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marized and critically evaluated much of this literatite-7).
Metastatic spread of cancer continues to be the greatest bar- |nstead, we will focus conceptually on changing ideas about the
rier to cancer cure. Understanding the molecular mecha- nature of the roles of MMPs in the metastatic process, baseul
nisms of metastasis is crucial for the design and effective useprimarily on recent studies that suggest that their major contrg
of novel therapeutic strategies to combat metastases. Onebution may be somewhat different and more complex than preg
class of molecules that has been repeatedly implicated inviously assumed. Clarification of the molecular nature and tim%
metastasis is the matrix metalloproteinases (MMPs). In this ing of the contributions of MMPs to metastasis are important i@
review, we re-examine the evidence that MMPs are associ-part because MMPs are viewed as an appropriate target fgr
ated with metastasis and that they make a functional con- antimetastasis therapies, and use of this therapeutic strategy Vll
tribution to the process. Initially, it was believed that the be maximized if the roles of MMPs in metastasis, both tempoa

major role of MMPs in metastasis was to facilitate the break- rally and spatially, are well understood. g
down of physical barriers to metastasis, thus promoting in- 2
vasion and entry into and out of blood or lymphatic vessels Overview of the Metastatic Process e
(intravasation, extravasation). However, recent evidence Metastasis is the spread of cancer from a primary tumor t§
suggests that MMPs may have a more complex role in me- distant sites of the body and is a defining feature of ca(®&). é

tastasis and that they may make important contributions at Metastasis is defined by end points, i.e., metastatic lesions dg-
other steps in the metastatic process. Studies using intravital tected in specific organs distant from a primary tumor, whilés
videomicroscopy, as well as experiments in which levels of steps by which metastases form have often been inferred rathigr
MMPs or their inhibitors (tissue inhibitors of metallopro-  than directly observed. Some experimental and clinical evidenée
teinases [TIMPs]) are manipulated genetically or pharmaco- supports some of these steps, but the internal nature of the pf®-
logically, suggest that MMPs are key regulators of growth of cess has prevented it from being fully understood. Sequenti%
tumors, at both primary and metastatic sites. On the basis of steps in the process (Fig. 1) [reviewed&-12)] are believed to &
this evidence, a new view of the functional role of MMPs in include the following: escape of cells from the primary tumorQ
metastasis is presented, which suggests that MMPs are im-intravasation (entry of cells into the lymphatic or blood cwcula-&i
portant in creating and maintaining an environment that tion), survival and transport in the circulation, arrest in d|stang
supports the initiation and maintenance of growth of pri- organs, extravasation (escape of cells from the circulation), algi
mary and metastatic tumors. Further clarification of the growth of cells to form secondary tumors in the new 0rgar§
mechanisms by which MMPs regulate growth of primary environment. Angiogenesis, the recruitment of new blood vess
and metastatic tumors will be important in the development sels, is required for the primary and metastatic tumors to grO\B
of novel therapeutic strategies against metastases. [J Natlbeyond minimal size, and evasion of immune destruction is ne&
Cancer Inst 1997;89:1260-70] essary at various steps throughout the process. The end point,
formation of detectable metastatic lesions, thus can be prevented
interruption at any one or more of these steps.

Considerable research has been directed toward understdid o o
ing both the steps involved in metastatic spread of cancer C?lsMetastaS|s is known to be an inefficient process, from both
and the underlying molecular mechanisms. Understanding {Hlcal observations and experimental studi¢s3f-17); re-
molecular basis of metastasis is crucial for the development and
appropriate clinical use of novel therapeutics directed at preven-
tion of metastasis and its consequences to the patient. Here waiffiliations of authorsA. F. Chambers, Department of Oncology, University
will discuss one class of molecules, the matrix metalloproteiptWestern Ontario, and London Regional Cancer Centre, London, ON, Canada;
ases (MMPs), enzymes that have been repeatedly |mpI|cateé‘ LIIM Matrisian, Department of Cell Biology, Vanderbilt University, Nash-
metastasis. Our goals in this review are to re-examine the eV'Correspondence toAnn F. Chambers, Ph.D., London Regional Cancer Cen-
dence that MMPs are associated with the metastatic phenotytRe,790 commissioners Road East, London, ON, N6A 4L6 Canada. E-mail:
that they contribute functionally to metastasis, and how they dehambers@Ircc.on.ca
so. We will not attempt to review the full literature on these See“Notes” following “References.”
topics, since it is extensive and many recent reviews have suermexford University Press
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Climically
evident
metastasis

Fig. 1. Metastatic process. Tumor
cells are believed to proceed through
the sequential steps indicated to form
clinically detectable metastases.

of growth growth

viewed in (18)]. Large numbers of cells can be shed into theompanied by decreases in other gene products, including pro-
circulation from a primary tumor, and yet not all of these celleinase inhibitorg28). Loss of tumor-suppressor gene function
will form metastases. When cells are injected into the circulati@tso has been implicated in the conversion to metastatic ability
of experimental animals, only a small fraction of the cells wilih specific tumor types, although none is likely to be universally
succeed in forming metastases. Furthermore, experimental siggplicated in all tumor types [e.g., nm2@9); KAI1 (30),
ies (19—21)indicate that individual metastases are likely clondfiSS-1 (31); reviewed in(32)].
in origin. Thus, the majority of cells that successfully escape Thus, phenotypically there appear to be cellular abilities nec-
from a primary tumor will not complete all of the steps necessa@psary for metastasis in many tumor types, while genotypically
to give rise to metastatic tumors. Steps that have been considdh&je does not seem to be a single master “metastasis gene” that
to be major contributors to this inefficiency, and thus rate linfegulates these properties in all tumors. It appears more likely
iting for metastasis, include cell survival in, and escape from, tfeat regulation of expression of genes that contribute function-
circulation. Relatively few cells arriving in a target organ werdlly to metastasis can occur in a tissue-specific manner, with
believed to survive initial arrest, due to hemodynamic destru@ifferent regulatory genes (e.g., oncogenes and tumor-
tion, and of those that did survive, few were believed to succe@dPPressor genes) inducing the multiple aspects of the metastatic
in extravasating. These views of the major rate-limiting steps Rfi€notype in specific tumors. Included among the required traits
metastasis have been questioned by recent studies insifgp 'S sufflcpnt proteolytic cap§0|ty Fo complete all the steps in
videomicroscopy to directly monitor the fate of cells during thE'€tastasis. MMPs and their inhibitors have been repeatedly im-
metastatic process, as discussed below. plicated in this co_nt_ext._ We next will summarize _th|s farmly of
Metastasis is the final stage in tumor progression from epzymes and their inhibitors and then will consider their rela-
normal cell to a fully malignant cell. Considerable progress hQQnSh'p to the process of metastasis.
been made in identifying moleculgr .changes that. accomparMeta||Opr0teinases and Their Inhibitors
and may be responsible for, the clinical, pathologic, and cyto-
genetic changes that occur during the progression of specificMMPs are a family of secreted or transmembrane proteins
cancers(22,23). The best-developed example is the charactehat are capable of digesting extracellular matrix and basement
ization of molecular progression in colon cancer, in which spaembrane components under physiologic conditions. Currently,
cific changes (e.g., loss of tumor-suppressor genes and mutatiénfamily members have been identified (Fig. 2). They share a
of oncogenes) are preferentially associated with specific stagasalytic domain with the HEXGH motif responsible for ligating
of progression24,25).However, the final stage in tumor pro-zinc, which is essential for catalytic function. MMPs are also
gression to a metastatic phenotype has eluded characterizedataaacterized by a distinctive PRCGVPD sequence in the pro
molecular genetic level, in colon or other cancers. Initially, thedomain that is responsible for maintaining latency in the zymo-
was hope that a single metastasis-specific gene could be ideg¢ins. MMP family members differ from each other structurally
fied to be responsible for conversion to a metastatic phenotypg.the presence or absence of additional domains that contribute
Early DNA transfection studies indicated that some cells could activities, such as substrate specificity, inhibitor binding, ma-
be converted to a metastatic phenotype by this strategy, suggest-binding, and cell-surface localization [reviewed (i6,33)].
ing that metastatic ability could have a genetic basis [review@there are three major subgroups of MMPs, identified by their
in (26)]. In addition, transfection with a variety of oncogenesubstrate preferences: collagenases degrade fibrillar collagen,
(e.g., ras and src) could produce metastatic cells [reviewedsimomelysins prefer proteoglycans and glycoproteins as sub-
(27)]. These studies indicated that a variety of downstream, @trates, and gelatinases are particularly potent in degradation of
cogene-regulated genes could functionally contribute to metanfibrillar and denatured collagens (gelatin).
static behavior of the cells. For example, metastatic H-ras- MMP activity is highly regulated at many levels. The mes-
transfected NIH 3T3 cells had increased levels of a variety sénger RNA (MRNA) for most family members is transcription-
gene products, including proteinases and adhesive proteins, aly regulated by biologically active agents, such as growth fac-
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MMP DOMAIN STRUCTURE MAJOR SUBSTRATES
Matrilysin Proweoglycans, ECM glyooproteins,
({MMP-7, pumip-1) |PRE PRO | CAT I IV collagen, gelatins, elaslin
[EC 3.4.24.23)
Imterstitial Collagenase
{MMP-1, EC 3.42-55?-. Fibrillas Collagens
; P . PRE PRO 3
Fig. 2. Matrix metalloproteinase H:ﬁpﬂhﬂ;ffﬂifﬁ = Fibnllar Collagens
(MMP) family. Subgroups are ar- ClDIJ -len:;asz-"i I Fibsillar Collpen
ranged by domain structure and -'1!-1:13?-11'- - =
separated by a dashed line. Within E et 8 8 8 8 8 8 8 8 8
the largest, hemopexin-domain|  Stromelysin-1 Proeoglycams, ECM glyooproteins,
subgroup, family members with (MMP-3, transin, EC 3.4.24.17) IV collagen. gelatins
some distinct but subtle structural Stromelysin-2 Proteoglycans. ECM glycaproteins,
features are separated by a dotte (MMP-10, transin-2, EC 3.4.24.27) IV collzgen, gelating
line. This table is adapted from ‘-.-1313_]1.34:]35133.-: ....................................................... ];135 M
Powell and Matrisiar(6) with the MMP-12. EC 344 65)
addition of information from ref- MMP- 1% ND.
erences(123.—127).MT = mem- MMEP-19 ND.
brane type; PRE= leader se- — o e e i e o e e e e e e e e e
quence; PRO= prodomain; CAT Smlﬁ_m‘:‘ PRO M Laminin and fibkmoectin (weakly)
= catalytic domain; H= hinge _':EE'E'E"_ -
domain; HEM = hemopexin-like MTI-MMP (MMP-141 Gelatinase A, fibwillar collagens,
domain; F= furin consensus site; proteoglyeans, ECM glycoprokins
FN = fibronectin-like domain; C MT2-MMP (MMP-15) RO = __IE ND.
= collagen-like domain; TM=
transmembrane domain; and ND MT3-MMP (MMP-16) Gelammase A
= not determined. MT4-MMP (MMP-1T) ND.
Gelatinase A [Pre[pro IR m DGR Gelatins, collagen [V, collagen 1
MMP-2, 72KI> gelatimase,
IV collagemase, EC 3.4.2424)
Gelatinas: B [erE PR [EAT ] FN Gelatins, collagen [V, oollagen W
[MMP-8, 97kDa gelatinase,
IV pollagemase, EC 3.4.24.35)

tors, hormones, oncogenes, and tumor promoters. Therelys although they do not distinguish effectively between indi-
evidence for regulation at the level of mMRNA stability, translavidual family members.

tional control, and storage in secretory granules for specific MMPs were originally described as enzymes responsible for
MMPs in specific cell types. In general, however, the protein dissolution of the tadpole tafB4). Subsequent work focused on
rapidly secreted in a latent form and requires extracellular adtire association of these activities with systems characterized by
vation. Proteinase cascades involving other MMPs as well dsmatic connective tissue remodeling, such as uterine involu-
other enzyme classes have been implicated in MMP activatidion, wound healing, and joint destruction in arthritic conditions.
Once the enzymes are active, they are susceptible to inhibitibime notion that MMPs are the major class of enzymes respon-
by the general serum proteinase inhibié@-macroglobulin and sible for matrix degradation is supported not only by the “smok-
by a family of specific tissue inhibitors, the tissue inhibitors ahg gun” nature of their association with these processes but also
metalloproteinases (TIMPs). There are currently four membdrg the observation that members of this family are the only
of the TIMP family that have in common their MMP inhibitoryenzymes known to denature and digest fibrillar collagens. More
activity but differ in properties, such as expression patterns argtently, experiments involving genetic manipulation of MMPs
association with latent MMPs (Table 1). TIMPs act to inhibior their inhibitors and specific synthetic inhibitors provide ad-
metalloproteinase activity by forming a complex with activelitional support for the essential role of these enzymes in normal
MMPs and are believed to be specific for enzymes of this farand pathologic matrix destruction.

Table 1. TIMP family*

TIMP-1 TIMP-2 TIMP-3 TIMP-4
Molecular mass 28 kd 21 kd 24 kd 22 kd
Messenger RNA 0.9 kb 1.1/3.5 kb 4.5-5.0 kb 1.4 kb
Associated proteins proGELB proGELA ECM Not determined
Major sites of expression Ovary, bone Placenta Kidney, brain Heart

*Information presented in this table is reviewed(BB) and presented i{l117-122).
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Association of MMPs With Cancer between members of other classes of proteolytic enzymes pro-
vide additional levels of complexity and regulati¢f,40,45).
During metastasis, there are a series of collagen-containing¥émpers of the TIMP family have also been associated with

structural barriers that cells must pasedFig. 1). Extracellular Cancer. The literature on expression of TIMPs and MMPs in
matrix and basement membrane barriers must be breachedi0rs has been thoroughly reviewed recently by Denhiaidt

cells to intravasate and extravasate. The basement membf# Will not be considered further in detail here. An important

underlying endothelial cells presents, in many organs, a contift/Nt that must be made, however, is that the simplistic expec-

ous collagen-containing structural barrier to completion of ggtion that malignant tumors would have increased MMP ex-

metastatic process. Within tissue, at either primary or second%{fss'on accompanied by decreased TIMP expression Is often

. . : met. In several cases, malignant tumors have been shown to
tumor sites, extracellular matrices appear to require degradathoarf/e increased rather than de%reased TIMP levels [E)]

to perm|t_ tumor cell invasion gnd spread. I_3y logical mf.erencﬁ’urthermore, the tissue localization of both specific MMPs and
metastatic cells require sufficient degradative enzymatic CaP&GIbs in and around a tumor can be complex, with variable

ity to break down these proteinaceous structural barriers. Alter- . e .
. . . . expression within the tumor versus adjacent stromal cells [re-
natively, some of the required proteolytic activity may be d

: . : . ) > OSiewed in(7)]. Tumor localization studies can give only a snap-
rived from tumor-associated host tissues, including adjac ?ot at one point in time, and there are difficulties in interpreting

fects in basement membranes adjacent to tumors are cOmmQaly,,nse? One promising approach to address this question in-

associated with malignant but not benign tum(ss). volves the use of transgenic or knockout mice to address the
MMPs have been associated with the malignant phenotypgects of altered host levels of specific MMPs or TIMPs [re-

for several decades [early reviews(B6—40)]. Several studies \ie\wed in (52)]. The localization and interplay between prote-

(41-43) presented evidence that malignant tumors containgdes and their inhibitor® Vivo is complex and as yet poorly
proteolytic activity capable of degrading collagervitro. With | ,nderstood.

the advent of more sophisticated biochemical and molecular

biologic techniques, it became possible to identify individugtyidence for a Functional Role for MMPs and
proteases responsible for the activities detected in tumor celfheir Inhibitors in Metastasis

Proteases of all five major classes (i.e., serine, aspartic, cysteine,

threonine, and metalloproteinases) have been linked with theEvidence that MMPs play a functional role in metastasis
malignant phenotypé44,45).From early work of Liotta et al. came originally from experiments with recombinant or geneti-
(41,42)and Tryggvason et a{43), interest was focused on typecally manipulated levels of TIMP-1. Schultz et #b3) first

IV collagenase, the enzyme responsible for degradation of tygieowed that an intraperitoneal injection of recombinant TIMP-1
IV collagen, a major structural protein in basement membraneduced lung colonization of intravenously injected B16F10
The enzymes responsible for this activity are now recognizedrtelanoma cells. A reduction in TIMP-1 levels by antisense
be either gelatinase A (72 kd type IV collagenase) or gelatinaR®&IA in mouse fibroblasts resulted in formation of metastatic
B (92 kd type IV collagenase). The first member of the MMRumors in nude micg54). Subsequent studieg®5-58) using
family to be cloned was transin, the rat homologue of stromeecombinant or transfected TIMP-1 or TIMP-2 in experimental
lysin-1, which was identified as an oncogene and growth fact@nd spontaneous metastasis assays further suggested that MMPs
inducible geng46). Subsequent work identified the product otould play a causal role in metastasis. Assuming that the primary
this complementary DNA (cDNA) as a protease that was ovaetivity of TIMP in these assays is inhibition of MMP activity,
expressed in malignant mouse skin tum@®) and was related these results provide strong support for a role for MMPs in the
to the prototypic member of the MMP family, interstitial colla-establishment of metastatic lesions.

genasg48,49).Since that time, extensive literature demonstrat- Studies with synthetic MMP inhibitors further support a re-
ing the association of MMP family members and tumor progrequirement for MMP activity in the establishment of metastatic
sion has developed [reviewed (B,50)]. Several generalizationsfoci. These low-molecular-weight compounds are unlikely to
can be made: 1) The number of different MMP family membelsave complicating activities distinct from inhibition of metallo-
that can be detected tends to increase with progression of pineteinase activity, and their specificity appears to be restricted
tumor, 2) the relative levels of any individual MMP familyto enzymes closely related to matrix metalloproteinases. The
members tend to increase with increasing tumor stage, andBBitish Biotech inhibitor batimastat (BB-94) was shown to re-
MMPs can be made by either tumor cells themselves or, quitace metastasis of melanoma, mammary carcinoma, and colo-
commonly, as a host response to the tumor. The expressiental tumor cells in experimental metastasis as§a9s61)and
pattern of MMPs, therefore, supports a role for these enzymesinhuman colon(62) and breas{63) tumor cells injected ortho-
later stages of tumor progression. MMPs are found most abuapically in nude mice. Other broad-spectrum MMP inhibitors
dantly in tumors in which the basement membrane is breacheave shown similar results in lung colonization ass@/465).

and there is evidence for local invasion and distant metastadasaddition, combination therapy with a gelatinase A-specific
In this review, we are considering the role of MMPs in tumoinhibitor and cytotoxic agents reduced invasion and metastasis
progression, but it should be remembered that they are not tfesubcutaneously injected Lewis lung carcinon(@s).

only proteolytic contributors to this process, and interactions Finally, there is evidence for a role for specific MMP family
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members in tumor cell invasion and metastasis. Bernhard etthklial cells appears to be a clear physical barrier to metastasis,
(67) have demonstrated that gelatinase B expression is strontjlg assumption has been made that the major contribution of
associated with the metastatic ability of rat embryo fibroblask8MPs to metastasis is in facilitating extravasation. Mechanistic
and that its overexpression results in increased metastatic potamclusions have also been basedimwitro assays that were
tial following injection into nude micg68), while ribozyme thought to be appropriate models fiarvivo processes. For ex-
inhibition of this enzyme decreases lung colonizati@®). ample,in vitro invasion assays through basement membrane
Transfection of a gelatinase A cDNA in a bladder cancer cgifoteins (Matrigel) have been used to model extravasation.
line increased the area of lung metastg3&, and MT1-MMP However, as discussed below, logical inferences about rate-
overexpression enhanced the survival of mouse lung carcinolingiting stepsin vivo do not necessarily hold up to experimental
cells in the lungs of intravenously injected mi¢&l). A role for  scrutiny, andn vitro assays may not model the assumed siieps
the MMP matrilysin in tumor invasion was demonstrated byivo.
transfection into human prostate cells and measuring invasionA procedure for directn vivo observation of early steps in
into the diaphragm of immunodeficient mi¢é2). metastasis has been develog8@). This procedure, intravital
The effect of MMP activity in spontaneous and experimentaldeomicroscopy, has provided evidence that suggests that some
metastasis assays has been associated with the ability to degodidrir assumptions about mechanisms of metastasis need to be
basement membrane and extracellular matrix components, thexised, based on evidence obtained from direct observation of
facilitating invasion through connective tissue and blood vesgsbke process. From results using this procedure, it can be con-
walls. This view was supported hin vitro studies measuring cluded that the role of MMPs and their inhibitors in metastasis
invasion through amnion basement membrane, smooth musulay be different, and more complex, than previously assumed.
cell-generated basement membrane, or reconstituted basemeitravital videomicroscopy (IVVM) permits direct observa-
membrane (Matrigel; Collaborative Research, Inc., Walthartipn of the microcirculationn vivo. It allows observations to be
MA). An inhibition of in vitro invasion has been observed folimade on steps in metastasis and the steps in the process that are
lowing the addition of recombinant or transfected TIMP-1 caffected by molecules, such as MMPs, implicated in metastasis
TIMP-2 (40,53,73-76)and targeted disruption of the TIMP-1[reviewed in(83,84)]. The microvasculature of living experi-
gene resulted in an increase iim vitro invasion (77). Other mental animals is observed in real time, and interactions of
studies(64,78) using synthetic inhibitors of metalloproteinasesumor cells with host tissue can be observed and quantified.
also support an effect of MMPs on the penetration of basemégsults from a series of experiments by use of this procedure
membranes. It should be noted, however, that following trarsiggest that early steps in metastasis, including destruction of
fection of various MMP family members, positive effectsian cells in the circulation and extravasation, contribute less to meta-
vitro invasion have been documenté), but there are also static inefficiency than previously assumed. Rather, the regula-
examples of a lack of a consistent effect in these as@)81). tion of growth of individual extravasated cells in target tissue
In addition, no change im vitro invasion was detected in loss-appears to be rate limiting. Here, we will review some of the
of-function studies in which expression of stromelysif83) evidence from IVVM, as well as recent findings using other
and matrilysin(80) were ablated by use of antisense technologgpproaches, that suggest that the primary functional contribution
These results raise the possibility that at least some MMPs n@EyMMPs and their inhibitors in metastasis may be at steps after
affect steps in metastasis other than extravasation. the extravasation stage.
Previously, it was believed that the majority of cells that
Evidence Suggesting That MMPs Play a Role in escape from a tumor into the circulation were destroyed by
the Growth of Primary and Secondary Tumors hemodynamic forces. However, this belief was not supported by
direct observation of intravenously injected cancer cells in chick
As outlined above, MMPs and their inhibitors have beeembryos or micg85,86). Evidence from IVVM (86) suggests
strongly linked with the process of metastasis, both by the abat the majority of injected cells not only survive injection and
sociation of increased proteolytic capacity with the metastaicrest in a target organ but succeed in extravasating. Metastatic
phenotype and functionally as contributors to the process. Hawefficiency thus arises from failure of the majority of extrava-
MMPs and their inhibitors contributed functionally to metastasgated cells to successfully grow in the target organ. Moreover, it
has been more difficult to address experimentally. Many initialso had been assumed that highly metastatic cells are better able
conclusions about the mechanistic role of MMPs in metastasisextravasate than are poorly metastatic cells. However, studies
have been derived by inference rather than direct experimentath IVVM have not supported this idea. In mouse liver, the
tion. Metastasis is ain vivo process and is hard to observediming and steps in extravasation were identical for mammary
directly. Most metastasis assays are end point assays, in whiahcinoma cells of high and low metastatic ability, and the dif-
input (numbers, type of cells injected, etc.) and output (humbédesence between the cell lines manifested itself at the postex-
of metastases counted at the end of the experiment) are knotkayasation growth stag87). In addition, the ability to extrava-
while mechanisms by which the input resulted in the output asate was identical for malignant, ras-transformed NIH 3T3 cells
based on inference. In logically considering steps believed to éed control fibroblasts (NIH 3T3 and primary mouse embryo
required for successful metastassed Fig. 1), extravasation fibroblasts), whereas the postextravasation growth behavior of
from blood vessels in target organs has been assumed to libese cells reflected their transformed versus normal phenotypes
difficult, rate-limiting process. Because MMPs are able to d¢88). Together, these studies suggest that extravasation may be a
grade proteins that make up blood vessel basement membraekatively easy process, while rate-limiting steps in metastasis
and because the basement membrane underlying vascular endour after the cells have extravasated.
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The nature of the contribution of MMPs to the metastatization of the lungs. Recently, the effect of TIMP-1 on the ini-
process was examined directly by IVVM, by using B16F1€@ation and growth of liver tumors was documented in transgenic
mouse melanoma cells engineered to overexpress TIMP-1. Thiee expressing either sense or antisense TIMP-1 constructs
TIMP-1 overexpressing cells had been shown to have marke@2). TIMP-1 overexpression inhibited SV40 T-antigen-induced
reduced metastatic abilitg57,89), as measured by end pointtumor initiation, growth, and angiogenesis, while TIMP-1 re-
assays [intravenous injection into mouse or chick embryos addction resulted in more rapid tumor initiation and progression.
counting of tumors that formed in mouse lung or chick choricgFIMP-1 transfection in B16F10 melanoma cells resulted in a
allantoic membrane, a structure that is structurally and functiodecline in primary tumor growth following a subcutaneous in-
ally similar to lung, with complete endothelial lining and basgection as well as a reduction in lung colonization following an
ment membrang90)]. Similarly, the TIMP-expressing cells intravenous injectiorf57). These results are contrasted with an
showed reducedh vitro invasive ability(76). When these cells early study by Schultz et a(53) also using B16F10 cells, in
were assessed using IVVM, the expectation was that the redueddch an intraperitoneal injection of recombinant TIMP-1 re-
metastatic ability of the overexpression of TIMP-1 cells woulduced the number of lung colonies but did not alter the size of
manifest itself in defective extravasation. However, both cdling nodules nor did the growth of subcutaneously injected tu-
lines were found to extravasate with identical kinetics, witmors. These authors suggested that the primary effect of TIMP
nearly all cells having successfully extravasated by 36 houwsss to inhibit extravasation, a conclusion that was supported by
after injection (86,91). The reduced metastatic ability of theeffects on invasion of an amniotic membraimevitro. These
TIMP-1-expressing cells was manifested by 3 days after inje@pparently contradictory results might be explained by a differ-
tion, when the morphology of micrometastatic colonies wamnce in the experimental protocol or by effects of tumor versus
strikingly different from that of control cells (Fig. 3); instead ofhost expression of TIMP-1, since systemic TIMP-1 was elevated
forming tight, growing colonies in contact with the outer surfac®llowing injection of recombinant protein, while in the trans-
of arterioles, the TIMP-1-expressing cells lacked adhesive cdeetion studies, tumor cell TIMP-1 levels were specifically al-
tacts to other tumor cells and to vessels (where IVVM has showgred. This possibility is supported by the recent, elegant studies
micrometastases to form) and had abundant stroma betweenah&oloway et al.(93). Using co-isogenic cells and genetically
cells(91). Thus, in this model, overexpression of TIMP-1 had enanipulated mice varying in expression of TIMP-1, these au-
clear end point effect (i.e., the cells formed fewer, and smalléhors demonstrated that lung colonization is influenced by the
metastases) but had no inhibitory effect on extravasation. Tha@$®P-1 genotype of the tumor but not that of the host. Although
findings pointed to a role for MMPs in the regulation of postsystemic TIMP-1 may influence extravasation, the initiation and
extravasation growth. Similar conclusions, which will not bgrowth of primary tumor cells can be markedly affected by
summarized here, can be drawn from other IVVM studies [redterations in tumor TIMP-1 levels.
viewed in(83,84)]. TIMP-2 has also been demonstrated to reduce tumor cell

In light of results from IVVM studies, it is necessary togrowth as well as metastasis. Transfection or retroviral introduc-
re-evaluate earlier literature from the perspective of potentt&n of TIMP-2 into transformed rat embryo fibroblasts reduced
effects of MMPs on growth of metastatic lesions as opposedgdmary tumor growth as well as hematogenous metastasis
an effect on extravasation. As discussed previously, experimé¢n5s,94). TIMP-2 overexpression reduced the growth of meta-
tal and spontaneous metastasis assays that rely on the presstatie human melanoma cells injected subcutaneously in immu-
of detectable secondary tumors cannot readily distinguish b®compromised mice, although it did not prevent metastasis in
tween these possibilities. However, effects on the growth of thids study (95). The growth-inhibitory effect of TIMP-2 was
primary tumor can often be detected, and in some studies sirown to require a three-dimensional collagen matrix and was
analysis of the relative size of secondary tumors has been infoot observed in gelatin-coated dishes; in the presence of matrix,
mative. In early studies by Khokha et §4), antisense reduc- TIMP-2 expressing melanoma cells demonstrated a reduction in
tion of TIMP-1 levels in murine fibroblasts allowed these cellgrowth rate and assumed a differentiated morphology. Thus, it
to grow into tumors when injected subcutaneously into nudgpears that both TIMP-1 and TIMP-2 can have growth inhibi-
mice; these tumor cells were then capable of metastatic colotdry effects, and this effect can be dependent on the cel-

Fig. 3. Morphology of nascent micrometas-
tases, 3 days after injection ¢&) control
B16F10 andb) tissue inhibitor of metallo-
proteinases-1 (TIMP-1) overexpressof]
cells. B16F10 cells formed melanotic, tight
perivascular cuffs around arterioles, visible
in intravital videomicroscopy by focusing
up and down through the lesion, and had 4§
compact tumor morphology. In contrast,
TIMP-1 overexpressor cells formed loosely
dispersed groups of amelanotic cells, neaf
but not attached to arterioles, lacking ho-
motypic contacts between cells. A arte-
riole; bars & andb) = 20 um. Reprinted
with permission from Koop et a(91).
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lular environment and on the tumor cells themselves producibgth indirect effects on angiogenesis as well as more direct
the inhibitor. effects on the growth of tumor cells themselves.

The effect of TIMPs on the growth of primary tumors and The most definitive evidence for a role for MMPs in tumor
metastatic lesions is further complicated by the observation tleall establishment and growth comes from studies in which
TIMP-1 and TIMP-2 also display growth-promoting activity forlevels of a specific MMP were manipulated. Stromelysin-3 was
a variety of cell type496—100).In fact, TIMP-1 was originally originally isolated from the stromal surrounding malignant
identified as erythroid-potentiating activity, a growth factor fobreast carcinomagl10). This MMP was overexpressed in hu-
hematopoietic cells of the erythrocyte linea@®1,102).A re- man breast cancer cells or removed by antisense RNA from
cent study(103) has dissociated the erythroid-potentiating effeechurine fibroblasts, which were then assayed for subcutaneous
of TIMP-1 from its MMP-inhibitory activity, demonstrating thattumor development in nude mice. Manipulation of stromelysin-3
TIMPs are bifunctional molecules. There are several recent davels altered the tumorigenicity of the cells but did not alter
amples of systems in which TIMPs either have no effect the growth of established tumors, their invasion, or their meta-
enhance tumor growth and/or metastasis, effects contrary to thigtic capability(81). Collagenase expression in the skin of
expected from its antimetalloproteinase activity. Soloway et atansgenic mice resulted in earlier onset and increased numbers
(93) demonstrated that, although the lack of TIMP-1 expressiah papillomas arising after chemical initiation and promotion
enhanced lung colonization in two pairs of isogenic cells witf111).Expression of stromelysin-1 in mammary glands of trans-
wild-type and mutant TIMP-1, in a third pair, lung colonizatiorgenic mice resulted in the development of aggressive malig-
was reproducibly decreased in the absence of functional TIMPant mammary tumor§l12). In contrast, chemically initiated
1. Overexpression of TIMP-1 in the gastrointestinal tract alspammary tumors were actually reduced in other stromelysin-1
enhanced development of benign adenomas in a line of tratrensgenic micg€113). However, this effect was determined to
genic mice carrying a germline mutation in the adenomatobe related to an increase in both proliferation and apoptosis
polyposis coli (APC) gene (Heppner KJ, Brown PD, Matrisiaim target mammary epithelial cells, a result that is conceptually
LM: manuscript submitted for publication). TIMP-3 overexpreseonsistent with a tumor-promoting effect of stromelysin-1 on
sion in mouse epidermal cells had no effect on growth, tumogpontaneous-derived tumors. Taken together, these results sug-
genicity, or invasion(104). It is possible that the growth- gest that stromelysin expression can promote tumor take and
promoting effects of TIMPs are cell type specific, manifest onlyuggest that metalloproteinases may favor cancer cell survival
in cells which, for example, have an appropriate receptor for the a tissue environment initially not permissive for tumor
domain of TIMP containing the growth-promoting activity. Al-growth.
ternatively, factors such as the relative concentrations of specificMatrilysin is distinct from other MMPs in that it is expressed
TIMPs and/or MMPs and the extracellular environment may ah epithelial-derived rather than mesenchymal-derived cells and
affect how a tumor cell responds to alterations in TIMP expres expressed in the epithelial component of both benign and
sion. malignant stages of many common adult adenocarcinomas

Although the role of MMPs in tumor establishment angd114,115).Genetic manipulation of matrilysin levels in human
growth is difficult to decipher from experiments using multicolon tumor cell lines resulted in an effect on the tumorigenicity
functional TIMPs, additional support for such a role comes frowf the cells following orthotopic injection into the cecum of nude
studies with the synthetic MMP inhibitors. The first publishedhice, with little detectable effect on invasive or metastatic abil-
study (105) with batimastat demonstrated that this compourity (80). With the use of matrilysin-deficient mice, the role of
dramatically reduced tumor burden in an ovarian ascites xemoatrilysin in the development of benign intestinal adenomas
graft. Batimastat caused a delay in growth of the primary tumatas determined in mice carrying a germline mutation of the
and a reduction in the weight of metastases in B16-BL6 melaPC gene. A significant reduction in both number and size of
noma cellg59), and an effect on the regrowth of resected breasttestinal adenomas was observed in matrilysin-null mice com-
tumors was observed following orthotopic injection of humapared with wild-type control mic€116). Interestingly, the tu-
breast cancer cells in nude mi¢@3). Batimastat also inhibited mors arising in the matrilysin-deficient mice induced gelatinase
primary tumor growth in an orthotopic model of colon cancei in the surrounding stroma, suggesting that MMP activity pro-
(62) and of a hemangiom@8). In systems in which the relative vided a selective advantage for initiated cells to grow into de-
size of metastatic nodules was noted, batimastat reduced the w@etable tumors. In gain-of-function experiments, matrilysin ex-
of lung or liver colonies following injection of rat mammarypression in the mammary epithelium of transgenic mice
carcinoma or human colorectal cancer cé8,61).Other MMP  significantly accelerated development of MMTV-neu-induced
inhibitors have also been reported to alter the growth of primatymors (Rudolph-Owen LA, Matrisian LM: unpublished re-
tumors and their metastasisvivo, either along65,106)or in  sults). These results support a role for MMPs, and matrilysin in
combination with standard chemotherapeutic agési$. Bati- particular, in the development and growth of early stage tumors.
mastat does not alter the growth of tumor cells in plastic culture
dishes(105). It is not clear, however, if MMP inhibitors may New View of the Contributions of MMPs
suppress growth in three-dimensional collagen, as has beengpMetastasis
served for TIMP-2(95). In some cases, the effects of MMP
inhibitors on growthin vivo may be related to their effects on MMPs have long been associated with metastasis, and there
tumor angiogenesis. MMP inhibitors block angiogenesis as as-no doubt that they are major functional contributors to the
sayed in chick and rodent models of neovascularizdfi@iL07— metastatic process. The nature of their contribution originally
109). The mechanism of inhibition of tumor growth may reflectvas assumed to be primarily facilitation of the breakdown of
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Climically
evident
Fig. 4. Role of metalloproteinases in the NS

metastatic process. Matrix metalloprotein-|
ases (MMPs) have classically been assoct
ated with steps in the metastatic cascadg¢
that involve matrix degradation, including
invasion, intravasation, extravasation, ang
local migration. Evidence discussed in this|
review expands the role of MMPs to steps
involving the growth of the primary tumor,

angiogenesis, the initiation of growth at an
ectopic site, and the sustained growth o
metastatic foci to become clinically detect-
able tumors.

physical barriers between a primary tumor and distant sites fof2) Tryggvason K, Hoyhtya M, Pyke C. Type IV collagenases in invasive
metastasis. As shown in Fig. 4, these steps include local invasion tumors. Breast Cancer Res Treat 1993;24:209-18.

. - e . (3) DeClerck YA, Imren S. Protease inhibitors: role and potential therapeutic
and intravasation of cancer cells, facilitating their departure from use in human cancer. Eur J Cancer 1994:30A:217080.

the p”mary tumor and the'.r access to t_he Iymphat|c or bIOOd(4) Jiang WG, Puntis MC, Hallett MB. Molecular and cellular basis of cancer
circulations, and extravasation and local invasion of cancer cells  invasion and metastasis: implications for treatment. Br J Surg 1994:81:
in distant organs, as a first step toward the establishment of 1576-90.
secondary tumors. Recent evidence, summarized in this review?) MacDougall JR, Matrisian LM. Contributions of tumor and stromal ma-
suggests that MMPs play a much broader role in metastasis than trix metalloprotemases to tumor progression, invasion and metastasis.
previously believed, and that action of MMPs at steps both be-  S2n¢er Metastasis Rev 1995,14:351-62. N
. . 86) Powell WC, Matrisian LM. Complex roles of matrix metalloproteinases in

fore and after the breakdown of the apparent physical barriers t tumor progression. In: Gunthert U, Birchmeier W, editors. Attempts to
metastasis may in fact be of greater importance. MMPs and their  understand metastasis formation I: metastasis-related molecules. Berlin:
inhibitors appear to be important regulators of the growth of  Springer-Verlag, 1996:1-21.
mechanisms of this growth regulation are not yet fuIIy charac- promote the development and progressmn_of the mfclll_gnant phenotype. In:

. . . . Hawkes SP, Edwards DR, Khokha R, editors. Inhibitors of metallopro-
terized, but a number of mechanisms are pOSSIble. First, MMPs teinases in development and disease. Lausanne: Harwood Academic Pub-
appear to contribute to the initiation of growth, at both primary lisher. In press.
and secondary sites. One can speculate that this may involv@) Liotta LA, Stetler-Stevenson WG. Principles of molecular cell biology of
regulation of the growth environment by, for example, regulat- cancer: cancer metastasis. In: DeVita VT, Hellman S, Rosenberg SA,

ing access to growth factors from the extracellular matrix sur- efjltqrs. Cancer:.prlnmples and practice of oncology. 4th ed. Philadelphia:
Lippincott, 1993:134—-49.

rounding th_e grOWing tumor, eithe_r glire_c_tly or via a proteolytic (g) Tarin b. Cancer metastasis. In: Abeloff MD, Armitage JO, Lichter AS,
cascade. Similarly, MMPs and their inhibitors appear to regulate  Niederhuber JE, editors. Clinical oncology. Churchill Livingston, 1995:

the sustained growth of tumors. Beyond the maintenance of an 118-32.
appropriate growth environment, the role of MMPs in angiogen(lo) Nicolson GL. Molecular mechanisms of cancer metastasis: tumor and host

N : . . . - properties and the role of oncogenes and suppressor genes. Curr Opin
esis is likely important at this stage. Angiogenesis is required for Oncol 1991:3:75-92.

growth of tumors, prlm:_iry and met_aStaseS' peyond Sma” S'Zaﬂ) Fidler 1J. 7th Jan Waldenstrom Lecture. The biology of human cancer
and MMPs play a contributory role in regulation of angiogene-  metastasis. Acta Oncol 1991:30:668—75.
sis. Details of the mechanisms by which MMPs and their in¢12) Folkman J. Tumor angiogenesis. In: Mendelsohn J, Howley PM, Israel
hibitors contribute to creating an environment that favors the MA, Liotta LA, editors. The molecular basis of cancer. Philadelphia:
initiation and continued growth of primary and metastatic tu-, , Saunders, 1995:206-32. - o

. ; . _813) Liotta LA, Kleinerman J, Saidel GM. Quantitative relationships of intra-
mors remain to be elucidated, k_)Ut are of key importance i vascular tumor cells, tumor vessels, and pulmonary metastases following
cancer therapy. An understanding of the molecular role of  tumor implantation. Cancer Res 1974;34:997-1004.
MMPs at each of the sequential steps required to produce clinit4) Butler TP, Gullino PM. Quantitation of cell shedding into efferent blood
cally evident metastases will be important in the design and ©f mammary adenocarcinoma. Cancer Res 1975;35:512-6.

appropriate use of novel therapeutics designed to combat mig2) Tafn D. Vass AC, Kettlewell MG, Price JE. Absence of metastatic se-
quelae during long-term treatment of malignant ascites by peritoneo-

tastasis. venous shunting. A clinico-pathological report. Invasion Metastasis 1984;
4:1-12.
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