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Abstract

Cells adhere to one another and/or to matrices that surround them. Regulation of cell-cell
(intercellular) and cell-matrix adhesion is tightly controlled in normal cells, however, defects in cell
adhesion are common in the majority of humancancers. Multilateral communication among tumor
cells with the extracellular matrix (ECM) and neighbor cells is accomplished through adhesion
molecules, ECM components, proteolytic enzymes and their endogenous inhibitors. There is
sufficient evidence to suggest that reduced adherence is a tumor cell propertyengaged during tumor
progression. Tumor cells acquire the ability to change shape, detach and easily move through spaces
disorganizing the normal tissue architecture. This property is due to changes in expression levels of
adhesion molecules and/or due to elevated levels of secreted proteolytic enzymes, including matrix
metalloproteinases (MMPSs). Among other roles, MMPsdegrade the ECMand, therefore, prepare the
path for tumor cells to migrate, invade and spread to distant secondary areas, where they form
metastasis. Tissue Inhibitors of Metalloproteinases or TIMPs control MMP activities and, therefore,
minimize matrix degradation. Both MMPs and TIMPs are involved in tissue remodeling and
decisively regulate tumor cell progression including tumor angiogenesis. In this review, we describe
and discuss data that support the important role of MMPs and TIMPs in cancer cell adhesion and
tumor progression.
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1. Introduction

In tissues, cells tightly adhered to one another and to their surrounding matrix, thus, preserving
tissue integrity and three-dimensional architecture[1,2]. These cellular interactions fortify
perception of the extracellular topography and adaptation to environmental changes.
Maintainingnormal tissue architecture is paramount for proper tissue function and physiology,
yet, other important cellular functions are also linked to cell adhesion including proliferation,
motility, migration and apoptosis. Cell adhesion is deregulated in a number of pathologies
including cancer progression [3]. While primary tumors can stay localized at their original site
and may be easily accessible to surgical resection, during tumor progression tumor cells
become less adhesive and more migratory, behaviors that contribute to invasion and metastasis.
In cancer, where the cellular repair mechanisms are compromised, local injuries and disruption
of tumor cell adhesion causes extensive localized tissue damage. Genetic alterations, epigenetic
signals, augmented proliferation, tumor inflammation and angiogenesis can elicit modified
adhesive tumor cell behavior [4].

Cell adhesion molecules includereceptors expressed on the cell surface thatphysically interact
with specific molecules found on the surface of the neighboring cells or in association with
their matrix. They also interact with non-receptor and receptor tyrosine kinases (RTK),
members from the Rho family small GTPases and from the Wnt signaling pathway [5,6].
Compromised function could have dramatic consequences during developmental
organogenesis, immunity, inflammation, angiogenesis and cancer. Activatedreceptors initiate
a sequence of signals transmittedvia cytoskeletal proteins that are propagatedall the way to the
cell nucleus. Alterations in this multistage process affect not only the ability of adhesion
molecules to interact with their ligands but also the activation of downstream intracellular
signaling, a phenomenon commonly seen in cancer [7].

A number of cell adhesion molecules act as tumor suppressors. Loss of E-cadherin (epithelial
cadherin) from the cell surface, commonly occursin epithelial tumors, leads to disruption of
cell contacts, tumor cell detachment, shape change and local invasion, events that initiate a
program named epithelial to mesenchymal transition (EMT)[6,8,9]. Tumor invasion is
supported by the increased enzymatic activity of tumor or stroma cell secreted active MMPs.
Extensive stroma degradation and damage facilitates tumor cell release and spread, therefore,
MMPs are positive regulators of tumor invasion and growth [10,11]. Solid tumors have
developed mechanisms that allow enhanced ability of tumor cells to invade the extracellular
matrix facilitating the formation of distant metastatic foci. Tumor invasion does not always
lead to metastasis formation; onlyabout 0.01 % of escaped tumor cells initiate a more complex
distant disease process of metastasis [12]. Metastasis is a multistep process: primary tumor
cells have reduced adhesion ability, detach easily from their matrix, secrete proteolytic
enzymes that degrade the matrix, invade the neighbor tissues and blood vessels and become
free to move from the primary tumor site to a secondary site, either by direct invasion,
hematogenous or lymphatic spread. Therefore, understanding how cell adhesion is regulated
is critical in identifying novel ways to inhibit tumor cell dissemination.

MMPs are endopeptidases and their primary function is tissue remodeling by selective
proteolytic degradation[13,14]. Uncontrolled MMP activity results in tissue damage and
functional alterations. In the current era of cancer genomics and proteomics, numerous studies
have shown positive correlation between elevated MMP levels within the tumor stroma and
tumor cells invasion or metastasis[15]. This finding suggests that MMP/TIMPphysiological
equilibrium is shifted in malignant tissues.Changes in theexpression level of adhesion-related
molecules, including MMPs and TIMPs, may be utilized as prognostic factors in cancer
development and potentially be exploited as therapeutic targets [16].
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2. Ligands, receptors and the extracellular matrix (ECM)

2.1 Ligands

The tissue matrix may be classified into interstitial connective, or stromal matrix, that supports
individual cells, and a very specialized structure, which forms a continuous sheet called the
basement membrane (BM) that supports cell layers, such as the epithelium and endothelium.
The ECM refers to a cell secreted, supporting, connective material of assembled specialized
fibrous protein families, including fibronectins, laminins, collagens, proteoglycans (PGs) and
tenascins.Detailed description of matrix protein family members, their functions and role in
human pathologies are provided in recent reviews [17-21].

ECM proteins are overexpressed in most carcinomas. A recent study also showed that increased
stroma fibrosis and stiffness in breast cancer is due to high levels of crosslinked collagen type
I, was a marker of poor prognosis for metastatic breast tumors [22]. However, loss of type IV
collagen from the BM correlates with metastatic potential [23]. Laminin expression correlates
with tumor invasiveness; in particular, laminin-332 (or laminin-5) is deposited by squamous
cell carcinomas in the stroma and is shown to interact with collagen type VII to promote
invasion [24,25].Similar to collagens and laminins, PGs are overexpressed in epithelial tumors
and play an important role in cell adhesion, migration and growth. The PG syndecan-1 is highly
expressed in, and associated with, urothelial carcinoma progression; in vitrosiRNA knockdown
was able to induce cellular apoptosis by activating caspases 3 and 8 [26]. In melanoma,
chondroitin sulfate PG induces integrin activation and constitutive activation of Erk pathway
[27].Fibronectin engagement by prostate tumor cells PC-3 enhances cell survival by
upregulating anti-apoptotic protein survivin levels and protecting cells from tumor necrosis
factor-a (TNF-a) induced apoptosis [28]. More recently, microRNA MiR-17, part of the tumor
suppressor microRNA cluster 17-92 that wasshown to be frequently deleted from ovarian,
breast and melanoma cancers, was demonstrated to target and repress fibronectin expression
[29]. Increased stroma fibronectin levels are also indicative of an EMT and tumor progression
[30].

2.2 Receptors

Cell adhesion is primarily achieved through cell surface (receptors) that belong to five major
classes: integrins, immunoglobulin superfamily (Ig-CAMs), cadherins, selectins and the
hyaluronan receptor CD44[31]. Integrins are composed of two subunits, the a (alpha) and the
B (beta) [32]. Upon ligand binding, integrins undergo conformational changes,followed by
transmission of ‘outside-to-inside’ signals through pathwaysinvolving Focal Adhesion Kinase,
(FAK), or RTK mediated signaling, that are described in detail elsewhere [33,34]. The type of
integrins expressed dictate selective cellular functions including adhesion, contraction,
survival, proliferation and migration, through initiation of specific ‘inside-to-ouside’ cellular
response[7].Cadherins are transmembrane monomeric glycoproteins that mediate cell-cell
adhesion through binding to the ectodomain of homotypic cadherins on neighbor cells. Their
intracellular C-terminus interacts with another group of proteins the catenins (a, 3, y and p120)
that regulate the stability of cell-cell adhesions[6,35]. A dimeric interaction has also been
reported to occur between E-cadherin and RTKSs that leads to modulation of cell signaling
[9].Selectins are a family of single-chain transmembrane proteins expressed on endothelial
cells, leukocytes and platelets. They facilitate leukocyte rolling on the blood vessel wall during
inflammation and immunity.lg-CAMsare expressed in leukocytes, epithelial, endothelial and
neuron cells andassociate throughhomoor heterotypic interactions with members of the same
family, as well as proteins in the ECM[6]. Finally, CD44 is a ubiquitous ECM component that
contains 20 exons and multiple isoforms resulting in a multifunctional family of proteins
[36].
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2.3 ECM

Integrin/RTK joint signaling is significantly enhanced during tumor progression and ultimately
assures tumor cell survival and proliferation. The role of integrins in the progression of specific
types of human cancer and metastasis is well described in recent reviews [33,37].
Frequently,the FAK signal transduction pathway is overexpressed in many tumors, including
lung, breast, prostate, colon and ovarian leading to increased tumor growth and upregulation
of anti-apoptotic mechanisms [38].The E-cadherin/B-catenin interaction is fundamental for cell
adhesion, cytoskeletal signaling and cell proliferation [39]. Since most human malignancies
are of epithelial origin, loss of E-cadherin or mutations in the B-catenin binding domain on E-
cadherin protein leads to complex disruption, reduced cell-cell adhesion and enhanced tumor
invasion[9]. Whereas loss of E-cadherin from the cell junctions promotes EMT, N-cadherin
expression has been associated with the mesenchymal phenotype of epithelial tumors that
renders them invasive and migratory. N-cadherin (neural) is highly expressed during
embryonic development in neurons and glial cells and is also associated with tumor
progression, EMT and metastasis [8]. Selectins are upregulated particularly during the process
of tumor cell extravasation and associated with increased metastastic potential. E-selectin and
vascular cell adhesion molecule-1 (VCAM-1) overexpression on endothelial cells facilitates
colon cancer cell adhesion to the endothelium and ultimately their homing to the liver[40].The
activated endothelium also attracts inflammatory cells and monocytes to the tumor cell foci
initiating the formation of pre-metastatic microenvironment [41].Finally, tumor cells express
increased number of CD44 isoforms that are normally absent in normal cells. CD44
involvement in malignancies, both as promoting growth (eg. lymphomas, breast cancer) and
suppressing metastasis (eg. prostate cancer), is primarily through CD44/hyaluronan-mediated
oncogenic signals[42,43].

Extracellular matrices do not merely provide a structural barrier to the tissue, organ or cell they
support but also actively participate in important cellular decisions such as proliferation or cell
cycle arrest, motility or immobility, survival or apoptosis [44].In physiological conditions,
defective or lack of interaction between matrix and cells triggers a type of cell death called
anoikis, a mechanism that various cancers develop resistant too, an characteristically referred
to as adhesion-independent growth[45,46]. The adhesive interactions between the cell, its ECM
and the microenvironment are bidirectional, a dynamic cross-talk achieved by receptors and
ligands followed by recruitment of cytoskeletal proteins, nuclear chromatin activation and
ultimately resulting in altered gene expression, which in turn influences the tumor
microenvironment. This model termed dynamic reciprocity applies to organ and tissue
interactions in development and extended to disease states[2]. Matrix remodeling in cancer is
primarily caused by MMP activity and this process is essential for solid tumors to progression
[47-49]. The extensive structural changes also facilitate the initiation of a variety of host
responses that havelong been associated with tumorigenicity, such as tumor inflammation and
angiogenesis. Essentially, tumor cells create their own microenvironment that ultimately
supports growth, inhibits apoptotic signals and, as several clinical studies have shown,
contributes to drug resistance.

Coordinated cellular events may be launched via cellular attachment to different structural
entities within the matrix. For instance, ECM proteins (eg. fibronectin, vitronectin) using their
specialized sequence motifs, such as the RGD tripeptide, bind directly to the appropriate
integrins (eg. asPq, oyP3,onP1, oPs, oyPe. ayPg) and initiate attachment and cell signaling
through cytoskeletal rearrangement[50]. Synthetic peptides containing the RGD motif have
been successfully used in numerous in vitro and in vivo models to inhibit tumor cell invasion
and metastasis. a bio-bank, a repository of inactive growth factors and other hidden bioactive
molecules that become unleashed upon matrix degradation. ECM contains embedded growth
factors that when released from the matrix, they initiate growth factor receptor signaling [51].
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ECM PGs also function tokeep the growth factors inactive and bound to the matrix. It seems
that solid-supported growth factors are essential matrix components and play a key role in the
overall ECM contribution to tissue homeostasis. Matrix proteins are also found to contain
potential growth factor-like domains, which upon proteolytic degradation become soluble and
may bind to cognate growth factor receptors inducing their activation. Collagen and fibronectin
are able to activate an integrin-dependent, transforming growth factor (TGF)-B/Smad
signaling, independently of TGF-$ or TGF-p receptor[52]. This finding enhances even further
the contribution of ECM modulation of cellular behavior.

The multiple contributions of ECM in etiological association with human genetic diseases and
pathologies have been reported in mouse knockout or mutant models [53,54]. Whereas a
number of ECM proteins, including laminins and collagen I or 11 deleted or introduced as
mutant transgenes are embryonic lethal, mice with spontaneous mutations show abnormalities
related to human disorders (eg. muscular dystrophy). ECM also contains cryptic fragments
generated from cleaved collagens that act as angiogenesis inhibitors (see section 3.2); mice
lacking these fragments show increased tumor growth and tumor-associated angiogenesis.
Taken together, mouse models reveal significant details on ECM component functions,
enabling us to better understand the steps involved in cancer development, including tumor
cell attachment, matrix proteolysis, tumor cell release and migration. In particular, tumor
proteolytic activity positively correlates with cancer aggressiveness, and inhibition of protease
enzymatic activity inhibits tumor invasion. There are four protease families: seryl-, aspartyl-,
cyctyl- and metallo-proteases (MMPs). Studies over the last forty years have provided ample
evidence to suggest that MMPs directly regulate tumor cell invasiveness and metastasis.

3. MMPs and their role in cancer

3.1 MMPs family

MMPs belong to a family of zinc-dependent endopeptidases intrinsically responsible for the
degradation of a vast number of protein targets by cleavage of internal peptide bonds[55,56].
Currently, there are over 20 human MMP members divided in two groups based on their cellular
localization (secreted versus membrane-bound), or in five main groups according to their
structure and substrate specificity: collagenases, gelatinases, membrane type, stromelysins and
matrilysins. MMPs are synthesized as inactive proenzymes (pro-MMPs), and they shareseveral
conserved structural domains, although additional domains are unique for a number of MMP
members (Figure 1).Plasma associated MMPs are inhibited by liver secreted a-macroglobulin,
while tissue or extracellular MMPs are regulated by their endogenous inhibitors named Tissue
Inhibitor of Metalloproteinases (TIMPS). There are four TIMP members, TIMP-1, -2, -3 and
-4 and their contribution in MMP homeostasis and cancer will be discussed in a separate
section.

Another zinc protease group of membrane bound and secreted proteins is the “a disintegrin and
metalloprotease’ (ADAMSs) family. ADAMSs have both metalloprotease and integrin receptor-
binding proterties and are implicated in many pathologies including cancer. MMPs promote
carcinogenesis and this has been demonstrated in a number of genetically modified animal
models [57]. Several reports support MMPs’ direct role in cell adhesion, migration, EMT,
tumor angiogenesis, and proteolytic processing of cytokines, chemokines, growth factors or
their receptors, underlying the complex nature of tumorigenesis.

3.2. MMPs role incancercell adhesion

Studies attempted to identify mechanisms by which MMPs affect cell adhesion. Early on, it
was shown that MMP-2 processedcell membrane bound componentsand, therefore, directly
affects the adhesive cellular properties of human melanoma A2058cellsin vitro
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[58].Comprehensive analysis on the effects of MMPs-mediated ECM component degradation
in various types of cancer systems is described elsewhere [59-64]. Proteolysis of matrix
substrates generates degradation fragments that regulate specific pathways. Cleavage of
collagen IV and laminin 5 exposes cryptic sites that initiate novel functions including tumor
cell growth, migration and angiogenesis[63,65].More recently it was shown that MT1-MMP-
mediated collagen degradation is required for matrix tunnel formation in 3D collagen gels, and
this mechanism is essential for tumor and endothelial cell motility in 3D matrices in an MMP-
independent mode [66,67].In invasive tumors, MMPs and integrins are expressed in high levels
suggesting that there is possible interaction between the two protein families. Indeed, MMP-2
was shown to interact with a3 on the surface of angiogenic blood vessels and melanoma cells
in vivo, contributing to collagen degradation and cell invasion [68]. Later, more studies showed
that MMP-9 interacts with a,83 promoting migration of breast cancer cells [69]. Active forms
of MMP-2 or MT1-MMP also interact with o, 35 integrin and affect their membrane
localization in a number of tumor cell lines including melanoma[70,71]. MT1-MMPs
processesprecursors of ayas and ag but not ay, integrins leading to a,33 mediated signaling
and migration of breast cancer cells[72,73]. Cadherins are also targeted by MMPs. MMP-3
and MMP-7 have been shown to cleave membrane bound E-cadherin in MCF-7 breast cancer
cells. The released soluble E-cadherin was shown to promote cell invasion;although the
mechanism was not shown, it was proposed that the soluble fragment my inhibit the membrane
bound E-cadherin function and disrupt cell-cell contacts [74]. ADAM-10 also cleaved E-
cadherin and changed its cellular localization and promoted B-catenin translocation to the
nucleus. Similarly, N-cadherin was targeted by ADAM-10 and its cleavage enhances migration
of human glioblastoma cells [75,76].More recently, breast cancer cells overexpressing P-
cadherin, to mimic clinical breast cancer with poor survival, was shown to promote invasion
even in the presence of functional E-cadherin in vitro. P-cadherin induced MMP-1 and MMP-2
expression that led to P-cadherin proteolytic cleavage and induction of invasion [77]. Finally,
the hyaluronan receptor CD44 is also cleaved by MT1-MMP releasing extracellular fragments
that increase invasion of pancreatic and breast cancer cells [78]. In conclusion, MMPs target
both ECM components and adhesion receptors to alter cellular resposes to the environment
and this mechanism is highly exploited by tumor cells to promote migration, invasion and
metastatic potential (Figure 2).

MMPs have also been involved in the disruption of endothelial cell ECM resulting in enhanced
tumor angiogenesis [79-81]. However, anti-angiogenic fragments derived from the cleavage
of collagen XVIII and plasminogen act as small endogenous angiogenesis inhibitors [82-84].
These studies indicate that pro-angiogenic nature of MMPs is highly dependent on the
experimental cancer model used and other factors should also be taken into account such as
the tumor microenvironment and the matrix complexity. ECM bound factorssuch as insulin-
like growth factors (IGFBPs) and TGF-B are MMPs targets. Cleavage of IGF binding proteins
(IGFBP) allows IGFs to become available and bind to their receptors resulting in tumor cell
growth [85]. MMP-19 proteolysis of IGFBP-3 contributes to IGF-enhanced keratinocyte
adhesion on collagen I, whereas MMP-7 mediated cleavage of IGBP-3 induced IGF signaling
and protected against apoptosis [86]. Fibronectin-bound latent form TGF-B is released to its
active form in the presence of MMP-2 and MMP-9and this activation is CD44 dependent
[87]. This study provided a new mechanism for TGF-p activation that tumor cells adopt to
enhance proliferation and invasion. TGF-f is also a master EMT inducer in carcinomas. Snaill,
acritical transcription factor for EMT induction, was shown to be involved in ECM degradation
via an MT1-MMP-dependent mechanism. Snaill induces non-invasive breast carcinoma cells
to perforate the BMby upregulation of MT1-MMP and MT2-MMP expression leading to
increased BM degradation [88]. Released TGF-p also induces key transcriptional regulators
of EMT including members of the Snail and Zeb families. Recent studies have shown Snail
and Zeb induction of MMPs that in turn can induce EMT in different cancers [30,89].
Frequently activated pathways in cancer such as RTKs, Wnt and TNF-a can upregulate MMPs
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expression at the mRNA and protein levels [56,59,90]. The above studies suggest that the
release of growth factors from the ECM degradation by MMPs creates a positive feedback loop
that supports the hallmark invasive phenotype of cancer cells. It is therefore up to the
endogenous inhibitory mechanisms to control the MMPs pro-tumorigenic effects.

4. TIMPs, the endogenousinhibitors of MMPs, and their role in cancer

4.1 The TIMP family

There are four TIMP family members, TIMP-1, -2, -3 and TIMP-4 and their basic properties
are summarized in[91]. Each of their N- and C-terminal domains contains 6 conserved cysteine
residues that form three disulfide loops. The N-terminal regionbinds to the MMPSs’ catalytic
domain and inhibits MMP activity,whereas, the C-terminal region interacts with the the pro-
forms of MMP-2 and MMP-9 C-terminal hemopexin domain to stabilize the pro-enzyme
inhibitor complex. TIMP-2 is the only TIMP member that specifically interacts on the cell
surface with both MT1-MMP and pro-MMP-2 in order to facilitate the activation of pro-
MMP-2 [92,93]. Thus TIMP-2 is unique in that it functions both as an MMP inhibitor and
activatior. TIMPs can inhibit all active MMPs, however, not with the same efficacy. TIMP-1
preferentially inhibits MMP-7, MMP-9, MMP-1 and MMP-3, whereas, TIMP-2 is also a more
effective inhibitor of MMP-2. TIMP-3 can inhibits MMP-2 and MMP-9 but also the majority
of ADAMs, whereas, TIMP-4 inhibits MT1-MMP and MMP-2 catalytic activity. TIMPs
function, therefore,is to regulate proteolytic activity and all the MMP-mediated activities. It is
only the last ten years that novel biological activities started being reported, attributed
specifically to TIMPs’ genetic and protein configuration, rather than a consequence of their
proteaseinhibitory ability. Although, they are secreted proteins functioning extracellularly, a
series of reports identified TIMPs’ cellular receptors, suggesting that these molecules may
modulate cellular behavior from the outside to the inside of the cell.

In the literature, TIMP status is usually portrayedsolely as an MMP inhibitor and, therefore,
mechanistic studies explain TIMP effects, in both physiological and pathological conditions,
on the restrained MMPs activities and mediated functions. Studies have revealed that TIMPs
are involved in several biological activities including cell differentiation, growth, migration,
invasion, angiogenesis and apoptosis, and these cellular effects are mediated independently of
TIMP inhibition of MMP activity(reviewed in [94]) and Figure 2.

4.2. TIMPsrole in tumor cell adhesion

Early on, TIMP-1, and later TIMP-2, was found to possess erythroid potentiating activity
although the significance of this activity remains unclear [95,96]. It was not long before TIMPs
were described to promote tumor cell proliferation or induce apoptosis in some systems and
to inhibit tumor growth and promote cell death in other tumor models; the signaling pathways
involved in these activitesare reviewed in [13]. TIMPs involvement in cell adhesion process
either by direct interaction with cell adhesion molecules or with ECM componentsis less
studied. TIMP-1 was shown to engage withits cellular receptor, CD63, a member of the
tetraspanins known to interact with cell adhesion molecules including integrins and modulate
cell adhesion [97]. It was demonstrated that TIMP-1 interacts with 4 integrin on the cell surface
of mammary in a CD63-dependent manner, resulting in inhibition of apoptosis. TIMPs also
have anti-angiogenic activities and these are particularly important during tumor growth and
metastasis. The pathways involved could be distinct for each TIMP member, as well, MMP-
dependent or independent. We have previously shown that TIMP-2 inhibits the endothelial cell
growth in vitro and angiogenesis in vivo upon stimulation with endothelial growth factors,
VEGF-A or FGF-2. The identified mechanism is independent of TIMP-2-mediated MMP
inhibition. In fact, it was shown that extracellular TIMP-2 and Ala+2TIMP-2 (TIMP-2 mutant
devoid of MMP inhibitory activity)interact withazf1, an integrin receptor expressed on the
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surface of tumor and endothelial cells and induce an integrin-dependent signaling response
[98]. In a following up study we demostrated that TIMP-2 also induces RECK expression (the
reversion-inducing-cystein-rich protein with Kazal motif) leading to loss of cell migration.
RECK is a plasma membrane associated protein shown to inhibit a number of MMPs including
MMP-2, -9, MT1-MMP and ADAM10. The pathway involved includes decrease of Src levels,
inactivation of Rac1 (a small guanosine triphosphates, GTPase) and activation of another small
GTPase, Rapl. TIMP-2 interaction with its receptor asp enhances RECK expression in
endothelial cells resulting in inhibition of endothelial cell migration. TIMP-3’s anti-angiogenic
effects occur through different mechanisms including TIMP-3 directly binding to VEGF
receptor 2 and acting as antagonist, therefore, blocking VEGF-A mitogenic effects. During
inflammation, and in response to TNF-a and IL-1B, endothelial adhesion molecule VCAM-1
ectodomain is released to a soluble VCAM-1 (sVCAM-1) by ADAM-17 proteolysis. TIMP-3
knockout mice exhibit much higher levels of sSVCAM-1 suggesting that TIMP-3 regulates
cellular responses to inflammation by inhibiting ADAM-17 activity [99]. TIMP-3 promoter
was also found hypermethylated in a study of bladder cancer and was identified as a prognostic
marker for bladder cancer progression [100]. In the ECM, TIMP-3 has also been shown to
specifically interact with heparan sulfate; the significance of this interaction is still unknown,
however, it is proposed that maintains TIMP-3 in an inactive form [101]. In the end, TIMPs
interaction with ECM components, plasma membrane proteins, RTKs and cell adhesion
receptors initiate transduction pathways that influencecell signaling,induce cytoskeletal
changes that results in altered cell migration and growth. Inhibition of angiogenesis leads to
decrease of tumor cell invasion and extravasation, minimizing the metastatic potential.

5. Epilogue

Induced expression and increased activation are two reasons why MMPs are significant players
in tumor cell invasion and metastasis. In fact, MMPs modulation of cancer cell adhesion can
be attributed to four events: Firstly, active MMPs members target ECM ligands for proteolytic
degradation, including collagens, laminins, fibronectin, vitronectin, resulting in ECM
remodelling and tumor cell detachment. Secondly,active MMPs members target tumor cell
adhesion receptors, including important non-ECM molecules such as E-cadherin or integrins
and, therefore, directly disrupt cell-cell and cell-matrix adhesions. Thirdly, MMPs
transcriptional expression being induced by tumor cell specific mechanisms, eg. during
epithelial to mesenchymal transition (EMT), or tumor angiogenesis, leads to increased MMPs
activity and substrate degradation. Finally, lack of or reduced MMPs inhibitory mechanisms,
such as downregulation of their endogenous inihitors TIMPs, would disrupt the ratio of MMPs
and TIMPs within the tumor microenvironment promoting tumor metastasis (Figure 2). The
identification of MMP-independent TIMPs functions, the significance ofthe cellular receptors
that TIMPs interact with (eg. integrins, RTKSs) and the implication of these novel interactions,
as demonstrated by the activated downstream signaling pathways, clearly demonstratethat
there are still activities to be discovered and explained within the broader contextof ECM and
the function of the tumor microenvironment.
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Figure 1. Matrix Metaloproteinases (MMPs) domain structures and functions

There are 5 main MMP groups based on their structure and substrate: collagenases, gelatinases,
matrilysins, membrane type MMPs (MT-MMPs) and stromelysins. The basic domain structure
consists of: i) a signal peptide (SP) that directs the protein through the endoplasmic reticulum
prior to secretion, ii) a pro-peptide region (PRO) that secures enzymatic latency and inactivity
by blocking the catalytic site from becoming accessible to substrates or to inhibitors, iii) a
catalytic region that, after the pro-peptide removal, confers the MMPs with their enzymatic
activity with the help of zinc (Zn) ions and iv) a hemopexin domain at the C-terminus, that
provides the specificity to and interaction with the substrates or the inhibitors (TIMPs), also
presents the substrate to the catalytic domain via a high flexible hinge, except for matrilysins
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that lack the hemopexin-like and the hinge that joints it to the catalytic domain. The prodomain
contains a cysteine-to-zinc switch motif where the Zn*2 at the catalytic domain binds to the
cysteine at the prodomain and inhibits MMP activation and interaction with the substrate. The
zinc in the catalytic domain interacts with the three histidines (H) in a motif sequence
(HEXXHXXGXXH). Upon proteolytic processing and removal of the prodomain, the mature
MMPs become active and able to catalyze. Although the majority of the MMPs are secreted
as inactive zymogens, the MT-MMPs, MMP-11 and MMP-28 (epilysin) contain the furin-like
motif RXKR between the proenzyme and catalytic domains allowing them to be activated by
intracellular serine proteinases before they get secreted or localize to the cell membrane. The
type | transmembrane (TM type I) MMPs are anchored to the membrane with a hydrophobic
domain and a short cytoplasmic tail. The two exceptions are the MMP-17 and MMP-25 that
instead attach with a glycosyl-phosphatidyl inositol (GPI) anchor domain. Gelatinases A and
B or MMP-2 and MMP-9 also contain three collagen-binding fibronectin type Il repeats within
the catalytic domain. In addition, MMP-9 contains a serine-threonine and prolice rich O-
glycosylated domain (O-glyco).

. Signal peptide Propeptide . Catalytic domain Hemopexin-like domain
~  Transmembrane domain O-glycosylated domain cytoplasmic tail
. Glycosyl-phosphatidyl inositol (GPI) anchor domain cysteine/proline rich, interleukin-1R like domain
A
Immunoglobulin-like (Ig) domain Hinge RXKR  Furin-recognition motif

*Vitronectin  Vjtronectin motif (only in Xenopus and Cynops pyrrhogaster MMP-21 orthologues)
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Figure 2. MMPs and TIMPs input in tumor cell adhesion

A schematic representation of MMPs and TIMPs role in cell adhesion modulation during
different the levels of carcinoma progression (see text). Proposed (?) TIMPs actions remained
to be discovered.
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