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Summary. The ability of malignant tumor cells to
invade normal surrounding tissue contributes in large
part to the significant morbidity and mortality of these
cancers. The process of invasion involves adherence of
the tumor cells to the extracellular matrix (ECM),
degradation of matrix components, and movement of the
cell body. Attachment to ECM molecules is mediated by
the integrin family of extracellular matrix receptors.
Integrins are a large family of heterodimeric proteins
which transduce a variety of signals from the ECM.
Ligand occupancy is critical for activation of integrin
signaling. This signaling may occur via several different
pathways. One of the best characterized of these path-
ways is the mitogen activated protein kinase (MAPK)
cascade. This serial phosphorylation of substrate
proteins terminates in activation of transcription factors
which regulate expression of target genes. Many of these
genes are critical for extracellular matrix degradation or
cell migration. Among these are the matrix metallo-
proteinases (MMPs), a large family of ECM-degrading
enzymes. Regulatory elements in the promoters of
MMPs have been characterized, providing insight into
how MMP expression is controlled. This review focuses
on mechanisms by which the ECM regulates tumor cell
invasion through integrin signaling via the MAPK
pathway using MMP expression as the model.
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Introduction

The ability of tumor cells to invade surrounding
tissue and vital structures is one of the most important
features of the malignant phenotype. Degradation of the
basement membrane and invasion of underlying
connective tissue have long been the histologic criteria
for diagnosis of carcinoma (for review see Liotta, 1986;
Lohi et al., 1998). In order to accomplish this trans-
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formation, potential tumor cells must alter their
phenotype and histologic appearance. Invading tumor
cells must secrete proteolytic enzymes to degrade
basement membranes (for review see Kohn and Liotta,
1995). The invading cell must then extend long
cytoplasmic processes (lamellopodia) which attach to
specific proteins of the extracellular matrix (ECM). This
attachment is necessary for the cell to generate traction
in order to translocate the cell body (Bretscher, 1996).
Further migration requires invading tumors to repeat this
process which at the cellular level involves organizing
complex focal adhesive contacts with the ECM,
reorganization of the cytoskeleton, and bulk flow of
cytoplasm and plasma membrane in the direction of
movement (Damsky and Werb, 1992). Additionally,
genes encoding the proteolytic enzymes necessary for
connective tissue degradation must be precisely
regulated to avoid autodigestion (Sato et al., 1994; Witty
et al., 1994). This review will examine how ECM
attachment generates cytoplasmic signaling resulting in
activation of a family of target genes crucial to the
invasive phenotype, the matrix metalloproteinases
(MMPs). The first section reviews ECM attachment by
integrin receptors and recruitment of signaling molecules
to the cytoplasmic domain of these proteins. Next
propagation of these signals by the mitogen activated
protein kinase (MAPK) pathway will be considered.
Finally, MAPK activation of transcription factors which
regulate MMP expression will be examined.

The integrin family of ECM receptors

Integrins are a large family of cell surface receptors
that mediate ECM attachment in almost all cell types.
Attachment to ECM is involved in complex biologic
processes such as embryogenesis, carcinogenesis,
apoptosis, cell division, differentiation, and inflamma-
tion (for review see Clark and Brugge, 1995). Functional
integrins are composed of a and B subunits. Each
subunit consists of extracellular, transmembrane, and
cytoplasmic domains. Currently 16 o and 8 8 subunits
have been characterized (Clark and Brugge, 1995). The
o subunits have relative molecular masses of 120-180
kD while the B subunits range from 90-110 kD.
Alternative splicing creates additional subunit variation
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(Hynes, 1992). Several subunits including a3, ag, B4, 83,
and B, possess alternatively spliced cytoplasmic domains
(van Kuppevelt et al., 1989; Altruda et al., 1990; Suzuki
and Naitoh, 1990; Hogervorst et al., 1991; Tamura et al.,
1991). The a and B subunits heterodimerize to create
more than 20 receptors.

The ligand binding specificity of integrin hetero-
dimers has been elucidated (for review see Hynes,
1992). Individual integrins may bind to more than one
ECM ligand. These molecules include type I collagen,
type IV collagen, laminin, fibronectin, and vitronectin.
Some integrins can also bind to soluble ligands such as
fibrinogen or to other receptors such intercellular
adhesion molecules on adjacent cells. Integrin hetero-
dimers bind to specific peptide recognition sequences in
ECM molecules. One of these sequences is Arg-Gly-Asp
(RGD) present in fibronectin and vitronectin. RGD is
recognized by asBy, oypB3, and o B integrins. oyypBs
also recognizes the sequence KQAGDYV in fibrinogen.
Other sequences recognized by integrins include DGEA
(apB1) and EILDV (a44). Thus, structural similarities
exist between integrins which recognize a specific
peptide sequence.

The transmembrane regions of most integrin
subunits consist of a single hydrophobic segment of less
than 50 amino acids. Both subunits contain extensive
disulfide bonds (Calvete et al., 1991). Divalent cations
are required for receptor function (Kirchhofer et al.,
1991). The integrin ligand binding domain is proximal to
these cation binding sites extracellularly (Smith and
Cheresh, 1990). Point mutations in the ligand binding
domain ablates the association with specific ECM
molecules (Arnaout et al., 1990). Both a and £ subunits
contribute to ligand binding and subunit switching may
change this specificity.

Receptor clustering and ligand occupancy are critical
for integrin signaling. This signal transduction is
accomplished by the integrin cytoplasmic domains
(Sastry and Horwitz, 1993). The cytoplasmic domains
have no known ezymatic activity. Instead, they couple
cytoskeletal and signaling proteins into focal adhesions.
The o subunits have divergent amino acid sequences,
whereas the B subunits exhibit some homology. The 8
cytoplasmic domains are required for targeting integrins
to focal adhesions, while the o subunits provide ligand
specificity (LaFlamme et al., 1994). Integrins link the
ECM to cytoskeletal proteins such as actin. Binding
proteins for actin such as talin, vinculin, tensin, and a-
actinin have been localized within focal adhesions (Otey
et al., 1993). Talin and a-actinin bind directly to the B
subunit. These structural proteins organize the signaling
complex leading to integrin induced changes in gene
expression.

The integrin signaling complex
Integrin signaling is accomplished by protein

phosphorylation (Clark et al., 1994). Phosphorylation on
tyrosine residues is a common response to integrin

binding to ECM ligands in many cell types (Hynes,
1992; Juliano and Haskill, 1993; Arroyo et al., 1994).
Among the proteins which localize to integrin signaling
complexes are those with modular domains homologous
to the Src tyrosine kinase (Cohen et al., 1995; Pawson,
1995). These domains, termed SH2 and SH3, mediate
protein-protein association. SH2 domains bind to
proteins containing specific phosphotyrosine motifs
while SH3 domains interact with proline rich sequences
on target proteins. These adaptor proteins allow
recruitment of additional signaling molecules to the
focal adhesion.

Many kinases have been implicated in integrin
signaling. One of these, focal adhesion kinase (FAK), is
believed to have a central role in both signaling and
coupling the active complex to the cytoskeleton (Fig. 1).
Inhibition of FAK signaling has been shown to decrease
cell motility and proliferation (Gilmore and Romer,
1996; Richardson and Parsons, 1996). Similar pheno-
types have been described in cells from FAK deficient
mice (Ilic et al., 1995). FAK is itself phosphorylated on
tyrosine and its activity is enhanced by integrin signaling
(Schaller and Parsons, 1994). The cytoplasmic domain
of the integrin B subunit is required for FAK phospho-
rylation (Lukashev et al., 1994). FAK targeting to focal
adhesions requires specific sequence elements in the
protein. A C terminal focal adhesion targeting (FAT)
sequence is necessary for localizing FAK to focal
adhesions (Hildebrand et al., 1993). The cytoskeletal
protein paxillin can associate with the FAK C terminus
separate from the FAT sequence. The N terminus of FAK
can bind to the cytoplasmic domain of the integrin
subunit. FAK likely uses all of these domains in order to
localize to the focal adhesion. FAK phosphorylation may
also serve as docking sites for SH2 containing proteins.
Thus FAK serves as a central mediator for many integrin
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Fig. 1. The integrin signaling complex. Upon activation, the integrin
cytoplasmic domain (here the B subunit) recruits a variety of
downstream signaling molecules. Central to this interaction is focal
adhesion kinase (FAK), which upon association with the integrin
cytoplasmic domain is phosphorylated by members of the src tyrosine
kinase family. Phosphorylated FAK then serves to recruit adaptor
molecules containing SH2 and SH3 domains such as GRB2. The SH3
domains of these adaptors can interact with guanine nucleotide
exchange factors such as Sos which transfers GTP to Ras to initiate the
MAPK signaling pathway. Paxillin links the signaling complex to the
structural proteins in the focal adhesion.
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signaling proteins.

Members of the Src family of tyrosine kinases
associate with integrin signaling proteins through
binding of their SH3 domains to paxillin (Weng et al.,
1993). These kinases may also associate via binding of
their SH2 domains to phosphotyrosine residues
(Okamura and Resh, 1994). Paxillin, which is a substrate
for tyrosine kinases, may be involved in formation and
regulation of integrin signaling complexes. Paxillin
binds to vinculin and is phosphorylated on tyrosine in
adherent cells by FAK or other kinases (Pavalko and
Otey, 1994). Inhibition of cell spreading by expression
of a dominant negative FAK can be rescued by Src
(Richardson et al., 1997). Although many Src family
proteins contain catalytic domains with kinase activity,
some molecules are composed entirely of SH2 and SH3
domains (Cohen et al., 1995). One example is the growth
factor receptor bound protein 2 (Grb2), which links
tyrosine kinases to activators of the Ras signaling
pathway (van der Geer et al., 1994). One activator of the
Ras pathway is mSOS1, a guanine nucleotide exchange
factor (GNEF) that functions by converting Ras to its
active GTP bound state. In adherent cells, Grb2 and
mSOS1 bind to FAK. The SH2 domain of Grb2 binds to
a phosphotyrosine sequence in the FAK C terminus
(Schlaepfer et al., 1994), thus directly linking the
integrin signaling complex to Ras and the mitogen
activated protein kinase (MAPK) pathway. It should be
noted however that FAK independent mechanisms of
MAPK activation may exist (Lin et al., 1997).

The mitogen activated protein kinase (MAPK)
pathway

The link between integrin signaling and the MAPK
pathway has been the subject of intense investigation in
recent years (Juliano and Haskill, 1993; Lin et al., 1997).
Mechanical stressing of integrin receptors induced
phosphorylation of MAPKs (Schmidt et al., 1998).
Binding to laminin triggered MAPK activation in
macrophages via the integrin @ subunit (Wei et al.,
1998). The integrin B, subunit has been shown to recruit
the adaptor proteins Shc and Grb2 to its phosphorylated
cytoplasmic domain (Mainiero et al., 1995). Ligation of
the a4 integrin caused tyrosine phosphorylation of
She, recruitment of Grb2, activation of Ras, and
stimulation of MAPKSs in keratinocytes (Mainiero et al.,
1997). This activation stimulated the serum response
promoter element of c-fos and was inhibited by
dominant negative mutants of Ras and Shc. Ras
activation was also necessary for MAPK regulation in
NIH 3T3 cells (Clark and Hynes, 1996). This effect may
be both cell type and integrin dependent given that other
studies have shown that integrin mediated activation of
MAPKSs was independent of Ras (Chen et al., 1996).
MAPK activation may result in a negative feedback loop
in that signaling via this pathway inhibited further
integrin activation (Hughes et al., 1997).

The mechanisms by which the MAPK cascade

transmits extracellular signals has been the subject of
intense investigation for many years (for review see
Blenis, 1993; Crews and Erikson, 1993; Davis, 1993;
Cobb and Goldsmith, 1995). As their name implies,
MAPK phosphorylation has an impact on diverse
cellular processes. As stated above, activated GTP
bound Ras binds the upstream protein kinases Raf-1 and
B-Raf, targeting them to the cell membrane and
increasing their kinase activity (Fig 2). The MAPK
kinases 1 and 2, known as MKK or MEK, are phospho-
rylated and activated by Raf (Ahn et al., 1991; Seger et
al., 1991; Campbell et al., 1995). MEKs phosphorylate
the extracellular signal regulated kinases ERK1 and 2.
The current model for MAPK signaling relies on this
three kinase module (Neiman et al., 1993).

MEK phosphorylates MAPKs on tyrosine and
threonine residues. In ERK2, these amino acids are tyr-
185 and thr-183 (Payne et al., 1991). Tyrosine phospho-
rylation precedes that of threonine, although either
residue can be phosphorylated alone (Robbins et al.,
1993). ERK2 consists of an N terminal domain and a
larger C terminus connected by a linker region (Zhang et
al., 1994). The ATP binding site is located between the
domains, while substrates bind on the surface. Phospho-
rylation of ERK2 causes a conformational change in the
protein which aligns the catalytic residues (Cobb and
Goldsmith, 1995). In its unphosphorylated state, the
tyrosine and threonine residues block access to the
catalytic site. The side chain of the tyrosine residue
occupies the substrate binding site. Phosphorylation
displaces this amino acid and activates the catalytic site.
The activity of ERK2 containing a TI183E mutation is
dramatically increased following tyrosine phospho-
rylation (Robbins et al., 1993). The activated ERKs are
capable of phosphorylating downstream transcription
tactors which regulate target gene expression.
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Fig. 2. The mitogen activated protein kinase pathway. Ras, the most
upstream effector in the cascade, activates Raf (a mitogen activated
protein kinase kinase kinase, MAPKKK). Raf in turn phosphorylates
MEK (a MAPKK) which then activates the extracellular regulated kinase
(ERK/MAPK). ERK then phosphorylates members of the ets
transcription factor family such as ets-1, ets-2, Elk-1 and PEA3. The c-
fos promoter contains recognition sequences for these factors. Induction
of c-fos expression may then activate genes containing AP-1 regulatory
elements.

» AP-1 promoters
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The Ets family of transcription factors

One of the major targets of MAPK phosphorylation
is the Ets family of transcription factors. The ets onco-
gene was discovered as a fusion protein with gag and
myb expressed by the avian erythroblastosis virus (Nunn
et al., 1983). Ets family proteins are characterized by a
homologous 84 amino acid sequence known as the ets
domain (Seth et al., 1992). The most divergent ets
domains (Ets1 and PU1) are 35% identical. Ets1 also has
alternatively spliced isoforms (Koizumi et al., 1990).
The sequence similarity of the ets domains allows the
Ets proteins to be grouped into subfamilies. The ets
domain is found in the C terminus of Ets1 and 2, near
the middle of EIf1, and towards the N terminus of Elk1
and SAP1 (Wasylyk et al., 1993). Other family members
in various species include EtsB, vEts, Flil, Erg, Ets3,
Ets4, Ets6, GABP, DELG, PEA3, ELKX, and E74A.

Ets proteins can bind DNA containing the sequence
C/A GGA A/T. Etsl directly contacts this motif and 10
bp of DNA immediately surrounding the sequence (Nye
et al., 1992). These flanking sequences are variable and
may determine which Ets proteins will bind. Different
Ets proteins vary in their selectivity for a particular motif
(Rao and Reddy, 1992). The ets domain itself is
sufficient for DNA binding (Gegonne et al., 1992). Ets
family members lack features of other transcription
factors such as homeodomains, helix-turn-helix, zinc
fingers, leucine zippers, or rel domains. Ets1 has a
putative nuclear localization sequence (GKRKNKPK;
Boulukos et al., 1989). Some Ets proteins bind DNA as
monomers (Nye et al., 1992), but others bind in
conjunction with other factors such as SRF (Hipskind et
al., 1991).

A variety of growth modulation signals affects
activation of Ets proteins. Mitogenic signals via the
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-1650 89 69
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MAPK pathway alter the phosphorylation status of Etsl
and Ets2 (Wasylyk et al., 1993; O'Hagan et al., 1996).
The Ets protein PEA3 is phosphorylated both by ERK
and the stress activated protein kinase/jun N terminal
kinase (SAPK/JNK; O'Hagan et al., 1996). Ets1 and Ets2
were shown to be targets of Ras signaling by
phosphorylation of conserved threonine residues (Yang
et al., 1996). Phosphorylation of Ets1 and Ets2 increased
DNA binding in vitro. Ets1 is hyperphosphorylated
during mitosis (Fleischman et al., 1993), indicating that
Ets proteins are regulated by mitogenic signals.

Ets proteins regulate a variety of cellular processes,
including development, differentiation, migration, and
tumorigenesis (Wasylyk et al., 1993). The role of MAPK
signaling and Ets proteins in regulation of tumor cell
invasion has been intensively studied in recent years. For
tumor cells to invade basement membranes, they secrete
a variety of proteolytic enzymes which degrade specific
ECM molecules. Increased expression and secretion of a
large group of these enzymes, the matrix metallo-
proteinases (MMPs), have been demonstrated in many
tumor cells (for review see Matrisian, 1992; Davies et
al., 1993; Lohi et al., 1998). Members of this group
include MMP-1 (interstitial collagenase), MMP-2 and 9
(gelatinases A and B), MMP-3 (stromelysin), and MMP-
12 (metalloelastase). The domain structure of the MMPs
include a predomain that targets the enzymes for
secretion, a prodomain which is cleaved upon activation,
and a catalytic domain which binds zinc ions required
for activity (Matrisian, 1992).

One of the most important MMP regulatory
pathways in both normal and tumor cells is MAPK
activation of Ets transcription factors. The promoters of
many MMPs have multiple binding sites for Ets proteins
(Sato and Seiki, 1993; Tremble et al., 1995; Fig. 3).
Stimulation of collagenase activity by adhesion to ECM

MMP-1 (interstitial collagenase)

MMP-2 (gelatinase A)

MMP-3 (stromelysin -1)

MMP-7 (matrilysin)

Fig. 3. Comparison of transcriptional regulatory
elements in human MMP promoters. The presence of
many different recognition sequences illustrates the
complex regulation of these genes by cis acting
factors and their upstream activators. AP-1: activator
protein 1, PEA3: polyomavirus enhancer activation
protein 3; TATA: binding site for general transcription
factors; Sp-1 site; AP-2: activator protein 2; NF-kB:
nuclear factor kappa B; TIE: TGFB inhibitory element;
PRE: PDGF regulatory element.
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molecules requires tyrosine kinase activity (Sudbeck et
al., 1994). Integrin signaling via the MAPK pathway has
been shown to activate MMP expression and secretion
(Tremble et al., 1995; Shibata et al., 1998). Ras signaling
is required for MMP activation in many model systems
(Silberman et al., 1997; Himelstein et al., 1997; Shibata
et al., 1998). In addition to ERK activation, MMPs are
also regulated by the SAPK/INK branch of the MAPK
pathway (Gum et al., 1997). These studies illustrate the
importance of integrin mediated MAPK signaling in
regulation of MMP activity in invasive cells.

Many experimental and clinical challenges remain in
understanding the interaction between ECM attachment
and tumor cell invasion. Increased understanding of how
integrin signals transmitted by the MAPK pathway affect
MMP gene transcription will provide insight into the
invasive phenotype of tumor cells. Further elucidation of
these regulatory pathways will be necessary in order to
improve therapeutic intervention and reduce the
morbidity and mortality associated with tumor cell
invasion and metastasis.
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