMW-uPA. 
Free ligand was removed, and cells were washed twice with PBS:0.1% BSA and then 
reincubated with different concentrations of PAI-1 (0 to 1.0 ~g/ml; 30 min, 23~ After 
washing with PBS: 0.1% BSA, the cells were then reacted with PAI-1 (moAb 3783, A)- 
or uPA (moAB 377, B)-specific antibody (1 p~g/ml, 1 h, 23~ C), acid-treated cells; Q, 
cells saturated with HMW-uPA. 
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Binding of APe to the SMT-ccl cells saturated with uPA-PAI-1 complexes 

A B C 

0.2 

0.2 ~ 
0. O I  

01~ ,  , , , OJd, , , , ie ~ ( - - 8 - a - - ~ L ( ~  l ' ~  , 
0 0.5 5.0 50 0 0.5 5.0 50 0 0.5 5.0 50 

APC (,t4~/nd) APC (~g/fd) APe ( , . g [ ~ )  

Cells were reacted with PAI-I (A)-, uPA (B ; Xr or APC (C ; JTC- 3 
{~Z~} and J T C - 5  {~&]) -specif ic antibodies. 

Fig. 4. Effect of APC to SMT-ccl cells saturated with uPA-PAI-1 complexes. The cells 
were incubated with 5.0 nu HMW-uPA, followed by the addition of 0.5/zg/ml of PAI-1. 
Free ligand was removed, and the cells were saturated with uPA-PAI-1 complexes. Then 
the cells were reincubated with different concentrations of  APC (0 to 50/~g/ml; 30 min, 
23~ After washing twice with PBS:0.1% BSA, appropriate samples were then reacted 
with PAI-1 (0, A)-, uPA (@, B)-, or APC [JTC-3 (Z~) and JTC-5 (A), C]-specific 
antibodies. 

PAl-1 APC 
1 2 3 4 5 6 7 8 M 

cell attachment by PAI-1 and/or APC to fibronectin- or Matrigel- 
coated wells was seen (data not shown). The chemotactic response of 
the cells was also tested to determine if the inhibition or stimulation 
of the cells to invade was due to their inhibiting or enhancing this 
response by these reagents. When each modifying agent was incu- 
bated with tumor cells at various concentrations in the upper com- 
partment of the chemotaxis chamber, it did not inhibit the chemotactic 
migration to human fibronectin- or human fibroblast-conditioned me- 
dium, indicating that there were no effects of these reagents on tumor 
cell chemotactic migration (data not shown). Intra- and interassay 
variations in chemotaxis and attachment assay were less than 7.5%. 

D I S C U S S I O N  

The critical steps during blood-borne metastatic spread of circulat- 
ing tumor cells are the arrest or attachment to the vascular endothe- 
lium and invasion of the vascular endothelium and underlying base- 
ment membranes (extravasation). Tumor emboli must adhere to blood 
vessels and invade the capillary wall during blood-borne metastasis. 
To survive the passages, some form of protective covering must be 
provided by the tumor cells (35). Blood coagulation bears on the 

Cell-associated uPA activity modulated by PAl-1 or APe 

106 
80 

49 

Fig. 5. Immunoblot of PAI-1 from serum-free conditioned medium of SMT-ccl cells 
saturated with uPA-PAI-1 complexes. SMT-ccl cells cultured in RPMI 1640 medium 
containing 10% fetal calf serum. Confluent flasks (75 cm 2) of cancer cells were washed 
and incubated in RPMI without supplementation with fetal calf serum (24 h). The cell 
surface was saturated with exogenously added uPA-PAI-1 complex, and cells were then 
incubated with various concentrations of APC (0, 0.5, 5, 50/xg/ml). After the incubation 
(30 min, 23~ serum-free conditioned media were collected and concentrated as de- 
tailed in "Materials and Methods." The concentration of APC = 0.5 p.g/ml (Lanes 2 and 
6); 5 p,g/ml (Lanes 3 and 7); 50 p.g/ml (Lanes 4 and 8). PAI-1 alone (0.8 p.g, Lane 1); 
APC alone (1 p.g, Lane 5); immunoblot with anti-PAI-1 antibody (Lanes I to 4); immu- 
noblot with anti-APC antibody (JTC-5) (Lanes 5 to 8). M, markers shown in kilodal- 
tons. The electrophoretic mobility of the APC-PAI-] complex is indicated by the arrow 
(Lanes 4 and 8). 

A B C 

F 
o.i o.~ o.1 ~ , . ~ . ~  

0 4 - ~  r.- , , 0 ~  , , , 0 J H I  , 
0 0.1 1.0 10 0 0.01 0.1 1.0 0 0.5 510 50 

H M W -  uPA(nM)  PAl -  1 ( ~ / m t )  A P e  (j4~/mt) 

A, ce l Is+HMW-uPA ; B, ce l I s+HMW-uPA+PAI -1 ;  C, cel Is+HMW-uPA+PAI- I+APC 

Fig. 6. Cell-associated uPA activity modulated by PAI-1 or APC. SMT-ccl cells grown 
to confluence in microtiter plates were treated with 50 mu glycine-HCl:0.5 M NaC1 (pH 
3.0) and immediately neutralized with 4-(2-hydroxyethyl)-l-piperazineethanesulfonic 
acid buffer. The cells were then incubated with increasing concentrations of HMW-uPA (0 
to 10 riM). Free ligand was removed, and cells were washed and then reincubated with 
chromogenic synthetic substrate S-2444 (25 p.1/well, 1.5 mg/ml) for 60 min at 23~ to 
determine cell-associated uPA activity (A). The color was allowed to develop (60 min, 
23~ and read at 405 nm in an EIA reader. In addition, the cells saturated with HMW-uPA 
were incubated with an increasing concentration of PAI-1 (0 to 1.0 p.g/ml). After washing 
twice with PBS:0.1% BSA, the cells were then reincubated with S-2444 (B). In another 
set of experiments, 0.5/xg/ml of PAI-1 were added to the cells saturated with HMW-uPA. 
Free PAI-1 was removed, and the cells saturated with uPA-PAI-1 complexes were incu- 
bated with different concentrations of APC (0 to 50/xg/ml; 30 min, 23~ After washing 
twice with PBS;0.1% BSA, the cells were then reincubated with S-2444 (C). 

cells maintained in complete medium supplemented with PAI-1 de- 
creased the invasive potential by about 80%. The inhibitory effect of 
PAI-1 was dose dependent (Table 2). To confirm the effect of APC on 
tumor cell invasion using the in vitro invasion model, APC was 
incubated with the uPA-saturated cells, which were preincubated with 
and without PAI-1 (0.5 /J,g/ml; 30 min, 37~ at various concentra- 
tions (0 to 50/zg/ml) in the upper compartment of the Boyden cham- 
ber. Although APC alone did not stimulate tumor cell invasion and 
chemotactic migration (data not shown), APC enhanced the invasive 
potential by tumor cells pretreated with PAI-1 through Matrigel in a 
dose-dependent manner (Table 2). We confirmed that attempts with 
PAI-1 and APC gave more of a sense of reproducibility of this phe- 
nomenon in replicate experiments. In our invasion assay system, intra- 
and interassay variations were less than 10%. 

APC may promote cell-associated uPA activity via formation of 
APC-PAI-1 complexes, which are immediately dissociated from cell- 
associated uPA, or inactivation of PAl-l, resulting in recovery of the 
invasive potential of tumor cells. Furthermore, the experiments on cell 
attachment had been studied. No inhibition or stimulation of tumor 
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Fig. 7. Plasminogen activator casein plaque assay. HMW-uPA (5.0 riM) was added to 
SMT-ccl cells and allowed to bind (30 rain, 4~ Free ligand was removed (1, cells 
saturated with HMW-uPA), and cells were washed and then reincubated with 0.5/xg/ml 
of PAI-1 (2, cells saturated with uPA-PAI-I complexes), followed by the addition of 50 
p.g/ml of APC (3) as described in "Materials and Methods." After washing twice with 
PBS:0.1% BSA, samples of 20/xl of each cell suspension (2 X 107 cells/ml) were placed 
into holes punched into the casein plate (4 h, 37~ SMT-ccl cells alone (4) and cells 
treated with 50/xg/ml of APC (5) as a control; PBS alone (6). 
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Table 2 Effects of cell-associated uPA modulating agents on the in vitro reconstituted 
basement membrane invasion by tumor cells 

Invading cells/field 

Treatments HOC- 1 SMT-ccl 

Control 24.6 __. 9.9 a 54.5 __. 10.4 
Acid treated t' 10.9 __. 3.6 c 30.4 ___ 8.5 c 
Acid + uPA (5 riM) a 53.8 __. 12.5 c 84.7 __. 13.6 c 
Acid + uPA + PAI-I (0.01 v.g/ml) e 52.5 --. 17.9 c 87.9 __. 14.3 c 
Acid + uPA + PAI-I (0.1 ~g/ml) e 37.5 __. 15.8 51.2 • 12.2 
Acid + uPA + PAI-I (0.5 #g/ml) e 9.3 • 5.2 c 25.9 ___ 11.0 c 
Acid + uPA + PAI-1 (0.5 ~g/ml) + 10.5 _ 7.7 c 28.8 __. 7.3 c 

APC (0.5 g.g/ml) y 
Acid + uPA + PAI-I (0.5/~g/rni) + 20.6 __. 3.9 31.8 • 6.9 c 

APC (5 ~g/mlY 
Acid + uPA + PAI-I (0.5 /~g/rnl) + 43.7 ~ 12.9 c 76.6 ___ 16.7 c 

APC (50/~g/mlY" 
Control + APC (50 g.g/ml) 28.9 • 10.1 60.1 • 15.9 
Acid + APC (50 g.g/ml) 9.6 • 3.2 c 31.6 • 9.7 c 
Acid + uPA (5 nM)+ APC (50 p~g/ml) 49.7 • 19.9 83.1 • 13.0 c 

a Mean _ SD. 
t, Tumor cells (HOC-I and SMT-ccl) were treated with glycine-HCI buffer (pH 3.0) to 

remove endogenous uPA and quickly neutralized. 
c p < 0.05 compared to control. 
a Cells were incubated with 5.0 nu HMW-uPA. Free ligand was removed, and cells 

were washed and then reincubated with PAI-I. 
e Range, 0.01 to 0.5/~g/ml. 
f Cells saturated with the uPA-PAI-1 complex were treated with APC (0.5 to 50 ~g/ml). 

For each experiment, at least three replicates were performed. 

success of  tumor  metastasis (15). There are several different types of 

tumor  cell-derived procoagulants,  including thrombin generation by 

the procoagulant  activity of  tumor cells. The platelets may provide 

fibronectin and thrombospondin  favoring binding to the endothel ium 

in terminal capillaries (36). The use of  anticoagulants has been advo- 
�9 cated to inhibit or prevent hematogenous metastatic spread. Esumi et 

al. (15) reported that hirudin, a thrombin inhibitor, has shown supe- 
rior activity as an anticoagulant and can also inhibit the production 

of  experimental  lung metastasis in a time- and dose-dependent man- 
ner. Thrombotic  events play an important role in the pathogenesis of 

metastasis. However,  this hypothesis does not agree with the reports 

that specific thrombin inhibitors act to promote lung colonization 

(37, 38). 

During the step of  tumor cell attachment to the vessel wall, the 

inhibitors of  fibrinolysis are important in counteracting endothelial 

cell-derived plasminogen activators and preventing lysis of  the fibrin 

shield (39). Thus, the presence of  increased PAl activity of  tumor cells 

during this step of  metastasis will favor the success of  metastatic 
spread. Once tumor  cells have made  contact with an endothelial 

monolayer,  malignant  cells will again induce enzymatic destruction of 

the extracellular matrix. Several in vitro and in vivo experiments were 

carried out concerning the mechanism of  blood-borne tumor cell arrest 

and subsequent activation of  tumor cell-derived fibrinolysis. 
In our cell ELISA system, we confirmed that uPA-PAI- 1 complexes 

bind to the uPA receptor on SMT-ccl  cells and that approximately 

15% of  complexes are internalized, degradated, or dissociated within 
1 h at 23~ Also, we confirmed that PAI-1 efficiently inhibited tumor 

cell invasion. Although APC alone did not stimulate the invasion, the 

invasive potential of  tumor cells pretreated with PAl- 1 was recovered 

by exogenously added APC (Fig. 8). When APC was present in 

concentrations several orders o f  magnitude greater than the uPA- 
PAI-1 complex on the surface of  tumor cells, APC may promote 

cell-associated uPA activity via inactivation of  PAl- 1 by formation of  

the APC-PAI-1 complex,  resulting in the recovery of  the invasive 

potential of  tumor  cells (18, 40, 41). 

It has been reported that PAl-1 can function as both inhibitor and 

substrate of  its target proteases (plasminogen activators and APC), and 

the second-order rate constants for the inhibition of  uPA by PAl- 1 and 
for the inhibition of  APC by PAI-1 were 3.4 • 107 and 1.1 • 104 M/S, 

respectively (18). There is the magnitude of  the difference in rates of  

interaction of  PAl with uPA as compared to APC. These data support 

our results that, under the experimental conditions that APC was 

incubated with >50-fold molar excess of  uPA-PAI-1 complexes  on the 

tumor cell surface, APC was able to compete  with uPA for complex 

formation with PAl-1. 
The observation that PAl-1 prevents tumor  cell invasion suggests 

that it regulates receptor-bound uPA on the tumor  cells. PAl- l ,  ex- 

pressed by various types of  cells including tumor cells, is a major  

component  of  the extracellular matrix and is stabilized by the extra- 

cellular matrix. Endothelial cells also produce PAl-1 and may act as a 

barrier to prevent tumor cell invasion. The contact between hematog- 

enous metastatic tumor cells and endothelial cell membranes  was 

direct and preceded thrombus formation. Protein C is activated by 
thrombin on the endothelial cells in the presence of  thrombomodul in  

(42). In these microenvironments,  protein C will be activated to APC, 

resulting in the recovery of  the invasive potential o f  tumor  cells. We 

speculate that tumor cells need PAI-1 in order to utilize the uPA- 

mediated plasminogen activation at substratum contact sites rather 

Fibrin net 
A 

P r o c o ~ ' ~ O  HM, W-uPA 
F a c t o r ,  X ~ ~  

B 

C 

PAl-1 

P r o t e o l y s i s  

Fig. 8. Hematogenous metastatic process. In .4, fibrin deposits can facilitate and 
strengthen tumor cell lodgment to the microvasculature. Coagulation and the formation of 
microthrombi around tumor cells in this stage act to promote the metastatic process by 
forming a stationary phase of tumor cells in the capillaries of the target organ. There are 
several different types of tumor cell-derived procoagulants, including thrombin generation 
by the procoagulant activity of tumor cells. During the step of tumor cell attachment to the 
vessel wall, the inhibitors of fibrinolysis are important in counteracting endothelial cell- 
derived plasminogen activators and preventing iysis of the fibrin shield. Once tumor cells 
have made contact with an endothelial monolayer, tumor cells will again induce enzymatic 
destruction of the extracellular matrix. In B, APC is a serine protease derived from the 
vitamin K-dependent zymogen, protein C, via activation by a complex between thrombin 
and thrombomodulin. In C, APC may promote cell-associated uPA activity via inactivation 
of PAI- I by formation of the APC-PAI- 1 complex, resulting in the recovery of the invasive 
potential of tumor cells. 
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than  PAI-1 ac t ing  as a de f ense  m e c h a n i s m  agains t  t u m o r  i nvas ion  (43)  

and that  A P C  is a cand ida t e  fo r  the in i t ia tor  o f  t u m o r  c e l l - de r i ved  

f ib r ino lys i s  a f te r  cel l  ar res t  in the b l o o d - b o r n e  me tas t a t i c  p rocess .  

Thus ,  the p r e s e n c e  o f  i nc reased  A P C  at e n d o t h e l i u m  con tac t  si tes wil l  

f avo r  the succes s  o f  me tas t a t i c  spread.  PAI-1 p r o d u c t i o n  is not  l imi ted  

to  endo the l i a l  cells.  P la te le t s  a lso con ta in  a PAI-1 act ivi ty,  and  PAI-1 

can  be  r e l ea sed  f r o m  t h e m  by  th rombin .  It shou ld  be  e m p h a s i z e d  that  

the overa l l  f i b r ino ly t i c  ac t iv i ty  o f  t u m o r  cel ls  re f lec ts  the ba l ance  

b e t w e e n  PAI-1 and A P C  act ivi ty.  A fac to r  l ike t h r o m b i n  m a y  al ter  the 

f ib r ino ly t i c  ac t iv i ty  o f  t u m o r  cel ls  by  i n f l u e n c i n g  this ba lance .  
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