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The role of the extracellular matrix (ECM) in the tu-
mor microenvironment is not limited to being a bar-
rier against tumor invasion. The ECM is a reservoir of
cell binding proteins and growth factors that affect
tumor cell behavior. It is also substantially modified
by proteases produced by tumor cells or stroma cells.

As a result of the activity of these proteases, cell-cell
and cell-ECM interactions are altered, new biologi-
cally active ECM molecules are generated, and the
bioavailability and activity of many growth factors,
growth factor receptors, and cytokines are modified.
ECM-degrading proteases also play a critical role in
angiogenesis, where they can act as positive as well as
negative regulators of endothelial cell proliferation
and vascular morphogenesis. This review article sum-
marizes some of the most relevant findings made over
the recent years that were discussed at a workshop
organized by the Path B Study Section of the National
Institutes of Health in October 2002. (Am J Pathol
2004, 164:1131–1139)

The presence in a tumor mass of non-malignant cells
located in close proximity with neoplastic cells has been
well known. However it is only more recently that the
active contribution of non-malignant cells to tumor pro-
gression has been fully recognized.1,2 Endothelial cells,
fibroblasts, myoepithelial cells, pericytes, and inflamma-
tory cells, present within the tumor stroma and at the
invasive edge of tumors, constitute a microenvironment
that can significantly affect the behavior of malignant
cells. In addition to these normal cells, proteins of the
extracellular matrix (ECM) form a non-cellular compart-
ment to the tumor microenvironment that is extensively
modified and remodeled by proteases either secreted by
neoplastic and non-neoplastic cells or localized at the
surface of cells. As a result of the activity of these pro-
teases, important changes in cell-cell and cell-ECM in-
teractions occur, and new signals are generated from the
cell surface. These signals affect gene expression and
ultimately influence critical cell behaviors such as prolif-
eration, survival, differentiation, and motility. It is within
this context that the Pathology B Study Section of the
National Institutes of Health convened a workshop held at
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Hilton Head Island, South Carolina, in October 2002. This
review summarizes some of the most relevant findings
made over the recent years by investigators who have
studied the role of adhesion molecules, their interaction
with ECM proteins, and the contribution of ECM proteins
and proteases in tumor progression.

Epithelial to Mesenchymal Transformation:
From Cell-Cell to Cell-ECM Interaction

Epithelial to mesenchymal transformation (EMT) is a com-
plex process in development by which epithelial cells
lose their strong intercellular adhesion and their basolat-
eral polarity to gain front-end back-end polarity, and the
ability to migrate through the ECM.3 Not surprisingly, EMT
is also among the first manifestations occurring during
the transformation of epithelial cells into malignant ade-
nocarcinoma. As cells lose cell-cell contact, new cell-
ECM interactions are generated. As a consequence, sev-
eral cell surface-associated adhesion molecules change
function and are the source of signals that favor growth,
motility, ECM degradation and metastasis. This concept
was illustrated by several speakers, Drs. Arthur Mercurio
(Beth Israel Deaconess Medical Center, Boston, MA),
Sharon Stack (Northwestern University Medical School,
Chicago, IL), Harold Chapman (UCSF, San Francisco,
CA), Mary Zutter (Vanderbilt University School of Medi-
cine, Nashville, TN), and Ruth Muschel (University of
Pennsylvania, Philadelphia, PA).

Dr. Mercurio described a novel model system for
studying the EMT of carcinoma that involves the use of
colonic organoids. LIM 1863 organoids are well-differen-
tiated colon carcinoma cells that exhibit a glandular mor-
phology akin to the colonic epithelium and undergo a
bona fide EMT conversion to a migratory monolayer phe-
notype in response to transforming growth factor-� (TGF-
�). A product of activated macrophages, identified as
tumor necrosis factor-� (TNF-�), accelerates the TGF-�-
mediated EMT dramatically and results in the establish-
ment of an autocrine loop of TNF-� that is dependent on
ERK activation. These findings indicate that stromally
derived TNF-� can synergize with TGF-� to modulate a
critical step in colon carcinogenesis.4 Studies performed
by Mercurio’s group and others have established an
important role for the �6�4 integrin in the progression of
many carcinomas.5,6 This integrin resides on the basal
surface of epithelia where it anchors the epithelium to the
underlying basement membrane in rigid structures
termed hemidesmosomes. In response to EMT, �6�4 is
mobilized from hemidesmosomes by a mechanism that
involves serine phosphorylation of the �4 subunit and, as
a consequence, it is translocated to the leading edge of
invasive cells.7 In invasive carcinoma cells, �6�4 plays a
dominant role in regulating signaling pathways that influ-
ence migration.8,9 One of the consequences of EMT
shown by Mercurio’s group is a marked increase in the
expression of vascular endothelial growth factor (VEGF).
Interestingly, VEGF functions in an autocrine manner to
sustain the survival of post-EMT cells. This autocrine loop

involves the VEGF receptor neuropilin-1 that is expressed
in many carcinomas. The hypoxic environment present
within many solid tumors actually enhances the survival
of post-EMT cells, in part, because it stimulates VEGF
expression and promotes VEGF autocrine signaling.10 An
important issue that arises from the contribution of VEGF
autocrine signaling to tumor survival is an understanding
of the mechanisms that regulate VEGF expression. Mer-
curio’s group reported that the �6�4 integrin can promote
the survival of breast carcinoma cells in stress condi-
tions,11 a finding that raised the possibility that a specific
integrin, which has been implicated in cancer progres-
sion, could regulate VEGF expression. Subsequent stud-
ies detected a significant influence of �6�4 on VEGF
translation via the PI3-K/mTOR pathway. These findings
reveal a novel mechanism of tumor cell survival and they
highlight the ability of a specific integrin to regulate pro-
tein translation.

To evaluate the potential functional link between adhe-
sion and proteolysis, Dr. Stack presented data demon-
strating that proteinase expression and subsequent tu-
mor cell behavior are regulated via differential
engagement of cell-matrix and cell-cell adhesion recep-
tors. Inducing �3�1 integrin clustering in oral squamous
cell carcinoma cells (OSCC) in culture, she observed an
increase in the expression of both urokinase-type plas-
minogen activator (uPA) and matrix metalloproteinase-9
(MMP-9). Integrin-induced uPA expression required ex-
tracellular signal-regulated kinase (ERK1/2) activation
and was accompanied by a dramatic redistribution of the
uPA receptor (uPAR) to sites of integrin clustering.12 Con-
trol of proteinase expression by integrin was present in
pre-malignant cells but lost in highly invasive OSCC cells,
suggesting that this regulatory mechanism may contrib-
ute to the invasive phenotype.13 She also demonstrated a
link between E-cadherin-mediated cell-cell adhesion and
proteinase expression. Using a calcium-switch protocol
to generate de novo E-cadherin junction assembly, she
showed that the formation of new cell-cell contacts re-
sulted in suppression of uPA and MMP-9 expression,
while inhibition of junction assembly with function-block-
ing antibodies restored basal level expression of these
proteinases. E-cadherin-mediated cell-cell adhesion in-
creased both phosphoinositol-3 kinase (PI3K)-depen-
dent Akt phosphorylation and epidermal growth factor
receptor (EGFR)-dependent MEK/ERK activation.14

Blocking PI3K activity prevented proteinase down-regu-
lation and delayed junction assembly. Prevention of junc-
tion assembly between dispersed cells resulted in en-
hanced uPA and MMP-9 expression and an increase in
proteinase-dependent invasion. These data provide evi-
dence for a novel bi-directional communication between
proteinases and cadherins and suggest that preferential
engagement of cell-ECM versus cell-cell adhesion recep-
tors can result in differential activation of signaling path-
ways that positively or negatively modulate proteinase
expression. However, as both normal and malignant ep-
ithelia exist in the tissue context wherein both cell-cell
and cell-ECM adhesive contacts may be engaged, the
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future experimental challenge lies in delineating mecha-
nisms of cross-talk between integrin- and cadherin-me-
diated signaling events that participate in regulation of
pericellular proteolytic potential.

Dr. Chapman then demonstrated that the co-localiza-
tion of uPAR and the integrin �3�1 has another important
consequence on cell behavior.15 The integrin �3�1 is
known to localize both at cell-cell contacts and focal
contacts with laminin-5. Using a model of kidney epithe-
lial cells from �3-null mice, he showed that sustained
uPAR expression mediated loss of epithelial cell-cell con-
tact and increased cell motility through a pathway requir-
ing reconstitution of the cells with �3. His group made
point mutants within an exposed �-propeller loop (resi-
dues 242–246) in the �3 subunit previously proposed to
interact with uPAR, but outside the known laminin-binding
region.16 Point mutation of a conserved His245 to Ala
resulted in �3 incapable of binding uPAR. This mutant
was fully capable of binding and signaling through lami-
nin-5 engagement but had no response to uPAR co-
expression. Expression of uPAR and wt �3�1 resulted in
scattering of epithelial cells, increased src kinase activity,
down-regulation of E-cadherin expression, and loss of
E-cadherin/actin complexes. Inhibition of src kinase ac-
tivity restored the epithelial cell phenotype. The data
indicate that �3�1 regulates both cell-cell contact and
matrix adhesion, but through distinct protein interaction
sites within its �-propeller.17 TGF-�1, which promotes
EMT, up-regulates uPAR independently of �3�1, but by
doing so down-regulates E-cadherin and promotes cell-
cell dissociation and cell scatter.

The �2�1 integrin, a collagen/laminin receptor, has
been implicated in a number of complex biological pro-
cesses including epithelial morphogenesis. Alterations in
�2�1-integrin expression were identified in many poorly
differentiated malignancies. Dr. Zutter presented her
data on the recently published �2�1 integrin-deficient
mouse.18 Mice deficient in the �2�1 integrin are viable,
fertile, and develop normally with no excess lethality of
the homozygotes. Although gross and histological eval-
uation of heart, lung, kidneys, gastrointestinal tract, pan-
creas, skin, and reproductive tracts revealed no abnor-
malities, mammary gland branching was abnormal.19

Quantitative analysis of mammary gland branching dem-
onstrated that branching complexity of the mammary
gland was markedly diminished in the �2-deficient ani-
mals. Additional studies are underway to define the im-
pact on �2�1-integrin deficiency on the development and
progression of cancer, and to understand the role that the
integrin plays in branching morphogenesis.

Using vital fluorescent microscopy of isolated perfused
lungs as a model to study the fate of tumor cells into the
circulation, Dr. Muschel showed that tumor cells injected
into the circulation rapidly attach to the pulmonary endo-
thelium.20 This attachment is dependent on a contact
between the �3�1 integrin and the ECM protein laminin 5
present in the vascular basement membrane and ex-
posed intravascularly. Tumor cell attachment in the pul-
monary vasculature is inhibited by blocking antibodies to
�3 or �1 integrin subunits.20 Accordingly genetic defi-
ciency of either the �3 or �1 integrin subunit has a similar

negative effect on cell arrest into the pulmonary vascu-
lature. After attachment, metastatic tumor cells proliferate
but unexpectedly this proliferation first occurs within vas-
cular channels, and extravasation rarely occurs. The
�3�1 integrin which is commonly expressed in tumor
cells appears thus as playing a critical role not only
during the earliest steps of malignant transformation but
also the latest steps like metastasis. It may be an impor-
tant therapeutic target.

Thus, important changes in integrin interaction occur
during EMT. Contact of integrins like �6�4 and �3�1 with
the ECM down-regulates the expression of cell-cell ad-
hesion molecules like E-cadherin and promotes the ex-
pression of proteases, growth factors, and protease re-
ceptors. Furthermore, the co-localization of uPAR and
integrin permits a physical interaction between the sub-
unit �3 and uPAR that further promotes EMT by down-
regulating E-cadherin. Contact between �3�1 and the
ECM protein laminin 5 is also critical for cell arrest in the
vasculature. Altogether these changes shift the interac-
tions that occur at the cell surface from cell-cell to cell-
ECM and promote ECM degradation, invasion, and mo-
tility (Figure 1).

Galectin, a Multifunctional Protein with a
Positive Role in Tumor Progression

Dr. Avraham Raz discussed the role of galectin, a super-
family of genes sharing conserved consensus se-
quences and �-galactoside-binding activities, and how
their proteolytic processing by MMPs affects cellular ad-
hesion and survival. His laboratory has focused its re-
search efforts on galectin-3, and how it might influence
cellular adhesion and survival of circulating cells, a major
contributor to progression toward a metastatic state. Ga-
lectin-3 is an unusual protein, in that it is localized to and
functions in the cytoplasm, cell membrane, nucleus, and
the extracellular milieu. A notable feature of galectin-3 is

Figure 1. Changes in cell-cell to cell-ECM interaction during EMT. Release of
�4�6 integrin from hemidesmosomes (top left) allow interaction between
�4�6 and ECM proteins that stimulate tumor cell proliferation by an autocrine
mechanism that involves VEGF and its receptor neuropilin-1 (bottom left).
Association between �3�1 and uPAR (top right) stimulates ERK1/2 and
results in up-regulation of MMP-9 and uPA and promotes E-cadherin disso-
ciation (bottom right). Interaction between �3�1 and laminin also pro-
motes intravascular arrest of intravasated cells.
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its association with neoplastic transformation and cancer
progression. The expression of galectin-3 is related to
neoplastic transformation and progression toward metas-
tasis in many cancers, including colon, stomach, thyroid,
and breast.21 The introduction of galectin-3 cDNA into
non-tumorigenic BT-549 cells resulted in the acquisition
of anchorage-independent growth properties and tumor-
igenicity, suggesting a relationship between its expres-
sion and malignancy of human breast carcinoma cell
lines. Consistently, down-regulation of galectin-3 expres-
sion in human breast and colon carcinoma cells by trans-
fection with anti-sense cDNA resulted in a significant
decrease in metastatic ability.22 These findings demon-
strate an involvement of galectin-3 in malignant progres-
sion of carcinomas and suggest that it may serve as a
potential molecular target for therapy of cells harboring
overexpressed galectin-3. To address the possible mo-
lecular event(s) leading to augmentation of the metastatic
behavior of carcinomas in response to altered galectin-3
expression, his laboratory investigated the role of galec-
tin-3 in the cell-cell aggregation process by infecting
galectin-3-null cells with galectin-3 cDNA. The cells then
underwent carbohydrate-mediated homotypic cell ag-
gregation. In addition, galectin-3-null human breast car-
cinoma cells transfected with galectin-3 cDNA acquired
tumorigenicity in nude mice, the ability to invade through
matrigel matrix and form adhesions to laminin and colla-
gen IV but not to fibronectin. Furthermore, galectin-3
modulates the surface expression of some of the inte-
grins specific for laminin, especially �6�1. These obser-
vations were further supported by inhibitory studies with
simple competitive sugars such as modified citrus pectin
(MCP). Citrus pectin is a branched complex polysaccha-
ride polymer responsible for the texture of fruits and
vegetables. Inoculation of B16-F1 cells with MCP resulted
in a substantial inhibition of metastasis formation.23 Sup-
plementation of MCP in the drinking water inhibited car-
bohydrate-mediated angiogenesis and the spontaneous
metastasis of MAT-LyLu cells in rats and MDA-MB-435
human breast carcinomas in nude mice. Interestingly
galectin-3 contains the same four amino acid motif
(NWGR) conserved in the BH1 domain of bcl-2 gene
family, a domain critical for bcl-2 anti-apoptotic activity.24

His laboratory and others have observed that galectin-3
is a novel anti-apoptotic gene product and that substitu-
tion of the Gly182 residue with Ala in the NWGR motif of
galectin-3 abrogates its anti-apoptotic activity against
cytotoxic drugs. Galectin-3 prevents anoikis in human
breast epithelial cells, and galectin-3-mediated inhibition
of anoikis may result from its ability to induce cell cycle
arrest at late G1 through modulation of the expression of
cyclins and their inhibitors.25

Redefining the Role of ECM-Degrading
Proteases in Cancer

Our understanding of the role of proteases in cancer has
substantially evolved over the last 5 years. The initial
focus of our investigation was on their critical role in
degrading the basement membrane to permit the pene-

tration by tumor cells of surrounding connective tissues
and blood vessels. We have now become aware that
proteases, and in particular matrix metalloproteinases,
can target many non-ECM proteins, including growth
factors, growth factor receptors, cell-associated mole-
cules, and cytokines. As a result, the activity of proteases
in cancer is far more complex than initially anticipated
and includes tumor promoting as well as tumor-suppres-
sive effects. This aspect was discussed by Dr. Lynn
Matrisian who described studies examining the sub-
strates of MMP-7 that contribute to breast cancer tumor
progression. MMP-7 is expressed by malignant breast
epithelial cells, and overexpression of MMP-7 in trans-
genic mice results in hyperplastic nodules and an accel-
eration of neu-induced tumorigenesis26 The potential rel-
evant substrates for this effect are complex. MMP-7
cleaves matrix components in the cellular microenviron-
ment, resulting in visible disruption of basement mem-
brane structures.27 MMP-7 can also cleave the cell ad-
hesion molecule E-cadherin, resulting in a disruption of
breast epithelial cell:cell junctions both in vitro and in vivo,
increased saturation density, and increased cellular in-
vasion.28 The effect of MMP-7 on breast epithelial cells
can vary depending on the stage of tumor progression,
which dictates the expression of tumor related cell-sur-
face molecules. When MMP-7 is presented to pre-malig-
nant breast epithelial cells that express both Fas and
FasL, the result is an increase in cell death as a result of
the solubilization of FasL and triggering of Fas-mediated
apoptosis.28–30 However, when the same cells constitu-
tively express MMP-7, the selection of a subpopulation of
cells that demonstrate reduced sensitivity to Fas-medi-
ated apoptosis occurs.30 The selection of apoptosis-re-
sistant cells by constitutive expression of MMP-7 occurs
both in vitro and in the involuting mammary gland in
vivo.28 Thus the effects of MMP-7 on tumor progression
can occur at the level of modulation of cellular adhesion,
growth, invasion, and apoptosis, and can be mediated by
substrates on the cell surface as well as in the cellular
microenvironment (Figure 2).

Proteases are expressed in the extracellular milieu as
inactive proforms that become activated through a vari-
ety of mechanisms that often involve a close collaboration
among several families of proteases. Most antibodies
available to identify proteases do not distinguish between
the active and the inactive forms of these enzymes. Thus
overexpression of these proteases, documented in tu-
mors by immunohistochemistry, does not necessarily
mean an increase in proteolytic activity.31 To be able to
test the activity for these proteases in vivo or ex vivo
becomes imperative. Dr. Bonnie Sloane discussed this
issue and how the multidisciplinary and multi-institutional
collaborative efforts of herself and colleagues with exper-
tise on proteolytic enzymes in cancer and imaging mo-
dalities has begun to provide solutions to this critical
issue. A consortium made of several investigators includ-
ing Carl Blobel (Sloan-Kettering), Matthew Bogyo (Stan-
ford), Thomas Bugge (NIDCR), Lisa Coussens (UCSF),
Vincent Giranda (Abbott Laboratories), Thomas Meade
(Northwestern), Lynn Matrisian (Vanderbilt), Christoph
Peters (University of Freiburg), James Quigley (Scripps),
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Jeffrey Smith (Burnham), and Ching Tung (Harvard) was
recently created. This group of investigators is working
to: identify tumor proteases that play causal roles in ma-
lignant progression; identify stromal/inflammatory pro-
teases that play causal roles in malignant progression;
validate the identified proteases as potential targets for
therapeutic intervention; develop functional assays for im-
aging proteolytic activity to analyze interactions among the
cell types comprising a solid tumor; and develop functional
assays for non-invasive imaging of the activity of the pro-
teases that are validated as potential targets. The non-
invasive assays are being designed to serve as surrogate
endpoints for evaluating anti-protease therapies in vivo.

The importance of a more complete understanding of
the roles of proteases in malignant progression has ac-
quired urgency since the clinical trials using synthetic
inhibitors of MMPs have not demonstrated that the inhib-
itors are efficacious. There are several possible explana-
tions. For example, pre-clinical studies had indicated that
MMP inhibitors (MMPIs) might be efficacious if used in
prevention strategies or in early-stage cancers, yet not in
the terminal-stage cancers which were used for the clin-
ical trials. The disappointing results of the MMPI clinical
trials are discussed in two recent reviews.31,32 A poten-
tially confounding problem with the clinical trials is that
they did not include a surrogate endpoint to demonstrate
that the MMPIs had reached and reduced the activities of
the targeted MMPs. The growing availability of probes for
functional imaging of enzymatic activities using near in-
frared fluorescence and magnetic imaging resonance
technologies suggested that a partnership of protease
experts and imaging experts might produce non-invasive
assays to assess protease activity in vivo as well as re-
ductions in protease activity due to the presence of pro-
tease inhibitors. A major question in designing such
probes is which proteases are appropriate targets for
functional imaging. Similarly it is not yet clear which pro-
teases are appropriate targets for inhibitor therapies. For
the purposes of profiling protease expression, Dr.

Sloane’s group is leading a Department of Defense
Breast Cancer Center of Excellence (BCCOE) and has
partnered with Affymetrix (Santa Clara, CA) to design a
human-mouse protease microarray chip. This chip can
be used to profile protease expression of human breast
specimens and mouse models and determine the asso-
ciation of protease expression with specific stages of
malignant progression. Furthermore, it can be used with
xenograft mouse models to distinguish between the ex-
pression of proteases in the host tissue (mouse) and that
in the tumor xenograft (human). At this time we are not
able to profile expression of proteases by either proteom-
ics or functional proteomics approaches, the latter of
which would be particularly helpful in defining causal
roles for proteases in malignant progression. The expres-
sion profiling of proteases in human breast specimens
should serve to establish the validity of mouse models for
the human disease and thus for their use in proof-of-
principle studies to establish causal roles for candidate
proteases. Such proof-of-principle studies will be per-
formed in both transgenic models for mammary cancer
and mammary fatpad orthotopic xenograft models. The
transgenic models will be crossed with mice in which the
candidate protease(s) has been ablated. The xenograft
models will be used to directly compare the use of syn-
thetic protease inhibitors for a candidate protease(s) and
genetic ablation by implanting the tumors into the mam-
mary fatpads of mice in which the candidate protease(s)
has been deleted. The collaboration of investigators with
mice deficient in a wide variety of proteases is critical to
this effort and will allow us to use limited resources more
cost-effectively.

Simultaneously, Dr. Sloane’s group is establishing
technologies that allow imaging proteolytic activity in liv-
ing cells and animals.33–35 These efforts have already
demonstrated that co-culturing breast tumor cells and
stromal fibroblasts of the same tissue origin significantly
enhances degradation of the basement membrane pro-
tein type IV collagen. By using synthetic protease inhib-
itors, they have shown that MMPs, the serine protease
plasmin and the cysteine protease cathepsin B, all con-
tribute to this enhanced degradation of type IV collagen.
These findings further substantiate the need for collabo-
rative efforts among investigators with the expertise and
tools to study proteases of multiple classes. Investigators
with expertise in identifying peptide substrates with se-
lectivity for the proteases identified as therapeutic targets
in breast cancer are partnering with investigators with
expertise in two non-invasive imaging modalities: near
infrared fluorescence and magnetic resonance imaging.
Probes using the peptide substrates are being validated
by testing in mouse models crossed with mice deficient in
the target protease(s). This is obviously a complex mul-
tidisciplinary and multi-institutional approach; however,
collaborative efforts of many investigators with diverse
expertise are needed if we are going to be able to inte-
grate our findings, establish interactions among pro-
teases, and ultimately be successful in identifying and
validating proteases as therapeutic targets in breast can-
cer or any given cancer.

Figure 2. The effect of MMP-7 proteolytic activity on tumor behavior is a
function of the substrate. Cleavage of Fas-L by MMP-7 releases cell-associated
Fas-L and increases Fas-L/Fas interaction and promotes apoptosis in pre-
malignant cells. Constitutive expression of MMP-7 by the same cells results in
the selection of a subpopulation with reduced sensitivity to Fas-mediated
apoptosis (top). Degradation of E-cadherin by MMP-7 promotes cell-cell
dissociation, EMT, and motility (bottom). Degradation of basement mem-
brane proteins by MMP-7 promotes invasion and metastasis.
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The Balance Between Proteases and
Protease Inhibitors in Angiogenesis

The balance between proteases and protease inhibitors
is a critical determinant in angiogenesis. It has been
generally assumed that proteases are necessary to de-
grade the ECM and allow endothelial cells invading tis-
sues and penetrating the tumor stroma. However the
simplistic nature of this concept is now apparent as the
function of several proteases and protease inhibitors in
angiogenesis is appearing more complex than initially
envisioned. Dr. Agnes Noel specifically discussed how
critical the balance between proteases and protease in-
hibitors is in angiogenesis with data suggesting that both
an absence or an excess of proteolysis could have a
negative effect on angiogenesis.36 Recent data gener-
ated by her laboratory indicate a major role played by a
membrane type (MT)-1 MMP during tumor angiogenesis.
The overexpression of MT1-MMP in different cancer cell
lines37 was associated with enhanced in vitro invasion
and increased in vivo tumor growth and vascularization.
MT1-MMP contributes to tumor angiogenesis through dif-
ferent mechanisms including at least: activation of �v�3
integrin which protects endothelial cells from apoptosis; a
fibrinolytic activity; a pericellular proteolysis that involves
activation of pro-MMP-2; and a transcriptional regulation
of VEGF expression.38 Consistent with the prevailing no-
tion that angiogenesis requires protease-mediated pro-
teolysis, natural protease inhibitors have been shown to
suppress not only tumor invasion and metastasis, but
also tumor growth and neovascularization in several tu-
mor models.39 However, in some cases, a paradoxical
association between a poor prognosis in patients with
cancer and high levels of expression of protease inhibi-
tors like tissue inhibitor of metalloproteinase-2 (TIMP-2)
and plasminogen activator inhibitor-1 (PAI-1) has been
reported for several cancer types.40 An increasing body
of evidence suggests that TIMP-2 is a multifunctional
protein having an inhibitory or stimulatory effect on tumor-
igenesis. TIMP-2 promotes the proliferation of some cell
types and its anti-apoptotic effect may favor tumor ex-
pansion during the onset and early primary tumor growth.
The anti-angiogenic activity of TIMP-2 is linked to a direct
control of MMP proteolysis, an inhibitory effect on endo-
thelial cell proliferation and/or a down-regulation of VEGF.
However, besides its inhibitory activity, TIMP-2 plays a
role in the process of proMMP-2 activation. According to
the model of pro-MMP-2 activation proposed at present,
the activation of proMMP-2 at the cell surface is regulated
by a balance between MT1-MMP-TIMP-2 complex
(“MMP-2 receptor”) and TIMP-2-free MT1-MMP (“pro-
MMP-2 activator”). Therefore the effect of TIMP-2 on an-
giogenesis is dose-dependent with little TIMP-2 being
required for MT1-MMP-mediated activation of proMMP-2
and excess TIMP-2 inhibiting MT1-MMP activity. A similar
observation has been made with PAI-1 whose levels are
paradoxically higher in more advanced stages of cancer.
In PAI-1 knock-out mice there is for example a lack rather
than an increase in angiogenic response in mice im-
planted with syngeneic malignant-transformed keratino-

cytes.41,42 The addition of PAI-1 to these mice by adeno-
viral transfer re-establishes angiogenesis. The reason for
this paradoxical activity of PAI-1 is still not completely
understood. As is the case for TIMP-2, PAI-1 is a multi-
functional protein that in addition to inhibiting PA also
interferes with vitronectin binding. Whereas these inves-
tigators have shown that the proangiogenic activity of
PAI-1 is related to its anti-proteolytic activity, other inves-
tigators have shown that by inhibiting cell adhesion to
vitronectin, PAI-1 promotes endothelial cell migration
from vitronectin toward fibronectin.43 Altogether, these
data highlight the importance of a balance between cell
surface-associated proteases and their natural inhibitors
during tumor angiogenesis.

Proteases also play a critical role in vascular mimicry,
a process recently described by Dr. Mary Hendrix and
collaborators (University of Iowa, Iowa City, IA). This
group has observed that aggressive melanoma cells in
three-dimensional matrices mimic embryonic vasculo-
genesis by forming ECM-rich, patterned tubular net-
works.44 Using microarray gene chip analyses, signifi-
cant increases were observed in the expression of the �2
chain of laminin 5 (Ln-5�2), and MMP-1, -2, -9 and MT1-
MMP in aggressive compared to poorly aggressive
melanoma cells. These components co-localized with
developing patterned networks, and anti-sense
oligonucleotides to the Ln-5 �2 chain (but not sense
oligonucleotides), or antibodies to MMP-2 or MT1-MMP
(but not MMP-9) inhibited the formation of these net-
works. Cultures that did not receive antibodies to either
MMP-2 or MT1-MMP contained the Ln-5 �2 chain promi-
gratory cleavage fragments. Poorly aggressive melanoma
cells seeded on collagen I matrices pre-conditioned by the
aggressive cells formed tubular networks along the Ln-5
�2 chain-enriched tracks deposited by the aggressive
cells. These results suggest that increased expression of
MMP-2 and MT1-MMP along with matrix deposition of the
Ln-5 �2 chain and/or its cleavage fragments is required
for vasculogenic mimicry by aggressive melanoma
cells.45 Furthermore, the apparent recapitulation of lami-
nin-rich, patterned networks observed in aggressive mel-
anoma patients’ tissue sections by aggressive melanoma
tumor cells in three-dimensional culture may also serve
as a model to help identify specific molecular targets
which could function as templates for the coordinated
migration of aggressive tumor cells and their proteolytic
remodeling of the ECM, and may have profound implica-
tions for the development of novel therapies directed at
the ECM to alter tumor progression. A more in-depth
analysis of changes in differential gene expression of
poorly aggressive melanoma cells grown on inductive
matrices preconditioned by highly aggressive melanoma
cells has revealed dramatic changes in the transdifferen-
tiated molecular phenotype and increased migratory and
invasive potential of the poorly aggressive melanoma
cells.46 Furthermore, the inductive nature of the precon-
ditioned matrix is abolished when the aggressive mela-
noma cells are initially treated with an MMP inhibitor
before preconditioning the three-dimensional collagen
gels. These observations also reflect the clinical chal-
lenge of detecting illusive tumor cells in their respective
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microenvironments, and present new possibilities for in-
hibiting inductive molecular signals in the ECM. More-
over, these results demonstrate the remarkable influence
of the microenvironment on the transdifferentiation of mel-
anoma cells, and may provide new perspectives on tu-
mor cell plasticity for therapeutic exploitation.

The study of the source of some proteases and their
critical substrate in angiogenesis has been the focus of
Dr. Coussens’ laboratory. Using a transgenic model for
squamous cell carcinoma in which the expression of the
human papilloma virus (HPV16) is specifically induced in
the epidermis under the control of the keratin promoter
K14, she had shown that there is an increased expres-
sion of MMP-9 during the early stages of tumor develop-
ment associated with the angiogenic switch necessary
for tumor development.47 Double-transgenic mice over-
expressing HPV but deficient in MMP-9 develop less but
more aggressive tumors that can metastasize.48 Among
the substrate for MMP-9 is VEGF, which is increasingly
solubilized by MMP-9. In mice deficient in other murine-
specific MMPs, she observed a significant increase in
deposition of fibrillar collagen in the tumor stroma and a
decrease in tumor formation suggesting that fibrillar col-
lagen might inhibit tumor progression. Crossing
K14HPV16 transgenic mice with transgenic mice carry-
ing a mutation in the �1(I) collagen gene that causes the
collagen to be resistant to collagenase-induced degra-
dation at the helical locus, she then observed a signifi-
cant inhibition of primary tumor formation as well as me-
tastasis. These observations point to a potentially
important anti-tumor activity of undegraded and/or more
highly cross-linked fibrillar type I collagen in tumor pro-
gression.

Thus proteases, protease inhibitors, and ECM proteins
represent important components of the tumor microenvi-
ronment that control tumor vascularization and tumor pro-
gression. MMPs seem to have a critical role in increasing
the solubility of some angiogenic factors like VEGF, and
in proteolytically modifying ECM proteins like laminin 5
and fibrillar collagen, promoting not only cell migration
but also cell plasticity and cell proliferation. Natural inhib-
itors of proteases in contrast can have a negative or
positive effect on angiogenesis and their complex role
will require further investigation (Figure 3).

Conclusion

This workshop brought attention to several important
novel concepts on the ECM and its remodeling by pro-
teases during tumor progression. It is now clear that the
proteolytic activity of ECM-degrading proteases gener-
ates biologically active protein fragments that can affect
tumor cell proliferation, survival, and plasticity. We also
became aware that ECM-degrading proteases like MMPs
have more targets than just ECM proteins and can stim-
ulate cell-cell dissociation, or cell apoptosis and endo-
thelial cell proliferation by degrading molecules like E-
cadherin, Fas-ligand, or by solubilizing VEGF. The
existence of cell-associated receptors for proteases has
for long been considered as a critical mechanism to

concentrate proteolytic activity in the pericellular space.
We now realize that these protease receptors, like uPAR,
have a dual function and can physically interact with
integrins and regulate gene expression. The contribution
of stromal cells, endothelial cells, and inflammatory cells
to the production of ECM-degrading proteases is also
now well recognized. Natural inhibitors of ECM-degrad-
ing proteases can have a dual, positive and negative,
regulatory function on angiogenesis, and the exact
mechanisms involved require more investigation. These
new observations are highly relevant as they may explain
some of the recent failures of several inhibitors of MMPs
in clinical trials. However to convince the pharmaceutical
industry to resume clinical trials with MMP inhibitors will
require addressing several important issues. First, it will
be important to propose better and more sensitive end-
points than clinical progression based on survival or the
size of a tumor. Since these inhibitors have a cytostatic
rather than a cytotoxic activity, to be able to document
their biological activity on angiogenesis or tumor prolifer-
ation using non-invasive imaging technologies in vivo will
be critical. Second, to provide sensitive markers of the
activity of these inhibitors in vivo will be essential, since
what determines their administration in clinical trials is not
a maximum tolerable dose (MTD) but rather an optimal
biologically active dose. This will require the availability of
sensitive, non-toxic, and non-invasive methods to monitor
the effect of synthetic protease inhibitors on proteolytic
activity in vivo. Finally, pre-clinical models that more
closely mimic the interaction between neoplastic cells
and stromal cells in cancer progression are needed. De
novo transgenic mouse models should be preferred to
xenotransplanted models as they better reproduce host-

Figure 3. Complex interaction between proteases, protease inhibitors and
ECM proteins in angiogenesis and tumorigenesis. The balance between
MT1-MMP free of TIMP-2 and MT1-MMP/TIMP-2/proMMP-2 complex deter-
mines the degree of proMMP-2 activation, �v�3 activation, pericellular fibri-
nolysis, and VEGF transcription (bottom left). The balance between uPA
bound PAI-1 and vitronectin (Vn) bound PAI-1 controls uPA-mediated pro-
teolysis. Vn bound PAI-1 promotes the migration of endothelial cells from Vn
toward Fn (bottom right). MT1-MMP and MMP-2 cleave laminin 5 �2 to
generate cleavage products (Ln5 �2 and Ln5 �2x) which promote the migra-
tory and invasive ability of melanoma cells expressing a vascular phenotype
(vascular mimicry) (middle). MMP-9 produced by mast cells and inflamma-
tory cells releases VEGF from the ECM and promotes VEGF/VEGFR interac-
tion (top right). MT1-MMP and MMP-1 degrade interstitial type I collagen
which when intact, inhibits tumorigenesis.
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neoplastic cell interaction. Clearly, the field is at a cross-
roads where challenging questions meet exciting re-
search opportunities supported by novel technologies.
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