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Abstract
The matrix metalloproteinases (MMPs) constitute a multigene family of over 25 secreted and cell
surface enzymes that process or degrade numerous pericellular substrates. Their targets include other
proteinases, proteinase inhibitors, clotting factors, chemotactic molecules, latent growth factors,
growth factor–binding proteins, cell surface receptors, cell-cell adhesion molecules, and virtually all
structural extracellular matrix proteins. Thus MMPs are able to regulate many biologic processes
and are closely regulated themselves. We review recent advances that help to explain how MMPs
work, how they are controlled, and how they influence biologic behavior. These advances shed light
on how the structure and function of the MMPs are related and on how their transcription, secretion,
activation, inhibition, localization, and clearance are controlled. MMPs participate in numerous
normal and abnormal processes, and there are new insights into the key substrates and mechanisms
responsible for regulating some of these processes in vivo. Our knowledge in the field of MMP
biology is rapidly expanding, yet we still do not fully understand how these enzymes regulate most
processes of development, homeostasis, and disease.
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INTRODUCTION
Extracellular proteinases are required for numerous developmental and disease-related
processes. The ability to degrade extracellular proteins is essential for any individual cell to
interact properly with its immediate surroundings and for multicellular organisms to develop
and function normally. This was obvious long before it was first shown that diffusible enzymes
produced by fragments of involuting tadpole tail could degrade gels made of native fibrillar
collagen (Gross & Lapiere 1962). Since then, a family of related enzymes has been identified
in species from hydra to humans and collectively called matrix metalloproteinases (MMPs)
because of their dependence on metal ions for catalytic activity, their potent ability to degrade
structural proteins of the extracellular matrix (ECM), and specific evolutionary sequence
considerations that distinguish them from other closely related metalloproteinases (Stöcker et
al. 1995). In addition to their ECM substrates, MMPs also cleave cell surface molecules and
other pericellular non-matrix proteins, thereby regulating cell behavior in several ways
(Sternlicht et al. 2000). Thus like the many proteins they modify, the MMPs influence diverse
physiologic and pathologic processes, including aspects of embryonic development, tissue
morphogenesis, wound repair, inflammatory diseases, and cancer (Nelson et al. 2000,
Sternlicht et al. 2001).

With the ability to alter cell fates and developmental outcomes comes the necessity for higher
levels of control. Nevertheless, it took nearly a decade from the time collagenolytic activities
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were first demonstrated to realize that MMPs are synthesized as inactive zymogens that require
activation (Harper et al. 1971), and even longer to demonstrate the existence of the first of at
least four endogenous metalloproteinase inhibitors, now called tissue inhibitors of
metalloproteinases, or TIMPs (Bauer et al. 1975). Since then, other levels of MMP regulation
have been elucidated, although several layers of complexity are still left to unravel. In addition
to being differentially regulated at the level of transcription, MMPs can be controlled at the
protein level by their endogenous activators and inhibitors and by factors that influence their
secretion, their cell surface localization, and their own degradation and clearance. Moreover,
higher organisms express multiple MMPs, each with its own profile of expression, localization,
activation, inhibition, and clearance, as well as its own, sometimes broad, range of preferred
substrates. Thus multiple modifiers, each with its own regulatory inputs, control different MMP
functions in vivo.

The multiplicity of MMPs with distinct but somewhat overlapping functions probably acts as
a safeguard against any losses of regulatory control. Although such redundant and
compensatory mechanisms are advantageous to the organism, they often confound efforts to
fully understand how MMPs function in vivo. As the field has grown, the unforeseen
complexity of MMPs has emerged, often revealing surprising mechanisms of action.
Frequently, the belief that an MMP is involved in a given biologic process is based on the
strength of its association with that process and the existence of plausible mechanisms and then
tested using various experimental approaches. For example, MMPs are invariably upregulated
in rheumatoid arthritis and malignant disease, with more severe increases often indicating a
worse prognosis. Moreover, a major hallmark of these diseases is the capacity of cells to cross
tissue boundaries and, in the case of cancer, spread to distant sites of the body. Thus ECM-
degrading enzymes must be present to break down the structural barriers to invasion. Indeed,
extensive experimental evidence supports this straightforward and conceptually appealing
supposition, but the mechanisms may be more complex than originally thought. Furthermore,
in vivo genetic approaches that test the consequences of selective gains or losses of MMP
function have led to the surprising finding that MMPs promote the initial stages of cancer
development itself but may decrease the severity of the ultimate malignancy (Coussens et al.
2000, Pozzi et al. 2000). In arthritis, the loss of certain MMPs surprisingly exacerbates rather
than alleviates the disease (Mudgett et al. 1998). Considerable evidence implicates MMPs as
important players in several biologic processes, yet the actual mechanisms underlying their
influence are mostly unsolved. It is hoped that understanding these processes will result in a
more rational approach toward reducing or entirely alleviating the ill effects of MMPs in disease
while maintaining their necessary and beneficial functions.

OVERVIEW OF THE METALLOPROTEINASES
The Metzincin Superfamily

Proteolytic enzymes are classified as either exopeptidases or endopeptidases based on whether
they cleave terminal or internal peptide bonds, respectively. Most endopeptidases are classified
as serine, cysteine, aspartic or metalloproteinases based on their catalytic mechanism and
inhibitor sensitivities, and the metalloproteinases are further separated into five superfamilies
based on sequence considerations. Of these, the metzincin superfamily is distinguished by a
highly conserved motif containing three histidines that bind zinc at the catalytic site and a
conserved methionine turn that sits beneath the active site zinc (Stöcker et al. 1995). Their
signature zinc-binding motif reads HEBXHXBGBXHZ, where histidine (H), glutamic acid
(E) and glycine (G) residues are invariant, B is a bulky hydrophobic residue, X is a variable
residue, and Z is a family-specific amino acid. The metzincins are further subdivided into four
multigene families, the serralysins, astacins, ADAMs/adamalysins, and MMPs, based
primarily on the identity of the Z residue, which is serine in all but a few MMPs (Stöcker et
al. 1995).
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The serralysins, which have a proline in the Z position, are large bacterial enzymes that often
play an important role in bacterial virulence and pathogenicity (Sternlicht & Werb 1999).
Astacins, on the other hand, contain glutamic acid in the Z position. They include bone
morphogenetic protein-1 (BMP-1), which is the procollagen C-proteinase that removes the C-
terminal propeptides of fibrillar procollagens, Drosophila and mammalian tolloid and tolloid-
like proteins, which activate certain growth factors, and secreted and transmembrane meprins
A and B that can process peptide hormones (reviewed in Sternlicht & Werb 1999).

The adamalysins, ADAMs and ADAMTSs have an aspartic acid in the Z position. The
adamalysins are soluble snake venom enzymes with potent ECM-degrading activity. The
ADAMs are transmembrane cell surface proteins that have a disintegrin and metalloproteinase
domain (Primakoff & Myles 2000). Each of the ADAMs has an N-terminal signal sequence
followed by a propeptide domain, a functional or nonfunctional metalloproteinase domain, a
disintegrin-like domain that is similar to snake venom disintegrins but often lacks an Arg-Gly-
Asp (RGD) sequence, a cysteine-rich domain, EGF-like repeats, a transmembrane domain, and
a C-terminal cytoplasmic tail. Individual ADAMs may participate in proteolysis via their
metalloproteinase domain, adhesion via their disintegrin domain, cell-cell fusion via a putative
hydrophobic fusion peptide in their cysteine-rich domain, and cell signaling via SH3-
recognition sequences that are sometimes present in their intracellular domain. Seventeen of
the 30 known ADAMs have a functional zinc-binding motif, including ADAM17 (TNF-α
converting enzyme, TACE), which cleaves membrane-bound TNF-α to generate active soluble
TNF-α. TACE also probably contributes to the shedding of several other cell surface molecules
and appears to be an essential activator of TGF-α in vivo (Peschon et al. 1998). Considering
their localization, other ADAMs are also likely to regulate the shedding of several important
cell surface molecules (Werb & Yan 1998).

The secreted ADAMTS proteins also have signal, propeptide, metalloproteinase, and
disintegrin-like domains. However, unlike the ADAMs, their disintegrin domain is followed
by a thrombospondin (TS) type I repeat, a cysteine-rich domain, one or more additional TS
domains (except for ADAMTS-4, which lacks a second TS repeat), and, in some cases, a C-
terminal domain of variable length (Tang & Hong 1999). They include ADAMTS-1 and
ADAMTS-8, which potently inhibit angiogenesis via their TS repeats (Iruela-Arispe et al.
1999); ADAMTS-2, which is a procollagen amino-propeptidase that is required for the proper
assembly of fibrillar collagens I and II (Colige et al. 1997); and ADAMTS-4 and
ADAMTS-5/11 (aggrecanases 1 and 2, respectively), which can degrade the cartilage
proteoglycan aggrecan (Abbaszade et al. 1999).

MMP Structure and Function
At present, 25 vertebrate MMPs and 22 human homologues have been identified (Nagase &
Woessner 1999, Sternlicht & Bergers 2000, Lohi et al. 2001). In addition, several nonvertebrate
MMPs have been identified, including the embryonic sea urchin hatching enzyme envelysin
(Lepage & Gache 1990); Caenorhabditis elegans MMPs C31, H19, and Y19 (Wada et al.
1998); a Drosophila MMP (Llano et al. 2000); an MMP in hydra that regulates cell
differentiation and foot process development (Leontovich et al. 2000); soybean leaf
metalloendopeptidase-1 (McGeehan et al. 1992); an MMP in the flowering mustard plant
Arabidopsis thaliana (Maidment et al. 1999); and gamete lytic enzyme from green alga
(Kinoshita et al. 1992). Each of the vertebrate MMPs has distinct but often overlapping
substrate specificities, and together they can cleave numerous extracellular substrates,
including virtually all ECM proteins (reviewed in Sternlicht et al. 2001). In addition to their
conserved zinc-binding motif (usually HEF/LGHS/ALGLXHS, where bold-noted amino acids
are always present) and “Met turn” (usually ALMYP), the MMPs share added stretches of
sequence homology, giving them a fairly conserved overall structure (Stöcker et al. 1995).
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Individual MMPs are referred to by their common names or according to a sequential numeric
nomenclature reserved for the vertebrate MMPs (Table 1). In addition, they are often grouped
according to their modular domain structure (Figure 1). In this regard, all MMPs have an N-
terminal signal sequence (or “pre” domain) that is removed after it directs their synthesis to
the endoplasmic reticulum. Thus most MMPs are secreted; however, six display
transmembrane domains and are expressed as cell surface enzymes. The pre domain is followed
by a propeptide “pro” domain that maintains enzyme latency until it is removed or disrupted,
and a catalytic domain that contains the conserved zinc-binding region (reviewed in Nagase
& Woessner 1999). The catalytic domain dictates cleavage-site specificity through its active
site cleft, through specificity sub-site pockets that bind amino acid residues immediately
adjacent to the scissile peptide bond, and through secondary substrate-binding exosites located
outside the active site itself (Overall 2001).

With the exception of MMP7 (matrilysin), MMP26 (endometase/matrilysin-2), and MMP23,
all MMPs have a hemopexin/vitronectin-like domain that is connected to the catalytic domain
by a hinge or linker region. MMP7 and MMP26 merely lack these extra domains, whereas
MMP23 has unique cysteine-rich, proline-rich, and IL-1 type II receptor-like domains instead
of a hemopexin domain (Gururajan et al. 1998, Park et al. 2000). When present, the hemopexin
domain influences TIMP binding, the binding of certain substrates, membrane activation, and
some proteolytic activities. For example, chimeric enzyme studies indicate that both ends of
MMP1 (collagenase-1) are required for it to cleave native fibrillar collagens (Murphy et al.
1992, Sanchez-Lopez et al. 1993). This collagenolytic activity requires the initial binding and
orientation of the collagen fibril, local unwinding of its triple-helical structure, and sequential
cleavage of each α-chain individually because the catalytic cleft is too narrow to accommodate
the entire triple helix (Overall 2001). Apparently, the hemopexin domain participates in all but
the last of these steps. The hinge region, in turn, varies in length and composition among the
various MMPs and also influences substrate specificity (Knauper et al. 1997). Gelatinases A
and B (MMP2 and MMP9, respectively) are further distinguished by the insertion of three
head-to-tail cysteine-rich repeats within their catalytic domain. These inserts resemble the
collagen-binding type II repeats of fibronectin and are required to bind and cleave collagen
and elastin (Murphy et al. 1994, Shipley et al. 1996). In addition, MMP9 has a unique type V
collagen-like insert of unknown importance at the end of its hinge region. Finally, the
membrane-type (MT) MMPs have a single-pass transmembrane domain and a short
cytoplasmic C-terminal tail (MMPs 14, 15, 16, and 24) or a C-terminal hydrophobic region
that acts as a glycophosphatidyl inositol (GPI) membrane-anchoring signal (MMP17 and
MMP25) (Itoh et al. 1999, Kojima et al. 2000). These domains play an essential role in the
localization of several important proteolytic events to specific regions of the cell surface.

REGULATION OF MMP ACTIVITY
To accomplish their normal (or pathologic) functions, MMPs must be present in the right cell
type and pericellular location, at the right time, and in the right amount, and they must be
activated or inhibited appropriately. Thus MMPs are tightly regulated at the transcriptional and
post-transcriptional levels and are also controlled at the protein level via their activators, their
inhibitors, and their cell surface localization (Figure 2).

Transcriptional Regulation
Because MMP substrate specificities tend to overlap, the biologic function of individual MMPs
is largely dictated by their differential patterns of expression. Indeed, differences in the
temporal, spatial, and inducible expression of the MMPs are often indicative of their unique
roles. Accordingly, most MMPs are closely regulated at the level of transcription, with the
notable exception of MMP2, which is often constitutively expressed and controlled through a
unique mechanism of enzyme activation (Strongin et al. 1995) and some degree of post-
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transcriptional mRNA stabilization (Overall et al. 1991). Nevertheless, data indicate that the
basal expression of MMP2, MMP14 (MT1-MMP), and TIMP2 is co-regulated, which is
consistent with their cooperation during MMP2 activation and with specific similarities in their
gene promoters (Lohi et al. 2000). Otherwise, MMP gene expression is regulated by numerous
stimulatory and suppressive factors that influence multiple signaling pathways (Fini et al.
1998). For example, the expression of various MMPs can be up- or downregulated by phorbol
esters, integrin-derived signals, extracellular matrix proteins, cell stress, and changes in cell
shape (Kheradmand et al. 1998; reviewed in Sternlicht & Werb 1999). Type I collagen acts as
a ligand for discoidin domain-containing receptor-like tyrosine kinases that induce MMP1
expression when they are activated by intact collagen and become inactive when they bind
MMP1-cleaved collagen (Vogel et al. 1997, Shrivastava et al. 1997). Thus MMP1 expression
can be induced by its own substrate and specifically repressed once it cleaves that substrate
and is no longer needed. In addition, MMP expression is regulated by several cytokines and
growth factors, including interleukins, interferons, EGF, KGF, NGF, basic FGF, VEGF,
PDGF, TNF-α, TGF-β, and the extracellular matrix metalloproteinase inducer EMMPRIN
(Fini et al. 1998). Many of these stimuli induce the expression and/or activation of c-fos and
c-jun proto-oncogene products, which heterodimerize and bind activator protein-1 (AP-1) sites
within several MMP gene promoters.

Although AP-1 complexes play a critical role in the regulation of several MMP genes, other
factors are also involved. In some cases, one signal may coordinately regulate some MMP
genes and differentially regulate others. For example, TGF-β suppresses the transcription of
the MMP1 and MMP3 (stromelysin-1) genes, but induces the expression of MMP13
(collagenase-3) (Uria et al. 1998). In addition, some MMPs are expressed in only a small
repertoire of cell types, e.g., MMP20 expression appears to be confined to the enamel organ
of developing teeth (Sternlicht et al. 2000), and normal MMP9 expression is largely limited to
osteoclasts, macrophages, trophoblast cells, hippocampal neurons, and migrating keratinocytes
at the margins of healing wounds (Mohan et al. 1998, Munaut et al. 1999). The use of mice
carrying β-galactosidase reporter transgenes under the control of various portions of the MMP9
gene promoter have helped to identify the 5′ regions responsible for most of this cell-specific
expression in vivo (Mohan et al. 1998). Cell-specific induction of MMP expression has also
been observed in culture. For example, phorbol esters induce the expression of MMP3 rather
than MMP10 in fibroblasts, yet the opposite occurs in keratinocytes (Windsor et al. 1993).
Thus how an MMP gene responds to a given input depends on the organization of its
transcriptional promoter and the presence or absence of other signals, i.e., on cellular context.

Several cis-regulatory elements influence MMP gene expression depending on their proximity
to one another in the gene promoter. AP-1 sites give several MMP genes the ability to be
induced by phorbol esters and act synergistically with adjacent Ets-binding sites in genes such
as MMP1, but not in others such as MMP13 (Pendas et al. 1997). This difference is presumably
because the Ets and AP-1 sites are 9 nucleotides apart in the MMP1 gene promoter and 20
nucleotides apart in the MMP13 promoter and because the distance between these two sites is
critical (Gutman & Wasylyk 1990). As an indication of the importance of these sites, targeted
disruption of the murine Ets2 transcription factor results in early embryonic lethality and
deficient MMP9 expression, as well as the deficient induction of MMP3 and MMP13 in Ets2-
deficient fibroblasts (Yamamoto et al. 1998). Moreover, their expression in the Ets2-deficient
fibroblasts is restored by the artificial expression of Ets2. Several other putative regulatory
elements have been identified within various MMP gene promoters, and many have been shown
by functional analysis to regulate cell- and circumstance-specific gene expression. These
include an osteoblast-specific element in the MMP13 gene promoter that responds to core-
binding factor 1 (CBFA1) (Jimenez et al. 1999); a β-catenin-regulated LEF/TCF recognition
site near the MMP7 transcription start site (Crawford et al. 1999); TGF-β inhibitory elements
in several MMP genes; and AP-2, Sp1, Sp3, NF-κB, CCAAT/enhancer-binding protein-β, or
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retinoic acid response elements that are also found in several MMP genes (Fini et al. 1998,
Lohi et al. 2000, Ludwig et al. 2000). In addition, a functional p53-binding site has been
identified in the MMP2 gene promoter (Bian & Sun 1997), and wild-type p53 downregulates
basal and inducible MMP1 gene expression in human fibroblasts and osteogenic sarcoma cells,
whereas some mutant forms do not (Sun et al. 1999). On the other hand, the downregulation
of p53 using SV40 T-antigen suppresses the expression of MMP2, MMP3, and MMP9 in
human placental trophoblast-like cells (Logan et al. 1996). Despite numerous advances in our
understanding of MMP gene regulation, the cross-talk between the many signaling pathways,
nuclear factors, and gene regulatory elements that regulate MMP expression are barely
understood.

Basal and inducible levels of MMP gene expression can also be influenced by genetic variations
that may, in turn, influence the development or progression of several diseases. Common bi-
allelic single-nucleotide polymorphisms (SNPs) that influence the rate of transcription have
been identified within several MMP gene promoters (Ye 2000). For example, an MMP1 SNP
contains one or two guanidines 1607 basepairs (bp) upstream of the transcription start site
(Rutter et al. 1998). Here, the insertion of an extra G creates a functional Ets-binding site
immediately adjacent to an AP-1 site and, as a result, transcription is enhanced up to 37-fold.
Interestingly, the high-expressing 2G allele has been associated with higher levels of MMP1
expression in vivo and is present more often in tumor cell lines and ovarian cancer patients
than in the general population (Rutter et al. 1998,Kanamori et al. 1999). Moreover, an unusually
large proportion of metastatic melanomas with loss of heterozygosity at this site retains the
high-expressing 2G allele (Noll et al. 2001). Thus enhanced MMP1 transcription may
contribute to human cancer susceptibility and progression as it does in mice (Di Colandrea et
al. 2000). Another SNP located 1306 bp upstream of the MMP2 transcription start site contains
either a cytidine or thymidine, such that the less common T allele disrupts an otherwise
functional Sp1-binding site and diminishes promoter activity by about 50% (Price et al.
2001). An MMP3 SNP is located 1171 bp upstream of the transcription start site and contains
a run of five or six adenosines (Ye et al. 2000). In this case, the 6A allele binds an 89-kDa
nuclear factor more readily than the 5A allele and has 50% less transcriptional activity. Another
SNP contains either a cytidine or thymidine 1562 bp upstream of the MMP9 transcription start
site (Zhang et al. 1999). Here, nuclear protein complexes bind the C allele most readily, and
the less common T allele is about 1.5-fold more potent than the C allele. Finally, an A-to-G
transition exists 82 bp upstream of the MMP12 transcription start site, such that the A allele
has higher AP-1 binding affinity and about 1.2-fold higher promoter activity than the less
common G allele (Jormsjo et al. 2000). Most notably, however, the MMP3, MMP9, and
MMP12 SNPs have each been associated with coronary artery disease progression despite their
modest influence on gene transcription (Ye 2000).

Post-Transcriptional Regulation
Post-transcriptional mechanisms can also influence MMP expression. For example, mRNA
transcripts that encode MMP1 and MMP3 are stabilized by phorbol esters and EGF, whereas
MMP13 transcripts are stabilized by PDGF and glucocorticoids and destabilized by TGF-β
(Delany et al. 1995, Vincenti 2001). The turnover of MMP1 mRNA is apparently regulated by
AU-rich sequences in the 3′ untranslated region, and similar sequences may also regulate the
stability of other MMP transcripts (Vincenti 2001). In addition, a soluble and proteolytically
active form of MT3-MMP is generated by alternative mRNA splicing rather than membrane
shedding (Matsumoto et al. 1997), whereas the multiple transcripts of MMP13, MMP17, and
MMP20 probably result from alternative polyadenylation (reviewed in Sternlicht & Werb
1999).
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Regulation of MMP Secretion
Although most MMPs are constitutively secreted once they become translated, conspicuous
instances of secretory control do exist. MMP8 (collagenase-2, neutrophil collagenase) and
MMP9 are synthesized by differentiating granulocytes in the bone marrow, stored in the
specific and gelatinase (teriary) granules of circulating neutrophils, respectively, and released
following neutrophil activation by inflammatory mediators (Hasty et al. 1990). In
macrophages, plasmin and thrombin induce the secretion of MMP12, but do not alter its rate
of transcription (Raza et al. 2000). Instead, post-translational release of pre-formed MMP12
from macrophages occurs in response to protein kinase C activation downstream of the G
protein–coupled thrombin receptor PAR-1 (proteinase-activated receptor-1), which becomes
activated after binding a ligand that is generated from its own N-terminal end by thrombin-
dependent cleavage.

Activation of Latent Metalloproteinases
Like other proteolytic enzymes, MMPs are first synthesized as inactive proenzymes or
zymogens. Their latency is maintained by an unpaired cysteine sulfhydryl group near the C-
terminal end of the propeptide domain. This sulfhydryl acts as a fourth ligand for the active
site zinc ion, and activation requires that this cysteine-to-zinc switch be opened by normal
proteolytic removal of the propeptide domain or by ectopic perturbation of the cysteine-zinc
interaction (Van Wart&Birkedal-Hansen 1990). Once displaced, the thiol group is replaced by
a water molecule that can then attack the peptide bonds of MMP targets.

Although most MMPs are secreted as latent zymogens, MMP11 (stromelysin-3), MMP27
(epilysin), and the MT-MMPs contain an RXK/RR furin-like enzyme recognition motif
between their propeptide and catalytic domains. This allows them to be activated by
intracellular subtilisin-type serine proteinases before they reach the cell surface or are secreted
(Pei & Weiss 1995). MMP23 also has a furin-susceptible cleavage site and is a likely target of
intracellular proprotein convertases, but unlike all other MMPs, it lacks the conserved cysteine
that is required for enzyme latency in the first place (Gururajan et al. 1998). All other MMPs
lack a furin-susceptible insert and are thus activated outside the cell following their secretion.

The extracellular activation of most MMPs can be initiated by other already activated MMPs
or by several serine proteinases that can cleave peptide bonds within MMP prodomains
(Woessner & Nagase 2000). However, MMP2 is refractory to activation by serine proteinases
and is instead activated at the cell surface through a unique multistep pathway involving MT-
MMPs and TIMP2 (Figure 3) (Strongin et al. 1995). Indeed, MT1-MMP is a particularly
efficient MMP2 activator, whereas MT4-MMP and human (but not mouse) MT2-MMP are
the only MT-MMPs that are unable to activate MMP2 (Zucker et al. 1998, Miyamori et al.
2000, English et al. 2000). First, a cell surface MT-MMP binds and is inhibited by the N-
terminal domain of TIMP2, and the C-terminal domain of the bound TIMP2 acts as a receptor
for the hemopexin domain of ProMMP2. Then, an adjacent, uninhibited MT-MMP cleaves
and activates the tethered ProMMP2. Following the initial cleavage of ProMMP2 by MT1-
MMP, a residual portion of the MMP2 propeptide is removed by another MMP2 molecule to
yield a fully active, mature form of MMP2 (Deryugina et al. 2001).

It has been assumed that proteolytic removal of the MT-MMP prodomain by furin-like enzymes
in the trans-Golgi network or by plasmin at the cell surface (Okumura et al. 1997) is required
for MT-MMPs to activate MMP2. Such processing does appear to be necessary in some cell
types (Strongin et al. 1995), but these cells display both processed and full-length MT-MMPs
on their surface so that the function of either individual form can not be distinguished. However,
removal of the prodomain is not required for MT1-MMP to bind TIMP2 or activate MMP2 in
transfected COS-1 cells that lack endogenous MT1-MMP and are unable to process latent MT-
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MMPs (Cao et al. 1998). Even more surprisingly, COS-1 cells fail to bind TIMP2 or activate
MMP2 if the MT1-MMP prodomain is absent or replaced by the MMP13 prodomain. However,
COS-1 cells can activate MMP2 if they co-express a cDNA for prodomain-deleted MT1-MMP
together with an independent cDNA for the MT1-MMP prodomain, but not if either cDNA is
expressed alone (Cao et al. 2000). Therefore, the MT1-MMP prodomain is actually required
for the cell surface activation of MMP2 to proceed, but it does not have to remain covalently
attached. Furthermore, co-expression of the MMP1 prodomain instead of the MT1-MMP
prodomain does not rescue the ability of prodomain-deleted MT1-MMP to activate MMP2,
thus indicating that the MT1-MMP prodomain has specific attributes that enable it to do so.
Direct exogenous addition of the MT1-MMP prodomain also fails to restore the function of
processed MT1-MMP, and whereas full-length MT1-MMP is prominently expressed at the
cell surface, much of the prodomain-deleted MT1-MMP is retained in the secretory pathway.
Therefore, the MT1-MMP propeptide may act as an intramolecular chaperone that is necessary
for the efficient trafficking of MT1-MMP to the cell surface. Although processed MT1-MMP
is eventually expressed at the cell surface, it lacks the ability on its own to bind TIMP2 or
activate MMP2. MT1-MMP may also be conformationally activated through interactions with
the cell membrane, and its retained propeptide domain may facilitate the binding of TIMP2.

The role of TIMP2 in MMP2 activation is its dominant in vivo function, as shown by targeted
mutagenesis in mice (Z. Wang et al. 2000). Nevertheless, while the C-terminal domain of
TIMP2 participates in the cell surface docking and activation of MMP2, its N-terminal domain
is an MMP inhibitor. Not surprisingly, low-to-moderate levels of TIMP2 promote the activation
of MMP2, whereas higher levels inhibit its activation by saturating free MT-MMPs that are
needed to remove the MMP2 prodomain (Strongin et al. 1995). TIMP2 protein levels are
reduced and MMP2 activation is enhanced in the presence of the MMP2 substrate, type IV
collagen (Maquoi et al. 2000). Furthermore, the ability of collagen to induce MMP2 activation
on demand probably results from TIMP2 degradation because there are no accompanying
changes in MMP2, MT1-MMP, or TIMP2 mRNA expression or in the synthesis or activation
of MT1-MMP. Therefore, local accumulation of type IV collagen may trigger its own
degradation by somehow lowering local TIMP2 concentrations to levels that favor MMP2
activation.

Endogenous Metalloproteinase Inhibitors
The TIMPs represent a family of at least four 20–29-kDa secreted proteins (TIMPs 1–4) that
reversibly inhibit the MMPs in a 1:1 stoichiometric fashion (reviewed in Edwards 2001,
Sternlicht & Werb 1999, Gomez et al. 1997). They share 37–51% overall sequence identity, a
conserved gene structure, and 12 similarly separated cysteine residues. These invariant
cysteines form six intrachain disulfide bridges to yield a conserved six-loop, two-domain
structure. Truncated “tiny” TIMPs 1 and 2 retain their inhibitory activity despite containing
only the first three loops, thus indicating that portions of the N-terminal domain interact with
the MMP catalytic site (Murphy & Willenbrock 1995). Mutational analyses (O’Shea et al.
1992, Willenbrock & Murphy 1994, Huang et al. 1997) and peptide-and antibody-blocking
experiments (Bodden et al. 1994) have helped to further specify which regions of the N-
terminal domain influence inhibitory function. In addition, NMR (Williamson et al. 1997) and
X-ray crystallographic studies (Gomis-Rüth et al. 1997) have revealed which TIMP residues
interact directly with the MMP3 catalytic domain and how they inhibit MMP activity. Although
these studies indicate that the inhibitory activity of the TIMPs resides almost entirely in the N-
terminal domain alone, both domains influence enzyme-inhibitor binding (Willenbrock &
Murphy 1994). For example, the C-terminal domain (loops 4–6) of TIMP1 binds the
hemopexin domain of MMP9 more readily than it does the hemopexin domain of MMP2,
whereas the C-terminal domain of TIMP2 preferentially binds the hemopexin domain of
MMP2 (Murphy & Willenbrock 1995).
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Individual TIMPs differ in their ability to inhibit various MMPs (reviewed in Woessner &
Nagase 2000). For example, TIMP2 and TIMP3 inhibit MT1-MMP, whereas TIMP1 does not.
Likewise, TIMP1 is a relatively poor inhibitor of MT3-MMP, and TIMP3 appears to be a more
potent inhibitor of MMP9 than other TIMPs. TIMP3 is also unique in its ability to inhibit
ADAMs-10 and -17, ADAMTS-4, and ADAMTS-5 (Kashiwagi et al. 2001), whereas TIMP1
can inhibit ADAMTS-1 (Tortorella et al. 1999). In addition, the TIMPs differ in terms of their
gene regulation and tissue-specific patterns of gene expression (Edwards 2001). TIMP3 also
has the unique ability to bind via its C-terminal domain to heparan sulfates proteoglycans within
the ECM, thereby concentrating it to specific regions within tissues and basement membranes
(Langton et al. 1998).

The particular importance of TIMP3 in the eye is indicated by its increased expression in
various degenerative retinal diseases, its immunolocalization to Bruch’s membrane and drusen
(deposits of extracellular matrix associated with macular degeneration), and the presence of
TIMP3 mutations in patients with Sorsby’s fundus dystrophy (SFD), an autosomal-dominant
form of early retinal degeneration (Langton et al. 1998). Several missense mutations that
introduce an extra cysteine into the TIMP3 C-terminal domain, a nonsense mutation that
truncates most of the C-terminal domain but leaves an unpaired cysteine, and a splice-site
mutation that may also yield an unpaired cysteine have been found in the affected members of
various SFD families (Langton et al. 2000). Although the presence of an unpaired cysteine
could result in aberrant, function-perturbing disulfide bonds, SFD mutations apparently give
rise to TIMP3 molecules that dimerize and show diminished turnover but still retain their
MMP-inhibitory and ECM-binding properties (Langton et al. 2000).

There is a long history indicating that TIMPs exert growth-promoting activity independent of
their metalloproteinase inhibitory activity. Indeed, TIMP1 was first cloned as EPA for its
erythroid-potentiating activity, and TIMPs 1, 2, and 3 have since been shown to act as mitogens
in several other cell types (Gomez et al. 1997). Moreover, their mitogenic activity persists
despite the presence of added mutations that abolish their MMP inhibitory activity, thus
indicating that these activities occur independently, perhaps as a distinct function of the C-
terminal domain (Chesler et al. 1995, Wingfield et al. 1999). Although it is still unclear how
TIMPs promote cell growth, this activity may explain several unexpected associations between
TIMPs and cancer progression. However, TIMPs may also promote cell death or suppress
mitogenic signals. For example, apoptosis is induced in various cell types by TIMP3, but not
by TIMP1, TIMP2 or synthetic MMP inhibitors, thus suggesting that the mechanism may not
rely on the inhibition of a metalloproteinase (Bond et al. 2000). However, the introduction of
a mutation that abolishes the metalloproteinase-inhibitory activity of TIMP3 also abolishes its
ability to promote apoptosis, indicating that its inhibitory activity is necessary and suggesting
that its target may be an ADAM or ADAMTS rather than an MMP. TIMP2, on the other hand,
can suppress growth factor-responsiveness by interfering with the activation of tyrosine kinase-
type growth factor receptors, and its ability to block mitogenic signaling is independent of its
MMP-inhibitory activity (Hoegy et al. 2001). Nevertheless, no TIMP receptors have yet been
identified, suggesting that TIMPs may act as decoys for various signaling molecules.
Moreover, these growth-promoting and growth-suppressive activities may not be entirely
MMP-independent because the mutant TIMPs retain their ability to interact with MMPs via
secondary non-inhibitory sites, such as those of their C-terminal domains (Howard & Banda
1991). Therefore, these growth-altering activities may still reflect the ability of TIMPs to
indirectly modify MMP activity.

TIMPs are not the only endogenous MMP inhibitors. Indeed, α2-macroglobulin is a major
endogenous inhibitor of the MMPs (Sottrup-Jensen & Birkedal-Hansen 1989), and its
importance may have been overlooked due to the recent emphasis placed on the TIMPs.
Because α2-macroglobulin is an abundant plasma protein, it represents the major inhibitor of
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MMPs in tissue fluids, whereas TIMPs may act locally. Moreover, because α2-macroglobulin/
MMP complexes are removed by scavenger receptor-mediated endocytosis, α2-macroglobulin
plays an important role in the irreversible clearance of MMPs, whereas TIMPs inhibit MMPs
in a reversible manner.

Another, recently recognized class of MMP inhibitors, protein subdomains, have structural
similarity to the TIMPs. For example, proteolytic processing of the procollagen C-terminal
proteinase enhancer protein PCPE releases a C-terminal fragment with MMP inhibitory activity
and structural similarity to the N-terminal domain of the TIMPs (Mott et al. 2000). A primary
sequence alignment search also uncovered similarities between the TIMPs and the
noncollagenous NC1 domain of type IV collagen (Netzer et al. 1998). Moreover, functional
analyses indicate that the NC1 domain has MMP inhibitory activity (Netzer et al. 1998) and
can inhibit angiogenesis and tumor growth (Petitclerc et al. 2000). Nevertheless, the
physiologic targets of these inhibitory fragments remain uncertain. Although their activity
against MMP2 is substantially lower than that of the TIMPs (Mott et al. 2000, Netzer et al.
1998), other MMPs or metzincins may be their true physiologic targets.

Pericellular Localization of Proteolytic Activity
Many of the extracellular signaling events that regulate cell behavior occur at or near the cell
membrane, and many cellular signals are created or canceled via pericellular proteolysis (Werb
1997,Werb&Yan 1998). Thus because it is irreversible, the processing of pericellular proteins
by proteolysis is an ideal means of regulating extracellular signal transduction. Although
pericellular proteolysis may sometimes reflect the exclusive expression of a critical substrate
at or near the cell surface, there are specific mechanisms that confine or concentrate proteinases
in the immediate pericellular microenvironment. These mechanisms for localizing MMPs to
the cell surface and to specific cell surface subdomains include the expression of membrane-
bound MT-MMPs; the binding of MMPs to cell surface receptors; the presence of cell surface
receptors for MMP-activating enzymes such as uPA, plasmin(ogen), thrombin, and elastase;
and the concentration of MMPs on pericellular ECM molecules. These localization
mechanisms often enhance MMP activation, limit the access of MMP inhibitors, concentrate
MMPs within the vicinity of their targets, and limit the extent of proteolysis to discrete
pericellular regions.

Transmembrane and GPI-linked MT-MMPs are the most obvious mediators of proteolytic
activity at the cell surface. Removal of the transmembrane domains of MT1, MT2, and MT3-
MMP abolishes their ability to promote cellular invasion (Hotary et al. 2000). Moreover, MT-
MMPs can concentrate within specific cell surface domains such as cellular protrusions known
as invadopodia (or invasive pseudopodia), where active ECM degradation takes place.
Localization studies using chimeric constructs indicate that the cytoplasmic and
transmembrane domains of MT1-MMP are required for it to cluster on invadopodia, and
functional studies indicate that invadopodial recruitment of MT1-MMP is necessary for cellular
invasion to take place (Nakahara et al. 1997). Because GPI-anchored proteins tend to partition
into lipid rafts and caveolae where considerable signaling activity takes place (Brown &
London 1998), the GPI-linked MT-MMPs should also be enriched in such regions.

Another means of localizing MMPs to the cell surface is via cell surface docking receptors.
For example, activated MMP2 can bind to integrin αvβ3 on the surface of angiogenic
endothelial cells and invasive cancer cells (Brooks et al. 1996). Because the C-terminal domain
of MMP2 is required for the formation of αvβ3/MMP2 complexes in vitro, the catalytic domain
probably remains exposed so that it can still carry out proteolysis. Interestingly, MT1-MMP
generates only an MMP2 activation intermediate, and another already activated MMP2 is
required to remove the residual portion of the MMP2 propeptide and achieve full MMP2
activation (Deryugina et al. 2001). Thus cell surface MMP2 receptors may cooperate with
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MT1-MMP to facilitate MMP2 maturation, and data suggest that integrin αvβ3 promotes such
maturation by providing a platform for autocatalytic interactions between fully and partially
activated MMP2 (Deryugina et al. 2001). Moreover, colocalization data suggest that integrin
αvβ3 may also cooperate with MT1-MMP in the clustering of active MMP2 on invadopodia.

MMP1 can also interact with a cell surface integrin. In this case, active and inactive MMP1
binds to the I domain of α2 integrin, whereas MMPs 3 and 13 do not (Stricker et al. 2000).
Optimal binding of chimeric constructs requires the MMP1 hinge and hemopexin domains,
but not its propeptide or catalytic domains, so that the latter domain may remain available to
interact with its targets. Binding of α2β1 integrin to type I collagen induces MMP1 expression
in keratinocytes, and MMP1 is necessary for α2β1-dependent migration of keratinocytes over
type I collagen (Pilcher et al. 1999). Thus α2β1 integrin can act both as an MMP1 inducer and
as an MMP1 receptor, and the binding of MMP1 to α2β1 integrin may play an important role
in the migration of keratinocytes that contact interstitial collagens during epidermal wound
repair.

Another molecule that can both induce MMP1 expression and then localize it to the cell surface
is CD147/EMMPRIN (Guo et al. 2000). EMMPRIN is enriched on the surface of cancer cells
and induces adjacent fibroblasts to produce MMP1, which then apparently binds to the same
cell surface EMMPRIN molecules that elicited its expression in the first place. Therefore,
tumor-derived EMMPRIN may promote tumor cell invasion by both inducing fibroblasts to
produce MMP1 and then concentrating it on the surface of the invasive cells. MMPs can also
be bound to the cell surface by their own substrates. Latent ProMMP9, for example, binds with
high affinity to type IV collagen α2 chains on the surface of several cell types, thus
concentrating it at the cell-ECM interface in anticipation of any future need and in direct contact
with its target (Olson et al. 1998, Toth et al. 1999). This interface is where MMP9 is found in
nascent skin cancers (Coussens et al. 2000). Activated MMP9 binds to the cell surface
hyaluronan receptor CD44 (Bourguignon et al. 1998). Moreover, the localization of MMP9 to
the cell surface by CD44 appears to promote tumor cell invasion and angiogenesis and may
mediate the activation of latent TGF-β by MMP9 (Yu & Stamenkovic 2000). Recent data also
indicate that MMP7 binds to cell surface and ECM heparan sulfate moeities that may enhance
the stability, activation, and activity of MMP7 (Yu & Woessner 2000). Moreover, cell surface
heparan sulfates may act as docking molecules for other MMPs, as well as TIMP3.

Although many of the above docking mechanisms have not been definitively proven, they
suggest the existence of localized pericellular feed-back networks that coordinate the need for
a given MMP with its appropriate expression, activation, and physical placement. The specific
cell surface molecules that mediate these interactions have not been definitively elucidated, in
part, because such molecules are frequently enriched in specialized signaling domains such as
caveolae and rafts. Furthermore, by combining many of the functions of a given feed-back loop
within a few components (for instance by binding an MMP to its own inducer, its own substrate
or a molecule that normally ligates its substrate), these signaling networks may be particularly
compact and efficient. By the same token, the multifunctional nature of these interactions will
undoubtedly make them all the more difficult to sort out in functional experiments.

MMP Catabolism and Clearance
An obvious means of regulating MMPs is via their own proteolytic inactivation and physical
clearance. Although considerable progress has been made in understanding the progressive
proteolytic processing of MMP propeptides, relatively little is known about the further
autoproteolysis of active MMPs. Nevertheless, it is clear that some cleavages inactivate MMPs,
whereas others, such as those that specifically remove the hemopexin domain, can generate
truncated enzymes that lose their ability to cleave some substrates but retain their ability to
cleave others (reviewed in Woessner & Nagase 2000). Such processing can also diminish their
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affinity for and ability to be inhibited by TIMPs, as occurs with C-terminally truncated MMP2
(Y. Itoh et al. 1998). Removal of the hemopexin-like domain also cancels the ability of certain
MMPs to localize to the cell surface. In addition, MT-MMPs can be secreted if they are cleaved
at a juxtamembrane site before or after they reach the cell surface (Imai et al. 1996). Thus
factors that influence MMP degradation can alter the steady-state concentrations of MMPs,
their substrate specificities, their localization, and their ability to be activated or inhibited.

Another means of regulating extracellular MMP levels is by the direct clearance of intact
enzymes. Most MMPs cleave the bait region of α2-macroglobulin, thereby initiating a
conformational change in the large tetrameric macroglobulin that irreversibly traps the enzyme
(Sottrup-Jensen & Birkedal-Hansen 1989). Although the catalytic activity of the MMP is not
inhibited per se, its physical entrapment keeps the enzyme from interacting with natural
substrates, and the α2-macroglobulin/MMP complex is eventually endocytosed and
permanently cleared.

Thrombospondin 2 (TS2) has also been implicated in the clearance of MMPs. Interestingly,
TS2-deficient mice exhibit a number of connective tissue abnormalities, and their fibroblasts
have an adhesion defect that is the result of increased MMP2 levels (Yang et al. 2000). The
increased MMP2 levels occur because TS2 normally binds both latent and active MMP2 and
because TS2 is normally endocytosed by the low-density lipoprotein receptor-related protein
LRP and probably carries any bound MMP2 with it (Yang et al. 2001). The cellular
internalization of TS2/MMP2 complexes by the LRP scavenger receptor may therefore play
an important role in regulating MMP2 levels outside fibroblasts and other cells. Evidence also
indicates that MMP13 is rapidly cleared after it binds to an MMP13-specific 170-kDa high-
affinity receptor present on various cell types (Barmina et al. 1999). The binding requires
calcium, and the subsequent internalization and degradation of MMP13 requires LRP because
LRP-null cells bind MMP13 but fail to internalize it. Moreover, the internalization of both
MMP13 and TS2/MMP2 complexes is inhibited by the 39-kDa receptor-associated protein
RAP, which binds and inhibits LRP. Thus MMPs are tightly regulated by several variously
characterized mechanisms during virtually every aspect of their life-span, from their induction
to their ultimate destruction.

MMP Substrates
Although very few bona fide MMP substrates have been definitively identified in vivo,
numerous candidates have been tested and identified in vitro (Table 2). For interstitial
collagens, aggrecan and link protein, the cleavage sites identified in breakdown products
isolated from tissue extracts match those that have been established in vitro; however, multiple
MMPs can generate these same cleavages. In a limited number of cases, the MMP substrates
and responsible MMPs have been identified genetically. The restricted expression pattern of
an enzyme may also help to predict its proteolytic targets. For example, MMP20/enamelysin
is principally expressed in the enamel organ of developing teeth, where ameloblast cells secrete
amelogenin, the major protein that forms the organic matrix of tooth enamel. Amelogenin is
continuously degraded and replenished as enamel formation proceeds, and it is hydrolyzed by
recombinant MMP20 in vitro (Li et al. 2001). Moreover, an inherited missense mutation in the
amelogenin gene is associated with X-linked amelogenesis imperfecta and alters an amelogenin
cleavage site so that it is poorly hydrolyzed by MMP20 (Li et al. 2001). Therefore, amelogenin
is almost certainly a natural substrate of MMP20, and inherited mutations that render it resistant
to MMP20 cleavage may lead to defective tooth enamel formation. Nevertheless, such a
concordance between the isolated temporal and spatial expression of an MMP and its substrate,
together with the existence of disease-linked mutations that alter the proteolytic susceptibility
of the substrate, is the exception. In virtually all other cases, the identification of key in vivo
substrates and the responsible enzymes will require rigorous experimental approaches.
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Screening methods are now emerging as another means of identifying potential physiologic
MMP substrates. For example, monocyte chemoattractant protein-3 (MCP-3) was identified
as an MMP2 substrate after using the MMP2 hemopexin domain as bait to search for potential
binding partners in yeast two-hybrid screens (McQuibban et al. 2000). Thus the hemopexin
domain of MMP2 contains at least one exosite that is required for the binding of MCP-3. A
phage-displayed hexapeptide library has also been used to map the preferred substrate
specificity of human MMP13 (Deng et al. 2000). Subsequent database searches for proteins
with matching peptide sequences confirmed the ability of MMP13 to degrade aggrecan and
collagens II and IV, but also identified a sequence within the prodomain of TGF-β3 as a
potential target. This is particularly intriguing because cell surface-associated MMP2 and
MMP9 can activate TGF-β and because TGF-β activation is blocked by metalloproteinase
inhibitors (Yu & Stamenkovic 2000). Moreover, MMP13 can be activated at the cell surface
by MT1-MMP, thus potentially placing it in the right location to activate TGF-β. As is so often
the case, however, a determination of whether such processing actually occurs in vivo awaits
further testing and will undoubtedly be difficult to prove. Therefore, although the list of
potential substrates is long, the list of known in vivo substrates remains relatively short.

REGULATION OF CELLULAR SIGNALS BY MMPs
Although MMPs can cleave virtually all structural ECM molecules, they can also cleave several
circulating, cell surface and pericellular proteins, which enables them to regulate cell behavior
in numerous ways (Figure 4). These mechanisms include the alteration of cell-matrix and cell-
cell interactions; the release, activation, or inactivation of autocrine or paracrine signaling
molecules; and the potential activation or inactivation of cell surface receptors.

Extracellular Matrix Remodeling and Cell Behavior
ECM-degradation can be viewed, on the one hand, as merely disrupting and remodeling
structural barriers and, indeed, such degradative processes permit cellular invasion to take
place. However, extracellular matrices are not just passive cellular scaffolds; they influence
cell behavior by sequestering signaling molecules, such as growth factors and growth factor-
binding proteins, and by acting as contextual ligands for cellular adhesion receptors, such as
integrins, that transduce signals to the cell interior (Streuli 1999). Indeed, extracellular matrices
regulate such basic processes as cell shape, movement, growth, differentiation, and survival
by controlling cell adhesion and the cytoskeletal machinery (reviewed in Lukashev & Werb
1998). By extension, MMPs also influence these same processes by altering the composition
and structural organization of the ECM, thereby altering matrix-derived signals. Moreover,
proteolytic ECM remodeling results in the release of modular breakdown products with
biologic activity. For example, the MMP-dependent cleavage of native fibrillar collagen
exposes otherwise cryptic RGD sites that can then be ligated by αvβ3 integrin, and this
interaction promotes the survival and growth of melanoma cells (Petitclerc et al. 1999). In
addition, the cleavage of intact laminin-5 by MMP2 generates a γ2-chain fragment (γ2x) that
induces epithelial cell motility, presumably by exposing an otherwise inaccessible site
(Giannelli et al. 1997). ECM molecules also act as binding reservoirs for various growth factors
and cytokines that are released once the ECM molecules are degraded. For example, the small
collagen-associated proteoglycan decorin acts as a depot for TGF-β, and its degradation by
various MMPs makes the otherwise sequestered TGF-β available to carry out its biologic
functions (K Imai et al. 1997). One such function is to inhibit the expression of several MMP
genes. Thus MMP-mediated activation and release of TGF-β may act as a negative feed-back
mechanism to limit MMP expression and further TGF-β release. Likewise, MMP-cleaved
collagen can feed back through discoidin domain receptor-2 to suppress collagenase expression
and further collagen degradation, whereas intact collagen has the opposite effect (Vogel et al.
1997).
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Most cells must adhere to a natural or provisional matrix to survive. Thus MMP-mediated
disruption of subcellular matrices can induce apoptosis in anchorage-dependent cells and plays
an important role in normal physiologic cell death in tissues such as the involuting mammary
gland (Alexander et al. 1996). In addition, pericellular matrix destruction could defy cancer by
raising the cell death rate, or promote it by selecting for anchorage-independent and apoptosis-
resistant subclones.

Cell Surface Proteolysis and Cellular Signals
MMPs can potentially influence cell behavior by cleaving cell-cell adhesion proteins, by
releasing bioactive cell surface molecules, or by cleaving cell surface molecules that transduce
signals from the extracellular environment. For example, MMP3 and MMP7 both cleave the
adherens junction protein E-cadherin, and the soluble extracellular fragment that is released
disrupts cell aggregation and promotes cell invasion in a paracrine manner independent of the
cleavage event itself (Lochter et al. 1997, Noe et al. 2001). It is tempting to speculate that the
MMP-mediated cleavage of E-cadherin may abrogate its tumor suppressive activity and
influence other aspects of cancer associated with E-cadherin and MMP alterations, such as
epithelial-to-mesenchymal phenotypic conversions, invasion, and genomic instability
(Sternlicht et al. 2000). Transmembrane MT-MMPs can also degrade cell surface tissue
transglutaminase, an integrin-binding co-receptor that promotes the adhesion and spreading of
cells on fibronectin and can thus regulate cancer cell migration either positively or negatively,
depending on the type of ECM the cells encounter (Belkin et al. 2001).

MMPs can also release cell surface molecules. For example, MMP3 can release soluble L-
selectin from leukocytes (Preece et al. 1996) and can release active heparin-binding EGF-like
growth factor (HB-EGF) from cell surfaces by cleaving it at a site just outside the cell
membrane (Suzuki et al. 1997). MMP7 can induce Fas receptor-mediated apoptosis by
releasing active soluble Fas ligand from the surface of the same target cells, and this shedding
appears to influence involution of the prostate following castration, since prostatic involution
is significantly diminished in MMP7-deficient mice (Powell et al. 1999). The shedding of
soluble Fas ligand could prevent cancer progression, or it could promote progression either by
exerting pressure for the selection of subpopulations that are refractory to Fas-mediated cell
death or by merely removing a critical component of the Fas-mediated apoptotic pathway.
Indeed, the constitutive expression ofMMP7 in cells that express both Fas ligand and its
receptor results in the emergence of clones that are resistant to Fas-mediated and
chemotherapy-mediated apoptosis (Fingleton et al. 1999, Mitsiades et al. 2001). Cell surface
localized MMP2 and MMP9 can activate latent TGF-β (Yu & Stamenkovic 2000). At least
seven MMPs can activate recombinant soluble proTNF-α (Woessner & Nagase 2000) and, like
ADAM17, GPI-linked MT4-MMP can cleave membrane-bound proTNF-α to generate active
soluble TNF-α (English et al. 2000). Under the right circumstances, several MMPs may process
TGF-β and TNF-α in vivo.

In addition to causing the activation and release of cytokines and growth factors, MMPs can
also cleave their cell surface receptors. MMP2, for example, cleaves cell surface fibroblast
growth factor (FGF) receptor 1 at a specific juxtamembrane site, thereby releasing a soluble
receptor fragment that retains its ability to bind FGF (Levi et al. 1996). Soluble FGF receptor
type 1 has been found in the circulation and in vascular basement membranes and may
indirectly influence FGF availability. It is not known whether the removal of cell surface FGF
receptors directly blocks FGF responsiveness in the receptor-depleted cells as occurs for other
receptors. For example, MMP9 cleaves IL2 receptor α (IL2Rα) on T cells and significantly
downregulates their proliferative response to IL2 in culture (Sheu et al. 2001). Furthermore,
the in vivo responsiveness of tumor-infiltrating lymphocytes is suppressed by the
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metalloproteinase-dependent downregulation of IL2Rα protein (but not mRNA) levels (Sheu
et al. 2001).

Regulation of Paracrine Signals
In addition to releasing several cell surface and matrix-bound growth factors and cleaving cell
surface receptors to release soluble growth factor-binding proteins, MMPs may regulate the
availability of paracrine signals either by inactivating them directly or by inactivating their
soluble binding proteins. For example, MMPs can inactivate angiotensins I and II, bradykinin,
and substance P, thereby limiting their respective physiologic effects directly (Woessner &
Nagase 2000). On the other hand, the degradation of insulin-like growth factor (IGF) binding
proteins (IGF-BPs) 3 and 5 by MMPs 1, 2 and 3, and of IGFBP-1 by MMP11, indirectly
increases the availability of IGF survival and growth factors (Fowlkes et al. 1999, Manes et
al. 1997). For example, IGFBP-1 inhibits the growth of human breast cancer cells, whereas the
degradation of IGFBP-1 by MMP11 restores their IGF-1-dependent growth in culture and in
vivo (Manes et al. 1997). Conversely, TIMP1 blocks hepatocyte growth and hepatocellular
carcinogenesis in a bitransgenic carcinogenesis model by protecting IGFBP-3 from proteolysis,
thereby limiting the availability of IGF-2 (Martin et al. 1999). Likewise, an MMP-resistant
form of IGFBP-5 inhibits the responsiveness of smooth muscle cells to IGF-1 (Y Imai et al.
1997).

As inflammatory cell products, MMPs participate in and promote inflammatory processes, but
they may also blunt such processes. For example, MMP2 can cleave monocyte chemoattractant
protein-3, thereby inactivating it and generating a chemokine receptor-binding antagonist that
further impedes inflammation (McQuibban et al. 2000) and, perhaps, immune surveillance
against cancer. In a co-culture model of herniated disk resorption, MMP3 from chondrocytes
is required to generate a macrophage chemotactic factor (Haro et al. 2000a), whereas
macrophage MMP7 is required to release soluble TNF-α from the macrophages, thereby
enabling them to infiltrate the cultured intervertebral discs (Haro et al. 2000b). In addition,
MMPs can degrade the inflammatory cytokine IL1β, which is also a potent inducer of MMP
expression, but not IL1α (Ito et al. 1996).

Generation and Inactivation of Bioactive Molecules
In addition to altering the activity and availability of various cytokines, growth factors, and
hormones, MMPs can cleave a number of other nonmatrix proteins, sometimes abolishing their
normal biologic function while generating breakdown products with entirely newbiologic
activities. MMPs can cleave serine proteinases, such as plasminogen and urokinase-type
plasminogen activator, as well as several serpin-type serine proteinase inhibitors, including
α1-proteinase inhibitor (α1-PI), α1-antichymotrypsin, antithrombin III, and plasminogen
activator inhibitor-2 (Sternlicht & Werb 1999). These cleavages often inactivate the proteinase
or proteinase inhibitor and simultaneously create bioactive breakdown products. For example,
MMPs 2, 7, 9, and 12 can cleave plasminogen to generate the angiogenesis inhibitor angiostatin
(Patterson & Sang 1997, O’Reilly et al. 1999). Likewise, the inactivation of α1-PI by MMPs
creates a cleavage product that acts as a potent chemoattractant for neutrophils (Banda et al.
1988) and assists tumor growth and invasion, possibly by modulating NK cell cytotoxicity
(Kataoka et al. 1999). Virtually all MMPs can degrade fibrinogen, and MMPs 12, 13, and 14
can inactivate Factor XII (Hageman factor), thereby suppressing normal clotting mechanisms
(Hiller et al. 2000). In addition, MMPs can degrade insoluble fibrin in a plasminin-dependent
manner, and this fibrinolytic capacity plays an important role in new blood vessel formation,
dermal wound repair, glomerular function, and other biologic processes (Hiraoka et al. 1998,
Lund et al. 1999, Lelongt et al. 2001). Several MMPs can also cleave the collagen-like region
of C1q, a subunit of the C1 component of the classic complement cascade; however, the cleaved
collagen-like region still retains its ability to induce an oxidative burst in neutrophils (Ruiz et
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al. 1999). Undoubtedly, some of the MMP-mediated mechanisms outlined above contribute
to a variety of biologic processes, but it is still largely unclear which mechanisms are crucial.

MMPs IN DEVELOPMENT AND DISEASE
Genetic Dissection of Biologic Roles and Critical In Vivo Substrates

One of the major challenges left in understanding the biology of the MMPs is the identification
of their essential in vivo substrates. Even when a candidate protein can be cleaved by a given
MMP in vitro and is, in fact, degraded during a particular biologic process; and even though
its cleavage may make perfect mechanistic sense, an entirely different substrate may actually
regulate the process. This is particularly well illustrated by the recent finding that α1-PI is the
critical substrate for MMP9 in bullous pemphigoid, an autoimmune skin-blistering disease
(Liu et al. 2000). Prior to this finding, evidence indicated that the key MMP9 substrate was the
hemidesmosomal protein BP180 (collagen XVII), which helps anchor basal epidermal cells to
the underlying basement membrane. BP180 is one of two major autoantigens recognized by
the autoantibodies that initiate bullous pemphigoid, it is cleaved during blister formation, and
it can be cleaved by MMP9 in solution. Moreover, MMP9 is upregulated in bullous
pemphigoid, and knockout mice that lack MMP9 are resistant to the blistering that is elicited
by BP180 antibodies in wild-type mice. The MMP9-deficient mice do, however, develop
blisters if they are reconstituted with MMP9-expressing neutrophils. Thus it appears that
MMP9 is responsible for BP180 cleavage and subsequent blister formation. However,
neutrophil elastase (NE) can also cleave BP180; it too is upregulated in bullous pemphigoid,
and mice lacking this enzyme are also refractory to antibody-induced blistering unless they are
reconstituted with NE-competent neutrophils. Moreover, BP180 is cleaved and blisters do form
if MMP9-null mice are reconstituted with neutrophils from NE-null mice, or if NE-null mice
receive MMP9-null neutrophils, thus indicating that both enzymes participate and act along
the same pathway. However, even though both enzymes can cleave BP180 in solution, only
purified NE causes the blister-like separation of isolated skin sections. In addition, MMP9-null
mice do form blisters if they are reconstituted with a large excess of MMP9-null (but NE-
competent) neutrophils. Thus MMP9 acts upstream of NE and only indirectly participates in
BP180 cleavage, whereas NE is absolutely required for BP180 cleavage and dermal-epidermal
separation.

The principal endogenous inhibitor of NE, α1-PI, is also elevated in the skin of antibody-treated
MMP9- and NE-deficient mice. This suggests that the role of MMP9 in blistering is to
inactivate α1-PI, thereby removing the major constraint against NE and allowing it to cleave
BP180. Indeed, α1-PI degradation was only absent in antibody-treated MMP9-deficient mice,
even when they were given excess MMP9-null neutrophils. Nevertheless, BP180 degradation
and blister formation did take place in MMP9-deficient mice that received excess MMP9-null
neutrophils. Apparently, the additional MMP9-null neutrophils enable blister formation by
providing enough NE to overcome the elevated levels of intact α1-PI. Moreover, the
administration of excess α1-PI blocks antibody-induced blistering in wild-type mice, but not
if the α1-PI is pre-treated with MMP9. Thus MMP9 indirectly contributes to antibody-induced
skin blistering by inactivating α1-PI and allowing NE to cleave BP180 in an unrestricted
manner (Figure 5), whereas direct cleavage of BP180 by MMP9, if it occurs at all, is probably
minor.

Similar interactions between MMPs, serine proteinases, and their inhibitors may also
participate in other diseases. In pulmonary emphysema, for example, the irreversible
enlargement of peripheral air spaces is thought to result from proteolytic degradation of
interstitial elastic fibers, which otherwise have a cross-linked elastin core and a fibrillin-rich
microfibrillar coat (Ashworth et al. 1999). The long-standing yet controversial elastase-
antielastase theory states that the progressive erosion of alveolar walls results from
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inflammatory stimuli, such as cigarette smoke, that alter the balance between NE and its natural
inhibitor, α1-PI. This theory derives primarily from the observations that (a) intrapulmonary
instillation of NE causes experimental emphysema, (b) individuals with α1-PI deficiency are
predisposed to develop emphysema, and (c) cigarette smoke can inactivate α1-PI (Dhami et
al. 2000). Moreover, both exogenous α1-PI and an anti-neutrophil antibody protect against
acute matrix degradation in mice exposed to cigarette smoke (Dhami et al. 2000). However,
over 90% of the inflammatory cells in smokers’ lungs are macrophages rather than neutrophils,
and macrophages can secrete MMPs 2, 7, 9, and 12, all of which can degrade elastin and
inactivate α1-PI (Dhami et al. 2000). Moreover, MMPs 2, 9, and 12 (as well as NE and other
enzymes) can degrade fibrillin within elastic fibers (Ashworth et al. 1999). Thus macrophage-
derived proteinases that are increased in the lungs of smokers may be responsible for the matrix
degradation of emphysema. Indeed, the chronic exposure of wild-type mice to cigarette smoke
elicits significant accumulation of lung macrophages (but not neutrophils), induction and
activation of MMP12 (but not NE), and emphysematous enlargement of pulmonary air spaces
(Hautamaki et al. 1997). By comparison, smoke-exposed MMP12-deficient mice show no such
pulmonary changes even after the forced recruitment of macrophages in response to monthly
intratracheal administration of monocyte chemoattractant protein-1 (MCP-1), indicating that
the lack of MMP12, rather than the lack of macrophages, protects them from smoke-induced
pulmonary damage (Hautamaki et al. 1997). In addition, the relatively mild accumulation of
neutrophils and the absence of NE in smoke-exposed wild-type and MMP12-deficient mice
suggests the direct involvement of MMP12, rather than NE. Nevertheless, it remains unclear
whether other enzymes participate or if elastin, fibrillin, α1-PI, or other substrates are critical
to the natural development of emphysema.

The breakdown of elastic fibers has also been implicated in the formation and rupture of
intracranial and aortic aneurysms. Elastolytic MMPs 2, 9, and 12 are prominent within human
aortic aneurysms, and MMP12 immunolocalizes to residual elastic fiber fragments (Curci et
al. 1998). In mice, the development of experimental aortic aneurysms is suppressed by the
administration of a nonselective MMP inhibitor and by targeted disruption of the MMP9 gene,
but not by selective disruption of the MMP12 gene (Pyo et al. 2000). Furthermore, resistance
to aneurysms can be conferred by bone marrow transplantation from MMP9-deficient donors
to wild-type hosts, and it can be abolished in MMP9-deficient mice by transplanting wild-type
bone marrow cells (Pyo et al. 2000). Thus MMP9 appears to play an essential role in aneurysm
formation, probably (though not conclusively) by virtue of its ability to cleave elastin and/or
fibrillin.

One in vivo role for an MMP that has been definitively identified is the activation of intestinal
crypt α-defensins by MMP7 (Wilson et al. 1999). The defensins, which play an important role
in innate immunity, are antimicrobial (membrane-disrupting) peptides that are initially
produced as inactive precursors by granulocytes and specific epithelial cells, including Paneth
cells of the small intestine. In mice, crypt defensins (cryptdins) colocalize with MMP7 in apical
Paneth cell granules, and the absence of MMP7 in gene-targeted mice has no effect on cryptdin
production. MMP7 can, however, activate latent pro-cryptdins in vitro by removing their
prodomain, and unlike wild-type mice, MMP7-deficient mice fail to process and instead
accumulate inactive pro-cryptdins in their small intestines. As a result, intestinal extracts from
MMP7-deficient mice have less antimicrobial activity than those of their wild-type
counterparts, and orally administered bacteria show greater intestinal survival and overall
virulence in MMP7-deficient mice than in wild-type controls. Thus MMP7 contributes to
innate immunity by regulating cryptdin activation in the small intestine and may do so in other
tissues as well.

These and other examples (Table 3) illustrate how genetically modified mice can reveal the
proteinases and, if circumstances permit, the substrates that regulate physiologic and pathologic
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processes. Often, however, the conclusiveness of this approach is limited by the expression of
redundant or compensatory enzymes with overlapping activity, the modest yet nonessential
influence of an enzyme on the process in question, or the complete absence of any influence.
For example, MMP3 is thought to be an important mediator of cartilage loss in rheumatoid
and osteoarthritis, yet MMP3-deficient and wild-type mice are equally susceptible to collagen-
induced arthritis, and both show cleavage of the aggrecan Asn341-Phe342 peptide bond
(Mudgett et al. 1998). Thus even if MMP3 cleaves aggrecan, other redundant or compensatory
enzymes are likely to participate and might mask the influence of MMP3, or MMP3 may not
participate at all. Unmasking the responsible substrates and mechanisms may therefore require
the generation of animals that are deficient in multiple enzymes. Functional overlap between
distinct enzymes also probably explains the viability of most MMP-deficient mice and the
subtle nature of their developmental phenotypes, with the notable exception of MT1-MMP
null animals, which exhibit severe skeletal and connective tissue abnormalities and early
postnatal lethality (Holmbeck et al. 1999,Zhou et al. 2000).

Determination of Biologic Significance Using Substrate Cleavage Site Mutations
Mutations in amelogenin that decrease its susceptibility to MMP20 are associated with
inherited defects in tooth enamal formation (Li et al. 2001). These data complement the enamel
organ-specific expression of both MMP20 and amelogenin to strongly implicate amelogenin
as a physiologic target of MMP20. A similar experimental approach is to generate animals that
express mutant substrates that resist enzyme cleavage. For example, several collagenolytic
MMPs cleave the α chains of native fibrillar collagens at a single peptide bond, such that type
I collagen fibrils containing mutant α1(1) chains with an amino acid substitution at this site are
resistant to cleavage. The introduction of this mutation into the endogenous COL1A1 gene of
mice leads to marked dermal fibrosis resembling human scleroderma and impaired postpartum
uterine involution (Liu et al. 1995). These studies suggest that collagen resorption can also be
accomplished through collagenase cleavage at a novel site in the nonhelical N-telopeptide
domain. Nevertheless, these studies do not identify which MMP cleaves type I collagen within
its triple-helical domain during any specific processes. Moreover, considerable differences
between collagenase expression patterns in humans and mice (Balbin et al. 2001) and
differences between the catalytic activities of human and mouse MMP orthologues (Noel et
al. 1995) may limit our ability to extrapolate murine data to humans and other species.
Nevertheless, despite some inherent limitations, gene-targeting technologies provide the most
powerful and potentially definitive means of determining how MMPs regulate biologic
processes in vivo.

MMPs in Bone Development
Bone development can proceed in two distinct ways. Skeletal long bones and vertebrae form
by the multistep process of endochondral ossification, whereas the flat bones of the skull
develop by intramembranous ossification. In endochondral ossification, chondrocytes
proliferate and differentiate to form a zone of hypertrophic cartilage that is then resorbed and
replaced by mineralized bone matrix. It appears that resorption of the hypertrophic cartilage
ECM is accomplished by chondroclasts that make way for invading capillary endothelial cells.
Osteoblasts are then recruited to form trabecular bone that is subsequently remodeled by
osteoclasts and maintained by the opposing but coordinated activities of bone-forming
osteoblasts and bone-resorbing osteoclasts. With intramembranous ossification, osteoblasts
deposit bone matrix onto a cartilage template that is later removed, and vascularization appears
to be accomplished via osteoclast-mediated matrix remodeling. Bone development thus
requires active remodeling of cartilage and bone matrices and the concerted differentiation and
activity of several cell types. It is therefore not surprising that at least three MMPs, MMP2,
MMP9, and MT1-MMP, influence bone development and homeostasis.
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The only MMP gene mutations that are known to cause an inherited human disease were
recently found in the MMP2 gene (Martignetti et al. 2001). These mutations abolish the
expression of functional MMP2 and cause nodulosis, arthropathy, and osteolysis (NAO)
syndrome, a rare autosomal recessive osteolysis (or “disappearing-bone”) disorder. Affected
individuals present between one and ten years of age with subcutaneous fibrous nodules,
arthritis, minor facial anomalies, sclerotic cranial sutures, generalized osteopenia, and
multicentric osteolytic changes primarily involving the carpal and tarsal bones of the hands
and feet. The seemingly counterintuitive finding that the absence of a matrix-degrading enzyme
leads to progressive bone loss instead of an osteopetrotic increase in bone mass suggests that
MMP2 is not a critical bone matrix-dissolving enzyme. Rather, it suggests that MMP2
promotes osteoblastic bone formation and/or inhibits osteoclastic bone resorption. Because
TGF-β promotes osteoblastic activity (Filvaroff et al. 1999), and because mutations that favor
unopposed TGF-β activity cause a human osteopetrotic disorder (Janssens et al. 2000), it is
tempting to speculate that the absence of MMP2 might hinder bone deposition (and thus favor
resorption) if MMP2 were a critical activator of TGF-β during bone remodeling. Alternatively,
the lack of MMP2 might favor bone resorption if MMP2 is required to remove the collagen
scaffold onto which osteoblasts lay new bone matrix and if such collagen removal were a
prerequisite to the latter step of bone deposition. Although identifying the actual mechanisms
clearly requires further experimentation, MMP2-deficient mice appear to develop normally
and lack an overt osteolytic or arthritic phenotype. This may be due to compensatory
mechanisms such as a lack of contributing factors that might reveal a phenotype that is
otherwise too subtle to detect in mice, or the actual lack of a role for MMP2 in murine as
opposed to human bone remodeling. Nevertheless, other MMP-deficient mice do exhibit
skeletal phenotypes.

Mice lacking MMP9 accumulate hypertrophic cartilage within the growing region of their long
bones and ultimately exhibit subtle bone shortening (Vu et al. 1998). This expansion of the
hypertrophic cartilage zone results from deficient endochondral ossification rather than any
changes in chondrocyte proliferation or differentiation. The apoptotic loss of hypertrophic
chondrocytes, which only occurs near invading capillary endothelial cells, is delayed. This
delay appears to be secondary to diminished vascular invasion into the hypertrophic cartilage.
Indeed, MMP9-deficient hypertrophic cartilage fails to release normal levels of pro-angiogenic
activity in culture. Thus the absence of MMP9 may diminish the release of an angiogenic factor
from the hypertrophic cartilage ECM, thereby slowing vascular invasion and the subsequent
death of hypertrophic chondrocytes. Several angiogenic factors are expressed in the growth
plate of developing long bones, including vascular endothelial cell growth factor (VEGF),
which is highly expressed in terminal hypertrophic chondrocytes (Gerber et al. 1999).
Moreover, the inhibition of VEGF signaling with a soluble VEGF receptor chimeric protein
(mFlt-IgG) inhibits capillary invasion into hypertrophic cartilage and leads to a bone phenotype
that is similar to that seen in MMP9-null mice. In addition, mFlt-IgG inhibits the recruitment
of chondroclasts, osteoblasts and osteoclasts (Gerber et al. 1999, Engsig et al. 2000). Thus
MMP9 appears to play an essential role in releasing ECM-bound VEGF from hypertrophic
cartilage stores and in the VEGF-mediated recruitment of several cell types that are necessary
for proper bone development.

Whereas MMP9-null mice show a specific delay in endochondral ossification, targeted
inactivation of the MT1-MMP gene in mice causes severe defects in both endochondral and
intramembranous bone formation (Holmbeck et al. 1999, Zhou et al. 2000). Because MT1-
MMP is a critical activator of MMP2, it is important to note that many of the features of the
MT1-MMP-deficient mice (craniofacial dysmorphism, arthritis, osteopenia, and soft tissue
fibrosis) resemble those described in MMP2-deficient humans with NAO syndrome
(Martignetti et al. 2001). Similar defects have also been seen in mice harboring a mutation that
renders their type I collagen fibrils resistant to collagenase cleavage (Liu et al. 1995), and cells
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isolated from MT1-MMP-null mice exhibit deficient collagenolytic activity in vitro (Holmbek
et al. 1999). Thus impaired remodeling of collagen-containing skeletal and periskeletal
matrices may lead to the defects seen in MT1-MMP-deficient mice. Bone marrow stromal cells
from MT1-MMP-deficient mice show decreased bone formation, suggesting that MT1-MMP
may influence the differentiation and activity of osteoblasts, and MT1-MMP-deficient mice
have increased numbers of osteoclasts, suggesting that MT1-MMP may influence the
differentiation and recruitment of the latter cell type as well. A better understanding of the
mechanisms whereby MMPs influence skeletal development and homeostasis may have
important implications in terms of avoiding any unwanted side-effects of clinical interventions
aimed at inhibiting MMP activity.

MMPs in Vascular Remodeling
The formation of new blood vessels from existing vessels (angiogenesis) is required for tissue
development and repair and for the growth of solid tumors. MMPs can contribute to
angiogenesis in at least three ways: They can enable endothelial cell migration through
surrounding tissues by disrupting ECM barriers, they can promote it by liberating sequestered
angiogenic factors, or they can defy it by generating anti-angiogenic breakdown products. In
addition, the balance between MMPs and their inhibitors must be restored during the maturation
of newly formed blood vessels to favor basement membrane assembly and endothelial cell
differentiation and quiescence (Kraling et al. 1999).

Insoluble fibrin is one of the barriers that angiogenic endothelial cells must penetrate during
new blood vessel formation. Endothelial cell MMPs are required for neovascularization of
fibrin to occur in culture and in vivo, whereas the fibrinolytic plasminogen/plasminogen
activator system is surprisingly not required (Hiraoka et al. 1998). Moreover, the potent
pericellular fibrinolysin MT1-MMP enables otherwise non-invasive cells to penetrate fibrin
gels and form tubular structures. Invasion and tubulogenesis also proceed in the absence of
MMP2 but are blocked by natural and synthetic MMP inhibitors and fail to take place if a
transmembrane-deleted form of MT1-MMP is expressed instead of the full-length membrane-
associated form. Thus membrane-associated MMPs play a critical role in angiogenesis by
virtue of their pericellular fibrinoytic activity. Undoubtedly, they play a similar role in enabling
endothelial cells to traverse other ECM barriers as well.

During the early development of solid cancers, an “angiogenic switch” initiates the formation
of new blood vessels prior to the emergence of invasive tumors (Hanahan & Folkman 1996).
One possibility is that various stimuli induce the expression of pro-angiogenic genes thereby
activating this switch. This appears not to be the case, however, in a transgenic model of
pancreatic islet cell carcinogenesis (Bergers et al. 2000). In this model, VEGF, its receptors,
and acidic FGF are all expressed at stable constitutive levels before and after angiogenesis
begins, yet a synthetic inhibitor of VEGF signaling inhibits angiogenesis and tumor growth.
On the other hand, MMPs 2 and 9 are upregulated in angiogenic islets, and synthetic inhibitors
of MMP activity delay the onset of angiogenesis and inhibit tumor growth. The genetic ablation
of MMP9 also suppresses angiogenesis and tumor growth, whereas the lack of MMP2 inhibits
tumor formation, but does not alter the development of angiogenic islets. Moreover, exogenous
MMP9 (but not MMP2) releases VEGF from cultured islets, thereby eliciting an angiogenic
response in co-cultured endothelial cells. Therefore, MMP9 contributes to the induction of
angiogenesis by releasing sequestered VEGF, although other mechanisms may also exist.

Although MMP2 does not appear to influence angiogenesis in the above model, its
downregulation by targeted gene disruption and antisense methods does suppress tumor-
induced angiogenesis in other models (T Itoh et al. 1998, Fang et al. 2000). Integrin αvβ3,
which recognizes RGD sequences on vitronectin and other ECM molecules, is highly expressed
on angiogenic endothelial cells, and antibodies and peptides that block its function inhibit
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angiogenesis in several model systems (Eliceiri & Cheresh 1999). Moreover, the few αv-
deficient mice that survive to term die shortly thereafter with extensive vascular abnormalities
in some tissues. The RGD-independent binding of MMP2 to integrin αvβ3 may influence
angiogenesis by facilitating vascular invasion (Brooks et al. 1996). However, MMP2-deficient
mice have no overt angiogenic phenotype but do display less tumor-induced angiogenesis than
wild-type controls (T Itoh et al. 1998). Because inaccessible RGD sites on native collagen are
unmasked by the MMP-dependent cleavage of collagen, focal MMP-mediated collagen
degradation may not only remove a physical barrier to endothelial cell invasion, but may also
foster αvβ3-mediated endothelial cell migration through the proteolyzed ECM. In favor of this
hypothesis, the recombinant hemopexin domain of MMP2 prevents active MMP2 from binding
to αvβ3 and inhibits angiogenesis in culture (Brooks et al. 1998) and in vivo (Pfeifer et al.
2000). An organic compound that blocks the ability of αvβ3 integrin to bind MMP2 (but not
vitronectin) is also a potent inhibitor of angiogenesis and tumor growth in vivo (Silletti et al.
2001). Because this compound does not appear to alter the activation or activity of MMP2
directly, αvβ3 integrin may influence angiogenesis in part by concentrating MMP2 at the cell
surface. However, other data indicate that αvβ3 integrin promotes the maturation of MMP2 to
a fully active form following the MT1-MMP-mediated formation of an MMP2 activation
intermediate (Deryugina et al. 2001).

Part of the anti-angiogenic activity ofTS1, TS2, and other TS domain-containing proteins may
derive from their ability to downregulate MMP2 and MMP9 under certain conditions.
However, even though TS1 generally acts as an angiogenesis inhibitor, it may also promote
angiogenesis at low concentrations (Qian et al. 1997). Under these conditions, TS1 upregulates
endothelial cell MMP9 activity in a dose-dependent manner, and endothelial cell tube
formation is suppressed in culture by antibodies against either TS1 or MMP9 (Qian et al.
1997). By yeast two-hybrid and immunoprecipitaion analysis, MMP2 and MMP9 bind the pro-
perdin-like type 1 repeats of TS1 and TS2 via their fibronectin type II gelatin-binding domains,
but neither TS is degraded (Bein & Simons 2000). Purified TS type 1 repeats and intact TS1
also inhibit the degradation of type IV collagen and appear to suppress the activation of
proMMP2 and proMMP9 in culture. However, the diminished MMP activity could also reflect
reduced steady-state MMP levels. Indeed, TS2 binds both latent and active MMP2, but instead
of directly inhibiting the activation or activity of MMP2, it apparently promotes MMP2
clearance through the LRP-dependent internalization of TS2/MMP2 complexes (Yang et al.
2001).

MMPs can also negatively regulate angiogenesis by generating anti-angiogenic peptides.
Angiostatin is an N-terminal breakdown product of plasminogen that can be generated by
MMPs 2, 3, 7, 9, and 12 (Patterson & Sang 1997, O’Reilly et al. 1999); endostatin and tumstatin
are anti-angiogenic protein fragments from the C-terminal portions of collagens XVIII and IV,
respectively (Maeshima et al. 2000); and the free hemopexin domain of MMP9 itself may act
as an angiogenesis inhibitor (Brooks et al. 1998). In addition, by cleaving cell surface FGF
receptor 1, MMP2 generates a circulating and matrix-associated binding protein that can
modulate the potent angiogenic effects of FGF by altering its availability (Levi et al. 1996).
FGF receptor shedding may also downregulate the FGF responsiveness of those cells that have
lost their receptor. To date, however, the importance of MMPs in down-modulating
angiogenesis is unclear, whereas they are clearly important positive regulators of angiogenesis.

MMPs in Cancer
MMPs are generally present in greater amounts and activated more often in and around
malignant cancers than in normal, benign, or premalignant tissues, with the highest expression
taking place in areas of active invasion at the tumor-stroma interface (reviewed in Sternlicht
& Bergers 2000). Indeed, several MMPs were first cloned and have been repeatedly re-cloned
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as cancer-associated genes (reviewed in Sternlicht & Werb 1999). Significant positive
correlations have been found between MMP expression and various indicators of a poor
prognosis in virtually all types of cancer, and in some instances, increased MMP levels
represent an independent predictor of shortened disease-free and overall survival (reviewed in
Sternlicht &Bergers 2000). In epithelial cancers, however, most of the upregulated MMPs are
expressed by the supporting stromal cells rather than by the carcinoma cells themselves
(McKerrow et al. 2000). Thus MMPs from adjacent stromal cells are often induced and
commandeered by the malignant epithelial cells.

In addition to the extensive correlative data linking MMP overexpression with more aggressive
malignant behavior and poor clinical outcome, compelling experimental data show that MMPs
actively contribute to cancer progression. Relatively benign cells acquire malignant properties
when MMP activity is increased or TIMP activity diminished, and highly malignant cells are
made less aggressive by reducing their MMP levels or suppressing their MMP activity. Several
MMPs have been implicated as key agonists in tumor invasion, metastasis, and angiogenesis,
including MMPs 1, 2, 3, 9, and 14 (reviewed in Sternlicht & Bergers 2000). Without the aid
of ECM-degrading MMPs, endothelial cells would probably be unable to penetrate the ECM,
and cancer cells would be unable to cross the matrix barriers that otherwise contain their spread.
However, recent data indicate that MMPs do far more to influence cancer than merely remove
the physical barriers to invasion and metastasis. A number of MMPs can promote early cancer
development, and MMP3 can also promote late epithelial-to-mesenchymal phenotypic changes
that are associated with more aggressive malignant behavior (Lochter et al. 1997, Sternlicht et
al. 1999). These data support the notion that MMPs can contribute to virtually all stages of
cancer evolution, both early and late, thus expanding the potential clinical utility of MMP
inhibitors. Conversely, some MMPs may defy cancer progression, and others may not
participate in cancer, but undoubtedly play normal physiologic roles. These possibilities must
be considered and the mechanisms underlying the influence of MMPs in cancer must be
understood in the design of therapeutic agents in order to optimize their efficacy and minimize
their toxicity.

EARLY NEOPLASIA—A number of recent studies indicate that stromal influences promote
cancer development (Barcellos-Hoff & Ravani 2000, Moinfar et al. 2000). Fibrotic and
inflammatory conditions increase cancer risk, and some familial cancer syndromes are the
result of gene defects that produce stromal changes before epithelial changes ever occur
(Kinzler & Vogelstein 1998, Willenbucher et al. 1999). These are also conditions in which
stromal MMPs are upregulated, and the attendant rise in MMP activity may contribute to cancer
susceptibility (Sternlicht et al. 1999). Indeed, fibroblasts foster the growth of human cancer
cells in nude mice, yet fibroblasts lacking MMP11 do not (Masson et al. 1998).

Several studies in genetically modified mice also support the notion that MMPs participate in
early cancer development (Table 4). In general, MMP-overproducing transgenic mice develop
spontaneous hyperproliferative lesions. Moreover, when MMP transgenic and knockout mice
receive various oncogenic stimuli, the MMP-overexpressing mice develop more cancers than
usual, whereas those that lack various MMPs or overproduce TIMP1 tend to get fewer cancers
than normal. For instance, MMP1 transgenic mice show increased sensitivity to chemical
carcinogens (D’Armiento et al. 1995,Di Colandrea et al. 2000), whereas MMP11-deficient
mice and transgenic mice that have elevated levels of circulating TIMP1 show a diminished
sensitivity to carcinogens (Masson et al. 1998,Buck et al. 1999). The overexpression of MMP7
accelerates mammary cancer development in mice carrying a mammary-targeted Her2/neu
transgene (Rudolph-Owen et al. 1998b), whereas its absence in mice carrying the Apcmin

mutation slows the formation of intestinal adenomas (Wilson et al. 1997). The absence of
MMP9 defies the development but accelerates the progression of human papilloma virus-16-
induced squamous cell carcinomas in transgenic mice, whereas normal carcinogenesis is
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restored by transplanting MMP9-expressing bone marrow cells to the MMP9-deficient
transgenic mice, thus indicating the importance of inflammatory cell-derived MMP9 in skin
carcinogenesis (Coussens et al. 2000). Most notably, however, independent lines of mammary-
targeted MMP3 transgenic mice develop spontaneous premalignant lesions and malignant
mammary cancers despite an absence of carcinogens or pre-existing gene mutations (Sternlicht
et al. 1999,Matrisian 1999). In addition, these changes are blocked by the co-expression of a
TIMP1 transgene (Sternlicht et al. 1999). Moreover, mammary-targeted MT1-MMP transgenic
mice also develop spontaneous mammary cancers (Ha et al. 2001). Although each of these
examples suggest that MMPs participate in early cancer development, the spontaneous
development of premalignant and malignant lesions in the latter studies lends considerable
support to the likelihood that MMPs act as natural tumor promoters and influence cancer
susceptibility.

If, in fact, MMPs promote cancer development, then their inhibitors should defy it. However,
this is not always the case (Sternlicht & Bergers 2000). Data favoring the likelihood that MMPs
promote cancer include those indicating that murine 3T3 cells become tumorigenic after
antisense depletion of TIMP1 (Khokha et al. 1989) and that TIMPs inhibit the transforming
activity of phorbol esters (Shoji et al. 1997) and the growth of some cancer cells in vivo
(Khokha 1994, Krüger et al. 1997). Moreover, TIMP1 overproduction slows chemical skin
carcinogenesis (Buck et al. 1999) and SV40 large T antigen-induced liver carcinogenesis in
transgenic mice (Martin et al. 1996). In the latter model, TIMP1 appears to protect IGFBP-3
thereby inhibiting IGF signaling and hepatocyte growth (Martin et al. 1999). Surprisingly, in
Apcmin mice, TIMP1 overexpression had no effect on tumor development in one line and
augmented intestinal adenoma formation in another, whereas a synthetic MMP inhibitor
slowed adenoma formation (Heppner-Goss et al. 1998). This discrepancy may reflect the
MMP-independent growth-promoting activity of TIMP1, which persists in mutant TIMPs that
lack MMP-inhibitory activity (Chesler et al. 1995). TIMP1 may also confer a growth advantage
by upregulating VEGF expression in vivo. Indeed, TIMP1-transfected human and rat
mammary cancer cells show a direct relationship between TIMP1 levels and VEGF production,
tumor growth, and tumor vascularization and proliferation in vivo, but are unaffected by TIMP1
in terms of their growth in culture (Yoshiji et al. 1998). TIMP1 may also act as an anti-apoptotic
survival factor. For example, cultured B cells show increased survival in the face of various
apoptotic stimuli if they are grown in the presence of TIMP1, but not if TIMP2 or a synthetic
MMP inhibitor is added instead (Guedez et al. 1998). In another set of experiments, co-isogenic
pairs of transformed fibroblasts were established from wild-type and TIMP1-deficient
littermates and injected into the tail veins of wild-type and TIMP1-null recipients (Soloway et
al. 1996). Interestingly, lung colonization depended on the TIMP1 status of the tumor cells
rather than that of the host. As predicted, two TIMP1-deficient lines formed substantially more
lung colonies than their respective wild-type partners, yet the opposite was true in two other
independently isolated pairs, with the TIMP1-expressing cells instead showing enhanced
colony formation. Thus TIMP1 may promote or suppress tumor growth depending on the
context of the individual tumor cells and the potential for cross-talk with other signaling
pathways. These studies may explain why TIMPs are often upregulated rather than
downregulated in human cancers and why their upregulation is often associated with a poor
prognosis (Sternlicht & Bergers 2000). In addition, TIMPs may inhibit the MMP-mediated
infiltration of lymphocytes and immune surveillance. Alternatively, increased TIMP1 levels
may merely reflect the increased matrix remodeling that occurs during invasion, and the critical
parameter may be the balance between MMPs and their inhibitors rather than the expression
of one component alone. For TIMP2, conflicting data from clinical samples may also reflect
the fact that it participates both in the activation and inhibition of MMP2 in a dose-dependent
manner. Thus increasing levels of TIMP2 should increase MMP2 activation to a point, after
which the activation and proteolytic activity of MMP2 would be blocked by the inhibitory
activity of TIMP2. Ultimately, the TIMPs may block some aspects of cancer by inhibiting
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certain metalloproteinases, yet promote other aspects of cancer by inhibiting different
metalloproteinases and by influencing cells in a metalloproteinase-independent manner.
Although it is clearly difficult to distinguish whether MMP-independent and -dependent TIMP
activities are involved in a given process, it will be necessary to do so in order to gain a better
understanding of their role in cancer.

MALIGNANT PROGRESSION—Malignant cancers are distinguished from in situ cancers
and benign neoplasms by their ability to cross tissue boundaries and spread to other organs of
the body. To do so, cancer cells must cross multiple ECM barriers as they traverse the epithelial
basement membrane and interstitial stroma, enter blood vessels or lymphatics, and extravasate
to form metastatic deposits at a distant site. Because of this requirement and because invasive
behavior is associated with the upregulation of MMPs in virtually all human cancers, MMPs
are thought to facilitate invasion and metastasis by degrading structural ECM components.
However, although in vitro and in vivo cell invasion assays have generally confirmed that the
levels of MMP activity influence the ability of cells to penetrate native and reconstituted
basement membranes, the data supporting a positive role for MMPs in metastasis are limited.
The MMP9 promoter is induced during progression from in situ to invasive disease in
transgenic mice that carry an MMP9 promoter-driven β-galactosidase transgene (Kupferman
et al. 2000), and mice that lack MMP2 show diminished lung colonization after intravenous
administration of cancer cells (T Itoh et al. 1998). Moreover, PCR-based detection methods
suggest that MMP9 and perhaps other MMPs are required for intravasation and hematogenous
spread in vivo, since MMP inhibitors block intravasation, and only MMP9-expressing cells
are able to enter the blood stream in this assay (Kim et al. 1998). Surprisingly however,
intravital videomicroscopy indicates that TIMP1-overexpressing cancer cells exit the
vasculature just as well as their parental counterparts, but yield fewer and smaller metastases
owing to diminished tumor growth after they leave the bloodstream (Koop et al. 1994).
Therefore, extravasation may not require MMP activity, and although it is generally accepted
that MMPs contribute to invasion and metastasis, the underlying mechanisms appear to be
more complex than originally thought. In other words, the MMP-dependent invasive capacity
of malignant cells may rely on more than just the disruption of ECM barriers. For example,
downregulation of E-cadherin is causally involved in the malignant progression of some
cancers, and MMP-generated E-cadherin breakdown products promote tumor cell invasion
(Noe et al. 2001). In addition, MMPs can trigger epithelial-to-mesenchymal phenotypic
conversions, a process that is associated with more aggressive malignant behavior and one that
occurs naturally during development and wound repair when stationary and otherwise adherent
epithelial cells become migratory and invasive (Lochter et al. 1997, Sternlicht et al. 1999).
Thus MMPs can potentially contribute, both negatively and positively, to all stages of cancer
evolution by numerous distinct pathways.

PERSPECTIVES
Not long ago, MMPs and other ECM-degrading enzymes were thought to act by simply
excavating the structural groundwork that supported cells and separated distinct tissue
compartments. Their capacity to remodel the ECM and promote cellular invasion was thought
to come only from their ability to destroy underlying cellular foundations and disrupt the
barriers that otherwise keep cells within their own specialized compartments. This viewpoint
changed with the realization that extracellular matrices convey their own inherent information
and that these structural data act as critical modifiers of cell behavior and misbehavior.
Moreover, the ECM harbors several other signaling molecules such as bound growth factors
and growth factor-binding proteins. Thus MMP-mediated remodeling of the ECM alters the
informational content seen by nearby cells because remodeling can destroy current structural
inputs, unearth hidden structural information, and release otherwise sequestered signaling
molecules. In addition, it is now clear that although MMPs were initially named for their potent

Sternlicht and Werb Page 24

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2009 December 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



matrix-degrading capacity, they do more than just hydrolyze ECM molecules. They can
irreversibly cleave many cell surface and pericellular proteins. Thus they can activate or
inactivate various signaling pathways and can increase or decrease the availability of signaling
molecules by degrading their binding partners or generating new ones. Several mechanisms
that dock MMPs at the cell surface have evolved that not only focus MMP activity to specific
regions of the pericellular microenvironment, but also balance MMP supply and demand. The
existence of multi-functional MMP docking proteins on the cell surface provides a versatile
mechanism for establishing powerful local extracellular signaling networks.

Proteolytic mechanisms regulate many normal developmental and homeostatic processes,
whereas inappropriate proteolysis causes or exacerbates a number of diseases. The challenge
now is to determine exactly which of the many potential mechanisms and substrates worked
out in in vitro systems actually regulate these physiologic and pathologic processes.
Considerable headway has been made in elucidating the critical proteolytic pathways that
regulate some of these processes, often with surprising results. However, far more mechanisms
remain unidentified or unproven, thus leaving the field ripe for further progress and important
new insights.
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Figure 1.
Domain structure of the MMPs. Pre, signal sequence; Pro, propeptide with a free zinc-ligating
thiol (SH) group; F, furin-susceptible site; Zn, zinc-binding site; II, collagen-binding
fibronectin type II inserts; H, hinge region; TM, transmembrane domain; C, cytoplasmic tail;
GPI, glycophosphatidyl inositol-anchoring domain; C/P, cysteine/proline; IL-1R, interleukin-1
receptor. The hemopexin/vitronectin-like domain contains four repeats with the first and last
linked by a disulfide bond.
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Figure 2.
Regulation of the MMPs. MMP regulatory mechanisms include inductive and suppressive
signaling (1), intracellular signal transduction (2), transcriptional activation and repression (3),
post-transcriptional mRNA processing (4), mRNA degradation (5), intracellular activation of
furin-susceptible MMPs (6), constitutive secretion (7), regulated secretion (8), cell surface
expression (9), proteolytic activation (10), proteolytic processing and inactivation (11), protein
inhibition (12), ECM localization (13), cell surface localization (14), and endocytosis and
intracellular degradation (15).
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Figure 3.
Cell surface activation of MMP2. A ProMT-MMP is activated during transport to the cell
surface by an intracellular furin-like serine proteinase, at the cell surface by plasmin, or by
non-proteolytic conformational changes. The activated MT-MMP is then inhibited by TIMP2
and the hemopexin domain of ProMMP2 binds to the C-terminal portion of TIMP2 to form a
trimolecular complex. An uninhibited MT-MMP then partially activates the ProMMP2 by
removing most of the MMP2 propeptide. The remaining portion of the propeptide is removed
by a separate MMP2 molecule at the cell surface to yield fully active mature MMP2. Mature
MMP2 can then be released from the cell surface or bound by another cell surface MMP2-
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docking protein. It can also be inhibited by another TIMP molecule or left in an uninhibited
active state depending on local MMP:TIMP molar ratios.
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Figure 4.
Potential mechanisms of MMP-mediated cellular signaling.
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Figure 5.
BP180 cleavage in bullous pemphigoid. Infiltrating neutrophils (PMNs) in and around bullous
pemphigoid lesions release substantial amounts of neutrophil elastase (NE) and gelatinase B
(MMP9) from large azurophilic primary granules and smaller tertiary granules, respectively.
In addition, α1-proteinase inhibitor (α1-PI) is elevated, but because it is inactivated by MMP9,
its ability to inhibit NE is abolished, thus enabling NE to cleave hemidesmosomal type XVII
collagen (BP180) in an unrestricted manner. Furthermore, cleaved α1-PI fragments may
exacerbate this process by enhancing PMN recruitment. Although MMP9 can also cleave
BP180 in vitro, its direct contribution to BP180 cleavage in vivo is minimal or non-existent.
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TABLE 1

The vertebrate MMPs

MMP Common name(s) Domain organizationa

MMP1 Collagenase-1 B
MMP2 Gelatinase A C
MMP3 Stromelysin-1 B
MMP7 Matrilysin A
MMP8 Collagenase-2 B
MMP9 Gelatinase B C
MMP10 Stromelysin-2 B
MMP11 Stromelysin-3 D
MMP12 Macrophage metalloelastase B
MMP13 Collagenase-3 B
MMP14 MT1-MMP E
MMP15 MT2-MMP E
MMP16 MT3-MMP E
MMP17 MT4-MMP F
MMP18 Collagenase-4 (Xenopus) B
MMP19 RASI-1 B
MMP20 Enamelysin B
MMP21 XMMP (Xenopus) G
MMP22 CMMP (chicken) B
MMP23 H
MMP24 MT5-MMP E
MMP25 MT6-MMP F
MMP26 Endometase, Matrilysin-2 A
MMP27 B
MMP28 Epilysin D

a
See Figure 1 for domain arrangements.
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TABLE 3

Influence of MMPs in genetically modified mice: non-malignant phenotypes

Genotype Phenotype Reference

Haptoglobin-MMP1 Emphysematous enlargement of pulmonary air spaces (D’Armiento et al. 1992)
WAP-MMP3 Increased mammary apoptosis in pregnancy (Alexander et al. 1996)

Precocious mammary differentiation (Sympson et al. 1994)
MMTV-MMP7 Precocious mammary differentiation, male infertility (Rudolph-Owen et al. 1998a)
β-Actin-TIMP1 Accelerated mammary adipogenesis (Alexander et al. 2001)
MMP2−/− Delayed mammary gland development a
MMP3−/− Hypomorphic mammary gland development a

Accelerated mammary adipogenesis (Alexander et al. 2001)
Delayed incisional wound closure (Bullard et al. 1999)
Resistance to contact dermatitis (Wang et al. 1999)
Normal cardiac rupture following infarction (Heymans et al. 1999)
Normal collagen-induced arthritis development (Mudgett et al. 1998)
Impaired ex vivo herniated disk resorption (Haro et al. 2000a)

MMP7−/− Deficient innate intestinal immunity (Wilson et al. 1999)
Impaired tracheal wound reepithelialization (Dunsmore et al. 1998)
Diminished prostate involution after castration (Powell et al. 1999)
Impaired ex vivo herniated disk resorption (Haro et al. 2000b)

MMP9−/− Delayed growth plate vascularization (Vu et al. 1998)
Delayed endochondral ossification (Vu et al. 1998)
Defective osteoclast recruitment (Engsig et al. 2000)
Resistance to experimental bullous pemphigoid (Liu et al. 2000)
Resistance to experimental aortic aneurysms (Pyo et al. 2000)
Prolonged contact dermatitis (Wang et al. 1999)
Protection from ventricular enlargement after infarction (Ducharme et al. 2000)
Protection from cardiac rupture following infarction (Heymans et al. 1999)
Diminished motor defects following brain trauma (Wang et al. 2000a)
Diminished PMN infiltration in early glomerulonephritisb
Enhanced susceptibility to late-stage glomerulonephritis(Lelongt et al. 2001)
Abnormal decidual implantation sites c
Normal renal Alport syndrome progression (Andrews et al. 2000)
Normal LPS-induced lung injury (Betsuyaku et al. 1999a)
Normal neutrophil emigration (Betsuyaku et al. 1999b)

MMP11−/− No overt developmental phenotype (Masson et al. 1998)
Accelerated neointima formation after vessel injury (Lijnen et al. 1999)

MMP12−/− Resistance to cigarette smoke-induced emphysema (Hautamaki et al. 1997)
Normal susceptibility to experimental aortic aneurysms (Pyo et al. 2000)
Normal cardiac rupture following infarction (Heymans et al. 1999)

MMP14−/− Severe bone and connective tissue abnormalities (Holmbeck et al. 1999)
Inadequate collagen turnover, early postnatal death (Holmbeck et al. 1999)
Impaired endochondral ossification and angiogenesis (Zhou et al. 2000)

TIMP1−/− Resistance to corneal Pseudomonas infections (Osiewicz et al. 1999)
Normal renal interstitial fibrosis after proteinuria (Eddy et al. 2000)

TIMP2−/− Deficient MMP2 activation; otherwise normal (Wang et al. 2000b)
TIMP3−/− Accelerated mammary gland involution d

Emphysematous enlargement of pulmonary air spaces d

a
MD Sternlicht, BS Wiseman & Z Werb unpublished observations.

b
J-P Rougier & Z Werb unpublished observations.

c
N Rougier, JL Rinkenberger & Z Werb unpublished observations.

d
J Fata, K Leco & R Khokha personal communication.

Abbreviations: LPS, lipopolysaccharide; MMTV, mouse mammary tumor virus promoter; PMN, neutrophil; WAP, Whey acidic protein gene promoter.
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TABLE 4

MMPs promote carcinogenesis in genetically modified mice

MMP/TIMP
genotype

Oncogenic
stimulus Phenotype Reference

Haptoglobin-MMP1 none hyperkeratosis, acanthosis (D’Armiento et al. 1995)
DMBA+ PMA ↑skin carcinogenesis (D’Armiento et al. 1995)
DMBA+ chrysarobin ↑skin papilloma formation (DiColandrea et al. 2000)

WAP-MMP3 none mammary hyperplasias and cancers (Sternlicht et al. 1999)
MMTV-MMP3 none mammary hyperplasias and cancers (Matrisian 1999)
MMTV-MMP7 none mammary hyperplasias (Rudolph-Owen et al. 1998b)

MMTV-neu ↑ mammary carcinogenesis (Rudolph-Owen et al. 1998b)
MMTV-MMP14 none mammary hyperplasias and cancers (Ha et al. 2001)
MMP2−/− RIP-TAg ↓ pancreatic tumor growth (Bergers et al. 2000)

Injected cells ↓ angiogenesis and tumor growth (Itoh et al. 1998a)
MMP7−/− Apcmin ↓ intestinal adenoma formation (Wilson et al. 1997)
MMP9−/− K14-HPV16 ↓ skin carcinogenesis (Coussens et al. 2000)

RIP-TAg ↓ pancreatic carcinogenesis (Bergers et al. 2000)
MMP11−/− DMBA ↓ mammary carcinogenesis (Masson et al. 1998)
H2-TIMP1 Crp-TAg ↓ liver carcinogenesis (Martin et al. 1996)
H2-TIMP1 (as) Crp-TAg ↑ liver carcinogenesis (Martin et al. 1996)
WAP-TIMP1 WAP-MMP3 ↓ mammary neoplasia (Sternlicht et al. 1999)
Albumin-TIMP1 DMBA + PMA ↓ mammary carcinogenesis (Buck et al. 1999)
LFABP-TIMP1 Apcmin ↑ intestinal adenoma formationa (Heppner-Goss et al. 1998)

a
Intestinal adenoma formation was, however, inhibited by a broad-range synthetic MMP inhibitor.

Abbreviations: Apcmin, adenomatous polyposis coli gene with multiple intestinal neoplasia mutation; as, antisense; Crp, C-reactive protein gene promoter;
DMBA, dimethylbenz-anthracine; H2, major histocompatability complex class I promoter; HPV16, human papilloma virus 16 early region; K14,
keratin-14 promoter; LFABP, liver fatty acid binding protein promoter; MMTV, mouse mammary tumor virus promoter; PMA, phorbol myristate acetate;
RIP, rat insulin promoter; TAg, SV40 T antigen; WAP, whey acidic protein promoter.
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