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Abstract
The molecular mechanisms and genetic programs required for cancer metastasis are sometimes
overlapping, but components are clearly distinct from those promoting growth of a primary tumor.
Every sequential, rate-limiting step in the sequence of events leading to metastasis requires
coordinated expression of multiple genes, necessary signaling events, and favorable environmental
conditions or the ability to escape negative selection pressures. Metastasis suppressors are
molecules that inhibit the process of metastasis without preventing growth of the primary tumor.
The cellular processes regulated by metastasis suppressors are diverse and function at every step
in the metastatic cascade. As we gain knowledge into the molecular mechanisms of metastasis
suppressors and cofactors with which they interact, we learn more about the process, including
appreciation that some are potential targets for therapy of metastasis, the most lethal aspect of
cancer. Until now, metastasis suppressors have been described largely by their function. With
greater appreciation of their biochemical mechanisms of action, the importance of context is
increasingly recognized especially since tumor cells exist in myriad microenvironments. In this
review, we assemble the evidence that selected molecules are indeed suppressors of metastasis,
collate the data defining the biochemical mechanisms of action, and glean insights regarding how
metastasis suppressors regulate tumor cell communication to–from microenvironments.
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1. Introduction
Cancer metastasis is an arduous pathological process that is the major contributor to the
morbidity and mortality of cancer patients (Eccles and Welch, 2007; Jemal et al., 2010).
Upon diagnosis, a patient may feel that cancer has suddenly struck and their life has
immediately changed. In reality, however, diagnosis follows a culmination of years—
possibly decades—of alterations occurring at the genetic, molecular, cellular, tissue, and
organismal levels. Fortunately, the processes of tumor formation and, particularly,
metastasis are extremely inefficient and only small fractions of cells from a tumor mass
actually overcome the many hurdles to grow at a distant site (Eccles and Welch, 2007;
Fidler, 1973a; Weiss, 1990). To metastasize, expression of particular genetic programs is
required by a tumor cell to enable the appropriate interactions with changing
microenvironments to promote continued survival and proliferation at secondary sites.
Understanding these genetic programs and how they affect cellular interactions and
signaling cascades is key to understanding the complex process of metastasis.

The existence of tumor suppressors and oncogenes is now accepted as dogma and is well
supported by experimental and clinical data. Genes involved in the promotion of metastasis
at distinct stages of the disease are also well accepted. However, the hypothesis for the
existence of molecules that inhibit the process of metastasis without preventing primary
tumor growth was initially met with much skepticism as demonstrated by the three-time
rejection of the manuscript reporting the first metastasis suppressor gene NM23 (Steeg,
2004b). Since that time, multiple labs, using many different model systems, have
demonstrated the existence of a multitude of protein coding and noncoding genes that
significantly reduce metastasis without preventing primary tumor formation. It is now
understood that metastasis, the ultimate step in tumor progression, involves many
pathological processes; and, just as there are several hallmarks of primary tumor formation
(Hanahan and Weinberg, 2000), there also exist hallmarks of metastatic cells (Fig. 3.1).
Inhibition of a single step in the metastatic cascade leads to suppression of metastasis (Bruns
et al., 2000; Eccles and Welch, 2007; Fidler and Radinsky, 1996). In this chapter, the
process of metastasis and the functionality of metastasis suppressing molecules are
discussed with the objective that this information can be utilized to identify potential
antimetastatic therapeutic strategies. Before discussing metastasis suppressors, it is first
necessary to establish the context in which they function.

1.1. Genesis of cancer and neoplastic progression
The evolution of a normal cell into a neoplastic cell with progression to a potentially lethal
macroscopic metastatic mass is referred to as neoplastic progression or, in the vernacular,
tumor progression (Foulds, 1954; Welch and Tomasovic, 1985). There have been several
distinct models to depict the cellular mechanisms for this progression including linear and
parallel progression models, mutation–selection theory, cancer stem cells, and derivatives of
each (Brabletz et al., 2005; Fidler, 2003; Fidler et al., 2007; Klein, 2009; Talmadge and
Fidler, 2010; Welch, 1989; Welch and Tomasovic, 1985; Wellner et al., 2009). One of the
primary difficulties in constructing generalized model systems for the study of cancer has
been the fact that cancer is a heterogeneous disease. As the disease progresses, heterogeneity
also increases (Heppner, 1984; Nowell, 1976, 1986). In fact, metastatic cells are
behaviorally distinct from cells remaining at the site of primary tumor origin (Steeg and
Theodorescu, 2007). These behavioral differences arise at multiple levels including intrinsic
cellular changes (genetic and epigenetic heterogeneity), from characteristics of the physical
environment (positional heterogeneity; e.g., O2, pH, growth factors, cytokines, chemokines,
etc.) and/or from transient events (temporal heterogeneity; e.g., stage of cell cycle,
manipulation of the tumor; Nicolson, 1984; Rubin, 1990; Welch, 1989; Welch and
Tomasovic, 1985). The intrinsic molecular mechanisms underlying phenotypic differences
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that characterize a metastatic cell are still being elucidated. However, appreciation for the
interrelationships between the surrounding microenvironment and cancer cell-associated
genes is increasing (Albini et al., 2007; Ben-Baruch, 2003; Bodenstine and Welch, 2008;
Finger and Giaccia, 2010; Joyce and Pollard, 2009; Lin et al., 2009; Pietras and Ostman,
2010; Witz and Levy-Nissenbaum, 2006). Selective regulation of gene transcription also
occurs through chemical modifications of DNA and chromatin. Epigenetic modifications are
modulated, in part, by how cells interact with the microenvironment(s) in which they find
themselves (Lin et al., 2009; Marusyk and Polyak, 2010).

Heterogeneity, for the most part, does not result from multicellular transformation. Data
from isoenzyme patterns, karyotypes, and protein production all indicate that the vast
majority of tumors are derived from a single cell (Frumkin et al., 2008; Heppner and Miller,
1998; Welch and Tomasovic, 1985). Likewise, analogous methods have been used to show
that >90% of metastases are also the result of single-cell outgrowth (i.e., clonal origin) rather
than emboli seeding various tissues (Jones et al., 2005, 2008; Talmadge et al., 1982; Wang
et al., 2009a; Yamamoto et al., 2003).

Genetic instability may be the chief driver of heterogeneity during tumor progression by
random (i.e., not sequentially acquired) generation of variants as described by the mutation–
selection theory (Balmain, 2001; Boveri, 1914). However, there are others who advocate
that metastatic ability may be a trait acquired early, or commensurate with, tumorigenesis
(Bernards and Weinberg, 2002). Regardless, neoplastic cells are significantly more
genetically unstable than normal counterparts as shown by fluctuation analyses for multiple
genes and loci (Cifone and Fidler, 1981; Otto et al., 1989; Tlsty, 1990; Tlsty et al., 1989). As
a result, progression is most often believed to occur as a result of mutation and coupled
selection. Subpopulations of cells that have acquired the ability to migrate, invade, and
colonize ectopic sites may have a selective advantage since these tumor cells “acquired” the
ability to respond, adapt, and/or survive changing environments. Ultimately, with continued
selection and variant generation, subpopulations of cells may acquire the ability to penetrate
a basement membrane (i.e., invade). Invasion is the unequivocal hallmark that defines
malignancy. It should be emphasized that tumor stage is typically measured in terms of the
tumor mass and location, rather than individual cells within the mass. Grade is typically
defined by the most malignant cells identified within a tumor. Even if the majority of
individual cells within a neoplasm are indolent, the term malignant is applied even if a
single cell has penetrated a basement membrane. Microdissection of tumor cells has
identified chromosomal and genetic changes between subpopulations within a tumor mass
(Frost et al., 2001; Steeg and Theodorescu, 2007). This information has been useful for the
prediction of genetic underpinnings controlling tumorigenesis, invasiveness, and metastasis.
However, it is important to note that adjacent, apparently normal cells also have evidence of
genetic instability (Hida and Klagsbrun, 2005).

The complexity of tumor progression leading to a metastatic cell, as described above, shows
—not surprisingly, given the numerous steps required to complete the process of metastasis
—that a single genetic change is insufficient to accurately predict the likelihood of a lesion
progressing to a metastatic phenotype. In fact, defined subsets of genes can be used as
prognostic tools (Jorissen et al., 2009; Liu et al., 2007). While multiple genes are required
for the progression from primary tumor formation to metastasis, expression of even a single
gene that disrupts any of these events would have the ability to suppress metastasis.
Although cofactors may be necessary for suppressor function, identification of metastasis
suppressors is, overall, usually less technically challenging and easier to interpret than the
identification of metastasis-promoting genes.
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1.2. Distinctions between tumorigenicity, metastasis, and steps in metastasis
As alluded to, the cellular and molecular events along the progression of a tumor cell into a
fully metastatic macroscopic lesion can be broken down into discrete steps. These steps are
often discussed interchangeably, therefore, incorrectly. Thus, it is first critical to define
metastasis. Doing so is necessary for two reasons. First, metastasis is both a verb and a
noun. The process of metastasis (the verb) was defined above. And, the product of the
process is a metastasis, the noun. Therefore, it is important to recognize the context in which
the discussion of metastasis occurs. Second, the definitions provide the framework to
understand the mechanisms involved and develop therapeutic strategies.

In recent years, five misconceptions regarding metastasis have crept into the scientific and
medical literature (Welch, 2006, 2007). (1) Metastasis is an inherent property of cancer
cells. (2) Metastasis and invasion are equivalent phenotypes. (3) Metastases arise only from
cells disseminated via the blood or lymphatics. (4) Tumor cells at secondary sites are
metastases. (5) Extravasated cells are metastases. By looking at the definition of metastasis
and the mechanisms underlying the process of metastasis, we hope to dispel these
misconceptions.

1.2.1. Tumorigenicity and metastasis—Usually, when a primary mass is apparent to
the individual or the diagnosing physician, it often comprises at least 1010 cells based on the
fact that a cubic centimeter of tissue contains ~109 cells (Tannock, 1983). Although
histological analysis reveals these cells to be pleiomorphic and single-cell clones isolated
from a tumor vary dramatically in terms of biological behavior, not all cells in a neoplasm
are capable of completing the required steps for metastasis.

In their outstanding review, Hanahan and Weinberg described six hallmarks of cancer cells
(Hanahan and Weinberg, 2000). Besides immortality (apparently limitless replicative
potential), abnormal growth regulation (i.e., failure to respond to growth-inhibitory signals
or hyperresponsiveness to progrowth signals), self-sufficient growth, evasion of apoptosis
and sustained angiogenesis, invasion and metastasis were listed as distinguishing
characteristics. Unfortunately, some have interpreted the list as meaning that all tumors are
invasive and/or metastatic, which is certainly not true. Some tumors are highly aggressive
and metastatic (e.g., small cell carcinoma of the lung, melanoma, pancreatic carcinoma),
while others rarely metastasize despite being locally invasive (e.g., basal cell carcinomas of
the skin, glioblastoma multiforme). Therefore, metastasis is not an inherent property of all
neoplastic cells (Welch, 2007).

In fact, the process of metastasis begins before cells migrate from a primary tumor mass.
Several groups have discovered that the presence of a tumor elicits mobilization of
hematopoietic (Erier et al., 2009; Kaplan et al., 2005) and mesenchymal (Hurst and Welch,
2007; Karnoub et al., 2007; Kitamura et al., 2007; Ojalvo et al., 2010; Patsialou et al., 2009;
Wyckoff et al., 2007; Yan et al., 2010) stem cells. Both cell types can facilitate tumor cell
migration and invasion (Barkan et al., 2010; Ojalvo et al., 2010; Patsialou et al., 2009;
Wyckoff et al., 2007) and reorganize tissues in order to manipulate a “niche” into which
tumor cells migrate and/or proliferate (Psaila and Lyden, 2009).

1.2.2. Invasion, motility, and metastasis—In most textbooks, metastasis is described
in terms of blood-borne (i.e., hematogenous) dissemination. However, secondary tumors can
arise because tumor cells have migrated via lymphatics (i.e., lymph node metastases are
extremely common in many carcinomas; Eccles et al., 2007; Nathanson, 2003); traversing
body cavities (e.g., ovarian carcinoma cells most frequently establish secondary tumors by
dissemination in the peritoneum while rarely forming metastases via hematogenous spread;
Lengyel, 2010); along capillaries (i.e., many melanomas migrate along already-existing
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vessels; Lugassy et al., 2002, 2004, 2006; Shields et al., 2007); or along nerves (i.e.,
pancreatic and prostate carcinomas often exhibit perineural spread; Liebig et al., 2009). So,
the route of dissemination is not inherent to a definition of metastasis (Eccles and Welch,
2007; Welch, 2006, 2007). Rather, development of a metastasis needs only incorporate
spread of tumor cells to secondary sites.

Although proteolysis-dependent invasion is not an inherent requirement for all tumors to
metastasize, it is required for the majority of cancers since physical barriers usually surround
a tumor. Understanding the complexity of invasion is necessary to appreciate the
mechanisms of many metastasis suppressor genes. Invasive cells have often acquired other
traits necessary to metastasize, however, if an invasive cell cannot complete any other step
in the metastatic cascade, it will not form a metastasis.

Invasion requires substantial changes of cell morphology and phenotype in addition to
modifications of the surrounding environment. During invasion, three important processes
are dynamically regulated, including adhesion, ECM reorganization, and motility (Liotta,
1992; Wolf and Friedl, 2006). Normally, epithelial cells form polarized sheets that are
maintained by tight intercellular junctions and are anchored to basement membranes by
hemidesmosomes, associated intermediate filaments, and integrins. Invading cells have
altered cell–cell and cell–matrix adhesion that must be balanced. If a cell is too strongly
adherent, it cannot move; and, like a person trying to walk or drive on ice, if to lose an
adhesion, cells do not have the traction to move. The structural and functional proteins that
regulate cell adhesion and migration are key downstream targets of oncogenes and tumor
suppressor-controlled signaling pathways and provide insights into how oncogenic
transformation results in progression to an invasive phenotype. Many of the proteins
involved in tumor invasion also affect cell survival, growth, apoptosis and angiogenesis, and
hallmarks of malignancy. This highlights the intricate network of interrelated pathways
modulating cancer cell behavior.

Many dramatic changes in tumor cell morphology during invasion are reminiscent of a
normal process that occurs during embryonic development (Hay, 2005; Thiery, 2002),
known as epithelial-to-mesenchymal transition (EMT). The EMT describes conversion from
an epithelial morphology to a nonpolarized, motile, spindle-shaped cell resembling a
fibroblast (Polyak and Weinberg, 2009; Thiery, 2002; Thompson and Newgreen, 2005).
EMT is associated with the loss of epithelial-specific E-cadherin from the adherens
junctions, and a switch from the expression of keratins as the major intermediate filament to
the mesenchymal intermediate filament, vimentin. EMT is influenced by the tumor
microenvironment and has been observed primarily at the tumor stromal interface (Polyak
and Weinberg, 2009; Thompson and Newgreen, 2005), but a role for EMT in cancer
invasion is not universally observed (Cardiff, 2005, 2010; Tarin, 2005). A key regulator of
EMT is transforming growth factor beta (TGF-β) signaling (Bierie and Moses, 2006a,b;
Creighton et al., 2010; Heldin et al., 2009; Huber et al., 2005; Oft et al., 1998; Pardali and
Moustakas, 2007) but other mediators include hepatocyte growth factor/scatter factor (HGF/
SF; Yang et al., 2009), PI3 kinase signaling pathway (Pon et al., 2008), MAP kinases (Bakin
et al., 2002; Janda et al., 2002), Sprouty4 (Tennis et al., 2010), and the transcriptional factors
ZEB1 (Wellner et al., 2009), Twist and Snail (Moreno-Bueno et al., 2008; Onder et al.,
2008). Other signaling pathways implicated in stem cell maintenance that are linked to EMT
are Wnt (Debies et al., 2008; ten Berge et al., 2008), Notch (Sahlgren et al., 2008), and
Hedgehog (Bailey et al., 2007). Tumor cells may also reverse the process and undergo a
mesenchymal-to-epithelial transition (MET) in the absence of EMT-inducing signals
(Chaffer et al., 2006; Hugo et al., 2007). This transient nature of EMT helps explain why
metastatic cells morphologically resemble primary tumor cells despite the fact that they by
necessity accomplished all the steps of the metastatic cascade.
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Cells induced to undergo EMT not only exhibit enhanced motility but are resistant to
apoptosis (especially anoikis), another key requirement for successful metastasis. However,
some cancer cells use EMT-independent modes of migration, including collective and
amoeboid (Yilmaz and Christofori, 2010). For example in a clever study, Tsuji and
colleagues isolated two populations from a single tumor (Tsuji et al., 2008). One population,
herein designated Cell-I, exhibited properties of EMT and was able to enter the vasculature
(i.e., intravasate). Cell-I was, however, unable to form metastases if injected directly into the
vascular compartment. The second population, herein designated Cell-II, displayed an
epithelial morphology and was not able to enter the blood stream or metastasize when
injected orthotopically. However, Cell-II would colonize tissues when directly injected into
the vasculature. If Cell-I and Cell-II were coinjected orthotopically, both were found in
metastases. Critical to this review, however, cells undergoing EMT were not themselves
successful for metastasis. The authors demonstrated that cellular cooperation existed within
the primary tumor and was critical to form metastatic lesions. This would suggest that tumor
heterogeneity not only exists but may also be essential for tumor progression.

The extracellular matrix (ECM) provides scaffolding for cells and spatial cues that dictate
cellular behavior (Barkan et al., 2010). Matrices are comprised of proteins, primarily triple-
helical collagens, glycoproteins such as laminin and fibronectin, and proteoglycans
(Catchpole, 1982; Engbring and Kleinman, 2003; Iozzo et al., 2009; Liotta, 1986; Timpl,
1993; Timpl and Aumailley, 1989). Basement membranes are specialized ECM that form
barriers separating polarized epithelial, endothelial, and muscle cells from the underlying
tissue. Interstitial matrices provide structural characteristics to connective tissues (Erler and
Weaver, 2009). The molecular composition of ECM varies between tissues and organs, and
provides important contextual information to cellular constituents (Egeblad et al., 2010). In
addition, the ECM interacts with many secreted molecules to serve as a repository for
regulatory proteins and growth factors (Rozario and DeSimone, 2010). Thus, cell:matrix
interactions dictate survival, growth, differentiation, and migration. Correspondingly,
selective proteolysis of ECM components leads to release of fragments collectively known
as matrikines (Arroyo and Iruela-Arispe, 2010; Duca et al., 2004; Tran et al., 2004), that
further regulate protein function and may be involved in cell signaling.

Adhesion of cells to matrix occurs primarily through a family of transmembrane
glycoproteins known as integrins, which are heterodimers assembled as specific
combinations of 18 alpha and 8 beta subunits (Desgrosellier and Cheresh, 2010; Shattil et
al., 2010). Each heterodimer binds distinct, but sometimes overlapping, ECM components.
Integrin–ECM binding may be either tumor-promoting or -inhibitory. During tumor
progression, cancer cells tend to downregulate the integrins that mediate adhesion and
induce maintenance of a quiescent, differentiated state while simultaneously upregulating
integrins that promote survival, migration, and proliferation. Although there is a cell-type
dependency on integrin function, generally integrins α2β1 and α3β1 are viewed as
suppressors of tumor progression, while αvβ3, αvβ6, and α6β4 promote cellular proliferation
and migration (Desgrosellier and Cheresh, 2010).

Integrins bidirectionally mediate signals so that changes in intracellular signaling pathways
can modulate cellular adhesion (i.e., inside-out signaling); and, changes in cellular adhesion
can alter cellular phenotype (i.e., outside-in signaling). Integrin–ECM interactions often
modulate cell function by cooperative signaling with different growth factor receptors
(Askari et al., 2010; Desgrosellier and Cheresh, 2010). Many cellular responses induced by
activation of receptor tyrosine kinases are dependent upon proper cellular adhesion to ECM
substrates in an integrin-dependent manner. Signaling in response to ECM interaction
usually activates focal adhesion kinase (FAK) and nonreceptor tyrosine kinases of the Src-
family.
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The ECM can be remodeled by degradative enzymes that are produced by the tumor cells
themselves and surrounding stromal cells (Bhowmick et al., 2004). These enzymes
contribute to matrix degradation and facilitate tumor cell invasion. Proteolytic enzymes,
representing virtually every class of proteases, have been implicated in tumor cell invasion
(Boyd, 1996; Gabbert, 1985; Khokha and Denhardt, 1989; Liotta and Stetler-Stevenson,
1991; Nakajima and Chop, 1991; Nicolson, 1982b; Pauli et al., 1983; Roycik et al., 2009;
Stracke et al., 1994). Tumor progression-associated proteases include, but are not limited to,
serine proteinases (plasmin, plasminogen activator, seprase, hepsin, and several kallikreins),
cysteine proteinases (e.g., cathepsin B), aspartyl proteinases (e.g., cathepsin D), and metal-
dependent proteinases (e.g., matrix metalloproteinases—MMP and a disintegrin and
metalloproteinases—ADAM families). Other matrix-degrading enzymes such as heparanase,
an endoglycosidase that cleaves heparin sulfate proteoglycans, and hyaluronidase that
cleaves hyaluronic acid, have also been causally associated with tumor progression and
invasion (Nakajima et al., 1983; Sanderson et al., 2004; Vlodavsky et al., 1990, 2002).

Liotta and colleagues observed that metastatic potential correlates with the degradation of
type IV collagen found predominantly in the basement membrane and focused attention on
the metal-dependent type IV collagenases or gelatinases that are now recognized as MMP-2
and MMP-9 (Thorgeirsson et al., 1985; Turpeenniemi-Hujanen et al., 1985). Subsequently,
many of the 23 members of the MMP family of matrix-degrading metalloproteinases have
been associated with tumor progression (Nelson et al., 2000). Elevated MMP levels correlate
with invasion, metastasis, and poor prognosis in many cancer types. Animal models provide
evidence for a causal role for MMP activity in cancer progression (Coussens et al., 2001;
McCawley and Matrisian, 2000; Sternlicht and Werb, 2001; Sternlicht et al., 1999).
Additionally, the plasminogen activator/plasmin system has been causally implicated in
cancer invasion, and urokinase plasminogen activator (uPA) and plasminogen activator
inhibitor-1 (PAI-1) are validated prognostic and predictive markers for breast cancer
(Andreasen et al., 1997; Carlsen et al., 1984; DeClerck et al., 1997; Hildenbrand et al.,
2009).

Regulation of matrix proteolysis occurs at multiple levels. In addition to the expression of
proteases themselves, many cells also produce endogenous inhibitors including the tissue
inhibitors of metalloproteinases (TIMPs; Chirco et al., 2006), serine proteinase inhibitors
(SERPINs Bailey et al., 2006), and cysteine protease inhibitors (CYSTATINs; Cox, 2009).
Some inhibitors accumulate in high concentrations within the ECM and paradoxically
exhibit tumor-promoting functions, including protease activation (Jiang et al., 2002).
Conversion of pro-MMP-2 to active MMP-2 requires the activity of MT1-MMP (MMP-14),
a transmembrane MMP that is activated intracellularly by the propeptidase family member
furin, and TIMP-2 (Hernandez-Barrantes et al., 2000). The stoichiometry of each of these
molecules is critical for proper function and regulation. Other proteolytic cascades are
important for regulating protease activity during the degradation of ECM, including
cathepsin(s) → uPA → plasmin → MMP (Affara et al., 2009). Each protease in this
cascade can cleave ECM components; therefore, attribution of function requires detailed and
systematic evaluation of each component in the cascade.

The original view that proteolytic enzymes function predominantly to remove physical ECM
barriers has been expanded with the realization that proteolysis regulates multiple steps of
tumor progression. For example, MMP substrates in the matrix or on the cell surface that
modulate cellular growth, differentiation, apoptosis, angiogenesis, chemotaxis, and
migration have been identified (Kessenbrock et al., 2010). The abundant evidence for a role
of MMPs in tumor progression led to the design and testing of synthetic MMP inhibitors for
cancer therapy. These inhibitors proved to be disappointingly ineffective in clinical trials
(Coussens et al., 2002), results that have been explained by problems with inhibitor or
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clinical trial design, as well as a lack of understanding of the broad range of MMP activities
resulting in both cancer-promoting and cancer-inhibitory effects (Kruger et al., 2010; Lopez-
Otin and Matrisian, 2007).

In addition to ECM remodeling, cell locomotion occurs via coordinated polymerization and
depolymerization of the actin cytoskeleton to extend pseudopodia at the leading edge of the
cell, known as invadopodia (Buccione et al., 2009; Weaver, 2006), followed by contraction
associated with disassembly of cell:matrix adhesive contacts at the trailing edge (Wolf and
Friedl, 2006). Adhesion molecules, including several β1 integrins and CD44, and proteases,
including MMP and ADAM, are an intricate part of the invadopodia. Inside the plasma
membrane, invadopodia contain actin and actin assembly molecules as well as multiple
signaling molecules, including FAK, Rac1, and synaptojanin 2; src associated proteins such
as p130Cas and Tks5/FISH; and the small GTPases cdc42, Arf1 and Arf6 (Chuang et al.,
2004; Guarino, 2010; Muralidharan-Chari et al., 2009; Seals et al., 2005; Tannock, 1983;
Yamaguchi et al., 2005). Actin cytoskeletal reorganization involves the Arp2/3 complex and
its regulators, WASP, cortactin, and the GTPase Rac (TenKlooster et al., 2006). Actin
contractility is regulated by myosin light chain kinase and upstream small GTPases, in
particular Rho and its effector ROCK (Kosako et al., 2000; Olson and Sahai, 2009). Many of
these molecules have been targeted since invadopodia are implicated as key cellular
structures that coordinate and regulate the process of invasion (Buccione et al., 2009;
Poincloux et al., 2009; Weaver, 2006).

As alluded to above in the discussion of EMT, single cells migrate either with a spindle-
shaped morphology, referred to as mesenchymal migration, or with the less adhesive
ellipsoid shape used by leukocytes and Dictyostelium termed amoeboid migration (Wyckoff
et al., 2006). Collective migration can occur when the cells retain cell:cell junctions and
clusters of cells move in single file through a tissue (Sahai, 2005; Yilmaz and Christofori,
2010). It is noted, however, that the ability of cells to utilize amoeboid migration has been
called into question since methods used for reconstitution of matrix resulted in inferior
barriers and protein:protein interactions (Sabeh et al., 2009). Another mechanism by which
cells traverse cellular barriers is termed entosis (Overholtzer et al., 2007). Briefly, tumor
cells transit through other cells and emerge on the other side. Amazingly, many times
neither cell is harmed during the process. Based upon some in vitro estimates, entosis can
sometimes be quite common. However, the frequency in vivo has not been well studied.

Each type of motility is governed by a variety of cellular factors. Cellular motility is
triggered by autocrine inducers of random movement (Jiang et al., 2006; Silletti et al., 1994).
Tumor cells produce lysophospholipase D (autotaxin) which stimulates motility, as does
lysophosphatidic acid (LPA; Liu et al., 2009; Stracke et al., 1992). LPA can be produced by
autotaxin activity on lysophosphatidylcholine. Likewise, HGF/SF interacts with its receptor,
c-met, to induce chemokinetic activity of epithelial cells, resulting in an invasive phenotype
(Klominek et al., 1998). In fact, disruption of the HGF axis is currently the target of drug
development against metastasis (Cecchi et al., 2010; Eder et al., 2009). Directional motility
is a chemotactic (following a soluble concentration gradient) or haptotactic (following an
insoluble concentration gradient) effect in response to a gradient of soluble or localized
factors, respectively. Chemotaxis is often the result of growth factors such as insulin-like
growth factor (IGF), and chemokines of the CCR and CXC families (Mantovani et al.,
2010). Among the best studied CCR/CXC interactions in metastasis is cellular response to
SDF1 (CXCL-12; stromal derived factor-1) as a ligand for the CXCR4 receptor (Gladson
and Welch, 2008; Muller et al., 2001; Teicher and Fricker, 2010). SDF-1 levels are often
high in tissues commonly colonized by tumor cells (e.g., lung, bone) that express abundant
CXCR4. As with the HGF axis, inhibitors of CXCR4 are being studied in preclinical models
and are showing efficacy in multiple tumor types (Kim et al., 2008; Richert et al., 2009).

Hurst and Welch Page 8

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2013 February 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Haptotaxis is characterized as a response to gradients of ECM components such as laminin-5
and fibronectin, and can be modulated positively or negatively by proteolysis (McCarthy et
al., 1985).

Even cells that have been selected for invasive and metastatic capacity exhibit low
efficiency for developing metastasis, seldom exceeding 0.1%. Entry of cells into the blood
stream (termed intravasation) is apparently not uncommon. In fact, more than a million cells
per gram of tumor can be shed daily (Butler and Gullino, 1975). Tarin and colleagues
illustrated metastatic inefficiency of hematogenous metastases using peritovenous (Levine)
shunts to palliate ascites burden for patients suffering from various cancer types (Tarin et al.,
1984). Although millions of tumor cells were directly deposited into the vena cava daily, the
petients did not develop secondary blood-borne tumors with higher frequency.

The fate of already intravasated tumor cells is uncertain because of apparently contradictory
experimental evidence. Using radiolabeled cells, Fidler et al. found that most do not survive
(Fidler, 1970, 1973b; Fidler and Nicolson, 1977) because of hemodynamic sheer (Weiss,
1989, 1990; Weiss and Schmid-Schonbein, 1989; Weiss et al., 1985), anoikis (Kim et al.,
1999; Phadke et al., 2008; Wong et al., 2001), or immune selection (Fidler, 1974; Gorelik et
al., 1980; Hanna, 1985; North and Nicolson, 1985; Van Netten et al., 1993; Young and
Newby, 1986). In contrast, using a fluorescent tag Naumov et al. (1999, 2002) showed that a
majority of cells not only survived but also extravasated. Muschel et al. used intravital
microscopy in lung and brain metastasis models to show that the majority of cells remained
intravascular and began to proliferate (Carbonell et al., 2009; Wong et al., 2001). Their data
illustrate how extravasation is not essential for successful establishment of a secondary
mass. Plausible explanations for these dichotomous results include different cell monitoring
methods (i.e., radiolabeling vs. fluorescent tagging), analysis of tumor cell behavior in two
different tissues (i.e., lung vs. liver), and whether the studies were done completely in vivo
versus ex vivo.

Critically, all of these observations highlight the importance of tumor–stromal interactions
in the metastatic process and clearly demonstrate that a “one-size-fits-all” description of the
metastatic process does not exist. For a cell to accomplish all these “steps” involved in
invasion, specific genetic programs must be expressed and functional. Once again, it is
stressed that inhibition of any of these requirements would render a cell less metastatic.

1.3. Organotropism of metastasis
Secondary tumors can arise because tumor cells have migrated via lymphatics (i.e., lymph
node metastases are extremely common in many carcinomas), the blood vasculature, or
across body cavities (e.g., ovarian carcinoma cells most frequently establish secondary
tumors by dissemination in the peritoneum while rarely forming metastases via blood-borne
routes). Lugassy and colleagues recently documented dissemination of melanoma cells
along the space between endothelium and basement membrane (Lugassy et al., 2002, 2004,
2007). That is, the cells do not appear to enter the vascular lumen per se. The latter route of
dissemination is reminiscent of perineural spread, which is common in pancreatic and
prostatic carcinomas in which tumor cells migrate along nerve sheaths (Liebig et al., 2009).
Thus, the route of dissemination is not inherent to a definition of metastasis. Nonetheless,
the varying pathways to metastasis illustrate different barriers which tumor cells must
surmount.

English surgeon Stephen Paget asked, “What is it that decides what organs shall suffer in a
case of disseminated cancer?” (Paget, 1889). Upon reviewing autopsy records from 735
women with breast cancer, he recognized discrepancies between the blood supply going to
specific organs and the frequency of metastasis to those organs. For example, despite

Hurst and Welch Page 9

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2013 February 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



abundant blood circulation to the heart, spleen, and kidney, breast cancers (indeed most
cancers) infrequently colonize these tissues. Paget concluded that unequal distribution of
metastases could not be exclusively explained by passive embolus arrest in the first
capillaries encountered, as supported by the famed pathologists, Rudolph Virchow
(Talmadge and Fidler, 2010; Virchow, 1858), Leonard Weiss (Bross and Blumenson, 1976;
Weiss, 1979, 1992; Weiss and Ward, 1982), and James Ewing (Ewing, 1919). Autopsy
results for patients succumbing to multiple types of cancer indeed show that most metastases
are found in the first lymph node or capillary beds encountered by intravasated tumor cells
(Gershenwald and Fidler, 2002; Hess et al., 2006; Park et al., 2009). However, there are
several well-known examples of metastatic colonization patterns that simply cannot be
explained (Table 3.1).

Throughout the latter half of the twentieth century, numerous studies supported a blending
of the seed and soil and the mechanical hypotheses. As alluded above, many tumor cells can
seed lots of tissues, most commonly at the first lymph node or capillary bed encountered.
However, the capacity of cells to proliferate and complete the metastatic process is
determined by the ability of tumor cells to respond to growth promoting while avoiding
growth inhibitory signals.

2. Genetic Regulation of Metastasis
The field of metastasis genetics and the very existence of genes that control specifically
metastasis have been called into question (Steeg, 2004a). Inarguably, functional data with
the metastasis suppressor genes specifically control metastasis, not tumorigenicity. Some
array data were interpreted to suggest that metastatic potential is inherent in tumor cells
(Bernards and Weinberg, 2002), but the metastasis suppressor data argue against this
interpretation (Eccles and Welch, 2007). Furthermore, recent deep sequencing studies in
human pancreatic carcinomas and metastases revealed selective genetic changes consistent
with the existence of specific metastasis-regulatory genes (Campbell et al., 2010; Yachida et
al., 2010). These new data further show that presumably asynchronous metastases share
some, but not all, of the same genetic changes, suggesting multiple pathways in which a cell
could succeed in it's quest to metastasize. In general, metastasis-regulatory genes can be
grouped into promoting and inhibiting classes. Recent findings have added a third group that
can be thought of as the underlying background upon which the promoting and suppressing
genes operate. Since the promoting and suppressing genes operate upon this background, we
will begin the discussion of metastasis genes with them.

2.1. Quantitative trait loci (QTL)
Complex phenotypes or traits—like metastasis—logically involve contributions from
numerous genes, both positive and negative for a phenotype (Cookson et al., 2009; Winter
and Hunter, 2008). Analyses to ascribe involvement is challenging because the contribution
of each gene is individually relatively small, making linkage challenging. Ultimately, even if
each step in metastasis was governed by one gene, more than a dozen genetic changes would
be implicated. In reality, as illustrated for adhesion, migration, and invasion, there are scores
of genes involved for each.

Thus, in somewhat overly simplistic terms, each of the genes contributes to the quantity of
metastases rather than qualitative determination of metastasis development. Kent Hunter and
colleagues have tackled this challenging problem and collected some very important and
revolutionary data that support the existence of metastasis genes using breeding strategies in
mice. Using a transgene-induced mouse mammary tumor model (MMTV-PyMT, in which
the polyoma middle T oncogene is driven by the murine mammary tumor virus promoter),
mice were crossed with mice of varying genetic backgrounds. Significant differences in
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metastasis were found in the F1 progeny despite failure to alter tumor initiation or growth
kinetics in some strains (Lifsted et al., 1998). Since all the mouse tumors were initiated by
the same oncogenic event, differences in metastasis and gene expression were most readily
explained by genetic background. His data reinforced a notion introduced earlier—gene
context is an important parameter in determining metastatic potential. Although this review
is focused upon metastasis suppressors, appreciation of QTL and metastasis-promoting
molecules is essential to understand structure–function relationships of the metastasis
suppressors.

2.2. Pro-metastatic genes
It is clear that subsets of tumor cells are endowed with capabilities not present in their
nonmetastatic counterparts. It follows, then, that metastatic cells turn on genes that promote
metastasis. However, it is difficult to identify prometastatic genes because the ability to
metastasize requires a cell to accomplish numerous tasks in multiple different
microenvironments. Therefore, experimental studies are prone to false-negative studies for
metastasis-promoting genes. More accurately, metastasis-promoting genes should probably
be designated metastasis efficiency-enhancing genes.

Despite these caveats, mutated ras expressed in NIH-3T3 cells can confer tumorigenicity
and metastatic capacity (Bondy et al., 1985; Chambers et al., 1990). Likewise, introduction
of mutant MEK mutants—which mimic constitutively activated MEK—also render
NIH-3T3 cells tumorigenic and metastatic (Welch et al., 2000). While this is true in
experimental models using fibroblasts, the ability of Ras or MEK to transform and induce
progression in all cell types remains to be determined. Together, these studies implicate
signaling through the Ras-Raf-Mek-Erk pathway in metastasis. However, cross-talk to and
from this signaling cascade affects numerous downstream mediators, thereby providing a
plausible mechanism for coordinated expression of the multiple molecules necessary for
metastasis. Similarly, Kang et al. (2003) and Minn et al. (2005) in the laboratory of Joan
Massague have studied gene expression patterns that begin to explain organotropism of
metastasis. Both found that coordinated expression of multiple genes is required for bone
and lung metastasis, respectively. Interestingly, many of the genes implicated in both
metastatic sites are downstream of TGF-β, a well-known promoter of tumor invasion and
EMT as discussed above.

As discussed above with studies identifying QTL, context is critical. This concept is readily
apparent when considering the role(s) of TGF-β in the development of multiple carcinomas.
In normal breast, TGF-β is generally growth inhibitory (Nam et al., 2008; Wakefield and
Stuelten, 2007); however, sometime during tumor progression, there is a paradoxical switch
in which malignant behavior is promoted (Welch et al., 1990). Although numerous studies
have focused on this phenomenon, the precise molecular mechanisms remain elusive.

2.3. Metastasis suppressor genes and methods to identify metastasis suppressors
Any single gene that disrupts a necessary biological process involved in the metastatic
cascade could suppress metastasis. Since metastases develop only from neoplastic cells,
tumor suppressors will also, by definition, suppress metastasis. However, we distinguish
metastasis suppressors by their ability to inhibit metastasis without preventing primary
tumor formation. (Note: some metastasis suppressors can delay tumor growth, but do not
prevent tumor growth.) Metastasis suppressors have been found in virtually all cellular
compartments and have a wide range of functions including cell adhesion, cell–cell
communication, signaling, cell invasion, transcriptional regulation, etc. Below is a summary
of metastasis suppressors grouped in broad functional categories. Table 3.2 provides a quick
summary of the key points and Fig. 3.2 depicts key pathways involved.
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Metastasis suppressor genes have mostly been identified by first comparing loss of
heterozygosity (LOH) and karyotypic abnormalities in different stage human cancers. Then,
microcell-mediated chromosomal transfer (MMCT) was used to introduce individual
chromosomes thought to encode one or more metastasis suppressors. This method has been
the most lucrative and proved successful for the discovery of metastasis suppressors on
chromosomes 1, 2, 7, 8, 10–13, 16, 17, and 20. Individual genes have also been successfully
identified by subtractive hybridization, differential display, comparative genomic
hybridization (CGH), microdissection, real-time RT-PCR, microarray, and proteomic
approaches (Rinker-Schaeffer et al., 2006; Vaidya and Welch, 2007). Details for the
discovery of individual genes are discussed in Section 3.

More recently discovered metastasis suppressors are the direct result of improved techniques
to identify functions associated with metastasis. Genome-wide shRNA screens were used to
identify Growth Arrest-Specific 1 (GAS1) and Krüppel-Like transcriptional Factor 17
(KLF17) as melanoma and breast cancer metastasis suppressors, respectively (Gobeil et al.,
2008; Gumireddy et al., 2009). In their study, Gobeil et al. discovered 22 genes in which
shRNA knockdown resulted in an increase in metastasis using the highly metastatic B16–
F10 murine melanoma cell line. They focused on GAS1 since it was substantially down-
regulated in the B16-F10 cells. It is presently unclear why the identified genes in their
screen did not overlap with already known metastasis suppressor genes.

In the study by Gumireddy et al. (2009), an shRNA library and in vivo screen in which the
nonmetastatic 168FARN breast cancer cells that metastasized were selected. RNAi for the
KLF17 gene was identified and subsequently chosen for more detailed studies. KLF17 was
found to bind to the promoter region of inhibitor of differentiation 1 (Id1) leading to
inhibition of invasion and EMT. Improved techniques such as these shRNA screens should
increase our discovery of metastasis suppressor genes. Questions regarding specific cell line
or model systems may become crucial to our understanding of how context-dependent
factors play a major role in suppressor function.

3. Functionally Validated Metastasis Suppressor Genes
3.1. Transcriptional regulators

3.1.1. BRMS1—Because metastasis requires the coordinated expression of particular genes
at multiple steps, a key regulatory molecule would be one that functions by regulating
metastasis-associated gene transcription. Breast cancer metastasis suppressor-1 (BRMS1)
alters the expression of multiple metastasis-associated genes including osteopontin (OPN;
Hedley et al., 2008; Samant et al., 2007; Shevde et al., 2006), uPA; (Cicek et al., 2005,
2009), fascin (Zhang et al., 2006), epidermal growth factor receptor (EGFR; Hurst et al.,
2008; Vaidya et al., 2008), CXCR4 (Yang et al., 2008), as well as coordinately regulating
many metastamiR (Edmonds et al., 2009a,b; Hurst et al., 2009a). These genes are associated
with metastasis at many different steps. Likewise, BRMS1 affects multiple phenotypes
implicated in cancer metastasis (Phadke et al., 2008), including restoration of homotypic
(Saunders et al., 2001; Shevde et al., 2002) and heterotypic (Kapoor et al., 2004) gap
junctional intercellular communication, inhibition of migration and invasion, promotion of
anoikis, and differential modulation of growth factor signaling. Additionally, the selective
downregulation of phosphoinositide phosphatidylinositol (4,5) bisphosphate (PtdIns(4,5)P2)
has been demonstrated (Champine et al., 2007; DeWald et al., 2005; Vaidya et al., 2008)
that may have dramatic signaling effects in response to the microenvironment. In vivo
experiments have demonstrated that BRMS1 inhibits several steps of metastasis, including
the ultimate step, colonization at the secondary site (Phadke et al., 2008).
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BRMS1 was originally identified by analysis of differentially expressed genes in the
metastatic breast carcinoma cell line MDA-MB-435 (Chambers, 2009; Grijalva et al., 2003;
Hollestelle and Schutte, 2009; Montel et al., 2009) following MMCT of neomycin-tagged
chromosome 11 (Seraj et al., 2000). Differential display was used to compare chromosome
11-containing with parental cells, which led to the identification and cloning of BRMS1,
which was subsequently mapped to 11q13.1–q13.2. It was then directly transfected into
metastatic breast cancer cell lines that express no detectable levels of BRMS1 transcript and
using xenograft (Seraj et al., 2000) and syngeneic (Samant et al., 2002, 2006) mammary
tumor models was found to significantly suppress metastasis. Since that time, multiple labs
using several different model systems have found that BRMS1 suppresses metastasis of
melanoma (Shevde et al., 2002), ovarian (Zhang et al., 2006), and nonsmall cell lung
carcinomas (Smith et al., 2009) in addition to breast carcinoma.

Determining the mechanism of action for BRMS1 has occurred in a somewhat circuitous
manner. Protein sequence homology provided few clues regarding possible mechanisms. So,
protein:protein interaction studies using yeast two-hybrid genetic screens and
coprecipitations were undertaken. Almost simultaneously, both approaches identified a
direct interacting partner for BRMS1, Rb-binding protein-1 (RBBP1) which is now known
as AT rich interacting domain 4A (ARID4A) (Hurst et al., 2008; Meehan et al., 2004). Also,
directly binding to BRMS1 is suppressor of defective silencing-3, SUDS3 (a.k.a. mSDS3 or
SAP45; Hurst et al., 2008; Meehan et al., 2004; Silveira et al., 2009). Both ARID4A and
SUDS3 are components of the SIN3 histone deacetylase chromatin remodeling complexes.
Other groups studying SIN3 complexes and associated proteins have identified BRMS1 by
mass spectrometry, affinity purification, and coimmunoprecipitation (Doyon et al., 2006; Le
Guezennec et al., 2006; Nikolaev et al., 2004; Shiio et al., 2006; Smith et al., 2010).

When BRMS1 is present in complexes with the Gal4 promoter–luciferase reporter,
transcriptional repression is observed (Hurst et al., 2008; Meehan et al., 2004; Silveira et al.,
2009). However, mRNA expression arrays reveal a complex pattern of>500 nonrandom
expression changes (Champine et al., 2007; Cicek et al., 2005). Cicek et al. were the first to
demonstrate selective differential expression of proteins in BRMS1-expressing breast cancer
cells using 2D gel-electrophoresis (Cicek et al., 2004), and recently Rivera et al., used a
similar approach in melanoma cells to identify differentially expressed proteins (Rivera et
al., 2007). Some differentially expressed proteins were identified in both studies, for
example, annexins, and glutathione-S-transferases, but overlap was not predominant
probably because BRMS1 regulation may be cell-type dependent. By both proteomic and
genomic discovery approaches, BRMS1 regulates genes involved in lipid metabolism and
transport, secretion, and cellular architecture.

To date, however, whether gene regulation effects are direct versus indirect has not been
clearly demonstrated. Jones et al. (Liu et al., 2006; Smith et al., 2009) identified interaction
of BRMS1 with the p65 subunit of the NFκB transcription factor. Presumably, recruitment
of SIN3∷HDAC complexes reduces NFκB activity, a finding that has been observed using
reporter assays. Inhibition of NFκB activity through recruitment of HDAC1 has been
observed by different laboratories (Cicek et al., 2005, 2009; Samant et al., 2007). Although
it is likely that BRMS1 will interact with other transcription factors, their identities, if any,
have not yet been determined.

Mutational analysis of BRMS1 has determined that direct ARID4A and SUDS3 interactions
are not essential for metastasis suppression (Hurst et al., 2008; Silveira et al., 2009).
Different domains of the BRMS1 protein bind each molecule; however, BRMS1 remained
associated with SIN3 and HDAC1/2. Interestingly, disruption of each direct BRMS1
interaction alters the gene expression profiles of cells reexpressing the BRMS1 mutants
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(Hurst et al., 2008; Silveira et al., 2009). These findings reveal that the mix-and-match
nature of the SIN3∷HDAC∷BRMS1 complexes determines the expression of individual
genes. In fact, Smith et al. showed that HDAC inhibitors could differentially cause
modification to the SIN∷HDAC complex composition (Smith et al., 2010).

Clinical studies with BRMS1 have been relatively inconsistent with regard to patient
survival and metastasis correlations. The inconsistencies are thought to be primarily because
most clinical studies measured mRNA expression, but BRMS1 mRNA and protein do not
always correlate (Hurst et al., 2009c). Also, BRMS1 protein is sensitive to proteasome
degradation and is stabilized by the heat shock protein HSP90 (Hurst et al., 2006),
highlighting the importance of measuring protein levels. Ultimately, simply measuring
protein levels for a protein that functions differentially depending upon its interaction
partners may be moot. Nonetheless, BRMS1 protein expression using IHC is predictive for
survival and metastasis development in subsets of breast (Frolova et al., 2009; Hicks et al.,
2006) and nonsmall cell lung carcinomas (Smith et al., 2009).

3.1.2. CRSP3 and TXNIP—Two additional transcriptional regulators, CRSP3 (a.k.a.
cofactor required for SP1 activity; DRIP130, Vitamin D regulatory interacting protein 130)
and TXNIP (a.k.a. thioredoxin interacting protein; TBP2, thioredoxin binding protein 2;
VDUP, vitamin-D3 upregulated protein) have been identified as metastasis suppressors
(Goldberg et al., 2003). Both molecules have been studied in regard to their redox regulation
and/or signaling in addition to their apparent association with the vitamin D transcription
complex. CRSP3, which maps to chromosome 6q23.2, upregulates TXNIP, which maps to
chromosome 1q, which, in turn, regulates the KISS1 metastasis suppressor (see Section
3.3.3).

3.1.3. LSD1—Lysine-Specific Demethylase 1 (LSD1) is an amine oxidase catalyzing the
demethylation of histone proteins and has been shown to be a component of many chromatin
remodeling complexes including CoREST (Lee et al., 2005; Shi et al., 2005), CtBP (Wang
et al., 2007), and other HDAC containing complexes (You et al., 2001). More recently, it
was found to be an integral component of the Nucleosome Remodeling and Deacetylase
(NuRD) protein complex to inhibit invasion and suppress metastasis in breast cancer model
systems (Wang et al., 2009b).

LSD1 was found to be downregulated in breast carcinomas and expression was inversely
correlated with TGFβ1. Interestingly, the NuRD complexes have also been implicated in
promoting metastasis as several studies show important functions associated with histone
deacetylation for the metastasis-associated proteins (MTA; Bagheri-Yarmand et al., 2004;
Nicolson et al., 2003; Ohshiro et al., 2010; Toh et al., 1994, 2004). Analogous to the
complexes formed by BRMS1, the paradigm supported by LSD1 is that the function of
chromatin remodeling complexes is clearly dependent on the specific composition of each
complex.

3.2. Posttranscriptional regulators
It is clear that metastasis is regulated by the expression of genes necessary for phenotypes
required for each step in the cascade and transcriptional regulation of metastasis-associated
genes is one key mechanism to inhibit or promote metastasis. The majority of proteins in a
cell are also regulated posttranscriptionally and this serves as yet another level for
controlling metastasis. It has recently been shown that several microRNA (miRNA) genes
significantly influence several steps in the metastatic cascade that have now been given the
term metastamiR. Other molecules that regulate signaling in response to the
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microenvironment or affect adhesion to the microenvironment may dramatically inhibit
metastasis.

3.2.1. MetastamiR and noncoding RNA—With the initial discovery of miRNA in the
control of the timing of Caenorhabditis elegans larval development (Lee et al., 1993), they
were identified in plant (Park et al., 2002) and mammalian cells less than a decade later
(Wightman et al., 1993). These small RNA genes are typically transcribed by RNA
polymerase II to the pri-miRNA that adopts a characteristic hairpin loop structure. They are
further processed to pre-miRNA by the RNAse 3 Drosha and exported to the cytoplasm by
Exportin 5 where the enzyme Dicer processes the hairpin to a mature 18–26 nucleotide
miRNA that associates with the RNA-induced silencing complex (RISC). Both Drosha and
Dicer form complexes with proteins containing dsRNA-binding domains. The Drosha
partner is DiGeorge syndrome critical region gene 8 (DGCR8) and the Dicer partner is TAR
RNA binding protein (TRBP).

The latest release of the miRBase database has catalogued >1000 miRNA in humans. Each
mature miRNA (19–24 nt) complements the 3′-UTR of mRNA. Moreover, microRNA can
regulate the translation of hundreds of genes through sequence-specific binding to mRNA
depending on sequence complementarity will result in the inhibition of translation and/or
degradation of target mRNAs (Stefani and Slack, 2008). However, some microRNA
upregulate some genes by direct and indirect mechanisms. As a result of such promiscuity, it
is perhaps not surprising that a single metastamiR might regulate metastasis similarly to a
transcription factor that exerts its effect on multiple mRNA or proteins.

Altered regulation of miRNA expression exerts profound effects on cell phenotypes. Soon
after their discovery in mammalian cells, miRNA were reported to play key roles in cancer,
recurrence, development of metastases, and/or survival (Edmonds et al., 2009b; Hurst et al.,
2009b; Nicoloso et al., 2009). At least, a dozen miRNA have been shown to promote or
inhibit metastasis in experimental models and that number will likely grow even further
because >20 more have been shown to impact critical steps in the metastatic cascade, such
as EMT, apoptosis, and angiogenesis. Typically, metastamiR were discovered using in vitro
screens for individual steps in metastasis including proliferation, EMT, adhesion, migration,
invasion, apoptosis, and/or angiogenesis. As mentioned previously, a critical point to
validate a miRNA as a bona fide metastasis suppressor is to perform in vivo assays.

The first suppressing metastamiR was identified by Tavazoie et al., who compared miRNA
expression in metastatic variants derived from the human breast carcinoma cell line, MDA-
MB-231 (Tavazoie et al., 2008). They identified six miRNAs with low relative expression in
the metastatic cells. Three of these, miR-335, -126, and -206, suppressed metastasis in vivo;
however, miR-126 also inhibited cell proliferation and tumorigenesis, removing it from the
metastasis suppressor category, by definition. Both miR-335 and -206 inhibited invasion and
migration in vitro. miR-335 targets SOX4 (SRY-box containing transcription factor),
PTPRN2 (receptor type tyrosine protein phosphatase), MERTK (c-Mer tyrosine kinase), and
possibly TNC (tenascin C). Additionally, inhibition of SOX4 or TNC by shRNA inhibited
invasion in vitro and metastasis in vivo. Their findings elegantly demonstrate how a single
miRNA could impact several downstream pathways by arborizing signaling pathway
components. There was also a clinical association of miR-335 expression with metastasis-
free survival in a set of 20 primary breast tumor samples.

Several groups had shown roles for miR-146 in inflammation through regulation of NFκB
(O'Connell et al., 2010). Although the miR-146a and -146b genes are encoded on different
chromosomes, their mature sequence differs by only two nucleotides at the 3′ region. So
their mRNA targets are predicted to overlap significantly. Indeed, both miR-146a and -146b
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inhibit invasion and migration of breast cancer cells by downregulating NFκB by targeting
IRAK1 and TRAF6 (Bhaumik et al., 2008). These studies were extended in vivo by
demonstrating miR-146a and -146b suppressed metastasis that may involve targeting of
EGFR (Hurst et al., 2009a) or ROCK1 (Nicoloso et al., 2009), both of which are involved in
promoting invasion and metastasis. In clinical samples, miR-146a expression is inversely
correlated with prostate cancer progression, further supporting a metastasis suppressor
function for this metastamiR (Lin et al., 2008).

While inhibition of any step in the metastasis cascade precludes metastasis, a single
metastamiR could result in more robust inhibition of the metastatic process by targeting
multiple steps. Evidence to support this conclusion comes from studies with miR-31, which
inhibits invasion, anoikis, and colonization leading to a 95% reduction in lung metastasis in
an orthotopic model of breast cancer (Valastyan et al., 2009, 2010). Additionally, miR-31
levels were lower in a pilot study of breast cancer patients with metastasis.

MetastamiR are not limited to suppressors of metastasis. miR-10b was the first metastamiR
discovered by Ma et al. (2007a). They hypothesized that certain miRNA could regulate
specific stages of tumor progression and found that miR-10b was highly expressed only in
metastatic breast cancer cell lines compared to primary human mammary epithelial or
spontaneously immortalized cells. After showing that miR-10b enhanced migration and
invasion in vitro and metastasis in vivo, they identified a pathway where the prometastatic
gene TWIST1 upregulates miR-10b that targets HOXD10 leading to an increase in RHOC.
Additionally, RTQ with 23 primary breast tumors was used to show a general increase in
miR-10b expression in patients with metastasis.

Interestingly, the BRMS1 metastasis suppressor that regulates miR-146a/b also regulates
TWIST, miR-10b, and RhoC expression (Edmonds et al., 2009a). Whether the regulation of
these genes by BRMS1 is direct or indirect is still not known. Regardless, the data all point
to common pathways impacted by these metastasis-regulatory molecules (Fig. 3.3).

Huang and colleagues transduced nonmetastatic MCF7 human breast cancer cells with an
miRNA expression library and screened the transductants using a transwell migration assay
(Huang et al., 2008). Both miR-373 and -520c promoted migration and were subsequently
found to increase in vivo metastasis, at least in part, by targeting the hyaluronate receptor
and stem cell marker, CD44. Clinically, miR-373 expression was higher in lymph-node
metastasis compared with the primary tumors from 11 pairs of matched samples.

Invasion and migration are increased while apoptosis is decreased by miR-21 expression in
breast, colon, and glioma (Asangani et al., 2008; Gabriely et al., 2008; Zhu et al., 2008).
miR-21 targets TPM1 (tropomyosin 1), PDCD4 (programmed cell death 4), and regulators
of MMP. miR-143 and miR-182 promoted hepatocellular carcinoma and melanoma
metastasis, respectively (Segura et al., 2009; Zhang et al., 2009b). miR-143 is upregulated
by NFκB and decreases adhesion. miR-182's effects can be reversed by reexpression of
MITF (microphthalmia-associated transcription factor M) or FOXO3. miRNA-182 is part of
a cluster (miR-183-96-182). Many miRNA are encoded as genetically linked clusters
(perhaps operons?) and are expressed as a single pri-miRNA. As a result, it is not always
possible to distinguish biological effects that are the result of a single miRNA or the
collective actions of multiple miRNA. Since many experimental studies manipulate single
members of a cluster, interactions or feedback mechanisms may be missed if the cluster
expression is not taken fully into account.

3.2.2. MetastamiR pathways, concepts, and future directions—While metastamiR
have only been recognized for slightly more than 3 years, the rapid discovery of this
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important family of molecules is impressive. MetastamiR are components of complex
pathways and are often expressed downstream of pro- or antimetastatic signals, including
pathways regulated by NFκB, EGFR, TWIST1, BRMS1, ZEB1/2, and HIF1α.
Unfortunately, understanding the mechanisms by which miRNA are regulated is still in its
infancy.

Interestingly, positive and negative feedback loops have been found whereby the upstream
effectors are themselves targets of the miRNA that they regulate (Aguda et al., 2008;
Bracken et al., 2008; Castellano et al., 2009; Cheloufi et al., 2010; Taganov et al., 2006;
Wellner et al., 2009). This implies an important role for metastamiR in modulating key
signaling pathways involved in tumorigenicity and metastasis. Because of their position as
nodes within signaling pathways and their promiscuity with regard to downstream targets,
each metastamiR can (and probably does) amplify pro- and antimetastatic signaling events.
It is likely that metastamiR regulation of these signaling events is context dependent, relying
on microenvironmental cues in both directions. We predict that yet-to-be-discovered
cofactors will lead to specificity of miRNA effects on selected pathways; however, their
existence is speculation at this time. We find ourselves in the midst of a revolution with
regard to the biochemical and molecular regulation of cancer metastasis. Old notions of
equating tumorigenicity with metastasis have to be discarded. There are clear distinctions
between the phenotypes; biologically, biochemically, and genetically. Understanding the
interrelationships between regulatory genes and gene products and how these are modulated
by the microenvironmental context is beginning to unravel the complex tapestry that is
cancer metastasis.

During the course of assembling references for this chapter, the expanding complexity of
miRNA and more specifically, metastamiR, exploded. As targets are assigned to individual
miRNA, one must now take into account previously ignored pseudogenes. Poliseno et al.
showed that the pseudogene, PTENP1, was biologically active by virtue of regulating
cellular levels of the tumor suppressor PTEN (Poliseno et al., 2010). Although PTENP1 is
not translated into protein due to a missense mutation of the initiator methionine codon, it
still possesses a 3′ UTR with high homology to PTEN. As a result, increased expression of
PTENP1 serves as a “decoy” for PTEN targeting miRNA and leads to increased translation
and protein levels of biologically functional PTEN. Therefore, pseudogenes are now going
to have to be considered when analyzing various functions of miRNA.

Future studies regarding noncoding RNA involved in metastasis will not be limited to
miRNA. A recent report describes the large intergenic noncoding RNA (lincRNA) HOTAIR
that promotes metastasis (Gupta et al., 2010). HOTAIR associates with the chromatin
remodeling complexes Polycomb Repressive Complex 2 (PRC2) and LSD1 and alters the
methylation pattern on histone lysine residues, specifically methylation of H3K27 and
demethylation of H3K4 (Gupta et al., 2010; Tsai et al., 2010). This leads to epigenetic
changes in gene expression that are favorable for metastasis. Another recent report identified
p53 as a mediator of many lincRNA including lincRNA-p21 (Huarte et al., 2010)
demonstrating the likelihood of identifying many more metastasis-associated lincRNA.

3.3. Regulators of cellular communication
In retrospect, it seems obvious that the cell surface would be a key site for critical molecules
involved in cancer metastasis since tumor cells encounter numerous different
microenvironments during their journey. Three lines of evidence have been used to support
the involvement of cell-surface molecules in the process of metastasis. The first is that
enzymatic modification of cell-surface components can alter adhesion, survival in the
circulation, and arrest at secondary sites (Hagmar and Norrby, 1973; Welch, 1997; Welch et
al., 1994a). The second is involved in biosynthetic modification of surface glycoproteins and
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glycolipids (Gasic and Gasic, 1962; Irimura et al., 1981; Shaikh et al., 2008). The third has
involved transfer of cell-surface molecules from metastatic to nonmetastatic cells with a
corresponding enhancement of metastatic efficiency (Legrue, 1982; Poste and Nicolson,
1980; Poste et al., 1980). There are abundant more examples for each of these experimental
strategies. Readers are referred to several excellent reviews for additional details (Geiger
and Peeper, 2009; Lu and Kang, 2009; Nicolson, 1982a, 1988a,b). The examples listed
below focus exclusively on metastasis suppressor genes that are found on the cell-surface or
cell-cell junctions.

3.3.1. Cell-surface receptors and junctions
3.3.1.1.CD44: CD44 is a transmembrane glycoprotein that binds ECM components such as
hyaluronic acid and the prometastatic factor, osteopontin (Underhill, 1992). CD44 is
proposed to modulate adhesion, lymphocyte homing, and activation (Kallakury et al., 1996)
and maps to 11p13 (Rudy et al., 1993). In clinical samples, there is a correlative loss of
CD44 expression in high-grade tumors and metastases (Kallakury et al., 1996). Depending
on the type of cancer, cell line used, and the model being evaluated, CD44 expression can
increase tumorigenicity and metastatic potential or function as a metastasis suppressor
(Kallakury et al., 1996; Rudy et al., 1993). In recent years, many cancer researchers have
become enamored by the cancer stem cell theory or the cancer progenitor cell theory
(Brabletz et al., 2005). Briefly, the theory proposes that migrating cells with properties
similar to stem cells—capacity to self renew for extended times, ability to regenerate a
mixed population of cells with both specialized and unspecialized properties. Since the
majority of metastases are clonal in origin yet heterogeneous by the time overt, macroscopic
metastases are diagnosed, there are abundant similarities. Several laboratories have indicated
that CD44 surface expression is a marker for cancer stem cells (Bauerschmitz et al., 2008;
Sackstein et al., 2008; Tang et al., 2007), further raising questions regarding the role(s) of
CD44 in metastatic behavior.

Ambiguity regarding metastasis-promoting or -suppressing effects by CD44 probably rests
in the high degree of posttranscriptional and splicing variation that occur in different cell
types. As a result, some of the splice variants may have different functions from others.
Until reagents are developed and the cell-specific changes are categorized, the issue cannot
be resolved.

3.3.1.2. E-cadherin: Epithelial cell–cell interactions are mediated primarily by cadherins,
transmembrane glycoproteins that form Ca+2-dependent homotypic complexes (Harris and
Tepass, 2010). For many tumor types, loss of E-cadherin occurs during EMT and correlates
with increased invasion and metastasis. Reexpression in experimental models can block
invasion. Taken together, these observations suggest that loss of E-cadherin is causative for
invasion. E-cadherin loss occurs because of transcriptional repression and proteolytic
degradation (Jeanes et al., 2008; Li et al., 2004; Onder et al., 2008; Van Roy and Berx,
2008). The zinc finger transcriptional repressors Snail and Slug, in particular, have been
implicated in regulating EMT by virtue of their ability to repress E-cadherin transcription.
Cadherins are regulated by catenins (α, β, γ, and p120 catenins), cytoplasmic proteins that
functionally link the cadherin complex to the actin cytoskeleton. βb-catenin is both a cell
adhesion protein and a transcription factor. In addition to its role in adherens junctions, β-
catenin participates in canonical Wnt signaling (Behrens, 1999; Giles et al., 2003), a
signaling pathway implicated in development and cancer. E-cadherin levels and function are
also disrupted by loss of p120 catenin, which may also contribute to metastasis.

E-cadherin is not the only cell:cell adhesion molecule associated with invasion and
metastasis. Another member of the immunoglobulin cell adhesion molecule (Ig-CAM)
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family, NCAM, is downregulated in several tumor types. NCAM loss increases the ability of
tumor cells to disseminate in some tumor types (Crnic et al., 2004). Still other Ig-CAMs,
such as DCC, CEACAM1, and Mel-CAM, have reduced expression in some cancers. Please
note: not all cell:cell adhesion molecules can be viewed as potential invasion suppressors.
Several adhesion molecules, such as L1, CEA, and ALCAM (Cavallaro and Christofori,
2004), are overexpressed in advanced cancers. Additionally, N-cadherin promotes cell
motility (Hazan et al., 2000; Nieman et al., 1999). This complexity may be explained by
(in)direct signaling functions for these molecules that are distinct from their roles in cell:cell
adhesion (Behrens, 1999; Jeanes et al., 2008; Van Roy and Berx, 2008). Because of the
interrelatedness of proliferation and invasion, adhesion and growth effects and the
complexity of tumor tissue (including complexity that still exists in well-defined
experimental models), it is not always possible to distinguish the myriad functions of so-
called adhesion molecules.

Another cadherin implicated as a metastasis suppressor is N-cadherin, which when
overexpressed in the LM8 osteosarcoma line, inhibited pulmonary metastasis (Kashima et
al., 2003). However, there are contradictory data showing that N-cadherin can increase
aggressiveness and metastasis in breast and melanoma cell lines (Hazan et al., 2000; Li et
al., 2001). Clearly, more work will be required to understand how cadherins play a role in
metastasis suppression. Nonetheless, it is clear that different cadherins will play distinct
roles in different tissues. This highlights an emerging theme in the metastasis suppressor
field—context is critical.

3.3.1.3. KAI1: Kang-Ai1 (Chinese for anticancer; a.k.a. CD82/C33/TIP30) was first
identified in AT3.1 and AT6.1 rat Dunning prostate cancer cells (Dong et al., 1995). Similar
to the story for BRMS1 discovery, human chromosome 11 was introduced by MMCT
because previous work had implicated chromosomal aberrations in late-stage prostate
carcinoma. Chromosome 11 hybrids significantly blocked metastasis without preventing
primary tumor formation, indicating the presence of one or more metastasis suppressors.
Positional cloning mapped KAI1 to 11p11.2 (Dong et al., 1995; Ichikawa et al., 1992).
Subsequent experiments demonstrated that KAI1 inhibits metastasis of breast and melanoma
cell lines (Phillips et al., 1998; Wei et al., 1996; Yang et al., 1997). Consistent with its role
as a metastasis suppressor, KAI1 expression is frequently downregulated during prostate
(Dong et al., 1995), breast (Phillips et al., 1998; Yang et al., 2000), colorectal (Lombardi et
al., 1999), ovarian (Liu et al., 2000), cervical (Liu et al., 2000, 2001), oral (Farhadieh et al.,
2004), and nonsmall cell lung (Goncharuk et al., 2004) cancers.

Regulation of KAI1 is complex and is still being elucidated. KAI1 expression is positively
regulated by p53, junB, and AP2 (Marreiros et al., 2003) is induced following etoposide
treatment through a p53 and c-Jun pathways (Mashimo et al., 2000); appears to be
dependent upon Tip60 and β-catenin–reptin complexes (Kim et al., 2005a); and, can be
induced by protein kinase C (PKC); Akita et al., 2000). As with many of the other metastasis
suppressor genes, KAI1 is associated with abundant methylation of CpG islands in the
promoter; however, treatment of cells with 5-aza-2-deoxycytidine (which prevents cytosine
methylation) or trichostatin-A (which inhibits histone deacetylation) failed to upregulate
KAI1 (Sekita et al., 2001), suggesting other regulatory controls.

Since KAI1 is a member of the tetraspanin superfamily, much of the regulation of, and
mechanistic insights regarding, KAI1 are inferred from studying the role of tetraspanin
family members in T-cells. Consistent with a role in metastasis, KAI1 and other tetraspanins
are thought to stabilize molecular networks regulating motility, invasion, and other cellular
processes (Hemler, 2005; Longo et al., 2001; Sridhar and Miranti, 2006; Sugiura and
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Berditchevski, 1999; Zhou et al., 2004a), many of which are already associated with
metastasis.

Tetraspanins, including KAI1, interact with a multitude of other signaling molecules. KAI1
interacts with other tetraspanins, immunoglobulins, integrins, and histocompatibility
molecules (Angelisova et al., 1994; Delaguillaumie et al., 2002, 2004; Horvath et al., 1998;
Lee et al., 2004; Mannion et al., 1996; Mashimo et al., 2000; Shibagaki et al., 1999; Szollosi
et al., 1996; Zhang et al., 2003). Palmitoylated KAI1 can directly interact with EGF receptor
(Odintsova et al., 2003), which instigates EGFR endocytosis and migration signals. When
palmitoylation was disrupted, motility and invasion were disrupted, suggesting that KAI1
might suppress metastasis by controlling cellular responses to external signals.

The most convincing studies suggesting a mechanism of action for KAI1 involve discovery
that KAI1 directly interacts with a cell-surface molecule, DARC (Duffy antigen receptor for
chemokines/gp-FY) on vascular endothelial cell surfaces. Watabe and colleagues, in a series
of systematic and elegant studies obtained data supporting a model in which KAI1–DARC
interaction induces tumor cell senescence via induction of the cyclin kinase inhibitor
p21WAF1 (Bandyopadhyay et al., 2006). Curiously, senescence occurred even in the absence
of KAI1-dependent activation of DARC signaling (Horuk et al., 1993). Collectively, their
model proposes that KAI1-expressing cancer cells grow and invade locally, but upon
intravasation and interaction with DARC-expressing endothelial cells, the tumor cells cannot
complete subsequent steps in the metastatic cascade.

3.3.1.4. KISS1R: Although discussed in more detail below in the context of Section 3.3.3,
the KISS1 receptor (KISS1R, a.k.a. GPR54, AXOR12, hOT7T175) appears to be critical for
metastasis suppression in some tumor cells. Briefly, KISS1R is a G-protein-coupled receptor
that is expressed almost ubiquitously at low levels, but is abundantly present in specialized
neurons located within the hypothalamus, pituitary, and arcuate nucleus, where it is
responsible for regulating pubertal development in the hypothalamic-pituitary-gonadal
access (Beck and Welch, 2010; Colledge, 2009; Hameed and Dhillo, 2010; Oakley et al.,
2009). Three laboratories had identified an orphan GPCR (Kotani et al., 2001; Muir et al.,
2001; Ohtaki et al., 2001), which was subsequently shown to bind internal fragments
derived from the KISS1 metastasis suppressor protein. Ohtaki et al. showed that
overexpression of KISS1R in B16 melanoma cells diminished metastasis when mice were
treated with KISS1-derived polypeptides (Ohtaki et al., 2001). However, an autocrine loop
has not been formally established in any cell line that has not been transfected with the
receptor (Beck and Welch, 2010).

In studies attempting to characterize whether KISS1-or KISS1-derived peptide(a.k.a.
kisspeptins) secretion was required for metastasis suppression, a surprising finding was that
none of the cell lines that were suppressed for metastasis following transfection and
reexpression of KISS1 possessed detectable levels of the receptor, arguing that an autocrine
loop was not responsible in the majority of cases. Thus, we speculated that paracrine
signaling to surrounding stroma might be responsible for the metastasis suppressing effects
of KISS1 (Beck and Welch, 2010; Nash and Welch, 2006). Beck and colleagues recently
demonstrated that primary cultures derived from skin and lung differentially expressed
KISS1R. Moreover, the primary cultures from lung secrete growth inhibitory signals more
abundantly than the skin primary cultures (Beck, B.H. and Welch, D.R., unpublished
observations). These findings illustrate how melanoma cells expressing KISS1 might be able
to grow in the skin, but fail to grow after they have already disseminated (Nash et al., 2007).

3.3.1.5. OGR1: Another GPCR, ovarian cancer G-protein coupled receptor (OGR1, a.k.a.
GPR58), when overexpressed in PC3 prostate cancer cells did not inhibit tumor cell
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proliferation and significantly inhibited metastasis to multiple organs (Singh et al., 2007). To
date, only preliminary mechanisms have been proposed regarding OGR1 function and these
have been based upon the roles of related family members in mediating the functions of
lysophospholipids (Xu, 2002).

Functionally, OGR1 regulates endothelial barrier function, proliferation, and tube formation
as well as T-cell migration, glucocorticoid-induced thymocyte apoptosis, and globoid cell
formations (Im et al., 2001; Kim et al., 2005b; Qiao et al., 2006; Radu et al., 2005; Tosa et
al., 2003). Interestingly, OGR1 and other family members also exhibit proton sensing
properties. Overexpression of OGR1 increased the levels of Gαi1 transcription and
translocation to the cell membrane concomitant with secretion of a hydrophobic factor
which appears to be important for OGR1 antimetastatic actions (Singh et al., 2007).

3.3.1.6. DCC1: Deleted in colon cancer (a.k.a. UNC-40 or Frazzled) was first described as a
tumor suppressor in colorectal cancer (Fearon et al., 1990). However, expression loss in late-
stage cancers led to studies regarding its potential role in metastasis (Iino et al., 1994; Itoh et
al., 1993; Kikuchi-Yanoshita et al., 1992; Ookawa et al., 1993). In esophageal (Miyake et
al., 1994), bladder (Brewster et al., 1994), neuroblastoma (Ikeami et al., 1985; Reale et al.,
1996), and glioma (Reyes-Mugica et al., 1997), DCC expression is lower in lymph-node
metastases, invading, and disseminated cells. And further correlation has been described in
an experimental model using Madin-Darby canine kidney cells, transfection with DCC
resulted in decreased lymph-node and lung metastasis without impairing growth at the site
of injection (Rodrigues et al., 2007). However, the results are not entirely clear because a
tumor cell marker (i.e., luciferase) was significantly reduced despite overall tumor size
appearing to be identical. This leaves open the possibility that a tumor suppressing effect
was somehow mast by other cells that had been recruited to the site of tumor cell injection.

The mechanism of action for DCC is largely unclear because it has been implicated in so
many diverse functions, such as axon guidance. Among the mechanisms by which DCC is
thought to direct cellular movement is by induction of the apoptosome (Forcet et al., 2001).
However, induction of apoptosis in metastatic cells has not been measured to the best of our
knowledge.

3.3.2. Intracellular signaling molecules—Once cells have received a signal from the
milieu, they must interpret and transmit appropriate signals to alter tumor cell function. The
majority of metastasis suppressors identified to date are involved in signal transduction.

3.3.2.1. RKIP: Raf Kinase Inhibitor Protein was discovered as a metastasis suppressor gene
in prostate cells (Fu et al., 2003; Keller et al., 2004). Clinical data only shows a correlative
relationship of RKIP as a metastasis suppressor gene in breast cancer, that is, expressed in
primary tumors, but absent in matched lymph-node metastases (Hagan et al., 2005).

RKIP binds directly to Raf, inhibiting MEK1 activation with a concomitant decrease of
downstream signaling. Since MEK and RKIP compete to bind to RAF, the presumed
mechanism of action is the regulation of ERK signaling. Interestingly, RKIP appears to
selectively regulate Raf1, but not Braf (Trakul et al., 2005). This latter observation suggests
that RKIP exerts antimetastatic effects only in certain cell types, but this has not been
formally tested. Recently, in immune cells, RKIP has been implicated in NFκB and Snail
signaling (Wu and Bonavida, 2009), which suggests that it plays roles in EMT and
associated phenotypes.

Dangi-Garimella and colleagues recently showed that RKIP suppresses a metastasis
signaling cascades involving the microRNA LIN28 and let-7 (Dangi-Garimella et al., 2009).
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They showed that inhibition of invasion by RKIP involves reduced MAPK signaling and
decreased transcription of LIN28 by Myc. Correspondingly, reductions in LIN28 lead to
enhanced let-7 processing and inhibition of the chromatin remodeling protein HMG2A,
which is involved in regulating prometastatic genes such as Snail.

3.3.2.2. Nm23: Nm23 (nonmetastatic clone #23) was the first metastasis suppressor
discovered. It was isolated from a differential colony hybridization screen using murine
K1735 melanoma cell lines (Steeg et al., 1988). Since that time, seven other Nm23 family
members have been identified, but only Nm23-H1 and Nm23-H2 have been demonstrated to
suppress metastasis in experimental models (Lacombe et al., 2000). Metastasis suppression
has been observed in multiple tumor types (Freije et al., 1998; Marshall et al., 2010).

Since it was the first discovered, Nm23 has been studied much more extensively than other
metastasis suppressors in clinical samples. Generally, with the exception of neuroblastoma,
Nm23 expression is inversely correlated with poor survival and tumor grade for breast,
gastric, ovarian, non-small cell lung, hepatocellular, oral squamous cell carcinomas, and
melanoma (Guan-Zhen et al., 2007; Hartsough and Steeg, 2000; Katakura et al., 2002; Mao
et al., 2001; Niu et al., 2002; Terasaki-Fukuzawa et al., 2002; Wang et al., 2004). It is
important to acknowledge that not all studies evaluating Nm23 in clinical specimens have
revealed prognostic value. While this can be explained away because of tumor
heterogeneity, technical issues have also contributed to muddying the literature. Antibody
specificity is called into question for virtually all commercially available antibodies/antisera
(Bordeaux et al., 2010); so, readers are cautioned to be skeptical unless data validating
antibody specificity is provided.

Transfection of Nm23 reduces motility in response to multiple growth factors in vitro
(Kantor et al., 1993; Leone et al., 1993; Suzuki et al., 2004). Horak et al. showed that Nm23
downregulates the LPA receptor, EDG2, and the HGF, c-Met (Horak et al., 2007a,b). EDG2
reexpression in Nm23-expressing cells completely restored motility in Nm23-H1-expressing
cells while c-Met reexpression only partially restored motility, indicating that EDG2
regulation is closely associated with Nm23-induced metastasis suppression.

Using coimmunoprecipitation and yeast two-hybrid genetic analyses, Nm23 has been found
to interact with Tiam1 (Kuppers et al., 2005), Rad (Tseng et al., 2001; Zhu et al., 1999),
glyceraldehyde 3-phosphate dehydrogenase (Engel et al., 1998), vimentin (Pinon et al.,
1999), various G-proteins (Kimura and Shimada, 1990), casein kinase 2 (CK2) (Biondi et
al., 1996), and numerous other proteins (Salerno et al., 2003). Together, these findings
implicate Nm23 in an extensive array of cytoskeletal organizing and signaling pathways.
However, the physiological relevance of many interactors remains speculative because
Nm23 is “sticky.” Nm23 definitely directly interacts with and phosphorylates kinase
suppressor of Ras (KSR) at Ser392, possibly altering KSR binding to other proteins and
preventing downstream activation of the MAPK pathway. This hypothesis is strengthened
by the observation that Nm23-H1 transfectants show reduced basal and stimulated MAPK
phosphorylation (Hartsough et al., 2002).

Four distinct activities have been reported for Nm23—NDP kinase (Biggs et al., 1990),
histidine kinase (Freije et al., 1997), exonuclease (Ma et al., 2004), and maintenance of
genomic stability (Kaetzel et al., 2009). Yet, it is still somewhat unclear which of these plays
the critical role in suppressing cancer metastasis. NDP kinase- and exonuclease-disrupting
mutants still suppress metastasis (to varying degrees), suggesting complex and overlapping
roles in metastasis regulation (Kaetzel et al., 2006; MacDonald et al., 1993). Moreover, the
activities associated with them vary by cell type, making extrapolation to other tumor
histologic types risky.
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Another approach to elucidate the mechanism of action for Nm23 has been to explore the
proteome before and after Nm23 expression (Lee et al., 2009). Interestingly, pathway
analysis revealed that posttranscriptional processing of RNA was the most commonly
affected. Overexpression of Gemin5, which is involved in RNA splicing, affected the
splicing patterns of several motility-, invasion-, and metastasis-associated gene-encoded
RNA. Since it has been estimated that the human genome encodes approximately 30,000
genes with several hundred thousand potential splice variants (Black, 2000), this finding
highlights the depressingly daunting task for sorting out the myriad changes that occur in
metastatic cells.

Patricia Steeg and her laboratory continue to take the lead with regard to identifying ways in
which metastasis suppressors, specifically Nm23, could help in the clinical management of
cancer metastasis. Beyond the potential as a prognostic marker, they have shown that
restored expression of a metastasis suppressor is a potentially viable therapeutic option
(Marshall et al., 2010). The rationale for their strategy is based upon observations that most,
if not all, metastasis suppressors are infrequently mutated. Rather, their expression is
downregulated in advanced cancers (Steeg, 2006; Steeg and Theodorescu, 2007). Therefore,
administration of agents that selectively induce metastasis suppressor expression could be a
therapeutic option. After promoter analysis, they proceeded to show that both
dexamethasone and medroxyprogesterone acetate (MPA) induce Nm23 expression in vitro.
Furthermore MPA-treated mice had significantly fewer metastases (Ouatas et al., 2002;
Palmieri et al., 2005). These provocative and enticing experiments lead the way toward
possible use of metastasis suppressor expression through external drug administration.

3.3.2.3. JNKK1/MKK7/p38: By combining MMCT and positional cloning, the Rinker-
Schaeffer and Yamada laboratories identified JNKK1/MKK4 (SEK1/MEK4/MAP2K4) as a
metastasis suppressor in prostate (Kim et al., 2001) and subsequently ovarian cancer
(Yamada et al., 2002). Consistent with its role as a metastasis suppressor, expression has
been found to be lower in poor prognosis patients with pancreatic, breast, or gastric cancers
(Cunningham et al., 2006; Stark et al., 2004; Xin et al., 2004). However, clinical and
experimental measurements of JNKK1 mRNA or protein expression have not always been
consistent nor yielded similar conclusions. Expression is often higher in some high-grade
tumor types or can promote tumorigenicity (Finegan and Tournier, 2010; Kim et al., 2001;
Lotan et al., 2007). However, as emphasized by Taylor et al. (Taylor et al., 2008a,b), mere
measurement of signaling protein levels is looking at the wrong parameter. Measurement of
activation state (in this case phosphorylation status) is more relevant, and informative.

In an experimental xenograft metastasis model of ovarian cancer, JNKK1/MKK4 activity
correlated with growth arrest, but did not increase apoptosis (Lotan et al., 2008). In this
model, JNKK1/MKK4 acted through the p38 arm of the SAPK pathway (Hickson et al.,
2006). In a prostate cancer model, MKK7, a specific activator of JNK, caused reduced overt
metastases more than 90%, compared with controls, just as was observed when the same
AT6.1 cells were transfected with JNKK1/MKK4 alone (Vander Griend et al., 2005).
However, ectopic expression of MKK6, a specific activator of p38, did not affect metastasis
in the prostate model (Vander Griend et al., 2005).

Studies related to the role(s) of JNKK1/MKK4 in metastasis are challenging long-held
notions that metastatic cells are selected for a universal ability to override growth inhibitory
signals. Instead, the JNKK1/MKK4 data suggest that there may exert a reversible cell cycle
arrest that occurs with signaling (in)activation state (Lotan et al., 2008). The very nature of
the experimental models in which a small fraction of initially suppressed cells escape growth
inhibition will be useful for defining the signals which enforce or oppose dormancy and, in a
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more clinically relevant way, contribute to understanding how disseminated cells may break
dormancy to form macroscopic metastases.

The careful, methodical studies of Rinker-Schaeffer and colleagues deserve reemphasis.
Simplistic “-omic” measurements can, and often do, mislead. Moreover, the context of the
cells and the stimuli impinging upon the tumor cell will alter the signaling cascades.
Therefore, interpretation of all known variables and use of well-defined, specific reagents to
measure the relevant activation states is essential.

3.3.2.4. RhoGDI2: RhoGDI2 is a member of a family of molecules that bind to Rho
GTPases, sequester them in the cytosol keeping Rho proteins in the GDP-bound or inactive
state. They do so by precluding Rho interaction with GTPase activating proteins (GAP) and
guanine nucleotide exchange factors (GEF) (Ellenbroek and Collard, 2007; Karlsson et al.,
2009). RhoGDI2 is a metastasis suppressor in bladder cancers (Theodorescu et al., 2004)
and Hodgkin's lymphoma (Ma et al., 2007b), but also been shown to promote metastasis in
other cancers (Hu et al., 2007; Tapper et al., 2001; Wang et al., 2005; Zhang, 2006, 2005,
2009c).

In human bladder cancer, RhoGDI2 levels inversely correlate with development of
metastatic disease. In fact, RhoGDI2 is an independent prognostic marker of recurrence
following radical cystectomy (Theodorescu et al., 2004). However, approximately one-third
of patients with high levels of RhoGDI2 protein develop metastases, suggesting that other
mechanisms might regulate the metastasis suppressor functions of RhoGDI2, such as
phosphorylation, protein complex partners, protein turnover, and subcellular localization.

RhoGDI2 has a relatively modest effect on RhoGTPase function; however, RhoGDI2 binds
with Rac1 (Moissoglu et al., 2009), which can itself exert antimetastatic actions (Uhlenbrock
et al., 2004), presumably by altering cytoskeletal structure and organization. However, when
the associations of RhoGDI2 and the oncogene Src are taken into account, such as rare
concurrent decreased levels, involvement of RhoGDI2 in Src signaling becomes an enticing
possible mechanism of action (Wu et al., 2009). Src phosphorylation is known to modulate
RhoGDI1- and RhoGDI2- RhoGTPase complex formation (Dermardirossian et al., 2006).
Theodorescu and colleagues suggest that specific phosphorylation of RhoGDI2 by Src at
Tyr153 may affect the metastasis suppressor function by specifically altering membrane-
bound Rac1 (Wu et al., 2009).

3.3.2.5. DLC1: Deleted in liver cancer 1 (a.k.a. Rho-GAP 7 or START domain containing
protein 12) was discovered in hepatocellular carcinoma (Yuan et al., 1998). Like RKIP and
RhoGDI2, regulation of GTPase activity is presumably the mechanism by which DLC1
inhibits metastasis (Goodison et al., 2005; Yuan et al., 2003), although this has yet to be
proven. To term DLC1, a metastasis suppressor may be a misnomer because it can also act
as a tumor suppressor, depending upon the cell line to which it is introduced (Yuan et al.,
2003, 2004; Zhou et al., 2004b).

Even clinically, DLC1 gene expression is so commonly decreased in many human cancers
(Durkin et al., 2007; Yuan et al., 2003) that its function is more likely as a tumor suppressor
than as a metastasis suppressor. Yet, a recent report suggests that reduced expression in
renal cell cancers correlates with increased invasion and poor prognosis (Zhang et al.,
2009a). Thus, while DLC1 satisfies the definition of a metastasis suppressor in some cell
lines and models, it does not in others.

3.3.2.6. DRG1: Drg1 (a.k.a. cap43/rit42/RTP/Ndrg1/TDD5) was discovered in colon
carcinoma (Kurdistani et al., 1998) (van Belzen et al., 1997) and is found mostly in the
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cytoplasm. Following DNA damage, Drg1 expression increases and it translocates and
accumulates in the nucleus (Kim et al., 2004; Kurdistani et al., 1998; Piquemal et al., 1999).
Drg1 was first identified as a tumor suppressor in human bladder and pancreatic cancers
(Kurdistani et al., 1998), but overexpression in breast, colon, and prostate cancer cell lines
suppressed metastasis without suppressing tumorigenicity (Guan et al., 2000), a pattern
which is supported in limited clinical studies in breast, prostate, and liver cancers
(Bandyopadhyay et al., 2003; Chua et al., 2007).

DRG-1 appears to be downstream of many cancer- and metastasis-associated signaling
pathways, such as p53 (Kim et al., 2004; Kurdistani et al., 1998), PI3K/PTEN
(Bandyopadhyay et al., 2004), PKC (Fujii et al., 2008), hypoxia (Agarwala et al., 2000;
Bandyopadhyay et al., 2003; Park et al., 2000), and in breast and prostate tumors, estrogens
and androgens (Ulrix et al., 1999). Downstream mediators include VEGF and IL8 which are
both involved in angiogenesis (Maruyama et al., 2006). Taken together, these findings
suggest that DRG1 might control metastasis by controlling intravasation due to vessel
integrity or by controlling colonization.

3.3.2.7. Gelsolin: As discussed previously, cytoskeletal organization plays a major role in
the ability of a cell to migrate. Gelsolin is a major actin-binding protein that has been shown
to suppress metastasis in B16-BL6 mouse melanoma cells (Fujita et al., 2001). Depending
on the cell line and model system, gelsolin may play either tumor suppressive or metastasis
suppressive roles (Tanaka et al., 1995). More recently, gelsolin expression was correlated
with metastatic potential in human colon adenocarcinoma cells (Litwin et al., 2009).
Gelsolin is a member of a superfamily of calcium-dependent actin-binding proteins, and in
response to extracellular stimuli, gelsolin modulates the reorganization of the actin
cytoskeleton (Dos Remedios et al., 2003). This regulation of cytoskeletal changes is most
likely one of the key mechanisms for its ability to suppress metastasis.

3.3.2.8. SSeCKS/GRAVIN/AKAP12: Src is a well-known oncogene that alters cell
signaling and cytoskeletal organization by direct phosphorylation of protein substrates and
through transcriptional regulation of tumor-promoting or -suppressing genes (Dehbi and
Bedard, 1992; Frame, 2004; Jove and Hanafusa, 1987). Src-suppressed protein Kinase C
Substrate (SSeCKS) is the rodent ortholog of human GRAVIN and is an important regulator
of cell signaling and cytoskeletal dynamics (Chapline et al., 1998; Gelman et al., 1998; Lin
et al., 1996; Nelson et al., 1999). It was discovered using PCR-based subtractive
hybridization in NIH3T3 mouse fibroblasts and was found to be suppressed by oncogenic
src, ras, fos, and myc (Lin et al., 1996). Reexpression of SSeCKS in rat prostatic cancer
MATLyLu cells resulted in significantly reduced lung metastasis in nude mouse models
with only slightly decreased growth of the primary subcutaneous tumors (Su et al., 2006;
Xia et al., 2001). Clinically, SseCKS/GRAVIN/AKAP12 is expressed in benign and well-
differentiated prostate carcinomas, but not in highly aggressive and undifferentiated prostate
lesions (Xia et al., 2001).

SSeCKS is phosphorylated by PKC and dynamically regulates cytoskeletal architecture by
binding F-actin resulting in modulation of signaling pathways (Gelman et al., 1998; Lin et
al., 1996). SSeCKS is also known as A-Kinase Anchor Protein 12 (AKAP12) since it has the
ability to scaffold PKA through a C-terminal RII subunit binding motif (Nauert et al., 1997).
In its dephosphorylated state, SSeCKS acts as a scaffolding protein where it binds signaling
molecules such as PKC, PKA, calmodulin, and cyclins. Upon mitogenic signaling, SSeCKS
is phosphorylated and translocates to the perinuclear membrane releasing signaling
molecules to mediate changes within a cell (Lin et al., 2000). These changes induced from
extracellular growth factors and adhesion of integrins to the ECM through SSeCKS has a
significant impact on migration. Focal adhesions are also impacted by SSeCKS. Focal
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adhesions are formed at the plasma membrane when receptors bind ECM proteins and
induce clustering of actin containing protein complexes leading to the recruitment and
activation of the protein tyrosine kinase, FAK (Zhao and Guan, 2009). Phosphorylation of
SSeCKS through stimulation by multiple growth factors has been shown to be FAK-
dependent through mediation of an unidentified FAK induced kinase (Xia and Gelman,
2002). This FAK-dependent phosphorylation of SSeCKS not only induces its release of
signaling molecules, but reduces its F-actin-binding capability. Thus, SSeCKS acts to
sequester growth factors and binds F-actin when in its dephosphorylated state during G0 and
early G1 phases of the cell cycle. But upon mitogenic signaling SSeCKS relinquishes actin
binding and allows induction of signaling cascades leading to changes in the cytoskeleton.

In addition to cytoskeletal organization changes, SSeCKS also has been correlated with
decreased levels of proangiogenic factors including HIF1, VEGF, FGF-7, angiopoietin,
tenascin C, PDGF-R, and OPN and an increase in antiangiogenic factors vasostatin and
col18 (Su et al., 2006; Xia et al., 2001). More recently, SSeCKS significantly decreased
invasion through Matrigel that correlated with decreased MMP-2 levels and suppression of
serum-induced activation of PKC-Raf/MEK/ERK pathway (Su et al., 2010). In that study,
podosome formation was inhibited independent of the actin cytoskeleton, but inhibition of
MEK/ERK activation required actin cytoskeletal remodeling. Taken together, SSeCKS
suppression of metastasis appears to involve multiple mechanisms that impact cell motility,
invasion, and angiogenesis.

3.3.2.9. HUNK: The Hormonally Upregulated Neu-associated Kinase (HUNK) was recently
identified as a suppressor of breast cancer metastasis by blocking actin polymerization
leading to reduced cell motility (Quintela-Fandino et al., 2010), although it has previously
been shown to promote metastasis (Wertheim et al., 2009). These discrepancies are likely
the result of, as yet unresolved, context-dependent factors. HUNK was previously shown to
be a kinase essential for mammary tumor metastasis through the restoration of invasion and
migration (Wertheim et al., 2009). More recently, it has been shown to inactivate cofilin-1
(CFL-1) by preventing the binding of protein phosphatase 2-A (PP2A) to CFL-1 (Quintela-
Fandino et al., 2010). In the latter report, no kinase activity was detected. Additional studies
will be required to identify specific context-dependent functions of HUNK in metastasis.

3.3.2.10. Caspase 8: Death receptor-activated apoptotic pathways function by activation of
caspase 8, which maps to human chromosome 2q33–q34. Addition of TNFα and FAS
ligand activates caspase 8 by activating death domains which, in turn, cleave procaspase 8.
Activated caspase 8 cleaves caspase 3, leading to apoptosis. Using a neuroblastoma model,
Stupack et al. reexpressed caspase and found significant suppression of metastasis (Stupack
et al., 2006). Subsequent analysis of relapsed glioblastoma multiforme tissues revealed
hypermethylation and silencing of the caspase 8 gene (Martinez et al., 2007). Although not
metastasis per se, the trend in glioblastoma is supportive of a metastasis-associated role.

Paradoxically, caspase 8 can promote migration in cells in which apoptotic machinery is
compromised (Barbero et al., 2009). Caspase 8 was recruited to migration machinery
following integrin ligation. While activity is not required for caspase 8-enhanced cell
migration, association with FAK and calpain 2 was thought to be integrally involved. Thus,
caspase 8 exemplifies the differential roles that a single molecule may play in cellular
behavior, depending upon other molecules with which it interacts. Additionally, caspase 8's
role in anoikis is intriguing. Stupack has elegantly demonstrated that anoikis need not be
exclusively the result of no adhesion. But rather, anoikis can be induced if cells adhere to a
nonpreferred substrate (Cheresh and Stupack, 2002; Stupack and Cheresh, 2002). This
observation has led to the hypothesis that analogous pathways might be involved in
organotropism or failure to thrive following dissemination and arrest (Lahti et al., 2006).
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3.3.2.11. Ribonucleotide reductase M1: The ribonucleotide reductase M1 (RRM1) gene
maps to chromosome 11 and its reexpression in the murine lung carcinoma cell line, Line 1,
met the functional definition for a metastasis suppressor (Gautam and Bepler, 2006).
Genome comparisons showed that LOH was observed in approximately half of informative
lung tumor specimens, but mutation was not observed (Pitterle et al., 1999), but correlation
with human lung cancer metastasis was not determined. RRM1 converts ribonucleotides to
deoxyribonucleotides for DNA synthesis, suggesting that it may regulate dNTP pools which,
in turn, would determine proliferative capacity. However, this hypothesis has not been
tested. Interestingly, RRM1 has been found to upregulate PTEN and reduce FAK
phosphorylation. In addition, RRM2, a related ribonucleotide reductase has been studied
with regard to cellular responsiveness to DNA damage and repair. Whether similar functions
might alter tumor aggressiveness has not yet, to our knowledge, been tested.

3.3.3. Extracellular signaling molecules and KISS1/kisspeptins—Metastasis is
clearly determined, to a sizable extent, by tumor-host interactions, that is, the
microenvironment participates in the induction and selective proliferation of malignant cells.
Host physiology can foster or reject neoplastic cells. It stands to reason, then, that some
metastasis suppressors might work because they render the ectopic microenvironment less
hospitable. The most obvious example of cell-cell signaling relates to inflammatory cells
that infiltrate the tissue adjoining a tumor or disseminated cell in response to secreted
cytokines, chemokines, or hormones. The immune populations can produce pro- or
antitumor molecules that alter the capacity of tumor cells to migrate, invade, or survive
(Fridlender et al., 2009; Mantovani et al., 2006). However, it is imperative that other stromal
populations not be ignored in the interplay.

The milieu surrounding a tumor cell undoubtedly explains metastatic organotropism. Yet,
despite more than a century of attempts, clear-cut biochemical explanations still do not exist.
Nonetheless, some clues may be forthcoming from understanding the mechanisms of action
of extracellular metastasis suppressors.

High-frequency deletions or rearrangements involving chromosome 6q in late-stage
melanoma prompted introduction of full-length chromosome 6 into the human metastatic
melanoma cell line C8161 by MMCT (Welch et al., 1994b). KISS1 was subsequently
identified using subtractive hybridization between metastatic and nonmetastatic cell line
variants (Lee and Welch, 1997a; Lee et al., 1996, 1997). Transfection of full-length KISS1
cDNA into melanoma (Lee and Welch, 1997a; Lee et al., 1996, 1997), breast carcinoma
(Lee and Welch, 1997b), ovarian (Jiang et al., 2005), and pancreatic adenocarcinoma
(McNally et al., 2010) cell lines suppressed metastasis in spontaneous and experimental
metastasis assays.

Unexpectedly, the KISS1 gene mapped to the long arm of chromosome 1. Using cDNA
microarrays and chromosome 6 MMCT donors with defined deletions on the long arm of
chromosome 6, Goldberg et al. found that KISS1 was regulated by TXNIP and CRSP3 (see
Section 3.1.2; Goldberg et al., 2003). The KISS1 gene encodes a 154 amino acid protein but
full-length KISS1 is rarely detectable since the nascent protein is proteolytically processed
into numerous polypeptides, termed kisspeptins (Kotani et al., 2001; Ohtaki et al., 2001). An
internal 54-amino acid polypeptide, termed kisspeptin (KP)-54 or metastin, binds to the
KISS1 receptor (Kotani et al., 2001; Muir et al., 2001; Ohtaki et al., 2001). KISS1R
expression is highest in placenta, pituitary gland, pancreas, brain, and spinal cord (Kotani et
al., 2001; Muir et al., 2001), while KISS1 expression is more restricted, located primarily in
the placenta, pancreas, kidney, and the arcuate nucleus of the hypothalamus (Lee et al.,
1996; Muir et al., 2001; Ohtaki et al., 2001).
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KP processing is still not understood (Nash and Welch, 2006; Nash et al., 2007). However,
KISS1 protein is thought to be cleaved by furins or prohormone convertases (Kotani et al.,
2001; Ohtaki et al., 2001) based upon the amino acids at the ends of the KP. The
preponderance of primary literature on KISS1 and KISS1R relates to the involvement of
these molecules is in pubertal development (Colledge, 2009; Gianetti and Seminara, 2008;
Roa et al., 2008; Tena-Sempere, 2008). Since this is not the focus of this chapter, those
aspects of KISS1 biology are not highlighted here.

Clinical reports from a variety of tumor types generally support a positive correlation
between KISS1 expression, and metastasis-free survival and other progression-associated
phenotypes (Beck and Welch, 2010; Dhar et al., 2004; Guan-Zhen et al., 2007; Hata et al.,
2007; Ikeguchi et al., 2004; Katagiri et al., 2009; Kostadima et al., 2007; Martin et al., 2005;
Masui et al., 2004; Nagai et al., 2009; Prentice et al., 2007; Shirasaki et al., 2001; Stark et
al., 2004). The key exception has been a positive correlation with hepatocellular carcinoma
progression (Ikeguchi et al., 2003; Schmid et al., 2007), but a recent immunohistochemical
study suggests that KISS1 might be significantly inversely associated with stage and
intrahepatic metastasis from HCC (Shengbing et al., 2009). As described above, many of
these studies measured only mRNA expression using in situ hybridization or PCR-based
methods. The former are less ambiguous than studies in which stromal cells contaminate the
cell preparation, making it impossible to judge the origins of KISS1 or KISS1R. mRNA
measurements were required because of difficulties in generating specific antibodies. Most
commercially available antibodies used have not been validated or the data have not been
published (Beck and Welch, 2010; Bordeaux et al., 2010). Since KISS1 is processed and
(presumably, though not formally proven) not all KP are biologically active, nonprotein-
based studies should be interpreted with caution. To the best of our knowledge, no one has
yet evaluated KISS1 → KP processing in clinical samples.

Surprisingly, based upon the nature of the experimental studies showing KISS1 functionality
as a metastasis suppressor, many tumor cells suppressed by KISS1 reexpression do not
express KISS1R (Nash et al., 2007). This has led us to postulate a paracrine feedback loop in
which KISS1/KP secreted by tumor cells acts upon one or more stromal populations which,
in turn, respond with growth-inhibitory factors (Beck and Welch, 2010; Nash and Welch,
2006).

4. Conclusions and Perspectives
The process of metastasis is obviously very complex and involves intrinsic and extrinsic
factors. In this chapter, we have focused on genetic changes, specifically metastasis
suppressors, in tumor cells, but as the data were collated and as the field matured, awareness
that the function of metastasis regulatory genes were not functioning autonomously became
acute. Even with incomplete knowledge regarding the interrelationships of tumor cells with
their microenvironments, some patterns are emerging. The basic observation that neoplastic
cells expressing metastasis suppressors grow at orthotopic sites but fail to successfully
complete the metastatic process illustrates that the mechanisms of action for the suppressors
are context sensitive. Although many of the metastasis suppressors inhibit metastasis in
different histio types, most have not been extensively evaluated (largely because there are so
few metastasis models). Several examples of metastasis suppressors showing opposite
effects (e.g., worse prognosis or more aggressive behaviors for Nm23 in neuroblastoma or
KISS1 in hepatocellular carcinoma) further highlight that the cellular backgrounds are
crucial variables for understanding mechanism.

Metastasis suppressor mutations are rare. Instead, expression is downregulated in advanced
cancers. Notwithstanding the apparent position downstream of some oncogenic signaling
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pathways which may be complicit in driving tumor progression toward metastasis, the
undeniable inference is that the expression of metastasis suppressors can change under
varying circumstances. Among the potentially altered queues are the cofactors with which
many metastasis suppressor interact. Such cofactors can interact directly (e.g., BRMS1 with
components of SIN3:HDAC complexes), indirectly as part of quaternary protein complexes
(e.g., LSD1 with NuRD chromatin remodeling complex components or Nm23 as part of
MAPK scaffolding) or indirectly as nodes within signaling cascades (e.g., SSeCKs or
JNKK1 receiving and passing along signaling).

If we couple the observations involving metastasis suppressors with literature emphasizing
that three-dimensional architecture (Debnath and Brugge, 2005; Nam et al., 2010) and
cellular tension (Butcher et al., 2009) alter cellular behavior and the irrefutable fact that in
vitro assays are inadequate to study metastasis, then a major priority needs to be developing
experimental manipulable assays that more faithfully model different microenvironments in
which tumor cells find themselves. Some recent advances in recapitulating elements of more
complex in vivo milieus are chipping away at this problem (Mendoza et al., 2010), but more
concerted efforts are needed.

This basic research effort has practical applications related to metastasis treatment. Recall
that all treatments beyond surgical removal of the primary tumor are designed to prevent
new or eliminate already established metastases. Since the disease is systemic, therapy must
also be systemic. Unfortunately, most cancer treatments are extremely toxic; contribute to a
poor quality of life during the therapy; and are only modestly effective. The natural products
represented by metastasis suppressors might offer some opportunity for therapeutic
development and improvements in one or more of these shortcomings. Of course, the usual
caveats regarding gene replacement, drug targeting, and other pharmacokinetic parameters
must be taken into account. However, use of intrinsic molecules would appear to offer some
advantages.

Two potential treatments invoking metastasis suppressors include restoration of expression
(Marshall et al., 2009; Ouatas et al., 2003; Palmieri et al., 2006) or to utilize the metastasis
suppressor gene product(s) directly (Beck and Welch, 2010; Nash and Welch, 2006). The
latter, if the kisspeptins remain as nontoxic as they currently appear in other clinical settings
(Mead et al., 2007; Niida et al., 2006; Ramaswamy et al., 2007), look promising, especially
with regard to the potential utility against seeded, but not yet overt metastases. Our current
understanding of KISS1 is that it actually targets stromal populations, which means that the
treatment would be directed to supposedly more genetically stable cell populations, which is
good. However, similar thought processes were involved when designing antiangiogenic
drugs (Folkman, 2006). The assumption of genetic stability may not have been entirely
accurate (Hida and Klagsbrun, 2005; Hida et al., 2004). Moreover, relatively incomplete
knowledge of full interplay between tumor cells and endothelial cells probably contributed
to the unexpectedly enhanced metastatic progression observed in anti-VEGFR-treated mice
(Ebos et al., 2009; Paez-Ribes et al., 2009). In addition to highlighting deficiencies in
current knowledge related to tumor–stromal interactions, those two papers illustrate the
essential need to incorporate metastasis studies into preclinical testing of anticancer agents
(Steeg et al., 2009). Regardless, the clinical need is enormous and unmet. The daunting
complexity of the metastasis suppressor function upon which genetic background and
extrinsic signals are superimposed should not paralyze nor discourage. We hope that, by
assembling the facts, a level of clarity and perspective have emerged that will facilitate more
rapid translation into clinical practice.
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Figure 3.1.
Hallmarks of metastasis. The necessary traits to form a neoplasm are illustrated for
metastasis as an adaptation of the hallmarks of cancer proposed by Hanahan and Weinberg
(2000). Only subsets of neoplastic cells successfully invade and metastasize. To invade,
cells must alter cell:cell and cell:matrix adhesion, reorganize the extracellular matrix, and
become motile. Upon detachment from the primary tumor mass, cells must survive sheer
stress and avoid detachment-induced cell death (anoikis). Then, following arrest or adhesion
at secondary sites, disseminated cells modify the local microenvironment in order to enable
continued growth. Environmental-alterations can be accomplished directly by tumor cells or
through surrogates, such as inflammatory cells or mobilized bone marrow stem cell
populations. While millions of cells initiate the process of dissemination, only a small
fraction completes the process by proliferating to form a macroscopic metastatic mass.
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Figure 3.2.
Metastasis suppressors exist in every cellular compartment and in the extracellular milieu.
Predominantly nuclear (blue), cytoplasmic/signaling (purple), membrane (red), or
extracellular (green) molecules are shown, some with key interacting molecules/complexes
(gray). Based upon current knowledge regarding location and function, inferences regarding
mechanism of action are described in the text.
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Figure 3.3.
Metastasis suppressor networks. Metastasis suppressors may function together to inhibit
metastasis-associated networks at multiple levels. (A) BRMS1 is part of a chromatin
remodeling complex that represses transcription. This leads to direct repression of gene
transcription and indirect repression through downregulation of upstream repressors.
Additionally, noncoding genes including miRNA are repressed leading to altered translation
of mRNA. (B) BRMS1 regulates the expression of EGFR by downregulation of
transcription and by increased expression of miR-146a that targets EGFR. This leads to
decreased levels of TWIST1 and the metastasis-promoting metastamiR, miR-10b.
Translation of the transcription factor, HoxD10, is then increased with a subsequent
decrease in RhoC and ROCK1. This pathway feeds back through NFκB. Dotted lines
indicate indirect mechanisms or multiple steps not shown and solid lines indicate direct
regulation.
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Table 3.1

Patterns of clinical metastases that cannot be explained by circulatory patterns or mechanical lodgment of
blood-borne tumor cells

Cancer type Common sites of metastasis

Bladder carcinoma Bone, liver, brain

Breast adenocarcinoma Bone, brain, adrenal gland

GI, Kruckenberg adenocarcinoma Ovary, liver

Kidney, clear cell carcinoma Bone, liver, thyroid

Lung, small cell carcinoma Brain, liver, bone

Melanoma, cutaneous Brain, liver, bowel

Melanoma, uveal Liver

Neuroblastoma Liver, adrenal gland

Prostate adenocarcinoma Bone

Testicular carcinoma Liver

Thyroid, follicular adenocarcinoma Bone
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Table 3.2

Metastasis suppressors and proposed mechanisms

Metastasis suppressor Chromosomal location Proposed mechanism(s) of action Cellular localization
a Step(s) in metastasis

inhibited

BRMS1 11q13.1–ql3.2 Transcriptional regulation via
interaction with SIN3:HDAC
complexes; downregulates
PtdIns(4,5)P2

N, some C Multiple; colonization

Caspase 8 2q33–q45 Induction of apoptosis if cells bind
to unliganded integrins

C Transport

E-cadherin 16q22 Cell:cell interactions M EMT; invasion

N-cadherin 8q11.2 Cell:cell interactions M EMT; invasion

Cadherin-11 16q22.1 Cell:cell, cell:matrix interactions M EMT; invasion

CD44 11p13 Hyaluronic acid receptor;
osteopontin receptor stem cell
marker (selected)

M Migration

DCC 18q21.3 Regulates cytoskeletal organization;
regulates MAPK signaling

C Transport; migration

DLC1 8p22–p21.3 RhoGTPase activating protein;
regulates cytoskeletal structure

C Motility; migration; invasion

DRG1 8q24.3 Unknown C, some N Angiogenesis; colonization
(?); intravasation (?)

GAS1 9q21.3–q22 Inhibit cell cycle N, some C Unknown

Gelsolin 9q33 Regulates cytoskeletal structure;
reduces motility

C Motility; migration

HUNK 21q22.1 Protein kinase C Migration; invasion

KAI1 11p11.2 Interacts with endothelial DARC to
induce apoptosis

M Intravasation; transport

KISS1 (kisspeptins) 1q32 Maintains dormancy at secondary
sites

S Colonization

KISS1R 19p13.3 G-protein coupled receptor M Colonizaton

KLF17 1p34.1 Transcription N Invasion; EMT

LSD1 1p36.12 Chromatin remodeling N Invasion

MKK4 17p11.2 Stress-activated MAPK signaling C Colonization; migration

MKK7 19p13.3–p13.2 Stress-activated MAPK signaling C Colonization; migration

p38 6p21.3–p21.2 Stress-activated MAPK signaling C Colonization; migration

Nm23 17q22 Phosphorylates KSR to prevent
downstream activation of MAPK
pathways

C, some N Migration; colonization

OGR1 14q31 GPCR signaling M Migration

RhoGDI2 12p12.3 Regulates Rho; negatively alters
endothelin 1 and neuromedin U
expression

C Migration; colonization

RKIP 12q24.23 Competitive inhibitor of RAF1–
MEK interactions

C Migration; invasion

RRM1 11p15.5 Increases PTEN expression;
decreases FAK phosphorylation

C Motility; invasion

SSeCKS 6q24–q25.1 Scaffold protein for PKA and PKC;
inhibits osteopontin, VEGF
expression; up regulates vasostatin

C Angiogenesis; migration

TIMPs Multiple Inhibit metalloproteinases; signaling C, S, M Angiogenesis; migration;
invasion; transport
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a
Nuclear (N), cytoplasmic (C), membrane (M), secreted (S).
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