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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 cel ls  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 cel l  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 l3 subunits. Each 
subunit consists of extracellular, transmembrane, and 
cytoplasmic domains. Currently 16 a and 8 8 subunits 
have been characterized (Clark and Brugge, 1995). The 
a subunits have relative molecular masses of 120-180 
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