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The ability of an epithelial cell to adhere to its neighbor and to the 

extracellular environment is an essential process that defines in part, a 

normal multicellular organism. It is a feature that is fundamental to the 

development of an organism. Mutations in critical adhesion components will 

result either in embryonic lethal phenotypes at various stages or lethality 

shortly after birth. In addition, adhesion structures are essential for the 

survival of the adult organism, as mutations will also result in defective 

wound healing responses in a variety of organ systems.

Although many adhesion structures exist that are required for successful 

epithelial cell adhesion, the focus of this volume is to highlight the necessity 

for the transformed epithelial cell to adhere either to the extracellular 

environment via integrin type receptors or to adhere to its neighbor through 

cadherin complexes during tumor progression. The alteration of the 

requirements of cellular adhesion during tumor progression and metastasis is 

the subject of Chapters 1-3.  

Cell adhesion structures are normally tightly regulated but their 

components are corrupted for nepharious purposes such as cancer cell 

invasion, migration and attachment at a distant site. The cytoskeleton is 

involved in these processes. In Chapter 4, the actin cytoskeleton and integrin 

receptors normally engaged in strong stable adhesion structures are 

discussed as migration determinants. In Chapter 5, a FERM domain protein, 

known to interact with F-actin, called EHM2, is discussed as a metastasis 

promoting agent. In Chapter 6, the cytokeratin 6 network of the cytoskeleton 

is postulated as a critical element in the maturation of a stem cell component 

within a normal prostate gland.  

The molecules involved in cell adhesion structures are uniquely 

positioned to serve as membrane sentinels for the changing extracellular 

FOREWORD
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environment of a metastatic cell. This is an important requirement of a 

metastatic cancer cell to survive the dynamic environments encountered 

Chapter 7, the epigenetic regulation of cell adhesion genes is discussed as a 

potential mechanism to confer transient suppression of cell adhesion genes 

during the metastatic process. The ability of cell adhesion structures to 

influence damage responses through the action of cell surface receptors is 

detailed in Chapters 8 and 9. 

The reliance of the cancer cell upon cell adhesion for invasion, migration 

and survival during and after the journey to a distant site makes it formally 

possible to block these events using small peptide extracellular adhesion 

mimetics. Chapter 10 illustrates the potential for generating and targeting 

epithelial cell surfaces using synthetic D-amino acid peptides.  

The reliance of the metastatic cancer cell on a restricted set of adhesion 

structures derived from normal structures offers the opportunity for the early 

identification and eradication of circulating tumor cells with a pro-survival 

and pro-metastatic phenotype. Understanding the minimum elements of the 

adhesion structures that are selected for and preserved on the cancer cell 

during tumor progression will offer the possibility of defining adhesion 

receptors that dictate the metastatic adhesion signature. Stated another way, 

the metastatic adhesion signature confers an advantage for cancer cell 

survival and adhesion at the metastatic site; this reveals a potential 

vulnerability of the successful metastatic cell. Future work defining the 

metastatic adhesion structure(s) is likely to lead to improved early detection 

and prevention of cancer metastasis.  

Anne E. Cress 

Arizona Cancer Center, 

University of Arizona, 

Tucson, AZ, USA 

during intravasation and extravasation, prior to reaching a distant site. In 

Raymond B. Nagle 



Chapter  1  

CHANGING EXTRACELLULAR MATRIX 

LIGANDS DURING METASTASIS 

Elisabeth L. Bair and Raymond B. Nagle 

Arizona Cancer Center, University of Arizona, Tucson, AZ, USA 

Abstract: Cellular homeostasis is achieved by cells continuously sending and receiving 

information, through cell-cell contacts, signals from the surrounding 

extracellular matrix (ECM), or from soluble hormones and growth factors. 

During cancer progression, these normal signals may be altered in a variety of 

ways forcing extracellular and intracellular changes to occur that will favor 

metastasis. Altering ECM ligands is a major mechanism by which transformed 

cells metastasize. One way in which ECM ligands change is through 

alterations in ECM composition. Another mechanism is through proteolysis of 

ECM proteins causing the release of growth factors or cryptic ECM peptides 

called matrikines. In this chapter, we will discuss changes that occur in ECM 

and examine how these changes are important for successful cancer 

metastasis.

Key words:  extracellular matrix; matrikine; protease; cell adhesion molecules 

1. ORGANIZATION OF THE EXTRACELLULAR 

MATRIX  

The extracellular matrix (ECM) is a complex network of proteins 

surrounding cells, serving as a structural element in tissues. The ECM 

provides cells with information about their environment and thus influences 

tissue development. The basal lamina (BL) which surrounds epithelial cells 

is a highly structured, specialized form of ECM. The BL is a component of 

the basement membrane (BM), and are thin, specialized forms of ECM that 

surround muscle, fat, peripheral nerve cells, and all epithelial and endothelial 

cells (1). The ECM also includes the interstitium, which surrounds 

connective tissue cells and separate islets of epithelial cells.

1
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BLs are responsible for tissue compartmentalization, acting as a barrier 

for cells. BLs are found at the dermal-epidermal junction of skin; at the base 

of all lumen-lining epithelia of the digestive, respiratory, reproductive, and 

urinary tracts; underlying capillary endothelium and venules; around 

Schwann cells in the nervous system; surrounding fat cells, skeletal muscle, 

and cardiac muscle cells; and at the base of parenchymal cells of exocrine 

and endocrine glands.  

The BL varies to some extent from tissue to tissue based on which matrix 

proteins are secreted by surrounding cells, but its basic components include: 

collagen, elastin, proteoglycans, and “anchorage” proteins such as laminin, 

fibronectin, vitronectin, and entactin that serve as attachment sites for 

epithelial cells (2, 3). Other ECM components that modulate cell-matrix 

interactions include thrombospondin, tenascin, and osteonectin. The BL 

consists of two networks that can self-assemble independently of each other 

and are then connected by entactin (3-5). The first network is formed by 

laminins, which assemble through N-terminal interactions of the three short 

arms and give dynamic flexibility to the BL and signals that lead to cell 

polarization. The second network consists of type IV collagens and gives 

structural stability to the BL. The BL components are well-conserved 

throughout evolution, indicating the importance of correct BL proteins for 

the development of multicellular life.

1.1 Laminin 

Laminins (LM) are a family of large (400-600 kDa) cross-shaped 

heterotrimers composed of an , , and  chain that are each separate gene 

products. LMs are secreted by epithelial cells, endothelial cells, myoblasts, 

and monocytes. Self-assembly of LM isoforms into a network occurs when 

the three short arms interact via the N-terminal globular domains (LN 

modules) (6).

Currently, there are sixteen different LMs described in tissues (7), with 

five , three , and three  chains identified, and a theoretical possibility for 

up to forty-five different trimers; indicating that it is likely that new chain 

combinations have yet to be discovered. However, certain chains are never 

seen paired with each other, so the actual number of combinations is 

probably much smaller (8, 9). LM is involved in cell adhesion, migration, 

differentiation, and neurite outgrowth. Each LM trimer is thought to transmit 

a unique set of signals to a cell, as a genetic knock-out of each LM chain in 

mice exhibit unique phenotypes (8).  
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1.2 Fibronectin 

In the ECM, fibronectin exists as an insoluble glycoprotein. It is a 

450kDa disulfide-linked rod-like dimer composed of three types of 

homologous, repeating modules (Types I – III). Fibronectin is synthesized 

by fibroblasts, myoblasts, and endothelial cells. Fibronectin is important for 

cell adhesion and interactions with collagens, heparin sulfate, and hyaluronic 

acid. It is also involved in cell spreading, movement, and proliferation. 

Fibronection can have effects on cellular differentiation as well (10).

1.3 Collagen 

Collagen is the most abundant protein in the body. At least fourteen types 

of collagen have been identified, each type occurring in different locations 

throughout the body. Collagens are mainly secreted by fibroblasts, although 

some epithelial cells secrete collagens as well. Assembly mainly occurs 

outside of the cell after procollagen is formed intracellularly and secreted. 

Procollagen fibrils come together to form tropocollagen, and finally collagen 

is formed (11).

1.4 Proteoglycans 

Proteoglycans are large (typically 250 kDa and 300nm in length) 

complex macromolecules composed of a core protein and multiple 

glycosaminoglycans (GAG) chains. Most proteoglycans are secreted as 

complete molecules by all cell types. The GAGs are repeating dissacharide 

units of sugar residues extended into long chains. Proteoglycans occupy a 

large hydrodynamic volume and they provide a “cushioning” mechanism to 

the extracellular space. Heparin sulfate containing proteoglycans are found 

anchored to the plasma membrane of almost all cell types. This anchorage 

occurs through interactions with proteoglycan receptors and is important for 

cell adhesion (12).  

2. NORMAL FUNCTION OF THE 

EXTRACELLULAR MATRIX 

Almost all mammalian cells are in contact with an ECM. Initially, the 

ECM was thought of as a simple “glue” that held cells together by providing 

structural support for tissues. Today, however, it is known that the ECM is 

more dynamic than “glue” and plays key roles in development through 
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interactions with cell adhesion molecules (CAMs) on the cell surface (1). 

The type of matrix secreted and its components also change in various 

disease states. Mutated BL proteins can lead to diseases such as muscular 

dystrophies, epidermolysis bullosa, or cancer (13-15) further indicating the 

functional importance of BL as more than providing structure.  

While the structural support the ECM provides is important, the proteins 

that make up the ECM vary from tissue to tissue, and this difference appears 

to provide signals for tissue differentiation (16). The ECM elicits effects on 

cell function through activation of signaling molecules such as Rho, ILK, 

FAK, Shc, Jnk (17-19). Different ECM molecules interact with different cell 

adhesion molecules to mediate a wide variety of cellular processes including 

growth, survival, differentiation, and migration (20, 21). Even exogenously 

reconstituted BMs can stimulate specific differentiation of a variety of cell 

types, including mammary cells, hepatocytes, endothelial cells, Sertoli cells, 

and Schwann cells (22-27).  

ECM protein composition and CAM-ECM interaction changes can lead 

to apoptosis, which is important for processes such as development to occur 

(28). ECM proteins must turnover and degrade in order to illicit new signal 

transduction cascades during embryogenesis and in wound healing in the 

adult (29). This turnover is achieved through the function of proteolytic 

enzymes, such as matrix metalloproteinases (MMPs), which will be 

described later. ECM structures serve another important function as well; 

they act as a “sieving” mechanism for transport of nutrients, cellular 

metabolic products, and migratory cells (e.g., lymphocytes).  

3. THE ECM IN CANCER 

Cues from the extracellular environment are of key importance in 

determining a cell’s fate. It is only logical that a similar process occurs 

during cancer progression, and that as a normal cell becomes cancerous, the 

extracellular environment provides it with cues for survival. The behavior of 

neoplastic cells cannot be understood without taking into account their active 

and reciprocal dialogue with their surroundings. Neoplastic cells interact 

with their extracellular environment similarly to normal cells. The difference 

is that cancer cells do not respond to the extracellular environment in the 

same way as a normal cell.  

The ECM forms the substrate on which cancer cells proliferate and 

provides a partial barrier to their migration. During cancer progression the 

ECM 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 proteases, important changes in cell-cell and 
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cell-ECM interactions occur, and new signals are generated from the cell 

surface (30, 31). This signaling affects gene expression and ultimately 

influences critical cell behaviors such as proliferation, survival, and motility. 

As cancer migrates from its original site, CAM protein expression by the 

cancer cell changes, allowing for different signaling pathways to be 

activated. ECM protein expression also changes, further altering cellular 

signaling, and proteolytic enzymes overexpressed by cancer cells or 

surrounding stromal cells break down extracellular matrix proteins. Changes 

in ECM protein, CAM and proteolytic enzyme expression during prostate 

cancer progression are outlined in Table 1 (32). This degradation can 

mediate migration in at least three different ways: degrading the ECM for a 

migration path, releasing sequestered growth factors, and release of ECM 

growth promoting cryptic protein domains, called matrikines. All of these 

processes promote cancer cell survival and are variations on normal 

processes (such as wound healing and growth) that occur in normal tissue.  

Table 1. Changes in ECM related protein expression during human prostate cancer 

progression

 Normal Prostatic Intraepithelial 

Neoplasia

Cancer 

ECM Proteins Ln-111,-121 Ln-111,-121  

Ln-211 Ln-211 Ln-211 

Ln-332 Ln-332  

Ln-511 Ln-511 Ln-511 

Collagen IV, 1,2,3,5,6 Collagen IV 1,2,3,5,6 Collagen IV 1,2,3

Collagen VII Collagen VII 

Entactin Entactin Entactin 

   Hyaluronic Acid 

CAMS Integrin 1,2,3,4,5,6,v 1 Integrin 1,2,3,4,6,v 1 Integrin 3,6 1

Integrin 6 4

E-cadherin E-cadherin EN-cadherin 

Proteases MT1-MMP MT1-MMP 

MMP-7 MMP-7 

    

    

Most, if not all cancers, acquire the same set of ectopic functions during 

their development: enhancement of growth signaling during hyperplasia and 

dysplasia, tissue invasion, enriched angiogenesis, and metastasis. Each of 

these steps represents an evasion of normal regulation in cells and tissues. A 

coordinated response among ECM proteins, proteolytic enzymes, CAMs, 

growth factors and cytokines must exist for a cancer cell to metastasize 
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successfully. CAMs respond to the extracellular environment initiating 

responses in cancer cells that lead first to modulation of the extracellular 

environment by proteolysis of ECM proteins and second to induction of 

invasion through the BM. CAMs interact with the changed components of 

the BL causing a variety of signaling pathways to be activated. Some of 

these signals result in increased production of proteolytic enzymes to further 

change the BM and by signaling for changes in the expression of CAMs to 

allow the cell to become more motile. Understanding these events may lead 

to improved diagnostics and prognostics, and eventually to better treatment 

for advanced cancers.   

4. EXPRESSION DURING CANCER 

PROGRESSION

During cellular differentiation, ECM proteins direct cells to differentiate 

into specialized cells. Various ECM proteins affect cells differently. 

Changes in matrix protein expression occur to alter ECM protein 

composition. ECM composition is altered in cancer progression, although it 

is not entirely clear how these alterations in ECM protein expression occur. 

Desmoplasia of tumors is a prime example of cancer cells modifying their 

extracellular environment. Desmoplasia occurs in many carcinomas, but is 

particularly prevelant in breast cancers. It is a stromal response to growth 

factors such as transforming growth factor-  (TGF- ), TGF- , insulin-like 

growth factor (IGF-1), IGF-II, and platelet-derived growth factor (PDGF) 

secreted by cancer cells, in which fibroblasts in the interstitium are 

stimulated to secrete collagen (33-37). The secreted collagen forms a dense 

mass surrounding invasive breast cancers. Currently, it is not clear whether 

this desmoplastic response promotes or impedes breast cancer progression. 

Another way in which cancer cells modify their environment is through 

secreting their own ECM proteins, overriding the normal cell’s ECM to form 

a new, more migratory matrix.  

In addition to stromal-induced ECM modifications, neoplastic cells do 

have receptors for and/or can produce certain components of the matrix. This 

is well described for LMs, and the LMs become incorporated into matrix 

surrounding cancer cells (38). In addition to LM expression, evidence 

indicates that proteoglycan expression by cancer cells also promotes tumor 

progression (12). This capability to express matrix proteins enables them to 

bind to vascular endothelium and may be involved in their ability to 

metastasize. Cancer cells that secrete ECM proteins tend to secrete LM 

proteins, and certain LM such as laminin- 3 3 2 (LM-332) and laminin-

5 1 1 (LM-511), formerly called LM-5 and LM-10, respectively (7), tend 
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to promote a more migratory phenotype than other LMs (39, 40). LM-332 

has been shown to be expressed at the leading edge of invasive epithelial 

carcinomas, at the tumor-stromal interface of their leading edge (41). It is 

thought that cancer cells may secrete LM-332 for the sole purpose of laying 

down a path of laminin proteins for migration. Another way cancer cells 

modify their extracellular environment is through downregulation of certain 

ECM proteins. In cancer, fibronectin or fibronectin receptor ( 5 1 integrin) 

levels tend to be reduced and this reduction is correlated with increased 

tumor growth. Conversely, reintroduction of fibronectin or 5 1 integrin 

into cells reverses this phenotype (42). In fact, LM-332 expression is lost in 

prostate cancer and reduced in breast cancer (43, 44). In breast, the 2 chain 

of LM-332 is expressed and secreted in a monomeric form (44) and 

presumably this may be true for other epithelial cancers as well. Thus, the 

matrix surrounding cancer cells oftentimes differs from the ECM 

composition surrounding normal cells. The difference in ECM proteins 

expressed in normal human prostate and prostate cancer is demonstrated in 

Figure 1. This altered ECM will form new cell-matrix adhesion with cancer 

cells, thereby activating different signaling pathways, and coordinating 

different cellular processes.  

Figure 1. ECM protein expression in normal prostate and prostate cancer. Immunohis-

tochemical analysis of human prostate tissue incubated with antibodies against ECM proteins 

and CAMs. A) Laminin-511 expression in both normal (n) and cancer (c), B) Keratin 

expression in n and c, C) Laminin-332 expression in n with downregulation in c, D) keratin 

expression in the same section as panel C, E) Collagen VII expression in n, with 

downregulation in c, F) keratin expression in same section as panel E, G) integrin 6

expression in n and c, and G) integrin 4 expression in the same section as panel G, 

demonstrating expression in n and disregulation in c. (Reprinted from Am J Pathol, 164:1211-

1223, 2004 with permission from the American Society for Investigative Pathology). 
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5. ALTERED ADHESION MOLECULE 

EXPRESSION DURING CANCER 

PROGRESSION

CAMs such as integrins and cadherins are the proteins responsible for 

initializing extracellular signals. CAMs interact with the extracellular 

environment, and by attaching to other cells or ECM proteins, they transmit 

cues from the outer environment so that cells can activate necessary cellular 

processes for survival (16, 45). Depending on which type of ECM proteins 

are present, certain CAMs will bind to the ECM. Studies of integrins in 

transformed cells suggest that various integrin subunits may contribute either 

positively or negatively to the transformed cell phenotype (46). If a ligand 

for CAMs expressed by normal cells is not present in the ECM surrounding 

cancer, there is no reason for that cell to produce it. Therefore, it may turn 

off expression of unnecessary CAMs.  

In addition, cancer cells may upregulate the expression of CAMs that 

will interact with their extracellular environment. This, in turn, can promote 

cues for metastasis. For example, a cancer cell secreting LM-511 will 

express CAMs that interact with LM-511, and those CAMs transmit 

promigratory signals into the cells, as LM-511 promotes cell migration. In 

fact, the 6 1 integrin, a receptor for LM-511, is upregulated in many 

cancers including breast, liver, melanoma, and non-small cell lung 

carcinoma (47). In this way, too, CAMs that promote more transitory 

interactions may be expressed, in order to facilitate rapid movement upon 

the ECM proteins, rather than stable, more permanent interactions (such as 

hemidesmosomes). Disregulated 6 4 integrin expression is seen in 

prostate, breast, melanoma, and colon (47). 6 4 integrin is responsible for 

formation of hemidesmosome structures with LM-332, which is a stable 

interaction of the cell with the matrix that prevents migration. By 

downregulating this integrin, cancer cells switch to a more migratory 

phenotype. In this way, cancer cells take cues from the environment, and 

utilize them for increased growth and migration.

6. REGULATION OF PROTEOLYTIC ENZYMES 

DURING CANCER PROGRESSION 

In response to the extracellular environment, another event that occurs is 

an increase of proteolytic enzymes in cancer cells. These proteolytic 

enzymes are important for the remodeling of the extracellular matrix in 

normal tissue. The most extensively studied proteolytic enzymes are the 
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metalloproteases. There are two closely related metalloprotease families: 

MMPs and metalloprotease-disintegrins (ADAMs). MMPs are a family of 

over 20 enzymes that are characterized by their activity at neutral pH, ability 

to degrade the ECM, and their dependence on Zn
2+

 binding for proteolytic 

activity (48, 49). ADAMs are transmembrane proteins that contain 

disintegrin and metalloprotease domains, indicative of cell adhesion and 

protease activities (50). Studies have provided compelling evidence that 

MMP activity can induce or enhance tumor growth, survival, invasion, 

angiogenesis, and metastasis, whereas ADAM function is more focused, 

regulating growth signaling and tumor cell adhesion. These proteolytic 

enzymes play an important role in normal processes such as wound healing, 

vasculogenesis, axon outgrowth, and joint remodeling (51, 52). In wound 

healing, degradation of the ECM allows cells to enter the wounded site to 

repair (fill-in) that damage (53).  

Cancer cells upregulate proteolytic enzymes in order to break down 

surrounding ECM which forms a barrier to migration. By degrading ECM 

proteins, cancer cells are no longer held back by a barrier of proteins, and are 

free to migrate through holes in the matrix. This is especially well-

documented for cleavage of fibronectin by MMP-2, which leads to increased 

migration and proliferation of cells (54). However, proteolytic enzymes do 

much more than simply create a pathway for migration.  

6.1 Release of Growth Factors 

ECM proteins sequester growth factors within the matrix. Binding 

proteins like growth factors and cytokines is an important process because it 

stockpiles proteins that cells need in order to survive, and keeps a continual 

supply present. When ECM proteins are cleaved by proteolytic enzymes, 

these growth factors and other proteins are released from their interactions 

with the ECM proteins, and can bind to growth factor receptors on the cell 

surface. This, in turn, initiates new signaling pathways that can regulate 

growth and migration as well. By degrading ECM proteins, cancer cells 

release factors that induce growth and invasion. Because of the negative 

charge and varying pore sizes of glycosoaminoglycans and the GAG-chains 

of proteoglycans these molecules can act as a molecular sieve which controls 

the storage and traffic of signaling molecules according to their size and 

charge (55).

Stromelysin cleavage of ECM proteins releases various growth factors 

(56). The growth factors, epidermal growth factor (EGF) and acidic and 

basic fibroblast growth factors (aFGFs and bFGFs), which affect 

proliferation of many cell types, can be stored in heparin-sulphate chains of 

extracellular proteoglycans and may be released by heparinases during 
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tumor invasion (55, 57, 58). Heparinase expressed by platelets, tumor, and 

inflammatory cells can release an active heparan sulfate-bound form of FGF-

2 from the ECM (59). Cleavage of decorin by MMPs -2, -3, and -7 releases 

bound TGF- 1 (60). In addition to releasing TGF- , MMPs can also activate 

latent TGF- , as well as other latent growth factors in the extracellular 

environment. MMP-9 and MMP-2 can proteolytically cleave latent TGF- in

vitro, providing a novel mechanism for TGF-  activation (49). In addition, 

cytokines such as EGF, bFGF, and tumor necrosis factor-  (TNF- ) can 

stimulate transcription of several MMP genes (61-63).  

6.2 Release of Growth Factor-Like Protein Fragments 

Finally, when proteolytic enzymes break down ECM proteins, they cause 

the fragmentation of ECM proteins. ECM proteins contain structural and 

functional domains. These domains recognize cell surface receptors or other 

components of ECM. It is through these domains that ECM proteins form 

their highly organized three-dimensional matrix in which the proteins 

associate with each other and with cells. ECM proteins contain amino acid 

sequences for domains that not only bind to CAM receptors (adhesion 

receptor ligands), but also contain cryptic domains with structures similar to 

growth factors and cytokines. Fragments of ECM that are released 

containing these domains are called matrikines because they are basically 

cytokines that form from the matrix or are a part of intact matrix proteins 

(64).

Figure 2. Cryptic domains within ECM proteins. Structural representation of ECM proteins 

and domains within the proteins that may be cleaved by proteases and function as matrikines. 

Decorin has Leucine-rich repeats (LRR) that can bind EGFR. Also indicated are GAG 

attachment sites (GAG). LM 5 chain has EGF-like repeats (LE) that may be solubilized 

upon cleavage with MT1-MMP. Also indicated are LM globular domains (G). Tenascin 

includes EGF-like repeats (EGF-like) and FN Type III domains.
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Matrikine effects on cancer cells are the same as growth factors that are 

released from interactions with the ECM in that they can bind to growth 

factor receptors to initiate new signaling cascades. Commonly occurring 

matrikines in ECM proteins include EGF-like repeats of tenascin-C and 

laminin, and the leucine-rich region of decorin (LRR) modeled in Figure 2, 

which bind established receptor tyrosine kinases (65-67). Rat LM-332 is 

cleaved by MMP-2 which releases a fragment promoting cell migration (68). 

The LM-332 2 chain can also be cleaved by other proteases, causing 

enhanced cell migration on cleaved LM-332. Fragments of the 2 chain can 

be detected in circulation (44). In addition, 1 chain fragments of LM-

1 1 1 (LM-111) have been observed in human circulation of cancer 

patients (69). The approximately 50 kDa N-terminal globular domains of 1

and 2 have been shown to possess EGF-like activity and bind the EGFR 

(70, 71) and 2 can activate ERK1/2 phosphorylation. We have shown that 

human LM-332 2 chain is cleaved by MT1-MMP and this fragment also 

has functional effects on migration (72). In prostate cancer, since LM-332 is 

not expressed, we propose the LM-332 cleavage is important for the 

progression of normal prostate to PIN, where LM-332 expression remains, 

and MT1-MMP is upregulated. In invasive prostate cancer, the surrounding 

BL consists mainly of LM-511, and we have also shown the LM-511 5

chain is cleaved by MT1-MMP, releasing a soluble 45 kDa N-terminal 

fragment (73). This fragment contains EGF-like repeats similarly to the      

1 and 2 fragments, and we propose that this 5 fragment functions 

similarly in invasive prostate cancer. Cryptic matrikines include short 

peptide sequences rather than structural repeats, such as IV-HL 

(GVKGDKGNPGWPGAP) from the major triple helical domain of the 1

chain of collagen IV (74). These peptide sequences tend to bind integrins as 

their receptors, but with unique signaling properties (75). Interestingly, 

unlike typical growth factors from the EGF family, the EGF-like repeats of 

tenascin-C and LM-332 signal to various cells in a distinctly pro-migratory 

fashion without evidence of significant proliferation (71, 76).  

7. BASIC PROCESS OF METASTASIS 

Taken together, the changing ECM ligands during cancer progression all 

function to make cancer cells more likely to succeed as they attempt to 

metastasize. Laying down a new basement membrane allows cancer cells to 

coordinate cellular events to take advantage of their new surrounding, be that 

for increased growth or increased migration. Changing ECM protein 

expression also allows for the upregulation of CAMs that will initiate more 

transitory cell adhesion to the new matrix, thereby promoting a more 
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migratory cell phenotype on a matrix associated with migration. 

Upregulating proteolytic enzymes not only creates a pathway for migration, 

but puts the cancer cell in direct interaction with growth factors and 

matrikines released by or formed from ECM proteins to again promote 

growth and migration.

In order for a cancer cell to metastasize, it must first break through the 

ECM barrier to migration. It does this through upregulation of proteolytic 

enzymes, and by breaking down ECM proteins, it stimulates growth and 

invasion with factors released due to ECM protein degradation. Cancer cells 

migrate out of their initial site of growth toward a blood vessel or nerve to 

migrate to a different part of the body through the bloodstream. Following a 

growth factor trail in the ECM is one way in which the cancer cells succeed 

in doing this. Once in the bloodstream, the cancer cell must survive, and 

eventually extravasate out into a new site (77-80). CAMs that are expressed 

by the cancer cells help with this extravasation and fragments of ECM 

proteins can promote survival in the bloodstream, as can interactions with 

other cells through tight cell-cell adhesions. By being able to secrete their 

own matrix proteins, cancer cells that extravasate into new tissue ensure 

their survival by providing their own physical support system for growth 

until they are established. Degraded ECM components can then trigger 

further induction of protease genes, resulting in a positive feedback loop that 

further facilitates invasion and proliferation. The release of growth factors 

upon degradation of the ECM also facilitates tumor cell growth.  

Similar mechanisms are shared by physiological and neoplastic invasion. 

In either case, the rate-limiting step for metastasis is the breakdown of 

connective tissue barriers (ECM) comprising collagens, laminins, 

fibronectin, vitronectin, and heparin sulfate proteoglycans, which requires 

the action of MMPs. The difference between them is that physiological 

invasion is regulated, whereas tumorigenesis invasion appears to be 

perpetual.  

8. CONCLUDING REMARKS 

In this chapter, we have described how the changing extracellular 

environment affects cancer metastasis. Events that at first appear 

uncoordinated (proteolysis and changing protein expression) actually 

function synergistically to enhance the metastatic process. These alterations 

and their effects on migration are represented in Figure 3. Altered ECM 

proteins cause altered CAM expression and signaling, which upregulates 

proteolytic enzymes. Altered ECM proteins signal for increased migration 

and proteolytic enzymes degrade matrix to enhance the migration. 
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Proteolytic cleavage of the ECM releases growth factors or matrikines, 

which enhance the signaling for migration as well as for expression of more 

proteolytic enzymes. For metastasis to be successful, these inter-related 

processes must all occur because these processes are typical of a cancer cell 

evading normal growth or migration control mechanisms through a 

disregulation of that controlled system. Although the actual coordination of 

metastatic events is unknown, changes in ECM ligands play an important 

role in the process.

Figure 3. Changes in the extracellular environment that effect migration. A) A normal cell in 

homeostasis with regulated integrin adhesion, ECM protein expression and growth factor 

receptor function. B) A transformed cell that 1) secretes new ECM proteins altering the basal 

lamina, and 2) secreted proteolytic enzymes that 3) cleave ECM proteins such as laminins 

releasing matrikines and growth factors from the ECM that 4) interact with growth factor 

receptors and/or integrins to signal for cell migration. 
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Abstract: An early step in epithelial cancer progression is the loss of cell adhesion 

structures and the persistence of selected sets of adhesion proteins. In this 

chapter, the data from immunohistochemical analysis of human tissue and 

published DNA microarray results from human tissue are discussed to 

illustrate the altered expression of cell adhesion structures in carcinomas. 

Further, the role of adhesion structures in cancer metastasis is discussed and 

the inherited alterations in adhesion molecules associated with increased risk 

for certain carcinomas is detailed. Finally, the potential utility of elements of 

the adhesion structures as surrogate and end point biomarkers is discussed. 

Key words: adhesion; carcinoma; extracellular matrix; hemidesmosome; cytokeratin; 

laminin; CD151; integrin; prostate cancer; colon cancer; breast cancer 

1. INTRODUCTION 

Cell adhesion is responsible for the three-dimensional organization, 

stability and viability of tissue in mammals. Through extracellular protein 

interactions as well as intracellular and anchoring motifs, cell adhesions 

provide a construct for many necessary interactions. Communicating 

junctions such as gap junctions, anchoring junctions such as desmosomes 

and adherens junctions, and sealing junctions such as zonula occludens or 

tight junctions all provide the robust scaffold for epithelial architecture. It is 

this construction of the anchoring of cells to the basement membrane that is 

the most crucial for the function and integrity of various tissues. Epithelial 

A.E. Cress and R.B. Nagle (eds.), Cell Adhesion and Cytoskeletal Molecules in Metastasis, 19–46. 
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cell adhesion is achieved by maintaining a unique composition of proteins at 

the basal side facing the extracellular matrix and at the apical side facing the 

lumen.

Figure 1. Suppression of Adhesion Related Proteins in Human Cancer Tissues. The 

expression status of selected known adhesion related proteins is derived from published 

reports cited in the text using immunohistochemistry based estimates of protein expression.

Top panel: Cytokeratin 5 (keratin 5), Laminin alpha 3 chain (laminin a3), Laminin alpha 5 

chain (laminin a5), Laminin beta1 chain (laminin b1), Laminin beta2 chain (laminin b2), 

Laminin beta3 chain (laminin b3), Laminin gamma3 chain (Laminin G3), alpha3 Integrin (a3 

Integrin) and CD151 (CD151) were scored within the tissues as indicated by the 

corresponding patterned bars.

Bottom Panel: Bullous Pemphigoid Antigen (BPAG1), E-cadherin (E-cadherin), beta1 catenin 

(b1 catentin), Plakoglobin (plakoglobin), Phosphatase and Tensin Homolog (PTEN) and 

Galectin 3 and Galectin 4 were scored within the selected tissues as indicated by the 

corresponding patterned bars.
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Loss or alteration of adhesion structures in epithelial tumors is a        

well-known phenomenon that commonly occurs during tumor progression 

(Figure 1). Studies in prostate cancer progression have revealed dramatic 

loss of the hemidesmosome protein complex, which combined with 

dysregulated production of metalloproteases and pro-migratory signals, is 

thought to be important for cancer cell invasion and metastasis. Additionally, 

alteration of other cell adhesion structures (desmosomes, adherens junctions 

and tight junctions) has been shown to occur in prostate and many other 

epithelial tumors (Figure 2).  

Figure 2. Suppression of Adherens Junction Type Proteins in Human Epithelial Cancers. The 

expression status of selected known adhesion related proteins is derived from published 

reports cited in the text. The graph illustrates whether the proteins are either expressed or not 

expressed as indicated by immunohistochemistry based estimates of protein expression. The 

selected tissues assayed are as indicated by the corresponding patterned bars.

The field of cell adhesion and cancer is large and ever-expanding. For 

this reason, a chapter on the subject cannot be all-inclusive. We have chosen 

to focus on research obtained from primary human carcinomas and to limit 

the discussion to primarily to prostate, breast, colon, basal cell, and non-

cutaneous squamous cell carcinomas. 
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2. ALTERED EXPRESSION OF CELL ADHESION 

STRUCTURES IN CARCINOMAS 

In the following sections, we will describe the reported alterations in 

proteins known to be involved in cell adhesion structures during cancer 

progression. The reported alterations detailed here are restricted to studies 

investigating the expression patterns in human tissue (1, 2). 

2.1 Hemidesmosomes 

Perhaps the most pervasive junctional complex in epithelium is the 

hemidesmosome (HD). While cell communication and cell-cell adhesion are 

significant to the development and proliferation of normal tissue, the 

hemidesmosome is responsible for the unique property of providing tissues 

with strong structural integrity. This multiprotein complex facilitates the 

firm adhesion of stratified and complex epithelia to the basement membrane. 

HDs consist of at least five components, three of which are transmembrane 

proteins: the integrin 6 4, which serves as a receptor for the extracellular 

matrix component laminin-5, bullous pemphigoid antigen (BP)180 (1); and 

CD151 (2). The other two components are largely involved in cytoskeletal 

organization consisting of BP230 and plectin (3) (Figure 3). 

Figure 3. Microarray Expression Data On Hemidesmosomal Proteins Within Human Cancer 

Tissues. The mRNA expression status of selected known hemidesmosome related proteins 

was derived from published reports cited in the text. The graph illustrates whether the mRNA 

coding for the indicated twelve proteins are either expressed or not expressed as indicated 

DNA microarray data. The selected tissues assayed are as indicated by the corresponding 

patterned bars. 
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The hemidesmosome is a multiprotein complex assembled at the basal 

lamina of epithelial cells, which acts as an anchor between the intracellular 

cytokeratin network and the extracellular matrix. Hemidesmosomes play 

integral roles in maintaining normal tissue architecture. To date, at least 

eleven different proteins have been observed in hemidesmosomes, including 

integrins, ( 6 4 integrin) cytokeratins (cytokeratin 5 and 14), extracellular 

matrix proteins (laminin-5, (332) consisting of 3, 3, 2 subunits), bullous 

pemphigoid antigens (BP180 and BP230), IFAP300, LAD-1 plectin/HD1 

and collagen VII. Selected examples of each of these proteins is discussed 

below. 

2.2 6 4 Integrin 

The large variety of integrins mediate cell adhesion to the extracellular 

environment and are important for the integrity of cells by connecting the 

cytoskeleton to the plasma membrane (4). The 6 4 integrin is a significant 

intramembrane protein that defines the structural integrity of the 

hemidesmosome. At over 1000 amino acids long, the integrin 4 subunit is 

essential in the formation of the HD junctional complex (5). The 

hemidesmosome has largely and classically been implicated in rooting the 

architecture for cellular adhesion. 

The 6 4 integrin is a transmembrane heterodimeric glycoprotein that is 

essential in hemidesmosome assembly which facilitates linkage between the 

cytoskeleton and the extracellular collagen VII network and is important for 

maintaining tissue architecture. 

The 6 4 integrin has frequently been implicated in epithelial tumor 

progression, both positively and negatively. We propose loss of the 6 4

integrin, and resulting loss of the hemidesmosome, is important for enabling 

tumor cell migration and metastasis. Our studies of invasive prostate 

carcinoma have demonstrated loss of the 6 4 integrin (6-9), and other 

groups have also confirmed these findings (10-11). However expression of 

the 6 integrin in prostate carcinoma is maintained or even upregulated (7, 

12). Furthermore, alterations in the 6 4 integrin are evident in early, 

precancerous PIN lesions (13). This suggests that changes in cell adhesion 

occur prior to genetic alterations such as p53 and Rb mutations, thus 

highlighting a potential role of adhesion proteins as biomarkers in diagnosis. 

Loss of the 6 4 integrin has been reported in human breast carcinomas 

(13, 14). In a study of 53 human invasive breast carcinomas, 80% 

demonstrated loss of expression of the 6 4 integrin by 

immunohistochemistry (15). Interestingly, 66% of the cases demonstrated 

non-linear immunostaining and diffuse cytoplasmic staining of the 6 4

integrin in the non-involved breast tissue of the same patients, suggesting an 
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inherent ‘field defect’ may be present that could predispose a subset of 

patients to development of cancer.  

Loss of expression of the 6 4 integrin has been reported in skin 

cancers, including basal cell carcinoma, squamous cell carcinoma and 

squamous cell carcinoma in situ accompanied by increased expression of 

metalloproteases (16-19). In some studies, cutaneous squamous cell 

carcinomas have been demonstrated to express increased amounts of 6 4

integrin at both the gene and protein levels (19-20). While other studies have 

reported loss of polarized expression of 6 4 integrin in SCC with increased 

protein turnover (21) and ultrastructural loss of hemidesmosomes by EM 

studies (19).

In oral squamous cell carcinomas, one study demonstrated altered 

localization (suprabasal and pericellular) of the 6 4 integrin which is 

normally polarized along the basal lamina (22). Altered cellular localization 

of the 6 integrin subunit was also apparent in dysplastic epithelial samples 

as well. Western blot analysis revealed increased expression of the 6

integrin, but only minimal retrieval of the 4 subunit, suggesting the ratio of 

the 6 to 4 integrin subunits is altered in oral squamous cell carcinomas 

(and possibly also in dysplastic epithelium). Therefore, lack of 6 integrin 

polarization may be an early event in tumor progression. 

In serous ovarian carcinomas, progression occurs by exfoliation of cells 

from the surface of the ovary. Tumor nests have an irregular basement 

membrane and carcinoma cells that have lost contact with the membrane, 

demonstrated loss of 6 4 integrin expression (23). Additionally, 

examination of the ovarian carcinoma ascites cells, revealed significantly 

decreased expression of 6 4 integrin, further strengthening the idea that 

loss of 6 4 integrin-mediated adhesion in tumor cells is associated with 

tumor progression. 

Not all epithelial tumors demonstrate loss of 6 4 integrin, however. 

Neoexpression of 6 4 integrin has been reported in thyroid tumors, for 

example (24). Retention of and/or increased expression of 6 4 integrin in 

many colon carcinomas has also been reported (13, 25-29) and implicated in 

tumor progression and metastasis (25, 28, 29). Yet some groups have 

demonstrated loss of 6 4 integrin expression with tumor invasion and 

progression (30). In 1992, Stallmach and others reported expression of 6 4

integrin was maintained in colorectal adenomas, but the transformation from 

benign to malignant neoplasms associated with infiltrative growth was 

characterized by diminished or lost expression of 6 and 4 subunit chains 

(31). Furthermore, the laminin-5 deposited in colon adenomas and 

carcinomas may serve as a ligand for 3 1 integrin as well, which is a more 

promigratory ligand (26), again suggesting that colorectal carcinomas 

progress through a different mechanism than that of prostate.  
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One possibility for the contradictory reports of 6 4 integrin in epithelial 

tumors may be explained by the corruption of components of the integrin 

complex to facilitate adhesion dependent migration without the formation of 

the hemidesmosome (see Chapter 4, this volume). Alternatively, the ability 

of the hemidesmosome to dynamically associate into different subtypes (type 

I and type II hemidesmosomes) or “cross-talk” to other adhesion structures 

and thus play roles in focal adhesion and cell migration are possible (32, 33). 

A second type of hemidesmosome has been identified in the colon, termed a 

type II hemidesmosome (34-36). In cells which lack BP230 and BP180, 

6 4 integrin can still associate with HD1 and form a type II 

hemidesmosome. Studies suggest that type II hemidesmosomes behave in a 

different manner compared with the conventionally studied type I 

hemidesmosomes (27).  

2.3 Laminin-5 

Laminin-5 is a significant component of the hemidesmosome and its loss 

of function or truncated translation results in such diseases as junctional 

epidermolysis bullosa (37). 

Laminin-5 is a heterotrimeric protein component of the basal lamina and 

hemidesmosome protein complex. It functions to link the hemidesmosome 

via the 6 4 integrin to the underlying connective tissue and type VII 

collagen (38). Our group and others have reported loss of assembled 

laminin-5 protein expression in prostate cancer (6, 10, 39, 40). Furthermore 

loss of assembled laminin-5 deposition was evident in precancerous PIN 

lesions, suggesting alteration of adhesion is an early event in prostate tumor 

progression (13). Additionally, microarray analysis has suggested the 3

subunit of laminin-5 is downregulated in human prostate carcinoma (41), 

although this was not confirmed by Northern analysis. 

The expression of laminin-5 in human breast carcinomas appears to be 

more variable (13, 42). One microarray study suggested 32% of breast 

carcinomas examined showed upregulation of the 2 subunit (43). 

Decreased expression of laminin-5 in cutaneous squamous cell 

carcinomas (cSCC) and basal cell carcinomas (BCC) has been reported by 

immunohistochemistry and quantitative PCR reactions (17, 18). 

Interestingly, in laminin-5 negative tumors, a faint cytoplasmic 

immunostaining for the 2 subunit was apparent in 12 basal cell carcinomas 

examined (16), suggesting aberrant expression of laminin-5 occurs. Chopra 

and others postulated that the decreased levels of basement membrane 

proteins in skin carcinomas may lead to structural instability and facilitate 

invasion (17). 
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We and others have demonstrated that colorectal carcinomas retain 

expression of laminin-5 in linear distribution surrounding invasive glands 

(13, 26). Furthermore, it has been reported that increased expression of 

laminin-5 in colorectal carcinomas was associated with increased 

invasiveness and metastatic liver lesions (44). These data suggest that the 

colorectal carcinomas may progress through a distinct mechanism compared 

to other epithelial carcinomas. In colon adenomas, laminin-5, laminin 10 and 

collagen VII are expressed in the basement membranes, however in 

carcinoma tissues, the basement membrane is composed primarily of 

laminin-5, especially at the invading edges (26). Immunohistochemistry 

reveals the 3 integrin is present in all adenomas and most carcinomas, often 

co-localized with laminin-5. Function blocking antibodies to 3 integrin, but 

not 6 integrin inhibited cell adhesion in cell culture experiments, 

suggesting that the interaction between 3 1 and laminin-5 is more 

important for cell adhesion in colon carcinoma than that of 6 4 integrin. 

Although it remains to be demonstrated whether this phenomenon is true in

vivo.

2.4 BP Antigens (BP180, BP230) 

The BP antigens (BP180, BP230) were first identified as autoimmune 

antigens in bullous pemphigoid disease, a skin disease which results in a 

mild blistering phenotype. BP180 is a transmembrane collagenous protein 

(45) that interacts with the cytoplasmic domain of 4 integrin and is 

involved in the recruitment of BP230 to the hemidesmosome complex (46, 

47). Additionally, it can bind to 6 integrin (48, 49). BP230 is a cytoplasmic 

protein that belongs to the plakin protein family that localizes to the 

intermediate filament attachment sites of the epithelial cell (50, 51). 

Recently, the N-terminal domain of BP230 has been shown to interact with 

BP180 (47) during hemidesmosome assembly. 

We reported loss of expression of BP180 occurred in prostate 

carcinomas. Additionally, only 30% of tumors examined retained expression 

of BP230 (6), suggesting loss of these proteins is common in prostate cancer 

progression. Microarray studies have also suggested decreased expression of 

BP230 occurs in prostate carcinoma (41). Decreased expression of BP180 

and BP230 has been reported in breast carcinomas (52). To date there is no 

conclusive data that colon tumors express BP180, but one report suggests 

they repress its expression (53). 

In cutaneous squamous cell and basal cell carcinomas, down-regulation 

of both BP180 and BP230 has been reported (17, 54), although one group 

has reported increased expression of BP180 in squamous cell carcinomas 

(55). Furthermore, increased expression of BP230 in cutaneous SCC has also 
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been reported and was positively correlated with increased cell invasion 

(19). The finding that the hemidesmosome is ultrastructurally lost suggests 

that portions of the remaining protein complex may function altogether 

differently compared to other epithelial carcinomas. 

2.5 Plectin/HD1 

Plectin is approximately a 500 kD phosphoprotein that is expressed in 

epithelial cells and functions as a cytoskeletal linking protein in the 

hemidesmosome complex. Recent evidence demonstrates that plectin is 

recruited to the hemidesmosome by direct interaction with the 4 integrin 

cytoplasmic tail, which then functions to recruit BP180 into the protein 

complex (56). 

Loss of the cytoskeletal linking protein HD1/plectin has been reported in 

invasive prostate carcinoma, with only 15% of cases examined retaining 

expression (6) and in solid basal cell carcinomas (16, 18). These findings are 

in contrast to reports in colon carcinoma. In cultured human colon carcinoma 

cells, expression of HD1/plectin was found to be polarized and co-localized 

with 6 4 integrin (27). To date, the expression of HD1/plectin in human 

colorectal carcinomas has not been completely examined.  

2.6 Collagen VII  

Type VII collagen is a homotrimer of three 1 subchains and is the major 

component of the anchoring fibrils in epithelia (57, 58) which is necessary 

for stable adhesion via the hemidesmosome of cells to the extracellular 

matrix.

Loss of collagen VII expression has been reported by us and others in 

invasive prostate carcinoma (6, 8, 10), which corresponds with the loss of 

expression of nearly all other hemidesmosome component proteins. 

Additionally, loss of collagen VII has been reported in colon carcinomas and 

invasive bladder carcinomas (26, 61). Interestingly, collagen VII appears to 

be retained in basal cell carcinomas, as demonstrated by immunohisto-

chemistry (16).  

2.7 Keratins 5 and 14 

Keratins are a member of the intermediate filament family and form 

alpha helical coiled-coil dimers that associate laterally to form 10 nm 

filaments as part of the cytoskeleton network in all epithelial cells. The 

keratins are subdivided into two sequence types (I and II) that are typically 
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co-expressed as pairs (56). Keratins 5 (type II) and 14 (type I) are members 

of a multigene family and are the primary keratins of the basal cells of 

stratified epithelium. Loss of expression of cytokeratin 5 and 14 has been 

reported in several epithelial cancers including prostate adenocarcinomas 

(63, 64). Expression of keratin 5 is reportedly decreased in prostate 

carcinomas at both the protein and mRNA levels (41, 65-67). 

Interestingly the gene expression of KRT14 was attenuated in PIN 

lesions while keratin 14 protein expression was entirely lost. This finding 

underscores the importance of loss of cell adhesion and architecture is an 

early phenomenon in prostate cancer progression.  

Variablitity of cytokeratin expression has been reported in breast 

carcinomas (68, 69). Additionally, retention of cytokeratins 5 and 14 has 

been reported in basal cell carcinomas (70). 

2.8 Adherens Junctions 

The adherens junction is a multiprotein complex assembled between 

epithelial cells into heterodimeric complexes. They consist of 

transmembrane cadherins (E-cadherin and/or P-cadherin in squamous 

epithelial cells) linked to plakoglobin or b-catenin, which links to catenins 

(a-catenin, b-catenin, p120 catenin) and ultimately to the actin cytoskeleton. 

Numerous alterations of adhesion structures (desmosomes, adherens 

junctions, tight junctions) have been reported in epithelial tumors (71-77). 

Selected examples of these proteins are discussed below. 

2.8.1 Cadherin-Catenin Complex 

Loss of E-cadherin function in human epithelial carcinomas has been 

well documented (78-82). Expression of E-cadherin is thought to serve as a 

suppressor of invasion and growth, thus its functional loss represents a step 

in tumor progression (83). 

In prostate carcinoma, expression of E-cadherin (84), -catenin and p120 

catenin (85) is downregulated, and this expression correlates with increased 

tumor grade (73, 86). One report demonstrated an increase in -catenin, but 

decreased expression of -catenin in both prostate carcinoma and benign 

prostatic hypertrophy (87). In breast carcinomas, expression of the E-

cadherin-catenin complex (including - and -catenins, and p120) is also 

frequently lost (88-91). 

Reduced expression of E-cadherin, -catenin and -catenin has been 

reported in cutaneous basal cell carcinomas (92, 93) with increased nuclear 

accumulation of -catenins as evidenced by immunohistochemistry (94, 95). 
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Similarly, in colon carcinomas, loss of E-cadherin and -catenin

expression has been reported (96-98) with a subsequent increase in nuclear 

expression of -catenin (99, 100). 

Loss of E-cadherin expression has been associated with upregulation of 

N-cadherin expression in many epithelial tumors. Suppression of the 

classical adherens junction structure in tumors resulting from functional loss 

of E-cadherin and catenins may be associated with tumor progression. 

2.8.2 Desmosome 

The desmosome functions as a cell-cell adhesion multi-protein structure 

complex in epithelial cells. It is composed of transmembrane proteins from 

the cadherin family (desmogleins, desmocollins) which interact with linking 

proteins (desmoplakin, and plakoglobin) to ultimately link up to the 

intermediate filament cytoskeleton.

The expression of the desmosome proteins has been less well studied in 

human epithelial tumors. No data is available for functional expression of 

desmoglein, desmocollin, desmoplakin or plakoglobin in human prostate 

carcinomas, however data from cell lines suggests that prostate cancer cells 

have reduced expression of plakoglobin (101). 

Loss of heterozygosity for plakoglobin (as evidenced by Southern blot 

analysis) has been reported for human breast carcinomas (102). Additionally, 

desmocollin appears to be downregulated at both the protein and mRNA 

level (103). Expression of desmoplakin in breast carcinomas has been 

variably reported in two separate studies (75, 104) and more research may be 

required to validate the loss or retention of its expression. 

Basal cell carcinomas demonstrate reduced expression of desmoglein and 

plakoglobin (105). Additionally, plakoglobin expression is also reduced in 

colon carcinomas (106). More research is needed to examine the expression 

of other demosomal proteins in human colon carcinomas, including 

desmoglein, desmocollin and desmoplakin. 

2.8.3 Focal Contacts 

Focal adhesions (also known as focal contacts) are specialized cell 

adhesion structures which serve both structural and functional roles in 

linking the extracellular matrix to the actin cytoskelton during adhesion and 

migration. Normal tissues demonstrate the presence of focal contacts – an 

integrin containing multiprotein complex expressed at the cell surface of 

normal epithelial cells. The components of the focal contact include: the 1

integrin paired with a number of  integrins (including 6, 5 and 3),

actin, paxillin, vinculin, talin, laminin-10, nidogen and collagen IV. These 
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structures are thought to be important for cell motility in epithelial cells as 

has been demonstrated in cell culture systems and wound healing model 

systems.

Loss of normal 4 integrin expression in prostate carcinoma may lead to 

increased predominance of 6 1 integrin due to the constitutive synthesis of 

the 6 and 1 subunits. The 6 1 integrin is a prominent component of the 

focal adhesion that links the extracellular matrix to the actin cytoskeleton 

and contributes to transmission of signal transduction and mechanical 

stability of the cell during matrix remodeling and migration. Unlike the 

hemidesmosome, the focal adhesion contains more than one integrin 

subtype. Loss of structural components of the focal adhesion in cell culture 

studies resulted in defects in membrane blebbing, cell adhesion and 

spreading and loss of actin stress fibers, highlighting the important role of 

this adhesion complex in cell motility and adhesion.

An extracellular matrix ligand for 6 1 is the laminin 10/11 isoform, 

which also functions as a ligand for the 3 1 and 6 4 integrins. Similar to 

other laminins, the laminin 10/11 isoform is a cruciform complex composed 

of three subchains: 5, 1 and 1. Binding of 6 1 integrin by laminin 

10/11 facilitates integration of the focal adhesion complex via nidogen into 

the collagen IV network of the extracellular matrix. 

Altered expression of focal adhesion kinase (FAK) has been 

demonstrated in numerous epithelial tumors. Increased expression of FAK 

has been reported in prostate via immunohistochemistry (107) and mRNA 

expression (108) studies and in colon carcinomas by immunohistochemistry 

(109). Additionally, strong expression of vinculin has been noted in basal 

cell carcinomas by immunohistochemistry (110) and strong expression of 

talin in colon carcinomas has also been reported (111). 

Conflicting results have been reported in breast carcinomas. Some reports 

suggest an increase of FAK by immunohistochemistry studies (109) and 

Western blot analysis (112), while others have reported reduced expression 

of FAK, including vinculin and talin by immunohistochemistry studies (91). 

More work is needed in this area to understand the function of the focal 

adhesion in breast carcinomas. 

2.8.4 Other Cell Adhesion Molecules 

Tight junctions are simple protein complexes involved in cell adhesion 

between epithelial cells. They consist of zona occludens 1, and zona 

occludens 2 proteins. Loss of the tight junction proteins ZO-1 and ZO-2    

has been reported in breast carcinomas and pancreatic adenocarcinomas   

(77, 113). 
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Microarray analaysis suggested increased expression of CAM in prostate 

carcinoma (not confirmed by Northern) (41). 

3. THE ROLE OF CELL ADHESION IN CANCER 

METASTASIS 

The process of tumor cell metastasis is a multi-step process that has been 

the subject of great interest in the scientific literature. Not all tumor cells 

possess the capability to metastasize. In fact it is a rare tumor cell that 

possesses the ability to successfully metastasize. The process of tumor cell 

metastasis, while not completely understood, involves the complex 

modulation of numerous cell processes, including cell adhesion events. 

To briefly review, an individual tumor cell must dissociate from the 

primary tumor mass, presumably due to a combination of altered cell 

adhesion and proteolytic events. Once free of its cellular attachments, the 

tumor cell modulates cell adhesion complexes in order to facilitate its 

movement and invasion through the extracellular stroma. This involves the 

coordinated release of proteases and expression of extracellular matrix 

proteins with related cell adhesion molecules to facilitate migration. 

Eventually, the tumor cell will come into contact with a vascular structure, 

and gain access to the intra-luminal space by traversing the basement 

membrane and the endothelial cell junctions of the vessel. According to this 

view, the tumor cell will travel through the circulation and eventually stop in 

the capillary bed (or small vessels) of a target organ where it must again pass 

across the vessel border and extravasate into the extracellular space. The 

process of a tumor cell leaving a vessel is thought to be very similar to 

leukocyte extravasation. This involves attachment to an endothelial cell and 

extension of pseudopodia between the endothelial intercellular junction. The 

cells retract and the basement membrane is exposed for proteolytic digestion 

by the tumor cell. Thus, the tumor cell is able to traverse the vascular barrier 

to begin proliferating in a new environment. As the cell begins to proliferate 

and multiply, it will begin modifying its environment by changing and/or 

laying down new extracellular matrix proteins.  

4. EXPRESSION OF ADHESION STRUCTURES IN 

METASTATIC LESIONS 

Epithelial tumors frequently metastasize to lymph nodes and other 

organs. A recent review article of lymph node metastasis postulated three 
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mechanisms which may occur during this process (114). Tumor cells may be 

trapped in the ‘filtering’ actions of the lymph node; they may specifically 

adhere with T-cells within the lymph node; and thirdly, cytokines released 

from the lymph node may function to alter expression of adhesion molecules 

in the tumor cell itself. Numerous studies have examined expression of cell 

adhesion proteins in metastatic lesions. Some examples are discussed below. 

Prostate and breast carcinomas frequently metastasize to bone. Two 

studies have implicated a role for CD44 in facilitating adherence of tumor 

cells to bone marrow cells in micrometastatic lesions (115,116). 

Additionally, a mouse model system has helped to elucidate the CD44 

interaction with hyaluronan in lung tissue, which facilitates metastasis in a 

spontaneously metastazising breast carcinoma cell line (117). 

While CD44 appears to be important for metastasize in some studies, 

decreased expression may be important for tumor cell migration and 

invasion. Invasive micropapillary carcinoma of the breast is an aggressive 

tumor with a high metastatic potential. Decreased expression of CD44 was 

identified in 39% of invasive micropapillary carcinomas, compared with 

only 4% of non-invasive tubular carcinomas and was associated with 

lymphovascular invasion and lymph node metastasis (118). Modulation of 

CD44 throughout the tumor cell metastasis process may occur and more 

studies in this area might help to understand its role.  

In breast carcinoma patients, soluble levels of E-selectin, ICAM-1 and 

VCAM-1 were significantly elevated in the serum of patients with late stage 

disease, compared with age-matched patients with benign breast disease. 

Furthermore, elevated expression of VCAM-1 was predictive of decreased 

survival (119).

In a study of 114 resected colon carcinomas, decreased expression of the 

3 integrin was positively associated with lymph node metastasis and tumor 

stage. Furthermore, decreased expression of 3 integrin was associated with 

significantly lower disease-free survival rates for patients, compared with 

those whose tumors expressed 3 integrin. This was also true for patients 

with lymph node negative tumors (120). 

Nanashima and others examined the expression of CD44-v6 and            

E-cadherin in primary colorectal carcinomas and hepatic metastases. Their 

data revealed the expression of E-cadherin was significantly lower in the 

group of primary colorectal carcinomas which metastasized compared with 

the non-metastasizing carcinomas, and was low in the metastatic liver 

lesions. Whereas the expression of CD44v6 was significantly higher in the 

metastatic colorectal primary tumors, compared with non-metastatic tumors 

and the expression was high in metastatic liver tumors. Loss of expression of          

E-cadherin was a poor prognostic factor for survival after hepatic resection 

(121).
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Loss of E-cadherin was significantly associated with lymph node 

metastasis (p=0.011) in a study of gastric carcinoma and lymph node 

micrometastasis (122). 

In a cohort study of 200 primary head and neck squamous cell 

carcinomas and 56 lymph node metastases, expression of E-cadherin was 

decreased but not entirely lost in primary tumors and the metastatic lesions. 

However loss of E-cadherin was significantly associated with regional 

lymph node and distant metastasis and as well as local recurrences, but this 

association was independent of tumor grade, stage, site, or TNM status. 

Other desmosomal proteins (desmoplakin, desmoglein) were not shown to 

be associated with follow up events (123). 

Takayama and others examined 71 primary esophageal squamous cell 

carcinomas and their corresponding lymph node metastases using 

immunohistochemistry. There was a significant association (p<0.05) with 

decreased cell adhesion molecule (E-cadherin, -catenin, CD44, CD44-v6, 

and 1 integrin) expression and the degree of depth of invasion and lymph 

node metastasis. Furthermore, reduced expression of E-cadherin, -catenin,

and CD44-v6 was found to correlate with increased number of lymph node 

metastases (p<0.01) (124). 

5. INHERITED ALTERATIONS IN ADHESION 

MOLECULES – ASSOCIATED WITH 

INCREASED RISK FOR CERTAIN 

CARCINOMAS

There is abundant evidence in the literature that alteration of adhesion 

structures accompanies and contributes to the progression of epithelial 

cancers. It is interesting to note that several inherited mutations that 

ultimately result in the disruption, attenuation or complete loss of the 

hemidesmosome structure are associated with increased risk of developing 

certain types of tumors. It is not yet clear whether or not inherited defects in 

other cell adhesion molecules might also contribute to an increased risk of 

carcinoma. 

5.1 Genetic Blistering Skin Diseases 

Epidermolysis bullosa is a rare genetic skin disease that is clinically 

heterogeneous. Mutations in any of nine different genes ( 6 and 4 integrin 

subunits, 3 3 2 [332] subunits of laminin-5, BP180, collagen VII, keratin 5 

and 14) encoding major protein components of the hemidesmosome (with 
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the exception of BP230) can lead to aberrant adhesion between the basal 

keratinocytes and the basement membrane in skin. The resulting 

destabilization and/or complete loss of these structures results in a large 

clinical spectrum of skin fragility, blistering, chronic wound healing, 

deformation and even death. Studies in the literature and case reports suggest 

these patients are cancer prone, and are at increased risk of developing 

squamous cell carcinomas of the skin. Interestingly, not all skin cancers are 

increased in incidence. The incidence of basal cell carcinoma in this patient 

population, is actually lower than in the general population (125), yet there is 

a slightly increased risk of developing melanoma in these patient populations 

(126).

Analysis of the National Epidermolysis Bullosa Registry (NEBR) has 

been unable to make a significant correlation with development of 

extracutaneous malignancies in these patients. This may be due to premature 

death in the patient population (126). Several case reports do exist however, 

including osteogenic sarcoma of the tibia (127), squamous cell carcinoma of 

the hard palate (128), esophageal squamous cell carcinoma (129), breast 

carcinoma (130) and cervical cancer (131). 

The diseases are defined biologically, based on the ultrastructural level of 

separation that occurs in the skin; intraepidermal, lamina lucida, or sub-

lamina densa. As with most disease types, recent publications suggest there 

is a large degree of overlap among the phenotypical presentation and 

ultimately the biological abnormality. 

5.2 EB VARIANTS  

5.2.1 Dystrophic 

Dystrophic epidermolysis bullosa (DEB) is a particularly destructive 

subset of the EB disease types that results in blistering, scarring and severe 

deformation. This variant can be inherited either autosomal dominantly or 

autosomal recessively. Mutations occur in the gene encoding collagen VII 

and ultrastructural tissue separation occurs at the sub-lamina densa. There 

are at least 192 different mutations described in the collagen VII gene which 

result in clinically apparent disease. Mutations in collagen VII gene were 

first described in 1993 (132, 133). Examination of the human gene mutation 

database reveals most of these mutations are missense/nonsense nucleotide 

substitutions. Cumulative data suggests a “hotspot” mutation exists in 

COL7A1, G2043R (134). These patients are at 76% increased cumulative 

risk for developing and dying from SCC (135). Although usually 

histologically well-differentiated, most of the SCCs in these patients are 
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clinically highly aggressive. Local recurrence is common, as is regional 

spread and eventual metastasis and death (126). 

It is interesting to note that many patients with blistering disease subtypes 

will improve as they age. This suggests the body may be capable of 

developing a tolerance and/or compensatory mechanisms to compensate for 

genetic mutation in some hemidesmosome components. With the genetic 

loss of collagen VII, the hemidesmosome is without an anchoring fibril and 

compensation of such an integral part of the hemidesmosome would seem 

less likely. This may in part, explain the extremely high incidence of SCC in 

DEB patients. 

5.2.2 Junctional 

Junctional epidermolysis bullosa (JEB) involves blistering that is 

ultrastructurally apparent in the lamina lucida of the basement membrane 

zone. The clinical severity is often lethal in this subtype of disease, Herlitz 

JEB. Mutations in all three laminin-5 subunits ( 3, 3 and 2) have been 

described. Mutations in the 3 subunit of laminin-5 were first reported in 

1995 (136, 137). Now there are four mutations which have been described in 

total, three of which are small deletions. Mutations in the 3 subunit of 

laminin-5 were first reported in 1994 (138), since then there are at least      

41 different mutations which have been reported. The majority of the 

mutations that have been reported are found in the 3 subunit (LAMB3) 

(139). Two ‘hotspot’ mutations have emerged in the literature, R635X and 

R42X (140, 141) which account for nearly half of the described mutations in 

patient samples in one study (13/20 patient samples examined). Mutations in 

the 2 subunit of laminin-5 were first reported in 1994 (142-144). Now there 

are at least 14 described mutations that result in clinically apparent disease. 

Genetic mutations in several other hemidesmosome proteins have also 

been described and are considered as three distinct subtypes of JEB. Clinical 

severity is highly variable depending on the nature of the mutation. In these 

patients, the ultrastructural defect that accompanies blistering occurs at the 

basal keratinocyte/lamina lucida interface. 

Generalized atrophic benign epidermolysis bullosa (also known as JEB 

non-Herlitz subtype) occurs due to mutations in the gene encoding BP180 

(collagen XVII). At least 27 different mutations have been described, the 

first report occurring in 1995 (145), the majority of which are nucleotide 

substitutions and small deletions. Mutations in either the 6 or 4 integrin 

subunits lead to a neonatal lethal variant of EB termed epidermolysis bullosa 

with pyloric atresia. Three mutations have been reported in the 6 integrin, 

the first of which was reported in 1997 (146, 147). In contrast, at least 32 

different mutations have been described in the 4 integrin subunit which 
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result in clinically apparent disease. Mutations the in 4 integrin subunit 

were first reported in 1995 (148) and there are at least 32 different mutations 

which have been reported. One study demonstrated that two different 

mutations in the 4 integrin tail could result in a loss of the ability to recruit 

plectin in hemidesmosome formation (149). Epidermolysis bullosa 

associated with late onset muscular dystrophy has been reported to be the 

result of a mutation in the cytoplasmic protein plectin. Mutations in this gene 

were first reported in 1996 (150-153) and there are at least 22 different 

mutations reported in the literature. 

Many of these mutations result in early embryonic lethal clinical 

outcomes, yet there are several case reports that suggest there is an increased 

risk of development of squamous cell carcinoma in this patient population as 

well (154-157). Too few case reports have been made to calculate accurate 

lifetime risk of developing squamous cell carcinoma (126). One possible 

explanation for why more squamous cell carcinomas are not seen is the high 

degree of lethality at a young age with this disease. The percentage of death 

in JEB patients collectively from age 1-25 is consistently higher than even 

the most lethal form of epidermolysis bullosa (dystrophic) in this age group 

(126), which may partially explain the discrepancy in development of SCC 

in JEB patients. 

5.2.3 Simplex 

Epidermolysis bullosa simplex (EB) involves blistering due to fragility of 

the basal cell layer of the keratinocytes. Upon ultrastructural examination, 

the level of tissue separation is found to occur intraepidermally, within the 

basal keratinocyte itself, generally within the subnuclear cytoplasm. There 

are three different clinical variants which are described and vary by clinical 

severity: EBS-Weber Cockayne, EBS-Kobner and EBS- Dowling Meara. 

Mutations in either keratin 5 or keratin 14 may lead to this disease subtype. 

The first report of a genetic mutation in the KRT5 gene came in 1992 (158), 

and now there are at least 25 different mutations that have been described. A 

genetic mutation in KRT14, the gene encoding the keratin 14 protein, was 

first described in 1991 (159, 160). Now there are at least 26 different 

mutations that have been described that result in clinically apparent disease. 

With increased scrutiny of this patient population, ‘hotspot’ mutations have 

now become apparent. A report by Ehrlich and others in 1995 found an Ile to 

Ser substitution in codon 161 in keratin 5 in six out of thirteen cases 

examined (161). Studies on keratin 14 have also revealed a ‘hotspot’ 

mutation at Arg 125 which occurs in the highly conserved helix initiation 

peptide (160, 162-164). A mutation in the conserved helix termination 

peptide was also described for keratin 5 (158). The majority of mutations 
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described (missense/nonsense) appear to cluster in the conserved helix 

boundary motifs of keratin. By age 60, these patients are only at a slightly 

increased risk (1.4%) for developing cutaneous squamous cell carcinomas 

compared with the general population (130). 

5.2.4 Xeroderma Pigmentosum 

Another example of genetic disease, which leaves the patient at increased 

risk of cancer, is the condition known as xeroderma pigmentosum (XP), 

which results from a defect in nucleotide excision repair. These patients have 

severe deficiency in the nucleotide excision repair of UV radiation induced 

DNA lesions. This results in changes in pigmentation and an increased 

frequency of skin cancers. Bernerd et al. (165) reported an increased 

deposition of 6 and 1 integrins in the basement membrane zone of the 

skin in XP patients. The skin was more proliferative and invasive. As the 6

integrin binds to either 1 or 4 subunits, this study suggests that the balance 

between 6 1 and 6 4 integrins are perturbed in these patients, although 

more studies will need to be done to confirm this question. These findings 

suggest that alteration of the basement membrane integrins may accompany 

and even predispose patients to developing cancer. Furthermore, XP 

keratinocytes grow more quickly and more rapidly than non-XP controls 

(166).

6. FUTURE STRATEGIES FOR CANCER THERAPY 

SURROGATE ENDPOINT BIOMARKERS 

We have demonstrated that in prostate tumors, the adhesion proteins that 

are part of the hemidesmosome are early changes. They are first 

recognizable as early as the precancerous Prostatic Intraepithelial Neoplasia 

(PIN) lesions – thus appearing before many of the reported genomic 

perturbations in prostate cancer such as p53 and Rb protein mutations. 

Research in prostate cancer, as well as numerous other epithelial cancers, 

would benefit greatly from increased knowledge of the genetic blistering 

skin diseases such as mutation analysis. While many different mutations 

have been described, it would be important to understand which, if any, 

recurring mutations could be correlated with increased risk of tumors in 

patients. This information could then be systematically applied to other 

research areas in epithelial tumor progression. Additionally, correlation of 

any ‘hotspot’ mutations with epithelial tumor progression would be 

important. Identification of any ‘hotspot’ mutations would be potentially 

important in identifying one cause of epithelial tumor progression. 
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Accumulation of genetic mutations in these important protein complexes 

may result in a tendency towards tumor progression. This may be one 

mechanism for loss of protein function in these tumors. Other mechanisms 

may also be important such as gene silencing of key protein components. 

It would be potentially interesting to determine which of the described 

mutations in the genetic skin diseases are most closely associated with 

patients developing skin tumors. This data could be correlated into 

identifying possible ‘hotspot’ mutations of the hemidesmosome proteins.  

With new technologies such as microarray, much new data is being 

brought to light each day in tumor biology research. Automated mutation 

analysis for the inherited mutations found in blistering skin diseases may one 

day contribute towards searching for mutations in epithelial tumors. As 

pharmacogenomics is increasingly becoming a topic of interest, perhaps the 

combination of these with hemidesmosome tumor mutation screening may 

one day contribute to better diagnosis and treatment options for patients. 
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Abstract: Disruption of tight cell adhesion mediated by E-cadherin is an important step 

in carcinoma progression for cells to initiate cell migration and progress to 

metastasize. During prostate cacinogenesis, E-cadherin gene expression or 

function is downregulated through multiple mechanisms, many of which 

combine to silence E-cadherin expression through transcriptional regulation at 

the level of the E-cadherin promoter. Recent evidence indicates that 

concomitant with the transcriptional silencing of E-cadherin in prostate 

carcinomas, there is transcriptional upregulation of the mesenchymal cadherin, 

N-cadherin. The mechanisms of E- to N-cadherin switching in carcinomas and 

Key words: prostate cancer; metastasis; E-cadherin; N-cadherin; EMT; signaling

Integrity of epithelium lining the branching ductal network of the prostate 

gland is maintained through multiprotein adhesion complexes including tight 

junctions, adherens junctions, desmosomes and hemidesmosomes. The type 

1 epithelial cadherin, E-cadherin, is a transmembrane protein that forms 

homotypic adhesive interactions at epithelial cell-cell adherens junctions. 

The E-cadherin cytoplasmic domain couples to catenins ( -, -, -, and 

p120
ctn

) and the actin cytoskeleton. The altered epithelial cytoarchitecture 

found in the progression of prostate adenocarcinomas is associated with a 

loss of integrin subunits and cadherin types, and with the gain of expression 

of different cadherin types (1). These changes disrupt tight epithelial cell-cell 

contacts and promote the release of invasive cells from the primary tumor. 

A.E. Cress and R.B. Nagle (eds.), Cell Adhesion and Cytoskeletal Molecules in Metastasis, 47–67. 

© 2006 Springer.

the potential roles of N-cadherin in tumor metastasis are summarized. 
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1. E-CADHERIN JUNCTIONS IN CANCER  

Genetic and epigenetic alteration in E-cadherin/catenin function or gene 

expression is a central step in neoplastic process of metastasis of epithelial 

tumors from various tissues (2-4). This loss, in part, results in a 

transformation from the normal epithelial morphology toward a 

mesenchymal phenotype (5). This phenotype is reversed by transfection with 

full-length E-cadherin cDNA (6). Immunohistochemical analysis of highly 

invasive epithelial tumors (breast, melanoma, prostate) indicates that these 

tissues have decreased E-cadherin levels, suggesting a decreased function for 

E-cadherin in organization of tissue structure. Umbas et al. (7) found that 

human prostate carcinomas with a Gleason sum score >6 had decreased E-

cadherin immunoreactivity compared to normal glandular epithelium, and 

tumors with a Gleason sum score of 9 had even lower E-cadherin 

immunoreactivity. In particular 63% of the tumors that extended beyond the 

prostate capsule, compared to 33% of organ confined tumors, had altered E-

cadherin expression (8). Other studies evaluating E-cadherin expression and 

prostate cancer outcome have also demonstrated a correlation between 

decreased E-cadherin expression with increased prostate cancer grade (2-9). 

Decreased E-cadherin gene expression was found in microarray studies to 

correlate with comparison of prostate cancer and benign tissue (10). 

Moreover, the protocadherin FAT, which has been shown to have tumor 

suppressor functions, was also down regulated in metastatic prostate cancer. 

An apparent re-expression of E-cadherin in cell junctions has also been 

observed in metastatic tumor cells, and further suggests reversible epigenetic 

regulation of the cadherin/catenin complex (11). 

The mechanisms underlying E-cadherin silencing in prostate cancer are 

not completely understood. The human E-cadherin gene (CDH1) is located 

on 16q22.1 and spans approximately 100 Kb (12). Genetic events such as 

mutations, loss of heterozygocity (LOH), and epigenetic regulation by 

transcriptional repression, and methylation of CpG islands in the promoter 

have been implicated in the regulation of E-cadherin gene. An important 

mechanism to silence E-cadherin expression in vivo is through methylation 

of CpG islands located within the 5’promoter of the E-cadherin gene. There 

are ~138 CpG islands in the E-cadherin gene spanning a 3000+ base pair 

region, from -1200 base pairs 5’ to exon 2 (13). Epigenetic silencing by 

promoter methylation of CpG island on transcriptional repression of E-

cadherin has been reported. Originally, hypermethylation of the CpG islands 

in the E-cadherin gene was reported in cell lines, including lines derived 

from prostate carcinoma, and correlated with transcriptional down regulation 

of the gene expression (14). In human prostate tumors, expression of E-

cadherin is inactivated and the 5’promoter and first exon is methylated with 
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varying prevalence (15-17). Methylation was found to occur in 30% of low 

grade microdissected prostate cancer samples In addition, methylation of the 

CDH1 promoter is present in 70% of advanced prostate tumors (15). 

Figure 1. Indirect immunofluorescence analysis of expression of N-cadherin and E-cadherin 

in prostate cancer specimens. Frozen prostate tissues sections were immmunostained for E- 

cadherin and N-cadherin and grading was performed based on H & E-stained sections (data 

not shown). Images are of a grade 3 cancer and were contributed by Dr. R. Nagle. Note: 

staining of N-cadherin in both carcinoma cells and stromal cells. 

2. ADHERIN SWITCHING DURING CANCER 

PROGRESSION

Several non-epithelial cadherin types, such as the type 1 neural cadherin, 

N-cadherin, and the type II cadherin, cadherin-11 (OB-cadherin), were found 

to be expressed in prostate carcinomas in vitro and in vivo (18-20). In vitro

studies showed that inactivation of E-cadherin in prostate carcinoma cell 

lines is associated with the gain of expression of N-cadherin (20). N-

cadherin is not expressed in normal adult prostatic epithelium, but is 

expressed in cells that surround the epithelium including smooth muscle, 

endothelium, and neurons (Figure 1). Prostate carcinoma cell lines in culture 

also show differential cadherin expression, displaying more than one type of 

cadherin. For example, the PC3 cell lines possess multiple cadherin types 

(19), notably cadherin–11, in addition to E-, and N-cadherin. N-cadherin 

expression can be detected in tumors with Gleason score above 7 (18, 20, 

21). Stromal fibroblast cell lines from breast and prostate also express N-

cadherin (20). In addition, N-cadherin promoted the heterotypic adhesive 

interaction of invasive prostate cancer cells with prostate stromal fibroblasts 

(20). These results suggest N-cadherin expression in carcinoma cells may 
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promote their interaction with surrounding stromal cells, endothelial cells or 

neurons, thereby facilitating invasion and metastasis. 

It has been suggested that unlike E-cadherin, N-cadherin and cadherin-11 

promote motility and invasion of carcinoma cells (Figure 2). Over-

expression of N-cadherin or cadherin-11 in E-cadherin expressing breast 

carcinoma cell line promotes cell migration and invasion (22-24). N-

cadherin has been shown to promote cell motility and migration, as 

compared to the opposite effect of E-cadherin (22, 23, 25). N-cadherin-

induced tumor cell invasion can even overcome E-cadherin mediated cell-

cell adhesion (24, 26). 

Figure 2. Schematic representation of transition of E-cadherin to N-cadherin during prostate 

tumor progression. Tumor cells expressing E-cadherin are shown in black and N-cadherin 

expression cells in gray. Prostate tumor cells express epithelial markers such as E-cadherin. 

The dynamics of cadherin expression in prostate caricnomas can be regulated by the tumor 

microenvironment. Induction of regulators such as Twist, ZEB1, Slug and Snail, repress E-

cadherin gene expression in cancer cells. Mesenchymal markers, such as N-cadherin, are 

induced in these cancer cells. This leads to a less adhesive, more motile cell morphology that 

allows local invasion, intravasation into lymph or blood vessels and subseguent metastasis. At 

secondary sites, solitary carcinoma cells can extravasate and can form a new carcinoma 

expressing E-cadherin. 
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The phenotypic conversion from E-cadherin to N-cadherin expression in 

prostate carcinoma cells is a molecular alteration that is proposed to have 

dual functions. The switch facilitates tumor progression allowing cancer 

cells to detach from the primary tumor mass. In addition evidence suggests 

that during the transition from benign to invasive carcinoma the switch in 

cadherin types may support the malignant tumor phenotype and allow cells 

to survive and grow in ectopic sites (18). Expression of N-cadherin by 

prostate carcinoma cells lines correlates with invasion and suggests that 

invasion is mediated by N-cadherin-mediated interactions between the 

prostate cancer cells and stromal cells (20). The presence of N-cadherin in 

stromal cells surrounding glandular epithelium and in nerve bundles 

extending into the prostate could facilitate prostate carcinoma cell invasion, 

and extracapsular metastasis (27). 

Epithelium can express more than one cadherin type as does endothelium 

(VE-cadherin and N-cadherin) and keratinocytes (E-cadherin and P-

cadherin) (28-29). Different cadherins expressed in the same cells appear to 

directly affect each other's function. Suppression of N-cadherin function in 

invasive squamous carcinoma cells results in the induction of E-and P-

cadherin expression and the reversion to an epithelial phenotype. In contrast, 

forced expression of N-cadherin in epithelial-like squamous cells causes 

downregulation of E- and P-cadherin and the acquisition of an invasive 

phenotype (22). This implies that the expression of N-cadherin during tumor 

progression might be necessary and sufficient to overcome E-cadherin-

mediated cell-cell adhesion and to promote cancer progression. In high grade 

cancer specimens, Tomita et al. (18) showed that some carcinoma cells co-

expressed both E- cadherin and N-cadherin. The prevailing model for 

regulation of E-cadherin and N-cadherin adhesion involves the catenins, 

since they functionally link the complex to the actin cytoskeleton. While E-

cadherin functions to stabilize cell junctions (30), N-cadherin in association 

with the fibroblast growth factor receptor (FGFR) which promotes motile 

cell-cell contacts (31-33). The opposing functions of E-cadherin and N-

cadherin in cell-cell adhesion and migration modulate cellular behavior. 

Evidence suggest that the role of N-cadherin is dominant in the processes of 

migration, invasion, and metastasis (20, 23, 26, 34). Steinberg and Takeichi 

(35) proposed that in a population of motile cohesive cells, such as a tumor, 

weaker cell attachments will be displaced by stronger ones, and cells will 

segregate into populations with the weaker population moving to the border 

of the mass. This hypothesis predicts that tumor cells expressing N-cadherin 

will separate from the tumor body and may for cell-cell contacts with N-

cadherin expressing cells in the surrounding stroma. 
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3. MODULATION OF E-CADHERIN

AND N-CADHERIN GENE EXPRESSION 

While the causes of the perturbations of E-cadherin gene expression and 

function are not completely known, studies suggest that connections exist 

between integrin-mediated adhesion and signal transduction pathways, and 

imply a reversibility of epithelial cadherin gene expression (13). The 

5’promoter of the E-cadherin gene (CDH1) is fundamental to the regulation 

of E-cadherin transcriptional activity. The mouse E-cadherin promoter was 

characterized by Behrens et al. (36), and has an a typical TATA box, a 

CCAAT box (-65 bp), a GC-rich region (-30 bp to -58 bp) and contains a 

palindromic region composed of two E-boxes (CACGTGCAGGTG). The 

transcription factors AP2 and SP1 bind to and drive the constitutive 

expression of E-cadherin in epithelium in vitro (37). Interestingly, Hennig et 

al. documented an epithelial-specific enhancer cis-element located within the 

first intron of the E-cadherin gene in vitro (37). While the mouse and human 

E-cadherin promoters display an extremely high degree of similarity, an 

additional fourth E-box element was found in the first intron of the human E-

cadherin gene which is not present in mouse (38).  

The E-boxes in the E-cadherin promoter have been shown to be 

important for transcriptional repression of E-cadherin during tumor 

progression. The major transcriptional repressor that has been shown to 

interact with these E-boxes is the zinc finger transcription factor family of 

Snail/Slug (39). Transcriptional repression of the human E-cadherin gene by 

Snail in in vitro studies has been shown to require the three E-boxes located 

in the 5’promoter of the human E-cadherin gene (39). These data strongly 

suggest that Snail is one of the major nuclear proteins that binds to the E-

boxes within the 5’promoter of the E-cadherin gene and represses 

transcriptional activation. Recent studies also suggest that integrin-mediated 

adhesion through the downstream signaling of integrin-linked kinase (ILK) 

also plays a role in regulation of E-cadherin expression (40). The activation 

of integrin-linked kinase, which mediates signals from ECM increases 

expression of the zinc finger transcription factor Snail and downregulates E-

cadherin (41). The Snail/Slug family proteins upregulate the transcriptional 

repressor ZEB1, which is also capable of binding to E-boxes in the promoter 

of E-cadherin and repressing transcription (42). 

Other important transcriptional repressors of E-cadherin expression in 

tumor cells are E47, Slug, ZEB1( EF1), and ZEB2 (42, 43). These 

transcription factors have also been shown to bind to the E-boxes located 

within the 5’ promoter of E-cadherin. More recently, regulation of E-

cadherin transcription by the bHLH Twist1 has proven to be an additional 

mechanism to down regulate the expression of E-cadherin (44). Twist1 has 
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been shown to regulate metastasis of human breast cancer cells in a mouse 

orthotopic tumor model. Twist expression was shown not to contribute to 

cell proliferation or inhibition of apoptosis, in contrast Yang et al. (44) 

suggest that Twist may have a function unique to the induction of metastasis 

through the regulation of cell migration and invasion. In this work, inhibition 

of Twist gene expression with siRNA inhibited tumor metastasis in vivo, and 

overexpression of mTwist in breast epithelial cells upregulated mesenchymal 

markers such as fibronectin, vimentin and importantly N-cadherin. 

Concomitant with the upregulation of mesenchymal markers, epithelial 

genes such as E-cadherin were down regulated, and cell migration was 

increased in vitro. Twist mRNA was also shown to be upregulated in human 

breast cancer tissues by the expression of Wnt1, however gene expression of 

E-cadherin or N-cadherin was not examined (45).  

Earlier work identified the bHLH factor Twist as a gene crucial for 

proper epithelial-to-mesenchymal transformation during gastrulation and 

mesoderm formation in Drosophila (46). The role of Twist factors across 

species is highly conserved exhibiting expression and function within 

mesoderm, muscle, bone, and limb development. Twist is also expressed in 

gastric cancer, and this expression correlated with N-cadherin gene 

expression (47). More recently, similar findings were found in prostate 

cancer tissues (48) where Twist expression correlated with increased 

Gleason score. Immunostaining of tumor sections for Twist detected both 

nuclear and cytoplasmic localization. Twist has been shown to interact with 

a number of other class A and class B bHLH proteins and also other 

transcription factor families. Twist has been shown to homodimerize, and 

heterodimerize with other bHLH proteins such as E12, Mef2 and MyoD in 

Drosophila and mice. The N-terminus of Twist was recently shown to 

interact with the homeobox transcription factor HOXA5 in breast 

tumorogenesis (49). The N-terminus of twist associates with other non 

bHLH transcription factors such as the histone acetyltransferases p300 and 

p300/CBP (50). Recent evidence suggests that phosphorylation of Twist1 in 

the HLH domain modulates the dimerization partner that Twist1 can bind 

(51). Together these data suggest that Twist is a potent transcriptional 

regulator of genes involved in the metastatic spread of carcinoma, including 

N-cadherin.  

The N-cadherin gene (CDH2) was mapped to a 250 kb region on 

chromosome 18q11.2. and is composed of 16 exons (52). The 5’promoter of 

N-cadherin does not contain CCATT or typical TATA boxes, but does show 

a high GC content and several consensus Sp1 and AP2 binding sites (53). N-

cadherin expression in osteoblasts has been shown to be regulated by SP1 

and MZF-7 DNA binding sites between -161 bp and -131 bp in the 

5’proximal promoter. This study defined the N-cadherin basal core promoter 
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to be located between -335 bp and -18 bp in the 5’proximal promoter. The 

start of transcription is suggested to be at -42 bp 5’ of the ATG start site. 

Whether Twist regulates N-cadherin gene expression directly or indirectly is 

unknown.

An early event in prostate carcinogenesis appears to be LOH of 

chromosome 8p, which occurs in approximately 80% of metastatic prostate 

cancers (54). The Nkx3.1 homeobox gene, located on chromosome 8p21, is 

a candidate for a prostate specific tumor suppressor since conditional loss of 

Nkx3.1 in adult mice has been shown to induce PIN lesions (55). LOH at 

chromosome 10q is frequently associated with advanced prostate cancer(56). 

The PTEN gene located on chromosome 10q23 encodes a lipid phosphatase 

that negatively regulates phosphatidylinositol 3'-kinase (PI 3-kinase)/Akt 

signaling pathway. Haploinsufficiency of PTEN+/-; Nkx3.1+/- mice over 1 

year were shown to develop invasive cancer with heterogeneous E-cadherin 

expression (57). While the role of Nkx3.1 in E-cadherin regulation is not 

clear, the PI 3-kinase/PTEN/AKT signaling pathway can inactivate the 

glycogen synthase kinase 3  and stabilize the protein degradation of Snail 

and by activating transcription of Snail (58, 59).

4. CONSEQUENCES OF E-CADHERIN TO  

N-CADHERIN SWITCHING 

Several signaling proteins interact either directly with the cadherin 

cytoplasmic domain or with the catenins and are possible regulators of 

cadherin function. The p120
ctn

 binds to the cadherin juxtamembrane region 

and is implicated in cadherin cis-interactions to form homodimers. The 

strength of cadherin adhesion and stability in the membrane controls cell 

motility(30, 60). The functional role of p120
ctn

, originally identified as a Src 

kinase substrate, in regulating cadherin adhesion is probably through 

phosphorylation. p120
ctn

 tyrosine phosphorylation is elevated in cell 

junctions suggesting that it may function in junction maturation. Over 

expression of p120
ctn

 in epithelium induces a more motile mesenchymal 

phenotype through inhibition of RhoA GTPase by p120
ctn

 maintaining RhoA 

in the inactive GDP state (61, 62) and enhanced lamellapodia formation (62). 

RhoA was previously shown to be involved in cadherin clustering through 

the mobilization of actin to sites if cell-cell contact (63, 64).

The adhesive properties of cadherins are regulated by the activities of the 

Rho family of GTPases, which remodels the actin cytoskeleton. Expression 

of constitutively active Rac1, or a guanine exchange factor for Rac1, Tiam1, 

increases the adhesive activity of E-cadherin (63, 64). CDC42 and Rac1 

have been shown to regulate E-cadherin activity through the activity of 
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IQGAP. IQGAP seems to bind directly to and inhibit the cadherin 

association with actin through -catenin. Active CDC42 and Rac1 inhibit the 

ability of IQGAP to bind -catenin, thereby maintaining cadherin adhesion 

(65). The effects of RhoA on E-cadherin activity are less consistent. This 

could be due to more recent findings that the activity of RhoA is inhibited 

following the ligation of E-cadherin (62). This suggests that the activity of 

E-cadherin requires the precise regulation of RhoA activity. Both Rac1 and 

RhoA are necessary to initiate E-cadherin adhesion; Rac1 may be required to 

maintain the cadherin/catenin linkage to the cytoskeleton, and the continuous 

activity of RhoA may inhibit Rac1 activity (66).

-catenin binds -catenin, an actin binding protein, which then links 

directly to the actin cytoskeleton, and has an essential role in the structural 

organization of adherens junctions. Serine/threonine phosphorylation of -

catenin or E-cadherin results in the stabilization of the cadherin/catenin 

complex. Evidence indicates that migration of epithelial cells is associated 

with increased tyrosine phosphorylation of -catenin (67). One of the non-

receptor tyrosine kinases that has been shown to phosphorylate -catenin is 

Fer kinase(fes-related protein), which also phoshorylates p120
ctn

 and 

cortactin (68). Phosphorylated -catenin on tyrosine 142 correlated with 

inhibition of cadherin-mediated adhesion and adhesion of -catenin to -

catenin (69). Fer kinase is expressed in prostate carcinoma cell lines and 

reduction of Fer kinase expression by antisense reduces cell proliferation 

(70). Fer kinase has been identified in N-cadherin/catenin complexes and 

binds to -catenin and p120
ctn

binds through interaction with the coiled coil 

domain of p120. Evidence also suggests that cross-talk between N-cadherin 

and 1 integrins is mediated by Fer kinase (71).  

Fer kinase has been shown to bind to both 1 integrins and N-

cadherin/catenin complexes. Inhibition of the association between N-

cadherin and Fer inhibits the phosphorylation of p130cas (71). This activity 

may be dependent on Fer mediated sequestration of phosphatases, such that 

when Fer is associated with integrin adhesion structures, it recruits a 

phosphatase, possibly PTP1B or PTP-PEST, which inactivates p130cas. 

PTP1B associates with N-cadherin at a domain that partially overlaps with 

the -catenin binding domain. The interaction of N-cadherin with PTP1B is 

essential for its association with -catenin, which is critical to cadherin 

adhesive function. A class of heterotrimeric G proteins, G 12/13 also 

associates with the cytoplasmic domain of N-cadherin. The cadherin binding 

site for G 12/13 overlaps the PTP1B and can displace PTP1B from the 

cadherin complex (72, 73). G 12/13 functions in the activation of Rho 

GTPase and its downstream effectors and may regulate cadherin function 

(74).
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In addition to PTP1B, the phosphatases, PTPK, PTP , PTP-LAR, PCP-2, 

DEP-1 and Shp-2 reside in adherens junctions associated with cadherins(75-

79). Re-expression of PTP in LNCaP prostate carcinoma cells that have 

weak E-cadherin adhesion restores strong cell-cell adhesion through 

regulation RACK1 , a receptor for activated protein kinase C (80,81). This 

association in adherens junctions suggests that regulating phosphorylation of 

cadherins and associated proteins may provide a rapid means for modulation 

of cell-cell adhesion.  

Figure 3. Analysis of p120
ctn

 isoforms and -catenin associated with N- and E-cadherin from 

clone DU145-N5. As control, N-cadherin was immunoprecipitated from PC-3N, while E-

cadherin was immunoprecipitated from DU145. Immmunoprecipitation of E- and N-cadherin 

was followed by immunoblot analysis for E-and N-cadherin, p120
ctn

 and -catenin. 

Since E-cadherin and N-cadherin were found to be co-expressed in cells 

of high grade prostate cancer tissue, we examined the effect of N-cadherin 

mis-expression on an E-cadherin positive prostate carcinoma line DU145. 

To evaluate the effect of co-expression of E and N-cadherin on the migratory 

phenotype, an N-cadherin/GFP fusion construct was transfected into DU145 

prostate carcinoma cells. Clones expressing the N-cadherin/GFP or GFP 

empty vector were isolated through serial dilution, and selected under 

antibiotic resistance (82). 

After selection of clonal cell lines, they were characterized for protein 

levels of E-cadherin, N-cadherin, p120
ctn

and -catenin. The clones showed 
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variable levels of E-cadherin expression, but -catenin appeared to be 

unchanged. The N-cadherin DU145 clone 5 (DU145-N5) showed lower 

levels of E-cadherin than N-cadherin, therefore we characterized this clone 

further. The presence of N-cadherin in DU145 cells increases the level of the 

p120
ctn1

 isoform compared with the p120
ctn3

 isoform in cellular lysates of 

DU145 cells. Analysis of the p120
ctn

 isoforms by immunoprecipitation and 

immunoblotting showed that in DU145-N5 cells, there also appears to be 

preferential cadherin binding of p120
ctn1

 vs. p120
ctn3

 in lysates 

immunoprecipitated with either E-cadherin or N-cadherin antibodies. 

Preferential binding of the p120
ctn1

 isoform with N-cadherin, and p12
ctn3

isoform binding with E-cadherin was found in the adhesion complexes 

(Figure 3). There are four p120
ctn1-4

 isoforms arising from alternative splicing 

(83). The p120
ctn1

 isoform contains an N-terminal coiled-coil domain and is 

preferentially expressed in motile cells. Epithelial cells preferentially express 

the p120
ctn3

 isoform, which lacks the coiled-coil domain and supports 

cadherin stability and adhesion (84). Figure 4A shows that the peripheral 

actin cytoskeleton in clone 5, which is mis-expressing N-cadherin, is less 

well developed and that E-cadherin junctional localization is discontinuous. 

There is also more cell surface labeling of E-cadherin in a punctate 

distribution.

To analyze the functional consequences of mis-expression of N-cadherin 

in DU145 cells, we determined the rates of cell migration. Cells were plated 

at confluent density overnight in serum-free media and a linear migration 

assay was performed according to the method of Berens et al. (85). We 

selected this assay because cells initially form a contiguous monolayer 

before migration is initiated. Quantitation of the migration difference 

showed that clone 5 mis-expressing N-cadherin had nearly 2.6 times the 

migration rate of the parental DU145 (Figure 4B). Vinculin localization 

showed reduced incorporation in lamellipodia in N-cadherin/DU145 cells 

even though they display more lamellipodia than DU145. As a whole, the 

literature concerning N-cadherin function strongly indicates that N-cadherin 

expression is an important mediator of the mesenchymal phenotype (86). 

Accordingly, forced N-cadherin expression in epithelial tumor cells induces 

a migratory phenotype which is dominant over the ability of E-cadherin to 

repress migration (22, 26). 

The functional implications of the change from E-cadherin to N-cadherin 

for tumor progression suggest potential roles beyond cell detachment in 

promoting metastasis. During gastrulation, the E- to N-cadherin switch 

permits the segregation of mesoderm from ectoderm and endoderm. Unlike  
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Figure 4A/4B. Co-expression of E-cadherin and N-cadherin induces cell migration in prostate 

carcinoma cells. (A). Localizatin of the F-actin, vinculin and E-cadherin in DU145 and 

DU145-N5 at the migrating leading edge. Immunofluorescence of F-actin was carried out 

using rhodamine phalloidin, while for E-cadherin and vinculin, was carried out using Mabs. 

Cells were plated on Laminin-1 coated slides. (B) Time course of cell migration. Cells were 

plated at confluent density. Values are means of 3 independent experiments. The migration of 

three N-cadherinGFP clones (DU145-N5, DU145-N29, DU145-N53) are compared to DU145 

cells and a DU145 clone expressing GFP (GFP1.2). DU145-N5 showed the highest rate of 

migration.

E-cadherin, N-cadherin and cadherin-11 promote a dynamic adhesion state. 

N-cadherin mediated neurite outgrown and cell migration is inhibited by 

inhibitors of the fibroblast growth factor receptor (FGFR), and extracellular 

portions of the two proteins interact (32, 87). N-cadherin may be involved in 

both ligand dependent and independent activation of the FGFR. The cis-

interactions of N-cadherin molecules associated with the FGFR may bring 

the kinase domains of the FGFR in close enough proximity to induce cross-

phosphorylation. Conversely, it has been shown in breast cancer cells that N-

cadherin stabilizes the FGFR and inhibits the internalization of the receptor, 

thereby enhancing activation potential (32). The HAV sequence in FGFR 

associates with the fourth extracellular domain of N-cadherin (87). Although 

N-cadherin cooperation with the FGFR certainly has the potential to induce 

cell migration and cancer cell invasion through FGFR signaling alone, many 

of the signaling partners with the FGFR, specifically tyrosine kinases like 

Src and tyrosine phosphatases like PTP1B, associate with and regulate the 

activity of the 1 integrin. During cell migration cross-talk between 1

integrin and cadherins has been demonstrated to regulate cadherin junctional 

adhesion (71, 88-90). 
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5. CONCLUSION 

Prostate cancer mortality typically results from metastasis to lymph 

nodes and bone and progression from androgen-dependent to androgen-

independent growth. Evidence suggests that progression of carcinomas, in 

part, results from the acquisition of resistance to apoptosis (91). Switching 

from E-cadherin to N-cadherin activates expression of the anti-apoptotic 

protein bcl-2 through signaling of PI 3-kinase and actin cytoskeletal 

reorganization (92). The switching of cadherin types suggests transformation 

of epithelium-to-mesenchyme (EMT) during tumor progression mediates 

local invasion and metastasis. The silencing of E-cadherin gene expression 

is an important step in EMT which increases tumor cell invasiveness through 

detachment of cells from the tumor mass. Since the inhibition of E-cadherin 

can occur through both reversible and irreversible mechanisms, this suggests 

that EMT may follow a similar pattern. Evidence shows that the decreased 

expression of E-cadherin in prostate tumors correlates with higher Gleason 

scores characteristic of less differentiated more aggressive tumors (8). The 

process of EMT also results in the acquisition of mesenchymal 

characteristics by carcinoma cells, such as the gain of N-cadherin. It is 

thought that at any one time, EMT may occur in only a subpopulation of 

tumor cells during prostate tumor metastasis. Since the process of metastasis 

has been shown to be very inefficient in xenograft models, the gain of N-

cadherin may appears to promote cell survival through the activation of 

PKB/Akt.

N-cadherin ligation has been shown to activate the PI 3-kinase signaling 

cascade, in addition to activating Rac1 GTPase (92, 93). A balance between 

the activation of Rac1, CDC42 and RhoA determine the cellular phenotype 

and motility by regulation of actin cytoskeleton remodeling. The direct 

ligation of N-cadherin cell adhesion, both through calcium switch and 

antibody activation assays, induces the association of the p85 subunit of the 

PI 3-kinase with the cytoplasmic domain of N-cadherin (92). This 

recruitment or PI 3-kinase to the adherens junction complex required an 

intact actin cytoskeleton. This then activates the PKB/Akt pathway, which 

inactivates the pro-apoptotic molecule Bad and increases the anti-apoptotic 

protein bcl-2. Increased Akt kinase activity has been suggested to function in 

the progression of prostate cancer. Over expression of activated Akt was 

sufficient to facilitate increased tumor growth in a murine xenograft model 

and over expression is sufficient in transgenic mouse model to induce 

prostatic intraepithelial neoplasia (94). Activated Akt is increased in high 

Gleason grade prostate cancer and was found to be a significant predictor of 

poor outcome (95). Increased bcl-2 levels in prostate carcinomas strongly  
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correlates with the recurrence of disease and progression to androgen-

independent growth (96-98). Moreover, over-expression of the human bcl-2 

transgene with a prostate specific promoter mediates resistance to apoptosis 

of glandular epithelium induced by androgen withdrawal (99). N-cadherin 

signaling activates both the Rac GTPase and the PI 3-kinase signal 

transduction pathways are important for tumor cell survival and migration 

and contribute to metastasis.  

One of the hallmarks of metastatic carcinoma is the down regulation of 

E-cadherin, either at the level of function or gene expression. In prostate 

carcinomas that had silenced E-cadherin transcription, N-cadherin

expression was detected. However, rather than simply mediating cell:cell 

adhesion in tumor cells, evidence demonstrates the ability of N-cadherin to 

serve as an initiator of intracellular signaling, activating distinct pathways 

from E-cadherin. Genetic analysis of the function of E- and N-cadherin in

vitro and in vivo clearly indicates that these two cadherins are required for 

development, and have non-redundant functional roles in cellular 

differentiation. The acquisition of N-cadherin by migrating carcinoma cells 

supports their interaction with cells of the surrounding stroma, including 

myofibroblasts, neurons and endothelium. Signaling pathways activated by 

stromal-carcinoma adhesions can support survival and migration of 

carcinoma cells in tumor progression.  
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Abstract: Transformed cells require cell motility to invade adjacent and distant tissues. 

To move, cells need to operate a dynamic actin cytoskeleton to produce the 

necessary protrusions and forces that drive the cell forward. Several of the 

elements of the basic molecular machinery that assemble and operate the actin 

cytoskeleton have been identified and their function thoroughly characterized. 

Most of these elements are actin-binding proteins that can be controlled by a 

network of regulatory molecules that connects the actin cytoskeleton to higher 

cellular processes. In cancer cells the dynamics and regulation of the actin 

cytoskeleton may be corrupted at several levels. This review examines several 

aspects of the actin cytoskeleton that may be affected during transformation 

and tumor progression.  

Key words:  actin binding proteins; contractility; cancer; Rho GTPase; cytoskeleton 

1. INTRODUCTION 

The notion that cancer cells spread by actively migrating into the 

adjacent stroma, eventually disseminating to distant tissues as metastasis, 

has been a major motive for interest in exploring the mechanisms of cell 

movement (1). The general mechanisms of tumor cell migration are not 

dissimilar to those used by non-neoplastic cells in a wide variety of 

biological processes such as embryogenesis, immunological response and 

wound healing (2, 3). To move, cells employ dynamic remodeling of the 

actin cytoskeleton for the formation of protrusive structures and the 

generation of forces necessary to produce cell translocation (2). In this 
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review we present several aspects of the actin cytoskeleton function and 

regulation that have an impact in tumor invasion and metastasis.  

2. THE BASIC MODEL OF CELL MIGRATION 

Directed cell movement was originally described on 2D substrates in the 

pioneering experiments of Abercrombie (4, 5). The prototype of this kind of 

migration is the fibroblast which shows a polarized morphology 

characterized by a fan shaped lamella at the front and an elongated trailing 

edge at the back. Cell migration is a highly dynamic, cyclical multistep 

process, (6) requiring a) extension of actin-rich protrusions such as 

lamellipodia (flat and wide protrusions) or filopodia (thread like 

protrusions), b) formation of cell adhesive structures near the leading edge 

that attach and stabilize the protrusion, c) translocation of the cell body 

forward using the contractive forces generated by the actomyosin system and 

d) retraction of the tail as a consequence of release of adhesions and active 

contraction. The initial protrusion is produced by polymerization of the actin 

cytoskeleton that pushes the membrane forward (7, 8). The protrusion may 

retract unless stabilized by adhesion to the substrate. This adhesion is usually 

mediated by integrins, a family of transmembrane proteins that connect the 

extracellular matrix with the actin cytoskeleton enabling the latter to transmit 

forces to the substratum, generating traction to pull the cell body forward 

(9). This type of migration, also known as mesenchymal migration, is not 

exclusive of fibroblasts and can be seen in epithelial cells when migrating as 

single cells. 

The ability of cells to move in a directed fashion depends mostly on an 

external source of chemoattractant (chemotaxis) or a substrate gradient 

(haptotaxis) (10). In the absence of external stimuli the cells usually move in 

a random fashion, turning frequently, although some cells, such as 

keratocytes, can move straight for long stretches in a randomly chosen 

direction as a consequence of their intrinsic ability to maintain lamellar 

protrusions in that direction (persistence) (11).  

3. MECHANISMS OF ACTIN POLYMERIZATION  

Lamellipodia and filopodia contain actin filaments generated by 

polymerization of monomeric actin (G-actin) into double stranded filaments 

(F-actin). F-actin exists in the lamellipodia as a branched network of fibers, 

in contrast to the parallel bundles that constitute filopodia. Polymerization of 

actin in these structures is a dynamic process in which G actin is added onto 
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the faster growing “barbed” end (+) whilst dissociating from the pointed” 

end (-), producing a retrograde movement of actin known as treadmilling 

that is ATP-dependent (8, 12, 13). The elongation of the protrusion results 

from an imbalance in the rates of actin polymerization and 

depolymerization, favoring the former. This balance is highly regulated 

depending on the specific requirement of the cell. In resting cells there is 

little growth of actin filaments, the barbed ends are blocked by capping 

proteins (gelsolin and capping protein) and the pool of monomeric actin is 

prevented from polymerizing by sequestering proteins (profilin, thymosin 

4) (14, 15). Upon external stimulation, the existing actin filaments get 

uncapped and severed, generating new nucleation sites containing free 

barbed ends to which monomeric actin can be added.  

Three nucleation mechanisms have been described which relate to the 

type of actin arrangement they produce. These nucleation processes depend 

on the activity of a variety of proteins, some of which are functionally and 

structurally related to actin. Branched networks of F-actin produced at the 

leading edge of lamellipodia depend on the concerted action of the Arp2/3 

complex and WASP family members (16). The Arp2/3 complex contains 

seven subunits, of which Arp2 and Arp3 are related to actin (17). This 

complex generates a Y-shaped junction on uncapped filaments resulting in a 

branched network (as opposed to filopodia, in which no branching occurs). 

The network is stabilized by cortactin (18, 19).  

Arp2/3 is highly regulated and is activated by uncapped F-actin 

filaments, ATP and proteins of the WASP family. Chemoattractant 

generated signals activate Arp2/3 through the WASP family (20) of which 

five members have been identified; WASP itself (Wiscott Aldrich syndrome 

protein), N-WASP and WAVE1, 2 and 3 (20, 21). These proteins respond to 

signals elicited through the Rho GTPases Cdc42 and Rac1. Cdc42 is directly 

recruited by WASP and N-WASP, while Rac1 conveys its message to 

WAVE through Nck and JSPC300 (22). The WASP family has additional 

domains that bind regulatory phosphatidylinositol 4,5 biphosphate thereby 

localizing the Arp2/3/WASP complex to the membrane, and profilin, which 

supplies the monomeric actin for polymerization (20). 

A second group of proteins involved in actin nucleation is the Ena/VASP 

family that includes Ena (Mena), VASP and EVL (Ena-VASP-like) (23). 

These proteins are primarily positioned in lamellipodia and, unlike Arp2/3, 

also at the tips of filopodia, although they can be found in focal adhesions 

and adherens junctions. The Ena/VASP family can interact with profilin and 

actin and have been shown to increase nucleation of actin in vitro. The 

mechanism of action of these nucleating proteins is less understood. 

Interestingly, fibroblasts that lack Ena/VASP move straight longer distances 

(persistence). In contrast, cells that have Ena/VASP directed to the plasma 

“
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membrane exhibit an increase in both the rate of protrusion and retraction of 

lamellipodia, resulting in a net decrease in translocation (24, 25). These 

observations have led to the idea that Ena/VASP proteins enhance actin 

polymerization at the membrane by acting as anti-capping proteins. Growth 

factor signals find their way to Ena/VASP proteins through cAMP-

dependent protein kinase A (PKA), which phosphorylates and inhibits their 

actin nucleation activity. Recently, LPD (lamellipodin) was identified as an 

Ena/VASP associated protein necessary for lamellipodial protrusion (26). 

A third group is the Diaphanous-related formin homology proteins: 

mDia1, 2 and 3, which are involved in the control of stress fiber and focal 

adhesion formation downstream of Rho and Rho Kinase (ROCK) (27, 28). 

mDia proteins nucleate unbranched actin filaments in vitro and bind to 

profilin. Rho GTPase binds to mDia proteins breaking intramolecular 

interactions that maintain mDia inactive (29). 

Polymerization of actin occurs only if the growing ends are uncapped. 

Gelsolin is one of the capping proteins that normally prevents actin 

polymerization in resting cells (15, 30). A rise in Ca2+ activates gelsolin, 

promoting binding to actin, severing of filaments and capping. A subsequent 

increase in polyphosphoinositides detaches gelsolin from the actin filaments, 

uncapping them and producing new nucleation sites.  

While the forementioned proteins regulate polymerization at the growing 

(+) end of the actin filaments the ADF/cofilin family regulates the rate of 

actin depolymerization at the pointed (-) end by enhancing the rate of 

dissociation of ADP-actin at these ends (14, 31). Although this activity 

would reduce the number and size of actin filaments, ADF/cofilin has a 

weak severing activity, resulting in the formation of new nucleation sites and 

therefore an increase in actin polymerization. ADF/cofilin is regulated by 

phosphorylation and competitive phosphoinositide binding. LIM-kinases 

phosphorylate and inactivate ADF/cofilin (31) through growth factor 

induced regulation of Rho GTPases. Recently a phosphatase, chronophin, 

has been identified as a regulator of ADF/cofilin (32). Chronophin directly 

dephosphorylates ADF/cofilin and its absence results in the stabilization of 

stress fibers as well as massive cell division defects. 

4. SIGNALING PATHWAYS REGULATING ACTIN 

POLYMERIZATION AND CONTRACTILITY 

Physiological and pathological processes where cell migration is 

involved need to modulate the function and organization of the actin 

cytoskeleton in a timely and coordinated manner (2, 6). Crucial in our 

understanding of the regulation of the actin cytoskeleton was the discovery 
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of the Rho-family of GTPases (33, 34). These proteins behave as molecular 

switches cycling between GTP and GDP bound forms in response to stimuli 

such as growth factors that induce migration. Rho GTPases are activated by 

exchange of GDP for GTP via guanine nucleotide exchange factors (GEFs), 

enabling interactions with specific downstream effectors that modify the 

actin cytoskeleton function and organization. They are inactivated through 

the action of guanine activating proteins (GAPs). The three original 

members of this family, RhoA, Rac1 and Cdc42, where found to be critical 

regulators of stress fibers, lamellipodia and filopodia respectively (33). As 

mentioned above, major targets for Rac1 and Cdc42 are the WASP and 

WAVE family of Arp2/3 complex activators (20, 21). Rac1 stimulates 

lamellipodia protrusion by activating WAVE proteins, while Cdc42 binds to 

WASP and together they activate Arp2/3. WAVE and WASPS may 

themselves regulate the activity of Rac and Cdc42 by binding to GAPs and 

GEFs, creating feedback loops that regulate actin polymerization. 

Establishing cell polarity is important to achieve efficient migration (2). 

Rho GTPases, phosphoinositide 3-kinases, integrin microtubules and 

vesicular transport play an important role in establishing polarization (35). In 

addition to promoting actin polymerization, Cdc42 is crucial in determining 

and maintaining polarization, with modification of its expression disrupting 

polarization (36, 37). One of the mechanisms used by Cdc42 to generate 

polarity is to limit the sites of protrusion. This GTPase can also modulate the 

polarity by redistributing the microtubule-organizing center (MTOC) in front 

of the nucleus facing the leading edge (38). This orientation of the MTOC 

helps microtubules penetrate the lamella, stimulating further protrusion in 

that direction and increasing persistence (39). Cdc42 may also work together 

with PI3K and PTEN to maintain polarity. PI3K phosphoinositide products 

accumulate at the leading edge of cells exposed to chemoattractants (40, 41) 

and are necessary for Cdc42 to localize to the leading edge (42). PTEN 

functions to counteract PI3K by dephosphorylating PI3K products. 

Interestingly, Cdc42 is thought to be involved in the exclusion of PTEN 

from the leading edge, restricting it to the sides and the trailing edge (42). 

Thus Cdc42 and PI3K generate a positive loop that promotes accumulation 

of phosphoinositides at the leading edge. This pathway also leads to 

increased actin polymerization through activation of RacGEFs by 

phosphoinositides (43). This activates Rac at the leading edge, which in 

addition to its interaction with Ena/VASP proteins that promote actin 

polymerization, it establishes a positive polarization feedback loop by 

reinforcing the activity of PI3K, stabilizing microtubules, promoting 

recruitment of integrins and forming new adhesions (44, 45).  
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RhoA and myosin-light chain kinase (MLCK) are the major regulators  

of actin cytoskeleton contractility, through the direct or indirect 

phosphorylation of the myosin light chain, activating myosin and generating 

contractility. The contractility induced by RhoA is necessary for the 

production of stress fibers and focal adhesions (46, 47). Several downstream 

effectors of RhoA have been described, including ROCK and mDia1. ROCK 

stimulates myosin II–driven contractility through phosphorylation and 

inactivation of the myosin light chain phosphatase (48, 49) and by direct 

phosphorylation of the myosin light chain (MLC) (50). Inhibition of ROCK 

function by chemical inhibitors or dominant negative mutants prevents the 

formation of focal contacts (51, 52), but not of focal complexes. After 

lamellipodia protrude, the initial adhesion (focal complex) is dependent on 

Rac1, but maturation into a focal adhesion depends on RhoA and 

contractility. The maturation of focal adhesions can be rendered independent 

of ROCK if external forces are applied, in which case mDia1 is necessary 

and sufficient to produce the maturation of the focal adhesion (53). RhoA 

induced contractility during cell migration is mostly restricted to the trailing 

edge as Cdc42 and Rac1 at the leading edge decrease RhoA activity (54). 

RhoA activation at the rear of the cell results in the generation of tension on 

the rear adhesions and helps detachment of this region. Inhibition of RhoA 

results in the formation of elongated tails that do not detach, reducing net 

migration (55).  

5. CELL MOTILITY IN TUMOR INVASION  

AND METASTASIS 

Historically, evidence for tumor cell movement was initially inferred 

from the analysis of cell positions in tissue sections obtained from 

histological specimens (56, 57). The position of single cancer cells at some 

distance from the invasion front was used as the main argument for 

locomotion. The problem with this static morphology approach was that the 

possibility of passive shifting could not be ruled out. For example, detached 

tumor cells could be transported passively by the streaming forces generated 

by the higher interstitial pressure in the tumor as compared to the normal 

surrounding tissue (57). Complicating the picture, a great number of 

histological studies using serial sectioning to reconstruct the architecture of 

the whole tumor, demonstrated that in most cases of human carcinoma, a 

cohesive structure was the most common form of invasion, while single cells 

were rarely seen and only at very late stages of the tumor. These type of 

studies suggested that in human carcinomas, at least in the initial stages of  
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invasion, migration of collective cells thrusting out wedges, tongues or 

sheets would be the prevailing form of migration. This type of movement  

would resemble the epibolic morphogenetic movements of surface cells seen 

in the amphibian egg (58). Again, these studies could not rule out the 

possibility that the collective movement of carcinoma cells was a 

consequence of passive displacement, for example, the passive growth of a 

tumor extending its mass into an anatomic path of least resistance.  

Microcinematography provided direct evidence of carcinoma cell 

movement using an in vivo experimental system. The studies pioneered by 

Wood showed that carcinoma cells injected directly into the rabbit ear 

vasculature could actively move out of the vessels (59). Time lapse filming 

was also used by others to demonstrate that the metastatic potential of 

carcinoma cells correlates with their ability to extravasate in this type of 

experiments, although this was not always the case (58).  

The use of digital imaging, new molecular biology techniques and 

improved model systems has allowed investigators to examine more closely 

the role of cell movement during the metastatic cascade. An example is the 

analysis of intravasation, a step in the metastatic cascade in which primary 

tumor cells enter blood vessels. Using confocal time lapse microscopy of 

GFP labeled cells Segall et al. were able to study the motile characteristics of 

mammary carcinoma cells with different intravasation potential (60, 61). 

Interestingly, both intravasating and non-intravasating cells showed similar 

motile characteristics, namely equal protrusive activity, however, the 

metastatic cells oriented better towards blood vessels, indicating that motility 

per se is not enough to produce metastasis and that chemotactic factors, such 

as growth factors secreted by endothelial cells, may be needed to maximize 

intravasation.

The morphology of a variety of tumor cells migrating in vivo or in 3D 

matrices in vitro is substantially different from that observed in 2D cultures. 

The cells are more rounded, the protrusions are pseudopodial rather than 

lamellar, the adhesive structures such as focal adhesions are reduced and 

stress fibers are absent (62). This has led to the idea that migration of some 

tumor cells may resemble the ameboid movement of leukocytes rather than 

mesenchymal cells (63). One of the most important differences between the 

ameboid and mesenchymal types of migration is the way the cells generate 

the anchorage necessary for traction. In the case of cells with a mesenchymal 

type of movement the traction is transmitted through adhesive structures 

anchored to the substrate (62). In contrast, cells embedded within a 3D 

substrate showing ameboid type of movement gain non-adhesive anchorage 

or “mechanical anchorage” by pushing narrow protrusions through gaps in 

the gel meshwork and expanding the protrusion so that it cannot be easily  
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withdrawn, therefore gaining leverage for traction (62). For cells that can 

move quickly using ameboid movement, such as neutrophils, forming  

adhesions slows their migration. This type of migration has been observed in 

several experimental tumors, such as V2 kidney carcinoma and Ras 

transformed mammary carcinoma (59, 60). Ameboid movement has also 

been observed in lymphoma and leukemia cells (64). Some static 

morphology studies of human carcinoma suggest that ameboid movement 

may occur during invasion. For example, tumor cells caught “in fragranti” 

invading blood vessels have morphologies consistent with ameboid 

movement (56). Future studies are needed to understand better this type of 

movement in carcinomas.  

Collective migration of cells is well documented in several stages of 

embryonic morphogenesis and during wound healing (58). This type of 

migration has also been shown in groups of tumor cells grown in vitro (65, 

66). In these studies the cells at the periphery of the group generate traction 

through lamellipodial or pseudopodial activity, with the cells behind them 

being dragged passively. In 3D matrices, these experimental tumors may 

resemble the tongues of invasion observed in a wide variety of human 

carcinoma and even provide a mechanism for the formation of isolated 

clusters of cells detached from the main mass of the tumor. However, no 

direct observation of collective movement has been possible in human 

tumors and more studies are needed to show that collective invasion is not a 

consequence of a group of cells growing passively into paths of least 

resistance. Importantly, the experimental 3D models describing collective 

invasion in vitro may not reflect the reality of well differentiated invasive 

tumors which usually have a well preserved basement membrane (67) that 

may hinder the protrusive activity seen in experimental models.  

6. DEREGULATION OF ACTIN 

POLYMERIZATION AND CONTRACTILITY 

DURING INVASION AND METASTASIS 

Considering the critical role of cell migration, and hence the actin 

cytoskeleton in invasion and metastasis it is not surprising that a substantial 

number of alterations in the function of the actin cytoskeleton have been 

described. These changes can be observed at different levels and range from 

a dysfunction in the cytoskeleton basic building blocks, the assembling 

machinery, and higher level regulators. 
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-actin. A number of studies report mutations in the basic unit of the 

cytoskeleton (68, 69). A mutation in G244D is thought to enhance the 

tumorigenic capability of immortalized human fibroblasts inoculated in 

rodent models. In melanoma cells the mutation R28L has been associated 

with tumor progression in mice. 

Myosin II. No mutations have been described for the basic motor of the 

actin cytoskeleton. Yet, it is an important target of regulatory proteins 

involved in tumor progression. 

Arp2/3. There are only a few studies of Arp2/3 in cancer. A reduction in 

the expression of Arp2/3 has been observed in gastric tumors (70). In this 

study, 31 primary cancer samples showed decreased expression of at least 

one subunit, and 25 samples showed decreased expressions of four or more 

of the seven subunits. In contrast, immunohisotochemical analysis of 

colorectal tumors showed that both carcinoma and associated stromal cells 

had elevated Arp2/3 expression with a higher degree of atypia (71). More 

studies are needed to clarify the role of Arp2/3 in cancer.  

WASP/WAVE. Defects in these proteins severely affect the immune 

system as observed in early studies of the Wiskott Aldrich Syndrome, which 

results from mutations in the WAS gene and is characterized by eczema, 

thrombocytopenia and immunodeficiency. There are several studies 

suggesting the involvement of the WASP/WAVE family in cancer, although 

a primary defect in the protein has not been reported. For example, in highly 

invasive MDA-MB-231 breast carcinoma cells WAVE3 knockdown results 

in the inhibition of cell motility and invasion, coupled with increased actin 

stress fiber formation, as well as reorganization of focal adhesion complexes. 

Knockdown of WAVE3 also affects the expression of phospho-p38 MAPK 

and metalloproteinases (72). In a different study malignant B16F10 mouse 

melanoma cells, which are highly metastatic, expressed more WAVE1 and 

WAVE2 proteins and showed higher Rac activity than B16 parental cells, 

which are neither invasive nor metastatic. Moreover, membrane ruffling, cell 

motility, invasion and metastasis of the B16F10 cells were suppressed by 

WAVE2 RNA interference (RNAi) (73). To define mechanisms by which 

WASP/WAVE proteins promote invasion, the sites of N-WASP activity 

during cell motility and invasion in carcinoma cells were examined using a 

fluorescence resonance energy transfer (FRET) biosensor that distinguishes 

between the active and inactive conformations of N-WASP. This study 

showed N-WASP is involved in lamellipodia extension, where it is activated 

at the leading edge, as well as in invadopodia formation where it is activated 

actin cytoskeleton in cancer

Alterations in the basic assembling machinery of the 6a. 
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at the base. Invadopodia are membrane protrusions that extend deeply into 

the ECM promoting degradation (74, 75). The branching and architecture of 

tumors may also be affected by WASP/WAVE proteins. Madin-Darby 

canine kidney (MDCK) epithelial cells form branching tubules and are 

invasive when cultured with hepatocyte growth factor (HGF) in collagen 

gels. A dominant-negative form of N-WASP inhibited the formation of 

branching tubules and invasion in response to HGF (76). 

Gelsolin. Gelsolin is a widely distributed actin binding protein involved 

in controlling cell morphology, motility, signaling and apoptosis (15, 30). Its 

role in cancer is still inconclusive. A reduction in gelsolin expression has 

been observed in diverse types of tumors, with most of these studies 

showing an inverse correlation with malignancy, suggesting it may behave 

as a tumor suppressor (77-80). Moreover, gene therapy that restores gelsolin 

expression in bladder carcinoma cells inoculated in nude mice can notably 

reduce tumorigenesis (81). In contrast with these studies, increased gelsolin 

expression has been detected in breast cancer (82). Supporting the idea that 

gelsolin is a tumor promoter rather than a suppressor, is the fact that the 

expression of gelsolin in MDCK cells promotes Ras/Rac-dependent invasion 

into collagen type I and chick heart fragments (83). Clearly more studies are 

needed to clarify the role of gelsolin in cancer.

ADF/Cofilin. This protein may play an important role in cancer at 

multiple levels. As mentioned, the ADF/Cofilin family of actin-binding 

proteins increase microfilament dynamics by a filament-severing activity 

and by increasing the rate at which actin monomers leave the pointed (-) end 

of the filament, facilitating cell movement (31). The involvement of 

ADF/cofilin in cancer was initially suggested by the finding that in 

adenocarcinoma cells it was required to produce lamellipodia (84). Other 

studies have supported this idea, with overexpression of ADF/cofilin 

correlating with increased cell migration in glioblastoma cells (85). The 

position of ADF/cofilin within the cell may be critical for its involvement in 

cancer. In this regard, ADF/cofilin has been shown to be present in 

invadopodia and be important for invadopodia maturation (75). Evidence for 

direct deregulation of ADF/cofilin in human cancer is still lacking, although 

increased levels have been found in ovarian tumors by cDNA-array analysis 

(86). More likely, ADF/cofilin is a target of signaling pathways that promote 

invasion. For example, ADF/cofilin has been shown to participate in the 

reorganization of the cytoskeleton that occurs in Ras transformed cells. In 

Ras transformed cells, ADF/cofilin phosphorylation is compromised by 

inhibitory action of p21(Cip1) on the ROCK/LIM/cofilin pathway (87). 

ADF/Cofilin is inactivated by serine phosphorylation by LIM kinases, which 

lie downstream of the Rho family GTPases being activated by 

phosphorylation by Rho kinase PAK (14). 
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Cortactin. Cortactin is an important molecular scaffold for actin 

assembly and organization. It is an F-actin binding protein that activates 

Arp2/3 complex and is localized within lamellipodia (18, 19). Cortactin-

knockdown cells have a selective defect in the persistence of lamellipodial 

protrusions (19). It binds directly to Arp2/3 and can synergize with WASP 

family proteins in the stimulation of actin polymerization. Cortactin is 

recruited by the Arp2/3 complex to lamellipodia and binds with a higher 

affinity to ATP F-actin than to ADP-F-actin (19). It also stabilizes Arp2/3 

networks by inhibiting debranching. Cortactin is probably also an integrator 

of signaling pathways that regulate actin polymerization as it is a substrate 

for Src and other protein tyrosine kinases involved in cell motility, where its 

phosphorylation on tyrosines is required for cell movement and metastasis. 

The involvement of cortactin in cancer was suspected initially by the fact 

that gene amplification of chromosome 11q13 in breast cancer and 

squamous carcinomas of the head and neck results in frequent 

overexpression of cortactin (88, 89). In experimental systems, cortactin 

overexpressing cells have been shown more motile and invasive. 

Overexpression of cortactin in a non-metastatic HCC cell line increased cell 

motility, and resulted in metastasis in an orthotopic model (90). Cortactin 

has been shown to be important in the formation of invadopodia. Anti-

cortactin antibodies block matrix degradation at invadopodia (91). In 

addition it is present in podosomes, which are membrane invaginations 

surrounded by an actin network that also contains cortactin (92). Cortactin is 

also involved in coupling the endocytic machinery to dynamic actin 

networks, and it has been shown that overexpression of cortactin may inhibit 

the down-regulation of growth factor receptors such as EGFR which may 

impact further reorganization of the actin cytoskeleton (93).  

MIM. This protein was originally described as a protein whose mRNA 

was Missing in Metastasis (MIM), as it was absent in metastatic bladder 

carcinoma cell lines (94). The MIM gene encodes an actin binding protein 

that is expressed at low levels in a subset of malignant cell lines. It 

colocalizes and interacts directly with cortactin (95) and promotes cortactin 

and Arp2/3 complex-mediated actin polymerization. Full-length MIM binds 

to G-actin and inhibits N-WASP actin polymerization. Overexpression of 

MIM inhibited the motility of NIH3T3 fibroblasts resulting in the 

disappearance of actin stress fibers and appearance of abnormal actin 

filament structures(95). The motility was restored in these cells with N-

WASP. However, a MIM mutant unable to bind G-actin, enhanced cell 

motility. In contrast, preventing MIM binding to cortactin, increases MIM-

mediated inhibition of cell motility. (95). A variant MIM-B induces actin-

rich protrusions and promotes disassembly of actin stress fibers. MIM-B is 

an actin-binding protein, probably via a WASP-homology 2 domain (actin 
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monomer-binding motif) and interacts with the cytoplasmic domain of 

protein tyrosine phosphatase (PTP) (96). Thus, MIM-B may be a regulator 

of actin assembly downstream of tyrosine kinase signalling and this activity 

may explain the involvement of MIM in the metastasis of cancer cells. (96). 

Recombinant MIM interacts with actin monomers and inhibits actin filament 

nucleation in vitro. However, the MIM/ATP-G-actin complex can participate 

in actin filament assembly at the barbed end (97). It will be interesting to 

define what functions of this tumor suppressor are directly related to the 

invasive phenotype. 

Signals generated by growth factors, cytokines, cell adhesion receptors 

and other surface receptors converge onto the Rho GTPase family of 

proteins that in turn regulate actin cytoskeleton polymerization and 

contractility.

Several members of this family are thought to participate in human 

cancer not only at the level of cytoskeletal organization, but also at the levels 

of gene expression, cell proliferation and survival (98-100). To date, no 

mutations have been detected in the Rho GTPase members, however 

increased activity or expression is commonly observed in several types of 

tumors, including breast, colon, pancreas, and squamous cell carcinomas, as 

well as melanomas, correlating with increased malignancy. There are eleven 

Rho specific isoforms, and whilst RhoA has been the most characterized 

isoform, recent attention has been given to the highly homologous RhoB and 

RhoC isoforms. It is now clear that all Rho proteins are not equal and these 

proteins have been shown to have distinct roles in both cytoskeletal 

dynamics and caner. In inflammatory breast carcinoma (101) and melanoma 

(102) cells, RhoC is overexpressed, correlating with the metastatic potential 

of the cells. Moreover, genetic manipulation of weakly metastatic cells to 

overexpress RhoC increases their metastatic potential (102, 103). These 

studies have been supported in RhoC-deficient mice whereby tumor 

development remains unaffected and motility as well as metastasis were 

inhibited (104), and by RNAi in invasive breast carcinoma cells (105). 

Interestingly, RhoC has also been implicated in regulation of tumor 

angiogenesis (106) and RhoB has been shown to play a developmental role 

in endothelial cell survival during vasculature development (107). 

Inhibition of RhoA, Rac1 or Cdc42 through dominant-negative 

approaches can impede transformation of fibroblasts by Ras (98). While 

dominant-negative and constitutively active approaches together with 

6b. The regulators of the actomyosin system in cancer
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bacterial toxin treatments and biochemical inhibitors have been conventional 

tools to study Rho functionality, they cannot distinguish between isoforms 

due to high sequence similarity in the functional regions of the genes. RNAi 

has now made this possible. Knockdown of RhoA and RhoC in invasive 

breast carcinoma cells revealed independent and co-dependent functions for 

these genes, with increased motility observed after knockdown of RhoA, 

which was attributed to increased RhoC activity (105). 

Inhibition of Rho effectors can also efficiently reduce carcinoma cell 

migration. For example, ROCK, which induces myosin contraction through 

direct and indirect phosphorylation of the myosin light chain, can be 

inhibited using the pharmacological inhibitor Y27632 resulting in reduced 

migration of breast and prostate carcinoma cells (108, 109). 

In several types of tumors the proteins that regulate the GTP/GDP cycle 

of Rho GTPases may function inadequately. For example, increase in the 

activity of GEFs such as Tiam1, PIX and Vav1 can induce tumors and have 

been isolated in screens for transforming genes (99). Tiam1 is a Rac-specific 

GEF and has been shown to be mutated in some renal carcinomas, and can 

inhibit invasion of renal carcinoma cells in vitro (110, 111). GAPs such as 

p190RhoGAP can act as tumor suppressors. For example, p190 RhoGAP is 

activated by Src resulting in the inhibition of Rho, acting as a tumor 

suppressor in gliomas (112, 113). 

An increase in Rho activity may be a consequence of upstream 

dysregulation. An important target of growth factors and cytokines is PI3K, 

whose products such as PtdIns(3,4,5)P3 can mediate the activation of Rho 

GTPases and direct cell motility (114). Integrins can differentially activate 

RhoA or Rac1 in carcinoma cells. For example, in a human squamous 

carcinoma model, the  integrin may inhibit RhoA and stimulate Rac1 

when cells attach to laminin resulting in increased migration, while the 

integrin may stimulate RhoA when cells attach to collagen and reduce 

migration (115), highlighting the importance of the tumor environment to 

determine the activity or Rho GTPases.  

RhoA is critical in the regulation of forces generated by the cytoskeleton 

and transmitted to the substrate by integrins. These forces have profound 

effects in developmental processes such as embryonic branching, 

determining cell behavior and architecture. Tissue compliance is important 

in determining these forces and can alter morphogenesis. Malignant 

transformation may be associated with changes in the tissue tension and 

ECM stiffening, probably explaining the increase in RhoA expression 

observed in certain tumors such as breast (116). The RhoA dependent 

generation of force can impact the reorganization of basement membranes, 

the integrity of which is altered during invasion. Several tumor cells show 

increased Rho-dependent ability to reorganize the basement membrane, 
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which could potentially contribute to the dissemination of the cells (117, 

118). The regulation of RhoA by integrins can also affect the persistence in 

cell migration. In a recent study v  integrins that mediate attachment to 

fibronectin promote a persistent form of migration, which can be changed to 

a random type of migration when RhoA is stimulated by the integrin ,

resulting in the inhibition of cofilin (119). 

Inhibition of Rac1 function or expression by using dominant negative or 

RNAi strategies results in inhibition of cell migration and invasive behavior 

in some cell types, such as breast carcinoma and glioma cells (120, 121). 

Although the constitutively activated form does not necessarily increase 

migration, as is the case for the MDA-MB-435 cells (122), in some cases it 

can inhibit migration, as seen in HeLa cervical carcinoma cells or clear Ca-

28 renal carcinoma cells (111, 123). A possible explanation for this 

discrepancy is that Rac may need to actively cycle between the GTP and 

GDP bound forms in order to be functional. In melanoma cells, 

constitutively active Rac1 can induce invasion, and WAVE2 was identified 

as the primary downstream effector mediating this response (73). The 

collaboration of the different Rho GTPases can be observed in several 

instances, for example, Cdc42 can collaborate with Rho through MRCK 

(myotonic dystrophy kinase-related Cdc42-binding kinase) signalling to 

inhibit the myosin light chain phosphatase, increasing the phosphorylation of 

MLC resulting in increasing contractility and invasive ability (124). 

Considerable advances have contributed to our understanding of how the 

actin cytoskeleton works and is regulated. Research on the actin 

cytoskeleton of the past few years has provided important and exciting clues 

on the mechanisms of cell migration and carcinoma invasion. The discovery 

of Arp2/3, WASP and Ena/VASP offer reliable explanations about the fine 

working assembly machinery of the actin cytoskeleton. The studies on the 

Rho GTPase family have provided a clear picture of the regulatory network 

that controls the actin cytoskeleton and how signals of different hierarchy 

converge to control the function of the actomyosin system. Several of these 

proteins are affected during tumor progression and their effect is not only 

seen in cell migration and invasion but also in other cell functions such as 

proliferation, apoptosis, differentiation and gene expression. Some of the 

proteins involved in the assembly or regulation of the actin cytoskeleton 

could be potential therapeutic targets. The use of in vivo models and mouse 

genetics should be useful to determine interactions between the different 

elements that integrate the actomyosin system. A challenge for the future is 

7. CONCLUSIONS AND PERSPECTIVE 
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to determine how genes involved in tumor progression may disturb the actin 

cytoskeleton to induce an invasive phenotype in tumor cells. This will 

greatly aid the design of pharmacologic or genetic agents that may target the 

function of the actin cytoskeleton in a rational way to prevent cell 

dissemination.
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Abstract: The FERM domain protein EHM2 (EPB41L4B) was first isolated and 

characterized based on its elevated expression in highly metastatic mouse 

melanoma cells. We recently found that human EHM2 is androgen-regulated 

in a cancer cell line model of steroid-induced cytoskeletal reorganization, and 

expression profiling analyses by others have shown that it is a primary steroid-

regulated gene in rat liver and human lung cells. Bioinformatic analysis of 

human EHM2 revealed that it is a member of a unique subfamily of FERM 

domain proteins that includes the Drosophila YURT gene. Analysis of YURT 

protein functions in Drosophila have shown that it is required for dorsal 

closure during embryogenesis and is involved in mediating epithelial cell 

migration. We have used immunostaining to analyze steroid-induced and 

ectopic expression of EHM2 in the human fibrosarcoma cell line HT-1080 and 

found that it is localized to the cell membrane and associated with cytoskeletal 

reorganization. We have also found that EHM2 is highly expressed in the 

metastatic prostate cancer cell lines LNCaP, DU-145 and PC-3 cells, and 

moreover, that EHM2 transcripts are present at significantly higher levels in 

human prostate tumors than in non-malignant prostate cells. Based on these 

data, we propose that elevated expression of EHM2 may enhance the 

metastatic properties of advanced prostate cancers.     
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1. EHM2 IS A MEMBER OF THE FERM DOMAIN 

FAMILY OF CYTOSKELETAL PROTEINS 

Cancer biologists have long studied cytoskeletal reorganization and cell 

attachment to extracellular matrices to determine the mechanisms that 

control metastatic potential (1, 2). Proteins involved in coordinating events 

at the plasma membrane through protein interaction domains or modules 

have been identified using molecular genetic and biochemical approaches. 

One such family of proteins are those containing a FERM (Four.1 protein, 

Ezrin, Radixin, Moesin) domain which functions as a protein docking 

surface with the cytosolic tail of transmembrane proteins such as CD44 (3). 

The molecular structures of several FERM domain proteins have been 

solved (4-6) and these data reveal that FERM domains consist of a three 

lobes (F1, F2, F3) which together form a protein binding surface. The F1 and 

F2 domains are the most highly conserved amongst all FERM domain 

proteins, and the F3 domain has been shown to encode binding sites that 

contribute to target protein specificity (6).  

Figure 1. Functional organization of representative FERM domain proteins. The FERM 

domain is a conserved ~300 amino acid sequence found in numerous proteins associated with 

the cytoskeleton. The Band 4.1 and ezrin proteins are the best characterized and function as 

"tethers" that link the cytoskeleton to the cytoplasmic domain of membrane proteins. The 

Rho-GEF (guanine nucleotide exchange factor) and PTP-NT (protein tyrosine phosphatase) 

FERM domain proteins are thought to function as targeted signaling proteins that associate 

with the plasma membrane. Bioinformatic analysis of the EHM2 coding sequence does not 

reveal any protein motifs outside of the FERM domain. 

The FERM domain contains ~300 amino acids (7), and is represented by 

a large family of highly conserved proteins belonging to 11 distinct 

subfamilies based on bioinformatic analysis (8). As shown in Figure 1, most 

FERM domain proteins contain an N-terminal FERM domain that is linked 
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to one or more C-terminal components encoding an actin binding domain, a 

protein tyrosine phosphatase, or even a Rho guanine nucleotide exchange 

factor (GEF) function (3, 9). One of the best characterized FERM domain 

proteins is ezrin which has recently been shown to be over-expressed in 

advanced stage human rhabdomyosarcomas and required for Rho-mediated 

signaling in a metastatic rhabdomyosarcoma cell model (10). Ezrin is also 

expressed and androgen-regulated in prostate cells (11), although it is not 

known if ezrin contributes to metastasis in prostate cancer.  

We are interested in steroid-regulation of cancer cell phenotypes and 

recently developed a model to investigate androgen control of cytoskeletal 

organization using the human fibrosarcoma cell line HT-1080 (8, 12). We 

discovered that reconstitution of androgen receptor (AR) expression in a 

subclone of HT-1080 cells called HT-AR1, uniquely induces growth arrest, 

cytoskeletal reorganization, and neuroendocrine-like cell differentiation. 

Expression profiling analyses revealed that androgen treatment of HT-AR1 

cells with dihydrotestosterone (DHT) leads to coordinate expression of 

numerous genes associated with cytoskeletal reorganization, including 

EHM2 (13), RhoB (14), PTGF-  (15), caveolin-2 (16), Egr-1 (17), and 

myosin 1B (18). While it is possible that each of these genes contributes to 

the observed androgen response, we were particularly interested in EHM2 

because the mouse ortholog had previously been reported by Shimizu et al. 

(19) to be associated with cell metastasis. In addition, EHM2 has recently 

been shown to be a primary glucocorticoid-regulated gene in a human lung 

cancer cell line (20) and rat liver cells (21), suggesting that androgen 

regulation in HT-AR1 cells is a direct effect of AR.  

Unlike most FERM domain proteins that contain a second functional 

domain in the C-terminal region, EHM2 lacks such signature sequences 

based on extensive bioinformatic analysis (Figure 1). This suggests that 

EHM2 either encodes a novel activity, or perhaps, functions as a dominant 

negative modulator of other FERM domain proteins. Since FERM domain 

proteins have been implicated in cytoskeletal organization and cell motility 

(3, 7, 13), we characterized the expression of the human EHM2 gene in the 

HT-AR1 cell model (8). We found that DHT treatment results in rapid 

induction of a 3.8 kb transcript that encodes a protein of 504 amino acids, 

and moreover, that this same transcript is present in human testes, prostate 

and breast tissue. The Drosophila ortholog of EHM2 called YURT, has also 

been characterized (13) and shown to be localized to the apical and lateral 

domains of the plasma membrane and involved in epithelial cell migration. 

Genetic analysis demonstrated that YURT is required for dorsal closure 

during embryogenesis and that loss-of-function mutations are embryonic 

lethal. Consistent with these findings, the murine EHM2 gene is expressed 

during days 7-17 of embryogenesis at a time when tissue development is 

critical (19).
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2. DIHYDROTESTOSTERONE TREATMENT OF 

HT-AR1 CELLS STIMULATES CELL 

MIGRATION 

Our finding that DHT treatment of HT-AR1 cells induces growth arrest 

and neuroendocrine-like cell differentiation, suggests that HT-1080 cells 

may have been derived from a stem cell cancer (8). To better characterize 

this steroidal response at the cellular level, we used time lapse 

videomicroscopy to record cell movement over a five hour period in the 

presence and absence of DHT. Surprisingly, these analyses revealed that 

DHT treatment induced rapid changes in cell morphology and migration 

(12). We have now used this time lapse videomicroscopy data to 

quantitatively determine the movement of individual cells under the two 

different culture conditions. As shown in Figure 2, DHT treatment induced a 

significant increase in cell migration, suggesting that androgen-regulated 

gene expression results in altered cell migratory properties in this cancer cell 

model.

Figure 2. Dihydrotestosterone treatment of HT-AR1 cells induces cell migration. Time lapse 

videomicroscopy was used to measure cell migration in HT-AR1 cell cultures treated with 

steroid for five hours (10 nM DHT). A) Representative pictures taken 20 minutes apart 

showing the migration of a single cell as highlighted by the arrow. Images were captured 

using a grayscale CCD camera mounted on an inverted Olympus IMT2 microscope equipped 

with a BiopTechs Delta T live cell system (Bioptechs, Inc. Butler, PA.). B) Quantitation of 

cell migration in HT-AR1 cell cultures as a function of DHT treatment. Cell migration was 

measured using SimplePCI 4.0 software (Compix Imaging Inc, Cranberry Township, PA.) to 

track the movement of twenty cells over a five hour period and the mean and standard 

deviation of cell movement (in mm) is shown. Statistical analysis revealed that DHT 

treatment caused a significant increase in HT-AR1 cell migration over this time period as 

shown by the asterisks (p<0.0001). 
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3. EXPRESSION OF EHM2 PROTEIN IS 

ASSOCIATED WITH CYTOSKELETAL 

REORGANIZATION 

We characterized EHM2 protein expression in HT-AR1 cells using 

polyclonal antibodies directed against the unique C-terminal region. For 

these experiments, a polypeptide of 150 amino acids corresponding to the 

unique portion of the F3 subdomain and 100 amino acids beyond the FERM 

domain, was produced in bacteria and used as an antigen to generate rabbit 

polyclonal antibodies. As shown in Figure 3, EHM2 immunostaining of HT-

AR1 cells cultured on fibronectin-coated coverslips in the presence or 

absence of DHT showed a dramatic increase in EHM2 protein expression 

that was associated with the cell membrane. The punctate pattern of EHM2 

staining was most pronounced in cells that had undergone cytoskeletal 

reorganization and was consistent with localization of this FERM domain 

protein to the cell membrane. We also observed an increase in nuclear 

staining in DHT-treated cells, although the basis for this is unknown and 

could reflect cross-reactivity of the antibody.  

Figure 3. Androgen-induction of EHM2 protein expression in HT-AR1 cells. A) A rabbit 

polyclonal antibody was generated using a 150 amino acid polypeptide derived from the C-

terminal region of human EHM2 which includes ~50 amino acids of the extended F3 domain. 

B) Immunostaining of HT-AR1 cells cultured on fibronectin-coated coverslips for three days 

in the presence or absence of 10 nM DHT. Representative fluorescent images are shown. 

Note that the punctate staining pattern of EHM2 was associated primarily with cells that had 

undergone cytoskeletal reorganization. 
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In order to investigate the structure and function of EHM2 independent 

of androgen signaling, we cloned the full-length EHM2 coding sequence 

into the tetracycline-regulated expression vector pcDNA4/TO (p4/TO) and 

attached the FLAG epitope sequence to the N-terminus. Transient 

transfection of HT-AR1 cells with either the p4/TO vector alone, the 

recombinant p4/TO -FLAG-EHM2 expression vector, or the p4/TO-FLAG-

EHM2 expression vector in the presence of the pcDNA6/TR tetracycline  

Figure 4. Ectopic expression of epitope-tagged EHM2 protein in transfected HT-1080 cells. 

A) The full-length EHM2 coding sequence containing a FLAG epitope sequence at the N-

terminus was cloned into the pcDNA4/TO tetracycline-regulated expression vector and 

transfected into HT-1080 cells. Protein extracts from cells transfected with the pcDNA4/TO 

vector alone (lane 1), the pcDNA4/TO-EHM2 plasmid (lane 2), or co-transfected with 

pcDNA4/TO-EHM2 and the pcDNA6/TR tetracycline repressor expression plasmid (lane 3), 

were analyzed by Western blots on a 4-20% polyacrylamide gradient gel using an anti-FLAG 

antibody. The location of the ~58 kD molecular weight FLAG-EHM2 protein is shown. B) 

Transfection of HT-1080 cells with the p4/TO vector alone or the p4/TO-EHM2 plasmid and 

analyzed by immunostaining using anti-FLAG antibodies. C) Western blot of protein extracts 

made from HT-TR71 cells (HT-1080 cells stably expressing the tetracycline repressor 

protein) grown in the presence or absence of doxycycline (Dox) following transfection with a 

p4/TO expression plasmid containing the 350 amino acid FERM domain of EHM2 (p4/TO-

HA-FERM) linked to the hemagglutinin (HA) epitope sequence at the N-terminus. The 

expected Dox-induced ~40 kD HA-FERM domain EHM2 protein is shown. D) Anti-HA 

immunostaining of HT-TR71 cells transfected with p4/TO-HA-FERM and cultured in the 

presence or absence Dox. 
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repressor plasmid, confirmed that the EHM2 coding sequence directed the 

expression of the full-length protein based on western blotting with anti-

FLAG antibodies (Figure 4). Moreover, immunostaining of transiently 

transfected cells with anti-FLAG antibody showed that FLAG-EHM2 

expression was associated with the cell membrane, similar to the pattern 

seen using EHM2 antibodies to analyze HT-AR1 cells treated with DHT. 

We also constructed an EHM2 expression vector in p4/TO containing the 

extended 350 amino acid FERM domain, and in this case, linked two copies 

of the hemagglutinin epitope tag (HA) to the N-terminus. Transient 

transfection of HT-1080 cells that had been stably-transfected with the 

p6/TR tetracycline repressor plasmid (HT-TR71 cells), showed that 

doxycycline treatment induced the expression of the expected ~40 kDa HA-

FERM protein. Immunostaining of transfected HT-TR71 cells cultured in the 

presence or absence of doxycycline for 48 hours demonstrated that this 

truncated EHM2 protein behaved similarly to the full-length protein. Studies 

are currently underway to isolate stable HT-TR71 transfectants that express 

either the full-length FLAG-EHM2 or HA-FERM proteins under 

doxycycline control in order to investigate the role of EHM2 in cytoskeletal 

reorganization and cell migration. 

4. HUMAN PROSTATE CANCER CELL LINES 

CONTAIN HIGH LEVELS OF EHM2 

TRANSCRIPTS  

Since EHM2 is a steroid-regulated gene in several different cell types (8, 

20, 21), and has been associated with metastasis in melanoma cells (19), we 

wondered if EHM2 might be expressed at elevated levels in prostate cancer 

cells. For these studies, we used quantitative real-time RT-PCR to analyze 

EHM2 transcript levels in the three metastatic human prostate cancer cell 

lines, LNCaP, DU-145 and PC-3, and compared this to EHM2 levels in a 

human eosinophilic leukemia cell line, EOL-1, and in HT-1080 cells. As 

shown in Figure 5, all three of the prostate cancer cell lines had higher levels 

of EHM2 transcripts than either HT-1080 or EOL-1 cells, with LNCaP cells 

having the highest amounts. Interestingly, both PC-3 and DU-145 cells do 

not express the androgen receptor, suggesting that EHM2 expression is 

androgen-independent in these cells. Since the cell lines were cultured in 

media containing 10% calf serum, rather than steroid-free media, it is 

possible that corticosteroids in the serum could be activating EHM2 

expression through the glucocorticoid receptor (20, 21). It is also likely that 

in addition to androgens, other growth promoting signals activate EHM2 

expression in prostate cancer cells. 
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Figure 5. Quantitation of EHM2 transcript levels in prostate cancer cell lines. Real-time RT-

PCR was performed on the ABI Prism 7000 sequence detection system (Applied Biosystems, 

Foster City, CA) using ABI primers for EHM2 (Hs00298360) and GAPDH (Hs99999905). 

Based on the results of triplicate experiments using total RNA isolated from each cell line, the 

PCR efficiency was calculated according to Ramakers et al. (27) and target gene ratios 

relative to GAPD gene expression were calculated using the method of Pfaffl et al. (28). The 

mean +/- standard error of the mean for each cell sample is shown. 

5. DATABASE MINING REVEALS HIGH LEVELS 

OF EHM2 TRANSCRIPTS IN PROSTATE 

CANCER

To determine if EHM2 transcript levels differ between normal tissues 

and the corresponding cancer cell types, we took advantage of the Oncomine 

database analysis tool developed by Chinnaiyan and colleagues (22, 23). At 

the time of analysis, the Oncomine database (http://www.oncomine.org)

contained 90 datasets from 6,372 microarrays which were queried for the 

expression of EHM2 (EPB41L4B) using the online analysis tool. 

Statistically significant differences (adjusted P-values <0.05) were found in 

four matched datasets from liver, pancreas, lung and prostate cells. We 

found that EHM2 transcript levels were significantly increased in prostate 
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cancer samples compared to normal or non-malignant prostate samples, 

whereas, EHM2 transcript levels were higher in normal liver, pancreatic and 

lung tissue samples as compared to cancer tissue samples. Oncomine 

analysis of the expression profiling data from the three prostate studies used 

in this comparison are shown in Figure 6. Study 1 had an adjusted P-value of 

4.1 x 10
-5

based on comparing EHM2 transcript levels in 16 BPH and 6 

normal prostate samples to that of 59 primary prostate cancer samples (24). 

Study 2 compared 15 normal prostate samples with 15 adjacent prostate 

cancer samples (25) and had an adjusted P-value of 0.04. Lastly, study 3 

compared 9 BPH samples with 16 prostate cancer samples (26) and had an 

adjusted P-value of 0.003. Importantly, a similar query of EHM2 transcript 

levels in SAGE datasets from the Cancer Genome Anatomy Project 

(http://cgap.nci.nih.gov), confirmed that EHM2 is expressed at higher levels 

in prostate cancer cells as compared to normal prostate tissue (data not 

shown).

Figure 6. EHM2 transcript levels are elevated in human prostate cancer cells. Database 

mining was performed using the Oncomine database analysis tool (http://www.oncomine.org)

developed by Chinnaiyan and colleagues (22, 23). The adjusted P-values for each dataset 

were 4.1 x 10
-5

 for study 1 (24), 0.04 for study 2 (25) and 0.003 for study 3 (26). 
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6. SUMMARY 

Steroid-regulation of cytoskeletal organization and cell migration is most 

often associated with developmental processes occurring during 

embryogenesis. However, in cancer cell types that respond to steroid 

signaling such as breast and prostate cancer, hormonal signals may also play 

a role in cell metastasis. For example, steroid signaling in cancer stem cells 

could alter the expression of genes normally involved in cell migration 

during development and thereby enhance the metastatic potential of these 

cells. The finding that FERM domain proteins such as ezrin (10) and EHM2 

(19) are over-expressed in metastatic cancers, and that both of these proteins 

are androgen-regulated (8, 11), suggest that they could contribute to prostate 

cancer progression by altering cytoskeletal structures in response to steroids. 

Clearly, future studies are warranted to better understand the role of FERM 

domain proteins such as ezrin and EHM2 in cancer cell metastasis. 
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Abstract:  The simplified epithelium of the human prostate gland is representative of a 

slowly growing but morphologically dynamic tissue. The normal prostate 

gland contains, in part, the persistent basal cell population and the putative 

stem cells. It has been postulated by others that the transformation of normal 

glandular structures into cancer glands and subsequent tumor progression may 

involve aberrant regulation of the stem cell population. In this chapter, the 

induction of cytokeratin 6 expression is postulated to participate in the 

transition of a stem cell from its specialized niche within the basal cell 

population into a differentiated state. The basic morphological features of the 

normal prostate gland are reviewed and the molecular features of the prostate 

stem cells are discussed. Data is presented to illustrate the defining features of 

a new epithelial phenotype in the prostate gland, containing both cytokeratin 6 

expression and the capability to differentiate and reach from the basal cell 

layer to the luminal surface of the gland. These results underscore the 

plasticity of the epithelial cell layers and the potential for cytokeratin 6 to 

serve as an efficient marker for an important subset of the basal cell 

population. Further investigation will be required in animal models to 

determine the essential nature of the cytokeratin 6 expression for the normal 

development of the prostate gland.

Key words: epithelium; cytokeratin 6; prostate; gland; basal cells; luminal cells; 

development; human prostate glands; stem cells; zonula occludens
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1. PROSTATE CANCER: THE CLINICAL 

PROBLEM

Adenocarcinoma of the prostate is the most common form of cancer in 

men and the second leading cause of morbidity and cancer death (1). In 

2003, about 220,900 new cases were diagnosed, of which approximately 

29,000 may progress to lethality. Cancer of the prostate is typically a disease 

of older men (age > 50 years). The age adjusted incidence of prostate cancer 

in USA is 69/100,000. There are some remarkable and inexplicable national 

and racial differences in the incidence of this disease (2). Prostate cancer is 

not common among Asians. Age-adjusted incidence among Asians is 2-

3/100,000 compared with a rate of 50-60 among US Caucasians. However, 

prostate cancer is more prevalent among the African-American population. 

Prostate cancer is a disorder of cell differentiation and cell proliferation 

with unknown cause. One hypothesis (3) is based on histopathological 

observations of abnormal morphological prostatic growth in young adults 

including the asynchronous postpubertal and fetal development of the 

prostate (4). This hypothesis proposes that the origins of prostatic diseases, 

including carcinoma, are to be found in the in utero influences of the 

developing prostate (3). Three other theories have been proposed (5). The 

first theory is that the changes in the ratios of androgens and/or estrogens 

with age stimulate prostate cell growth. The second is that alterations in 

epithelial-mesenchymal interactions, through a stimulation of the embryonic 

inductive potential of the stroma, lead to an increase in proliferation. The 

third suggests that there is an expansion of an epithelial stem cell population.  

Stem cells have not yet been definitively identified within the prostate, 

since there are currently no specific markers for prostate epithelial stem 

cells. The identification and characterization of stem cells in prostate tissue 

is widely considered as very important, because these cells may represent 

major targets of carcinogenesis. An understanding of prostatic epithelial 

biology including the location and characteristics of prostatic stem cells is 

also important, because the evolution of androgen-independent prostate 

carcinoma, a feature of tumor progression, may reflect a stem cell-like state 

of the tumor (6). 

2. THE ADULT NORMAL PROSTATE GLAND: A 

SPECIAL GLANDULAR STRUCTURE 

The normal and hyperplastic prostatic epithelium consists of two 

histologically defined cellular compartments, the basal layer and the 



105

secretory layer surrounded by a basal lamina. A third cell type, the 

neuroendocrine cells, is rare, and scattered throughout the basal and luminal 

compartments in the acini and ducts (7). 

Basal cells are androgen independent and can be distinguished from 

luminal cells by their unique expression of cytokeratins 5/14/15/17 and CD 

44 (8), and lack of expression of the prostate specific antigen (PSA). 

Another characteristic of the basal cell layer is the expression of Bcl-2, 

which usually blocks apoptosis in stem cells and other proliferating, self-

renewal compartments (9). The basal cell layer represents the proliferative 

compartment and most probably houses the prostatic stem cell population. 

Recent data on the immunolocalization of nuclear androgen receptor in the 

human prostate have indicated that basal cells can be potentially and focally 

androgen receptive, most likely those which may give rise to secretory 

luminal cells (10). In contrast, the secretory luminal cells are androgen 

dependent and express predominantly cytokeratins 8 and 18 (11), PSA and 

prostatic acid phosphatase (PAP). The basal membrane surrounding the 

prostate gland is composed of collagen IV, collagen VII, entactin, variable 

amounts of fibronectin, vitronectin and tenascin and the laminin subchains 

1, 2, 1, 2, 1 as well as 3 3 2 subchains of laminin 5 (12) and 

Laminin 10 (13). The adhesion between epithelial cells and the basement 

membrane as well as cell-cell adhesion is considered to play an important 

role in directing epithelial cell polarity and differentiation into functional 

tissues (14).

In the normal prostatic gland, two major adhesion structures mediate the 

cell to extracellular matrix (ECM) adhesion: the hemidesmosomes and the 

focal contacts (12). Hemidesmosomes (HD’s) are specialized morphological 

structures that mediate the adhesion of basal epithelial cells to the basal 

lamina in stratified and certain complex epithelia such as the prostate gland. 

HD’s provide links between the cytokeratin intermediate filaments (IF’s) and 

the extracellular matrix. HD’s are composed of a number of distinct proteins 

including the 4 integrins, HD1, BP180, BP230, IFAP300 and plectin. 

The non-covalently associated integrin heterodimer 6 4 is a 

transmembrane protein, which is considered to be responsible for the 

integration of the cytoskeleton and the extracellular matrix at the 

hemidesmosomal structure (15). Focal contacts are dynamic, heterogeneous 

structures in which transmembrane adhesion receptors (integrins) provide a 

structural link between the actin cytoskeleton and the extracellular matrix 

components. 

There is strong evidence that the stroma has influence on the 

differentiation of glandular structures in the prostate (16). However, the basic  
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processes of the maintenance of tissue homeostasis, the balance between 

differentiation and growth, in the human prostate are still very poorly 

elucidated. 

3. ALTERATION OF THE BASAL CELL 

COMPARTMENT IN EARLY CANCER 

PROGRESSION

PIN, referred to as high grade prostatic intraepithelial neoplasia, is 

considered as the precursor of prostatic adenocarcinoma. There is substantial 

evidence linking PIN and cancer (17-19). Firstly, the incidence and extent of 

PIN and cancer increase with patient age. Secondly, PIN and cancer are 

usually multiclonal and multifocal (17-21). Thirdly, the peripheral zone of 

the prostate, the area in which the majority of prostatic carcinomas occur 

(70%), is also the most common location for PIN (19, 22). The continuum 

which culminates in high grade PIN and early invasive cancer is 

characterized by progressive basal cell layer disruption, abnormalities in 

markers of secretory differentiation, and genetic instability (23-27). 

Increasing grades of PIN are associated with progressive disruption of the 

basal cell layer. The amount of disruption increases with increasing grades 

of PIN, with loss of more than one-third of the basal cell layer in 52% of foci 

of high grade PIN (22). Early events in invasive carcinoma occur as 

glandular out-pouching from areas with basal cell disruption (19, 22). 

In PIN lesions, neoplastic cells gradually replace the normal luminal 

secretory epithelium and a progressive alteration of the basal cell layer and 

basal membrane disruption occurs. In neoplastic glands the basal cells are 

altered and with them, essential hemidesmosomal structures that define the 

gland. Except for 6 and 3, integrins in general are downregulated and 4

integrin, laminin 5 and other hemidesmosomal adhesive molecules are not 

expressed in prostate cancer (28). Figures 1 and 2 show some of the 

molecular changes that occur during prostate cancer progression. 

Recently, three different prostate tumor phenotypes were distinguished 

based on differential integrin expression, one possibly being indicative of a 

more invasive behavior (29). In addition, a new variant of adhesion complex, 

which contained CD 151, was described in prostate tumors (29). 

Hemidesmosome structures are important for the maintenance of normal 

glandular architecture and the loss of these structures may be significant for 

the loss of basal cell differentiation in tumor progression. 
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Figure 1. Immunofluorescence doublestaining of the prostatic basal cell marker cytokeratin 5 

(A,B,C) with desmoplakin ( A’,C’) and with the tight junctional protein ZO-1 (B’) in a 

normal prostate gland (A,A’), in prostatic intraepithelial neoplasia (PIN; B,B’) and in 

cancerous gland (C, C’). Note the partial lack of basal cells in the PIN lesions and the 

complete lack of basal cells within the carcinoma. Bars, 30 µm. 

Figure 2. Immunofluorescence doublestaining of prostate serial sections (A,B) with laminin 5 

(A) and cytokeratin 5 (A') and with laminin 10 (B) and cytokeratin 5 (B’). Normal prostate 

glands (n) express laminin 5, laminin 10 and cytokeratin 5, while cancer glands (c) express 

laminin 10, but no laminin 5 and no cytokeratin 5. Bar, 30 µm. 
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4. PROSTATIC STEM CELLS 

In contrast to other epithelial tissues, such as the epidermis and the gut, 

there is little information about stem cells in the prostate. It has been 

proposed that (located within the basal cell layer), the prostate contains a 

small stem cell population that gives rise to a more rapidly amplifying cell 

population, which then differentiates into the luminal secretory cells and into 

neuroendocrine cells (5,10,30,38). Evidence for the existence of prostate 

stem cells comes from castration studies. Androgens are required for normal 

prostate development as well as for maintenance and function of the organ in 

the adult (39). Following castration, the androgen deprived adult prostate 

undergoes rapid atrophy with loss of up to 90 % of the total epithelial cells, 

predominantly luminal secretory cells, via apoptosis (39, 40). The cells that 

remain are androgen-independent. However, some of these cells are 

androgen responsive, since the regressed prostate retains the ability to 

completely regenerate following restimulation with androgens (39). 

Presumably, a reservoir of androgen receptive stem cells accounts for the 

regeneration of the prostate. Interestingly, there is marked decrease in the 

prevalence and extent of high grade PIN following androgen deprivation 

therapy when compared to untreated cases (41). The morphological changes 

during androgen deprivation consist of a decreased ratio of acini to stroma, 

glandular atrophy, cytoplasmic clearing with increased apoptosis (42). The 

role of androgen hormones in prostate cancer is essentially permissive, 

because androgens are required for normal glandular homeostasis (43, 44). 

Although androgen receptor (AR) gene amplification may influence 

androgen sensitivity of prostatic glandular epithelial cells, AR gene 

mutations have been reported in only a minority of prostate carcinomas. The 

AR gene is polymorphic demonstrating variable lengths of CAG repeats in 

different men. Prostate epithelial cells with short CAG repeats are more 

androgen sensitive then cells with long CAG repeats (43). African-

Americans carry the shortest CAG repeats, Caucasians have an intermediate 

length, and Asians have the longest. Correspondingly, the incidence and 

mortality of prostate cancer is highest in African-Americans. The lowest risk 

is seen in Asians.

At present, the identification of stem cells is complicated by the lack of 

unique structural markers. Cell division cannot be used as an indication of 

stem cell status. Cell kinetic studies indicate that stem cells are usually 

quiescent or slow dividing and that most of the dividing cells in the tissue 

are committed to differentiate after a finite number of divisions, but they 

possess a high proliferation potential (45). Stem cells need to overcome the  
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loss of telomeres which is necessary for unlimited division. Usually, most 

somatic tissues express undetectable levels of telomerase. Normal adult rat 

prostate glands are telomerase negative, whereas residual glands of long-

term castrates enriched in stem cells express high levels of telomerase (46).

In normal human prostate tissue, the luminal cells are found to be negative 

and the basal cells positive for the human telomerase (hTR) mRNA (46). In 

addition, pp32 expression, a nuclear phosphoprotein, has been shown by in

situ hybridization to be restricted to the basal cells of normal human prostate

and was proposed as a candidate for a prostate stem cell marker (47).

Prostate stem cell antigen, homologue to stem cell antigen 2 in the 

hematopoietic development, has also been shown to be expressed on the cell 

surface in a subset of prostate basal cells (48). Because of its cell surface 

expression it also has been proposed as a useful marker for the localization 

and especially the isolation of putative prostate stem cells (49). GSTP1, the 

pi class glutathione S-transferases catalyzing the conjugation of reduced 

glutathione to chemically reactive electrophiles and probably involved in the 

defense against organic hydroperoxides, has been reported to be 

predominantly expressed in the basal cells of normal prostate and to be 

absent from most prostatic adenocarcinomas (50). Low expressions of 

p27
Kip1

, a member of the cip/kip family of cyclin dependent kinase inhibitors 

involved in cell cycle arrest, has been shown in proliferating cells (51). In 

normal prostate, most of the secretory cells are positive for p27
Kip1

, however 

its expression in the basal cell layers is rather heterogeneous (49). P27Kip1-

negative cells are considered to be highly proliferation competent (52).   

More recently, studies examining the heterogeneity of prostate epithelial 

cells identified phenotypes which are intermediate between those of the 

basal and luminal layers expressing a mixture of basal and luminal markers 

such as cytokeratins (10, 36). These intermediate cell phenotypes are 

believed to represent the transit amplifying cell population. Another study 

showed that cytokeratin 19, which has been implicated in the differentiation 

of many different epithelial tissues in which there is a transition between 

differentiated phenotypes such as oral epithelium, mammary gland ducts, 

and the outer root sheath of the hair follicle, may be an useful marker for the 

amplifying non-stem-cell basal population in the prostate (53). All 

carcinomas express cytokeratin 8 and 18 and most, including PIN lesions, 

express cytokeratin 19 (36) and not cytokeratin 14. It is therefore possible 

that these tumors arise from a cytokeratin 14 negative/cytokeratin 19

positive cell population. Recently, human prostate epithelial cells with stem 

cell characteristics were isolated on the basis of rapid adhesion to type 1 

collagen and the expression of higher levels of the 2 integrin subunit, which 

co-expressed CD 133 (54-56). These selected cells showed a basal 

phenotype by cytokeratin 5 and 14 expression and lacked PSA and PAP 
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expression and showed a fourfold greater ability to form colonies in vitro

than the total basal cell population (54). In the proximal regions of murine 

prostatic ducts a candidate population of prostatic stem cells was identified 

recently by high level expression of stem cell antigen 1 (Sca-1) in 

conjunction with 6 integrin and bcl-2 expression (57).

5. PROSTATE MORPHOGENESIS 

Studies of the young adult prostate showed persistent foci and segments 

that retained a prepubertal appearance (4), which reflected perhaps earlier 

developmental differences in prostate tissue. This asynchronous postpubertal 

prostatic development was similar to the focal and regional asynchrony of 

development observed in fetal prostates (58). Moreover, in a mouse model of 

prostate carcinoma, developmental asynchrony was one of the characteristic 

observations (59). It has been postulated that these developmentally 

abnormal foci and segments of prostate predispose to prostatitis (60). 

Geographic differences in fetal development of the prostate corresponding 

with the geographic variations in clinical carcinogenesis, would suggest re-

conceptualizing the pathogenesis of adult prostate disease (58, 59). Maternal 

hormonal influences might account for the observed developmental 

differences. This process, referred to as neonatal imprinting or 

developmental estrogenization, is associated with an increased incidence of 

prostatic lesions upon aging, which include hyperplasia, inflammation and 

dysplasia similar to PIN (61, 62). It is hypothesized that these molecular and 

cellular changes initiated early in life predispose the prostate to the 

neoplastic state upon aging.  

Prostatic development, which is androgen-dependent, is initiated 

prenatally but is not completed until the end of puberty. Androgen 

production by the developing fetal testis begins (week 8 in human) before 

and continues throughout periods of prostatic morphogenesis (63). While 

testosterone is the primary androgen produced by the fetal testis, 

dihydrotestosterone (DHT) appears to be responsible for prostatic 

morphogenesis. DHT is produced within the endodermal urogenital sinus 

(UGS) by enzymatic reduction of testosterone by 5- -reductase, which has 

been detected in the UGS of humans and rodents (63). The concentrations of 

androgens are relatively high at the end of gestation, decrease one day after 

birth, remain low until puberty, and increase to adult concentrations (64). 

The prostatic ductal networks are derived from solid epithelial outgrowth 

(prostatic buds) that emerge from the UGS below the developing bladder and 

grow into the surrounding mesenchyme. The normal human prostatic ductal 

morphogenesis and growth occur in two separate periods, prenatally and 
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pubertally (63). In the human fetus, the prostate begins to form around the 

10
th
 week of gestation (65, 66). By 13 weeks of gestation there are 

approximately 70 primary ducts, some of which exhibit secretory cyto-

differentiation (65, 66). At about 34 weeks’ gestation, acinotubular 

structures appear in the more peripheral zone.  

The epithelial cells of the prostatic buds co-express cytokeratins 5, 8, 14 

and 18, and p63 (67). As the solid epithelial cords canalize from the urethral 

terminus towards the ductal tips, the epithelium differentiate into two distinct 

cell populations, luminal and basal cells expressing their characteristic 

subset of cytokeratins. At the same time, the prostatic mesenchyme/stroma 

differentiates into a layer of smooth muscle that surrounds the prostatic ducts 

(68).

In contrast to the mouse prostate, some secretory activity was found to be 

detectable during fetal life in the human prostate (58). Multiple paracrine 

signaling events between the developing prostatic mesenchyme and 

epithelium are required both for normal branching morphogenesis and for 

the differentiation of specialized stromal and epithelial cell types (63). 

Recently, some genes required for prostate development were identified. 

These included several transcription factors including the androgen receptor 

(69), and three homeodomain-containing transcription factors Hox-a13, 

Hox-d13 (70, 71), and Nkx3.1 (72). The following growth factors have been 

implicated in the regulation of prostate development and adult tissue 

homeostasis: the fibroblast growth factors FGF7 (also known as keratinocyte 

growth factor, KGF) and FGF10 (73, 74), the insulin-like growth factor 1 

(75), TGF-  (76), and sonic hedgehog (77). The latter was shown to activate 

mesenchymal Gli1 expression, a member of the Gli gene family of 

transcriptional regulators, during prostate ductal bud formation (78). 

Furthermore, -(1,2) fucosyl-transferase and H-type 2 carbohydrate 

structures were implicated as important mediators of prostatic development 

(79). In addition, the tyrosine kinase colony-stimulating factor-1 receptor 

(CSF-1R) was found to be correlated with murine prostatic development, 

proliferation and cancer progression (80). p63 -/- mice were shown not to 

develop a recognizable prostate (81). CD 44, a marker of early progenitor 

cells within the prostatic epithelium, was shown to be expressed by actively 

proliferating epithelia at sites of epithelial-mesenchymal interaction (82). 

Hyaluronan (HA), the extracellular ligand of CD 44, was shown to be highly 

expressed in the proliferating distal buds of the developing ducts in the 

developing prostate (83). This suggested a significant role of hyaluronan-CD 

44 interactions in mediating androgen-induced prostatic growth and 

morphogenesis. Recently, another study showed that the disruption of 

urokinase plasminogen (uPA) binding to the uPA receptor resulted in a 

retardation of the development of the ventral prostrate in newborn rats (83). 
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The bone morphogenetic protein 4 (Bmp4), a member of the TGF-

superfamily was shown to inhibit prostatic ductal branching (84). The 

secreted factors activin A and its binding protein follistatin have been 

implicated in regulating prostate morphogenesis (85). Activin A was shown 

to inhibit prostatic branching morphogenesis, and follistatin was shown to 

increase branching in vitro (85).

In spite of this progress, these genes do not completely explain the 

complex molecular mechanism behind the regulation of prostatic 

development. 

6. CYTOKERATIN 6 EXPRESSION IN PROSTATE 

STEM CELLS 

Recently, we discovered in human prostate tissue a new epithelial cell 

phenotype with stem cell properties that expresses cytokeratin 6 as observed 

by RT-PCR (Figure 3), Western blotting, immunofluorescence microscopy, 

and immunohistochemistry (86). 

Figure 3. Normal, non-cancerous areas of the prostates of 7 patients were analyzed for 

cytokeratin 6 gene expression by RT-PCR. The primers were targeted to the 3rd and 5th 

exons of cytokeratin 6 gene (accession numbers ay 033496, ay 033495). Human liver was 

used as negative control. 
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The types of cytokeratins that are expressed, constituting intermediate 

filaments in epithelial tissue, is closely linked to the differentiation state of 

the epithelium. Cytokeratin 6 is constitutively expressed in certain complex 

epithelial such as the foot sole and the inner differentiating layer of the outer 

root sheath of the hair follicle, but are absent from the interfollicular 

epidermis (87). Cytokeratin 6 was reported to be implicated with 

hyperproliferation and aberrant differentiation such as psoriasis and cancer 

and to be up-regulated in keratinocytes at the wound edge in skin (87). The 

cytokeratin 6 positive cells (ck6+ cells) exhibited the following stem cell 

properties: (1) a niche like distribution pattern; (2) a proliferation potential; 

(3) a differential potential; (4) the presence of cytokeratin 6 positive cells in 

fetal, juvenile and adult prostate glands; (5) cytokeratin 6 positive cells were 

abundant in the urogenital sinus known to be enriched in stem cells.  

(1) In adult normal human prostate tissue, the cytokeratin 6 expressing 

cells occurred in the basal cell compartment within specialized niches 

(Figure 4) that are consistent with stem cell niches and co-expressed 

cytokeratin 5.  

Figure 4. Immunofluorescence doublestaining of cytokeratin 5 (A) and cytokeratin 6 (A') in a 

normal human prostate gland. (A) and (A') show the same field of view in the same section. S, 

stroma, L, lumen. The arrow points to the stem cell niche-like distribution pattern within the 

basal cell layer. Bar, 20 µm. 

The average abundance of ck6+ cells was 4.9% in the adult slow cycling 

normal prostate with a proliferation rate of 1.1%.  

(2) Recently a Prostate Organ Culture Model” was described in which 

tissue cores obtained from prostatectomies were sliced into ~ 250 nm thick 

slices (88). These tissue slices then were cultured up to 5 days with intact  

“
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epithelial-stromal interaction. In this model, the presence of growth factor 

enriched serum stimulated cytokeratin 5 positive basal cells to proliferate as 

well as migrate from cut open glands to the surface to form and cover the 

stroma with a new surface epithelium. The coring of the prostate gland 

specimen for tissue slice acquisition for this in vitro study model led to 

wounding of prostatic glands and stroma, a tissue damage to which a stem 

cell and the resulting transient amplifying cells would be expected to 

respond. Consistent with such a stem cell response, the number of 

cytokeratin 6 expressing cells increased to 64.9% in this prostate organ 

culture model with co-expression of cytokeratin 5. The proliferation rate 

increased to 5.84% with 98.76 % of all proliferating cells being cytokeratin 6 

positive. In this tissue model, the increase of ck6+ cells significantly 

correlated with the increased proliferation rate (Pearson’s correlation 

coefficient r = 0.7616, p = 0.0467). 

(3) Classically defined stem cells have a capacity to generate daughter 

cells that can differentiate into several cell lineages to form all the cell types 

that constitute the mature epithelium (88). Consistent with this concept, we 

demonstrated that ck6+ cells were able to differentiate into luminal cells in 

the normal adult prostate gland (Figure 5) and to form a newly differentiated 

surface epithelium in the prostate organ culture model. 

Figure 5. Schematic of the distribution and protein expression pattern of cytokeratin 6 

positive cells in the normal adult human prostate epithelium. BM, basement membrane. 
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When migrating from the basal layer to the luminal layer in the adult 

prostate epithelium ck6+ cells co-expressed cytokeratin 19 or ZO-1 (Figures 

5, 6). Cytokeratin 19, which has been implicated in the differentiation of 

many epithelial tissues in which there is a transition between different 

phenotypes (90), was shown to be a marker for prostatic intermediate cells 

and to play a key role in prostatic differentiation (91).  

ZO-1, a tight junctional protein, is exclusively expressed by terminally 

differentiated luminal cells, but not by basal cells in the normal adult 

prostate (Figure 6).  

Figure 6. Immunofluorescence doublestaining of the tight junctional protein ZO-1 (A) with 

cytokeratin 6 (A') in normal adult human prostate, (A,A') shows the overlay of (A) and (A'). 

Note that cytokeratin 6 cells in the luminal compartment co-express ZO-1. Bar, 10 µm, S, 

stroma, L, glandular lumen.

This suggests that the ck6+ cells that co-express ZO-1 are transient 

amplifying cells that are committed for terminal differentiation, and which 

later may lose cytokeratin 6 expression. The newly formed surface 

epithelium of the prostate organ culture model expressed cytokeratin 6, and 

formed ultrastucturally a new basement membrane with deposition of the 

extracellular matrix proteins laminin 5 and collagen VII, and also showed 

differentiation into basal and luminal cells as demonstrated by conventional 

electron microscopy and PSA expression (86). This  further indicated that 

cytokeratin 6 expression may be maintained beyond the stem cell stage.  

(4) In the juvenile prostate (age 9 months to 12 years) and in the fetal 

prostate (22 –39  weeks of gestation) cytokeratin 6 was expressed focally in  
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single cells or in cell clusters in both the basal and luminal cells showing a 

similar expression pattern as in the adult normal prostate. In the fetal 

prostate, in addition to cytokeratin 6 expression in the glandular epithelium, 

isolated cytokeratin 6 positive cells were located in the mesenchymal stroma 

both adjacent and distant to glands. In the actively proliferating epithelia of 

the developing human fetal prostate, a remarkable number of ck+ 6 cells was 

proliferative co-expressing Ki-67. 

(5) Cytokeratin 6 was also abundantly expressed in the urogenital sinus, 

In summary, our data suggest a major role of the ck6+ cells in prostate 

morphogenesis.  

7. THE IMPORTANCE OF UNDERSTANDING 

PROSTATE MORPHOGENESIS  

The composition of normal prostatic epithelium includes the complex 

interaction of the phenotypically distinct cell types. It has now become 

apparent how these individual cell lineages share a common origin, and are 

related in a precursor-progeny sequence. In this precursor-progeny sequence 

the basal epithelial compartment plays a fundamental role in normal 

prostatic growth as well as in the initiation and progression of at least some 

forms of prostate cancer. Because prostate disease, both malignant and 

benign, involves inappropriate cell division and differentiation, it is 

important to identify the stem cell and amplifying populations, and to 

understand the role of different cell phenotypes, especially the role of the 

ck6+ cells, in the maintenance of tissue homeostasis and development of the 

prostatic tissue. Stem cells are considered the major targets of oncogenesis. 

A large replicative potential and a long life enables stem cells to accumulate 

multiple mutations over time, which makes them likely candidates for the 

cells of origin of cancer. The knowledge of the features of the prostatic stem 

cells could help to understand the mechanism involved in prostatic 

carcinogenesis. Ductal morphogenesis is common to normal developing 

prostate, BPH, and prostatic adenocarcinoma. All forms of prostatic growth, 

normal and neoplastic, exhibit androgen dependency at least initially. Since 

it is unlikely that different biological mechanisms would be utilized to 

produce prostatic ductal architecture in all three growth states, the  

in stem cells, and in the developing bladder as shown by immuno- 

which gives rise to the urinary bladder and to the prostate and is enriched 

histochemistry.
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developmental biology of the prostate provides a potentially important 

model for understanding proliferative diseases of the prostate gland. 
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Abstract: During cancer progression there is an accumulation of genetic and epigenetic 

changes that dictate the phenotypic diversity of a tumor population. 

Epigenetics is a heritable change in phenotype that is independent of a change 

in the genotype. The focus of this chapter is to review, in part, the literature 

indicating that an “epigenetic switch” occurs in cancer progression and to 

detail the evidence of one particular gene product, maspin, as a paradigm of 

epigenetic control. The regulation of maspin expression in normal epithelial 

tissue and the multiple mechanisms by which maspin is inappropriately 

silenced in cancer is discussed. Understanding the molecular features of the 

epigenetic switch is likely to provide a therapeutic opportunity to induce 

transcriptional reprogramming and prevent devastating disease processes such 

as epithelial cancer metastasis. 

Key words: maspin; epigenetics; epithelial cancer; CpG islands; DNA methylation; 

Histone deacetylation; breast cancer; prostate cancer

1. INTRODUCTION 

Cancer progression is characterized by the acquisition of genetic and 

epigenetic changes that lead to generation of phenotypic diversity among the 

progeny of cancer cells. The evolution of this diversity allows for the 

continual selection of cells that possess the most suitable attributes for 
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survival under any given set of conditions in the host. As the cancer cells 

undergo their dispersion, it is likely that critical, but potentially transient 

changes in gene expression programs occur as cancer cells break away from 

a primary tumor and invade local tissues and metastasize to distant sites. One 

gene that may promote survival in one physiological context (e.g., primary 

tumor site, metastatic colony site) may be deleterious in another 

physiological context (invasive disseminating tumor). For this reason, 

epigenetic alterations in gene expression patterns could account for loss of 

gene expression under one set of circumstances yet allow for the re-

expression of this gene should its function provide a selective advantage 

later in cancer progression.  

Similar to genetic instability, epigenetic instability is also a hallmark of 

malignant cells (1, 2). Unlike the permanent genetic alterations of mutation, 

translocation and deletion, epigenetic changes are metastable and can be 

reversed in tumor cells and normal cells. As such, if a cell adopts a new gene 

expression pattern as a result of epigenetic alterations or perturbation, that 

cell and its progeny retain the capability to switch back to previous gene 

expression patterns. This phenotypic plasticity provides unstable cancer cells 

the ability to change their gene expression programs and suitably adapt to 

the various environment encountered during the trip from primary lesion to 

metastatic colony. We suggest that cancer cells can modulate the expression 

of genes involved in cell adhesion and motility or the transcription factors 

that control their expression during cancer progression. These genes may 

remain active in the primary tumor during early cancer development; 

however, as natural selection occurs these genes need be silenced so that the 

tumor has the necessary phenotypic characteristics for malignant 

transformation. Following cancer cell colonization at a distant site, the 

malignant tumor may require reacquisition of those gene products that 

suppress the properties of motility and invasion. Regulation of the 

expression of this complement of genes, through epigenetic mechanisms, 

provides a switch mechanism in tumor cells that is not as drastic as mutation, 

and is readily reversible. In support of this possibility, some tumor 

suppressor genes, such as p53, are typically mutated and deleted, and rarely, 

if ever, are silenced in association with DNA methylation (3). In contrast, 

some genes with tumor suppressor function, rarely, if ever, are mutated, and 

often are silenced by aberrant DNA methylation. Examples of this latter 

class of genes include MGMT, maspin, GST pi, desmocollin 3 and 14-3-3 

sigma (4-11).
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2. THE EPIGENETIC MARK 

One critical epigenetic mark found on the DNA is 5-methylcytosine. In 

mammalian cells, 5-methylcytosine occurs exclusively in the nucleotide 

doublet, 5’-CpG-3’, and is the only modified base found in the human 

genome that is not recognized as DNA damage. It is estimated that 60 – 80% 

of the CpG cytosines are methylated in the human genome. In the human 

genome very high levels of 5-methylcytosine exist in high copy repetitive 

elements such as alpha satellite sequences that comprise pericentromeric 

heterochromatin, most ALU elements, as well as many single copy regions 

of the genome. The regions of the genome where unmethylated CpGs 

concentrate are genomic elements termed CpG islands (12).

CpG islands comprise about 1% of the genome, are on average 1kb in 

length, and are interesting because they typically are found overlapping the 

transcription start site of all housekeeping genes and perhaps 50% of tissue-

restricted genes (13). The unmethylated state of CpG islands keeps the 

region in an “open” or accessible topological conformation, and renders the 

region transcriptionally competent, but not necessarily transcriptionally 

active (14, 15). In addition, there are regions of the genome that display cell 

type specific patterns of DNA methylation and these cell type specific 

patterns can be seen from the level of the whole chromosome down to the 

level of the individual gene. Importantly these DNA methylation differences 

are associated with differences in expression of the affected genes (9, 16-24). 

It appears that in all cancers the normal patterns of 5-methylcytosine are 

disrupted resulting in both known and unknown consequences. The earliest 

work on cancer cells demonstrated a genome-wide hypomethylation (25-28). 

Much of this loss of methylation can be found to recur consistently in 

satellite sequences; although the functional consequences of these changes in 

DNA methylation have not yet been fully elucidated, it is likely that they 

serve an important function in the transformed phenotype. Additionally, it 

has been speculated that demethylation may also activate oncogenes by 

allowing for their overexpression or inappropriate expression, although 

incontrovertible evidence remains lacking.

Aberrant methylation or hypermethylation of specific DNA sequences is 

also detected in human tumor cells, even in the face of overall genomic 

hypomethylation (29). CpG island promoters represent an important target of 

aberrant or inappropriate methylation, and this aberrant methylation is 

intimately linked with the transcriptional silencing of the associated gene 

(30). Targets for aberrant methylation in cancer include cell cycle regulatory 

genes, genes involved in maintenance of genomic integrity, and metastasis 

suppressor genes that encode cell adhesion molecules and motility factors.  
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With respect to gene regulatory sequences, it is well documented that 

hypermethylation of CpG island regulatory sequences results in the silencing 

of tumor suppressor genes (5, 7, 8, 29, 31-36). Interestingly, the patterns of 

aberrant methylation of CpG islands have been shown to be tumor type 

tumor type specific (4).  

A number of epigenetic marks exist along with 5-methylcytosine, and it 

appears that these marks act in concert to control genome structure and 

function. As such, epigenetic regulation is a multifaceted control system, in 

which 5-methylcytosine is just one of many aspects. Another critical facet of 

epigenetic regulation is post translational modifications to the histones 

around which the DNA is wrapped. The most compelling evidence indicates 

that the histone modifications work in concert with 5-methylcytosine to 

repress transcriptional activity of associated genomic regions. 5-

methylcytosine can recruit proteins to the genomic region it is localized, and 

these proteins can act as transcriptional repressors and proceed to alter the 

DNA topology of the region to render it transcriptionally inactive – the 

region no longer is readily accessible for binding by the transcription 

machinery. One of the more completely delineated aspects of this epigenetic 

regulation has demonstrated that densely methylated DNA recruits 

methylcytosine binding proteins to the region, which in turn recruits histone 

deacetylase complexes that deacetylate histones H3 and H4; a change in the 

histone modification state that is associated with gene silencing, whereas 

acetylation of multiple lysine residues on histones H3 and H4 is associated 

with a transcriptionally competent or active state (37-40). Other histone 

modifications are also critical in controlling the epigenetic state (e.g., histone 

methylation), and the interplay of these histone modifications with each 

other and with DNA methylation is an area of intense research activity     

(41-43). The control of these epigenetic changes and their temporal 

relationship remain an enigmatic and controversial area.  

3. MASPIN 

The gene Maspin (SERPBINB5) represents a paradigm for the study of 

epigenetic dysregulation of genes that are involved in cell invasion and 

metastasis. Maspin expression in normal tissue is controlled, in part, by 

epigenetic mechanisms and this underlying mechanism is compromised in 

cancer leading to the inappropriate silencing of maspin in cancers derived 

from maspin-positive cell types, as well as the activation of maspin in 

cancers derived from normally maspin-negative cell types. During malignant 

transformation, epigenetic instability and mischief results in a loss of control 

in the expression of many genes that are similar to maspin with respect to the 
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malignant phenotype. We propose that these genes, through metastable 

epigenetic switching mechanisms, can be turned off and on in response to 

environmental stresses and cues in the cancer cell, thereby allowing tumor 

cells a phenotypic plasticity that appears necessary for the challenges a 

tumor cell and its progeny must undertake to migrate from primary tumor 

site to distant metastatic site.

Maspin (derived from mammary serpin) was one of the first tumor 

suppressor genes isolated using expression genetics, and is based on the idea 

that investigation of heredity at the level of RNA and gene expression would 

reveal many new genes and pathways involved in oncogenesis (44). Using 

the techniques of subtractive hybridization and differential display, Ruth 

Sager and her laboratory used this approach to discover genes down-

regulated at the level of gene transcription that was not due to gene mutation 

or deletion (45). Maspin is a significant example of the genes found by the 

Sager laboratory approach.  

The original publication emanating from the Sager laboratory reported 

the results of a functional genomics screen used to identify genes down-

regulated in breast cancer when compared to normal breast cells grown 

under similar conditions (46). More than 30 such genes were identified with 

one of the genes isolated being maspin. The cell biology studies described in 

the original report clearly showed that maspin has tumor suppressor function 

in breast cancer and are discussed briefly below. Human breast cancer cells 

transfected with a maspin cDNA showed a reduction in the number and size 

of tumors that formed in the mouse mammary fat pad xenograft model. 

Reintroduction of maspin also blocked the malignant potential of the tumors 

that did form in the mouse xenografts, evidenced by the fact that no 

metastases were found in the lymph nodes or lungs of maspin transfected 

breast cancer cells. Surprisingly, compared to the in vivo effects of maspin 

reintroduction, no difference in growth rates between maspin transfectants 

and controls were seen in vitro cell culture, suggesting that the inhibitory 

effect on tumor formation and dissemination was not a result of a simple 

maspin-induced growth inhibition. Functional analysis of maspin’s effects in

vitro revealed that the maspin transfectants have a diminished invasive 

potential compared to control cells. Immunohistochemical analysis of human 

breast cancers for maspin protein expression indicated that maspin was lost 

in a high percentage of lymph node metastases and pleural effusions. Taken 

together, the results presented in this study implicate strongly a critical role 

for the loss of maspin expression in the evolution of human breast cancer. 

In the initial report, Southern blot analysis showed that the maspin gene 

was present and not grossly rearranged or mutated in breast cancer cells 

where maspin expression was lost. Additionally, treatment of cells with the  
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tumor promoter TPA was able to re-induce maspin gene expression. It is 

tempting to speculate that many of the other genes that the Sager laboratory 

isolated using this paradigm may very well be inappropriately silenced by 

the same mechanisms responsible for silencing maspin gene expression. 

4. MASPIN GENETICS AND EPIGENETICS 

The maspin gene is located at chromosome 18.q21.33 and consists of 

seven exons stretching across a region of about 30kb, with the first exon 

being non-coding. Three maspin gene mRNA transcripts have been detected 

with the major transcript that produces the mature protein being 

approximately 3kb in size as assessed by northern blot analysis. The two 

other transcripts arising from the maspin gene are of unknown function (and 

are not always detectable). One transcript is approximately 1.2 kb and shares 

extensive homology with the 5’ end of the maspin gene, and the other 

transcript being approximately 4.6 kb that appears to be an incomplete splice 

variant of maspin (http://genome.ucsc.edu/).  

In normal human cells, maspin expression is limited largely to epithelial 

cell types, such as breast, prostate, skin, oral, and bronchial epithelial cells, 

although exceptions exist, such as corneal stromal cells (47). In contrast, 

maspin is not expressed in most non-epithelial cell types, such as peripheral 

blood mononuclear cells, cardiac muscle, fibroblasts, chondrocytes. Because 

maspin expression is regulated primarily at the level of transcription, and is 

frequently lost or down-regulated in cancer, detailed analysis of the maspin 

promoter should provide meaningful insights into the mechanism of gene 

control and aberrant silencing of maspin in breast cancer. 

The earliest studies on the maspin promoter emanated, not surprisingly, 

from the Sager laboratory. Studies in breast and prostate cancer cells, using 

deletion and mutation constructs of the maspin promoter in chloramphenicol 

acetyltransferase reporter assays and electromobility shift assays, provided 

the first data regarding transcription factors important to basal maspin 

expression (48, 49). These studies clearly demonstrated the importance of 

the AP-1 and its transcription factors in the positive regulation of maspin in 

breast and prostate tissue, and set the stage for all subsequent work regarding 

the control of maspin transcription. Exciting recent work identified p53 

binding sites in the maspin promoter region (50). These investigators 

demonstrated that introduction of wild-type p53 could activate maspin 

expression in prostate cancer cells as well as the p53 wild-type breast cancer 

cell line, MCF7. Our laboratories’ followed up these observations with 

microarray-based studies in which we examined p53 target genes (34). The 

analysis of the resultant gene expression using multidimensional scaling 
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supported the hypothesis that maspin is a p53-inducible gene. In this study 

we also demonstrated direct binding of p53 to the maspin promoter using    

in vivo chromatin immunoprecipitation assays. Finally, a pair of studies 

published in the past few months provides the intriguing observation, that 

the p53 homolog p63, which can bind the same recognition sequence as p53, 

can substitute for p53 and induce maspin gene expression when expressed in 

cancer cells (51, 52). The important role of p63 in development and 

differentiation of epithelial cell types including epidermis, mammary, 

prostate – all maspin positive cell types – suggests the intriguing possibility 

that cell type specific maspin expression is established at least in part 

through p63 dependent mechanism during development.

Further analysis of this region indicated that the maspin promoter area 

fits the criteria of a CpG island original described by Frommer and Gardiner-

Garden (13). In addition, other features, such as the fact that this region 

overlaps the promoter and transcriptional start site supports the CpG 

“islandness” of the region. Based on our interest in epigenetic control, this is 

where the story gets a little more interesting. 

Analysis of the patterns of CpG methylation in the maspin promoter of 

normal cell types derived from a variety of different tissues revealed striking 

differences in CpG methylation that were tightly linked to the expression 

state of maspin and the overall chromatin structure of the region (9). Normal 

maspin-positive cell types (e.g. mammary, prostate, skin epithelium) have a 

uniformly unmethylated maspin promoter, the associated histones H3 and 

H4 are hyperacetylated, the K9 position of histone H3 is unmethylated, and 

the chromatin is in an accessible conformation. In contrast, maspin-negative 

tissue (e.g. lymphocytes, fibroblasts, chondrocytes) have a completely 

methylated maspin promoter, which is linked to hypoacetylated histones H3 

and H4, methylation of K9 in histone H3, and an inaccessible chromatin 

structure (9) and unpublished results). Furthermore treatment of 

immortalized maspin-negative cells (such as the fibroblast strain VA-13) 

with the inhibitor of DNA methylation, 5-aza 2’deoxycytidine, led to a dose-

dependent activation in maspin expression. These results provide evidence 

for a definitive role for CpG methylation in the establishment and 

maintenance of cell type specific gene expression, and provide support to the 

hypothesis proposed more than 25 years ago, that CpG methylation 

participates in the cell-type specific control of gene expression (53, 54).  

The remainder of this chapter will briefly discuss the biologic role of the 

maspin protein, in an effort to emphasize the potential multifaceted roles and 

therefore importance of maspin in human cancer, especially breast cancer. 

The majority of discussion will be reserved for the control of maspin gene 

expression in normal tissue and the multiple mechanisms by which maspin 
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may be inappropriately silenced (or activated) in normal and cancerous 

human tissue. 

5. MASPIN EPIGENETICS AND CANCER 

We reproduced and extended Sager’s results in showing that maspin 

expression is lost in a high percentage of breast cancer cells (7). In an 

attempt to better understand the mechanism of the inappropriate silencing, 

we followed the Sager paradigm that the silencing was not genetic, but 

epigenetic in nature. We used bisulfite sequencing to analyze DNA 

methylation patterns and levels in breast cancer cells, and discovered that 

silencing of the maspin gene was frequently associated with aberrant 

methylation of the maspin promoter. In addition, we showed that this 

aberrant CpG methylation was associated with an inaccessible chromatin 

structure, through the use of nuclease sensitivity assays. Relief of this 

transcriptionally inactive state should allow for re-expression of maspin by 

allowing the transcription factors present to access their cognate binding 

sites within the maspin promoter. Treatment of a different breast cancer cell 

lines with the DNA methylation inhibitor 5-aza 2’-deoxycytidine was 

capable of reactivating maspin expression; strongly suggesting that at least 

one facet of the defect in maspin expression is epigenetic in nature. This 

initial in vitro observation has been confirmed and extended by a variety of 

other groups. More recent examination of the epigenetic state of the maspin 

promoter shows that histones associated with the maspin promoter become 

hypoacetylated in breast cancer (6, 34), as well as enriched for K9 

methylation of histone H3 (unpublished observations). Table 1 contains our 

analysis of the epigenetic state of the maspin promoter in a set of different 

human breast cancer cell lines. 

An important question to answer was whether aberrant methylation of the 

maspin promoter occurred in breast cancer in vivo. The cell type specific 

nature of maspin promoter methylation makes the analysis of methylation 

changes in tumor tissue challenging; only purified cell populations will lead 

to a definitive answer. We conducted a study of maspin expression and 

methylation state of 30 Ductal Carcinoma In-Situ (DCIS) specimens and two 

healthy controls using immunohistochemical analysis, laser capture 

microdissection, and bisulfite sequencing (55). Results also showed that 57% 

of the DCIS lost maspin expression; and for those for which sufficient 

amounts of genomic DNA could be isolated by laser capture 

microdissection, we found loss of maspin immunoreactivity was frequently, 

but not always, accompanied by aberrant methylation of the maspin 

promoter. Additionally, we found that the DCIS samples themselves often  
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Table 1. Epigenetic State of Maspin in Human Breast Cancer Cell Lines 

Maspin expression was determined by quantitative real time PCR using TaqMan chemistry. 

Maspin promoter methylation state was determined by sodium bisulfite sequencing. The 

histone aceylation state of the Maspin promoter was determined by chromatin 

immunoprecipitation assays using real time PCR with TaqMan chemistry. Chromatin 

structure was determined using a nuclease sensitivity assay coupled to linker-mediated 

PCR.

displayed significant heterogeneity in maspin staining within the tumor 

population, while normal tissue stained uniformly throughout the duct with 

intense staining in myoepithelial cells, consistent with earlier studies (56, 

57). These results indicate that maspin silencing can be an early event in 

breast carcinogenesis and precede metastatic growth. Additionally, these 

studies also suggest that other mechanisms, in addition to CpG methylation, 

participate and perhaps cooperate with aberrant methylation to 

inappropriately silence maspin expression early in breast carcinogenesis.  

Changes in maspin expression in cancer have been widely reported since 

its original identification in breast cancer. Many of these reports provide 

further support for the association of maspin gene expression changes with 

epigenetic changes, with both silencing due to aberrant hypermethylation 

and activation due to aberrant hypomethylation. Table 2 shows the human 

cancers where differences in maspin expression have been found between  

Maspin Promoter Histone Chromatin 
Cell line Expression    Acetylation State

H3        H4

HMEC ++++ - +          + OPEN
MCF10 ++++ - +          + OPEN
UACC 245 ++ -
ZR-71 + -
MCF7 - + - - CLOSED
BT549 - + - -
HS578T - +
MDA-MB-435 - + - - CLOSED
MDA-MB-231 - + - - CLOSED
MDA-MB-157 - +
MDA-MB-453 - +
UACC 1179 - + - - CLOSED
UACC 893 - +
UACC 3133 - +
UACC 2087 - -
MDA-MB-468 - -

Methylation

          OPEN
          OPEN

CLOSED

CLOSED
CLOSED

CLOSED
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the tumor and the corresponding normal cell type, and if these differences in 

expression have been experimentally associated with the DNA methylation 

state.

Table 2. Human Cancer, Maspin Expression and the Epigenetic State 

Tumor Type Maspin Expression Maspin Promoter 

Methylation

References

Breast Silenced Hypermethylation  (6, 7, 34, 

 55, 58, 59) 

Prostate Decreased No Change  (59-63) 

Pancreas Activated Hypomethylation  (64-68)

Thyroid Activated Hypomethylation  (19,69)

Ovarian Activated Hypomethylation  (70) and 

   unpublished 

    results 

Lung Activated Hypomethylation  (51, 71-73) 

Gastric Conflicting Hypomethylation  (74-78)

Melanoma Activated Hypomethylation  (79)

Oral Decreased Unknown  (80 ,81) 

Salivary Variable Unknown  (82)

Bladder Silenced Unknown  (83, 84) 

Colon Variable Unknown  (85, 86) 

Maspin expression and promoter methylation status for each tumor type were taken from the 

references provided in the last column. Expression, in this case, refers to either mRNA or 

protein expression. DNA methylation state was provided if the referenced studies asayed 

CpG methylation status directly. 

The loss of maspin expression seen in some tumors is confounded by the 

activation of maspin expression seen in other tumors. These apparently 

conflicting results have caused some concern regarding maspin’s tumor 

suppressor role. A few points; however, should be made regarding the 

observations of maspin activation in cancer. The seemingly paradoxical 

activation of maspin in some tumors was described in correlative clinical 

studies where a role for maspin in the disease process has not been 

ascertained. One possibility for these surprising results is that the maspin 

protein has different functions in different cell types that is dependent on the 

spectrum of other maspin interacting proteins present within a given cell 

type and environment. Secondly, complex epigenetic changes occur to the 

genomes of cancer cells, and we have shown that the cell type specific 

expression of maspin is controlled by the cytosine methylation state of its 

promoter. As epigenetic modifications by their nature are metastable, it is 

possible that as the tumor evolves, a variety of epigenetic states emerge, and 

those which are most favorable to the current microenvironment conditions 

will likely be selected for and survive. Alternatively, epigenetic changes 

maybe neutral or unfavorable to tumor growth and dissemination. In this 
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scenario, the activation of maspin in tumor cells derived from normal cells in 

a tissue that does not express maspin (e.g., pancreas) may be a result of 

complex epigenomic changes in DNA methylation. It is unknown if 

inappropriate activation of maspin expression imparts any significant 

phenotypic changes on the tumor at particular stages of cancer progression 

or whether its activation is an epiphenomenon that reflects loss of 

methylation homeostasis.

From these apparently conflicting results, it is clear additional studies 

will be required to unravel the complex question of how maspin expression 

may modify the malignant phenotype in some cell types and potentially not 

others. Nevertheless, it is clear the CpG methylation state plays an important 

role in in controlling maspin expression in normal tissue, and that this 

epigenetic control is compromised during human carcinogenesis.  

6. MASPIN AS A PARADIGM OF EPIGENETIC 

CONTROL OF CELL TYPE SPECIFIC GENE 

EXPRESSION

Maspin is a clear example of an autosomal gene controlled by epigenetic 

mechanisms in normal healthy human tissue. Normal epithelial cells that are 

maspin-positive invariably have an unmethylated maspin promoter that is 

associated with heavily acetylated histones H3 and H4. These epigenetic 

marks are tightly linked to a chromatin structure that renders the promoter 

available for interaction with the transcriptional machinery. In contrast, 

normal human cell types that are derived from maspin-negative 

mesenchymal tissues uniformly have a methylated maspin promoter that is 

associated with underacetylated histones H3 and H4 and a closed chromatin 

structure that is blocks access to the transcriptional machinery. 

Maspin gene expression is lost through epigenetic silencing in breast 

cancer. The epigenetic state of the maspin promoter in breast cancer cells 

closely resembles the epigenetic state of normal mesenchymal tissues that 

maintain maspin in a silent and inaccessible state. The breast cancer cells 

acquire a repressive chromatin structure through aberrant methylation of the 

promoter, deacetylation of the associated histones H3 and H4, as well as 

methylation of K9 residue of histone H3. Conversely, it is also noted that 

tumors derived from maspin-negative cell types often activate maspin gene 

expression, which is accompanied by demethylation of the maspin promoter 

and hyperacetylation of histones H3 and H4. 

In cancer cells that undergo metastatic dispersal, we suggest that critical, 

but potentially transient, changes in gene expression patterns occur in an 
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epigenetically-driven fashion. A gene that may promote survival in one 

physiological context (e.g., primary tumor site) may be deleterious in 

another context (e.g., invasive disseminating tumor), and vice versa. We 

propose that epigenetic regulation through CpG methylation and histone 

modification provides a mechanism by which cell type-specific genes can be 

turned on and off without direct mutation to the gene itself. For this reason 

we feel that alterations in gene expression programs at “the flip of an 

epigenetic switch” would allow for adaptation of cancer cells to their 

environment is an appealing and viable possibility. In other words, 

epigenetic control of genes is unique because it is reversible, and thereby can 

confer a high degree of plasticity to the malignant phenotype.

If this prediction is correct, then other cell-type specific genes controlled 

by epigenetic mechanisms must also be present. As such, candidate genes as 

well as epigenomic screening approaches can be used for the discovery of 

such genes. A candidate gene approach has already identified MCJ, and 

others such as HoxA5 and 14-3-3 sigma have been speculated (87, 88). 

Indeed, we have recently found that the 14-3-3 sigma CpG island is virtually 

identical to the epigenetic landscape we found for maspin in epithelial and 

mesenchymal cell types (29).  

7. SUMMARY 

Unlike the genetic mutations that accumulate in a cancer cell, epigenetic 

marks can be reversed. Thus, when a cell adopts a new gene expression 

profile as a result of epigenetic change, that cell and its progeny retain the 

capability to revert back to a previous gene expression pattern. As such, with 

respect to the epigenetic state neoplastic progression could perhaps not be 

considered a long straight march toward an increasingly aggressive 

phenotype, but rather as a stochastic trial and error saunter toward an 

increasingly malignant phenotype in a “two steps forward, one step 

backward” manner. Importantly, CpG methylation and associated epigenetic 

modifications appear to be causally involved in gene silencing since 

pharmacological inhibitors of DNA methylation and histone modification 

can re-activate expression (6, 89-91). The ability to reverse these cancer-

related changes in epigenetic control provides a therapeutic opportunity to 

target the epigenetic machinery and induce transcriptional reprogramming.  
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Chapter 8 

CELL ADHESION-MEDIATED RADIATION 

RESISTANCE: THE ROLE OF INTEGRINS AND 

INTEGRIN PROXIMAL PROTEIN 

Nils Cordes 

Abstract: Existent or acquired resistance of tumor cells against genotoxic agents such as 

ionizing radiation or cytotoxic drugs is a widespread and clinically highly 

critical, survival-improving factors within cellular resistance for normal and 

tumor cells has promoted intense research in this field. This chapter 

summarizes current and emerging data on how the molecular players such as 

integrins and intracellular protein kinases such as integrin-linked kinase and 

focal adhesion kinase coordinate signaling events for the cellular survival and 

growth response in DNA-damaged cells adherent to matrix proteins. 

Uncovering the molecular mechanisms may help to dissect central survival 

regulators in normal versus tumor tissue, which would provide the necessary 

knowledge for developing further innovative molecular-targeted anticancer 

strategies. 

Key words: CAM-RR; CAM-DR; integrins; radiosensitivity; ECM; ILK; FAK 

Abbreviations: ECM, extracellular matrix; ILK, integrin-linked kinase; AKT, protein 

kinase B/AKT; IR, ionizing radiation; FAK, focal adhesion kinase; MAPK, mitogen-

activated protein kinase; PI3K, phosphatidylinositol-3-kinase; CAM-DR, cell adhesion-

mediated drug resistance; CAM-RR, cell adhesion-mediated radioresistance.   

1. INTRODUCTION 

Cell-matrix interactions are in majority mediated by the integrin family 

of cell adhesion molecules. To date, 24 distinguishable transmembrane 
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identified (1). Dependent on cell type and cellular context one out of 18 

and one out of 8  subunits bind to form an integrin receptor (1). Besides the 

ability to bind proteins of the extracellular matrix (ECM) such as fibronectin, 

collagen or laminin, some integrins recognize members of the ADAM (A 

Disintegrin And Metalloproteinase) family or counter receptors on 

neighboring cells such as immunoglobulin-type receptors like ICAMs 

(intercellular cell adhesion molecule) or VCAMs (vascular cell adhesion 

molecule) (2). 

Figure 1. Some of the major pathways affected by integrin- and growth factor receptor- 

at the cell membrane for serving in signal transduction to downstream pathways. In vivo, this 

protein kinases involved in the cellular response to genotoxic injury such as Akt, GSK3 , Src, 

MAPK and caspases are integrated into the intracellular network controlled by integrins and 

growth factor receptors. GF, growth factor. 

In normal tissue, integrin-mediated cell-matrix interactions located at 

distinct membrane areas, termed focal adhesions, are indispensable for 

embryonic development and tissue integrity (3). Multiprotein complexes 

consisting of integrins, growth factor receptors, and adapter and signaling 

proteins assemble focal adhesions (4). Dissociation of the integrin-ECM 

interaction resulting in disassembly of focal adhesions and activation of 

heterodimers consistent of one  and one  integrin subunit have been 

proliferation, cell cycling or apoptosis. It is illustrated non-comprehensively how critical 

can be achieved by mutual and cooperate activation of regulatory cascades for cell survival, 

mediated signaling. In this schematic of the edge of a cell, the indicated molecules are located 
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matrix-degrading proteases enables cell detachment for migration and tissue 

remodeling. Further, integrin-mediated signaling cooperatively alters 

signaling induced by growth factors, cytokines or hormones for the 

regulation of downstream signaling pathways involved in cell survival, 

proliferation and differentiation (5-8) (Figure 1). Connecting protein kinases 

between kinase-lacking integrins and intracellular pathways are, for 

example, integrin-linked kinase (ILK) (9) and focal adhesion kinase (FAK) 

(10). Additional pathways and functions regulated by integrin-mediated 

adhesion are the phosphatidylinositol-3-kinase (PI3K)/Akt pathway, 

Ras/mitogen-activated protein kinase pathway, activation of transcription 

factors like NF B, inositol lipid metabolism, Na
+
/H

+
 antiporter as well as 

matrix metalloproteinase activity (11). 

Integrins and integrin-mediated signal transduction are also highly 

relevant in oncogenic transformation and tumor growth as highlighted 

through studies on cytoskeletal disorganization, attenuated cell adhesion, 

anchorage-independent cell survival and growth and alteration of integrin-

mediated signaling (2, 12-15). Dependent on the tumor and integrin subtype, 

the changes in expression either promote or suppress the transformed 

phenotype. A promoting effect has been observed for integrin 6 4 in a 

subset of transformed breast epithelial cells (16,) as well as in carcinomas of 

the colon, skin and the head and neck region (13). The reduction of integrin 

6 4 was associated with the conversion of normal prostate glands to 

carcinoma in-situ and invasive tumors in patients with prostate cancer (16 -

18). A suppressive effect of integrin expression on oncogenic transformation 

was discovered for the fibronectin receptor 5 1 (19). Whereas 

transformation of rodent fibroblasts by Src or Ras causes disappearance of 

5 1 integrin from the cell surface and decline of fibronectin synthesis, 

overexpression of 5 1 integrin overrides the transformed phenotype and 

impairs tumor formation in immunodeficient mice. One potential mediator 

of this action seems to be the frequently mutated tumor suppressor protein 

p16
INK4a

, which induces 5 integrin gene transcription (20). In general, 

changes in integrin expression associated with oncogenic transformation are 

a spatial disarrangement in the integrin cell surface pattern that influences 

ligand binding affinity, elevate glycosylation and phosphorylation of 

integrins (21, 22). 

The aforementioned facts clearly demonstrate that integrin-mediated cell-

matrix interactions are strong regulators of tumor cell behavior. On this 

basis, several studies have elucidated how these interactions modulate 

cellular chemo- and radiation sensitivity (23-29). The in vitro and in vivo

observations clearly emphasize the clinical relevance of cell adhesion-

mediated radiation (CAM-RR) and drug (CAM-DR) resistance inevitably 

linked to aggravated tumor control or treatment failure. In the following, I 
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illustrate recent emerging findings concerning integrin-mediated alteration of 

survival and apoptosis particularly in tumor cells following genotoxic injury. 

1.1 

studies are less cytotoxic in matrix adhered cells. Early work was performed 

in small cell lung cancer (SCLC) cells on matrigel (solubilized basement 

membrane preparation extracted from Engelbreth-Holm-Swarm mouse 

sarcoma) or laminin showing reduced cytotoxicity of etoposide, cisplatin and 

doxorubicin (30). In the same tumor entity, Sethi et al. (26) and Kraus et al. 

(31) demonstrated impaired caspase-3 or Akt induction, respectively, by 1-

integrin-mediated adhesion to fibronectin or laminin after etoposide, 

cyclophosphamide or doxorubicin treatment. Not unique to SCLC, 

resistance-promoting effects by integrin-mediated adhesion to ECM were 

also found in tumors of colon, pancreas (29), ovary (32), prostate (33), breast 

(34), liver (35) and brain (36). Most interestingly, leukemia cells show 

similar reduction of drug- and radiation-induced apoptosis upon adhesion to 

matrix proteins (37, 38). 

Efforts to uncover the underlying mechanisms and central molecular 

players yielded a large variety of potential candidates starting with integrins, 

integrin signaling mediators such as ILK or FAK, p53, p27, p16
INK4a

, Akt or 

Bcl-2 (24, 38-42). However, due to the large number of integrin receptors, 

complex intracellular signaling networks and mutual cooperation between 

integrin- and growth factor receptor-mediated signal transduction pathways, 

the identification of these players strongly emphasizes integrin-mediated 

modification of probably all pathways critically involved in the cellular 

response to genotoxic injury. 

interrelationship impacts on ECM deposition, integrin expression and 

signaling. Fast growing tumor tissue indicates a high turnover rate in active 

remodeling of the ECM within and adjacent to the tumor (43, 44). Herein, 

massive growth factor release and neovascularization are steps to be 

considered in the development of tumor cell drug resistance. ECM bound 

growth factors could be essential nutrients for migrating tumor cells on their 

way to blood vessels or drug-free/reduced tumor areas where inside-out and 

outside-in signaling via integrins promotes genomic- or proteomic-based 

drug and radiation protection. 

or Ionizing Radiation

The Pro-Survival Effects of Cell-Matrix  

Interactions in Cells Stressed by Cytotoxic Drugs 

Intriguingly, most clinically used chemotherapeutic agents tested in in vitro

An open question deals with tumor-stroma interactions and how this 
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In the following, the involvement of integrins, ILK and FAK are 

expounded in detail as critical modulators of the cellular response to 

genotoxic injury and as potential candidates in molecular-targeted 

therapeutic strategies. 

2. THE ROLE OF INTEGRINS FOR THE 

CELLULAR RESPONSE TO GENOTOXIC 

INJURY 

Certain integrins seem to communicate increased drug resistance in a 

great variety of malignancies. 5 1 integrin, for example, seems to be a 

major antagonist of cell death induced by doxorubicin or melphalan in 

multiple myeloma (45), by paclitaxel in breast cancer or small cell and non 

small cell lung cancer (NSCLC) (46,47) or by cisplatin or mitomycin C in 

NSCLC (47). Studies accomplished in murine GD25 fibroblasts that express 

wild-type 1A integrins or mutant 1B integrins clearly reveal an essential 

regulatory function of the 1A integrin variant in the cellular radiation 

response (48,49). Upon binding to fibronectin, laminin or collagen-III, 1A

but not 1B integrins control pro-survival signaling cascades, which results 

in similar radiation survival rates under growth factor presence as compared 

to growth factor depletion. Cell adhesion via functional 1A integrins 

rescued Akt-S473 and -T308, p130Cas-Y410 and paxillin-Y118/-Y31 

phosphorylation and blocked JNK activation, thus, providing a strong 

molecular basis for 1 integrin-dependent improvement of cell survival after 

genotoxic injury. Confirmatory studies were performed in human A-172 

glioma cells following siRNA-mediated silencing of 1 integrin expression. 

Further regulatory pathways influenced by 1 integrins were uncovered 

that exert cellular resistance to genotoxic agents (24, 29, 48, 50). For 

example, 1 integrin-mediated cytoprotection against pharmacological 

DNA-damaging agents like bleomycin, etoposide or fludarabine has been 

associated with reduction of proapoptotic proteins Bim and Bax (37, 40, 51) 

in parallel with induction of antiapoptotic Bcl-2-like proteins or Bcl-2/Bax 

ratio (39). 

With concern to cell cycle distribution, which critically affects the 

survival of cell cultures treated with genotoxic agents in vitro, the exact 

impact of the cell cycle distribution for drug and radiation survival is unclear 

in vivo (52-54). In vitro studies using normal and tumor cell lines clearly 

showed that cells in the G1 cell cycle phase are significantly less chemo- and 

radiosensitive than proliferating cells in S or G2. 
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Under drug treatment, S-phase cells increasingly incorporate the DNA 

analog or DNA intercalating substance. This results in the termination of 

DNA replication or DNA damage repair. Ionizing radiation faces a larger 

DNA molecule in S and G2/M phase cells for the indirect infliction of 

various DNA lesions (55). The main lesions are single or double strand 

breaks, base damage or clustered lesions. After irradiation, cells are blocked 

in cell cycle phases G1 or G2. DNA damage recognition and repair enzymes 

such as Ataxia-telangiectasia-mutated gene (ATM) or checkpoint kinases, 

cyclins, cyclin-dependent kinases (CDK) and cyclin-dependent kinase 

inhibitors tightly regulate these processes (56). 

Considering these aspects, growth of cells on ECM proteins prolongs the 

radiation-induced cell cycle arrest at the G1- and G2 checkpoints as 

compared to cells growing on non-specific substrata (57-60). In general, this 

delay at the different cell cycle checkpoints after genotoxic injury is believed 

to provide more time for DNA damage repair, which accomplishes genomic 

integrity of daughter cells prior to continuing cell cycle transition and 

mitogenesis (61-63). Investigations in A-549 human lung carcinoma cells 

and human fibroblasts exhibited an increase in the basal phosphorylation of 

the checkpoint kinases Chk1 and Chk2 (59). The DNA damage recognition 

and repair protein complex Ku70/Ku80 (64) and the poly(ADP-ribose) 

polymerase (PARP) (65) are strongly affected by integrin-ECM interactions, 

since Ku70/Ku80 might represent a new cell surface receptor for fibronectin 

and PARP regulates chromatin structure in an integrin activity-dependent 

manner. The latter interrelation was particularly examined in bleomycin-

treated PARP knockout mouse lung epithelial cells. Activation of these DNA 

repair pathways by integrin-mediated adhesion to matrix per se is likely to 

accelerate DNA damage removal and/or to optimize the efficacy of DNA 

damage repair after irradiation for providing genomic integrity and thus cell 

survival.

Searching for specific integrins in CAM-RR or -DR, Kremer et al. (66) 

found a dependence of radiation-induced G2 cell cycle arrest in human 

prostate epithelial but not prostate epithelial cancer cells on 6 4 integrin 

and its ligand laminin 5. With respect to 1 integrin, we recently reported 

significant basal accumulation of mutant 1B integrin expressing GD25 1B

and human 1 integrin knockdown A-172 glioma cells but not wild-type 

1A integrin expressing GD25 1A cells in the G1-phase under serum 

depletion (49). However, this increased amount of G1 cells could not be 

correlated with an improvement in radiation survival of GD25 1B cells but 

rather with elevated cell killing. 

In addition to communicating survival advantage and cell cycle 

modifying effects in cells seeded onto ECM proteins prior to drug or 

radiation treatment, integrins themselves are affected by ionizing radiation. 
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Following radiation exposure, the expression of several integrin subunits 

(29), endothelial cells and keratinocytes (67) as well as in tumor cells of the 

lung (27), brain (68), colon, hematopoetic cells (69), pancreas (70) and 

melanomas (29). The underlying molecular mechanisms and consequences 

of these alterations are currently unclear. However, one elegant therapeutic 

approach used enhancement of v 3 integrin expression on sublethally 

directly delivered into the irradiated and proliferating endothelium of GL261 

gliomas and B16F0 melanoma implanted into C57BL6 mice (71). This 

might be a reasonable strategy for tumor-specific integrin targeting in 

selected tumor entities. 

integrin in HUVEC is strictly coupled to the presence of U87 glioma cells. 

This observation adds a new facet to the tumor-promoting impact of tumor 

stroma, tumor-stroma crosstalk and the role normal tissue is likely to play in 

the reaction of cancer cells to genotoxic compounds. 

Subsequent to fractionated irradiation of prostate carcinoma cells with a 

total dose of 25 Gy applied within 3 weeks, Simon et al. (70) observed a 

reduction in 1-integrin expression and concomitant decrease in cell 

proliferation. Similarly, exposing cells to commonly administered genotoxic 

drugs such as cisplatin, 5’-fluorouracil or cyclophosphamide generally 

results in decreased integrin expression as a consequence of apoptosis 

induction. Nevertheless, there is a lack of detailed studies elucidating long-

term, time-dependent changes in integrin expression under genotoxic agents. 

Eventually, these clinical and translation research-related radiation schedules 

shed light on possible therapeutic intervention using anti-integrin and/or 

adhesion-blocking agents. 

Besides regulating survival and proliferation, the radiation-induced 

integrin cell surface expression improves cell adhesion and might also affect 

migration. Studies in glioma cells elucidating these features with regard to 

possible therapeutic consequences showed controversial results. A 3.5-Gy 

irradiation of U87-MG, LN-18 and LN-229 glioma cells enhanced cell 

migration and invasion into fetal rat brain (73). Irradiating the same cell lines 

(LN-18, LN-229) and others (A-172, U-138MG glioma cells) with 6 Gy 

revealed, however, a significant increase in cell adhesion and inhibition of 

cell invasion into matrigel, which was regulated by 1- and 3-integrins

(68). Under both conditions, radiation-dependent induction of MMP-2 and -9 

expression and activity was detectable but exerted opposing effects. Taken 

into account the higher rate of cell killing after 6 Gy versus 3.5 Gy, one 

could imagine that 3.5 Gy activate MMPs to a lesser extent than 6 Gy. Thus,  

irradiated endothelial cells. Herewith, drugs or immunoradioisotopes were 

including 1-, 3, 5, v- is upregulated in human skin and lung fibroblasts 

Brown et al. (72) showed that radiation-dependent increase in v- and 1-
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MMP-dependent matrix degradation is rather moderate following the lower 

radiation dose and still provides attachment points for integrins during 

migration. In contrast, matrix proteolysis by MMPs after higher doses of 

ionizing radiation is largely eradicating potent integrin ligands for cell 

migration. In combination with increased integrin cell surface presentation, 

local cell anchorage is, at least transiently, enforced. 

3. THE ROLE OF INTEGRIN-MEDIATED 

SIGNALING MOLECULES FOR THE 

CELLULAR REACTION TO GENOTOXIC 

INJURY 

Recruitment of cytoplasmic protein kinases and adapter proteins is 

necessary for integrin signal transduction to regulate cell survival, 

proliferation, differentiation as well as damage repair following genotoxic 

injury. FAK and ILK, as essential integrin signaling mediators, are the most 

intensively examined protein kinases in cells after genotoxic stress. 

3.1 Focal Adhesion Kinase (FAK) 

Combined immunohistochemical and molecular analysis of tumor 

specimens has demonstrated a pivotal role of the non-receptor bound FAK in 

a variety of human neoplasias. In lung cancer (74), hepatocellular carcinoma 

(75), squamous cell carcinoma (76), breast cancer (77), thyroid cancer (78), 

ovarian cancer (79) and astrocytoma (80), (FAK) expression and 

phosphorylation were elevated indicating that FAK might be a novel 

therapeutic target, prognostic marker and potential indicator for oncogenic 

transformation. 

Kasahara et al. (41) was the first to examine the function of FAK in 

cellular coping mechanisms upon genotoxic injury. They showed that FAK 

overexpression prevents DNA fragmentation and caspase-3 and -8 

activation, which consequently impaired radiation-induced apoptosis in 

human HL-60 leukemia cells. In parallel, FAK induced antiapoptotic 

PI3K/Akt signaling and the expression of the inhibitor-of-apoptosis proteins 

cIAP-2 and XIAP. In addition to radiation resistance, upregulated FAK 

protected HL-60 cells against hydrogen peroxide-, etoposide- or TRAIL-

induced apoptosis (81). 

Experiments using adherent growing A-549 lung carcinoma cells 

revealed that particularly the FAK-Y397 autophosphorylation site and FAK-

Y925 facilitating complex formation with Grb2/SOS were increasingly 
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phosphorylated after irradiation (82). In contrast, FAK-Y576, which is 

substantial for maximum kinase activity, was not activated after irradiation. 

Assuming that elevated phosphorylation of protein kinases determines 

increased signaling activity, FAK and its interacting partners p130Cas and 

paxillin play a crucial role in the cellular radiation response. One possible 

explanation for the enhanced phosphorylation of these proteins is the fact 

that the ionizing radiation produces a large amount of reactive oxygen 

species (ROS) (83). Zent et al. (84) showed that, in general, ROS initiate 

increased phosphorylation of various focal adhesion proteins including FAK. 

Treatment of cells with cytotoxic drugs, however, exerts a different 

picture with regard to cell death and phosphorylation of focal adhesion 

proteins. Drug-treated cells die via different forms of programmed cell death 

(85), which all eventually initiate cell detachment from the substratum. 

During this process, integrins and other cell adhesion molecules are shed 

from the cell membrane and focal adhesions together with the associated 

multiprotein membrane complexes are disassembled (86). Studies performed 

in human hepatoma Hep3B cells treated with all-trans-retinoic acid (87) or 

bone marrow and dermal derived endothelial cells exposed to etoposide (88) 

underscore this differential cell response pattern upon drug exposure as 

compared with irradiation. Despite the current lack of definite mechanistic 

conclusions, FAK and its related proteins are modulated after irradiation and 

elevated FAK levels confer radioprotective effects, especially via 

antiapoptotic proteins as characterized through proteome analysis (89). In 

conjunction with FAK´s role in tumor growth and metastatic spread, the 

FAK/p130Cas/paxillin signaling complex might turn out as potential target 

for small molecule inhibitors in anticancer therapy. 

3.1.1 Integrin-linked kinase (ILK) 

expression in prostate cancer (90), NSCLC (91), colon cancer (92), gastric 

cancer (93), ovarian cancer (94) and melanoma (95). These findings, in 

marker in prognosis and carcinogenesis. 

ILK serves in survival/apoptosis and growth regulation via Akt/caspase-3 

and -8 and GSK3  in IEC-18 rat intestinal cell, 293 human embryonic 

kidney cells and SCP2 mouse mammary epithelial cells (96-98). Under 

cellular stress caused by cytotoxic drugs or ionizing radiation, ILK 

transduces opposing effects as compared to FAK. Likewise in A-549 lung 

carcinoma and FaDu squamous cell carcinoma cells, elevated constitutive  

ILK, an important 1-integrin signaling mediator, shows increased 

similarity to FAK, have led to regarding ILK as a novel therapeutic target and 
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kinase-active ILK caused alteration of PI3K/Akt, GSK3  and MAPK 

signaling (47; Eke and Cordes, unpublished observations, 2005). Augmented 

ILK expression enforced cytoplasmic rather then membrane localization of 

ILK itself and its binding partners -parvin and PINCH-1 (particularly 

interesting new cysteine-histidine rich protein 1) (99-100). Absence of 

ILK/ -parvin/PINCH-1 complex membrane localization initiated a decline 

in the number of focal adhesions and a fibroblastoid morphology 

characterized by enhanced formation of undirected filopodia. Moreover, 

integrin clustering and cell adhesion were perturbed in constitutive kinase-

active ILK transfectants. Further evidence that ILK manifests elevated 

sensitivity to external cytotoxic stimuli was found in FAK deficient HL-60 

cells (Hess, Estrugo, Fischer, Cordes, unpublished observations, 2004). 

Adhesion of this leukemia cell line to fibronectin promoted radiation-

induced apoptosis via interaction of ILK with caspase-8. 

ILK does not per se mediate increased cell killing after gentotoxic injury 

as recently demonstrated by Duxbury et al. (101). The authors found that 

overexpressed ILK protects pancreatic adenocarcinoma cells from 

undergoing apoptosis induced by the clinically administered anticancer drug 

and nucleoside analogue gemcitabine. ILK knockdown, however, resulted in 

an Akt- and caspase-3-dependent initiation of apoptosis. Future studies 

already underway will shed light on these inconsistent observations. 

Another approach to elucidate the function of ILK in cell death 

regulation employed antisense transfection or different small molecule 

inhibitors against ILK (101-104). Anticancer effects of silenced or inhibited 

ILK were mediated by decreased Akt-S473 phosphorylation in glioblastoma 

cells in vitro. In vivo, ILK inhibition also abrogated PI3K/Akt 

phosphorylation, which subsequently modified the mammalian target of 

rapamycin (mTOR), signal transducers and activators of transcription 3 

(STAT3) and forkhead transcription factors in tumor growth inhibition 

experiments using an orthotopic primary xenograft model of pancreatic 

cancer (104). 

Overall, ILK presents as another focal adhesion associated protein kinase 

to be favorably targeted by molecular therapeutics in a variety of human 

malignancies. This view is underscored by the fact that the expression and 

localization of the ILK binding partners PINCH-1, -parvin and Nck-2 

greatly depend on the proper function of ILK (100). Therapeutically 

modifying ILK is, therefore, likely to result in the effective disruption of 

integrin-mediated as well as growth factor receptor-mediated pro-survival 

signaling.
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4. THERAPEUTIC IMPACT OF TARGETED 

APPROACHES AGAINST MOLECULES 

INVOLVED IN CELL-MATRIX INTERACTIONS 

Reviewing the role of integrins and integrin-associated structural and 

signaling molecules in the cellular survival and growth responses upon 

genotoxic injury raises the question whether the modification or targeting of 

these proteins could potentially improve anticancer treatment strategies.  

In general, small molecule inhibitors, gene therapy, antibodies or short 

peptidomimetics are imaginable ways to target the major players constituting 

focal adhesions (105-109). 

Detailed knowledge about integrin expression and function has been 

collected in different model systems in vitro and in vivo. The examination of 

integrin expression patterns in normal and tumor tissue has provided useful 

insight into integrin distribution in different healthy tissues as compared to 

tumor stroma and the tumor itself. To optimize multimodal therapeutic 

approaches using the new molecular therapeutics outlined above, intense 

molecular and imaging studies are advised to clarify the exact target(s) of a 

specific signal transduction modulator. Fundamentally, the presence of the 

targeted molecule in the tumor cell or in the tumor-associated stroma seems 

to be demanded but not sufficient for the anticancer efficacy of such agents. 

Table 1 gives a short overview about currently undertaken clinical trials 

administering approved or non-approved anti-integrin antibodies or short 

peptidomimetics. The upcoming years will reveal the potential and 

administration with conventional anticancer drugs, radiotherapy or agents 

directed against other cell surface receptors and intracellular molecules. 

5. CONCLUSIONS 

An aggravating factor to be considered in cytotoxicity studies is that cell-

matrix interactions as well as focal adhesion formation are different under 

two-dimensional versus three-dimensional cell culture conditions. These 

circumstances have to be deeply elucidated in the future to pinpoint 

significant differences in the regulation of coping mechanisms for genotoxic 

injury in these two cell culture models. Although in vivo studies will keep 

therapeutic index of such exciting novel molecular compounds alone, in co-
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Figure 2. Schematic diagram depicting specific focal adhesion proteins in the cellular 

genotoxic stress response examined in more detail during the last years. Although integrin and 

growth factor receptor interactions coordinately control e.g., cell survival and growth, the 

exact molecular processes taken place after DNA damage are largely unclear to date. 

However, integrin-mediated cell adhesion to extracellular matrix proteins channels through 

the indicated structural and signaling molecules for attenuating the cellular chemo- and 

radiation sensitivity of two-dimensional human and murine cell cultures. 

their eligibility as final preclinical experiment, it can be hypothesized that 

optimized cell culture conditions can substantially foster anticancer drug 

identification and development. 

Concerning existent or acquired cellular drug and radiation resistance, 

integrin-mediated cell-ECM interactions are very likely to play an essential 

role in combination with survival-advantaging genetic mutations in e.g. 

epidermal growth factor receptor gene (110), multidrug resistance gene 1 
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(MDR1; associated with p-glycoprotein) (111) or BCR-Abl-kinase (112) 

(Figure 2). Integrin receptors and their downstream signaling mediators 

anticipate challenging and effective targets for innovative therapeutic 

strategies directed against the primary tumor as well as its metastases. Future 

investigations on tumor-specific integrin-mediated signaling and their 

crosstalk with growth factor receptor-mediated signaling may also 

substantially contribute to the identification of new molecular targets and the 

development of interacting substances for adjuvant chemo- and radiotherapy 

strategies.
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Chapter 9 

CAM-DR: HANGING ON FOR CELL SURVIVAL

Lori A. Hazlehurst 

Experimental Therapeutics Section, H. Lee Moffitt Cancer Center, Tampa, Florida, USA 

Abstract: 1 integrin is known to be an important mediator of cell cycle kinetics, 

survival and differentiation. More recently evidence is accumulating that 1

integrin-mediated adhesion is sufficient to cause resistance to mechanistically 

distinct cytotoxics. This drug resistant phenotype is commonly referred to as 

cell adhesion mediated drug resistance or CAM-DR. The CAM-DR 

phenotype is observed in multiple tumor types that express a diverse array of 

oncogenes, suggesting that underlying resistant mechanism(s) do not require 

the expression of a specific oncogene for conferring the drug resistant 

phenotype. Despite the consistency of the drug resistant phenotype a single 

CAM-DR pathway has yet to emerge. However, current data suggest that 

alterations in cell cycle checkpoints and Bcl-2 family members are likely to be 

critical for conferring the CAM-DR phenotype. This chapter will discuss 

CAM-DR models and potential targets downstream of 1 integrin ligation that 

contribute to the drug resistant phenotype.  

Key words: CAM-DR; 1 integrin; Bcl-2; Bim; drug resistance; cell cycle; 1 integrin 

splice variants 

1. INTRODUCTION 

The emergence of drug resistance continues to impede the success of 

chemotherapy. Resistance to chemotherapy can occur as a result of chronic 

drug exposure (acquired drug resistance) or by intrinsic mechanisms such as 

soluble or matrix induced activation of survival signals (de novo resistance). 

Acquired drug resistance models have been instrumental in elucidating drug 

resistant targets and in some cases have aided in the identification of drug 

targets (1, 2). These unicellular models have demonstrated that typically 

multiple mechanisms of resistance emerge following drug selection (3). 

Mechanisms that contribute to acquired drug resistance include decreased 
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drug uptake, increased drug efflux, altered drug target, drug metabolism, 

alterations in DNA repair and cell cycle checkpoint pathways and changes in 

downstream mediators of the apoptotic pathway. The multi-factorial nature 

of acquired drug resistance makes therapeutic intervention a 

pharmacological challenge. In contrast, de novo resistance does not require 

drug selection for the expression of the resistant phenotype. The first 

selection pressure for the growth and maintenance of a tumor is the 

microenvironment, and thus it is likely that tumor progression results in the 

selection of cells that are efficient at utilizing survival signals generated in 

the microenvironment. These same survival signals that originate from host-

tumor cell interactions can potentially contribute to de novo drug resistance. 

Sources of de novo resistance include signals that can be either paracrine or 

autocrine in nature.  

Cell adhesion represents one potential signal that may contribute to de 

novo drug resistance. Detachment of many types of cells from the 

extracellular matrix can trigger apoptosis. This phenomena is referred to as 

anoikis, which is derived from the Greek word for “homelessness” (4). 

Anoikis is thought to represent an important mechanism for tissue 

maintenance and homeostasis. Resistance to anoikis is believed to be 

essential for tumor progression and metastasis to occur and, expression of 

certain oncogenes is known to confer resistance to anoikis induced cell death 

(5). We propose that although tumor cells are resistant to detachment 

induced cell death, that integrin activation continues to favor cell survival 

following cytotoxic insult even in anoikis resistant tumor cells. This suggests 

that resistance to anoikis does not result in the activation of a redundant 

integrin mediated pathway(s) but rather a complementary anti-apoptotic 

pathway. Results to support this include observations that adhesion of 

anchorage independent solid tumor cell lines via 1 integrins confers drug 

resistance. In addition, hematopoietic malignant cells are inherently resistant 

to anoikis mediated cell death, yet 1 integrin-mediated adhesion will confer 

resistance to cell death induced by cytotoxic insult. The following section 

will discuss potential mechanisms that are likely to contribute to drug 

resistance associated with 1 integrin mediated cell adhesion.  

2. CAM-DR 

Traditionally drug resistance mechanisms have been identified and 

functionally characterized in resistant cell lines developed by chronic 

exposure to a cytotoxic agent. However, these unicellular drug resistant 

models lack consideration of host-tumor cell interactions that may 

participate in the emergence of the drug resistant phenotype (see Figure 1).  
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Figure 1. Proposed model of Cell Adhesion Mediated Drug Resistance (CAM-DR). Host 

tumor cell interactions participate in the emergence of the drug resistant phenotype. The 

tumor cell contains adhesion receptors such as the 1 integrin containing receptors ( 1

integrins) or more specifically integrin 4 1 (VLA-4). 

The first model demonstrating the effects of cell adhesion on drug 

resistance was reported by Durand and Sutherland in 1972 (7). These 

investigators demonstrated that V79 Chinese hamster cells grown as a 

spheroid culture was sufficient to cause radiation resistance relative to cells 

treated as a monolayer. These data suggest that cell-cell contact enhances 

survival of tumor cells in response to cytotoxic stimuli. However, this model 

did not identify the cell adhesion molecule(s) conferring the drug resistance 

phenotype. More recently several investigators have convincingly 

demonstrated that adhesion of cells in a monolayer culture via 1 integrins is 

sufficient to confer a multi-drug resistance phenotype (8-13). This phenotype 

is commonly referred to as cell adhesion mediated drug resistance or CAM-

DR (14). The identification of an adhesion moiety that confers drug 

resistance has provided a good model for investigators to mechanistically 

dissect integrin-mediated pathways that confer drug resistance. The CAM-

DR phenotype is characterized as a multi-drug drug resistant phenotype as 

resistance to mechanistically diverse cytotoxics including topoisomerase II 
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inhibitors, alkylating agents, cis-platinum, gamma radiation, the Bcr-abl 

inhibitor imatinib and Fas has been demonstrated (8-16). Moreover, the 

CAM-DR phenotype occurs across divergent genetic backgrounds and is 

documented in both solid and hematopoietic malignancies. Validation of the 

in vivo contribution of 1 integrins to drug resistance was provided by 

Matsunaga et al. These investigators showed in an AML mouse model that 

treatment with a VLA-4 specific antibody and Ara-C significantly increased 

survival compared to treatment with Ara-C alone (17). Taken together, these 

data indicate that cellular adhesion via 1 integrins may contribute to de 

novo resistance and the failure to eliminate minimal residual disease 

observed with many tumor types.  

Concerning existent or acquired cellular drug and radiation resistance, 

integrin-mediated cell-ECM interactions are very likely to play an essential 

role in combination with survival-advantaging genetic mutations in, e.g., 

epidermal growth factor receptor gene, multidrug resistance gene 1 (MDR1; 

associated with p-glycoprotein) or BCR-Abl-kinase (2). Integrin receptors 

and their downstream signaling mediators may be effective targets for 

innovative therapeutic strategies directed against the primary tumor as well 

as its metastases. Future investigations on tumor-specific integrin-mediated 

signaling and their crosstalk with growth factor receptor-mediated signaling 

may also substantially contribute to the identification of new molecular 

targets and the development of interacting substances for adjuvant chemo- 

and radiotherapy strategies. 

It is likely that mediators of de novo resistance may also contribute to the 

emergence of acquired drug resistance. Teicher et al. were the first to 

demonstrate the influence of the tumor microenvironment in mediating the 

acquisition of drug resistance associated with chronic exposure to a 

EMT-6 mammary tumors over a six-month period with alkylating agents 

resulted in the selection of a drug resistance phenotype that could be 

detected in vivo, but not in a unicellular tissue culture system. These studies 

were the first to show that components of the tumor microenvironment are 

required for the expression of a functional acquired drug resistance 

phenotype. More recent data has suggested that tumor cells may in fact 

remodel or condition the microenvironment to favor cell survival following 

insult by chemotherapeutic drugs. Sherman–Baust et al. showed that 

cisplatin resistant cells overexpressed collagen VI, and furthermore plates 

coated with collagen VI conferred platinum resistance to the parental A2780 

drug sensitive ovarian cancer cell line (19). In addition, these investigators 

demonstrated in clinical specimens that strong collagen VI staining occurred 

only on the border between tumor and stromal cells. These results suggest 

that either tumor cells were directly depositing the matrix or that tumor cells 

cytotoxin (18). These investigators showed that treatment of mice bearing 
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stimulate adjacent stromal cells to deposit collagen V1. Moreover, our 

laboratory recently showed that cell adhesion via 1 integrins of U937 cells 

influences the acquisition of mitoxantrone resistance. In this study we 

directly compared the emerging drug resistant phenotype when cells were 

selected with mitoxantrone in a traditional suspension culture versus 

adherent to fibroenctin via 1 inetgrins. In comparing the phenotype we 

showed that both acquired drug resistant models demonstrated reduced drug 

induced DNA damage and a reduction in the drug target topoisomerase II. 

However, the mechanisms regulating topoisomerase II levels were divergent 

depending on the culture conditions. Cells selected in suspension showed 

reduced topoisomerase II protein levels, a finding that correlated with 

reduced mRNA levels. In contrast, chronic selection with mitoxantrone in 

adherent U937 cells resulted in post-transcriptional regulation of 

topoisomerase II (20). Together these data indicate that drug resistant models 

that recapitulate tumor-host interactions may be needed for the identification 

of clinically relevant de novo and acquired drug resistant targets. 

Integrins do not contain intrinsic kinase activity, suggesting that cellular 

hardware could dictate response to integrin activation. In fact the response of 

specific. In addition, another dimension of complexity associated with 

integrin signaling is the potential crosstalk between cytokine and growth 

factor receptors. For example, in breast epithelial cells adhesion via 6 1 in 

the presence of insulin resulted in increased phosphorylation of the insulin 

receptor and protein kinase B (21). Despite dependency on downstream 

components and perhaps even cross talk with specific receptors contributing 

to diversity of integrin mediated signaling, the CAM-DR phenotype is 

observed across diverse genetic backgrounds with varied expression of 

oncogenes. For example, Bcr-abl expression is known to confer drug 

resistance, yet adhesion of Bcr-abl positive chronic myelogenous leukemia 

(CML) cell lines via 1 integrins confers an additional increase in drug 

resistance compared to CML cell lines treated in suspension cultures(14, 16). 

The challenge will be to determine whether the anti-apoptotic phenotype 

observed with 1 integrin mediated adhesion is the result of a consistent, but 

to date identified pathway(s), or rather if 1 integrins utilize divergent 

cellular hardware to confer a very similar CAM-DR phenotype. 

3. TARGETS ASSOCIATED WITH CAM-DR 

Although the signaling network mediating the CAM-DR phenotype is 

currently not well delineated, several downstream drug resistance targets 

have been identified as potential mediators of the CAM-DR phenotype. 

1 integrin, activation of downstream signaling events is often cell context 
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These potential targets include BCL-2 family members, p27kip1, alterations 

in chromatin structure and topoisomerase II. The potential role of these 

targets will be further discussed in this chapter. 

3.1 B.2. BCL-2 Family Members 

Several reports have indicated that the levels of Bcl-2 family members 

are altered upon 1 inetgrin activation(22, 25). Bcl-2 family members can be 

sub-divided into two main categories. The anti-apoptotic group consists of 

Bcl-2, Bcl-xl, Mcl-1. These proteins contain 4 BH domains and promote cell 

survival by binding pro-apoptotic Bcl-2 family members and inhibiting their 

function. The proapoptotic Bcl-2 family can be further separated into two 

classes the multi BH domain proteins consisting of Bax and Bak and the 

BH3 only proteins consisting of Bmf, Bid, Bim, Bad, Bik, Puma and Noxa. 

The BH3 pro-apoptotic member, Bim has recently emerged as a potential 

mediator of the CAM-DR phenotype in hematopoietic malignant tumor 

cells. Bim knockout studies have revealed that Bim is an important regulator 

of leukocyte homeostasis, as Bim
-/-

 mice show accumulation of B cells, 

mature T-cells, granulocytes and monocytes compared to wild type mice 

(26). Furthermore, B-cells derived from Bim
-/-

 mice were resistant to 

spontaneous induced apoptosis as well as gamma radiation, ionomycin and 

dexamethasone induced cell death. To date 10 Bim splice variants have been 

reported in genebank. BimEL is the most highly expressed isoform and can be 

easily identified by molecular weight by separation on a one dimensional 

SDS-PAGE. BimEL contains the Erk1/2 phosphoryaltion site, the dynein 

motor binding site and a hydrophobic domain (see Figure 2). BimL and BimS

represent two other splice variants that are most commonly reported as being 

expressed in tumor cells in the literature, however, it must be cautioned that 

these two smaller isoforms are more difficult to identify based solely on 

molecule weight. Both BimEL and BimL contain the dynein motor binding 

motif, JNK phosphorylation site and the hydrophobic domain (27). 

Transfection studies have shown that BimS is the most potent inducer of 

apoptosis and lacks the dynein binding motif but does contain the 

hydrophobic domain required for mitochondria targeting (28). 

Bim protein levels were decreased when hematopoietic tumor cell lines 

were adhered to fibronectin via 1 integrins (25). Current understanding 

suggests that Bim is tightly regulated by multiple mechanisms including 

localization, transcriptional regulation and by proteasome mediated 

degradation. Investigations have shown that activation of the MAPK 

signaling pathway promotes phosphorylation and proteasome dependent 

degradation of BimEL (29). In addition, to Erk1/2 regulation of Bim protein 

levels, c-Cbl has been implicated in regulating Bim protein levels. Recently 
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Akiyama et al., showed a physical interaction of c-Cbl and Bim (30). 

Moreover, these same investigators showed that osteoclasts derived from a 

c-Cbl-/- mice failed to reduce Bim levels when stimulated with M-CSF 

compared to wild type cells. Together, these data indicate that c-Cbl may be 

an important regulator of Bim degradation. c-Cbl has multiple functions both 

as an adaptor protein and an E3 ligase. Furthermore c-Cbl is known to bind 

both paxillin and tubulin, and can be found in focal adhesion complexes (31, 

32). Further studies are warranted to determine whether c-Cbl plays a role in 

1 integrin mediated attenuation of Bim protein levels.  

Figure 2. Bim splice variants. Only Bimel contains the ERK1/2 phosporylation site. Bimel and

BimL contain the dyenin motor complex domain and JNK phosphorylation site. All three 

splice variants contain one BH3 domain and a hydrophobic tail required for targeting to the 

mitochonria membrane.

Trafficking of Bim is another mode of Bim regulation. Puthalakath et al. 

initially reported that the dynein motor complex sequesters Bim in healthy 

cells (33). This was supported by evidence showing that Bim is bound to the 

LC8 component of the microtubule. In addition these same investigators 

showed that following cytotoxic insult LC8 and Bim was trafficked from the 

dynein motor complex to the mitochondria membrane were Bim was found 

to be bound to Bcl-2. In contrast, Zhu et al. showed that in healthy T-cells 

Bim was bound to either Bcl-xl or BCL-2 in the mitochondria (34). Thus the 

localization of Bim in healthy cells may be context specific. There is some 

evidence that JNK dependent phosphorylation of BimL following cytotoxic 

insult may release BimL from the dynein motor complex (27). However, 

again this maybe cell context specific because Puthalakath et al., showed that 
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following apoptotic stimuli BimL was trafficked to the mitochondria via 

DLC1.

Transcriptional regulation of Bim appears to be predominately driven by 

Foxo3a. The promoter region of Bim contains a Forkhead responsive 

element and ChIP assays have determined that Foxo3a binds to the promoter 

region of Bim (35). Phosphorylation of Foxo3a results in cytoplasmic 

localization of Foxo3a and thereby inhibits the transcriptional function of the 

protein. SGK1 and Akt share similar consensus phosphorylation sites 

(RXTXXS/T). However, recently Brunet et al., showed for the substrate 

Foxo3a, that SGK1 had a preference for Ser-315 while Akt phosphorylated 

Ser-253 more efficiently compared to SGK1(36). These data suggests that 

Akt and SGK1 may work in a cooperative rather than redundant fashion with 

respects to phosphorylating Foxo3a. 1 Integrin activation is reported to 

activate the MAPK pathway (37, 38), AKT(39), SGK1(40). In addition c-cbl 

is a known to be recruited to focal adhesions and phosphorylated following 

1 integrin activation (41). Thus, as shown in Figure 3, integrins could 

potentially regulate Bim levels at multiple levels including transcription, 

localization and protein degradation. Further studies are warranted to better 

delineate the 1 integrin pathway that regulates Bim levels in adherent cells 

and the role of Bim in mediating the CAM-DR phenotype. 

Figure 3. Candidate downstream signaling cascades involved in CAM-DR involving Bim 

regulation. Two arms of the signaling cascades are envisioned to either impact the 

suppression of Bim mRNA expression or the increase in Bim degradation. 
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3.2 Effects on Cell Cycle 

The potency of many anti-cancer agents that cause DNA damage is often 

reduced in quiescent cells. (42-44). Experimental evidence to support this 

concept includes reports where the ectopic expression of either the CDK2 

inhibitor p21 or p27
Kip1

 is causative for resistance to DNA damaging drugs 

(43, 44). Thus, signals that cause reversible growth arrest in tumor cells 

could transiently protect from apoptosis induced by DNA damaging agents. 

The effects of integrin-mediated adhesion on cell cycle appear to be cell 

context specific. The divergent effect on cell cycle progression of 1 integrin 

mediated adhesion is most likely the result of the relative abundance of 1-

integrin splice variants and not due to differences in cellular hardware. Four 

naturally occurring splice variants of the 1 integrin have been identified, 

and the splicing occurs within the cytoplasmic domain of each 1 integrin 

variant (45). These four 1 integrin splice variants are designated 1A, 1B,

1C and 1D, and evidence shows that activation of specific splice variants 

results in divergent signal transduction pathways. For example, activation of 

the 1A integrin splice variant is associated with activation of the MAPK 

pathway and cell cycle progression (46) (37, 47). In contrast, activation of 

either the 1D or 1C integrin splice variant is associated with the inhibition 

of cell cycle progression (48, 49). While, the activation of 1B appears to act 

as a dominant negative, and inhibits cellular adhesion and motility (50). 

Evidence also exists demonstrating that the expression of 1-integrin splice 

variants is different depending on the tissue type. For example, the 1A

splice variant is the most ubiquitously expressed 1 integrin variant while 

the 1C splice variant is known to be expressed in epithelial cells of the 

liver, placenta, platelets as well as monocytic and erthroleukemia cell lines 

but is not expressed in peripheral blood lymphocytes (51). In contrast, the 

1D isoform has only been detected in striated muscle cells (52). Recently, 

Fornaro et al. demonstrated that transfection of 1C in CHO-K1 cells caused 

an  increase in  p27
 
protein levels,  and furthermore decreasing  p27

levels by  antisense treatment abrogated the inhibitory effects of 1C

on DNA synthesis (53). In summary, the majority of data indicates that the 

diverse effect of 1 integrin mediated adhesion on cell cycle kinetics is due 

to the relative expression of 1 integrin splice variants rather than 

differences in downstream signaling complexes. 

Adhesion of normal CD34+ cells to fibronectin is reported to both inhibit 

spontaneous apoptosis and induce growth arrest (54-56). In addition, 

prolonged adhesion of a multiple myeloma cell line to fibronectin resulted in 

a reversible cell cycle arrest at the G1/S boundary. This observation 

correlated with increased  p27  levels and inhibition of CDK2 kinase 

activity. Moreover, reducing levels by antisense treatment increased 

Kip1 Kip1

Kip1

p27  
Kip1

p27  
Kip1
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etoposide induced apoptosis in adherent cells (9). In addition, to integrin 

mediated effects on basal cell cycle effects, 1 integrin mediated cell 

adhesion has been reported to increase percentages of cells blocked in G2/M 

following radiation treatment. Binding of human lung cancer cell line to 

fibronectin via 1 inetgrins resulted in increased G2/M block and resistance 

to gamma radiation. (13). Similarly, adhesion of normal breast and prostate 

cell lines to laminin 5 via 6 4 enhanced the radiation dependent G2/M 

block. However in this context activation of 6 4 did not alter cell survival 

(57). This may reflect differences in either the ability of  integrins to confer 

resistance to cytotoxics or differences in transformed versus normal cells in 

response to integrin ligation. 

3.3 Chromatin Structure and DNA Damage 

Integrin engagement is most often studied in the context of immediate 

signaling originating at the focal adhesion contacts. However, it is becoming 

clear that not only does integrin binding result in changes in cytoskeletal and 

plasma membrane structure at the leading edge but also causes dramatic 

changes in nuclear structure. Jones et al. showed that 1 integrin mediated 

engagement of endothelial cells results in increased sensitivity to 

microccocal nuclease digestion, suggesting that the chromatin of adherent 

cells is more relaxed compared to cells cultured in suspension (58). This 

same group more recently showed that integrin engagement of endothelial 

cells results in increased acetylation of histone H3 (59). We have observed a 

similar finding as U937 cells adherent to fibronectin are more sensitive to 

Dnase I digestion (unpublished data) compared to cells cultured in 

suspension. In addition, pre-adhesion of U937 resulted in alterations in the 

nuclear pool of the drug target topoisomerase II  in adherent cells. 

Alterations in the nuclear pool of topoisomerase II  was shown by confocal 

microscopy and by finding that topoisomerase II  was resistant to salt 

extraction in nuclear extracts prepared from adherent cells compared to 

suspension cultures. Topoisomerase II  has been shown to bind to 

components of the NuRD chromatin remodeling complex, including 

HDAC1, HDAC2 and MTA (metastasis-associated tumor protein) (60). It is 

feasible although to date no experimental evidence exits that nuclear 

remodeling is essential for nuclear movement that occurs during cell 

polarization and migration. It is well known that metastastic tumor cells are 

resistant to chemotherapy, what is not known is whether drug resistance is 

due to genetic changes, the new environment or rather if the process of 

migration is sufficient to confer the drug resistant phenotype. 
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4. SUMMARY  

Adhesion of both hematopoietic malignant and solid tumors via 1

integrins to components of the extracellular matrix is sufficient to confer 

resistance to mechanistically distinct cytotoxics. 1 integrin-mediated 

adhesion has emerged as a viable target to increase the efficacy of currently 

uses cytotoxics. The target has been validated in both animal models and 

primary malignant specimens (61, 25). Thus the culmination of evidence 

suggests that 1 integrin-mediated adhesion is likely to have clinical 

relevance and may contribute to the failure to eliminate minimal residual 

disease. Several putative targets have been identified including changes in 

cell cycle checkpoints and alterations in the level of expression of pro and 

anti-apoptotic Bcl-2 family members. Further studies are needed to 

determine whether blocking 1 integrin mediated adhesion or downstream 

signaling will be the best approach for inhibiting CAM-DR and improving 

the efficacy of currently used cytotoxics. 
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Abstract: The cell surface of epithelial cancers is known to change dramatically during 

tumor progression. The alteration of the cancer cell surface is distinct from the 

normal cell surface from which the cancer is derived and provides an attractive 

potential target for diagnostic, prognostic or therapeutic intervention. In recent 

years, it has been appreciated that while a vast majority of tumor cell surfaces 

become devoid of cell surface markers, a cohort of cell adhesion receptors are 

persistently expressed on tumor cells throughout the different stages of 

metastasis. In this chapter, we will focus on the use of combinatorial peptide 

chemistry techniques with biological approaches to isolate tumor cell adhesion 

d-amino acid peptides. These peptides when immobilized are capable of 

supporting tumor cell adhesion but block cell spreading and the downstream 

activation of focal adhesion kinase or mitogen activated kinase kinase. These 

results suggest that D-amino acid peptides can be discovered using a cell 

adhesion assay as a successful screen for bioactive peptides. Further, the 

immobilized peptides will uncouple cellular adhesion from the downstream 

signaling events. This strategy can select for cell adhesion peptides capable of 

both capturing cancer cells and blocking downstream signaling events.

Key words: peptides; cell surface; epithelial cancer; D-amino acid; signaling     

1. INTRODUCTION 

Most cancer deaths are directly from the consequences of metastatic 

tumors rather than the primary tumor itself (1, 2). There is a great need for 

new therapeutics to target the metastatic process given that cancer diagnosis 

often occurs at a relatively late stage in cancer progression. In order to 
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develop novel therapeutics, further research is needed to identify the critical 

molecular components involved in metastasis. Although metastasis is a 

complicated in vivo process, it is valuable to initially examine the molecular 

components at the cellular level in vitro. In general, study of the machinery 

responsible for cellular motility can lead to the important discovery of key 

molecular players that regulate cell migration and/or invasion. Some of these 

molecules may prove to be appropriate anti-metastatic targets. 

Cancer therapeutics has entered an era of molecular targeting. New 

agents are being developed to target specific molecular components on the 

cell surface or their downstream effectors that are important to tumor 

progression and survival. Signal transduction pathways such as the 

extracellular signal-regulated protein kinase/mitogen-activated protein 

kinase (ERK/MAPK) pathway have shown to be important for the 

pathogenesis of several cancers and inhibitors to specific molecules in this 

pathway have been developed and are in clinical trials (3, 4). Other agents 

have been developed for specific molecular defects. STI-571, an inhibitor of 

BCR-ABL tyrosine kinase, is used to treat chronic myeloid leukemia (5, 6). 

Monoclonal antibody therapy has also been employed with some success. 

Rituxan, an anti-CD-20 monoclonal antibody, has been approved for the 

treatment of B-cell lymphoma (7, 8). Herceptin, a monoclonal antibody to 

the HER2-neu receptor is effective in treating HER2-positive breast cancer 

(9,10). It is conceivable that cancer therapy will evolve into individualized 

therapy, treatment regimens will be designed based on the molecular 

characteristics of individual tumors. 

Integrins are attractive as a therapeutic target because they are sentinel 

cell surface molecules for a plethora of cellular functions critical to cancer 

progression including cell survival and motility (11-14). This characteristic 

is particularly important in regard to cancer metastasis because integrins 

serve directly as a mediator for extracellular adhesion events necessary in 

metastasis while also integrating information from the extracellular 

environment into cellular signals that are required for cell motility and 

survival at distant sites in the body. The integrins 6 1, 3 1, and 6 4 are 

associated with the progression of several epithelial tumors such as prostate, 

colon, breast, and pancreatic carcinomas (15-18). These laminin receptors 

are key to the understanding of the biology of cancer progression and may 

provide a foundation for therapeutic intervention to prevent metastasis.  

Prostate cancer is an ideal malignancy to study genetic and protein 

changes that occur during progression to metastatic disease due to the fact 

that it is an indolent cancer and requires a long period of latency before 

metastatic conversion (19). Alterations that occur in integrin expression 

during prostate cancer progression has been extensively studied and seem to 

be early events (15, 20, 21). Complete loss of specific alpha and beta 
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subunits are described and include 5, 4, v, 1C, and 4 (15, 22, 23). 

Coupled with these findings, conservation of the integrins 6 1 and 3 1

have been documented (15, 21), making these laminin receptors critical 

molecular components and targets encompassing prostate cancer metastasis. 

The role of alpha-6 integrins has been solidified by the findings that 6 1

expression is maintained in prostate micrometastases (24). Taken together, 

these findings warrant further study of the biology of 6 1 during prostate 

cancer progression.  

2. ISOLATION OF TUMOR CELL ADHESION 

PEPTIDES USING COMBINATORIAL PEPTIDE 

CHEMISTRY 

The field of combinatorial peptide chemistry has enabled the creation of 

peptide ligand mimetics to multiple protein targets including kinases and cell 

surface receptors (reviewed in (25)). Combinatorial peptide chemistry allows 

the screening for peptide ligands among billions of random peptides created 

through a variety of approaches. The one-bead-one-compound combinatorial 

library method (26-29) and the phage-display peptide library approach (30-

33) have been successfully used to identify peptide ligands for cell surface 

molecules. Isolation and characterization of these peptides not only creates 

potential inhibitors to their targets, it also fosters increased understanding of 

protein biology and function. This section will briefly compare the phage-

display method to the OBOC approach and highlight the methodology 

behind the one-bead-one-compound combinatorial library for the 

development of tumor cell adhesion peptides. 

2.1 Phage-Display Method 

Phage-display is a biological library method that manipulates filamentous 

phage to display peptides on specific surface proteins such as the viral pIII 

coat protein located on one end of the phage (34). Random 

deoxyoligonucleotides dictating peptide size and orientation are inserted 

directly into the pIII gene creating a distinct peptide on the surface of 

individual phage (34). A few common methods are used to screen for 

peptides that bind to cell surface proteins such as panning for peptides with 

specificity to a cell surface protein by using purified cell surface receptors 

(35) or live cells (36, 37). Additionally, in vivo selection techniques have 

been developed by intravenous injection of phage-display libraries (38). 

Bound phages are collected and the amino acid sequence of the peptide 
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displayed on each phagemid clone can be determined by DNA sequencing. 

Phage-display method has been applied successfully to identify peptide 

ligands against several integrins (39-41). Although this approach is limited 

to the use of L-amino acids, it is a powerful technique because up to 10
9

peptides can be screened per library while there is little restriction on the size 

of peptide displayed.  

2.2 One-Bead-One-Compound Method 

The one-bead-one-compound (OBOC) combinatorial method uses a solid 

phase technique and a “split-mix” synthesis approach to create a peptide 

library (26, 42 ,43). In essence, individual peptides are synthesized on 

polyethylene glycol-grafted polystyrene beads that yield approximately 10
13

copies of the same peptide per bead (26, 27). Like the phage display method, 

OBOC libraries can identify cell surface ligands using purified receptors 

(27) or intact cells (44). One major advantage of the OBOC approach is that 

D-amino acids, unnatural amino acids or even nonamino acid moieties can 

be incorporated into OBOC libraries, whereas phages only display L-amino 

acid containing peptides. This is important for therapeutic purposes because 

peptides created for example, from D-amino acids are much more resistant 

to proteolysis in vivo (45, 46) and are therefore may have improved 

bioavailability and potency. 

The OBOC approach has identified peptide ligand mimetics to different 

integrin heterodimers (47-49). We have used the OBOC peptide library 

method to identify peptide sequences that support tumor cell adhesion via 

the alpha-6 integrin (44, 50). The method of selection was based on 

functional cell adhesion of live tumor cells to peptide-containing beads. 

Briefly, DU-145H cells, a prostate tumor cell line that expresses high levels 

of

microscope. Beads with cells attached were retrieved, and those beads were 

rescreened with the same tumor cell line in the presence of a functional-

blocking antibody to 6, GoH3. The beads that no longer bound to tumor 

cells in this condition contained candidate 6-specific adhesion peptides. 

Those beads were isolated, retested for adhesion without the antibody, and 

sequenced. Figure 1 displays the strategy for the selection of a cell adhesion 

peptide using the OBOC method. This method is particularly powerful 

because it does not require purification of the receptor and thus allows the 

appropriate post-translational modifications. In addition, by using live cells 

in this scheme, peptides can be identified that interact with conformationally 

sensitive surface molecules. In principle, this method allows the 

identification of specific cell adhesion peptides for any cell surface receptor 

for which a function-blocking reagent is available. 

6 (51), were applied to OBOC libraries and analyzed under a dissecting 
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Figure 1. Isolation of tumor cell adhesion peptides using a one-bead-one-compound 

combinatorial library. The screen is based on functional cell adhesion. Tumor cells are 

incubated with a one-bead-one-compound combinatorial library in a column at 37
o
C for 90 

minutes. The library is washed and examined with a dissecting microscope to visualize beads 

that directly bind to tumor cells. Positive beads are selected and stripped of cells with 0.1M 

HCl. These beads are screened again in the presence of a function-blocking reagent to the cell 

adhesion protein of interest. Consequently, the beads that do not bind to tumor cells may 

contain a peptide that interacts specifically with the cell adhesion protein of interest. These 

beads are retested to assure their ability to bind to tumor cells and sequenced to identify the 

peptide ligand. This selection scheme was used to isolate and characterize peptides that 

interact with 6 integrins (44, 50). Our scheme utilized the function-blocking antibody to 6,

GoH3. This technique is powerful because it can identify candidate cell adhesion peptides to 

any adhesion protein with a function-blocking reagent available.
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Using this method we screened a D-amino acid library that yielded 

several candidate 6-specific peptides. We synthesized a hybrid peptide, 

HYD1 (kikmviswkg), based upon the conserved sequences identified within 

the positive adhesion peptides. HYD1 was able to bind to the surface of 

prostate tumor cells and was biologically active as an adhesion mimetic (50). 

When immobilized, HYD1 supports integrin dependent tumor cell adhesion. 

In addition, HYD1 blocks tumor cell adhesion to immobilized extracellular 

matrix proteins when introduced as a soluble ligand. The ability of HYD1 to 

alter cell adhesion warranted further study to determine if HYD1 is an 

agonist to cell adhesion coupled events such as cell spreading and cell 

migration.

3. ADHESION TO IMMOBILIZED HYD1 

PREVENTS CELL SPREADING AND ADHESION 

DEPENDENT PHOSPHORYLATION 

After characterizing HYD1 as an adhesion mimetic, we determined if 

adhesion to HYD1 could activate biological events that normally follow cell 

adhesion to a matrix ligand. Cell spreading is a normal event that follows 

cell engagement to the extracellular matrix and is initiated by integrin 

activation, which leads to stimulation of multiple signaling pathways (14, 

52). In general, cell spreading occurs from extensive actin cytoskeletal 

remodeling through actions of the Rho Family of small GTPases including 

Rac, Rho, and Cdc42 (52). In addition, several focal adhesion proteins play a 

regulatory role in cell spreading events such as focal adhesion kinase (FAK), 

paxillin, and p130CAS (53). An important adhesion dependent signal is the 

phosphorylation of mitogen activated protein kinase kinase (MEK) by p21-

activated kinase (PAK) at serine 298. This signal is a surrogate marker for 

active PAK and indicates Rac activity (54).  

To determine if HYD1 is a sufficient ligand to initiate cell spreading, we 

quantified the amount of cell spreading and average area occupied by the 

cells after adhesion to immobilized HYD1 or laminin-5 after 1 hour. As 

expected, adhesion to laminin-5 initiates cell spreading in nearly 100% of 

the cells within a microscopic field (Figure 2A). Interestingly, adhesion to 

HYD1 prevented cell spreading even in the presence of epithelial growth 

factor (EGF) (10ng/ml) (Figure 2B) suggesting that adhesion to immobilized 

HYD1 uncouples integrin-dependent adhesion from cell spreading. 
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Figure 2. Adhesion to immobilized HYD1 prevents cell spreading. Spreading of PC3N cells 

(75), a variant of the prostate carcinoma cell line PC3 isolated from a bone metastasis, was 

determined using differential interference contrast optics on an inverted Olympus IMT2 

microscope. A) PC3N cell spreading on a native ECM ligand, laminin 5, after 1 hour. B) 

PC3N cell spreading on HYD1 (150 g) + EGF 10ng/ml after 1 hour. C) Cell spreading was 

quantified with Compix Imaging software. Error bars are standard error from the mean area 

spread of 15 cells/experiment. 

Since cell spreading events are tightly regulated by intracellular signals 

(52,53), we examined two integrin-proximal cellular signals that occurred 

during adhesion to HYD1. Adhesion to HYD1 induced phosphorylation of 

FAK on tyrosine 397 and MEK on serine 298 after thirty minutes of 

attachment (Figure 3A and B). The magnitude of the response was quite 

different when compared to cells attached to laminin-5 over the same time 

course (Figure 3A and B). Laminin-5 induced a robust activation of FAK at 

both 10 and 30 minutes post-adhesion while inducing significantly more 

phosphorylation of MEK at 10 minutes post-adhesion. Adhesion to HYDS 

(wiksmkivkg), a scrambled derivative of HYD1, was not able to induce a 

comparable response with either signal. Taken together these data suggest 

that adhesion to immobilized HYD1 uncouples cellular adhesion from cell 

spreading in part by suppressing normal adhesion dependent 

phosphorylation events. 
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Figure 3. Suppression of adhesion dependent phosphorylation by immobilized HYD1. 

Phosphorylation of focal adhesion kinase (FAK) on tyrosine 397 (A) and the mitogen-

activated protein kinase MEK1 on serine 298 (B) was analyzed by Western blot using 

phosphorylation specific antibodies. Densitometry analysis of percent phosphorylation is 

shown. PC3N cells were incubated in serum-free media overnight and attached in serum-free 

conditions to the indicated ligands for 10 and 30 minutes. Peptides were coated at a 

concentration of 150µg/plate. HYDS is a scrambled peptide derivative of HYD1.

4. CONCLUSION 

There is a definite need for the development of novel agents that can 

block metastasis. Integrins specific for laminins are prime targets because 

they are involved directly in the mechanism of cell motility as well as 

providing an adhesion event crucial for cell survival and angiogenesis (11, 

14). There are currently several integrin inhibitors under investigation for 

cancer therapy. Antagonists to v 3 and v 5 have been developed as 

antibody and peptide-based inhibitors to target angiogenesis and metastasis 

(55, 56). Vitaxin, a humanized v 3 antibody, is currently in Phase II trials 

(57-60). Cilengitide, a peptide inhibitor of v 3/ v 5, is in Phase II trial for 

advanced solid tumors and has shown promise for use in combination 

therapy (61-64). In addition, other v 3 and 5 1-blocking peptides have 

been documented but have not yet entered clinical trials (65, 66). A 

humanized antibody has also been developed for 5 1 integrin, the 

fibronectin receptor, to target angiogenesis and is entering a Phase I trial 
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(www.pdl.com). Although the current integrin-based therapeutics are 

promising, they are focused on v and 5 integrin heterodimers. Antagonists 

to other integrins, specifically the laminin receptors, are likely to be equally 

beneficial. 

We have used the one-bead-one-compound combinatorial method to 

isolate laminin receptor specific cell adhesion peptides. HYD1 

(kikmviswkg), a candidate 6-integrin cell adhesion peptide, displays both 

agonist and antagonist effects on integrin function (50, 67). HYD1 is an 

adhesion agonist when immobilized yet uncouples the adhesion event from a 

cell spreading response. The most likely cause is due to the fact that the 

peptide did not initiate the identical signaling program as the native 

extracellular matrix. One explanation could be that the immobilized peptide 

lacks the proper avidity for integrin activation. Alternatively, HYD1 could 

initiate a signaling response that antagonizes particular integrin functions. 

This explanation is particularly intriguing because cell spreading was not 

induced on immobilized HYD1 even in the presence of the scatter factor 

EGF, suggesting that insufficient signaling may not be the primary 

mechanism for the lack of cell spreading following adhesion to HYD1. The 

ability of HYD1 to interrupt the normal response following cell adhesion 

may prove useful in developing agents to block cell invasion and metastasis 

or to control normal processes of tissue remodeling such as wound healing. 

Combinatorial library methods, such as the one-bead-one-compound 

approach, have been successful in identifying and characterizing cell 

adhesion peptides with potential antagonistic effects on the targeted cell 

surface receptor. An argument against the use of peptide-based drugs is their 

poor bioavailability (56, 68, 69). However, modifications to increase 

bioavailability and potency have been applied to the cell adhesion peptides 

RGD and YIGSR with some success (70-72). In addition, using the peptide 

backbone as a template, chemical modifications can create pseudo-peptide 

analogs with increased stability and activity (73, 74). Therefore, the power 

of combinatorial library techniques such as the one-bead-one-compound 

approach should be harnessed to identify novel inhibitors of metastasis. 
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