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Abstract 

The matrix metalloproteinases (MMPs) constitute a multigene family of over 23 secreted and cell-surface 
associated enzymes that cleave or degrade various pericellular substrates. In addition to virtually all extracellular 
matrix (ECM) compounds, their targets include other proteinases, chemotactic molecules, latent growth factors, 
growth factor-binding proteins and cell surface molecules. The MMP activity is controlled by the physiological 
tissue inhibitors of MMPs (TIMPs). There is much evidence that MMPs and their inhibitors play a key role 
during extracellular remodeling in physiological situations and in cancer progression. They have other functions 
that promoting tumor invasion. Indeed, they regulate early stages of tumor progression such as tumor growth and 
angiogenesis. Membrane type MMPs (MT-MMPs) constitute a new subset of cell surface-associated MMPs. The 
present review will focus on MT1-MMP which plays a major role at least, in the ECM remodeling, directly by 
degrading several of its components, and indirectly by activating pro-MMP2. As our knowledge on the field of 
MT1-MMP biology has grown, the unforeseen complexities of this enzyme and its interaction with its inhibitor 
TIMP-2 have emerged, often revealing unexpected mechanisms of action. 
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1. MMP structure and functions 

Matrix metalloproteinases (MMPs) are a broad family of zinc-binding endopeptidases that play a key role in the 
extracellular matrix (ECM) degradation associated with cancer cell invasion, metastasis and angiogenesis 
(Egeblad and Werb, 2002; McCawley and Matrisian, 2000). At present, more than 21 human MMPs and the 
homologues from other species have been identified (Egeblad and Werb, 2002). The MMP family can be 
segregated into two groups, the soluble type and the membrane-type MMPs (MT-MMPs and MMP23). Although 
initially classified according to their substrate specificity (McCawley and Matrisian, 2000), the MMP 
classification is now based on their structure (Egeblad and Werb, 2002). The 'minimal-domain MMPs' (MMP7 
and MMP26) contains (i) a signal peptide that directs them to the endoplasmic reticulum, (ii) a propeptide, with 
a zinc-interacting thiol (SH) group that maintains the proMMP in a latent form (zymogen), and (iii) a catalytic 
domain containing the highly conserved Zn2+ binding site (HEXGHXXGXXHS/T) (Fig. 1). With the exception 
of MMP23, all other MMPs display a prolinerich hinge region that links the catalytic domain to the 
hemopexin/vitronectin-like domain. This C-terminal domain influences substrate specificity and the binding to 
tissue inhibitors of MMPs (TIMPs) and cell surface molecules. The hemopexin-containing MMPs are further 
distinguished by the presence of specific insert(s). The gelatin-binding MMPs (MMP2 and MMP9 or 
gelatinases) contain inserts that resemble the collagen-binding type II repeats of fibronectin. The membrane type 
(MT)-MMPs have a single pass transmembrane domain and a short cytoplasmic tail (MMP14, 15, 16 and 24), or 
a hydrophobic region that acts as a glycosyl phosphatidylinositol (GPI)-membrane anchoring signal (MMP17 
and MMP25). A recognition motif for intracellular furin-like serine proteinase is inserted between the pro- and 
catalytic domains of furin-activated secreted MMPs (MMP11 and MMP28). This motif is also found in the 
'vitronectin-like insert (VN) MMP' (MMP21) and MT-MMPs. Finally, MMP23 has unique cystein-rich, proline-
rich and IL-1 type II receptor-like domains instead of a hemopexin domain (Pei et al., 2000). 

Initially, MMPs were thought to predominantly degrade ECM components. By this way, MMPs were believed to 
promote cell migration, affect cell functions and modulate growth factor bioavailability (Bergers et al., 2000). 
More recently, MMPs have also been implicated in the cleavage of chemokines (McQuibban et al., 2001), 
growth factor receptors or growth factor binding proteins, the activation of growth factors, the release of cell 
membrane-bound precursor forms of growth factors and the cleavage of cell adhesion molecules such as 
cadherin and CD44 (reviewed in Egeblad and Werb, 2002). 

Due to the overlapping of MMP substrate specificities, the function of individual proteases is dictated by their 
differential expression patterns. To accomplish their functions, MMPs must be present at the right time, at the 
right place (extracellular or pericellular location) and under appropriate inhibited or activated form. Therefore, 
MMPs are tightly regulated at the transcriptional and posttranscriptional levels, as well as at the protein levels 
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via their activators, inhibitors and cell surface localization (reviewed in Sternlicht and Werb, 2001). Most of the 
MMPs are activated outside the cell by other MMPs or serine proteinases. However, MMP11, MMP28 and MT-
MMPs can be activated intracellularly, before they reach the cell surface by furin-like serine proteinases (for 
review, see Egeblad and Werb, 2002; Sternlicht and Werb, 2001). More recently, the shedding of MT-MMP 
appears as an additional way to control enzyme localization and activity (Wang and Pei, 2001). MMP activity is 
tightly controlled by endogenous inhibitors such as α2-macroglobulin and specific MMP inhibitors, the TIMPs. 
TIMPs-1, -2, -3, -4 reversibly inhibit MMPs in a 1:1 stoichiometric fashion (Sternlicht and Werb, 2001).          
The different TIMPs differ in tissue-specific expression and ability to inhibit various MMPs and their capacity to 
interact or not with pro-MMPs (Jiang et al., 2002; Sternlicht and Werb, 2001). 

 
Fig. 1. Domain structure of the MMPs. Pre, signal sequence; Pro, propeptide; Fu, furin-like serine proteinases 
recognition site; Zn, zinc-binding site; Fi, fibronectin-like collagen—binding type II inserts; H, hinge region; 
Vn, vitronectin-like insert; TM, transmembrane domain; Cy, cytoplasmic tail; GPI, glycosyl 
phosphatidylinositol-anchoring domain; CA cysteine array domain; Ig-like, immunoglobulin-like domain. See 
description in the text. 
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2. Membrane-associated MMPs 

Even though the majority of MMPs are secreted as soluble enzymes into the extracellular milieu, a growing list 
of newly identified MMPs are membrane-bound by at least three distinct anchoring mechanisms (Fig. 1): (i) type 
I transmembrane domain for MT1, -2, -3 and -5; (ii) GPI linkage for MT4 and -6 MMPs; and (iii) type II 
transmembrane domain for MMP23/cystein array MMP. MT1-MMP (MMP14) is the prototypic member of the 
MT-MMPs and its expression has been associated with a variety of cellular and developmental processes, as well 
as multiple pathophysiological conditions (Pepper, 2001; Yana and Seiki, 2002). MT1-MMP displays a broad 
spectrum of activity against ECM components such as type I and II collagen, fibronectin, vitronectin, laminin, 
fibrin and proteoglycan (d'Ortho et al., 1997; Koshikawa et al., 2000). However, it has substrates that extend 
beyond ECM components such as cell surface molecules including CD44 (Kajita et al., 2001), pro αV integrin 
(Deryugina et al., 2002b) and transglutaminase (Belkin et al., 2001). It interacts with integrins (Deryugina et al., 
2001) and participates in the αVβ8-mediated activation of TGFβ (Mu et al., 2002). 

Perhaps, the most interesting aspect of MT1-MMP is the nature of its interactions with TIMP-2 and the role that 
they play together in pro-MMP2 activation. A model for the activation of pro-MMP2 has been proposed in 
which the catalytic domain of MT1-MMP binds to the N-terminal portion of TIMP-2, leaving the TIMP-2 C-
terminal region available for binding to the hemopexin-like domain of pro-MMP2 (Fig. 2) (Sternlicht and Werb, 
2001). This ternary complex has been suggested to cluster pro-MMP2 at the cell surface near a TIMP-2-free 
MT1-MMP molecule which is thought to initiate the activation of the bound pro-MMP2. The MT1-MMP 
oligomerization may facilitate this process of pro-MMP2 activation (Itoh et al., 2001; Lehti et al., 2002). 
According to this model (Fig. 2), pro-MMP2 activation would occur only at low concentration of TIMP-2 
relative to MT1-MMP, allowing availability of active MT1-MMP to activate pro-MMP2 bound in the ternary 
complex. The absolute dependence of this activation pathway on the presence of TIMP-2 has been demonstrated 
in vivo by using TIMP-2 deficient mice (Wang et al., 2000). MT1-MMP appears to be the major activator of 
MMP2 as shown by generating MT1-MMP deficient mice (Zhou et al., 2000). However, in these mice, some 
activation of MMP2 was observed which may be related to the action of other MT-MMPs. Indeed, MT-MMP-2, 
-3, -5, -6 have been shown to activate pro-MMP2, using either catalytic domains in vitro or full-length molecules 
(MT-MMP-3, -5, -6) (Kolkenbrock et al., 1997; Pei, 1999; Takino et al., 1995; Llano et al., 1999; Velasco et al., 
2000). However, the requirement for TIMP-2 in pro-MMP2 activation by MT-MMPs 2-6 is less well known. 
Recently, Morrison et al. (2001) reported that MT2-MMP efficiently activates MMP2 in a TIMP-2-inde-pendent 
pathway. 

 

Fig. 2. Model of pro-MMP2 activation by MT1-MMP. (1) pro-MT1-MMP can be activated intracellularly by 
furin or extracellularly by plasmin. (2) TIMP-2 acts as an adaptor molecule and bridges MT1-MMP to pro-
MMP2. A second TIMP-2-free molecule cleaves a portion of the MMP2 prodomain leading to the formation of 
an intermediate MMP2 form. (3) Further cleavage of MMP2 involving an autocatalytic process or the 
cooperation of plasmin results in the final maturation and release of active MMP2 from the cell surface. (4) 
MT1-MMP and TIMP-2 are then internalized in the cytoplasm. Nt, N-terminal part and Ct, C-terminal portion of 
TIMP-2. 
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3. MT1-MMP and cancer 

The expression of MT1-MMP has been reported to correlate with the malignancy of different tumor types, such 
as lung (Nawrocki et al., 1997), gastric (Mori et al., 1997), colon, breast carcinomas (Okada et al., 1995), 
gliomas (Belien et al., 1999) and melanomas (Hofmann et al., 2000). An important issue during the last 10 years 
was to determine the cellular source of MMPs involved during cancer progression. For instance, studies of breast 
adenocarcinoma have revealed that stromal cells are strongly involved in the MMP production. Thus, mRNAs 
for MMP-1, MMP2 (Polette et al., 1997), MMP-11 (Basset et al., 1990), MMP-13 (Nielsen et al., 2001) and 
MT1-MMP (Okada et al., 1995) have been all found to be expressed by fibroblast-like cells. The fibroblastic 
cells expressing MMP-11 (Unden et al., 1996), MMP-13 (Nielsen et al., 2001) or MT1-MMP (unpublished data) 
have been identified as myofibroblasts. It is particularly noteworthy that cocultivation of fibroblasts with tumor 
cells induced the up-regulation of MMP2 and MT1-MMP expression by fibroblasts (Noel et al., 1994; Polette et 
al., 1997). Cancer cells might enhance stromal cells to produce MMPs in a paracrine manner through secretion of 
cytokines, growth factors or EMMPRIN (Sternlicht and Werb, 2001). These findings are consistent with the 
observation that fibroblasts promoted tumor progression in animal models through their production of MMPs 
(Masson et al., 1998; Noel et al., 1993) and emphasize the importance of tumor-host interactions during cancer 
progression. MT1-MMP is also expressed by endothelial cells during migration (Galvez et al., 2001; Hiraoka et 
al., 1998). 

MT1-MMP appears more and more has a complex multifunctional molecule influencing different cell functions 
(Fig. 4). Its importance during development is supported by the severe phenotype associated with MT1-MMP 
deficiency in mice (Holmbeck et al., 1999; Zhou et al., 2000). Indeed, MT1-MMP-deficient mice exhibit 
damages in skeletal development manifested by craniofacial dysmorphism, dwarfism, osteopenia and fibrosis 
(Holmbeck et al., 1999; Zhou et al., 2000). The expression of MT1-MMP has been described in processes 
involving cell migration (Koshikawa et al., 2000). Overexpression of MT1-MMP increases the number of 
experimental metastases (Tsunezuka et al., 1996). The generation of a permissive substrate for cell migration via 
the degradation of various specific ECM components is considered as a key event facilitating cell migration. 
MT1-MMP may function at least as a fibrinolytic and gelatinolytic enzyme (Hotary et al., 2000; d'Ortho et al., 
1997). Cleavage of laminin-5 by MMP2 and MT1-MMP reveals a cryptic site that trigger epithelial cell motility 
(Gilles et al., 2001; Koshikawa et al., 2000). However, recent data indicate that MMPs and particularly MT1-
MMP do far more to promote cancer progression than merely remove the physical barriers to migration and 
invasion (Egeblad and Werb, 2002; McCawley and Matrisian, 2000). MT1-MMP acts as a processing enzyme 
for CD44 (the main receptor for hualuronan), releasing it as a soluble fragment in the medium and stimulating 
cell motility (Kajita et al., 2001). Cleavage of CD44 by MT1-MMP is likely to also downregulate MMP9 cell-
associated activity (Yu and Stamenkovic, 1999). 

4. Role of MT1-MMP during tumoral angiogenesis 

Although it has been previously reported that MT1-MMP can participate in developmental and physiological 
angiogenesis (Holmbeck et al., 1999; Zhou et al., 2000), its role during tumor angiogenesis has been only 
recently established. We have previously demonstrated that the overexpression of MT1-MMP in human 
melanoma A2058 cells which produced only pro-MMP2 was associated with enhanced in vitro invasion and 
increased in vivo tumor growth and vascularization (Sounni et al., 2002a). We also investigated the effects of 
MT1-MMP overexpression on in vitro and in vivo properties of human breast adenocarcinoma MCF7 cells 
which do not express either MT1-MMP, or MMP2. MT1-MMP and MMP2 cDNAs were either transfected alone 
or cotransfected (Sounni et al., 2002b). All clones overexpressing MT1-MMP (i) were able to activate 
endogenous or exogenous pro-MMP2, (ii) displayed an enhanced in vitro invasiveness through matrigel-coated 
filters, independently of MMP2 transfection, (iii) induced the rapid development of highly vascularized tumors 
when injected subcutanously in nude mice, and (iv) promoted blood vessels sprouting in the rat aortic ring assay, 
an in vitro model of angiogenesis (Sounni et al., 2002b). These data demonstrating, in two experimental models 
(Sounni et al., 2002a,b), the relation between MT1-MMP expression and an angiogenic phenotype are in 
accordance with the in vivo observations reported by other groups (Deryugina et al., 2002b). Since MCF7 cells 
are estrodiol-dependent cells, the tumorigenicity and angiogenic phenotype of MT1-MMP overexpressing clones 
were compared after inoculation into nude mice supplemented with estradiol pellets or into nude ovariectomized 
mice. The over-expression of MT1-MMP did not bypass the dependancy to estradiol (Fig. 3). 

MT1-MMP may contribute to tumor angiogenesis through different mechanisms (Pepper, 2001). Recently, the 
MT1-MMP has been shown to interact with the αvβ3 integrin which plays a major role during angiogenesis 
(Deryugina et al., 2001). However, the implication of αvβ3 in the MCF7 cell system is unlikely since these cells 
do not express the β3 integrin subunit. Alternatively, MT1-MMP may function as a fibrinolytic enzyme in the 
absence of plasmin and promote angiogenesis in fibrin matrix (Hotary et al., 2000). In addition to such control of 
cell migration by regulating pericellular proteolysis directly or indirectly by activating pro-MMP2, we have 
pointed out a new mechanism of action of MT1-MMP, the regulation at a transcriptional level of vascular 
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endothelial growth factor (VEGF) expression (Sounni et al., 2002b). Indeed, an enhancement of VEGF at the 
mRNA and protein levels was concomitant with MT1-MMP overexpression in cultured cells, as well as in tumor 
extracts. Such a modulation of VEGF production by MT1-MMP is further supported by the study of Deryugina 
using glioma cells (Deryugina et al., 2002b). In contrast to MMP9 which modulates VEGF bioavailability by 
releasing it from the ECM (Bergers et al., 2000), MT1-MMP appears to control gene expression. Whether MT1-
MMP exerts this effect directly or indirectly remains to be elucidated. It is likely that MT1-MMP transduces an 
intracellular signal through its cytoplasmic C-terminal domain (Gingras et al., 2001) or interaction with integrin 
(Deryugina et al., 2002a). Interestingly, in an in vivo murine model, TIMP-2-mediated inhibition of tumor 
growth and angiogenesis was associated with a down-regulation of VEGF expression in tumor cells (Hajitou et 
al., 2001). All together, these results emphasize the key role played by TIMP-2 and MT1-MMP during tumoral 
angiogenesis. 

 

Fig. 3. Growth curves of MCF7 tumors induced in ovariectomized nude mice. MCF7 cells overexpressing MT1-
MMP or control MCF7 cells were subcutaneously injected into ovariectomized nude mice supplemented or not 
with estradiol implants. 

 
 

Fig. 4. Functions of MT1-MMP in cancer progression. MT1-MMP regulates cell migration, tumor growth and 
angiogenesis by different mechanisms: (1) MT1-MMP participates in pericellular proteolysis by acting directly 
against ECM components or indirectly by activating pro-MMP2. (2) MT1-MMP cleaves cell surface molecules, 
leading to their activation, inhibition or shedding. (3) MT1-MMP participates in signal transduction directly or 
by interacting with integrins. 
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