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Thrombomodulin (TM) is a thrombin receptor on the surface of endothelial cells that
converts thrombin from a procoagulant to an anticoagulant. Thrombin promotes
invasion by various tumor cells, and positive or negative correlations are found
between the expression of TM and tumorigenesis in some patients. In this study, we
used an invasion assay to investigate the effect of TM on the invasive activity of a
mouse mammary tumor cell line, MMT cells, and the effects of TM were compared
with those of thrombin as a positive control. In the presence of 1% fetal calf serum
(FCS), TM significantly stimulated MMT cell invasion in a dose-dependent manner,
resulting in an approximately 3-fold increase at 1-10 pg/ml over the untreated con-
trol. Thrombin also caused a similar degree of stimulation at 50 ng/ml. Since
thrombin activity was detected in the components of the assay system, an invasion
assay was also performed in a thrombin-activity-depleted assay system constructed
to eliminate the effect of thrombin activity; TM (10 pg/ml) plus thrombin (1 pg/ml)
stimulated invasion by approximately 3.5-fold in this assay system. Hirudin, a specific
thrombin inhibitor, inhibited stimulation by TM as well as by thrombin in both the
presence and absence of 1% FCS. Investigations of the effects of TM on proliferation,
adhesion and chemotaxis to clarify the mechanism of stimulation by TM revealed that
TM does not affect proliferation or adhesion in the presence of 1% FCS, but stimulates
chemotaxis by approximately 2.3-fold. Similar results were obtained in experiments
using thrombin. TM (10 pg/ml) plus thrombin (1 pg/ml), on the other hand, stimulated
chemotaxis by approximately 2.3-fold in the thrombin-activity-depleted assay system.
Binding studies using [125I]-thrombin revealed that the cells have specific saturable
binding sites for thrombin. These results show that TM stimulates the invasive activ-
ity of MMT cells, probably by acting as a cofactor for the thrombin-stimulated inva-
sion of the cells via its receptor and lowering the effective concentration of thrombin.
The findings also indicate that the stimulation of invasive activity in the presence of
1% FCS and in the thrombin-activity-depleted assay system may mainly be mediated
by the stimulation of chemotaxis.

Key words: invasion, thrombin, thrombomodulin.

Abbreviations: TM, thrombomodulin; MEM, modified Eagle’s medium; CS, calf serum; FCS, fetal calf serum,;
MMP, matrix metalloprotease; ECM, extracellular matrix; Boc-Asp(Obzl)-pro-Arg-MCA, Boc-f-benzyl-Asp-Pro-
Arg-4-methyl-coumaryl-7-amide; PBS, phosphate-buffered saline.

Thrombomodulin (TM) is a thrombin receptor on the sur-
face of endothelial cells (1) that was first discovered as a
cofactor for the thrombin-catalyzed activation of the anti-
coagulant protein C (2). Biologically active soluble forms
of TM, which probably represent the products of limited
proteolytic cleavage of cell-surface TM, were later
detected in human plasma (3), suggesting a possible role
of the soluble forms in vivo. TM also positively or nega-
tively regulates various functions of thrombin as
described below. TM stimulates the inactivation of pro-
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urokinase-type plasminogen activator (4), the activation
of TAF I (5), and the activation of progelatinase A (6). TM
inhibits the activation of platelets (7), the activation of
factor X (8) and human endothelial cells (9), the stimula-
tion of fibrin formation (8), and the proliferation of arte-
rial smooth muscle cells (10) and human umbilical vein
endothelial cells (11).

On the other hand, there are several direct and indi-
rect lines of evidence indicating that thrombin stimulates
invasion and/or metastasis by tumor cells (12-18), and it
has recently been reported that the expression of TM is
increased or decreased in some carcinomas. The expres-
sion of TM increases in squamous carcinomas of the lung
(19), colorectal carcinomas (20), and some transitional
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carcinomas (21-22), and its expression level is negatively
correlated with the malignancy of carcinoma of the
esophagus (23), hepatocellular carcinoma (24), and ovar-
ian tumors (25). There is also evidence of increased
serum levels of TM in some tumors, including pancreatic
cancer (26), digestive tract carcinoma (27), and glioblast-
oma (28). Based on this evidence, it is likely that TM
plays some role in the regulation of tumor metastasis.

In this study, we investigated the effects of TM on the
invasive activity of a mouse mammary tumor cell line,
MMT, by an in vitro invasion assay, because tumor cell
invasion through the basement membrane is a critical
step in the process of metastasis (29-30). We also com-
pared the effects of TM with those of thrombin as a posi-
tive control.

MATERIALS AND METHODS

Materials—TM was a kind gift of Asahi Kasei Pharma,
Japan. The TM was prepared as described by Gomi et al.
(31). Plasmids containing the cDNA encoding TM (resi-
dues 1-498) were transfected into COS-1 cells, and the
recombinant TM was purified from serum-free COS-1-
cell-conditioned medium. The purified TM yielded a
single band at 90 kDa in SDS-PAGE under reducing
conditions. The recombinant TM was confirmed to be
thrombin-free by a protein C activating assay developed
in our laboratory (32). Thrombin (1,140 units/mg protein)
was a kind gift of Mochida Pharmaceutical Co., Ltd.,
Japan. Hirudin was purchased from Wako (Osaka,
Japan). A fluorogenic substrate, Boc-B-benzyl-Asp-Pro-
Arg-4-methyl-coumaryl-7-amide (Boc-Asp(Obzl)-pro-Arg-
MCA), was purchased from Peptide Institute, Inc. (Osaka,
Japan).

Cell Culture—MMT mouse mammary tumor cells were
obtained from the Japanese Health Science Research
Resource Bank and cultured in modified Eagle’s medium
(MEM) supplemented with 10% calf serum (CS) on 60-
mm diameter culture dishes, 4 x 105 cells per dish. After
7 d, the subconfluent MMT cells were detached from the
culture dishes with 0.25% trypsin/EDTA, treated with
MEM containing 10% CS, and collected by centrifuga-
tion. The cells were then washed with MEM and used in
experiments. In some experiments, the thrombin activity
associated with cells was depleted as described below,
and the resultant cells were used for various experiments
in which MEM containing 0.1% BSA was used as the
basal medium. We refer to this assay system as the
thrombin-activity-depleted assay system below. To deplete
thrombin activity, the cell suspension (1.5 x 10° cells in 10
ml of MEM) was incubated in a non-adherent form on
100-mm diameter non-treated culture dishes pre-coated
with BSA (10 mg/ml) for 2 h in a humidified chamber at
37°C under 5% CO,, and then washed with MEM.

In Vitro Invasion Assay—In vitro invasion by MMT
cells was measured in a Matrigel invasion chamber (Col-
laborative Biomedical Products, Bedford, MA, USA). The
chamber (upper compartment) was placed in a 24-well
culture plate (lower compartment), and the cell suspen-
sion (1.6 x 105 cells in 500 pl) and the basal medium (750
ul) containing various factors were added to the upper
and lower compartments, respectively. MEM containing
1% fetal calf serum (FCS) or 0.1% BSA was used as the
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basal medium. Matrigel invasion chambers were pre-
coated with fibronectin as described below before use in
the thrombin-activity-depleted assay system. Human
plasma fibronectin solution (IWAKI, Japan) was diluted
to a final concentration of 5 pug/ml with phosphate-buff-
ered saline (PBS), and a 300 pl aliquot was added to the
chamber and a 750 pl aliquot to the 24-well culture plate.
The chamber and 24-well plate were allowed to stand at
37°C for 2 h and were then washed with PBS. After incu-
bating the cells for 18 h, the filters were fixed with meth-
anol and stained with hematoxylin and eosin. The cells
on the upper surface of the filters were removed by wip-
ing with cotton swabs, and the number of cells that had
migrated to the lower surface of the filters was counted
under a microscope.

Measurement of Thrombin Activity—Thrombin activity
in FCS, CS, and on cells was measured by the method of
Kawabata et al. (33). A 10 pl volume of 10% FCS or CS
was mixed with 90 pl of reaction buffer containing 50 mM
Tris-HCl, pH 8.0, 100 mM NaCl, and 10 mM CaCl,, with
or without hirudin (0.5 unit/ml). Packed cells (1 x 10°
cells) were suspended in 100 pl of reaction buffer with or
without hirudin (0.5 unit/ml). After adding 1 pl of 10 mM
substrate, Boc-Asp(Obzl)-pro-Arg-MCA solution to the
cell suspension, the mixture was incubated for 20 min at
37°C, and the reaction was stopped by adding 600 pl of
0.6 M acetic acid. The fluorescence of the aminomethyl-
coumarine released was measured with a fluorospectro-
photometer at an excitation wavelength of 380 nm and an
emission of 460 nm. A blank solution was prepared by
adding 1 pl of substrate solution to the reaction buffer
mixed with 600 pl of 0.6 M acetic acid. Thrombin activity
was calculated using 1, 2.5, 5 and 10 ng/ml thrombin
solutions as standards and subtracting the fluorescence
obtained in the presence of hirudin from that in the
absence of hirudin. A linear dose-response curve was
obtained between 0.5-5 ng/ml of thrombin, and its activ-
ity was inhibited by more than 98% by hirudin (0.5 unit/
ml). The fluorescence of each sample was within the lin-
ear range.

Proliferation Assay—The cell suspension (1 x 10° cells
in 4 ml) was seeded on 60-mm diameter culture dishes
and incubated with each factor for 18 h. MEM containing
1% FCS was used as the basal medium. The cells were
then detached from the culture dishes with 0.25%
trypsin/EDTA, treated with MEM containing 10% CS,
collected by centrifugation, and counted with a hemocy-
tometer.

Adhesion Assay—Adhesion assays were performed by
a modification of the method of Deryugina et al. (34). A
300 ul aliquot of fibronectin (5 pg/ml), prepared as
described above, was added to each well of 24-well plates
(IWAKI, Japan). The plates were allowed to stand over-
night at 4°C, washed with PBS, blocked with 1% BSA in
PBS for 1 h at 37°C, and finally washed in PBS. MMT
cells (55 x 104 cells) were exposed to each factor in 2 ml of
MEM containing 1% FCS for 30 min at 37°C. After wash-
ing with 2 ml of MEM, the cell suspensions (1 x 10° cells
in 0.38 ml of MEM) were seeded on each well. After incu-
bation for 30 min at 37°C, non-adherent cells were
removed by washing with PBS, and the adherent cells
were fixed and stained with 0.2% crystal violet in 10%
ethanol for 10 min. After three washes with 2 ml of PBS,
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Fig. 1. Dose dependency of the effect of TM on invasiveness.
MEM containing 1% FCS was used as the basal medium. The con-
centrations of TM indicated are the concentrations in the lower
compartment. The data shown are means + SD of the data obtained
in duplicate wells in three experiments (**p < 0.01 vs. control). The
deviation in each experiment was less than 10%.
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Fig. 2. Dose dependency of the effect of thrombin on inva-
siveness. MEM containing 1% FCS was used as the basal medium.
The concentrations of thrombin indicated are the concentrations in
the lower compartment. The data shown are means + SD of data
obtained in duplicate wells in three experiments (**p < 0.01 vs. con-
trol). The deviation in each experiment was less than 10%.

the dye was extracted in an end-over-end mixer with 600
ul of 50% ethanol in 50 mM sodium phosphate (pH 4.5)
for 10 min, and absorbance was measured at 540 nm. The
correlation between absorbance and cell number was con-
firmed in a preliminary experiment.

Chemotaxis Assay—Chemotaxis assays were per-
formed with control inserts (Collaborative Biomedical
Products, Bedford, MA, USA) in a similar manner to the
invasion assay described above. The control inserts were
not coated with Matrigel. MEM containing 1% FCS was
used as the basal medium. The control inserts were
pre-coated with fibronectin (5 pg/ml) as described for the
pre-coating of the Matrigel invasion chamber in the
thrombin-activity-depleted assay system.

Iodination of Thrombin and Determination of Bind-
ing—Thrombin was iodinated to a specific activity of 19.1
x 107 cpm/pg by the chloramine T method as described
previously (35-36). After precoating 24-well plates with
fibronectin (5 pg/ml) as described above, the cell suspen-
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Fig. 3. Effect of TM and thrombin on invasiveness in the
thrombin-activity-depleted assay system. Cells on which
thrombin activity was depleted were used in the experiment. MEM
containing 0.1% BSA was used as the basal medium. The data
shown are means + SD of data obtained in duplicate wells in three
experiments (¥**p < 0.01 vs. control). The deviation in each experi-
ment was less than 10%.

sions (1.22 x 105 cells in 0.45 ml of MEM) were seeded
into each well and incubated in a humidified chamber at
37°C under 5% CO, for 2 h. The cells were then washed
with 0.4 ml of MEM containing 15 mM Hepes (pH 7.2)
and 0.1% BSA and incubated for 1.5 h at 37°C in the
same buffer with various concentrations of [12°I]-thrombin
in the presence or absence of a 100-fold excess amount of
unlabeled thrombin. After washing the cells four times
with the same ice-cold buffer, the cells were solubilized
with 0.4 ml of 1 N NaOH for 1 h at 37°C. Specific binding
was calculated as the difference between total binding
and nonspecific binding.

RESULTS

Effect of TM on Invasiveness—Figure 1 shows the
effects of TM on the invasive activity of MMT cells in the
presence of 1% FCS. TM significantly stimulated inva-
sive activity in a dose-dependent manner, resulting in an
approximately 3-fold stimulation at 1-10 pg/ml. Figure 2
shows the effects of thrombin used as a positive control.
Thrombin also stimulated invasive activity in a dose-
dependent manner.

On the basis of these findings, we investigated the pos-
sibility that the stimulation of invasion by TM might be
dependent on thrombin that may have been introduced
into the assay system as described below. First, thrombin
activity in the assay system was measured. The thrombin
concentrations in freshly prepared 10% FCS and CS
measured by the thrombin activity assay were 200 pg/ml
and 2.8 ng/ml, respectively. The amount of thrombin on
the cells measured in a similar manner was 35 pg/108
cells. Based on these values, the thrombin concentrations
in the assay system with or without 1% FCS were esti-
mated to be 24.48 and 4.48 pg/ml, respectively. Second,
the action of TM was examined in the thrombin-activity-
depleted assay system described in “MATERIALS AND
METHODS,” and depletion of thrombin activity in the
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Fig. 4. Effect of hirudin on the stimu-
lation of invasion by TM. (A) MEM

A B
400 200
T 300 g 150
2 i
3 3
8 200 & 100
c c
2 L
: g
£ 100 g 50

0
N
s S
o
s°& «°&
K& K

assay system was confirmed by the absence of any detect-
able thrombin activity on the cells. Figure 3 shows the
effects of thrombin (1 pg/ml) and TM (10 pg/ml) on the
invasive activity of cells in the thrombin-activity-
depleted assay system. While neither thrombin or TM
had any effect on invasion, TM plus thrombin stimulated
invasion by approximately 3-fold.

Effect of Hirudin on the Stimulation of Invasion by
TM—The action of TM was also examined in the pres-
ence of the specific thrombin inhibitor hirudin to inves-
tigate the possibility described above. Fig. 4, A and B,
shows the effects of hirudin on the invasion-stimulating
activity of TM in the presence and absence of 1% FCS. We
used a 1 unit/ml concentration of hirudin in this experi-
ment, because 50 ng/ml thrombin corresponds to 0.057
unit/ml, and so 1 unit/ml hirudin seemed adequate to
inhibit this concentration of thrombin. As expected,
hirudin (1 unit/ml) not only inhibited the stimulation by
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Fig. 5. Effect of TM on proliferation. MEM containing 1% FCS
was used as the basal medium. The data shown are means + SD of
data obtained in duplicate dishes in three experiments. The devia-
tion in each experiment was less than 10%.

containing 1% FCS was used as the basal
medium. The indicated concentration of
each factor is that in the lower compart-
ment. The data shown are means + SD of
data obtained in duplicate wells in three
experiments (*p < 0.05 vs. control; **p <
0.01 vs. control) (B) MEM containing
0.1% BSA was used as the basal medium.
The data shown are means + SD of data
obtained in duplicate wells in three
experiments (**p < 0.01 vs. control). The
deviation in each experiment was less
than 10%.

thrombin to control levels, but the stimulation by TM as
well.

Effect of TM on Proliferation—Since tumor cell inva-
sion consists of a series of events, including adhesion to
the extracellular matrix (ECM) and chemotaxis, we
investigated the effects of TM on these two events to clar-
ify the molecular mechanism of the stimulation of inva-
sive activity by TM. Before investigating the effect of TM
on these processes, we investigated its effects on cell pro-
liferation to confirm that the stimulation of invasive
activity by TM is not an artifact of the enhancement of
cell proliferation.

Figure 5 shows the effects of TM on MMT cell prolifer-
ation in the presence of 1% FCS. The numbers of cells in
the presence of TM or thrombin did not differ from the
numbers in the control cultures.

Effect of TM on Adhesion to Fibronectin—Figure 6 shows
the effects of TM on adhesion to fibronectin, a basal lam-
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Fig. 6. Effect of TM on adhesion to fibronectin. MEM contain-
ing 1% FCS was used as the basal medium. The data shown are
means + SD of data obtained in duplicate wells in three experi-
ments. The deviation in each experiment was less than 10%.
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Fig. 7. Effect of TM on chemotaxis. (A)
MEM containing 1% FCS was used as
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ina component. Neither TM nor thrombin affected adhe-
sion to fibronectin.

Effect of TM on Chemotaxis—Figure 7 (A and B),
shows the effects of TM on chemotaxis by MMT cells in
the presence of 1% FCS and in the thrombin-activity-
depleted assay system, respectively. Both TM (10 pg/ml)
and thrombin (50 ng/ml) significantly stimulated chemo-
taxis by MMT cells by approximately 1.9-2.3-fold in the
former system, but neither TM (10 pg/ml) nor thrombin
(1 pg/ml) affected chemotaxis in the latter system; TM
plus thrombin, on the other hand, stimulated chemotaxis
by approximately 2-fold.

Binding of Thrombin—Figure 8 shows the binding
curves for specific [12°I]-thrombin binding sites on cells in
the presence and absence of TM (10 pg/ml). These bind-
ing curves show the specific [12°T]-thrombin binding to be
saturable at approximately 40 ng/ml, and that TM has no
effect on the specific binding of [125T]-thrombin. A similar
binding experiment was performed in the [125]]-thrombin
concentration range of 1-10 pg/ml, but no specific bind-
ing was detected independent of the presence or absence
of TM, probably because the absolute amount of radioac-
tivity used was too low to be detected as specific binding.

DISCUSSION

In the present study, we show that, at its maximum effec-
tive dose, TM stimulates the invasive activity of MMT
cells in vitro by approximately 3-fold. As far as we know,
this is the first time that TM has been shown to stimulate
the invasive activity of tumor cells in vitro. Similarly,
exogenous thrombin causes maximal stimulation of inva-
sion at 50 ng/ml, which is a concentration more than
1,000-fold higher than the maximum effective dose of TM.

Since TM acts as a cofactor for the thrombin-catalyzed
activation of protein C and increases the rate of the reac-
tion by >1,000-fold (8), the stimulation by TM may have
been due to TM interacting with thrombin, which had
been introduced into the assay system, and acting as a
cofactor for thrombin-stimulated invasion of MMT cells,
thus lowering the effective concentration of thrombin.
This possibility seems to be supported by the detection of
thrombin activity in the assay systems, the requirement
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the basal medium. The data shown are
means + SD of data obtained in duplicate
wells in three experiments (**p < 0.01 vs.
control). (B) Cells on which thrombin
activity was depleted were used in the
experiment. MEM containing 0.1% BSA
was used as the basal medium. The data
shown are means + SD of data obtained
in duplicate wells in three experiments
(**p < 0.01 vs. control). The deviation in
each experiment was less than 10%.

*%

for thrombin for stimulation by TM in the thrombin-
activity-depleted assay system, and the inhibition of
stimulation by hirudin. It is noteworthy that the
thrombin concentration required for stimulation by TM
in the thrombin-activity-depleted assay system is more
than 20,000-fold less than the concentration required for
thrombin to stimulate invasion. On the other hand, the
control level was not inhibited by hirudin in the presence
of 1% FCS, probably due to the lower thrombin concen-
tration in the assay system compared with the effective
concentration of exogenous thrombin.

There have been two studies examining the effect of
TM on the invasive activity of tumor cells. Matsushita
et al. showed that a subcloned human esophageal
squamous cell carcinoma line with low TM expression is
more invasive than a high TM-expressing clone (37). In
their study, the action of TM does not seem to be due to
an acceleration of its thrombin cofactor activity, because
the difference between the cell lines with low and high
TM expression with respect to their cofactor activity for
protein C activation by thrombin was less than 13% and
significantly lower than their TM levels and invasive
activities. Hosaka et al. showed that TM (10-100 ng/ml)
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Fig. 8. Binding of [?5I]-thrombin. Specific binding of [!25]]-
thrombin to cells in the absence (solid circles) and presence of TM
(10 pg/ml) (open circles) was measured. The data shown are repre-
sentative specific binding curves for [125]-thrombin binding sites
and are means + SD of data obtained in triplicate wells.

2102 ‘62 Jequeldes uo A1siealun Buied e /Bio'seulnolpioixo-qly:dny wouy pspeojumoq


http://jb.oxfordjournals.org/

584

inhibits the invasive activity of mouse melanoma cells in
vitro (38), and TM has also been found to decrease the
proliferation of tumor cell lines subcloned from patients
with malignant melanomas (39). None of these inhibitory
effects were inhibited by hirudin.

In contrast to these studies, the present study shows
that TM enhances the invasive activity of MMT cells and
indicates that the action of TM is entirely dependent on
thrombin as described above. Therefore, the mode and
mechanism of action of TM in MMT cells seems to be dif-
ferent from its mode and mechanism of action in the
squamous cell carcinoma line and melanoma cells.

It is useful to speculate on the role of TM in tumorigen-
esis based on the findings of our study, because tumor cell
invasion through the basement membrane is a critical
step in the process of metastasis (29—-30). Several studies
have shown that TM levels in serum increase in patients
with certain tumors (26-28), as described in the Intro-
duction. Thus, the results of this study suggest that the
soluble form of TM may play a positive role in the malig-
nancy of some kinds of tumors, probably by enhancing
the metastatic potential of thrombin. On the other hand,
TM on the cell surface may act as a negative regulator to
thrombin, because thrombin is degraded as the thrombin-
TM complex by its internalization after binding to TM on
the cell surface (40). This possibility may be supported by
the findings that the expression level of TM is negatively
correlated with the malignancy of some carcinomas (23—
25), as described in the Introduction.

Tumor cell invasion is a complex process that involves
adhesion to ECM, degradation of ECM, and chemotaxis
(41). Chemotaxis is the essential step in invasion as
reviewed by Wells (42). The results of the present study
show that both TM and thrombin stimulate chemotaxis
in the presence of 1% FCS, and that TM plus thrombin
stimulate chemotaxis in the thrombin-activity-depleted
assay system. Both of these findings are consistent with
previous reports that thrombin stimulates chemotaxis
(17, 18), and the presence of specific binding sites for
thrombin on cells indicates that these actions are medi-
ated by thrombin receptors.

However, other actions of thrombin may also be in-
volved in the stimulation of tumor cell invasion, because
the enhancement of chemotaxis alone is insufficient to
account for the increase in tumor cell invasion. One such
other possible action of thrombin is the stimulation of the
matrix metalloprotease (MMP)-mediated degradation of
a variety of ECM proteins, including collagens type 1V, V,
VII, and X, fibronectin, laminin (43—47), elastin (48—49),
proteoglycans (49-51), and entactin (52). Several reports
have indicated that thrombin increases the active forms
of MMP-2 and MMP-9 (53-59), and plays important roles
in the enhancement of tumor cell invasion and metasta-
sis (34, 60-68). There are also reports that thrombin
stimulates the release of MMP-2 (69), the expression of
MMP-1 and MMP-3 (70), and the expression of MMP-9
mRNA (71). Another possible action is the stimulation of
MMP-independent degradation of ECM. This possibility
appears to be supported by the finding that thrombin
stimulates the expression of urokinase-type plasminogen
activator, a factor involved in the degradation of ECM
protein (72), and stimulates the heparinase-mediated
release of heparan sulfate from ECM (73).

S. Niimi et al.

In conclusion, the results of this study show that TM
stimulates the invasive activity of MMT cells, probably
by acting as a cofactor for the thrombin-stimulated inva-
sion of cells mediated by thrombin receptors, and by low-
ering the effective concentration of thrombin. Further,
the results indicate that the stimulation is mainly caused
by an enhancement of chemotaxis.

This study was supported, in part, by a Grant-in-Aid for
research on health sciences focusing on drug innovation from
the Japan Health Sciences Foundation.
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