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Abstract. The recent progress in matrix metalloproteinases (MMPs) research has
opened up many cellular targets in a variety of diseases. We have discussed some of
the interesting and newly described roles of MMPs in modulating metastatic
phenotype in malignancies. This information suggests a more specific and exclusive
role of MMPs as important regulators of tumor cell invasion and metastasis. A great
deal of room exists for redefining our current understanding of the MMPs system; the
more we understand about how MMPs act, the better we will understand the
pathobiology of metastasis. Research in the regulation of MMPs and the potential use
of MMPs for therapeutic interventions in metastasis continues to expand. The future
of therapy involving inhibitors of MMPs as a part of the armamentarium against
human neoplasm should be viewed with cautious optimism. This therapeutic approach
is beginning to find a place in our understanding of metastatic tumors, but with
perhaps few exceptions should still be considered experimental. This area of research
now needs more biological knowledge and imagination on the part of investigators to
make future achievements possible.
Keywords. Matrix metalloproteins; proteinases; therapeutic intervention; inhibitors
of MMPs; neoplasm; pathobiology of metastasis.

1. Introduction
To reach the blood vessels or lymphatics, tumor cells must penetrate host stroma that
includes the basement membrane. Because the continuous basement membrane normally
does not contain any pores large enough for passive cell traversal, invasion of the basement
membrane by tumor cells must be an active process. The interaction of tumor cells with the
basement membrane consists of attachment, extracellular matrix degradation, cell migration,
and penetration. Several nonmutually exclusive hypotheses have been proposed for the
regulation of tumor cell invasion. One of the proposed mechanisms involves the expression
of extracellular degradative enzymes by tumor cells or the host stroma itself, which
facilitates the invasive phenotype in malignant cells. The role of specific tissue-destructive
enzymes in tumor invasion is well established. During local invasion and distant metastasis,
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malignant cells invade blood vessels and extravasate the surrounding organ tissue 1. Tumor
cells can directly secrete degradative enzymes or induce the host to elaborate proteinases to
degrade the extracellular matrix and its component adhesion molecules. A positive
association with tumor aggressiveness has been noted for a variety of classes of degradative
enzymes, including heparinase, serine, thiol, and metal dependent proteinases 2. Indeed, a
cascade including all of these enzymes is probably involved in the invasive process; more
than one enzyme is necessary but not sufficient. This would suggest that more than one
inhibitor of proteinases is necessary to block the invasive phenotype of metastatic cells. In
principle, inhibition of tumor cell motility should inhibit tumor cell invasion and metastasis 3.
In this review, we will analyze the significance of these metal dependent proteinases in
tumor growth and metastasis.
2. Process of metastasis

Metastatic spread of cancer is the primary reason for treatment failure and subsequent
death in cancer patients. At the time of first diagnosis, nearly 30% Of solid tumors have
clinically detectable metastases 4. Of the patients without detectable metastases, nearly
50% have occult metastatic tumor cells 1. Metastases are formed on a continuous basis,
beginning early in the life of the primary tumor and increasing over time. As a result,
most patients have multiple metastases of different size, location, stage etc 1. The
heterogeneity in size, age, anatomical location, and biological composition of the
metastases makes effective surgical, radiologic, and chemotherapeutic intervention very
difficult. Therefore, new treatment modalities specifically targeted toward inhibiting
metastasis are urgently needed.
Both clinical and experimental studies have indicated that metastasis is an inefficient
process 5. Only a small fraction of cells from the primary tumor that reach the circulation
will survive and form viable metastases. Similarly, when tumor cells are injected into the
circulation of experimental animals, only a small portion of these cells forms metastases.
Further studies indicate that individual metastases are likely to be clonal in origin 6-8.
Considerable progress has been made in identifying genetic alterations associated with
human tumor progression 9-11. So far, no single gene that regulates the entire metastatic
process has been identified. It appears that regulation of expression of genes that
contribute to metastasis can occur in a tissue-specific manner, with different regulatory
genes such as oncogenes and tumor-suppressive genes. Studies have clearly shown that
the loss of tumor-suppressive genes is preferentially associated with specific stages of
tumor progression in colon cancer 12. Even though loss of tumor-suppressive gene
function has been implicated in the conversion to metastatic ability in specific tumor
types, no gene appears to be specific to all tumors 13.
Metastasis is the end stage in tumor progression from a normal cell to a fully malignant
cell. Tumor metastases are the result of a complex series of sequential, linked interactions
between the cancer cell and its environment, which lead to tumor cell migration and escape
from the primary tumor site and subsequent colonization of lymph nodes and secondary
organs. The metastatic process proceeds through angiogenesis, invasion, adhesion, local
proteolysis, and tumor cell migration 14. Each step can be rate-limiting, and the formation of
detectable metastatic lesions can be prevented by 'interruption in any one or more of these
steps 15. Formation of metastasis proceeds through the following phases.
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• Progressive growth of neoplastic cells after the initial transformation of normal cell into
tumor cell;
• Extensive neovascularization that is required if a tumor mass is to exceed 2 mm in
diameter;
• Local invasion of the host stroma by tumor cells;
• Detachment and embolization of single tumor cells or aggregates;
• Invasion of the surrounding extracellular matrix, including both basement membranes and
interstitial compartments;
• Entry into the vascular or lymphatic space;
• Escape from immune surveillance and mechanical disruption;
• Arrest at a site in the capillary bed of distant organs by adhering to capillary endothelial
cells or subendothelial basement membrane;
• Escape from the vascular or lymphatic circulation;
• Penetration of the target tissue and proliferation within organ parenchyma as a secondary
colony that may itself subsequently metastasize.
To produce a detectable lesion, the metastases must develop a vascular network, evade
the host immune system, and respond to organ-specific factors that influence their growth.
The cells can then invade host stroma, penetrate blood vessels, enter into circulation,- and
reside in distant organs to produce secondary metastases ,6. The outcome of this process is
dependent on both intrinsic properties of the tumor cells and the responses of the host.
The process of invasion, which includes the ability of tumor cells to attach, to proteolyze
the matrix components, and then migrate through the defective matrix, is not unique to tumor
cells. Attachment, proteolysis, and migration are steps of trophoblast implantation,
mammary gland involution, embryonic morphogenesis, and tissue remodeling. It appears
that the difference between the normal processes and tumor cell invasion must be one of
regulation and timing.
3. Patterns of metastasis
During the last two decades, studies of the pathogenesis of cancer metastasis have clearly
established that the outcome of metastasis depends on the interactions of tumor cells with
host factors 17,18. Clinical observations support the hypothesis that the pattern of metastasis is
predictable: certain tumors metastasize to specific organs. These metastatic processes are
determined by factors that can be independent of vascular anatomy, rate of blood flow,
physical presence of tumor cells, and number of tumor cells delivered to each organ 17.,8.
Although this concept and the search for the mechanisms that regulate organ-specific
metastasis have reached prominence only recently, they are not new. A century ago, Paget
questioned whether the distribution of metastases was due to chance. In his analysis of the
autopsies of a large number of patients with metastatic neoplasms w, the nonrandom pattern
of visceral metastases suggested that the process of metastasis is not due to chance but rather
that certain tumor cells (the seed) have a specific affinity for the certain organs (the soil).
Metastasis results only when seed and soil are matched. In recent years, Paget's hypothesis
has received considerable experimental and clinical support 17.18,20. Site-specific metastasis
occurs with many transplantable experimental tumors and has been reported in
autochthonous human tumors in patients with peritoneovenous shunts 18.
The modern concept of the seed and soil hypothesis embraces three major principles.
(1) The process of metastasis is not random. Rather, it consists of a series of linked,
sequential steps that must be completed by tumor cells if a metastasis is to develop.
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Interruption of the metastatic sequence at any of these steps can prevent the production
of grossly visible clinical metastases. In other words, at every stage of the process of
metastasis, the rules of survival of fittest apply with regard to the interplay of tumor
cells with host factors. Metastasis, therefore, generally represents a highly selective,
nonrandom process favoring the survival of a minor population of metastatic cells that
pre-exists in the parent neoplasm 17
(2) Neoplasms exhibit heterogeneous biologic and metastatic properties. The term
"heterogeneous" is defined as "not having a unique, homogeneous property
throughout." Experimental evidence suggests that at the time of diagnosis, neoplasms
contain different subpopulations of cells with diverse biological characteristics 17
Tumor cells isolated from individual tumors have been shown to differ with respect to
many phenotypic factors, including antigenicity, immunogenicity, growth rate,
karyotype, cell surface receptor susceptibility to cytotoxic drugs, cytokine growth factor
production, and propensity for invasion and metastasis. Biological heterogeneity is not
confined to cells in primary tumors; it is equally true of cells populating distant
metastases. Multiple metastases proliferating in different organs or even in same organ
of cancer patients exhibit diversity in many biological characteristics 17.18.
(3) The outcome of metastasis depends on the properties of both tumor (seed) and host
(soil) factors. The balance of these factors determines the metastatic behavior. The
contribution of host factors may vary in tumors arising from different tissue and in
tumors of similar histologic origin in different patients TM. Understanding of the
mechanism responsible for the regulation of metastatic properties of tumor cells by the
host microenvironment is essential for improvements both in the design of therapy for
malignant disease and in the way oncologists deal with the problem of cancer
metastasis.
4. Host organ microenvironment and metastatic phenotype

The tissue-specific metastatic pattern seen both clinically and in experimental models
highlights the importance of the local microenvironment for the development of metastases.
Metastasis is a highly selective process that is regulated by large numbers of mechanisms,
and its outcome is influenced by both the properties of the tumor cells and the responses of
the host 17. Recent studies have suggested that metastases can utilize host homeostatic
mechanisms to survive and grow preferentially in particular organ microenvironments 17,18.
The organ environment can influence the behavior of tumor cells in several ways. Early
steps in metastasis include neovascularization and invasion. For this reason, when tumor
cells from breast, stomach, pancreas and prostate are implanted in nude mice, the site of
implantation influences not only the growth of local tumor, but also the production
of metastases 18. Furthermore, organ-specific host factors have been shown to enhance or
suppress the growth, angiogenesis, invasion, and metastasis of human tumors implanted into
nude mice. It appears that the organization of tumor cells within the tumor itself and
interaction with tumor-derived matrix may also influence metastatic behavior.
5. Initial tumor growth and neovascularization

A crucial step in the process of metastasis is neovascularization in and around the tumor zl.
Although tumors that are < 1-2 mm in diameter can receive all necessary nutrients by
diffusion, further growth depends on the development of an adequate blood supply 21. The
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prevascular stage is associated with local, noninvasive, benign tumor, whereas the vascular
stage is associated with aggressive, invasive, and metastatic tumor 2z. The extent of
neovascularization in different malignancies, such as melanoma, breast carcinoma, and
prostate cancer is correlated with their potential for invasion and metastasis 15'23'24.
Histopathological analyses suggest that the number of blood vessels in invasive breast
carcinoma may be an excellent predictor of metastatic disease 23. Abundant evidence
22
supports the concept that tumors can induce angiogenesis in a variety of ways
Angiogenesis, however, is not a single event, but a cascade of processes emanating from
microvascular endothelial cells. Endothelial cells must proliferate, migrate, and invade host
stroma in order to generate capillary sprout 22. The direction of migration generally points
towards the source of angiogenic molecules 22. The sprout subsequently expands and
resumes a vascular structure. Although most solid tumors are highly vascular, these vessels
are not identical to the vessels of non-neoplastic tissue 22. The distinction between tumor and
normal blood vessels includes differences in the cellular composition, permeability, stability,
and regulation of uncontrolled growth.
The induction of angiogenesis is mediated by several angiogenic factors produced by
both tumor cells and host cells 22. At present, more than a dozen purified molecules have
been reported. These include fibroblast growth factor family members, vascular endothelial
cell growth factor (VEGF) or vascular permeability factor (VPF), interleukin-8, angiogenin,
angiotropin, epidermal growth factor (EGF), fibrin, nicotinamide, platelet derived
endothelial cell growth factor (PD-ECGF), transforming growth factor alpha (TGF-a), TGFfl, and tumor necrosis factor alpha (TNF-a) 25. Most of these molecules were first purified on
the basis of some unrelated activity and then later were shown to be angiogenic as well.
Whether each of these molecules causes angiogenesis to occur naturally in vivo is currently a
matter of speculation. One question regarding expression of angiogenic molecules is the
redundancy. In vivo it is thought that more than one angiogenic molecule is involved.
Not all vascular tumors produce metastasis. Conversely, the inhibition of angiogenesis
prevents the growth of tumor cells at both the primary and secondary sites and thus can
prevent the emergence of metastases. The synthesis of a family of angiogenesis inhibitor
molecules holds promise of leading to a new approach to treat cancer.
Most tumor cells switch to an angiogenic phenotype depending upon the action of
angiogenic stimulators or inhibitors, both of which may be produced by tumor cells or by
organ-specific host cells. Many different cytokines and growth factors, which modulate
angiogenesis, are present in the tissue. Presumably, the balance between their relative
availability and activity determines the angiogenic phenotype.
The cross-talk between the tumor cells and neighboring stromal cells occurs mainly via a
complex network of extracellular signals. Evidence suggests that these include a large
number of cytokines and growth factors, their antagonists/inhibitors and soluble receptors.
These are thought to be released by and to act up on cells mainly within the tumor
microenvironment. The diverse actions of these pleiotropic cytokines have yet to be fully
elucidated. However, their net effect is to regulate the proliferation of metastatic activity of
malignant cells, suppress the activity of infiltrating immune cells, and enhance the
establishment of the stromal environment by development of new blood supply for the
tumors.
A large number of endogenous stimulators and inhibitors are thought to influence the
various cellular mechanisms of angiogenesis. The endogenous stimulators include a-FGF,
fl-FGF, VEGF, TGF-a and -fl, EGF, TNF~a, PD-ECGF, angiogenin, pleotropin, HGF, IL-1,
IL-6, IL-8, and heparinase. The antagonists/inhibitors include IFN-a, -fl, angiostatic,
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cartilage derived inhibitors, platelet factor IV, protanine, thrombospondins, tissue inhibitor
of metalloproteinase (TIMP), and plasminogen activator inhibitor (PAI) 2s.26. These factors
may be released by a number of different cell types within solid tumors.
6. Tumor invasion and metastasis

The multistep process of metastasis involves numerous tumor-host cell and cell-matrix
associations 27. The interactions with matrix, particularly basement membrane, that
characterize the invasive phenotype include the ability of tumor cells to attach, to degrade
matrix components, and then to migrate through the matrix defect.
The ability of tumor cells to degrade adjacent extracellular matrix (ECM) 2s is
considered essential in the processes of tumor invasion and metastasis 29. The major
component of basement membrane is type IV collagen, providing the scaffold on which
other components such as laminin and heparan sulfate proteoglycan are assembled on
ECM 3°. Increased metastatic potential and poor prognosis in breast and colorectal
cancers have been shown to be associated with loss of basement membrane 31'32. A
discontinuity or absence of basement membrane type IV collagen has been reported in
pancreatic cancer 33,34. Several nonmutually exclusive hypotheses have been proposed for
regulation of tumor cell invasion. Mechanical pressure exerted by growing tumor cells
may force cards of tumor cells along tissue planes of least resistance and lead to pressure
atrophy and invasion 35. Metastatic tumor must be motile in order to invade host stroma
and must possess the necessary machinery for active cell migration 36.
Cell motility might be associated with loss of cell-to-cell adhesion. Several molecules
have been reported as implicated in adhesion. Downregulation of an adhesion molecule such
as E-cadherin has been correlated with loss of cell-to-cell contact in epithelial cells 35. Other
mechanisms include alteration of cytoskeletal elements and response to the cytokine
automotility factors, scatter factor, thrombospondin, extracellular matrix, and monocyte
macrophage-derived monokines 37-42. In principle, inhibition of tumor cell motility should
inhibit tumor cell invasion and metastasis 29.40
7. Molecules involved in tumor invasion

Neoplastic conduct of a tumor is determined by its capacity for autonomous expansion
and invasion and, if malignant, its ability to form metastatic foci at distant sites in the
body. The process of tumor invasion and metastasis involves a sequence of events, which
include the making and breaking of cell-cell interaction and the movement of cells
through tissue 2. These events are dependent on the composition of the extracellular
matrix and the production of various proteolytic enzymes by tumor cells. During local
invasion and distant metastasis, malignant cells invade blood vessels and extravasate the
surrounding organ tissue 14. The continuous basement membrane is a dense matrix of
collagen, glycoproteins, and proteoglycans that normally does not contain any pores large
enough for passive cell traversal. Therefore, invasion of the basement membrane by tumor
cells must be an active process. Tumor cells directly secrete degradative enzymes or induce
the host to elaborate proteinases to degrade matrix and its component adhesion molecules.
Examples of enzymes involved in the degradation of extracellular matrix include the
plasminogen activators, collagenases, proteoglycanases and cathepsins. Other enzymes
capable of degrading matrix components in vivo include elastase, gelatinase, stromelysin,
and, more recently described, membrane-type metalloproteinases (MT-MMPs). Indeed, a
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cascade including all of these enzymes is probably involved in the invasive process; more
than one enzyme is necessary but not sufficient. This conclusion provides a clue that more
than one inhibitor of proteinases are necessary to block the invasive phenotype of metastatic
cells.
Positive correlation between aggressiveness of tumor and proteases including serine,
aspartyl, cysteinyl, and metallo-proteases has been documented 29'43-~5. High uPA
expression has been detected in a range of malignant tumors, but in malignant melanoma
tPA is the major PA species 2. Evidence for the functional role of uPA binding to uPA
receptor (uPAR) in promoting tumor cell invasion is provided by studies demonstrating
an inhibitory effect of uPAR antibodies on tumor metastasis in vivo and tumor cell
migration/invasion in vitro 46-48. Specific serine proteinase inhibitors also block tumor cell
invasion 49

8. Matrix metalloproteinases (MMPs)
MMPs ar6 all members of a highly conserved supergene family that consists of 19
proteolytic enzymes capable of specific ECM protein interactions. They have an
important role in many biological and pathological processes, such as embryonic
development, growth, angiogenesis, wound healing, inflammation, and tumor
metastasis 5°'s~. MMPs have the ability to degrade a variety of ECM components,
including interstitial and basement membrane collagens and glycoproteins, leading to loss
of basement membrane integrity which facilitates invasion and migration. MMPs have
several distinguishing characteristics, listed below.
(1)
(2)
(3)
(4)
(5)

MMPs degrade at least one component of the ECM.
MMPs contain a zinc ion and are inhibited by chelating agents.
MMPs are secreted in a latent form and require activation for protcolytic activity.
Specific tissue inhibitors of metalloproteinases inhibit MMPs.
MMPs share amino acid similarities as revealed from molecular cloning of several
family members 52

The function of these enzymes is the degradation of the plasmin-resistant collagens,
which are integral components of the basement membrane and the interstitial extracellular
matrix 53.
The MMPs have been subgrouped into four broad categories based on substrate
specificity: interstitial collagenases, type IV collagenases, stromelysins, and membranetype MMPs (MT-MMP). Interstitial collagenases (MMP-1) have been identified from
many sources, but are produced mainly by fibroblasts and macrophages. MMP-1 degrades
fibrillar type I, II, III, and X collagens. The other substrates for MMP-I are native type
VII and type X collagen,//-casein and a2-macroglobin 5°'52. In addition to MMP-I and
neutrophil collagenase (MMP-8), collagenase-3 (MMP-13) has recently been cloned from
breast cancer tissue 54, collegenasc-3 can also degrade gelatin 55. The gelatinases (MMP-2
and -9) degrade basement membrane, type IV collagen, gelatin, elastin, and some other
collagen types such as V, VII and X 52. Mostly fibroblastic cells produce MMP-2 56'57,
whereas keratinocytes, inflammatory cells, and osteoclasts mainly produce MMP-9 5s'59.
Stromelysins (1, 2, and 3 (MMP-3, -11 and -10) have a broad selection of substrates,
including proteoglycans; type IV, V, IX, and X collagens; laminin; fibronectin; elastin;
and globular domains of procollagens I and II150. The fourth group consists of four
membrane-type MMPs (MT1-MMP [MMP-14], MT2-MMP [MMP-15], MT3-MMP
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[MMP-16], and MT4-MMP [MMP-17]), which activate MMP-2 without requiring
additional proteases 60-63. In addition to activating proMMP-2, this group of MMPs can
degrade a wide range of ECM proteins 64,65.
Recently, a novel member of the MMP family (MMP-19) has been cloned which does
not belong to any of the previously defined MMP-subclasses and may represent the first
member of a new MMP family 66. These proteinases are secreted as latent proenzymes
requiring extracellular activation, probably produced in vivo by proteolytic and/or
autolytic removal of their propeptides 50. A number of other MMP substrates that are not
ECM components such as precursor of tumor necrosis factor-a (TNF-a) 67'68, profibroblast growth factor receptor 1 69, and insulin-like growth factor binding protein 70
have been reported, extending the repertoire of biological processes involving these
MMPs.

9. Regulation of MMPs
The expression of different MMP genes is strictly regulated to maintain the connective
tissue homeostasis as well as the rapid and localized tissue remodeling that occurs during
many normal physiological processes. The regulation of MMP occurs at the
transcriptional level by gene expression, activation of inactive MMPs by proteases such
as plasminogen activator or by other members of the MMP family 71-73, and inhibition of
MMP activity by tissue inhibitors of MMPs (TIMPs) 74-76. Studies have shown that
MMPs are regulated at the transcriptional level both positively and negatively by a variety
of growth factors, cytokines, oncogenes, and tumor promoters.
MMP-1 and MMP-3 genes contain a TPA responsive element (TRE) or activator
protein-1 (AP-1) binding site and are positively regulated by c-fos and c-jun
protooncogenes 77'78. They also contain a PEA-3 element that recognizes the c-ets
oncogene79. Mutational analysis suggests that the basal level of the function of these
genes is regulated by AP-1 alone or in combination with PAE-3 and inducibility of these
genes by a variety of agents 80.81.Most cells normally synthesize very little MMP, but this
can be increased in culture by the presence of cytokines such as IL- 1 and TNF-a, various
growth factors such as basic fibroblast growth factor (bFGF), as well as hormones and
chemical agents such as phorbol esters and cytochalasin B 50. Induction of MMP-3 in rat
by epidermal growth factor (EGF) requires c-fos and c-jun protooncogene products 77.
c-fos gene expression has been shown to be required in the transcriptional activation of
MMP-1 by Ha-ras, v-mos and v-src 82. Stimulation of MMP-1 by tumor necrosis factor-a
(TNF-a) correlated with c-jun requires TRE 83. Induction of MMP-3 by platelet growth
factor, nerve growth factor, and interleukin-1 (IL-1) also occurs through a similar
pathway 77.84,85.The complete structure of human MMP-9 gene including 634 bp of the 5'
flanking region has been elucidated 86. Sequencing of the promoter region of MMP-9
indicated the presence of consensus AP- 1, Sp- 1 and NF-kB sites. A synergistic interaction
between the AP-1 site and the Sp-! or NF-kB sites has been demonstrated following
treatment with TNF-a 87. In contrast, the synthesis of MMP-2 in most studied cell types
has not demonstrated any significant stimulation in response to phorbol esters, cytokines,
and TGF-fl 86.88. The lack of responsiveness has been attributed to the absence of AP-1
and NF-kB regulatory elements. It has been shown 89 that TGF-fl inhibits the EGF
induction of MMP-3 through TGF-fl inhibitory element (TIE). Inhibition of MMP-1
expression by glucocorticoids has been shown to be mediated by the interaction of
glucocorticoid receptor and the c-fos/c-jun protein complexes 90. Therefore,
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protooncogene induction by growth factors may regulate the MMP gene expression in
both a positive and a negative manner.
10. Activation of M M P s

MMPs are synthesized in zymogram form, and the propeptide which is lost during activation
contains a conserved sequence PRCGVPD. Disruption of the cysteine residue that is bound
to the zinc catalytic molecule initiates activation 91. Elimination of this propeptide is
achieved in vivo either by other proteinases or autocatalytically 92. In vitro, activation of
MMPs occurs in the presence of destabilizing agents such as organomercurial APMA, which
initiates an autocatalytic cleavage of the propeptide. The mechanisms involved in the
activation of proMMP in vivo are more complex. MMP-3 has been reported to fully activate
procollagenase and proMMP-9 93. Some of the MMPs are activated by serine proteases such
as plasmin or furin 94. ProMMPs are also activated by mast cell proteinases 9s. Unlike other
members of the MMP family, proMMP-2 does not appear to be activated by plasmin or
MMP-3 96. Although the specific mechanism of activation in vivo is not fully understood,
studies have shown that MT-MMP, the membrane-bound enzyme with a recognized
transmembrane domain, appears to be a specific activator of proMMP-2 97 and is expressed
on the surface of tumor cells 64,65,98. In the case of proMMP-9, the activation can be achieved
by MMP-3 and MMP-2 98. Further, the urokinase-plasmin system has been implicated in the
activation of MMP-2 and MMP-9 99,100.
11. Inhibitors of MMPs

Different types of MMP inhibitors are known, including a nonspecific proteinase
inhibitor, a2-macroglobin, which is normally found in serum. Due to its large size
(780 kDa), its role is restricted to the fluid phase or inflammatory exudates. Tissue
inhibitors of metalloproteinases (TIMPs) are secreted proteins, which play a major role in
the regulation of MMPs in vivo 101.102.TIMPs are distributed widely in tissues and body
fluids and are expressed in many different normal and transformed cell types 102
Four major mammalian TIMPs have been described: TIMP-1, TIMP-2, TIMP-3, and
TIMP-4 78'1°3'1°4. TIMP-1 is a 28.5 kDa glycoprotein and TIMP-2 is a 21 kDa nonglycosylated protein. TIMP-3 is a non-glycosylated protein (21 kDa) which has
quantitative inhibition properties similar to TIMP-1 and TIMP-4 is similar in size to
TIMP-1. The TIMPs bind noncovalently to the active MMPs in a 1:1 stoichiometric
manner. Another feature of TIMP-1 and TIMP-2 is that, in addition to inhibiting MMP
activity by binding to the active form of the enzymes, TIMP-1 can form a complex with
the inactive proform of MMP-9, while TIMP-2 can bind to proform of MMP-2 1o1.1~
Therefore, small changes in the concentration of either TIMPs or MMPs can lead to
marked changes in net proteolytic activity ~05. In addition to these inhibitors, three more
metalloproteinase inhibitors (designated IMP-1, -2, and -3) have been identified in culture
media from glioma cell lines 106.
12. Expression of MMPs in human tumors

Under normal circumstances, the activities of MMPs are tightly controlled
physiologically. The expression of MMPs by tumor cell lines has long been associated
with metastatic potential. The earliest experiments demonstrated a positive correlation
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between type IV collagenase activity and the invasive potential of variants of the murine
melanoma cell line B16 107. The co-expression of several members of the MMP gene
family appears to be a general characteristic of human carcinomas, and has been observed
in breast, colon and prostate cancers 107-110. The tight regulation of MMPs seems to be lost
during tumor growth and metastases, as excessive MMP activity has been demonstrated in
different solid tumors 109.111-114. Collagenolytic activity has been correlated with tumor
grade and stage in human colon and invasive bladder cancers 114,115. Elevated levels of
MMP-1, MMP-9 and MMP-1 1 have been demonstrated in colorectal cancer n1'112. The
studies of Zeng et a1112 indicated not only that MMP-9 levels might be a useful
independent prognostic predictor in colorectal cancer, but also that MMPs are involved in
the recurrence of this cancer. A correlation exists between the absolute levels of MMPs
and the ratio between MMPs and their inhibitors. Both play an important role in the
invasiveness and aggressiveness of cervical cancers 116. Increased collagenolytic activities
(MMP-2, MMP-9, and MT1-MMP) have been shown to be associated with invasion and
metastasis of a large variety of cancers including ovarian, breast, bladder, lung, and
prostate cancer; brain tumors; and non-Hodgkin's malignant lymphomas 111-118. In
addition, studies have demonstrated that the levels of MMPs are correlated with the
aggressiveness/invasiveness of the tumor. High serum levels of MMP-1 and TIMP-1
levels have been found in patients with prostate cancer, whereas TIMP-2 levels in serum
were reduced as compared with controls 119. Based on these studies, it has been
hypothesized that MMPs are essential for tumor growth and spread, both local growth and
formation of metastases. Immunohistochemical and in situ hybridization studies in tumor
tissues have indicated that host-derived stromal cells and not tumor cells are often the
source of MMP production 12o-122

13. Inhibitors of MMPs and therapeutic agents
Definitive evidence for the role of MMPs in the progression and metastasis of tumors
came from studies aimed at modulating the levels of TIMPs. Both native and synthetic
inhibitors have been considered for therapeutic use.

14. Naturally occurring tissue inhibitors of MMPs (TIMPs)
It has been hypothesized that decreased TIMP levels result in increased
invasive/metastatic properties. With the availability of recombinant TIMP, several
investigators have looked at the potential therapeutic use of TIMP-1 as an anti-invasive
agent. Intraperitoneal administration of recombinant TIMP-! and TIMP-2 has been
shown to inhibit the colonization of lungs by B16-F10 murine melanoma cell line 123.
TIMP-2 inhibits the invasion of smooth muscle cell multilayers by HT1080 fibrosarcoma
cells 124 and prevents collagen degradation and invasion by tumor cell lines in vitro J25.
The ability of a highly metastatic rat embryo cell line transfected with Ha-ras to colonize
the lungs was inhibited up to 83% following repeated injections of recombinant TIMP 126
Several studies have shown that transfection of cancer cells with either TIMP- 1 or TIMP2 genes had marked effects on the in vitro invasiveness or in vivo metastatic spread of
tumor cells in experimental animals. TIMP-1 antisense RNA can confer tumorigenic and
metastatic ability to noninvasive Swiss 3T3 ceils 127. Transfection with TIMP-I or -2
expression vectors reduced the growth of lung metastases in a rat bladder carcinoma
model 128. Montgomery et a1129 found that transfection of TIMP-2 eDNA has a negative

Matrix metalloproteins and their inhibitors

249

influence on the growth and metastasis of a melanoma cell line. Transfection of matrilysin
cDNA into colon carcinoma cells has resulted in an increase in the tumorigenicity of
recipient cells 130. Further studies using intravital videomicroscopy have shown that
genetic manipulation of B16 melanoma cells to overexpress TIMP-1 does not affect the
cells' ability to extravasate, but thete was a reduction in size and number of tumors
subsequent to extravasation 131. In other studies, the transgenic mice that overexpressed
TIMP-1 produced significantly fewer and smaller tumors, whereas the mice
underexpressing TIMP-1 produced significantly more and larger tumors than control
animals 132.These studies have provided convincing evidence for an important role for the
MMPs in metastasis and growth of neoplastic cells. Both TIMP- 1 and TIMP-2 are potent
broad spectrum inhibitors of MMPs including collagenases, stromelysins, and gelatinases
and are considered as potential therapeutic agents. However, their use is likely to be
limited by their low oral bioavailability and their size, which may also limit tissue
penetration. As a result, most companies have developed broad spectrum inhibitors and a
number of inhibitors have been studied in preclinical models. So far only two, batimastat
and marimastat have been administered to cancer patients.

15. Synthetic inhibitors of metalloproteinases
Batimastat (BB94) is a broad spectrum MMP inhibitor with potent activity against most
of the major MMPs in the low-nanomolar concentrations. BB94 is almost insoluble and
therefore has a very poor bioavailability when administered orally. Intraperitoneal
administration of BB94 has a half life up to 28 days in humans. Marimastat is also a
broad spectrum MMP inhibitor with an enzyme inhibitory spectrum similar to that of
batimastat. It is almost completely absorbed after oral administration with a high and
predictable bioavailability and a half life of about 15 hours. Marimastat is rapidly
metabolized in rodents, making it difficult to test this drug in rodents. Though both drugs
have similar potent activity against 1VIMPs, due to the difference in their bioavailability,
most preclinical data have been obtained with BB94, whereas marimastat is being used in
clinical trials.

16. Preclinical studies
The antitumor activity of batimastat has been evaluated in various experimental models.
The B 16 murine melanoma model using B 16-BL6 subline has been used extensively to
assess the antimetastatic effect of various drugs. In vitro studies with MMP inhibitors
have demonstrated an absence of direct cytotoxicity. Administration of BB94 was
reported to significantly inhibit lung colonization and tumor growth of B 16-BL6 murine
melanoma cells 133and rat mammary carcinoma cells 134. The enhancement of necrosis is
an indication of a reduced vascularization, and angiogenesis has been shown to be
inhibited by BB94 in an in vivo matrigel invasion model 135.Treatment with batimastat in
a human ovarian carcinoma xenograft ascites model demonstrated reduction of tumor
burden and increased survival 136. Batimastat was also evaluated in other xenograft
models. A reduction in the number and size of liver metastasis has been reported in two
human colorectal xenograft models in animals treated with batimastat compared to
controls 137. In a human breast xenograft model using MDA-MD-45 cell line,
administration of batimastat significantly inhibited locoregional tumor regrowth and
reduction of incidence, number, and total volume of lung metastases 138. Studies using a
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human colorectal cancer (CI70HM2-cell) ascites model in mice showed reduction of
ascites formation and solid peritoneal tumor deposits 139.In contrast, in a breast carcinoma
ascites model, batimastat did not lead to an increase in survival or significant suppression
of ascites formation 140. Collectively these preclinical studies indicate that MMP inhibitors
not only have an antimetastatic effect, but also inhibit steps in the metastatic cascade such
as tumor growth and angiogenesis.

17. Clinical studies
Batimastat was the first MMP inhibitor to be tested in cancer patients. A phase I study of
intraperitoneal-administered batimastat in patients with malignant ascites as well as
malignant pleural effusion was performed 137-139. The treatment was generally well
tolerated, although half the patients experienced mild abdominal pain associated with
nausea and vomiting. In another study in patients without ascites, batimastat was
administered once every 4 weeks 139 Though systemic toxicities were minimal to mild,
local toxicities were of concern. Four of nine patients had stable disease lasting from 3-8
months. Although a phase II study suggested some benefits in patients with ovarian
cancer, further clinical studies with batimastat were halted due to the local side effects.
Marimastat (BB2516) was the second MMP inhibitor to be evaluated in cancer
patients. A phase I study in healthy volunteers showed a linear dose-plasma concentration
with a half life of about 10 h 14o. Marimastat has been tested in phase I and II trials in
more than 400 patients with a number of solid tumors 141-146. Marimastat treatment
significantly reduced the cancer-specific antigens (CEA in colorectal cancer, CA19/9 in
pancreatic cancer, CA 125 in ovarian cancer, prostate-specific antigen in prostate cancer)
in a dose-dependent fashion. A significant correlation was found between antigen
response and survival in patients with pancreatic, ovarian and colerectal
carcinomas 141,144,145. In clinical trials, Marimastat has been well tolerated, but the most
common drug-related toxicity has tended to be musculoskeletal, and is dependent on dose
and duration of treatment. These encouraging data on phase I and II trials provided the
foundation for the phase III program, and major clinical trials have been initiated with
patients who have small cell lung cancer, malignant glioblastoma, advanced pancreatic
cancer, and gastric cancer. However, randomized clinical trials, particularly in earlier
stage disease, are required to characterize the therapeutic potential of this class of agents.
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