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Platelet release of trimolecular complex components MT1-MMP/TIMP2/MMP2:
involvement in MMP2 activation and platelet aggregation
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Matrix metalloproteinase 2 (MMP2) has
been reported to be secreted by collagen-
stimulated platelets, and active MMP2 has
been shown to play a role in platelet
aggregation. It has been demonstrated
that MMP2 activation is dependent on the
complex (membrane type 1 [MT1]-MMP/
tissue inhibitor of MMP2 [TIMP2]) recep-
tor and MMP2. We have investigated hu-
man platelets as a possible source of
MT1-MMP, and we have studied its role in
MMP2 activation and in platelet aggrega-
tion. Gelatin zymograms showed the exis-
tence of MMP2 at proforms (68 kd) and
activated-enzyme forms (62-59 kd) in su-
pernatants of resting and activated plate-

lets, respectively. No gelatinolytic activity
was associated with the platelet pellet
after aggregation, suggesting a total re-
lease of MMP2 during cell activation. By
Western blot analysis in nonreduced con-
ditions, MT1-MMP was found on resting
platelet membranes in 2 forms–the inac-
tive 45-kd form and an apparent 89-kd
form, which totally disappeared under
reduced conditions. After platelet de-
granulation, only the 45-kd form was de-
tected. Reverse transcription–polymer-
ase chain reaction experiments showed
the expression in platelets of messenger
RNA encoding for MMP2, MT1-MMP, and
TIMP2. Flow cytometry analysis showed

that MT1-MMP, MMP2, and TIMP2 expres-
sions were enhanced at the activated
platelet surface. MMP inhibitors, recombi-
nant TIMP2, and synthetic BB94 inhibited
collagen-induced platelet aggregation in
a concentration-dependent manner, indi-
cating the role of activated MT1-MMP in
the modulation of platelet function. In
conclusion, our results demonstrate the
expression of the trimolecular complex
components (MT1-MMP/TIMP2/MMP2) by
blood platelets as well as the ability of
MMP inhibitors to modulate the aggregat-
ing response. (Blood. 2000;96:3064-3069)
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Introduction

Remodeling of the extracellular matrix plays a critical role in the
reorganization of connective tissue under both normal and patho-
physiologic conditions. Extracellular matrix turnover is initiated by
proteolytic enzymes, mainly by serine proteinases of the plasmino-
gen system and matrix metalloproteinases (MMPs).1 MMPs are a
family of related proteinases whose principal function appears to
be the breakdown of extracellular matrix proteins during processes
of tissue remodeling associated with growth, development, and
repair. Several MMPs are expressed in cancers at levels that are
higher than those found in normal tissue or benign adenomas. It has
been suggested that MMPs and tissue inhibitors of metalloprotein-
ase (TIMPs) in circulating body fluids may contribute to the
regulation of tumor metastasis, invasion, and angiogenesis.2,3

Recent studies have shown that the MMP2:TIMP2 ratio could be a
predictor of invasion, metastasis, and recurrence in urothelial4 and
in prostate cancer patients.5 In addition, an increasing number of
studies of MMPs in soluble form—detected and measured in
plasma and serum—are being carried out to help in the prognosis of
various diseases. The purpose of these studies is to correlate MMP
serum levels to pathologic clinical features. Overexpression in
human tissues of MMP2 by tumor and stromal cells can be
correlated with invasive and metastatic behaviors of tumors and
with poor prognosis. Furthermore, MMP2 plasma levels were used
as markers of liver disease in chronic hepatitis C6 and were
correlated with histologic stages of hepatitis.7 High levels of

membrane type 1 (MT1)-MMP, the MMP2 physiologic activator, is
associated with invasiveness of certain cancers.8-11 Moreover,
MT1-MMP messenger RNA (mRNA) was found highly expressed
in urothelial carcinomas compared with its expression in normal
urothelial mucosa.12 MMP2 is the most abundant MMP, constitu-
tively secreted in a latent form by many cell types of mesenchymal
origin.13 MMP2 is unique among MMPs in that its proform is not
activated by enzymatic digestion with exogenous proteinases such
as urokinase, plasmin, plasma kallikrein, elastase, or cathepsin G,
the putative physiologic activators of other pro-MMPs.14 MMP2 is
synthesized and secreted as a zymogen and is activated on the cell
surface by 3 different recently discovered MT-MMPs.15-17 Apart
from the common and conserved typical MMP structure, these
membrane-bound MMPs have a transmembrane domain at the
C-terminus. Although MT2-MMP and MT3-MMP were also
shown to activate pro-MMP2, MT1-MMP is the one with the best
documented correlation to the invasive phenotype of different
types of cancer, as is active MMP2. The expression of MT1-MMP
has been studied in many cell types and is well correlated with
activation of pro-MMP2.9-11,18 The role of MT1-MMP in pro-
MMP2 activation through TIMP2 complex formation is now
recognized.19 In addition, TIMP2 has recently been proposed as a
regulator of pro-MMP2 activation, by limiting the TIMP2/MT1-
MMP receptor complex formation.20 Excess or default of TIMP2
are both inhibitory for MMP2 activation.21,22
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Blood platelets, principal cells of primary hemostasis, play
major roles in thrombosis, clot lysis, atherosclerosis, metastasis,
and inflammation. At the site of vessel injury, platelets become
activated and release several mediators that modify tissue integrity.
They may be considered secreting cells, and their ability to release
proteinases during activation was recently emphasized.23 It is well
known that interactions between soluble molecules and platelets
result in a clot formation, but platelets have also been shown to
facilitate metastasis by interacting with tumor cells. Interestingly, it
was shown that tumor cells, able to cause metastasis in vivo, had
the ability in vitro to induce platelet aggregation.24 To date, only 2
papers have reported a relationship between gelatinase secretion
and human platelets. One paper described tumor cells’ ability to
induce in vitro platelet aggregation and showed that platelets could
stimulate tumor cells to secrete MMPs, thereby facilitating metasta-
sis.25 More recently, Sawicki et al26 reported the release of MMP2
by human platelets and claimed that MMP2 was involved in
platelet-aggregating response. They showed that active but not
latent MMP2 enhanced platelet aggregation triggered by collagen
and that the inhibition of MMP2 activation inhibited platelet
aggregation. However, the mechanism of MMP2 activation was not
elucidated.

In the present work, we show the expression of MT1-MMP in
blood platelets and its role in platelet aggregation within the
trimolecular complex MT1-MMP/TIMP2/MMP2. We also demon-
strate the modulatory effect of natural (TIMP2) and synthetic
(BB94) MMP inhibitors on the platelet response.

Materials and methods

Materials

Collagen Horm was provided by Nycomed (Mu¨nich, Germany). Gelatine,
arachidonic acid (AA), adenosine 59-diphosphate (ADP), fibrinogen, bo-
vine serum albumin (fraction V), human thrombin, and mouse monoclonal
immunoglobulin (Ig) G1 antibodies were from Sigma Chemical Co (St
Louis, MO). Agarose and the enzymes for reverse transcription (RT) were
from Gibco BRL (Gaithersburg, MD). Human high molecular weight
urokinase was from Hoechst-Behring (Puteaux, France). The molecular
weight standards for the sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE) gels were from Bio-Rad (Hercules, CA).
Human monoclonal antibodies to MMP2 [Ab-3], MMP9 [Ab-1], TIMP2
[Ab-1], and MT1-MMP [Ab-1]15 and human recombinant TIMP1 and
TIMP2 were obtained from Oncogene Science (Genzyme, Cambridge,
MA). The ECL kit, the goat antimouse IgG and (a-32P) dCTP were from
Amersham Life Science (Buckinghamshire, United Kingdom). The MMP
synthetic inhibitor BB94 (Batimastat; P. D. Brown, L. Bawden, K. Miller,
Patent, WO 93/21942, 199327) was from British Biotech (Oxford, United
Kingdom). All other reagents were of analytical grade.

Preparation of human platelets

Blood was obtained from healthy human volunteers who had not received
any medication for at least 10 days and was anticoagulated with one-sixth of
its final volume by citric acid–citrate dextrose (7 mmol/L, 93 mmol/L, and
139 mmol/L, respectively, pH 6.4) containing heparin (20 IU/mL). Washed
platelets were prepared according to Mustard et al28 except that apyrase was
omitted and prostacyclin (PGI2) (1 nmol/L) was added during the first 2
steps of washing. The platelets were resuspended in Tyrode’s buffer and
adjusted to a final concentration of 53108 cells/mL.

Platelet aggregation

Aggregation was monitored at 37°C by measuring the variation of light
transmission according to method of Born29 with a Chronolog aggregome-

ter. Briefly, 400-mL samples of washed platelets supplemented with
fibrinogen (0.28 mg/mL) and stirred at 1100 rpm were preincubated with
MMPs inhibitors, TIMP1, TIMP2, and BB94 at different concentrations.
After 2 minutes of incubation, pretreated platelets were then challenged
with different agonists (AA, collagen, ADP, thrombin). The percentage of
aggregation was determined 3 minutes after addition of the stimulat-
ing agent.

Flow cytometry analysis

Membrane surface expression of MMP2, MT1-MMP, TIMP2, and MMP9
by resting and activated platelets was studied by flow cytometry. Nonstirred
washed platelets (53 108/mL) were incubated in an aggregometer cuve at
37°C for 5 minutes in the presence or in the absence of 0.5-mg/mL collagen.
The platelets were then immediately fixed in 1% formaldehyde for 30
minutes, adjusted to 106 cells/mL, and distributed in a 96-well culture plate.
Platelets were incubated 30 minutes in the dark at 4°C with MMP2,
MT1-MMP, TIMP2, or MMP9 monoclonal antibody or with a mouse IgG
(control isotype). The samples were then washed twice in Tyrode’s buffer
and incubated for 30 minutes at 4°C with fluorescein isothiocyanate–
conjugated goat antimouse IgG (20mg/mL). Finally, samples were washed,
centrifuged, and resuspended in 0.6 mL of Tyrode’s buffer. Analysis was
performed using FACScan instrument (Becton Dickinson, San Jose, CA).

Membrane preparation

Plasma membranes were prepared from human mesangial cells and from
human washed platelets as previously described30 and stored at280°C.

Gelatin zymography and reverse zymography

The gelatinolytic activity in pellets and supernatant of resting and activated
platelets was visualized on zymograms performed under nonreduced
conditions, using SDS-polyacrylamide gels containing 1-mg/mL gelatin
(7.5% PAGE for gelatin zymography and 14% for reverse zymography).
After electrophoresis the gels were soaked in 2.5% Triton X-100 for 1 hour
to remove SDS and incubated in Tris-HCl (50 mmol/L, pH 7.5), CaCl2 (5
mmol/L), and ZnCl2 (1 mmol/L) overnight at 37°C and stained with
Coomassie blue dye. Reverse gelatin zymography was performed by
incubating SDS-PAGE gels in the same buffer containing 1 volume of
HT1080 serum-free conditioned medium.

Immunoblot analysis

After SDS-PAGE, in nonreduced or reduced conditions (1-mmol/Lb-mer-
captoethanol), the proteins were transferred onto polyvinylidene difluoride
membrane (Millipore Corp, Bedford, MA) with a Trans-Blot semidry
transfer cell (Bio-Rad). After blocking 1 hour at 37°C in Tris-HCl (50
mmol/L, pH 7.5), NaCl (100 mmol/L), triethanolamine-buffered saline
(TBS) containing 2% bovine serum albumin, and 0.1% Tween 20, the
membrane was incubated with monoclonal antibodies anti-TIMP2 (1
mg/mL) or anti–MT1-MMP (10 mg/mL) for 18 hours at 4°C. After
extensive washing in TBS–0.1% Tween 20, the membrane was incubated
with goat antimouse IgG for 1 hour at room temperature. After extensive
washing, the blots were revealed by chemoluminescence with the ECL kit.

Amplification of platelet MT1-MMP, MMP2, and TIMP2

Total RNA from human platelets was isolated by the method of Chomczyn-
ski and Sacchi.31 The mRNA was reverse transcribed using random
hexamers. A total of 25 ng of complementary DNA was used as a template
in each polymerase chain reaction (PCR). The sense primer 59-
CCCTATGCCTACATCCGTGA-39 and the antisense primer 59-TCCATC-
CATCACTTGGTTAT-39, complementary to nucleotides 598 to 617 and
1148 to 1167, respectively, of human MT1-MMP were used as de-
scribed.15,18 For MMP2, the sense primer 59-TTTTCTCGAATCCAT-
GATGG-39 and the antisense primer 59-CTGGTGCAGCTCTCATATTT-
39, complementary to nucleotides 428 to 447 and 1028 to 1047, respectively,
were used according to Martin et al.32 For TIMP2, the sense primer
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59-GTTTTGCAATGCAGATGTAG-39 and the antisense primer 59-
ATGTGGAGAAACTCCTGCTT-39, complementary to nucleotides 381 to
400 and 901 to 920, respectively, were used as described.32 PCR was
performed by standard techniques using Taq polymerase, repeating 35
cycles of a 60-second denaturation step at 94°C, a 60-second annealing step
at 60°C, and a 60-second extension step at 72°C for MT1-MMP;
denaturation was 60 seconds at 95°C and annealing 90 seconds at 52°C for
MMP2 and TIMP2. The respective amplified PCR products were analyzed
on a 1.5% agarose gel and scanned.

Results

Expression and release of MMP2, MT1-MMP, and TIMP2
by aggregated platelets

Control and collagen- (1mg/mL) aggregated platelets were centri-
fuged, and the supernatants and the pellets were collected and
analyzed by gelatin zymography under nonreduced conditions. In
the supernatants of resting platelets, gelatin zymograms showed the
presence of a unique gelatinolytic band of 68 kd corresponding to
latent MMP2 (Figure 1, lane1). After stimulation, 2 activated forms
of 62 and 59 kd appeared in the supernatants (Figure 1, lane 2). No
gelatinolytic activity associated with the platelet pellet could be
detected (Figure 1, lane 3).

Western blot analysis of cell membranes showed that resting
platelets (Figure 2A, lane 3) expressed MT1-MMP in 2 forms: the
inactive 45-kd MT1-MMP similar to that in membranes of
urokinase-treated mesangial cells (Figure 2A, lane 2) and another
unusual 89-kd form. After platelet aggregation, only the 45-kd
band remained associated with the platelet membranes (Figure 2A,
lane 4). To study whether the 89-kd band was a new molecular form
of MT1-MMP or a complex containing MT1-MMP, we performed
SDS-PAGE under reduced conditions (1-mmol/Lb-mercaptoetha-
nol), and the proteins were analyzed by Western blot. The results
showed that in reduced conditions the 89-kd band disappeared,
whereas the 45-kd band remained unchanged with anti–MT1-MMP
(Figure 2B).

By reverse zymography, both TIMP1 and TIMP2 were detected

in platelet supernatants of resting (Figure 3, lane 3) and activated
(Figure 3, lane 4) platelets as well as in purified platelet membranes
(Figure 3, lane 6).

Expression of mRNAs encoding for MMP2, MT1-MMP, and
TIMP2 in platelets

RT-PCR was performed on total RNA extracted from washed
human platelets. The resulting products were compared with those
obtained from human mesangial cells as control. We found mRNAs
encoding for MT1-MMP, MMP2, and TIMP2 as single bands of
550, 620, and 540 base pairs, respectively, as predicted by the
selected primers. RT-PCR products from platelets were of the same
size as in control mesangial cells, but mRNA transcript levels were
in lower amounts in platelets than in mesangial cells (Figure 4).

Enhanced expression of trimolecular complex components
during platelet activation

To study platelet surface expression of MT1-MMP, MMP2, and
TIMP2, resting and activated platelets were used. Flow cytometry
analysis showed the expression at the cell surface of MMPs and of
TIMP2 before activation. As shown by an increase of fluorescence
intensity when platelets were incubated with specific monoclonal
antibody to MMP2 and MT1-MMP, compared with appropriate
isotype, platelet activation enhanced the expression of MMP2 and

Figure 1. Expression of MMP2 by human platelets. Human washed platelets were
resuspended in Tyrode’s buffer and were divided into 2 groups corresponding to
resting and collagen- (1 mg/mL) aggregated platelets. Supernatants from resting and
activated platelets as well as the platelet pellet solubilized in the sample buffer (lane
3) were studied by gelatin zymography in a 7.5% acrylamide gel containing 1-mg/mL
gelatin under nonreduced conditions. Gelatinolytic activity at 68 kd and at 62 to 59 kd
was visualized, indicating the presence of MMP2 in proform in resting platelets (lane
1) and in proform and activated forms in activated platelets (lane 2).

Figure 2. Expression of MT1-MMP on platelet membranes. (A) Human mesangial
cell membranes (HMCs, lane 1), HMC membranes treated by urokinase (100 nmol/L
for 24 hours) (lane 2), human resting platelet membranes (lane 3), and aggregated
platelet membranes (lane 4) were analyzed by immunoblotting using an antihuman
MT1-MMP monoclonal antibody. (B) Human platelet membranes were analyzed by
immunoblot in nonreduced and reduced conditions.

Figure 3. Expression of TIMP1 and TIMP2 in human platelets. Resting and
collagen- (1 mg/mL) activated platelets were centrifuged and analyzed for TIMP
expression by reverse zymography. Lane 1: molecular weight markers; lane 2:
human recombinant TIMP2; lane 3: supernatants from resting platelets; lane 4:
supernatants from activated platelets; lane 5: activated platelet pellet; lane 6: purified
platelet membranes.
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MT1-MMP (Figure 5C-D). In addition, a large amount of TIMP2
was released and remained associated with platelet membranes
during platelet activation (Figure 5E). A very small amount of
MMP9 was detected on resting platelets and did not increase after
platelet activation (Figure 5B).

Inhibition of platelet aggregation and of MMP2 activation
by MMP inhibitors

The role of MMP inhibitors in platelet aggregation was studied
using various agonists. Washed platelets (108 cells/mL) were
preincubated with MMP-specific tissue inhibitors TIMP1 (1.5
mg/mL), TIMP2 (0.5-1.5mg/mL) or a synthetic compound BB94
(2.5-4.0 mmol/L). After 2 minutes, platelets were exposed to
collagen (1 mg/mL), AA (10 mmol/L), ADP (10 mmol/L), or
thrombin (0.075 IU/mL). Both TIMP2 and BB94 inhibited collagen-
induced platelet aggregation in a concentration-dependent manner
(Figure 6A, upper panel). The inhibition of platelet aggregation
was associated with the absence of activation of MMP2 as shown

by zymography analysis of the same supernatants (Figure 6B). In
contrast, TIMP1 had no significant inhibitory effect (Figure 6A,
upper panel). Similar inhibition of platelet aggregation was ob-
served with TIMP2 and BB94 when platelets were triggered by AA
or by ADP (Figure 6A, lower panel). When platelets were
stimulated by thrombin, only a partial inhibition of platelet
response and MMP2 activation was observed in the presence of
TIMP2 (Figure 7).

Figure 4. Expression of MT1-MMP, MMP2, and TIMP2 mRNA transcripts in
platelets. Using RT-PCR analysis, the expression of MT1-MMP, MMP2, and TIMP2
mRNA transcripts was studied in washed platelets and compared with corresponding
mRNA transcripts expressed by human mesangial cells. PCR products stained with
ethidium bromide were electrophoresed in a 1.5% agarose gel. The figure shows
RT-PCR products of total RNA derived from platelets (Pl) and mesangial cells (Mes)
using specific primers for MT1-MMP, MMP2, and TIMP2. Left and right panels
represent the molecular size markers, and the bands of 550, 620, and 540 base pairs
correspond to MT1-MMP, MMP2, and TIMP2, respectively.

Figure 5. Flow cytometry analysis of MMPs on the platelet membrane
surface. Resting and collagen- (0.5 mg/mL) activated platelets were treated as
described in “Materials and methods.” (A) Nonspecific fluorescence intensity where
resting (i) and activated (ii) platelets were pretreated with mouse IgG (control
isotype). (B-E) Fluorescence intensities when resting (i) and activated (ii) platelets
were pretreated with specific MMP9 (B), MMP2 (C), MT1-MMP (D), and TIMP2 (E)
monoclonal antibodies, respectively. Results are representative of 3 separate
experiments.

Figure 6. Inhibition of platelet aggregation by TIMP2 and BB94. (A) Platelets
were pretreated for 2 minutes with MMP inhibitors as indicated and then triggered by
collagen (1 mg/mL), AA (10 mmol/L), or ADP (10 mmol/L). The figure shows the
inhibition by TIMP2 (0.5-1.5 mg/mL) and BB94 (2.5-4 mmol/L) but not by TIMP1 (1.5
mg/mL) of platelet response. Results are representative of 3 separate experiments.
(B) The supernatants of platelets treated as indicated on the figure were analyzed by
gelatin zymography.

Figure 7. Effect of TIMP2 on thrombin-induced platelet aggregation and
MMP2 activation. (Left panel) The platelets were pretreated for 2 minutes
with TIMP2 (1 mg/mL) and exposed to thrombin (0.075 IU/mL). (Right panel)
The supernatants of platelets treated as indicated were studied by gelatin
zymography.
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Discussion

Recently, Sawicki et al26 have reported the release of pro-MMP2 by
platelets and have demonstrated a proaggregatory effect of active
human recombinant MMP2, but the mechanism of pro-MMP2
activation was not elucidated and, in particular, the expression of
MT1-MMP by platelets has never been addressed. MT1-MMP has
been described in at least 3 membrane-associated forms: a native
63-kd, a 45-kD inactive-processed, and the 60-kd furin-processed
form.33,34 We have previously shown the existence of a soluble
MT1-MMP of 55 kd in human mesangial cell supernatants,30 and
recently we found it in human plasma and serum (I.K. et al,
unpublished data, 1998). This finding lead us to study MT1-MMP
secretion by human platelets. The results of Western blot experi-
ments on human resting platelet membranes showed 2 major
immunoreactive bands of 45 and 89 kd. The 89-kd band, recog-
nized by the MT1-MMP monoclonal antibody, was never described
before. To study whether this 89-kd protein could represent a new
molecular form of MT1-MMP or a complex containing MT1-
MMP, the platelet membranes were also analyzed in reduced
conditions. In the presence ofb-mercaptoethanol, the 89-kd band
totally disappeared, pointing to the existence of a complex.
Considering the apparent molecular weight (89 kd), this protein
could be either a 45-kd MT1-MMP dimer or native MT1-MMP (63
kd) complexed to TIMP2 (21 kd). Interestingly, it was recently
shown that TIMP2 could bind MT1-MMP at the cell surface,
generating the MT1-MMP/TIMP2 receptor necessary for pro-
MMP2 activation.20,35-37 It was tempting to hypothesize that the
89-kd protein could represent a readily assembled receptor on
platelet membranes, especially because the reverse zymogram and
the flow cytometry data showed the existence of TIMP2, a soluble
protein, on membranes of resting platelets. However, Western blot
with our anti-TIMP2 antibodies failed to detect the 89-kd band
(data not shown), and this is currently studied.

The apparent discrepancy between the increase of MT1-MMP
expression observed by flow cytometry during platelet activation
and the decrease of total MT1-MMP protein on membranes after
collagen-induced aggregation, visualized by Western blot, may be
explained by differences in the experimental conditions. In the flow
cytometry experiments, platelets were activated without stirring
and were not aggregated; MT1-MMP was expressed at the cell
surface but not consumed. Then platelets were fixed and stained
with anti–MT1-MMP antibody. In contrast, in Western blot experi-
ments, platelets were recovered by centrifugation at the end of the
aggregation and lysed in the sample buffer. During platelet
aggregation, MT1-MMP had been totally activated and processed
into the 45-kd inactive form.

Pro-MMP2 activation on the cell surface is a complex process
involving a trimolecular complex composed of TIMP2 interacting
simultaneously with the catalytic site of MT1-MMP and with the

C-terminal domain of pro-MMP2.21,36 Then, a second “free”
MT1-MMP molecule cleaves and activates pro-MMP2, generating
an intermediate 64-kd form.37-39 The autocatalytic cleavage of
MMP2 generates the active 62- and 59-kd forms. MT1-MMP
activation sequentially generates the 60-kd active and a 45-kd
inactive species, the latter being a product of MMP2 activation.40,41

Indeed, we observed in membranes of activated platelets the total
disappearance of the 89-kd MT1-MMP concomitantly to the
generation of the 62- to 59-kd active forms of MMP2 in platelet
supernatant. Therefore, our results indicate that MT1-MMP is not
only a major determinant of pro-MMP2 activation on platelets but
also that this activation has taken place within the trimolecular
complex MT1-MMP/TIMP2/MMP2. This finding is further sup-
ported by the presence of TIMP2 in platelets.

The platelet collagenolytic activity has been studied in guinea
pigs42 and in human beings,26 and the presence of TIMP1 and
TIMP2 in human megakaryocytes and platelets has been estab-
lished recently.43 The fact that TIMP1 was also expressed by
platelets could explain the existence of latent MMP2 in both resting
and activated platelets. MMP2 activity is sensitive to inhibition by
both TIMP1 and TIMP2,21 but recent studies have reported
contrary effects of TIMP1 and TIMP2 on MMP2 and MT1-MMP
activity. TIMP1 appears to be an effective inhibitor of MMP244 but
is not able to form a complex with pro-MMP2.45 TIMP2 has dual
effects on MMP2. At stochiometric concentrations, TIMP2 allows
pro-MMP2 activation in the trimolecular complex and, in excess,
TIMP2 binds free MT1-MMP, therefore preventing pro-MMP2
cleavage and activation by free MT1-MMP. MT1-MMP is also
sensitive to the inhibition by TIMPs; however, unlike TIMP2,
TIMP1 even at high concentration is unable to inhibit the process-
ing of MT1-MMP.40 The fact that platelet aggregation could be
inhibited by BB94 indicates that this inhibition is rather due to the
inhibition of MMP2 and of MT1-MMP than to a direct effect of
TIMP2 on platelets. In addition, the inhibition of platelet aggrega-
tion by TIMP2, but not by TIMP1, indicates an inhibitory profile
characteristic of MT1-MMP.35,36The partial inhibition of thrombin-
induced platelet aggregation could be explained by the direct
proteolysis and activation of MMP2 by thrombin,46 bypassing the
inhibitory effect of TIMP2 on the activation of MMP2 within the
trimolecular complex.

In conclusion, our results have demonstrated the presence of
MT1-MMP in human platelets, the release of the components of the
trimolecular complex MT1-MMP/TIMP2/MMP2 during platelet
activation, and MT1-MMP’s role in the modulation of platelet
aggregation.

Acknowledgment

We thank Dr Agnes Noel for helpful suggestions.

References

1. Birkedal-Hansen H, Moore WGI, Bodden MK, et
al. Matrix metalloproteinases: a review. Crit Rev
Oral Biol Med. 1993;4:197-250.

2. Liotta LA, Steeg PS, Stetler-Stevenson WG. Can-
cer metastasis and angiogenesis: an imbalance
of positive and negative regulation. Cell. 1991;64:
327-336.

3. DeClerck YA, Imren S. Protease inhibitors: role
and potential therapeutic use in human cancer.
Eur J Cancer. 1994;30A:2170-2180.

4. Gohji K, Fujimoto N, Ohkawa J, Fujii A, Nakajima

M. Imbalance between serum matrix metallopro-
teinase-2 and its inhibitor as a predictor of recur-
rence of urothelial cancer. Br J Cancer. 1998;77:
650-655.

5. Gohji K, Fujimoto N, Hara I, et al. Serum matrix
metalloproteinase-2 and its density in men
with prostate cancer as a new predictor of
disease extension. Int J Cancer. 1998;79:96-
101.

6. Walsh KM, Timms P, Campbell S, MacSween
RN, Morris AJ. Plasma levels of matrix metallo-

proteinase-2 (MMP-2) and tissue inhibitors of
metalloproteinases -1 and -2 (TIMP-1 and
TIMP-2) as noninvasive markers of liver disease
in chronic hepatitis C: comparison using ROC
analysis. Dig Dis Sci. 1999;44:624-630.

7. Ebata M, Fukuda Y, Nakano I, Katano Y, Fujimoto
N, Hayakawa T. Serum levels of tissue inhibitor of
metalloproteinases-2 and of precursor form of
matrix metalloproteinase-2 in patients with liver
disease. Liver. 1997;17:293-299.

8. Gilles C, Polette M, Piette J, et al. High level of

3068 KAZES et al BLOOD, 1 NOVEMBER 2000 z VOLUME 96, NUMBER 9

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/96/9/3064/1669072/h8210003064.pdf by guest on 02 June 2024



MT-MMP expression is associated with invasive-
ness of cervical cancer cells. Int J Cancer. 1996;
65:209-213.

9. Okada A, Bellocq J-P, Rouyer N, et al. Mem-
brane-type matrix metalloproteinase (MT-MMP)
gene is expressed in stromal cells of human co-
lon, breast, and head and neck carcinomas. Proc
Natl Acad Sci U S A. 1995;92:2730-2734.

10. Tokuraku M, Sato H, Murakami S, Okada Y, Wa-
tanabe Y, Seiki M. Activation of the precursor of
gelatinase A/72 kDa type IV collagenase/MMP-2
in lung carcinomas correlates with the expression
of membrane-type matrix metalloproteinase (MT-
MMP) and with lymph node metastasis. Int J Can-
cer. 1995;64:355-359.

11. Nomura H, Sato H, Seiki M, Mai M, Okada Y. Ex-
pression of membrane-type metalloproteinase in
human gastric carcinomas. Cancer Res. 1995;55:
3263-3266.

12. Kitagawa Y, Kunimi K, Ito H, et al. Expression and
tissue localization of membrane-types 1,2, and 3
matrix metalloproteinases in human urothelial
carcinomas. J Urol. 1998;160:1540-1545.

13. Woessner JF. The family of matrix metalloprotein-
ases. Ann N Y Acad Sci. 1994;732:11-21.

14. Nagase H, Suzuki K, Morodomi T, Enghild JJ,
Salvesen G. Activation mechanisms of the pre-
cursors of matrix metalloproteinases 1, 2 and 3.
Matrix Suppl. 1992;1:237-244.

15. Sato H, Takino T, Okada Y, et al. A matrix metallo-
proteinase expressed on the surface of invasive
tumour cells. Nature. 1994;370:61-65.

16. Will H, Hinzmann B. cDNA sequence and mRNA
tissue distribution of a novel human matrix metal-
loproteinase with a potential transmembrane seg-
ment. Eur J Biochem. 1995;231:602-608.

17. Takino T, Sato H, Shinagawa A, Seiki M. Identifi-
cation of the second membrane-type matrix met-
alloproteinase (MT-MMP-2) gene from a human
placenta cDNA library. J Biol Chem. 1995;270:
23013-23020.

18. Yamamoto M, Mohanam S, Sawaya R, et al. Dif-
ferential expression of membrane-type metallo-
proteinase and its correlation with gelatinase A
activation in human malignant brain tumors in
vivo and in vitro. Cancer Res. 1996;56:384-392.

19. Seiki M. Membrane-type matrix metalloprotein-
ases. APMIS. 1999;107:137-143.

20. Shofuda K, Moriyama K, Nishihashi A, et al. Role
of tissue inhibitor of metalloproteinases-2
(TIMP-2) in regulation of pro-gelatinase A activa-
tion catalyzed by membrane-type matrix metallo-
proteinase-1 (MT1-MMP) in human cancer cells.
J Biochem. 1998;124:462-470.

21. Strongin AY, Collier I, Bannikov G, Marmer BL,
Grant GA, Goldberg GI. Mechanism of cell sur-
face activation of 72-kDa type IV collagenase.
J Biol Chem. 1995;270:5331-5338.

22. Deryugina EI, Bourdon MA, Reisfeld RA, Strongin

A. Remodeling of collagen matrix by human tu-
mor cells requires activation and cell surface as-
sociation of matrix metalloproteinase-2. Cancer
Res. 1998;58:3743-3750.

23. Cicala C, Cirino G. Linkage between inflamma-
tion and coagulation: an update on the molecular
basis of the crosstalk. Life Sci. 1998;62:1817-
1824.

24. Pearlstein E, Salk PL, Yogeeswaran G, Karpatkin
S. Correlation between spontaneous metastatic
potential, platelet-aggregating activity of cell sur-
face extracts and cell surface sialylation in 10
metastatic-variant derivatives of a rat renal sar-
coma cell line. Proc Natl Acad Sci U S A. 1980;
77:4336-4339.

25. Belloc C, Lu H, Soria C, Fridman R, Kegrand Y,
Menashi S. The effect of platelets on invasive-
ness and protease production of human mam-
mary tumor cells. Int J Cancer. 1995;60:413-417.

26. Sawicki G, Salas E, Murat J, Miszta-Lane H, Ra-
domski MW. Release of gelatinase A during plate-
let activation mediates aggregation. Nature.
1997;386:616-619.

27. Davies B, Brown PD, East N, Crimmin MJ, Balk-
will FR. A synthetic matrix metalloproteinase in-
hibitor decreases tumor burden and prolongs sur-
vival of mice bearing human ovarian carcinoma
xenografts. Cancer Res. 1993;53:2087-2091.

28. Mustard JF, Perry DW, Ardli NG, Packham MA.
Preparation of suspension of washed platelets
from humans. Br J Haematol. 1972;22:193-204.

29. Born GVR. Aggregation of blood platelets by
adenosine diphosphate and its reversal. Nature.
1962;194:927-929.

30. Kazes I, Delarue F, Hagege J, et al. Soluble latent
membrane-type 1 matrix metalloprotease se-
creted by human mesangial cells is activated by
urokinase. Kidney Int. 1998;54:1976-1984.

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

32. Martin J, Knowlden J, Davies M, Williams JD.
Identification and independent regulation of hu-
man mesangial cell metalloproteinases. Kidney
Int. 1994;46:877-885.

33. Lehti K, Lohi J, Valtanen H, Keski-Oja J. Proteo-
lytic processing of membrane-type-1 matrix met-
alloproteinase is associated with gelatinase A ac-
tivation at the cell surface. Biochem J. 1998;334:
345-353.

34. Maquoi E, Noel A, Frankenne F, Angliker H, Mur-
phy G, Foidart JM. Inhibition of matrix metallopro-
teinase 2 maturation and HT1080 invasiveness
by a synthetic furin inhibitor. FEBS Lett. 1998;
424:262-266.

35. Maquoi E, Frankenne F, Baramova E, et al. Mem-
brane type 1 matrix metalloproteinase-associated
degradation of tissue inhibitor of metalloprotein-

ase 2 in human tumor cell lines. J Biol Chem.
2000;275:11368-11378.

36. Zucker S, Drews M, Conner C, et al. Tissue inhib-
itor of metalloproteinase-2 (TIMP-2) binds to the
catalytic domain of the cell surface receptor,
membrane type 1-matrix metalloproteinase 1
(MT1-MMP). J Biol Chem. 1998;273:1216-1222.

37. Butler GS, Butler MJ, Atkinson SJ, et al. The
TIMP2 membrane type 1 metalloproteinase “re-
ceptor” regulates the concentration and efficient
activation of progelatinase A. J Biol Chem. 1998;
273:871-880.

38. Cao J, Drews M, Lee HM, Conner C, Bahou WF,
Zucker S. The propeptide domain of membrane
type 1 matrix metalloproteinase is required for
binding of tissue inhibitor of metalloproteinases
and for activation of pro-gelatinase A. J Biol
Chem. 1998;273:34745-34752.

39. Li H, Bauzon DE, Xu X, Teschesche H, Cao J,
Sang QA. Immunological characterization of cell-
surface and soluble forms of membrane type 1
matrix metalloproteinase in human breast cancer
cells and in fibroblasts. Mol Carcinog. 1998;22:
84-94.

40. Stanton H, Gavrilovic J, Atkinson SJ, et al. The
activation of ProMMP-2 (gelatinase A) by HT1080
fibrosarcoma cells is promoted by culture on a
fibronectin substrate and is concomitant with an
increase in processing of MT1-MMP (MMP-14) to
a 45 kDa form. J Cell Sci. 1998;111:2789-2798.

41. Lohi J, Lehti K, Westermarck J, Kähäri V-M,
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