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Activation of proMMP-2 by MT1-MMP is considered
to be a critical event in cancer cell invasion. In the
activation step, TIMP-2 bound to MT1-MMP on
the cell surface acts as a receptor for proMMP-2.
Subsequently, adjacent TIMP-2-free MT1-MMP acti-
vates the proMMP-2 in the ternary complex. In this
study, we demonstrate that MT1-MMP forms a homo-
philic complex through the hemopexin-like (PEX)
domain that acts as a mechanism to keep MT1-MMP
molecules close together to facilitate proMMP-2 acti-
vation. Deletion of the PEX domain in MT1-MMP, or
swapping the domain with the one derived from
MT4-MMP, abolished the ability to activate
proMMP-2 on the cell surface without affecting the
proteolytic activities. In addition, expression of the
mutant MT1-MMP lacking the catalytic domain
(MT1PEX-F) ef®ciently inhibited complex formation
of the full-length enzymes and activation of pro-
MMP-2. Furthermore, expression of MT1PEX-F
inhibited proMMP-2 activation and Matrigel invasion
activity of invasive human ®brosarcoma HT1080 cells.
These ®ndings elucidate a new function of the PEX
domain: regulating MT1-MMP activity on the cell
surface, which accelerates cellular invasiveness in the
tissue.
Keywords: activation/homophilic complex/invasion/
MT1-MMP/proMMP-2

Introduction

The extracellular matrix (ECM) is a physical barrier for
cells migrating in tissue; therefore, it has to be degraded
in the direction that the cells are migrating. Matrix
metalloproteinases (MMPs) are a group of enzymes that
are thought to be critical for this process (Nagase and
Woessner, 1999). To date, 21 MMP genes have been
cloned in mammals (Nagase and Woessner, 1999; Pei,
1999; Benoit De Coignac et al., 2000; Park et al., 2000;
Velasco et al., 2000; Lohi et al., 2001) and their products
can be subgrouped into soluble MMPs and membrane-

anchored MMPs (membrane-type MMPs, MT-MMPs)
(Seiki, 1999). Soluble MMPs are thought to be responsible
for ECM degradation over broad areas of tissue, while
MT-MMPs are thought to participate in pericellular ECM
degradation, since they are tethered to the plasma mem-
brane (Nagase and Woessner, 1999; Seiki, 1999; Hotary
et al., 2000).

MMPs are composed of the conserved domain struc-
tures of a pre/propeptide, a catalytic domain, a hinge and
a hemopexin-like domain (PEX) (Nagase and Woessner,
1999). In MT-MMPs, an additional transmembrane and
cytoplasmic domain (Sato et al., 1994) or a glycosylphos-
phatidyl inositol (GPI) anchor signal (Itoh et al., 1999;
Kojima et al., 2000) are present. Among these domains,
PEX is uniquely present in the MMP family and is not
found in the other metzincin family of metalloprotein-
ases. All MMPs have this domain, except for MMP-7,
MMP-23 (Nagase and Woessner, 1999) and MMP-26
(Benoit De Coignac et al., 2000; Park et al., 2000). Thus,
it is conceivable that MMPs might have acquired
certain unique functions during evolution by having
PEX. Thus, understanding the role of the PEX domain
may help in understanding their unique biological
activities.

MT1-MMP was the ®rst MT-MMP to be discovered,
and has been shown to promote cancer invasion and
metastasis (Sato et al., 1994; Seiki, 1999). It degrades
collagen types I, II and III, ®bronectin, laminin 1 and 5,
vitronectin, ®brin and aggrecan (d'Ortho et al., 1997;
Ohuchi et al., 1997; Buttner et al., 1998; Fosang et al.,
1998; Hiraoka et al., 1998; Hotary et al., 2000; Koshikawa
et al., 2000). MT1-MMP also activates other MMPs, such
as proMMP-2 (progelatinase A) (Sato et al., 1994) and
proMMP-13 (procollagenase 3) (KnaÈuper et al., 1996).
Thus, expression of MT1-MMP is thought to initiate
multiple proteinase cascades on the cell surface.
MT1-MMP has been shown to participate not only in
cancer cell invasion and metastasis (Sato et al., 1994;
Seiki, 1999), but also in other physiological processes such
as angiogenesis (Hiraoka et al., 1998; Zhou et al., 2000),
wound healing (Okada et al., 1997) and skeletal develop-
ment (Holmbeck et al., 1999; Zhou et al., 2000). Thus,
MT1-MMP is likely to be essential for both physiological
and pathological processes of invasion.

The cell surface activation of proMMP-2 by MT1-MMP
has been considered to be a particularly important step in
tumor invasion because MMP-2 degrades collagen type IV
and laminin, which are the major components of basement
membrane (Stetler-Stevenson et al., 1993). The appear-
ance of the active MMP-2 is well correlated with tumor
invasiveness (Nomura et al., 1995; Tokuraku et al.,
1995). The activation steps include the tri-molecular
complex formation of MT1-MMP, TIMP-2 and
proMMP-2 (Strongin et al., 1995; Butler et al., 1998;
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Kinoshita et al., 1998). The interaction of MT1-MMP and
TIMP-2 is through the active site of MT1-MMP and the
inhibitory site of TIMP-2; thus, the activity of MT1-MMP
is inhibited in the complex (Imai et al., 1996; Itoh et al.,
1998). This MT1-MMP±TIMP-2 complex acts as a
receptor to bind proMMP-2 to the cell surface through
the interaction of the exposed TIMP-2 C-terminal domain
and the PEX of proMMP-2 (Butler et al., 1998; Kinoshita
et al., 1998). Since the ability of MT1-MMP in the
complex to process the propeptide of MMP-2 proteolytic-
ally is inhibited by TIMP-2, MT1-MMP that is adjacent to
the complex but not interacting with TIMP-2 is required
for the processing of proMMP-2 (Butler et al., 1998;
Kinoshita et al., 1998). However, it is unclear whether
the molecular arrangement of the tri-molecular complex
and the adjacent MT1-MMP on the cell surface occurs
randomly or in a regulated manner.

Here, we report that MT1-MMP forms a homophilic
complex on the cell surface through the PEX domain, and
that this complex facilitates proMMP-2 activation and
regulates cellular invasiveness. These results suggest
the importance of the PEX domain of MT1-MMP in
proMMP-2 activation, as well as in promoting tumor cell
invasion.

Results

MT1-MMP forms a homophilic complex through
the PEX domain
The activation of proMMP-2 by MT1-MMP on the cell
surface requires the ternary complex formation of
proMMP-2, TIMP-2 and MT1-MMP, and also the pres-
ence of TIMP-2-free MT1-MMP near the ternary complex
(Strongin et al., 1995; Butler et al., 1998; Kinoshita et al.,
1998). Therefore, if TIMP-2-free MT1-MMP and the
ternary complex are far apart, activation may not occur
ef®ciently. We thus hypothesized that MT1-MMP would
form a homophilic complex on the cell surface to arrange
the effective activation complex for MMP-2. To test
this possibility, FLAG-tagged MT1-MMP (MT1-F) and
c-Myc-tagged MT1-MMP (MT1-Myc) (Figure 1A) were
co-expressed in COS1 cells, and MT1-F was immunopre-
cipitated with anti-FLAG M2 antibody-conjugated beads.
As shown in Figure 1B, MT1-Myc was co-immunopre-
cipitated with MT1-F (lane 6, Anti-FLAG and Anti-Myc),
whereas MT1-Myc alone did not immunoprecipitate
(lane 7, Anti-Myc). This indicates that the MT1-MMP
molecules with different tags formed a complex with
each other. Next, to test the domain requirement for
complex formation, MT1-F was co-expressed with
MT1-MMP lacking either the PEX domain (MT1Cat)
or the catalytic domain (MT1PEX) (Figure 1A), and
subjected to immunoprecipitation with anti-FLAG beads.
The samples were then subjected to western blotting using
anti-FLAG M2, anti-MT1PEX and anti-MT1Cat to exam-
ine the species co-immunoprecipitated with MT1-F. As
shown in Figure 1C, MT1PEX, but not MT1Cat, was co-
immunoprecipitated with MT1-F (Anti-PEX and Anti-Cat,
lanes 8 and 9, respectively). This indicates that MT1-MMP
forms a homophilic complex through the PEX domain.

MT1-MMP forms a homophilic complex directly
through the PEX domain
To test whether the MT1-MMP complex formation is a
result of direct interaction or not, MT1-MMP without
the propeptide and transmembrane/cytoplasmic domains
(MT1EADTM) (Figure 2A) was expressed in Escherichia
coli and refolded. The active site was mutated to make it
inactive (Glu248 to Ala) to avoid autodegradation during
experiments. This mutation should not create an overall
structural alteration, as has been shown in other MMPs
(Atkinson et al., 1995). The expressed protein appeared

Fig. 1. MT1-MMP forms a homophilic complex through the PEX
domain. (A) A schematic representation of MT1-MMP mutants used in
the experiments. Pro, propeptide; FLAG, FLAG epitope; Myc, c-Myc
epitope; CD, catalytic domain; H, hinge; PEX, hemopexin-like domain;
TM, transmembrane domain. (B) COS1 cells were transfected with
the expression plasmid for MT1-F and/or MT1-Myc. The cells were
lysed and subjected to immunoprecipitation using anti-FLAG M2
antibody-conjugated beads as described in Materials and methods. The
whole-cell lysates (Whole Cell) and immunoprecipitated materials
(Anti-FLAG IP) were subjected to western blotting using an anti-FLAG
M2 antibody (Anti-FLAG) or anti-c-Myc antibody (Anti-Myc).
(C) COS1 cells were transfected with the expression plasmids for
MT1-F, MT1Cat and/or MT1PEX. The cells were lysed and subjected
to immunoprecipitation using anti-FLAG beads as above. The samples
were analyzed by western blotting using an anti-FLAG M2 antibody
(Anti-FLAG), anti-MT1-MMP PEX (Anti-PEX) or anti-MT1Cat
(Anti-Cat).
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to be >98% pure, as shown in the inset in Figure 2B.
MT1EADTM had a different mobility under reducing
(Red) and non-reducing (NR) SDS±PAGE, suggesting that
the disul®de bond in the PEX domain was correctly
formed and there is no intermolecular disul®de bond
formation. Also, puri®ed MT1EADTM formed a complex
with TIMP-2 (data not shown), suggesting that the
catalytic domain was also folded correctly.

MT1EADTM did not elute from the gel-permeation
column where expected for its size of 49 kDa, but rather at
a volume suggesting a larger molecular mass (Figure 2B).
This suggested that MT1-MMP formed a homophilic
complex. The formation of the complex was concentration
dependent (Figure 2B). At a concentration of 0.33 mM,
there was a monomer peak around 50 kDa, a dimer peak
around 130 kDa and a higher oligomer peak above
600 kDa. The ratio of the peak heights was 1:0.2:0.78,
respectively. Increasing the concentration to 0.66 mM
resulted in a similar ratio of 1:0.3:0.8. However, at
1.65 mM, the ratio was 1:0.75:1.6, representing the
increased relative amounts of the higher molecular mass
complex.

Next, MT1EADTM was treated with trypsin to separate
the catalytic and PEX domains, since trypsin was found to
cleave the middle of the hinge region, which contains
several Arg and Lys. As shown in Figure 2C, these
domains were separated as expected, and the catalytic
domain was eluted at around 17 kDa, but the PEX domain
was eluted at a volume corresponding to ~40 kDa. It is
notable that trypsin treatment resulted in loss of all the
high molecular mass peaks as well as monomer peaks,
suggesting that the PEX domain alone has tighter af®nity
to form a dimer complex. Since the catalytic domain and
PEX migrate in SDS±PAGE under non-reducing condi-
tions to 21 and 24 kDa, respectively (Figure 2C, inset,
NR), it is suggested that PEX, but not the catalytic domain,
forms a homophilic complex in solution.

To test whether the complex formation of PEX is
speci®c to MT1-MMP, the PEX of MT4-MMP (MT4-
PEX) was also expressed in E.coli. The calculated
molecular weight based on amino acid composition is
26 714 for MT4-PEX and 26 304 for MT1-PEX. The
overall topological structure of PEX is also expected to be
similar. As shown in Figure 2D, the apparent molecular
mass of MT4-PEX is almost identical to that of MT1-PEX
on SDS±PAGE under reducing and non-reducing condi-
tions. However, on gel-permeation chromatography,
MT4-PEX eluted at ~24 kDa (Figure 2D), whereas
MT1-PEX eluted at ~40 kDa, suggesting that dimer
formation was speci®c for MT1-PEX (Figure 2D, inset).
These results indicate that MT1-MMP forms a homophilic
complex through the direct interaction of the PEX
domains.

Activation of proMMP-2 by MT1-MMP on the cell
surface requires PEX
To test the importance of the MT1-MMP PEX domain
in activation of proMMP-2, the PEX domain was
exchanged with one derived from MT4-MMP (Figure 3A,
MT1-MT4PEX). As shown in Figure 3B, COS1 cells that
express MT1-MT4PEX did not activate proMMP-2 (top
panel), although the expression level is similar to that of
the wild-type enzyme (second panel, Anti-Cat).

Fig. 2. MT1-MMP directly forms a homophilic complex. (A) A
schematic representation of MT1EADTM expressed in E.coli. E/A,
Glu240 to Ala mutation. (B) Gel ®ltration analysis of MT1EADTM at
different concentrations. Three different concentrations of MT1EADTM
(0.33, 0.66 and 1.65 mM) were subjected to gel-permeation column
chromatography on Superdex 200. The inset shows SDS±PAGE
analysis of MT1EADTM under reducing (Red) and non-reducing
(NR) conditions. Bands were visualized by Coomassie Blue.
(C) MT1EADTM (50 mg/ml) was treated with trypsin (0.1 mg/ml) at
37°C for 1 h to separate the catalytic domain and PEX. Trypsin was
inactivated by the addition of 2 mM phenylmethylsulfonyl ¯uoride to
the mixture. The sample was then subjected to gel-permeation column
chromatography on Superdex 75. The inset shows the SDS±PAGE
analysis of the puri®ed PEX and catalytic domains on the column
under reducing and non-reducing conditions; the bands were visualized
by Coomassie Blue. (D) Escherichia coli-expressed MT1-MMP PEX
and MT4-MMP PEX were subjected to gel-permeation column
chromatography on Superdex 75. The inset shows the SDS±PAGE
analysis of MT4-MMP PEX under reducing and non-reducing
conditions; the bands were visualized by Coomassie Blue.
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MT1-MT4PEX is expressed on the cell surface, as the
molecule was sensitive to surface biotinylation (bottom
panel, Surface Biotinylation). MT1-MT4PEX can form
a ternary complex of MT1-MT4PEX±TIMP-2±pro
MMP-2 on the cell surface as the proMMP-2 bound to
MT1-MT4PEX-expressing cells (Figure 3C, lanes 2 and
3). To examine whether MT1-MT4PEX is proteolytically
active on the cell surface, the transfected cells were
cultured on a DQ gelatin substrate. DQ gelatin is a
¯uorescence-quenched substrate that ¯uoresces upon

proteolytic cleavage. As shown in Figure 3D,
MT1-MMP- as well as MT1-MT4PEX-expressing cells
showed gelatinolytic activity, whereas mock-transfected
cells did not. This activity was also completely inhibited
by BB94 (data not shown). We have also con®rmed that
the PEX domain-deleted MT1-MMP (MT1Cat) cannot
activate proMMP-2, although it retains its proteolytic
activity as well as its ability to form the ternary complex of
MT1Cat±TIMP-2±proMMP-2 on the cell surface, as does
MT1-MT4PEX (data not shown). Taken together, these

Fig. 3. Examination of MT1-MT4PEX for the activation of proMMP-2 on the cell surface. (A) A schematic representation of MT1-MT4PEX.
MT4-PEX, PEX domain derived from MT4-MMP. (B) Activation of proMMP-2 by MT1-MMPs. COS1 cells were transfected with the expression
plasmids for MT1-MMP, MT1-MT4PEX or vector alone (Mock), and these cells were reacted with puri®ed proMMP-2 (0.25 mg/ml) in the culture
medium without serum at 37°C for 18 h. The medium was analyzed by zymography for proMMP-2 processing (top panel), and the cell lysate by
western blotting using anti-MT1Cat (middle panel, Anti-Cat). Transfected cells were also subjected to surface biotinylation as described in Materials
and methods, and analyzed by western blotting using anti-MT1Cat (bottom panel, Surface Biotinylation). (C) Binding of proMMP-2 to the
MT1-MT4PEX-expressing cells tested as described in Materials and methods. Samples were analyzed by gelatin zymography. (D) In situ gelatin
degradation activities of MT1-MT4PEX-expressing cells were studied by culturing cells on DQ gelatin-coated coverslips as described in Materials
and methods. Gelatin degradation activity was visualized as the ¯uorescent area. A bright ®eld image is also shown. Bars: 50 mm.
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data show that the PEX domain plays an important role in
proMMP-2 activation, presumably by forming a homo-
philic complex.

MT1-MMP forms a homophilic complex on the
cell surface
To monitor the dimer formation of the enzyme in the
cells, we took another approach to detect the molecular
interactions. Growth factor receptors, including nerve
growth factor receptor (NGFR), form a dimer or oligomer
complex through the ectodomain upon binding to their
speci®c ligands (Jing et al., 1992; Lemmon and
Schlessinger, 1994). Subsequently, the cytoplasmic do-
mains containing tyrosine kinase (TK) are brought into
close proximity, resulting in trans-phosphorylation at
the tyrosine residues (Jing et al., 1992; Lemmon and
Schlessinger, 1994). It is thus possible to determine the
speci®c homo-dimer interactions of a protein by making a
chimeric protein with a receptor molecule. For example,
the fusion protein between the cytoplasmic domain of
NGFR and BCR of the oncoprotein BCR-ABL resulted in
constitutive phosphorylation of NGFR's tyrosine residues
since BCR forms a tetrameric complex (Maru et al., 1998).
We thus constructed a chimeric protein consisting of the
ectodomain of MT1-MMP and the transmembrane and
cytoplasmic domains of NGFR (Figure 4A, MT1-F/
NGFR). MT1-F/NGFR was expressed in COS1 cells, as
detected by the anti-FLAG M2 antibody (Figure 4B, top
panel, Anti-FLAG, lane 1). The same sample was analyzed
by anti-PY, and phosphorylation was detected (Figure 4B,
bottom panel, Anti-PY, lane 1). This suggested that the
MT1-F/NGFR tyrosine residues were phosphorylated and
that the ectodomain of MT1-MMP formed a homophilic
dimer on the cell surface.

To test for domain-speci®c interactions in this sys-
tem, the following chimeras were also constructed:
MT1PEX-F/NGFR, MT1Cat-F/NGFR and MT4PEX-F/
NGFR (Figure 4A). These constructs were expressed in
COS1 cells at levels similar to MT1-F/NGFR expression,
as detected by the anti-FLAG M2 antibody (Figure 4B, top
panel, Anti-FLAG, lanes 2±4). When tyrosine phosphoryl-
ation in these samples was detected by the anti-PY
antibody, only MT1PEX-F/NGFR was shown to be
strongly phosphorylated (Figure 4B, bottom panel, Anti-
PY, lane 2). Phosphorylation levels of MT1Cat-F/NGFR
and MT4PEX-F/NGFR were very low (lanes 3 and 4,
respectively). These results indicate that the chimera
formed a homophilic complex through PEX on the cell
surface, supporting the earlier data (Figures 1 and 2).

Next, the expression plasmids for MT1-F/NGFR
and FLAG-tagged MT1PEX (MT1PEX-F), MT1Cat
(MT1Cat-F) or MT1-F were co-transfected to investigate
whether the dimer formation of the chimera can be
disrupted or not. As shown in Figure 4C, co-expression of
MT1PEX-F and MT1-F effectively competed in the dimer
formation of MT1-F/NGFR (lanes 2 and 4). On the other
hand, the expression of MT1Cat-F did not decrease the
intensity of the band very much (lane 3). Furthermore, up
to 90% of the inhibition of phosphorylation was observed
by increasing levels of MT1PEX-F expression (Figure 4D,
lanes 1±5). This further strengthened the idea that
MT1-MMP molecules interact through their PEX
domains.

Rac1 augments dimer formation of MT1-MMP and
proMMP-2 activation at lamellipodia
Using the chimera construct, we next investigated whether
there are any factors that might regulate the dimer
formation of MT1-MMP on the cell surface. Since it
has been reported that MT1-MMP is localized at the
lamellipodia structure in walking osteoclasts (Sato et al.,
1997), we looked at the effect of a constitutively active
form of the small GTPase Rac1 (V12Rac1, Rac1DA) on
dimer formation as a GTP-bound form of Rac1 stimulates
the generation of lamellipodia in cells (Michiels et al.,
1995). MT1-F/NGFR was co-expressed with Rac1DA in
COS1 cells and the phosphotyrosine signal was monitored.
As shown in Figure 5A, co-transfection of Rac1DA and
MT1-F/NGFR resulted in an enhanced phosphotyrosine
signal compared with MT1-F/NGFR alone (Anti-PY,
lanes 1 and 3). When MT1PEX-F was co-expressed, the
signal decreased from 182 to 120%, suggesting that
the increased phosphotyrosine signal was likely to be the
result of enhanced dimer formation (Figure 5A, Anti-PY,
lanes 2 and 4, see also Figure 4). Immunostaining
of MT1-F/NGFR-expressing cells for phosphotyrosine
revealed that distinct signals were detected, especially
where the F-actin was concentrated (Figure 5B,
MT1-F/NGFR). Expression of Rac1DA generated ruf¯ed
membranes at the edge of the cell (Figure 5B, MT1-F/
NGFR´Rac1DA and Rac1DA), and phosphotyrosine
signals were detected extensively at the edge of the
membrane structure (MT1-F/NGFR´Rac1DA). These
signals were generated by MT1-F/NGFR as they were
co-localized with the staining pattern with the anti-
FLAG M2 antibody (data not shown), and no such signals
were detected in Rac1DA- or mock-transfected cells
(Rac1DA and Mock). These results suggest that
accelerated dimer formation occurs at the ruf¯ing
membrane edge. We then tested the effect of Rac1DA
expression on proMMP-2 activation by MT1-MMP. As
shown in Figure 5C, co-expression of MT1-MMP and
Rac1DA clearly enhanced the processing of proMMP-2
to the active form. Immunolocalization of MT1-F in
the transfected cells showed that MT1-F is distributed on
the cell surface and is relatively concentrated at the
lamellipodia structure where F-actin is concentrated
(Figure 5D, Anti-FLAG, MT1-F). On the other hand,
co-expression of Rac1DA with MT1-F reinforced the
localization of MT1-F at the ruf¯ed membrane edge (Anti-
FLAG, MT1-F/RacDA). Taken together, these data
suggest that the expression of Rac1DA generates ruf¯ing
membrane and forces MT1-MMP to localize at the site.
Subsequently, the local concentration of MT1-MMP is
likely to increase at the site of the membrane, and it
promotes homophilic complex formation and activation of
proMMP-2.

Biological outcome by MT1-MMP depends on
its ability to form a homophilic complex on
the cell surface
We next examined the effect of MT1PEX-F on the
activation of proMMP-2 since MT1PEX-F effectively
inhibited the dimer formation of MT1-F/NGFR (Figure 4C
and D). COS1 cells were transfected with the plasmids for
MT1-MMP and MT1PEX-F in different ratios. As shown
in Figure 6A, MT1PEX-F expression inhibited the cell
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surface activation of proMMP-2 by MT1-MMP (top and
middle panels). The expression of MT1PEX-F did not
affect the appearance of MT1-MMP on the surface of the
cells, since a similar amount of MT1-MMP was biotinyl-
ated (Figure 6A, bottom panel, Surface Biotinylation). As
shown in Figure 6B, proMMP-2 binding to the cell surface
was also not affected by MT1PEX-F expression. Co-
expression of MT1PEX-F did not decrease the amount of

proMMP-2 bound to the cell surface, and a signi®cantly
lower amount of active species was detected. MT1PEX-F
also did not affect the proteolytic activity of MT1-MMP
on the cell surface, as shown in Figure 6C, showing a
similar gelatin degradation pattern and area. Therefore,
MT1PEX-F inhibits the dimer formation of MT1-MMP
and acts as a dominant-negative form of MT1-MMP in
activation of proMMP-2 on the cell surface.

Fig. 4. Examination of dimer formation of the MT1-MMP ectodomain on the cell surface. (A) A schematic representation of the mutant MT1-MMP/
NGFR chimeras. NGFR-TM/CP, NGFR-derived transmembrane and cytoplasmic domains; TK, tyrosine kinase domain; Y, possible tyrosine residue to
be phosphorylated; MT4-PEX, PEX domain derived from MT4-MMP. (B) COS1 cells were transfected with expression plasmids for MT1-F/NGFR,
MT1PEX-F/NGFR, MT1Cat-F/NGFR, MT4PEX-F/NGFR or vector alone (Mock). Cell lysates were subjected to western blot analysis using the
anti-FLAG M2 monoclonal antibody (Anti-FLAG, upper panel) or anti-phosphotyrosine PY20 monoclonal antibody (Anti-PY). (C) COS1 cells were
co-transfected with MT1-F/NGFR and/or MT1PEX-F, MT1Cat-F, or MT1-F. Cells were then subjected to western blotting using anti-FLAG M2
(Anti-FLAG) or PY20 (Anti-PY). The relative intensity of the bands detected by PY20 was analyzed with NIH Image, and is indicated. (D) COS1
cells were co-transfected with MT1-F/NGFR and MT1PEX-F at the indicated amounts of DNA. Cells were then subjected to western blotting using
anti-FLAG M2 (Anti-FLAG) or PY20 (Anti-PY). The relative intensity of the bands detected by PY20 is indicated.
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HT1080 cells are known to express MT1-MMP and
MMP-2 endogenously (Strongin et al., 1995). Thus, we
next looked at the effect of the expression of MT1PEX-F
on the activation of endogenous proMMP-2 in HT1080
cells. The cells were transfected with MT1PEX-F plasmid
or the empty vector, which bears the hygromycin-resistant
gene. MMP-2 produced in the culture supernatant by
whole hygromycin-resistant populations of the cells was
then analyzed by zymography. As shown in Figure 7A,
mock-transfected cells spontaneously activate endogenous
MMP-2 in a manner sensitive to BB94 (top panel, lanes 1
and 2). On the other hand, the cells expressing MT1PEX-F
did not effectively activate proMMP-2 (top panel, lane 3).
Western blot analysis of the cell lysates indicated that
HT1080 cells spontaneously produce MT1-MMP, and it is
partially processed to a 43 kDa fragment, as reported
previously (Lehti et al., 1998; Stanton et al., 1998).
MT1PEX-F did not affect the expression and processing
of endogenous MT1-MMP. Co-immunolocalization of

endogenous MT1-MMP and MT1-PEX-F clearly indica-
ted the co-localization of both molecules at the edge of the
cells (Figure 7B). Finally, the effect of MT1PEX-F on the
invasive activity of HT1080 cells was tested (Figure 7C).
Exogenously added TIMP-2 inhibited the invasion by
mock-transfected cells by 50%. By transfecting the
expression plasmid for MT1PEX-F, invasion was sup-
pressed by 70%. Adding TIMP-2 to the MT1PEX-F-
expressing cells produced no further reduction in the
amount of invasion.

Discussion

Homophilic complex formation of MT1-MMP
facilitates the activation of proMMP-2 on the
cell surface
In the present study, we have shown that MT1-MMP forms
a homophilic complex through the PEX domain on the cell
surface. The complex formation of MT1-MMP on the cell

Fig. 5. Effect of the constitutively active form of Rac1 (Rac1DA) on the dimer formation of MT1-MMP and its ability to activate proMMP-2.
(A) Effect of Rac1DA on the dimer formation of MT1-F/NGFR. COS1 cells were transfected with the expression plasmids for MT1-F/NGFR,
MT1PEX-F and/or Rac1DA. Cell lysates were subjected to western blot analysis using PY20 (Anti-PY) and anti-FLAG M2 antibodies (Anti-FLAG).
The relative intensity of the bands detected by PY20 was analyzed with NIH Image, normalized by the relative intensity of the bands of MT1-F/
NGFR detected by Anti-FLAG M2 antibody, and is indicated. (B) Transfected COS1 cells were stained with PY20 (Anti-PY) as described in
Materials and methods. F-actin was also stained with Alexa488-conjugated Phalloidin (Alexa488 Phalloidin). The white arrows indicate the sites
where F-actin and PY signals were co-localized. Bars: 10 mm. (C) COS1 cells were transfected with the expression plasmids for MT1-MMP and
Rac1DA, and these cells were reacted with puri®ed proMMP-2 (0.25 mg/ml). The medium was analyzed by zymography for proMMP-2 processing
(top panel), and the cell lysate was analyzed by western blotting using the anti-MT1PEX antibody (bottom panel). The relative activation of
proMMP-2 to the active form was calculated by measuring the intensity of the bands of proMMP-2 with NIH Image, and is indicated. (D) Transfected
COS1 cells were stained with anti-FLAG M1 antibody as described in Materials and methods. F-actin was also stained with Alexa488-conjugated
phalloidin (Alexa488 Phalloidin). The white arrows indicate the sites where F-actin and FLAG signals were co-localized. Bars: 10 mm.
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surface allows a closer molecular arrangement between
enzyme molecules. Thus, it is conceivable that one of the
MT1-MMP molecules in the complex binds to TIMP-2 to
act as a proMMP-2 receptor, and the other TIMP-2-free
MT1-MMP in the complex cleaves the propeptide of
proMMP-2 bound to the receptor. Co-expression of
MT1PEX-F with full-length MT1-MMP results in the
formation of a hetero-complex of MT1PEX-F±MT1-MMP
(see Figure 1), and creates a certain distance between the
receptor-MT1-MMP±TIMP-2 and the catalytic MT1-
MMP. This disables the catalytic enzyme, preventing it
from reacting with the proMMP-2 in the ternary complex.
Thus, the interaction of MT1-MMP molecules through
PEX is most likely a mechanism for assembling the
activation complex by bringing together the receptor for
proMMP-2 (i.e. MT1-MMP±TIMP-2) and catalytic MT1-
MMP on the cell surface. It is not clear at present whether
dimer formation is suf®cient for effective activation, or if
oligomerization would enhance its activity further.
Nonetheless, PEX domain interaction in MT1-MMP is
critical for proMMP-2 activation.

Regulation of complex formation on the
cell surface
The expression of Rac1DA induced ruf¯ed membrane that
is rich in F-actin, and MT1-MMP on the cell surface was
concentrated at the membrane structure. Our results
indicated that the homophilic complex was formed
exclusively at the ruf¯ing membrane structure generated
by Rac1DA. Presumably, increased local concentration of
MT1-MMP at the membrane structure enhanced complex
formation and resulted in ef®cient proMMP-2 activation,
although the exact mechanism underlying the phenom-
enon is not known at present. While this manuscript was in
preparation, it was reported that Rac1 mediates type I
collagen-dependent proMMP-2 activation in HT1080 cells
(Zhuge and Xu, 2001). Zhuge and Xu (2001) showed that
expression of Rac1DA up-regulated MT1-MMP expres-
sion, thereby enhancing proMMP-2 activation. In our
experiments, however, Rac1DA did not affect MT1-MMP
expression levels and, therefore, the increased activation
of proMMP-2 we observed was attributed to a post-
translational event: complex formation. It is possible,
however, that proMMP-2 activation can be stimulated
synergistically by both mechanisms when cells are in a
type I collagen-rich environment.

A mode of dimer formation
Homophilic complex formation of E.coli-expressed
MT1EADTM was concentration dependent. MT1-MMP
expressed on the cell surface is likely to be in the same
manner as described above. However, an excess of
exogenously added soluble MT1PEX fragment failed to
inhibit proMMP-2 activation on the cell surface (data not
shown). This is presumably due to the tighter complex
formation of puri®ed PEX without the catalytic domain,
and it would not be able to exchange ef®ciently with cell
surface-located PEX in an intact MT1-MMP. It is also
possible that soluble MT1PEX may not be able to compete
the binding with membrane-anchored MT1-MMP, and it
may require to be anchored to the plasma membrane to
concentrate both molecules at the same site effectively.

Fig. 6. Effect of MT1PEX-F on the proMMP-2 activation by
MT1-MMP on the cell surface. (A) COS1 cells were co-transfected
with the expression plasmids for MT1-MMP and MT1PEX-F at the
amounts of DNA indicated. Puri®ed proMMP-2 (0.25 mg/ml) was then
reacted with the cells at 37°C for 18 h. MMP-2 in the culture medium
was analyzed by gelatin zymography (top panel), and the cell lysate
was subjected to western blotting using anti-MT1PEX antibody (middle
panel, Whole cell). Transfected cells were also subjected to surface
biotinylation as described in Materials and methods and analyzed
by western blotting using anti-MT1PEX (bottom panel, Surface
Biotinylation). (B) Binding of proMMP-2 to the transfected cells was
tested as described in Materials and methods. Samples were analyzed
by gelatin zymography. (C) In situ gelatin degradation activity of
transfected cells was studied by culturing cells on the glass slide coated
with Alexa488-labeled gelatin as described in Materials and methods.
Gelatin degradation activity was visualized as dark, non-¯uorescent
areas. Bars: 50 mm.
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Of interest are previous reports in which an MT1-MMP
with the catalytic domain deleted was generated in
HT1080 cells (Lehti et al., 1998; Stanton et al., 1998).
This product is the result of a proteolytic cleavage at an
Ala255±Ile bond located at the end of the catalytic domain
of MT1-MMP by the action of either MT1-MMP itself or
MMP-2 activated by MT1-MMP (Lehti et al., 1998;
Stanton et al., 1998). Since this product retains the PEX
domain, it may have a similar effect to MT1PEX-F.
Thus, this processing not only removes the activity of
MT1-MMP, but may also inhibit homophilic complex
formation of the intact MT1-MMP molecules on the cell
surface.

Overall et al. (2000) have recently suggested that
MT1-MMP may not form homophilic dimer or oligomer
complexes, which they speculated from gel-permeation
column chromatography of an E.coli-expressed recombin-
ant MT1-MMP PEX fragment. However, we were able to
detect dimer formation of E.coli-expressed MT1PEX, as
well as of MT1-MMP expressed in mammalian cells
through the PEX domain. It is most likely that the
discrepancy comes from different experimental conditions
or folding of the recombinant PEX domain.

Role of the PEX domain in the biological activities
of MMPs
Since the PEX domain is found in most of the MMPs, but
not in the other metzincin metalloproteinase family
members, this domain is likely to determine the unique
properties of MMPs. The crystal structure of the PEX
domain from MMP-2 and MMP-13 revealed an ellipsoidal
disk shape with a four-bladed b-propeller structure
(Gohlke et al., 1996; Gomis-RuÈth et al., 1996). It has
been shown that collagenases require the PEX domain to
cleave triple helical collagens (Murphy et al., 1992;
KnaÈuper et al., 1997), and probably that the combination
of PEX and the catalytic domain unwinds the triple helical
structure to cleave each peptide bond one by one
(Gomis-RuÈth et al., 1996). Another role of PEX is
shown in the progelatinases proMMP-9 and proMMP-2.
They form a complex with TIMP-1 and TIMP-2, respect-

ively, through the interactions of their PEX domain and the
C-terminal domain of the TIMPs (Goldberg et al., 1989;
Wilhelm et al., 1989). In the case of the
proMMP-9±TIMP-1 complex, TIMP-1 is thought to
regulate the activation of proMMP-9 by inhibiting its
activators, such as MMP-3 (Ogata et al., 1995) and
MMP-7 (Imai et al., 1995; Ogata, 1995). In the case of the
proMMP-2±TIMP-2 complex, it is now clear that complex
formation is rather essential for the activation of
proMMP-2 by MT1-MMP on the cell surface (Will et al.,
1996; Butler et al., 1998; Kinoshita et al., 1998). It has also
been reported that MMP-2 binds to avb3 integrin through

Fig. 7. Effect of MT1PEX-F on the activation of proMMP-2 and the
Matrigel invasion activity of HT1080 cells. (A) HT1080 cells were
transfected with the stable expression plasmid for MT1PEX-F and an
empty vector, and the whole population of hygromycin-resistant cells
was pooled and reseeded. After 24 h, the medium was exchanged for
serum-free DMEM in the presence or absence of BB94 (10 mM) and
the cells were further cultured for 24 h. The culture medium and cell
lysate were analyzed by gelatin zymography and western blotting using
anti-MT1PEX. (B) HT1080 cells were transfected with the expression
plasmid for MT1PEX-F or empty vector. Cells were co-immunostained
for endogenous MT1-MMP and MT1PEX-F using rabbit anti-MT1Cat
antibody and anti-FLAG M1 antibody, respectively. The white arrows
indicate the sites where endogenous MT1-MMP (Anti-MT1Cat) and
MT1PEX-F (Anti-FLAG M1) signals were co-localized. Bars: 50 mm.
(C) HT1080 cells were transfected with the expression plasmid for
MT1PEX-F or empty vector together with the plasmid for GFP. Cells
were then subjected to a Matrigel invasion assay using the modi®ed
Boiden chamber method as described in Materials and methods.
TIMP-2 at 0.5 mg/ml was added to both the upper and lower chamber.
GFP-positive cells on the lower chamber surface were counted under
¯uorescence microscopy. The total numbers of GFP-positive cells in
mock and MT1PEX-F-transfected cells were 1.31 3 104 and 1.12 3
104, respectively. The mean and standard deviation of four in each
group are indicated as a graph.
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the PEX domain (Brooks et al., 1996), although its
relationship to MT1-MMP is not clear. In addition to these
previous ®ndings, the present study provides the novel
example of the role of the PEX domain in MT1-MMP
homophilic complex formation and in the activation of
proMMP-2 on the cell surface. Thus, PEX, a uniquely
conserved domain in MMPs, is thought to be a general
device for interaction with molecules that determine the
fate of the enzyme in biological systems.

A new strategy to test the biological function of
MT1-MMP
Using MT1PEX-F, one can test the role of proMMP-2
activation or dimer formation of MT1-MMP in certain
biological systems. Our data indicate that the invasive
activity of HT1080 cells in the Matrigel system was
effectively inhibited by MT1PEX-F. The major com-
ponents of the Matrigel are laminin and type IV collagen,
and HT1080 cells need to degrade these components to
penetrate the membrane ef®ciently. Since MT1-MMP
does not degrade type IV collagen by itself (Ohuchi et al.,
1997), activation of proMMP-2 is likely to play an
important role in this system. Therefore, it is likely that
one of the major causes of the inhibition of the invasion by
MT1PEX-F is inhibition of the activation of proMMP-2 by
endogenous MT1-MMP, although it still cannot be ruled
out that PEX binds another partner molecule on the cell
surface to diminish unknown MT1-MMP activity.
Nevertheless, MT1PEX-F is a useful tool to test the role
of MT1-MMP in certain biological systems.

Evidence is accumulating as to the importance of
MT1-MMP activity in many biological systems. There-
fore, the dominant-negative MT1-MMP, MT1PEX-F,
would help to elucidate the biological signi®cance of
MT1-MMP in tissue and to develop new strategies for
treating MT1-MMP-related diseases, including cancer.

Materials and methods

Cell culture and transfection
COS1 and HT1080 cells were maintained in Dulbecco's modi®ed Eagle's
medium (DMEM; Sigma Chemical Co. Ltd, St Louis, MO) containing
10% fetal bovine serum and kanamycin in a humidi®ed 37°C incubator.
At 16 h before the transfection was performed, the cells were seeded in
six-well plates at 1 3 105/well. Expression plasmids for each protein
were transfected using FuGENE6Ô (Roche Molecular Biochemicals,
Basel, Switzerland) according to the manufacturer's instructions.

Construction of MT1-MMP mutants and chimeras
The cDNA of MT1-MMP was used as a template to generate DNA
fragments for MT1Cat (DIle318-Gly535) and MT1PEX (DTyr112-
Pro312) by the PCR extension method of Ho et al. (1989). A
FLAG epitope (Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys)-tagged MT1-MMP
(MT1-F) expression construct was generated as described previously
(Itoh et al., 1999) and used as a template to generate cDNA for FLAG-
tagged MT1Cat (MT1Cat-F) and MT1PEX (MT1PEX-F). The cDNA
was subcloned into pSG5 (Stratagene, CA). For stable expression, the
cDNA of MT1PEX-F was subcloned into pCEP4 (Invitrogen, Groningen,
The Netherlands), which bears EBNA-1 and hygromycin resistance gene
expression cassettes.

The DNA corresponding to Cys319±Cys508 in MT1-MMP and
MT1PEX-F was replaced with Cys336±Cys527 of mouse MT4-MMP
to generate MT1-MT4PEX and MT4PEX-F, respectively.

A c-Myc epitope (Glu-Gln-Lys-Leu-Ile-Ser-Glu-Glu-Asp-Leu)-tagged
MT1-MMP (MT1-Myc) expression construct was generated by PCR in a
manner similar to that described for MT1-F (Itoh et al., 1999). A c-Myc
tag was inserted between Arg111±Tyr, which is the same site for insertion
of a FLAG tag in MT1-F.

Chimera mutants of the ectodomain of MT1-F, MT1Cat-F, MT1PEX-F
or MT4PEX-F and the transmembrane/cytoplasmic domain of NGFR
(MT1-F/NGFR, MT1Cat-F/NGFR, MT1PEX-F/NGFR or MT4PEX-F/
NGFR, respectively) were also generated by PCR and subcloned into
pSG5. The mutant is derived from sequences corresponding to
Met1±Asp515 of MT1-MMP and Glu384±Gly790 of NGFR. The other
chimera mutants were also generated at the corresponding sites. All the
PCR-generated fragments were con®rmed by DNA sequencing.

The expression plasmid for the constitutively active form of Rac1
(V17, Rac1DA) was kindly provided by Dr Yoshimi Takai at Osaka
University.

Antibodies
A polyclonal anti-(MT1-MMP catalytic domain) antibody (anti-Cat) was
generated by injecting the E.coli-expressed puri®ed MT1-MMP catalytic
domain into rabbits. The antibody was con®rmed to recognize
MT1-MMP speci®cally as it did not recognize other MT-MMPs,
including MT2-, MT3-, MT4-, MT5-, MT6-MMPs. A monoclonal
mouse anti-(human MT1-MMP PEX domain) antibody (anti-PEX, 222-
1D8) was generated by injecting puri®ed E.coli-expressed human
MT1-MMP PEX domain into mice. This antibody was con®rmed to be
speci®c to MT1-MMP.

We also used commercially available antibodies as follows: a
monoclonal mouse anti-FLAG epitope M2 antibody (Sigma), a mouse
monoclonal anti-c-Myc antibody (Ab-1) (Oncogene, MA; 1 mg/ml),
a mouse monoclonal anti-phosphotyrosine antibody (PY20) (ICN
Biochemicals, Inc., OH), alkaline phosphatase-conjugated goat anti-
mouse IgG and anti-rabbit IgG (Sigma).

Immunoprecipitation and western blotting
Preparation of cell lysate and immunoprecipitation with anti-FLAG M2
antibody-conjugated beads (Sigma) were carried out as described in Itoh
et al. (1999). To detect FLAG-tagged proteins and associating molecules,
the bound protein was eluted by the FLAG peptide (200 mg/ml; Sigma) in
Tris-buffered saline (TBS), and subjected to western blot analysis.

Western blotting was also carried out as described previously (Itoh
et al., 1999) and proteins reacted with probe antibodies were visualized
using alkaline phosphatase-conjugated second antibodies.

Puri®cation and folding of MT1EADTM, MT1-PEX and
MT4-PEX expressed in E.coli
The cDNA fragment encoding Tyr112±Gly535 of MT1-MMP with the
point mutation of Glu240±Ala (MT1EADTM) was generated by PCR and
subcloned into a pET3a. Constructs of Cys319±Gly535 (MT1PEX) of
MT1-MMP and Cys336±Gly550 in mouse MT4-MMP were generated in
the same manner. The sequence encoding Met was included at the 5¢ end
of all constructs. All the PCR-generated DNAs were con®rmed by DNA
sequencing. BL21(DE3)pLysS cells were transformed with these pET3a
constructs, and protein expression was induced by 0.4 mM isopropyl-
b-D-thiogalactopyranoside. Proteins were puri®ed and folded according
to the method of Huang et al. (1996).

Puri®cation of proMMP-2 and TIMP-2
Recombinant human proMMP-2 and TIMP-2 were expressed in HighFive
insect cells (Invitrogen, CA) infected with recombinant baculoviruses
engineered to express human proMMP-2 and TIMP-2. Recombinant
viruses were made using Bac-To-BacÔ Baculovirus Expression Systems
(Life Technologies, MD). ProMMP-2 was puri®ed from the culture
medium of infected cells by gelatin±Sepharose (Amersham Pharmacia
Biotech Inc., Uppsala, Sweden) and a gel-permeation column on
Sephacryl S-200 (Amersham Pharmacia Biotech, Inc.) as described
previously (Itoh et al., 1995). TIMP-2 was puri®ed from the medium by
Green A Dyematrex (Millipore, MA) and a gel-permeation column on
S-200.

Gel-permeation column chromatography
Puri®ed MT1EADTM, MT1PEX and MT4PEX were subjected to gel-
permeation column chromatography on Superdex 200 or Superdex 75
equilibrated with TNC buffer (50 mM Tris±HCl pH 7.5, 150 mM NaCl,
10 mM CaCl2, 0.02% NaN3) containing 0.05% Brij35 and analyzed under
the AÈ KTA explorer 10S system (Amersham Pharmacia Biotech, Inc.).
The calibration was performed using thyroglobulin (mol. wt 669 000),
ferritin (mol. wt 440 000), gammaglobulins (mol. wt 150 000),
transferrin (mol. wt 81 000), ovalbumin (mol. wt 43 000) and myoglobin
(mol. wt 17 600) as standards.
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Gelatin zymography
Gelatin zymography was conducted with an SDS±polyacrylamide gel
containing gelatin (0.8 mg/ml) as described previously (Morodomi, 1992;
Itoh et al., 1998). The samples were mixed with SDS±PAGE loading
buffer without a reducing agent and subjected to electrophoretic analysis
at room temperature. Enzyme activity was visualized as negative staining
with Coomassie Blue.

Surface biotinylation and subsequent immunoprecipitation
Transfected COS1 cells were washed three times with chilled phosphate-
buffered saline (PBS) containing 1 mM MgCl2 and 0.1 mM CaCl2. Cells
were then incubated with sulfo-NHS-biotin (Pierce) in the same buffer
(2 mg/ml) at 4°C for 30 min. The reaction was terminated by further
incubating the cells with 25 mM lysine in PBS. The cells were lysed in
RIPA buffer, and the biotinylated proteins were precipitated with
streptavidin±Sepharose beads (Amersham-Pharmacia). The samples
were analyzed by western blotting using anti-MT1Cat or anti-PEX
antibody.

In situ gelatin degradation assay
We utilized two different in situ gelatin degradation assays. One used
DQÔ gelatin (Molecular Probes, Inc., OR). DQ gelatin is a ¯uorescence-
quenched gelatin substrate and will ¯uoresce upon proteolytic cleavage.
Glass coverslips were coated with 5% DQ gelatin in 10 mg/ml unlabeled
gelatin solution, and dried. Transfected cells were cultured on the
coverslip in the humidi®ed chamber for 16 h. Cells were then ®xed with
3% paraformaldehyde and the degraded areas were visualized as those
areas showing ¯uorescence.

The other assay used Alexa488-conjugated gelatin made with an
Alexa488-labeling kit (Molecular Probes). The bottom surface of four-
well chamber slides (Nunc) was coated with Alexa488-conjugated gelatin
according to the method of Yana and Weiss (2000). Transfected COS1
cells were cultured in the chamber slides for 16 h in the humidi®ed culture
incubator. Cells were then ®xed with 3% paraformaldehyde in PBS and
the degraded area was analyzed under a ¯uorescence microscope.
The degraded area was visualized as a dark, non-¯uorescent
area. Fluorescence images were analyzed using confocal microscopy
(Bio-Rad).

The activities of MT1-MMPs detected by the above methods are
con®rmed to be inhibited by the peptidyl hydroxamate MMP inhibitor
BB94, which was kindly provided by Dr Peter D.Brown at British Biotech
Pharmaceuticals Ltd (Oxford, UK).

Indirect immuno¯uorescence staining
Cells cultured on coverslips coated with gelatin were ®xed with 3%
paraformaldehyde in PBS containing 75 mM lysine. After blocking with
5% goat serum and 3% bovine serum albumin in TBS for 1 h at room
temperature, cells were reacted with an anti-FLAG M1 antibody
(5 mg/ml), PY20 (2 mg/ml) or anti-Cat serum (1:1000) at room
temperature for 2 h. To detect the phosphotyrosine signal, cells were
permeabilized with 0.1% Triton X-100 in TBS after ®xation. CaCl2
(1 mM) was included throughout the procedure of washing and
incubation for the staining with the anti-FLAG M1 antibody. Cy3- or
Alexa488-conjugated goat anti-mouse IgG was used to visualize the
antigen signal. To visualize F-actin, cells were further incubated with
Alexa488- or Alexa594-conjugated phalloidin (Molecular Probes). The
signals were analyzed by confocal microscopy (Bio-Rad).

ProMMP-2 binding assay
Transfected COS1 cells were cultured in a 24-well plate (0.2 3 104/
well). Forty-eight hours after transfection, the cells were washed three
times with serum-free DMEM and incubated with 2 mg/ml puri®ed
proMMP-2 in the serum-free DMEM at 25°C for 1 h. Cells were then
washed three times with 5% dimethyl sulfoxide (DMSO) containing
serum-free DMEM to remove free proMMP-2, and lysed in 50 ml of non-
reducing SDS loading buffer. MMP-2 bound to the cells was analyzed by
gelatin zymography.

Matrigel invasion assay
Matrigel invasion chambers were prepared according to the manu-
facturer's instructions (Becton Dickinson Labware, MA) by coating 10 mg
of Matrigel on the 8 mm pore membrane of the culture inserts for 24-well
plates (Falcon). A 0.5 ml aliquot of transfected HT1080 cell suspension at
1 3 105/ml was seeded on the upper chamber and incubated at 37°C in a
humidi®ed chamber. Hepatocyte growth factor (Toyobo; 10 ng/ml) was
added to the lower chamber as a chemoattractant. After 14 h of
incubation, cells remaining on the upper surface of the membrane were

removed, and cells on the lower surface were ®xed with 3%
paraformaldehyde in PBS. Green ¯uorescent protein (GFP)-positive
cells that had invaded the lower surface were counted using ¯uorescence
microscopy (340).
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