
HT-1080 FIBROSARCOMA CELL MATRIX DEGRADATION AND INVASION ARE
INHIBITED BY THE MATRIX-ASSOCIATED SERINE PROTEASE INHIBITOR
TFPI-2/33 kDa MSPI
C.N. RAO1*, B. COOK1, Yueying LIU1, Krishna CHILUKURI 1, M. Sharon STACK2, Donald C. FOSTER3, W. KISIEL4 and David T. WOODLEY1

1Department of Dermatology, Northwestern University School of Medicine, Northwestern University, Chicago, IL, USA
2Department of Obstetrics and Gynecology, Northwestern University School of Medicine, Northwestern University, Chicago, IL, USA
3Zymogenetics Inc., Seattle, WA, USA
4Department of Pathology, University of New Mexico School of Medicine, Albuquerque, NM, USA

The urokinase-urokinase receptor system plays a dominant
role in the degradation and invasion of extracellular matrix
(ECM) by tumor cells. In this system, urokinase bound to its
cell receptor converts plasminogen to plasmin, a broad-
spectrum serine protease that participates in the degradation
and invasion of connective tissues by tumor cells. In this
study, we evaluated whether these activities of plasmin are
inhibited by a newly characterized human 32 kDa recombi-
nant serine protease inhibitor called trypsin/tissue factor
pathway inhibitor-2 (rTFPI-2). We found that rTFPI-2 dose-
dependently inhibited fluid-phase plasmin as well as plasmin
generated on the ECM and/or the cell surface of HT-1080
fibrosarcoma cells. The degradation of radiolabeled matrix as
well as Matrigel invasion by these tumor cells is also inhibited
by rTFPI-2 in a dose-dependent fashion. We have reported
that rTFPI-2 is identical to 33 kDa extracellular matrix-
associated serine protease inhibitor (33 kDa MSPI), whereas
the 31 and 27 kDa MSPIs are under-glycosylated forms of the
33 kDa MSPI. We therefore evaluated the ability of MSPIs
from the ECM of dermal fibroblasts to inhibit plasmin and
found that the plasmin activity was effectively blocked by the
MSPIs. We have also evaluated whether the HT-1080 cells
synthesize and secrete the MSPIs and found that the synthesis
and secretion of the MSPIs was undetectable in these cells.
Collectively, our results suggest that rTFPI-2/33 kDa MSPI
inhibits plasmin on the tumor cell and ECM surfaces as well as
the degradation and invasion of matrix by HT-1080 fibrosar-
coma cells. Int. J. Cancer 76:749–756, 1998.
r 1998 Wiley-Liss, Inc.

The extracellular matrix (ECM) of human skin cells and
endothelial cells contains 3 Kunitz-type serine protease inhibitors
with molecular sizes of 33-, 31-, and 27 kDa capable of inhibiting
trypsin, chymotrypsin, plasmin (Pn) and pancreatic elastase (Raoet
al., 1995a,b,c; Lino et al., 1998). Greater than 70% of these
inhibitors synthesized and secreted by cultured skin cells are tightly
associated with the ECM and have been designated matrix-
associated serine protease inhibitors (MSPIs). The antiprotease
function of the MSPIs is resistant to heat, acid and SDS treatments.
The 3 MSPIs are biosynthetic products of a single gene product of
molecular size 25 kDa due to differential glycosylation (Raoet al.,
1996). The 33 kDa MSPI (Raoet al., 1996) was also found to be
identical to a 32 kDa recombinant trypsin/tissue factor pathway
inhibitor called rTFPI-2 from placenta (Sprecheret al., 1994),
which inhibits Pn, trypsin, plasma kallikrein, chymotrypsin, cathep-
sin G, factor XIa and factor VIIa-tissue factor complex. In contrast,
neither MSPIs nor rTFPI-2 is active against thrombin, urokinase
(uPA) and tissue-type plasminogen activator (tPA) (Petersenet al.,
1996). TFPI-2 was also found to be identical (Kisielet al.,1994) to
a poorly characterized 30–38 kDa serine protease inhibitor from
placenta called placental protein-5 or PP-5 (Butzowet al., 1988).
The genes for human and mouse PP-5/TFPI-2 are located on
chromosomes 7q 22 and 6, respectively (Miyagiet al.,1996a,b).

The importance of the uPA-uPA receptor (uPAR) system in
tumor cell invasion and metastasis has been extensively docu-
mented (Faziola and Blasi, 1994; Nipet al.,1995; Quattroneet al.,
1995). Characterization of antagonists to this receptor-ligand
system has been the focus of numerous studies (Ossowski, 1988;

Cajotet al.,1989; Crowleyet al.,1993; Stahl and Mueller, 1994;
Kobayashiet al., 1995; Min et al., 1996). These studies docu-
mented that the ability of receptor-bound uPA to generate Pn from
the zymogen plasminogen (Pg) is essential for the tumor cells to
invade and metastasize tissues and that blockade of this activity
leads to inhibition of in vivo tumor growth and metastasis.
Alternately, high-affinity inhibitors of Pn can also be considered
promising agents to regard to inhibition of tumor invasion and
metastasis. Human plasma Pn inhibitors, namely,a2-antiplasmin
anda2-macroglobulin, are ineffective in inhibiting Pn on the ECM
and/or tumor cell surface (Knudsenet al., 1985; Stephenset al.,
1989; Biziket al.,1990; Quaxet al.,1991; Reinartzet al.,1993).

The purpose of our study was to evaluate whether the newly
described rTFPI-2/MSPI inhibits 1) ECM- and/or tumor cell
membrane-associated Pn activity; and 2) degradation and invasion
of matrix by tumor cells. We report that rTFPI-2/MSPI is a
dose-dependent inhibitor of these functions by highly invasive
HT-1080 fibrosarcoma cells. Furthermore, the MSPIs from the
ECM deposited by dermal fibroblasts (insoluble forms) also inhibit
Pn. The MSPIs were not synthesized and secreted by the HT-1080
cells. Together these data suggest that the availability of functional
MSPIs within the ECM may regulate the ability of tumor cells to
invade and degrade the matrixin vivo.

MATERIAL AND METHODS

Material

Phorbol 12-myristate 13-acetate (PMA), and Pn substrate D-Val-
Leu-Lys-para nitroanilide hydrochloride (S-2251) were purchased
from Sigma (St. Louis, MO). RPMI-1640, glutamine, fetal bovine
serum, and trypsin-EDTA were purchased from Northwestern
University Cancer Center’s Tissue Culture Facility. ECL reagent
was a product of Amersham (Aylesbury, UK). Plasminogen (Pg)
was a gift from Dr. J.S. Rao (Houston, TX). Lysine-Pg (lys-Pg) and
high m.w. human recombinant uPA were gifts from Dr. B. Credo
(Abbott Research Laboratories, Abbott Park, IL). High m.w. uPA
from urine (80,000 U/mg protein) was purchased from Calbiochem
(La Jolla, CA).35S-methionine was purchased from ICN (Irvine,
CA). rTFPI-2 was purified from baby hamster kidney cell culture
medium as described (Sprecheret al.,1994). Different preparations
used in our study contained the TFPI-2/33 kDa MSPI form as the
predominant species (.95%) but also minor amounts of the 31 kDa
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species (,5%). Antibodies against rTFPI-2 were generated in
rabbits (Sprecheret al.,1994), and the IgG fraction was purified by
protein A-column chromatography.

Cell culture
HT-1080 fibrosarcoma cells were obtained from the ATCC

(Rockville, MD). The SV-40-transformed human skin fibroblast
(t12FB) cell line was originally supplied by Dr. C.L. Goolsby
(Chicago, IL) (Goolsbyet al., 1991). Cells were cultured in
RPMI-1640 supplemented with 10% fetal bovine serum, 50 µg/ml
penicillin and 50 µg/ml streptomycin.

Pn inhibition assays
The inhibition of Pn by rTFPI-2/33 kDa MSPI was investigated

in a variety of settings in which Pn was generated from Pg by
recombinant uPA in fluid phase and uPA was added onto an ECM
surface derived from t12FB, or uPA was bound to cell membranes
of HT-1080 fibrosarcoma cells. In the fluid-phase assay, 100 IU
recombinant uPA, 0.4 µM Pg and 0.4 mM S-2251 were incubated at
23°C for 2 hr with (50–200 nM) or without rTFPI-2/33 kDa MSPI.
Assays were performed in 200 µl of a buffer containing 15 mM
Tris-HCl, pH 7.40, 1 mM CaCl2, 1 mM MgCl2, 0.15 M NaCl, 1%
DMSO. Free nitrophenolate anion (NA), which is formed from
S-2251 by Pn, was quantitated by monitoring the absorbance at 405
nm in a Beckman (Fullerton, CA) DU spectrophotometer. The
absorbance value at 405 nm in the absence of the inhibitor was
considered to be 100%. The absorbance values from S-2251 with
Pg alone, and uPA alone were considered background (,0.5%) and
were subtracted.

The ability of rTFPI-2/33 kDa MSPI to inhibit Pn on an ECM
surface produced by t12FB was also determined. t12FB were
cultured to confluence in 24-well tissue culture plates and ECM
prepared as previously described (Raoet al., 1995a,b,c). Endog-
enous Pg, uPA and tPA were removed from the ECM by extraction
with 100 mM 6-aminohexanoic acid (6-AH) in 15 mM Tris-HCl,
pH 7.40 for 1 hr at 23°C. The MSPIs from the ECM are not
removed by 6-AH extraction (data not shown). Therefore, the
MSPIs from the t12FB ECM were removed by extraction with 50
mM glycine-HCl, pH 2.5, for 30 min at 23°C as described (Raoet
al., 1995b,c,1996). We found that this treatment removes.90% of
the MSPIs from the t12FB ECM (data not shown). It has been
reported that these treatments do not remove matrix proteins such
as von Willebrand factor and fibronectin from the ECM (Mimuroet
al., 1987). The ECM following 6-AH and 50 mM glycine-HCl, pH
2.5, extractions was then washed 4 times with 15 mM Tris-HCl, pH
7.40 and used as a surface to test whether exogenous rTFPI-2/33
kDa MSPI inhibits Pn, as described above for the fluid-phase assay,
except that the incubation was maintained for 90 min.

Experiments were also designed to determine whether rTFPI-
2/33 kDa MSPI inhibits Pn on the surface of HT-1080 fibrosarcoma
cells. Briefly, HT-1080 cells were grown to confluence, detached
with 15 mM Tris-HCl, pH 7.4, 0.15 M NaCl, 1 mM EDTA and
washed with RPMI-1640 0.1% BSA. Endogenous receptor-bound
uPA was removed by incubation of the cells with 50 mM
glycine-HCl, pH 3.0, 0.15 M NaCl for 10 min. After acid
incubation, the cells were washed 3 times with RPMI-1640 0.1%
BSA and incubated with recombinant uPA (10,000 IU for 40–
50 3 106 cells in 5 ml of RPMI-1640 0.1% BSA) for 30 min with
end-over-end rotation. Thus the uPAR were recharged with fresh
uPA. Unbound uPA was removed by washing the cells 3 times with
30 ml of Hanks’ balanced salt solution without phenol red (HBSS),
0.1% BSA solution; the tumor cells were then used in Pn inhibition
assays. Cells (1.53 106) were incubated by end-over-end rotation
for 90 min at 23°C in 500 µl of a solution containing HBSS, 0.1%
BSA, 0.3 µM Pg and 0.4 mM S-2251 and without or with 50–200
nM of rTFPI-2/33 kDa MSPI. Pg was omitted in control reactions
to obtain non-specific amidolytic activity by cells. Free NA was
measured at 405 nm after a 90 min incubation period. The
absorbance value in the absence of recombinant inhibitor was
considered 100%. To ensure that the production of Pn by uPA-

charged HT-1080 cells is due to the exogenous uPA, those cells
treated with acid buffer for removing endogenous uPA but not
charged with exogenous uPA were used as controls in the Pn
assays.

ECM degradation assays
Radiolabeled t12FB ECM was used as the substrate for degrada-

tion by HT-1080 fibrosarcoma cells. To prepare radiolabeled ECM,
t12FB were plated in 24-well plates in RPMI-1640 that contained
10% FCS and 2–3 µCi of35S-methionine/ml. Radioactive methio-
nine was added daily for 3 days or until the cells grew to
confluency. The cultures were washed several times with PBS and
the ECM prepared as described by Raoet al. (1996). The
radiolabeled ECM plates were stored at 4°C until analysis. Prior to
use, the plates were washed twice with 15 mM Tris-HCl pH 7.40
for 3 min and then extracted to remove Pg, uPA and tPA, as
described above. The ECM was then washed 4 times with 15 mM
Tris-HCl, pH 7.4, and incubated with HT-1080 fibrosarcoma cells
(2 3 106) in 400 µl of RPMI-1640 containing 0.1% BSA and 2 µg
Pg. rTFPI-2/33 kDa MSPI was included in the reaction mixtures in
increasing concentrations from 0 to 200 nM. Degradation of ECM
by tumor cells was allowed for 2 hr at 23°C with gentle shaking. In
some cases, Pg was omitted from the reaction mixtures to obtain
non-specific (Pg-independent) degradation of radiolabeled ECM
by tumor cells. After incubation, the samples were mixed with 10
ml of Ready Safe liquid scintillation cocktail (Beckman) and the
radioactivity counted in a scintillation counter (Beckman model
6000 LS). The radioactivity released from the ECM in the absence
of recombinant inhibitor was considered 100%. Non-specific
degradation of ECM by tumor cells (,3%) was subtracted from all
values.

Matrigel invasion and cell attachment assays
Invasion assays were performed as described previously (Albini

et al.,1987). Briefly, polycarbonate filters (8 µm pore size) of the
invasion chambers were coated with Matrigel (200 µg/filter,
Collaborative Research, Bedford, MA). Recombinant inhibitor was
added to the upper wells (0–75 nM final concentrations) in 100 µl
of a medium containing RPMI-1640, 0.1% BSA and 2 µg lys-Pg.
Cultured HT-1080 fibrosarcoma cells were detached and suspended
in Tris-saline, 1 mM EDTA, pH 7.40, buffer and washed twice with
RPMI-1640, 0.1% BSA solution; 400 µl tumor cell (100,000 cells)
suspension in RPMI-1640, 0.1% BSA, 0.01% gentamicin solution
was placed in the upper compartment chamber. The lower compart-
ment chamber contained serum-free conditioned medium (CM)
from HT-1080 cells as a chemo-attractant. After incubation for 20
hr at 37°C, filters were removed and stained with Diff-Quick
(Baxter, McGaw Park, IL), as suggested by the manufacturer.
Invasive cells adhering to the lower surface of the filter were
quantitated using a light microscope (3400). Cells from 18
non-overlapping fields from triplicate filters were counted, and the
average was taken for analysis. Attachment of tumor cells to
Matrigel (5–20 µg/well) was measured as described previously
(Pierschbacher and Ruoslahti, 1984).

Pn inhibition assays by MSPIs from t12FB ECM
In assays determining whether the MSPIs from the ECM of

t12FB (insoluble MSPIs) inhibit Pn, 0.25–0.33 106 cells were
cultured in 24-well plates and treated with PMA (50 ng/ml)
overnight to induce the synthesis and secretion of MSPIs into ECM
(Raoet al.,1995a,b,c,1996). The MSPIs from the ECM of control
and PMA-treated t12FB were quantitated by immunoblotting with
antiTFPI-2 antibody (Raoet al.,1996). Pg and Pg activators were
removed from the ECM of control and PMA-treated t12FB by
extraction with 6-AH as described above in Pn inhibition assays.
These matrices were then used as surfaces to generate Pn from 1 µg
of Pg by reacting with 50 IU of recombinant uPA. S-2251 was
included in the reaction mixtures and incubated for 2 hr at 23°C for
determining Pn activity. In some assays 10 µg of antiTFPI-2 IgG or
control IgG were included in the reaction mixtures to determine
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their effect on Pn activity on ECM of PMA-treated t12FB. The data
were evaluated for statistical significance by StatWorks program.

Synthesis and secretion of MSPIs by HT-1080 cells
Cells were cultured in RPMI-1640 containing 10% FBS, 50

µg/ml penicillin and 50 µg/streptomycin. Cells were grown to
80–90% confluence in 100-mm tissue culture dishes and the
medium replaced with serum-free medium or the serum-free
medium supplemented with PMA, at a concentration of 50 ng/ml.
After culturing the cells for 24 hr serum-free conditioned medium
(CM), cell-lysate (CL) and ECM fractions from control and
PMA-treated cells were collected (Raoet al.,1995a,c,1996). The
CM and CL fractions were analyzed for MSPIs by trypsin-affinity
chromatography followed by Western blotting. Briefly, trypsin (2
mg/ml) was coupled to Reactigel agarose beads following the
manufacturer’s instructions (Pierce, Rockford, IL). The CM and
CL were incubated with 100 µl of trypsin-Reactigel beads that were
previously equilibrated with 15 mM Tris-HCl, pH 7.40 (equilibra-
tion buffer). The incubation was continued for 1 hr at room
temperature with end-over-end rotation. The supernatant was
removed and the trypsin-Reactigel beads were washed 4 times with
equilibration buffer. Trypsin-bound proteins were extracted into
100 µl of SDS-PAGE sample buffer withoutb-mercaptoethanol,
and MSPIs were detected (in 25 µl) by Western blotting with
antiTFPI-2 antibody (Raoet al., 1996). The ECM was extracted
with 1.50 ml of the SDS-PAGE sample buffer, and a 25 µl aliquot of
the extract was also assayed for MSPIs. As positive controls, t12FB
cultures were treated with PMA, and the CM, CL and ECM
fractions were simultaneously and similarily processed for the
quantitation of MSPIs.

Western blotting
Proteins were boiled for 3 min, separated by SDS-PAGE using

12% polyacrylamide gels and electroblotted onto nitrocellulose
membranes (Towbinet al.,1979). After electroblotting, the mem-
branes were blocked with 4% non-fat dry milk in 10 mM Tris-HCl,
150 mM NaCl, pH 7.40, containing 0.1% Tween-20 (TTBS) for 2
hr at 23°C. Then the membranes were incubated for 2 hr at 23°C or
overnight at 4°C with normal rabbit serum or antiTFPI-2 antibody,
diluted 1:2,000 in TTBS containing 1% BSA. After several washes,
the membranes were incubated for 1 hr with a peroxidase-
conjugated secondary antibody, diluted 1:3,000 in TTBS, 1% BSA
solution. The immunoreactive proteins were identified using the
ECL reagent system, following the manufacturer’s instructions.
The proteins were quantitated by scanning the bands using an
imaging densitometer (BioRad model GS 670, Hercules, CA).

RESULTS

rTFPI-2/33 kDa MSPI inhibits fluid-phase Pn as well as Pn
associated with the ECM or the cell surface of HT-1080
fibrosarcoma cells

It has been previously reported that rTFPI-2 does not inhibit uPA
or tPA but inhibits Pn with an inhibition constant of 3 nM (Petersen
et al., 1996). Here, we have designed experiments to examine
whether Pn is inhibited by the inhibitor as it is being produced from
Pg by uPA in fluid phase, by uPA added onto a t12FB ECM-surface
or by the uPA bound to the cell surface of HT-1080 fibrosarcoma
cells.

Nanomolar concentrations of rTFPI-2/33 kDa MSPI inhibited
70–95% of the amidolytic activity of fluid-phase Pn produced from
Pg with uPA (Fig. 1). Similarly, the inhibitor inhibited 60–90% of
the amidolytic activity of Pn when the enzyme was produced on an
ECM surface derived from t12FB (Fig. 2) and/or the cell surface of
HT-1080 fibrosarcoma cells (Fig. 3a). In the latter experiment, the
exogenous uPA is responsible for the production of Pn, as indicated
in the control experiment shown in Figure 3b, which confirms that
the cells not charged with uPA generated very little Pn (,10%).
Together, these results suggest that the fluid-phase Pn as well as Pn

produced on the t12FB ECM surface and the tumor cell surface is
rapidly inhibited by rTFPI-2/33 kDa MSPI.

rTFPI-2/33 kDa MSPI inhibits Pn-mediated degradation of ECM
by HT-1080 fibrosarcoma cells

To determine whether the ECM degradation by HT-1080 fibrosar-
coma cells is blocked, experiments were performed with tumor
cells plated on radiolabeled ECM synthesized by t12FB. When 23
106 HT-1080 cells were plated onto wells containing the radiola-
beled ECM, the tumor cells released 60–70% of the radioactivity
(compared with the radioactivity solubilized with 5 µg of trypsin as
100%) from ECM in 2 hr in the presence of Pg. In comparison, only
2–5% of radioactivity was solubilized from the ECM without Pg
(data not shown and Jones and DeClerck, 1980). In the presence of
rTFPI-2/33 kDa MSPI (25–300 nM), the release of ECM radioac-
tivity by the tumor cells was inhibited in a dose-dependent manner
(30–80%, Fig. 4).

FIGURE 1 – Inhibition of fluid-phase Pn by rTFPI-2/33 kDa MSPI.
rTFPI-2/33 kDa MSPI (0, 50, 100 and 200 nM) was incubated with
recombinant uPA (100 IU) and S-2251 (0.4 mM final concentration) for
2 hr at 23°C, and the absorbance at 405 nm was determined. The
absorbance value without the inhibitor is considered 100%. uPA alone
and Pg alone were also incubated with S-2251 to determine the
background absorbance. The values represent the average of triplicate
determinations, which differed from 0 to 2%.

FIGURE 2 – Inhibition of Pn on t12FB ECM surface by rTFPI-2/33
kDa MSPI. ECM was extracted with 6-AH to remove endogenous uPA,
tPA and Pg as described under Material and Methods. rTFPI-2/33 kDa
MSPI (0, 50, 100 and 200 nM) was incubated with recombinant uPA
(400 IU), Pg (0.4 µM) and S-2251 (0.4 mM) at 23°C for 90 min. At the
end of incubation, absorbance at 405 nm was determined. Pg alone or
uPA alone were also incubated with S-2251 for determining the
background absorbance. The values represent the average of 4 determi-
nations, which differed from 0 to 3%.
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rTFPI-2/33 kDa MSPI inhibits Matrigel invasion by HT-1080
fibrosarcoma cells

Experiments were also performed to determine whether rTFPI-
2/33 kDa MSPI could prevent tumor cells from invading through a
reconstituted basement membrane (Matrigel). Tumor cell invasion
of Matrigel in the absence of recombinant inhibitor was considered
100% (Fig. 5a). As shown in Figure 5b–d,inhibitions of 35%, 51%
and 75% of the invasion of tumor cells through Matrigel were
observed in the presence of 3 nM, 15 nM and 75 nM of the
recombinant inhibitor, respectively. In contrast, 25–200 nM concen-
trations of the inhibitor had no effect on the attachment of the
HT-1080 cells to Matrigel or on the growth rate of these cells (data
not shown). These results suggest that rTFPI-2/33 kDa MSPI
blocks Matrigel invasion by HT-1080 fibrosarcoma cells without

influencing the attachment ability of these cells to Matrigel or their
growth.

33, 31 and 27 kDa MSPIs from PMA-treated t12FB ECM
(insoluble MSPIs) inhibit Pn

We previously reported that PMA stimulated the synthesis and
secretion of MSPIs into t12FB ECM (Raoet al., 1995b,c, 1996).
Quantitating the MSPIs from cell lysate, conditioned medium, and
ECM fractions of control or PMA-treated t12FB revealed that
75–80% were ECM associated, and 20–25% were cell associated.
None or very little (0–2%) were found in the conditioned medium.
Here, we examined whether the MSPIs from the t12FB ECM are
capable of inhibiting Pn. For this purpose, ECMs were prepared
from control and PMA-treated t12FB, as described (Raoet al.,
1996). As shown in Figure 6a, compared with the ECM from
control t12FB (4 representative samples), the ECM from PMA-
treated t12FB contains 10- to 12-fold more of the MSPIs. By using
an immunoblot with rTFPI-2/33 kDa MSPI standards (0.5–10 ng),
the ECM derived from 0.25–0.33 106 PMA-treated t12FB
contains 4–5 ng of MSPIs compared with 0.4–0.5 ng from the ECM
deposited by the same number of control t12FB. To demonstrate
that these ECM-bound MSPIs are functional, the ECMs were first
cleared of endogenous Pg, uPA and tPA with 6-AH and then used as
surfaces to generate Pn from Pg by uPA, as described in the
methods section. As shown in Figure 6b, the amidolytic activity of
Pn on the ECM from PMA-treated t12FB (average of 4 samples)
was significantly lower than the Pn activity on ECM from untreated
t12FB. To demonstrate that this decrease of Pn activity is due to the
MSPIs within the ECM, 10 µg of antiTFPI-2 IgG or control IgG
was added to the reaction mixtures. As shown in Figure 6c,
anti-TFPI-2 antibody but not normal rabbit IgG recovered the Pn
activity to the levels observed on the ECM from control t12FB
ECM. Following immunoblotting procedures that can detect 20 ng
of PAI-1 and protease nexin-1, the ECM from both control and
PMA-treated t12FB did not reveal the presence of these two
inhibitors (data not shown). Collectively, these results suggest that
the MSPIs from the t12FB ECM are functional.

HT-1080 cells do not synthesize and secrete MSPIs
To determine the synthesis and secretion of MSPIs by HT-1080

cells, we subjected the CM, CL and ECM fractions from control
and the PMA-treated cells to Western blotting with anti-TFPI-2
IgG (Fig. 7) or normal rabbit IgG (data not shown). We have used
trypsin-Reactigel beads to isolate MSPIs from the CM and CL of
HT-1080 cells and a control cell line, t12FB, which synthesizes and
secretes MSPIs (Raoet al., 1996). In sharp contrast to the
heparin-Sepharose beads used in our earlier study (Raoeta l.,
1996), trypsin-Reactigel beads did not bind non-specific proteins,
as demonstrated using CM and CL from PMA-treated t12FB (Fig.
7). However, the trypsin-bound MSPIs are recovered as smaller (by
1–2 kDa) molecular size inhibitors (Raoet al.,1995a). The MSPIs
were undetectable in the CM, CL and ECM from PMA-treated or
control HT-1080 cells while they were readily detectable in the
CM, CL and ECM of PMA-treated t12FB (Fig. 7). A control
inhibitor, namely, plasminogen activator inhibitor-1 (PAI-1), was
detected in both the CM and ECM of control and PMA-treated
HT-1080 cells, suggesting that the isolation of these samples is
complete (data not shown). These results suggest that the MSPIs
are not synthesized and secreted by HT-1080 cells.

DISCUSSION

Proteolytic degradation of ECM is considered to be an essential
step for malignant cells to invade and metastasize to distant tissues
(reviewed in Danøet al., 1985; Mignatti and Rifkin, 1995).
Protease inhibitors capable of protecting the ECM from degrada-
tion by malignant cells could therefore have potential utility as
therapeutic agents for blocking the formation of metastasis. Here,
we have demonstrated that a newly described human serine
protease inhibitor designated rTFPI-2 or 33 kDa MSPI is a potent

FIGURE 3 – (a) Inhibition of Pn on the cell surface of HT-1080
fibrosarcoma cells by rTFPI-2/33 kDa MSPI. HT-1080 fibrosarcoma
cells (1.53 106) were treated with acid to remove the receptor-bound
endogenous uPA and incubated with fresh recombinant uPA, as
described in Material and Methods. The cells were incubated with
rTFPI-2/33 kDa MSPI (0, 50, 100 and 200 nM), Pg (0.3 µM) and
S-2251 (0.4 mM) at 23°C for 90 min with end-over-end rotation. At the
end of incubation, absorbance at 405 nm was determined. Background
absorbance was determined by incubating the cells without Pg. This
value was subtracted from all values. Values represent the average of
four determinations, which differed from 0 to 3%.(b) Exogenous uPA
is responsible for the production of Pn. HT-1080 cells were treated with
acid to remove the endogenous, cell surface uPA and incubated with Pg
and S-2251 as described above for(a). Absorbance at 405 nm was
determined and compared with the absorbance value by those cells
charged with recombinant uPA. Each value represents the average of
quadruplicate determinations, which differed from 0 to 3%. Compared
with the uPA-charged cells, the cells not charged with uPA generated
very little (,10%) Pn.

FIGURE 4 – rTFPI-2/33 kDa MSPI inhibits radiolabeled ECM
degradation by HT-1080 fibrosarcoma cells. Tumor cells (23 106)
were plated onto radiolabeled ECM and the degradation of ECM in the
presence (25–200 nM) or absence of the inhibitor was determined as
described in Material and Methods. Values represent the average of 4
determinations, which differed by,5%.
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inhibitor of ECM degradation and invasion by highly invasive
HT-1080 fibrosarcoma cells. In addition to the inhibition of
fluid-phase Pn, rTFPI-2/33 kDa MSPI also inhibits Pn generated on
the tumor cell-, and/or ECM- surfaces in a dose-dependent fashion.
We have also shown that insoluble MSPIs from the ECM are
capable of inhibiting Pn. Based on these observations, we hypoth-
esize that rTFPI-2/33 kDa MSPI play an important role in
protecting the matrix from degradation and invasion by metastatic
tumor cells (Fig. 8). This is further strengthened by our earlier
observations showing that majority of MSPIs synthesized and
secreted by cultured cells are associated with the ECM (Raoet al.,
1996). Acid or high salt is required to separate the MSPIs from
ECM, suggesting a tight association between the MSPIs and ECM.
Together, our data suggest that MSPIs are available at the
cell/matrix interface and effectively block the metastatic tumor
cells from degrading and invading the surrounding connective
tissues.

Metastatic tumor cells utilize a variety of proteases including
serine proteases, MMPs and cysteine proteases to degrade and
invade connective tissues during invasion and metastasis. rTFPI-
2/33 kDa MSPI is a broad-spectrum serine protease inhibitor with
specificity toward Pn, trypsin, chymotrypsin, plasma kallikrein,

cathepsin G, factor VIIa-tissue factor and factor XIa (Petersenet
al., 1996). These activities for TFPI-2/MSPI explain the mecha-
nisms by which the inhibitor inhibits matrix degradation and
Matrigel invasion by tumor cells.

The ability of rTFPI-2/33 kDa MSPI to inhibit cell surface Pn of
HT-1080 fibrosarcoma cells and their invasion of Matrigel may be
of potential clinical significance in view of a study involving PAI-1.
It has been found that wide variations in host PAI-1 expression,
from complete absence to marked overexpression, failed to influ-
ence the metastatic potential of B16-F10 melanoma cells in a
murine model (Eitzmanet al., 1996). Thus, PAI-1/plasminogen
activator (uPA and tPA) balance may not significantly influence the
tumorigenicity or metastatic potential of the murine melanoma
cells. In contrast to PAI-1, which must compete with Pg for binding
to the receptor-bound uPA, rTFPI-2/33 kDa MSPI inhibits Pn,
which is directly responsible for matrix degradation and invasion.
Interestingly, MSPIs were undetectable in the CM, CL and ECM of
HT-1080 cells, suggesting that the MSPIs are not synthesized by
these tumor cells. Currently we are testing whether the mRNA for
MSPIs is also not expressed in HT-1080 cells. Nonetheless, our
results clearly suggest that the extracellular Pn/MSPIs ratio for

FIGURE 5 – rTFPI-2/33 kDa MSPI inhibits the invasion of Matrigel by HT-1080 fibrosarcoma cells. Tumor cells (0.13 106) were seeded onto
polycarbonate membranes coated with Matrigel. Photomicrographs (4003) of the tumor cells that invaded the Matrigel and collected on the
underside of the filter are shown.(a)Without the inhibitor.(b–d)In the presence of 3, 15 and 75 nM of the inhibitor, respectively. Invasion of tumor
cells through Matrigel was quantitated as described in Material and Methods. The values represent the average of cells counted in 18
non-overlapping fields from triplicate filters. The experiments were repeated 3 times with identical results.
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HT-1080 cells is 1:0 or is heavily in favor of the enzyme. This may
explain in part the highly invasive behavior of HT-1080 cells.

Regulation of Pn activity on the surface of tumor cells has been
shown to influence the invasive and metastatic behavior of these
cells (Ossowski, 1988; Cajotet al., 1989; Crowleyet al., 1993;

Stahl and Mueller, 1994; Minet al.,1996). However, Pn associated
with the ECM or the membranes of cultured cells is resistant to
inhibition by known physiologic serum serine protease inhibitors
(Knudsenet al., 1987; Stephenset al., 1989; Bizik et al., 1990;
Quaxet al.,1991; Reinartzet al.,1993). Based on these observa-
tions, it has been suggested that metastatic tumor cells generate
‘‘unregulated’’ Pn activity, which potentiates metastatic behavior
(Kwaan, 1992; Krameret al.,1994). Many tumor cells, particularly
the HT-1080 fibrosarcoma cell line utilized in this study, employ
the uPA/uPAR system to activate Pg, resulting in Pn-mediated
ECM degradation and invasion as well as proMMP-1 and -3
activation (reviewed in Danøet al., 1985; Mignatti and Rifkin,
1995). As shown in our study, fluid-phase Pn, the Pn generated on
the ECM and/or the tumor cell surface was inhibited by rTFPI-2/33
kDa MSPI in a dose-dependent manner. Furthermore, nanomolar
concentrations of rTFPI-2/MSPI inhibited HT-1080 cells from
degrading and invading the matrix. The ECM-bound MSPIs are
functional too. This unique combination of efficacies suggests that
the newly characterized rTFPI-2/MSPI may be of therapeutic
importance in a variety of human cancers.

FIGURE 6 – 33, 31 and 27 kDa MSPIs from t12FB ECM inhibit Pn.(a) The MSPIs from the ECM of control and PMA-treated t12FB were
quantitated by immunoblotting with antiTFPI-2 antibody, as described in Material and Methods. Compared with the ECM from control t12FB, the
ECM from PMA-treated cells contains 10- to 12-fold more of the 3 MSPIs.(b) ECM from control and PMA-treated t12FB were subjected to
treatment with 6-AH for removing Pg, uPA and tPA, and then Pn activity was assayed as described in Material and Methods. The MSPIs were
intact after 6-AH treatment. Values represent the mean of 4 determinations, which differed from 0 to 2%. Pn activity was significantly inhibited on
the ECM from PMA-treated t12FB.(c) To determine whether the reduced Pn activity on t12FB ECM from PMA-treated t12FB was due to the 33,
31 and 27 kDa MSPIs, 10 µg of anti-TFPI-2 IgG or normal rabbit IgG were included during the Pn assays. Values represent the mean of 4
determinations. The anti-TFPI-2 antibody but not the control IgG relieved the Pn inhibition on ECM from PMA-treated t12FB, suggesting that the
MSPIs within the ECM are functional. The significance of the data was evaluated using the StatWorks program. The experiment was repeated 3
times with identical results.

FIGURE 7 – MSPIs are not detected in the serum-free conditioned
medium (CM), cell-lysate (CL) and extracellular matrix (ECM) of
HT-1080 cells. CM, CL and ECM samples from control and PMA-
treated HT-1080 cells and PMA-treated t12FB were subjected to
SDS-PAGE using 12% acrylamide gels. The proteins were electroblot-
ted onto nitrocellulose membranes and subjected to Western blotting
with anti-TFPI-2 IgG. The MSPIs are detected in the 3 samples from
PMA-treated t12FB but not in the samples from control or PMA-treated
HT-1080 cells. The 33, 31 and 27 kDa MSPIs are marked by arrowheads.
Normal rabbit IgG do not react with the MSPIs (not shown).

FIGURE 8 – Schematic representation of the site of action of rTFPI-2/33
kDa MSPI in matrix degradation and invasion by tumor cells.
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Sabapathyet al. (1997) have investigated the requirement of the
PAs/Pn system in the formation of polyoma middle T antigen-, and
End. (transformed endothelial) cell-induced vascular tumors in
newborn mice. While the PAs/Pn system is not required for the
development of polyoma middle T antigen-inducible tumors, it
played a role in the End. cell-induced tumor formation. The
absence of both PAs led to a loss in the invasiveness and
proliferation of End. cells. Currently, the level of MSPIs expression
in the wild-type and mutant End. cells is unknown. Inin vitro fibrin
gel models, addition of broad-spectrum serine protease inhibitors,
namely, aprotinin and soybean trypsin inhibitors, inhibited the
development of tumor cysts by End. cells, suggesting a role for
serine protease inhibitors in vascular tumor formation (Montesano
et al.,1990). From these results, it appears that the newly identified
TFPI-2/MSPIs may influence the development of End. cell-
induced vascular tumors.

In conclusion, our present data demonstrate that rTFPI-2/MSPI
is an effective inhibitor of Pn, regardless of whether the enzyme is
in the fluid phase or is cell or matrix associated. This results in
effective inhibition of matrix degradation and HT-1080 cell inva-
sion. Together, our data suggest that the availability of TFPI-2/
MSPI may serve as a control mechanism for regulation of matrix
degradation and tumor invasionin vivo.
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