
Biochem. J. (2001) 353, 547–553 (Printed in Great Britain) 547

Localization of membrane-type 1 matrix metalloproteinase in caveolae
membrane domains
Borhane ANNABI, Marie-Paule LACHAMBRE, Nathalie BOUSQUET-GAGNON, Martine PAGE! ,
Denis GINGRAS and Richard BE! LIVEAU1

Laboratoire de Me! decine Mole! culaire, Ho# pital Sainte-Justine et Universite! du Que! bec a' Montre! al, C. P. 8888, Succ. Centre-ville, Montre! al, Que! bec, Canada H3C 3P8

Membrane-type 1 matrix metalloproteinase (MT1-MMP) is a

membrane-associated MMP that has been recently reported to

have a central role in tumour cell invasion. Here we report that

both the native and overexpressed recombinant forms of MT1-

MMP are highly enriched in low-density Triton X-100-insoluble

membrane domains that contain the caveolar marker protein

caveolin 1. Moreover, the MT1-MMP-dependent activation of

proMMP-2 induced by concanavalin A and cytochalasin D was

correlated with the processing of MT1-MMP to its proteolytically

inactive 43 kDa fragment in U-87 glioblastoma and HT-1080

fibrosarcoma tumour cell lines ; this processing was also preferen-

tially observed within the caveolar fraction. Interestingly,

whereas the expression of caveolin 1 had no effect on the MT1-

INTRODUCTION

Matrix metalloproteinases (MMPs) are a broad family of zinc-

binding endopeptidases that degrade various components of the

extracellular matrix. These enzymes are encoded by different

genes and are implicated in several normal and pathological

tissue remodelling processes such as wound healing, angiogenesis

and tumour invasion [1]. Among these MMPs, a large body of

evidence suggests a role for the membrane-type MMPs (MT-

MMPs) as physiological activators of latent soluble forms

of MMPs. Moreover, the expression of MT-MMPs at the cell

surface of invasive cells has also been proposed to represent a key

step in tumour-cell invasion and metastasis [2–4]. The pivotal

role of MT1-MMP in normal cell function was recently demon-

strated in connective-tissue metabolism by gene targeting, and

resulted in MT1-MMP-deficient mice developing severe cranio-

facial dysmorphism, arthritis, osteopenia, dwarfism and fibrosis

of soft tissues [5].

Studies of the structure–function relationship of MT1-MMP

have been limited by its presence in the hydrophobic domains of

membranes. On the basis of immunofluorescence, it was

suggested recently that the targeting and degradation}turnover

of MT1-MMP at the leading edge of migrating cells was regulated

in part by its cytoplasmic domain [6]. Moreover, as subcellular

compartmentation has not yet been definitely established for

MMP function, it has also been reported that specialized surface

protrusions of invasive cells, termed invadopodia and

lamellipodia, have differential localizations of MT1-MMP,

MMP-2 and tissue inhibitor of MMP 2 (TIMP-2) [7].

The potential invasive character of cancer cells constitutively

secreting proMMP-2 is governed by the presence of components
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RT–PCR, reverse-transcriptase-mediated PCR; TIMP-2, tissue inhibitor of MMP 2.
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MMP-dependent activation of proMMP-2, its co-expression

with MT1-MMP antagonized the MT1-MMP-increased

migratory potential of COS-7 cells. Taken together, our results

provide evidence that MT1-MMP is preferentially compart-

mentalized and proteolytically processed in caveolae of cancer

cells. The inhibition of MT1-MMP-dependent cell migration

by caveolin 1 also suggests that the localization of MT1-MMP

to caveolin-enriched domains might have an important function

in the control of its enzymic activity.

Key words: angiogenesis, cancer, caveolin, cell migration,

glioblastoma.

essential to the formation of a ternary complex composed of

TIMP-2, which binds to the catalytic domain of MT1-MMP,

followed by the binding of the C-terminal domain of proMMP-

2 to the C-terminal domain of TIMP-2 [8–10]. It has been

suggested that this complex enables the processing of proMMP-

2 by cleavage and the generation of its fully active form [11]. The

intracellular compartmental basis for integrating the trans-

membrane signalling events leading to the MT1-MMP-dependent

proMMP-2 activation thus remains to be established. Compart-

mentation of receptors and signalling intermediates into

specialized membrane domains might therefore represent a

mechanism by which cells expressing MT1-MMP could integrate

such extracellular information. Among these domains, caveolae

have emerged as key plasma membrane specializations involved

in transmembrane signalling events [12]. Moreover, recent reports

suggest that heritable differences in the interaction between

caveolins and their partners lead to the pathogenesis of multiple

types of cancer [13] ; in parallel, the expression of caveolin 1 was

shown to inhibit lamellipod extension and cell migration in a

metastatic mammary adrenocarcinoma cell line [14].

In the present study we have therefore attempted to define

further the molecular mechanisms underlying the MT1-MMP-

dependent activation of proMMP-2 in tumour cell lines. The

relatively poor Triton X-100 extractability from membranes,

combined with the presence of specific regions within MT1-

MMP containing hydrophobic amino acids, a known important

mechanism underlying targeting to caveolae, prompted us to

investigate MT1-MMP’s caveolar function and localization. Our

observations suggest that this process is localized in caveolae and

might regulate the primary role of the membrane-anchored

MMPs, the MT-MMPs, in cellular invasion.
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MATERIALS AND METHODS

Antibodies and chemicals

The following materials were purchased from the indicated

sources. The anti-(human MT1-MMP) polyclonal antibody

(raised against the hinge region), the anti-(caveolin 1) monoclonal

antibody, the anti-(human MMP-2) monoclonal antibody, the

anti-(TIMP-2) polyclonal antibody and the enhanced chemi-

luminescence (ECL)-Western blot kit were from Chemicon. The

BCA (bicinchoninic acid) protein assay kit was from Pierce;

PVDF membranes were from Boehringer Mannheim; all

products for electrophoresis and zymography were bought from

Bio-Rad; TriZOL reagent, trypsin, penicillin and streptomycin

were from Gibco BRL; fetal bovine serum was from HyClone

Laboratories ; epigallocatechin gallate (EGCg) was from ICN;

the anti-(β-COP) monoclonal antibody (clone no. maD), agarose,

CHAPS, concanavalin A (Con A), cytochalasin D (Cyto D),

gelatin, n-octylglucopyranoside (NOG), SDS, trichloroacetic

acid and Triton X-100 were from Sigma.

Cloning of cDNA encoding human MT1-MMP (phMT1-MMP)

The cDNA encoding MT1-MMP was isolated by nested PCR.

The first amplification was performed for 30 cycles at an

annealing temperature of 55 °C with the oligonucleotide primers

derived from nt 40–64 (5«-TGGCGGTGCGACCCCAGGGC-

GTGGG-3«, sense) and 1937–1913 (5«-ACCCACCACCACCT-

GCTGCCACTGG-3«, anti-sense) of the human MT1-MMP

cDNA (GenBank accession number D26512) by using total

cellular RNA extracted from U-87 glioblastoma cells as template.

The resulting 1.9 kb cDNA fragment was reamplified with the

oligonucleotides 5«-CAGCTGCAGGAATTCGTGGTCTCGG-

ACCATGTCTCCCG-3« (sense) and 5«-CAGCTGCAGATG-

GGCGTCAGACCTTGTCCAGC-3« (anti-sense) for 40 cycles

with annealing at 60 °C, resulting in a 1.4 kb cDNA fragment

containing the whole open reading frame of MT1-MMP that was

subcloned into pCR-2.1 vector with the TOPO-TA cloning kit

(Invitrogen). The HindIII and XbaI restriction sites present in the

pCR-2.1 vector were used for subcloning into a pcDNA (3.1)

expression vector (Invitrogen) that uses a cytomegalovirus

promoter.

Cells, media and transfection methods

Except where indicated, all experiments were performed with

COS-7 cells. These cells were cultured under an air}CO
#

(19:1)

atmosphere in DMEM (Dulbecco’s modified Eagle’s medium)

supplemented with 10% (v}v) fetal bovine serum, 4 mM glu-

tamine, 100 i.u.}ml penicillin and 100 mg}ml streptomycin. The

human U-87 glioblastoma cell line and the HT-1080 cell line

derived from a metastatic lesion of humanfibrosarcomawere pur-

chased from American Tissue Culture Collection and were

maintained in modified Eagle’s medium containing 10% (v}v)

fetal bovine serum (heat-inactivated for the HT-1080 cell line),

2 mM glutamine, 100 i.u.}ml penicillin and 100 mg}ml strepto-

mycin. COS-7 cells were transiently transfected with plasmids

with the use of the non-liposomal formulation FUGENE-6

transfection reagent (Boehringer Mannheim). All experiments

involving these cells were performed 36 h after transfection.

Mock transfections of COS-7 cultures with pcDNA (3.1)

expression vector alone were used as controls.

Detergent-solubility experiments

Crude membranes isolated from MT1-MMP-transfected COS-7

cells were solubilized on ice in 20 mM Tris}HCl, pH 7.4, with

1% Triton X-100, NOG, CHAPS, Na
#
CO

$
or SDS for 30 min.

The homogenates were then centrifuged for 1 h at 200000 g

at 4 °C. The MT1-MMP protein content of the resulting

particulate and soluble fractions was then examined by immuno-

blotting.

Extraction of caveolae-enriched membrane fractions with alkaline
carbonate, and purification

Carbonate extraction was performed as described previously

[15]. In brief, cells were grown to confluence in a F-75 dish and

were washed twice in cold PBS. After aspiration of the PBS

solution, 2 ml of 500 mM Na
#
CO

$
, pH 11.0, was used to scrape

the cells off the dish. The sample was transferred to a 5 ml

polycarbonate tube and was homogenized with a Polytron

instrument followed by sonication. The resulting homogenate

was mixed with an equal volume of 90% (w}v) sucrose prepared

in 25 mM Mes}0.15 M NaCl (pH 6.5) (MBS). The sample was

then transferred to a 12 ml ultracentrifuge tube and overlaid with

a discontinuous sucrose gradient [4 ml of 35% (w}v) sucrose,

4 ml of 5% (w}v) sucrose, both prepared in MBS, lacking

detergent]. The samples were subjected to centrifugation at

200000 g (39000 rev.}min in a Beckman SWT-1 rotor) for 18 h

at 4 °C. A light-scattering band was observed at the 5%}35%

sucrose interface. Twelve 1 ml fractions were collected, and 20 µl

aliquots of each fraction were subjected to SDS}PAGE and

immunoblot analysis.

Migration assay

Transwells (8 µm pore size ; Costar) were precoated with 0.5%

gelatin}PBS by adding 200 µl of the solution per transwell and

allowing the membranes to dry in air in a laminar-flow hood at

room temperature. The transwells were then assembled in a 24-

well plate (Falcon 3097) ; the lower chambers were filled with

600 µl of DMEM supplemented with 10% (v}v) fetal bovine

serum and the upper chamber of each transwell was filled with

200 µl of COS-7 cells (7.5¬10% cells}ml). The plate was then

placed at 37 °C in 5% CO
#
}95% air for 2 h. Cells that had

migrated to the lower surface of the filters were fixed and stained

with 0.1% Crystal Violet}20% (v}v) methanol before being

counted. Results are presented as average numbers of migrated

cells per five fields (magnification¬100).

Gelatin zymography

Gelatinolytic activity in culture medium from monolayer cultures

was detected by gelatin zymography as described previously [16].

In brief, an aliquot (20 µl) of the culture medium was subjected

to SDS}PAGE with a 7.5% (w}v) polyacrylamide gel containing

0.1 mg}ml gelatin. The gels were then incubated for 30 min at

room temperature twice in 2.5% (v}v) Triton X-100 to remove

SDS, then rinsed five times in doubly distilled water. The gels

were incubated at 37 °C for a further 20 h in 20 mM NaCl}5 mM

CaCl
#
}0.02% (v}v) Brij-35}50 mM Tris}HCl buffer (pH 7.6),

then stained with 0.1% Coomassie Brilliant Blue R-250, followed

by destaining in 10% (v}v) acetic acid}30% (v}v) methanol in

water. Gelatinolytic activity was detected as unstained bands on

a blue background and was quantified by densitometric measure-

ment. All experiments were performed with cells that had been

serum-deprived by incubation overnight.

Western blot analysis

Cell lysates, crude membrane and sucrose-gradient fractions

were subjected to SDS}PAGE under reducing conditions and
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transferred to PVDF membranes. Immunoblotting procedures

were performed as described previously in detail [16]. PVDF

membranes were incubated with primary antibody, washed and

incubatedwith a secondary antibody conjugatedwith horseradish

peroxidase (Jackson). Bound IgGs were detected with a chemi-

luminescent substrate.

Isolation of total RNA and reverse-transcriptase-mediated PCR
(RT–PCR) analysis

Total RNA was extracted from cultured U-87, HT-1080 and

COS-7 cells using the TriZOL Reagent. First-strand cDNA

synthesis followed by specific gene-product amplification was

performed with the Titan One Tube RT–PCR Kit (Roche

Molecular Biochemicals). Primers were all derived from human

sequences ; PCR conditions were optimized so that the gene

products were found to be at the exponential phase of the

amplification [17]. PCR products were resolved on 2% (w}v)

agarose gels containing 1 µg}ml ethidium bromide.

RESULTS

Expression, function and proteolytic processing of recombinant
MT1-MMP in COS-7 cells

To investigate the mechanism underlying proMMP-2 activation

by MT1-MMP, we first cloned the full-length MT1-MMP cDNA

from human U-87 glioblastoma cells. The recombinant MT1-

MMP (rMT1-MMP) protein was overexpressed in COS-7 cells

and tested for its ability to promote the activation of an exogenous

source of proMMP-2. As shown by gelatin zymography in

Figure 1(A), a marked activation of the MMP-2 zymogen was

induced in MT1-MMP-transfected COS-7 cells in comparison

with mock-transfected cells, in which only the proMMP-2 form

was observed. Interestingly, incubation of MT1-MMP-trans-

Figure 1 Recombinant MT1-MMP protein activates proMMP-2 and is
processed proteolytically in COS-7 cells

COS-7 cells were transfected with phMT1-MMP () as described in the Materials and methods

section and then treated with 10 µg/ml Con A, 1 µM Cyto D or 25 µM EGCg for 18 h. (A)
The cells were subsequently washed and incubated for 12 h in conditioned medium isolated

from U-87 cells and containing high levels of secreted proMMP-2. The activation of proMMP-

2 was monitored by gelatin zymography. (B) Lysates isolated from mock-transfected (®) and

phMT1-MMP-transfected () COS-7 cells were resolved (20 µg per well) by SDS/PAGE [9%

(w/v) gel]. MT1-MMP immunoreactivity was analysed ; the 63 and 60 kDa bands are

respectively the unprocessed and processed active forms of MT1-MMP, whereas the 43 kDa

band is the processed inactive form. (C) Total RNA was extracted from mock-transfected (®)

and phMT1-MMP-transfected () COS-7 cells ; 1 µg of this was subjected to RT–PCR

analysis of MT1-MMP. The resulting amplified products of 187 bp were resolved on 2% (w/v)

agarose gels containing 1 µg/ml ethidium bromide.

fected COS-7 cells in the presence of the lectin Con A or

the cytoskeleton-disrupting agent Cyto D further increased the

activation of proMMP-2 as quantified by densitometric measure-

ments (32% for Con A; 41% for Cyto D), whereas preincubating

the transfected COS-7 cells with EGCg, a green-tea polyphenol

derivative that we recently identified as a potent inhibitor of

MMP-2 gelatinolytic activity [18], decreased the rMT1-MMP-

dependent proMMP-2 activation process (Figure 1A). Here we

demonstrate for the first time that EGCg might also act at the

cell surface of transfected COS-7 cells directly on an MT1-MMP-

dependent process involved in the activation of proMMP-2.

Expression of MT1-MMP at the cell surface of COS-7 cells

was explored further with particular emphasis on its own

proteolytic processing mechanisms. The MT1-MMP protein was

absent from COS-7 cell lysates (Figure 1B); this was further

reflected at the gene level by a lack of detectable MT1-MMP

transcript (Figure 1C). However, immunoreactive rMT1-

MMP bands were detected solely in MT1-MMP-transfected cells

and this was correlated by RT–PCR with the amplification of a

187 bp cDNA fragment of MT1-MMP in those transfected cells

only (Figure 1C). At the protein level, the rMT1-MMP appeared

as its full-length 63 kDa pro-form product in unstimulated COS-

7 cells and was shown to be processed first to its 60 kDa form and

subsequently to its inactive 43 kDa form after treatment with

Con A or Cyto D but not EGCg (Figure 1B). These observations

are of particular interest as the Cyto D- and Con A-induced

processing of rMT1-MMP expressed in COS-7 cells is not

correlated with an increase in either MT1-MMP protein or gene

expression levels (Figures 1B and 1C). Taken together, this

validation of our rMT1-MMP-encoding gene enabled us to

investigate further the subcellular localization of the MT1-MMP-

dependent events leading to proMMP-2 activation in U-87

glioblastoma and HT-1080 fibrosarcoma tumour cell lines.

Localization of MT1-MMP in Triton-insoluble and caveolin-rich
domains

The question of whether or not MT1-MMP is located within a

detergent-insoluble membrane domain might have important

implications with regard to the mechanisms involved in the

regulation of its activity. Crude membranes were isolated from

MT1-MMP-transfected COS-7 cells and subjected to extraction

with Triton X-100, Na
#
CO

$
, NOG, CHAPS or SDS. Figure 2

shows that MT1-MMP is indeed located in detergent-insoluble

membranes; only SDS treatment, at increasing temperature,

resulted in its complete extraction. Insolubility in Triton X-100 is

a characteristic of detergent-insoluble glycolipid-rich domains

(‘DIGs’), of which caveolae can be considered a subclass.

The MT1-MMP proteolytic processing associated with crude

membrane preparations, as well as its poor membrane extract-

ability, prompted us to go one step further and to localize the

subcellular compartments that are effectively involved in MT1-

MMP processing. Interestingly, sequence alignment analysis of

MT1-MMP resulted in close matches to aromatic-rich consensus

caveolin-binding motifs (ΦXΦXXXΦ, ΦXXXXΦXXΦ or

ΦXΦXXXXΦXXΦ, where Φ represents Trp, Phe or Tyr),

reported to interact with the caveolin-scaffolding domain [19].

Four of these potential sequences were found in several members

of the MMP family and were all located in their haemopexin-like

domain, a region known to have a functional role in substrate

binding and}or in interactions with TIMPs [20]. The most

conserved caveolin-binding motif found in MT1-MMP was

found in its haemopexin-like domain and was located between

Tyr$#$ and Phe$$$ (YFFRGNKYYRF), whereas the three other

less well conserved sequences were also found in the haemopexin-
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Figure 2 Solubility of rMT1-MMP in detergents

Crude membranes were isolated from MT1-MMP-transfected COS-7 cells and solubilized for 30 min on ice in 20 mM Tris/HCl (pH 7.4) containing 1% Triton X-100, NOG, CHAPS, Na2CO3 or

SDS. The homogenates were then centrifuged for 1 h at 200000 g at 4 °C. The 63 kDa MT1-MMP protein content of the resulting particulate (P) and soluble (S) fractions was examined by

immunoblotting.

Figure 3 Localization of MT1-MMP in low-density sucrose-gradient
fractions containing caveolin 1 prepared from U-87 glioblastoma and
phMT1-MMP-transfected COS-7 cells

Carbonate extraction was performed as described in the Materials and methods section ; lysates

were fractionated in a discontinuous sucrose-density gradient. Fractions 2–12 were analysed

for MT1-MMP, TIMP-2 and caveolin 1 immunoreactivity in U-87 glioblastoma cells (A) and in

phMT1-MMP-transfected COS-7 cells (B). Treatment with 10 µg/ml Con A was performed on

serum-deprived cells for 18 h.

like domain and were located respectively between Phe##* and

Phe#$', Phe#(( and Phe#)&, and Tyr$(" and Phe$)". Interestingly, all

of the four caveolin-binding motifs were located at each of the

putative antiparallel four-stranded β sheets within the hydro-

phobic core of the proposed topology of the haemopexin-like

domain of MMPs [21].

On the basis of these observations and on the poor Triton X-

100 extractability of MT1-MMP from crude membrane pre-

parations, we investigated the potential localization of MT1-

MMP in low-density sucrose gradient fractions by a widely used

detergent-free procedure to isolate the specialized membrane

domains that represent caveolae [15]. We found that MT1-

MMP of U-87 glioblastoma cells (Figure 3A) as well as

Figure 4 Preferential localization of the MT1-MMP processing events
within the caveolin-rich membrane domains

Caveolae were isolated from HT-1080 cell lysates by using a discontinuous sucrose-density

gradient. Equal amounts (5 µg) of protein were precipitated with trichloroacetic acid and

separated by SDS/PAGE [9% (w/v) gel] for MT1-MMP immunodetection (A) or by SDS/PAGE

[6.5% (w/v) gel] for β-COP immunodetection (B). The caveolae-enriched fraction (C) is

compared with the non-caveolae fraction (NC) isolated for each cell treatment. Cells were treated

or not for 18 h with 10 µg/ml Con A or for 2–18 h with 1 µM Cyto D. Arrows in (A) indicate

the processed forms of MT1-MMP as described in the legend to Figure 1(B).

rMT1-MMP expressed in COS-7 cells (Figure 3B) co-sedimented

with caveolae-enriched membrane domains (Figure 3, fractions

4–6 of the sucrose gradient). The absence of MT1-MMP from

lysates of untransfected COS-7 cells (Figure 1B) was confirmed in

caveolae isolated from untransfected COS-7 cells (results not

shown). The function of the MT1-MMP protein and its caveolar

localization were also investigated with Con A and Cyto D. We

show that incubation of the U-87 glioblastoma and MT1-MMP-

transfected COS-7 cells with Con A induced the processing of

MT1-MMP, which was reflected by the appearance of the

43 kDa MT1-MMP-immunoreactive bands associated with the

caveolae-enriched fractions (Figures 3A and 3B). The caveolin 1

profile distribution was unaffected by the treatment with Con A;

only a representative 22 kDa caveolin 1 immunodetection is

therefore shown for each cell line for the sake of clarity. Similar

co-sedimentation profiles of caveolin 1 and of MT1-MMP on

sucrose-density gradients were observed in the human HT-1080

fibrosarcoma cell line. We also examined whether COS-7 and U-
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87 glioblastoma cells produce endogenous TIMP-2, a soluble

and secreted protein involved in the MT1-MMP-dependent acti-

vation of proMMP-2. Caveolae were isolated and intracellular

TIMP-2, which has no potential caveolin-binding motif and no

myristoylation site, sedimented exclusively as a 25 kDa protein

in non-caveolar sucrose-gradient fractions isolated from both

cell lines (Figure 3, fractions 10–12 of the sucrose gradient).

Proteolytic processing of MT1-MMP takes place preferentially in
caveolae

To assess further the proportion of MT1-MMP associated with

caveolae fractions, caveolae were isolated from these cells and

equal amounts of protein were separated by SDS}PAGE.

Immunodetection of MT1-MMP in the caveolae-enriched frac-

tion (fraction 5 from the sucrose gradient) was compared with

that in the non-caveolae fraction (fraction 12 from the sucrose

gradient). As shown in Figure 4(A), immunoreactive MT1-MMP

forms were preferentially enriched in the caveolar fraction.

Furthermore, treatment with Con A or Cyto D clearly resulted

in the processing of the 60 kDa MT1-MMP protein to its 43 kDa

form in comparison with the MT1-MMP located in the caveolae

fraction isolated from control untreated cells. Finally, some

evidence suggesting that caveolae prepared in the absence of

detergent might have been contaminated by non-caveolar frag-

ments prompted us to examine the presence of β-COP, a marker

for Golgi membranes [22]. In contrast with MT1-MMP, Figure

4(B) clearly shows that β-COP was enriched in non-caveolar

fractions, confirming that MT1-MMP was indeed preferentially

localized in caveolae-enriched domains.

Recombinant expression of caveolin 1 blocks MT1-MMP-induced
migration in COS-7 cells

Caveolin 1 has been proposed to function as a putative tumour

suppressor by inhibiting signalling molecules involved in cell

growth and mitogenesis [12,13,19]. We next examined whether

the expression of caveolin 1 interfered with any of the MT1-

MMP-dependent intracellular events leading to the activation of

proMMP-2. We also examined the role of caveolin 1 and MT1-

MMP in cell movement. We therefore transfected U-87 glio-

blastoma and COS-7 cells with caveolin 1 cDNA (Cav-1) and

assessed their MT1-MMP-dependent proMMP-2 activation

ability. As shown in Figure 5 (upper panels), the expression of

recombinant caveolin 1 did not affect the potential of U-87 cells

to activate proMMP-2; neither did it potentiate proMMP-2

activation induced by Con A or Cyto D. Similarly, MT1-MMP-

transfected COS-7 cells did not show any significant change in

rMT1-MMP-induced proMMP-2 activation, whether Cav-1 was

transfected alone or in combination with MT1-MMP cDNA

(Figure 5, upper panels). However, when cell migration was

assayed in gelatin-coated transwells, MT1-MMP-transfected

COS-7 cells showed a marked increase in their migratory

potential, and the expression of recombinant caveolin 1 com-

pletely antagonized this increase (Figure 5, lower panels). In

contrast, Cav-1-transfected U-87 glioblastoma cells did not show

any significant change in their MT1-MMP-induced migratory

potential (results not shown), possibly owing to the rapid MT1-

MMP protein turnover in these cells [23], which would diminish

the potential interaction of the protein with recombinant caveolin

1 or with intracellular partners through caveolin-1-mediated

events. As caveolin 1 has an inhibitory role in many intracellular

signalling events by interacting with membrane-bound com-

ponents, it is tempting to suggest that caveolin 1 might indeed

either interact physically with MT1-MMP or modulate MT1-

MMP-dependent transduction events involved in cell migration.

Figure 5 Recombinant expression of caveolin 1 does not antagonize MT1-
MMP-dependent proMMP-2 activation but blocks MT1-MMP-induced cell
migration

Upper panel : U-87 glioblastoma cells were transfected or not with Cav-1 cDNA and

subsequently treated with 10 µg/ml Con A or 1 µM Cyto D for 18 h. Similarly, COS-7 cells

were transfected with pcDNA(3.1) vector alone (Ctrl) or with Cav-1 cDNA and incubated for

12 h in conditioned medium containing high levels of proMMP-2. The activation of proMMP-

2 was monitored by gelatin zymography. Lower panels : COS-7 cells (Mock) were transfected

with cDNA encoding caveolin 1 or MT1-MMP or were co-transfected with MT1-MMP–caveolin

1. Evaluation of cellular migration was performed for 2 h at 37 °C by using transwells with

gelatin-coated membranes. The numbers of cells that crossed the membrane were normalized

to those of mock-transfected cells. The values presented are averages for five fields from three

separate experiments.

DISCUSSION

Here we provide evidence that MT1-MMP, present in two highly

invasive glioblastoma (U-87) and fibrosarcoma (HT-1080) tu-

mour cell lines, is preferentially associated with low-density

caveolae-enriched membrane domains and that the cellular events

leading to proMMP-2 activation, that are correlated with the
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MT1-MMP proteolytic processing, are also associated with these

domains. Moreover, the expression of a recombinant form of the

protein in a heterologous system (COS-7 cells) also resulted in its

preferential localization to these domains. This strongly suggests

that some intrinsic features of the MT1-MMP protein enable its

targeting and association to caveolae. In this respect it is

noteworthy that MT1-MMP, like some other members of the

MMP family, possesses highly conserved consensus sequences

reported to be involved in the interaction with caveolin 1, a

caveolae marker protein thought to be differentially regulated by

angiogenesis activators and inhibitors [24]. However, whether

the caveolin-binding motifs located in MT1-MMP are recognized

by caveolin 1 will most probably depend on the conformation

specificity of the MT1-MMP protein because these motifs are

localized in its extracellular haemopexin-like domain. These

criteria for interaction with caveolin 1 might therefore strictly

regulate the expression and intracellular vesicular trafficking

leading to secretion of the other soluble members of the MMP

family. Alternatively, until the three-dimensional structure of

MT1-MMP has been elucidated, we can speculate that the

four caveolin-binding motifs might oligomerize to some extent

and regulate the formation of the four-bladed β-propeller

haemopexin-like structure that is common to all MMPs except

matrilysin [25]. It is also tempting to suggest that the expression

of MT1-MMP at specialized cell plasma-membrane domains

such as caveolae might similarly be controlled by the caveolin-

scaffolding domain, which could also serve ultimately as a

natural regulator of the invasive behaviour of cancer cells. Point

mutations of the caveolin-1-binding domain found in MT1-

MMP will be needed to address this question and are currently

under investigation. Given that integrins are linked both to

extracellular matrix components and to the cytoskeleton, our

observation of the preferential localization of MT1-MMP into

caveolae of cancer cells might also provide new insight and have

a potential effect in terms of cell adhesion and proteolytic

mechanisms involved in angiogenesis and tumour cell invasion.

MT1-MMP has been implicated as a physiological activator of

proMMP-2 that in various cancers has an important role as a

cell-surface receptor for the TIMP-2–MMP-2 complex [2]. MT1-

MMP expression (along with MMP-2 and MMP-9) is correlated

with the malignancy of gliomas [26] and also with that of lung,

cervical and breast cancer and melanomas [3]. Interestingly, the

invasion of malignant melanoma cells occurs only when MT1-

MMP localizes in plasma membrane invadopodia, which are

cell-membrane protrusions contacting or invading the surround-

ing matrix [27]. More recently, a role for caveolin 1 in the

inhibition of lamellipod extension and cellmigration in metastatic

mammary adrenocarcinoma cells has also been demonstrated

[14]. Thus the presence of MT1-MMP in specialized plasma

membrane domains such as caveolae not only emphasizes its role

in its recognized function in recruiting the MT1-MMP–MMP-2

complex to sites of invasion but also implies a potential role for

caveolae-associated MT1-MMP, which might somehow be cru-

cial in cancer cell lines, similarly to the role of caveolae in

regulating several pathophysiological states such as in insulin

signalling in diabetes and in the processing of β-amyloid peptide

in brain in Alzheimer disease [13].

MT1-MMP enables the invasive migration of glioma cells in

white matter in the central nervous system [3] ; regulation of this

cell invasion activity is thought to involve MT1-MMP’s cyto-

plasmic and transmembrane domains [6]. This observation is

interesting because the cytoplasmic tail of MT1-MMP contains

potential phosphorylation sites that might facilitate the de-

position of MT1-MMP in integrin-rich invadopodia. Moreover,

a role for caveolin in the stimulation of MMP in the extracellular

matrix, as well as implications for angiogenesis in �i�o and

tumour invasion, is under investigation. Caveolin and the uro-

kinase receptor (uPAR), for example, are necessary for normal

β1-integrin function in 293 cells ; the depletion of caveolin

disrupted both uPAR–integrin complexes and uPAR-dependent

adhesion [28]. The results presented here provide for the first

time evidence not only that MT1-MMP is preferentially located

in caveolae but that its proteolytic processing, which is correlated

with a rapid proMMP-2 activation, also takes place in such

specialized domains. Although the 43 kDa form of MT1-MMP

is predicted to be catalytically inactive, it might still have

important biological properties because it retains both its

haemopexin-like domain and its cytoplasmic tail. Moreover, our

observations also indicate a caveolae-regulated function of MT1-

MMP in the invasive behaviour of malignant cells. The specific

localization of key members of the enzymic machinery leading to

the activation of proMMP-2 within caveolae might finally afford

the cell a tighter control of the activation and repression of

signalling than would be possible if all players diffused freely

throughout the cytoplasm. This implies that these domains might

represent novel targets for manipulating the invasive potential of

tumour cells.

We thank Dr M. Demeule for his critical reading of this manuscript, and Dr Sung-
Soo Yoon for kindly providing the caveolin 1 cDNA. This work was supported by
grants from the Fondation Charles-Bruneau and from the Socie! te! de Recherche sur
le Cancer Inc. B. A. is the recipient of a postdoctoral fellowship from the Medical
Research Council of Canada.

REFERENCES

1 Forget, M.-A., Desrosiers, R. R. and Be! liveau, R. (1999) Physiological roles of matrix

metalloproteinases : implications for tumor growth and metastasis. Can. J. Physiol.

Pharmacol. 77, 465–480

2 Sato, H., Okada, Y. and Seiki, M. (1997) Membrane-type matrix metalloproteinases

(MT-MMPs) in cell invasion. Thromb. Haemost. 78, 497–500

3 Belien, A. T., Paganetti, P. A. and Schwab, M. E. (1999) Membrane-type 1 matrix

metalloprotease (MT1-MMP) enables invasive migration of glioma cells in central

nervous system white matter. J. Cell Biol. 144, 373–384

4 Hotary, H., Allen, E., Punturieri, A., Yana, I. and Weiss, S. J. (2000) Regulation of

cell invasion and morphogenesis in a three-dimensional type I collagen matrix by

membrane-type matrix metalloproteinases 1, 2, and 3. J. Cell Biol. 149, 1309–1323

5 Holmbeck, K., Bianco, P., Caterina, J., Yamada, S., Kromer, M., Kuznetsov, S. A.,

Mankani, M., Robey, P. G., Poole, A. R., Pidoux, I. et al. (1999) MT1-MMP-deficient

mice develop dwarfism, osteopenia, arthritis, and connective tissue disease due to

inadequate collagen turnover. Cell 99, 81–92

6 Lehti, K., Valtanen, H., Wickstrom, S., Lohi, J. and Keski-Oja, J. (2000) Regulation of

membrane-type-1 matrix metalloproteinase activity by its cytoplasmic domain. J. Biol.

Chem. 275, 15006–15013

7 Chen, W. T. and Wang, J. Y. (1999) Specialized surface protrusions of invasive cells,

invadopodia and lamellipodia, have differential MT1-MMP, MMP-2, and TIMP-2

localization. Ann. N.Y. Acad. Sci. 878, 361–371

8 Murphy, G., Stanton, H., Cowell, S., Butler, G., Knauper, V., Atkinson, S. and

Gavrilovic, J. (1999) Mechanisms for pro matrix metalloproteinase activation. APMIS

107, 38–44

9 Strongin, A. Y., Collier, I., Bannikov, G., Marmer, B. L., Grant, G. A. and Goldberg,

G. I. (1995) Mechanism of cell surface activation of 72-kDa type IV collagenase.

Isolation of the activated form of the membrane metalloprotease. J. Biol. Chem. 270,
5331–5338

10 Zucker, S., Drews, M., Conner, C., Foda, H. D., DeClerc, Y. A., Langley, K. E., Bahou,

W. F., Docherty, A. J. P. and Cao, J. (1998) Tissue inhibitor 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. 273, 1216–1222

11 Butler, G. S., Butler, M. J., Atkinson, S. J., Will, H., Tamura, T., van Westrum, S. S.,

Crabbe, T., Clements, J., d’Ortho, M. P. and Murphy, G. (1998) The TIMP2

membrane type 1 metalloproteinase ‘ receptor ’ regulates the concentration and

efficient activation of progelatinase A. A kinetic study. J. Biol. Chem. 273, 871–880

12 Okamoto, T., Schlegel, A., Scherer, P. E. and Lisanti, M. P. (1998) Caveolins, a family

of scaffolding proteins for organizing ‘ preassembled signaling complexes ’ at the

plasma membrane. J. Biol. Chem. 273, 5419–5422

# 2001 Biochemical Society



553Localization of membrane-type 1 matrix metalloproteinase

13 Engelman, J. A., Zhang, X., Galbiati, F., Volonte, D., Sotgia, F., Pestell, R. G., Minetti,

C., Scherer, P. E., Okamoto, T. and Lisanti, M. P. (1998) Molecular genetics of the

caveolin gene family : implications for human cancers, diabetes, Alzheimer disease,

and muscular dystrophy. Am. J. Hum. Genet. 63, 1578–1587

14 Zhang, W., Razani, B., Altschuler, Y., Bouzahzah, B., Mostov, K. E., Pestell, R. G. and

Lisanti, M. P. (2000) Caveolin-1 inhibits epidermal growth factor-stimulated lamellipod

extension and cell migration in metastatic mammary adenocarcinoma cells (MTLn3).

J. Biol. Chem. 275, 20717–20725

15 Gingras, D., Gauthier, F., Lamy, S., Desrosiers, R. R. and Be! liveau, R. (1998)

Localization of RhoA GTPase to endothelial caveolae-enriched membrane domains.

Biochem. Biophys. Res. Commun. 247, 888–893

16 Beaulieu, E., Kachra, Z., Mousseau, N., Delbecchi, L., Hardy, J. and Be! liveau, R.

(1999) Matrix metalloproteinases and their inhibitors in human pituitary tumors.

Neurosurgery 45, 1432–1441

17 Ailenberg, M. and Silverman, M. (1996) Cellular activation of mesangial gelatinase A

by cytochalasin D is accompanied by enhanced mRNA expression of both gelatinase

A and its membrane-associated gelatinase A activator (MT-MMP). Biochem. J. 313,
879–884

18 Demeule, M., Brossard, M., Page! , M., Gingras, D. and Be! liveau, R. (2000) Matrix

metalloproteinase inhibition by green tea catechins. Biochim. Biophys. Acta 1478,
51–60

19 Couet, J., Li, S., Okamoto, T., Ikezu, T. and Lisanti, M. P. (1997) Identification of

peptide and protein ligands for the caveolin-scaffolding domain. Implications for the

interaction of caveolin with caveolae-associated proteins. J. Biol. Chem. 272,
6525–6533

20 Massova, I., Kotra, L. P., Fridman, R. and Mobashery, S. (1998) Matrix

metalloproteinases : structures, evolution, and diversification. FASEB J. 12,
1075–1095

Received 1 September 2000/18 October 2000 ; accepted 16 November 2000

21 Gohlke, U., Gomis-Ruth, F. X., Crabbe, T., Murphy, G., Docherty, A. J. P. and Bode,

W. (1996) The C-terminal (haemopexin-like) domain structure of human gelatinase A

(MMP2) : structural implications for its function. FEBS Lett. 378, 126–130

22 Schnitzer, J. E., McIntosh, D. P., Dvorak, A. M., Liu, J. and Oh, P. (1995) Separation

of caveolae from associated microdomains of GPI-anchored proteins. Science 269,
1435–1439

23 Gingras, D., Page! , M., Annabi, B. and Be! liveau, R. (2000) Rapid activation of matrix

metalloproteinase-2 by glioma cells occurs through a posttranslational MT1-MMP-

dependent mechanism. Biochim. Biophys. Acta 1497, 341–350

24 Liu, J., Razani, B., Tang, S., Terman, B. I., Ware, J. A. and Lisanti, M. P. (1999)

Angiogenesis activators and inhibitors differentially regulate caveolin-1 expression and

caveolae formation in vascular endothelial cells. Angiogenesis inhibitors block

vascular endothelial growth factor-induced down-regulation of caveolin-1. J. Biol.

Chem. 274, 15781–15785

25 Murphy, G. and Knauper, V. (1997) Relating matrix metalloproteinase structure to

function : why the ‘ hemopexin ’ domain? Matrix Biol. 15, 511–518

26 Hamasuna, R., Kataoka, H., Moriyama, T., Itoh, H., Seiki, M. and Koono, M. (1999)

Regulation of matrix metalloproteinase-2 (MMP-2) by hepatocyte growth factor/scatter

factor (HGF/SF) in human glioma cells : HGF/SF enhances MMP-2 expression and

activation accompanying up-regulation of membrane type-1 MMP. Int. J. Cancer 82,
274–281

27 Nakahara, H., Howard, L., Thompson, E. W., Sato, H., Seiki, M., Yeh, Y. and Chen,

W. T. (1997) Transmembrane/cytoplasmic domain-mediated membrane type 1-matrix

metalloprotease docking to invadopodia is required for cell invasion. Proc. Natl. Acad.

Sci. U.S.A. 94, 7959–7964

28 Wei, Y., Yang, X., Liu, Q., Wilkins, J. A. and Chapman, H. A. (1999) A role for

caveolin and the urokinase receptor in integrin-mediated adhesion and signaling.

J. Cell Biol. 144, 1285–1294

# 2001 Biochemical Society


