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Metastasis suppressor genes: signal transduction, cross-talk
and the potential for modulating the behavior of metastatic
cells
Jonathan C. Bergera, Donald Vander Griendb,c, Walter M. Stadlerb–e and
Carrie Rinker-Schaefferb–e

In the past decade, research from various disciplines has

stimulated a re-evaluation of our ideas of how cancers

metastasize. Two important findings have been

fundamental to this re-evaluation: that cancer cells are

subject to growth regulation at the secondary site and that

a specific class of proteins suppresses the metastatic

phenotype. These proteins are encoded by metastasis

suppressor genes, which are operationally defined as

genes that suppress in vivo metastasis without inhibiting

primary tumor growth when transfected into metastatic cell

lines and injected into experimental animals. Recent

biochemical studies have shown that certain metastasis

suppressor proteins participate in highly conserved signal

transduction cascades that mediate cellular responses to

growth factors, cytokines and cellular stresses. Further

elucidation of the biochemical foundations of these

pathways coupled with strong in vivo studies should give

us insight into the mechanisms of cancer metastasis, and

may hold important implications for the future of cancer

staging and therapy, using both existing and novel

modalities. Anti-Cancer Drugs 15:559–568
�c 2004 Lippincott Williams & Wilkins.
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Introduction
For the majority of tumors, presence of clinically

detectable metastases is the hallmark of incurable

disease. The importance of metastasis has been appre-

ciated for more than century [1]. Recent improvements

in cancer survival are for the most part the outcome of our

ability to detect and treat primary tumors via advances in

surgery, radiation oncology and medical oncology [2].

However, these modalities have shown limited efficacy

against metastatic disease. During the past 30 years

metastasis research has undergone a renaissance, with a

flurry of clinical, translational and basic investigations

that have illuminated many of the genetic and molecular

alterations within the metastatic ‘black box’ [3]. Such

knowledge has unfortunately resulted in few therapeutic

advances in the control of metastatic tumor burden.

At the heart of this disconnect between experimental

findings and improved clinical outcomes is an inability to

develop a coherent mechanistic understanding of metas-

tases. For example, establishing a correlation between

‘metastatic ability’ and molecular and cellular parameters

(e.g. changes in tumor pathology, increased in vitro

motility, mutation of cancer-related genes or gene

expression profiles, etc.) is relatively straightforward.

The current challenge resides in conducting the appro-

priate functional studies that will demonstrate a causal

relationship between these specific alterations and

metastasis.

This review will discuss the complementary research in

the fields of metastasis and signal transduction that has

identified signaling pathways controlling metastatic

colonization. We will focus on studies of metastasis
suppressor gene function. These genes encode proteins

that specifically suppress metastasis formation while

having no discernable effect on primary tumor growth.

The mechanisms by which metastasis suppressor proteins

suppress colonization and the specific biochemical path-

ways through which these proteins function will be

described. We focus on Nm23, MKK4 and RKIP as

examples of this line of study because of their association

with well-characterized, and potentially interacting,

signaling pathways. We conclude with therapeutic

implications of metastasis research, including

current efforts to identify substances that modulate the
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expression of metastasis suppressor genes and the

function of their encoded proteins.

Biology of metastasis—rethinking the rules
of the game
How do we improve treatments for metastatic disease?

This is the daunting question faced by all translational

metastasis researchers. Conceptually, the answer is

straightforward. First, we must observe the complex,

natural process of metastasis. These observations are

used to develop theories or ‘rules of the game’ that can be

tested experimentally [4,5]. We then try to use this

accumulated knowledge to determine how cancer cells

metastasize in order to perturb this process therapeuti-

cally. Although a variety of approaches have been taken to

address this problem, all of the strategies are based on the

seminal and far-reaching finding that the development of

metastasis is not random [1]. This finding implies that

one should be able to predict both the clinical pattern of

metastasis for a certain cancer, and discern biochemical

and molecular changes responsible for the observed

metastases. Once identified, such changes might suggest

new treatment strategies.

The process of metastasis requires a complex set of

cellular functions, many of which can be initiated by

multiple, redundant stimuli. For more than two decades

researchers believed that escape of a cell from the

primary tumor was the rate-limiting event determining

metastatic efficiency [6]. Recently, multiple independent

laboratories studying the clinical, biological and molecular

determinants of metastasis have clearly shown that

disseminated cancer cells at a secondary site remain

subject to growth controls. Taken together, these studies

show unequivocally that tumor cells readily leave the

primary tumor, but often fail to proliferate at an ectopic

site [3,7,8]. These findings demonstrate that cells that

have acquired the ability to escape from primary tumor,

survive in the circulation and reach secondary sites are

not by definition autonomous; they remain subject to at

least some of the growth controls in their immediate

environment. Thus, cellular proliferation at the secondary

site, hereafter referred to as metastatic colonization, must be

considered a potential rate-limiting step of metastasis.

The clinical importance of understanding these new rules

resides in our ability to target cells at or before the rate-

limiting step. For instance, a drug that inhibits primary

tumor invasion will not be clinically useful if, at the time

of a cancer diagnosis, a large proportion of primary tumors

have already seeded secondary sites. In recent years,

experiments utilizing RT-PCR and immunohistochemis-

try have indicated that tumor cells may disseminate from

the primary tumor very early in the course of disease, and

often lie dormant at secondary sites as clinically

undetectable microscopic metastases at the time of a

cancer diagnosis [9–11]. Simultaneously, Chambers and

her coworkers have developed novel techniques of

intravital video-microscopy and cell accounting which

facilitate the utilization of standard metastasis assays to

visualize and quantify the steps of metastasis [3]. Their

experiments have yielded in vivo data from experimental,

real-time models which support the findings from clinical

studies [12]. Interestingly, biological studies aimed at the

identification and characterization of metastasis suppres-

sor genes also identified metastatic colonization as a rate-

determining step for formation of overt metastases [13].

For example, in vivo metastasis assays demonstrate that

MKK4 and KiSS1 expressing metastatic tumor cells

successfully arrest in capillary beds at secondary sites in

a size dependent manner but fail to proliferate [7,8].

Thus, data from three independent avenues of metastasis

research has identified metastatic colonization as an

important step in the development of both experimental

and clinical metastases.

Metastasis suppressor gene studies
The observation that primary tumor formation is neces-

sary, but not sufficient, for the development of metastasis

is a fundamental tenant of metastasis research. The

identification of tumor suppressor genes whose loss of

function is a critical event in tumorigenesis prompted the

hypothesis that a functional loss of specific genetic

products could similarly allow the development of

metastatic disease [14]. To date, 11 metastasis suppressor

genes have been reported, the first being Nm23 which

was identified in 1988 (see Table 1) [7,15–23]. There are

several excellent comprehensive reviews which discuss

the search for metastasis suppressor genes and their

potential functions [13,14,24]. A common feature of

these studies is the requirement for candidate genes to

suppress in vivo metastasis in well-characterized models

without suppressing tumorigenesis.

Non-metastatic 23 (Nm23)

Steeg et al. completed the first published study to test

the metastasis suppressor gene hypothesis in 1988. They

identified Nm23 as a gene that was down-regulated in

highly metastatic murine melanoma cells compared to

less metastatic, genetically related counterparts [15].

While reports showing a correlation between decreased

Nm23 gene expression and increased metastatic propen-

sity in clinical samples soon followed, determining the

biochemical function of Nm23 protein was more proble-

matic [25,26]. Eight Nm23 isotypes have been identified

thus far but only Nm23-H1 and Nm23-H2 have been

formally tested for metastasis suppressing activity.

Because of Nm23’s homology to a Drosophila counterpart,
initial efforts focused on determining how its function as

a nucleoside diphosphate kinase suppressed metastasis

in vivo. However, Nm23 proteins also have functions in

addition to that of a nucleoside diphosphate kinase [27].
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Nm23-H2 was implicated as a DNA trans-activator of myc
in 1993 [28]. Furthermore, Nm23 proteins interact with

many other proteins, most of which have no known role in

metastasis suppression. The most recent and compre-

hensive mechanistic studies of Nm23 identified an

unexpected function for this protein as a histidine

protein kinase. Work by Hartsough, et al. provide

biochemical evidence supporting the hypothesis that

metastasis suppression is mediated by Nm23’s histidine

protein kinase function in relationship to the kinase

suppressor of ras (Ksr) protein [29]. The potential role of

Nm23 and Ksr in signaling cascades regulating metastatic

growth will be discussed in the following sections.

Mitogen-activated protein (MAP) kinase kinase

4 (MKK4/JNKK1/SEK1)

Using microcell-mediated chromosomal transfer coupled

with positional cloning, our laboratory identified MKK4

(also referred to as JNKK1, SEK2 or MEK4) as a

metastasis suppressor gene encoded by human chromo-

some 17 [7,30,31]. MKK4 is a duel specificity kinase that

phosphorylates both threonine and tyrosine residues, and

has been shown to phosphorylate the JNK (TPY) and p38

(TGY) MAPK activation motifs. The MKK4 protein is

widely expressed throughout human and mouse tissues,

and has a role in hepatic, neural and thymic development

in mice [32]. Functional and clinical correlative studies

identified a role for MKK4 protein in the suppression of

metastasis in ovarian and prostate cancers [32–35]. The

function of MKK4 in tumor progression and metastasis

may be context dependent, as previous studies examining

loss of heterozygosity of human chromosome 17 suggest

that it may function as a tumor suppressor gene in a small

percentage of pancreatic, biliary and breast cancers [36].

The role of MKK4 in gastric cancer is more controversial;

reports have shown that MKK4 protein expression is

increased in invasive gastric cancer, while another study

indicated no change in MKK4 protein expression, but

significant loss of heterozygosity at telomeric markers for

MKK4 [37,38]. Such seemingly contradictory activities

illustrate the challenges faced when trying to determine

how a metastasis suppressor protein such as MKK4

functions in vivo and within a particular cancer type.

Raf kinase inhibitor protein (RKIP)

Fu et al. used microarray analysis to identify candidate

metastasis suppressor genes that were under-expressed in

the metastatic human prostate cancer cell line C4-2B

compared to its non-metastatic precursor LNCaP [22].

This analysis identified RKIP as a candidate metastasis

suppressor gene. Immunohistochemical studies using a

cohort of clinical prostate cancer specimens showed that

RKIP levels were highest in normal prostate epithelia,

diminished in primary tumors and absent in prostate

cancer metastases. Ectopic expression of RKIP in

metastatic C4-2 cells reduced metastasis in vivo as well

as invasion in vitro as compared to controls. Furthermore,

non-metastatic LNCaP cells acquired metastatic proper-

ties when transfected with anti-sense RKIP DNA [22].

KAI1/CD82

KAI1/CD82 encodes a putative membrane protein in the

tetraspanin superfamily. Tetraspanins localize to the cell

surface where they are believed to act as ‘organizers’ of

large protein complexes regulating adhesion, migration,

growth and differentiation. Expression of ectopic KAI1 in

AT6.1 Dunning rat prostate cancer cells reduced the

number of overt lung metastases by 66% in comparison

with parental AT6.1 controls [16]. Clinical data also

supports a role for KAI1 in the suppression of prostate

cancer metastasis. KAI1 expression is down-regulated in

both metastatic and high-grade tumors, as well as in 100%

of lymph node metastases [39,40]. KAI1 may act as a

general cancer metastasis suppressor, as its down-regula-

tion is seen clinically with the progression to metastasis

for cancers of the liver, colon, esophagus, pancreas, lung,

bladder (invasive phenotype), ovaries, cervix (grade only)

and breast.

The mechanism by which KAI1 suppresses metastases is

not clear. KAI1 may function through its interactions with

certain membrane proteins implicated in metastasis

progression, including E-cadherin, b1 integrins and

the epidermal growth factor receptor (EGFR). Both

EGFR and b1 integrins have been shown to enhance the

number of spontaneous metastases of cancer cells in

mice. Interestingly, both are implicated specifically in

Table 1 Metastasis suppressor genes

Gene Cancer cell type suppressed Current known function

Nm23 melanoma [15], breast [79], colon [80], oral
squamous cell [81]

histidine kinase; phosphorylates KSR, which might reduce ERK1/2 activation

MKK4 prostate [7], ovarian [33] MAPKK; phosphorylates and activates p38 and JNK kinases
KAI1 prostate [16], breast [82] integrin interaction EGFR desensitization
BRMS1 breast [17], melanoma [83] gap-junctional communication
KiSS1 melanoma [18], breast [84] G-protein-coupled receptor ligand
RhoGD12 bladder [19] regulates RHO and RAC function
CRSP3 melanoma [20] transcriptional co-activator
VDUP1 melanoma [20] thioredoxin inhibitor
SSeCKS prostate [21] scaffold protein of MAPK/ERK system
RKIP prostate [22] inhibits Raf-mediated MEK phosphorylation
Drg-1 prostate [23] possible downstream mediator of MKK4 [14,48]

Metastasis suppressor genes Berger et al. 561
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promoting tumor cell growth at the secondary site

[41,42]. While the regulatory effects of KAI1 interactions

with E-cadherin and integrins are not known, KAI1

association inhibits EGFR signaling in vitro, suggesting a

potential in vivo function.

KiSS1

Like MKK4, KiSS1 appears to suppress metastatic

colonization. Using fluorescent tagging, researchers found

that metastatic melanoma cells suppressed by KiSS1/

chromosome 6 were still able to reach the target organ

tissue, present as both single cells and clusters of less

than 10 cells [8]. Extending the duration of the

metastasis assay did not lead to outgrowth of these cells,

confirming that they were growth inhibited. KiSS1 was

ultimately mapped to chromosome 1q, a finding which

led to the hypothesis that a KiSS1 regulatory element

resides on chromosome 6 (see CRSP3, below) [18]. The

mechanism by which KiSS1 regulates cell growth has not

been confirmed, but is likely related to its association

with a G-protein-coupled membrane receptor

(hOT7T175/AXOR12) [43]. Binding of the KiSS1

protein to this receptor in vitro induces rapid changes in

cell adhesion and actin organization, although the

functional significance of these changes has not been

precisely defined [44]. In melanomas, loss of protein

expression correlated with progression to metastasis,

supporting a role for the KiSS1 gene in the metastasis

suppression of clinical disease [45].

Cofactor required for specificity protein (SP) activation

3 (CRSP3)

An activator of the SP1, CRSP3 may play a role in the

regulation of KISS1 expression [20]. The CRSP3 gene

lies on a region of chromosome 6 which suppresses

metastasis when introduced into metastatic cells by

microcell-mediated chromosome transfer. To date, no

studies have been published defining the role of CRSP3

clinically.

Breast cancer metastasis suppressor 1 (BRMS1)

In melanoma and breast cancer cells, expression of

BRMS1 appears to restore normal gap junction pheno-

type, suggesting a role in cell–cell communication. This

effect may be significant in metastasis regulation, as

alteration in gap junction phenotype may be important in

the clinical progression of several cancers [46]. Mechan-

isms by which loss of normal gap junction phenotype may

promote metastasis have been proposed based on in vitro
studies, and include reduced communication between

cells within the primary tumor and enhanced ‘seed-and-

soil’ communication at the secondary site. The latter

possibility may involve inhibition of disseminated tumor

cell growth as gap junctions have well established roles in

negative growth control. Studies investigating the role of

BRMS1 in additional cancer types and clinical disease are

currently underway.

Differentiation-related gene 1 (Drg-1)

Drg-1 was initially identified as a metastasis suppressor

gene in colon adenocarcinoma by Guan et al. by comparing

gene expression in metastatic SW620 colon cancer cells

compared to non-metastatic SW480 cells [23]. Transfec-

tion of metastatic colon adenocarcinoma lines with Drg-1

induced morphological and molecular indicators of

increased epithelial cell differentiation. Recently, Ban-

dyopadhyay et al. showed Drg-1 to have metastasis-

suppressing activity in human prostate cancer cells and

that its expression in clinical samples varies inversely

with Gleason grading [47]. The mechanism by which the

Drg-1 protein functions to suppress metastasis is

unknown, although it may interact with JNK/p38 path-

ways [48].

Rho GDP dissociation inhibitor 2 (RhoGDI2)

RhoGDIs stabilize the inactive GDP-bound state of the

Rho GTPases. RhoGDI2 was identified as a putative

metastasis suppressor in human bladder carcinomas by

Gildea et al. [19]. RhoGDI2 effectively blocks activity by

the Rho and Rac GTPases, which have been implicated in

cytoskeletal reorganizations at the cell surface that

mediate invasion and cell-cell interactions [49]. Rho,

Rac and RhoGDI2 also may participate in p38, JNK and

ER pathways [50].

The Src-suppressed C kinase substrate (SSeCKS)

SSeCKS probably functions as a scaffolding protein for

protein kinase C (PKC)- and protein kinase A (PKA)-

dependent signaling complexes [51]. The human ortho-

log Gravin was mapped by Xia et al. to a region on human

chromosome 6 that is often deleted in advanced prostate

cancers [21]. They found that Gravin expression was

decreased in highly metastatic prostate cancer lines

compared to less aggressive cells, and that transfecting

metastatic cells with SSeCKS decreased anchorage-

independent growth in vitro and a decrease in lung

metastases in spontaneous metastasis assays. The precise

mechanism by which SSeCKS suppresses metastasis is

currently under investigation.

Signal transduction, cross-talk and metastatic
behavior
The concept that aggressive cancer cells replicate

autonomously and thwart growth control mechanisms

irrespective of their environment has been challenged by

clinical and experimental studies of metastasis. Although

these cells often have an aberrant response to the

extracellular signals that mediate growth and differentia-

tion, it is a response nonetheless. This finding is

important because it implies that intracellular signaling

has been perturbed in a distinct way that permits

metastatic cells to elude growth control mechanisms

at the secondary site. Understanding how these

signaling events are distorted requires researchers to

design meaningful mechanistic studies of metastasis
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suppression. A wealth of biologic studies have shown that

the microenvironment of the metastatic site often

provides extracellular signals that are distinct from those

at the primary tumor [52,53]. Thus, metastatic growth

represents new responses to new signals. Clearly, the

interaction between tumor cells and their microenviron-

ment must be considered in the design of studies to

determine metastasis suppressor protein function in vivo.

Biochemical data currently support a model in which

Nm23, RKIP and MKK4 proteins participate in conserved

eukaryotic signal transduction pathways. These signaling

cascades are comprised of three parallel modules: the

mitogen-activated protein kinase/extracellular signal

regulated kinase (MAPK/ERK) module, the stress-

activated protein kinase/c-Jun N-terminal Kinase

(SAPK/JNK) and the p38 module (see Fig. 1). These

phenotypically distinct, but biochemically intercon-

nected, signaling modules relay extracellular stimuli

through protein kinase cascades that activate transcrip-

tion factors and affect cellular responses to stress,

inflammation and growth factors [54,55].

The MAPK/ERK pathway involves the receptor tyrosine

kinase (RTK) class of transmembrane proteins and

serine-threonine kinases (e.g. PDGF, EGF, insulin

receptors, etc.). Typically, cell surface receptors interact

with adaptor molecules to recruit a protein kinase

complex to the cell membrane. The prototypical

MAPK/ERK pathway involves PTKs that interact with

Ras through proteins with SH2 and SH3 adaptor domains.

In its active form, Ras recruits Raf, a MAP kinase kinase

kinase (MAP3K), to the membrane complex resulting in

the activation of a target MAP/ERK Kinase (MEK).

Phosphorylation of MEK results in the activation and

subsequent translocation of ERK to the nucleus, where it

phosphorylates various transcription factors (e.g. Elk-1, c-

Fos) and DNA-binding proteins [54,55].

Signal amplification and regulation may occur at each

step in this pathway. Specificity of the signal is conferred

through both the affinity of a target kinase for a given

target as well as protein expression levels. Additional

regulation is conferred by interaction with other scaffold-

ing or adaptor proteins. In the case of metastasis

suppression, the Nm23-H1 protein interacts with the

MAPK module by binding to and phosphorylating the

Kinase Suppressor of Ras (KSR) protein, a scaffold

protein that has role in the regulation of the MAPK/

ERK pathway upstream of MEK [56]. Ksr has been shown

Fig. 1
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Schematic diagram of signaling pathways regulated by metastasis suppressor proteins. Proteins of interest are in bold.
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to positively regulate Ras-mediated MAPK signaling,

suggesting that Nm23’s metastasis suppression activity

may be mediated by inhibition of Ksr-enabled MAPK

signaling [57].

Similarly, RKIP functions as a negative upstream

regulator of MAPK/ERK signaling. Raf and MEK interact

with RKIP at overlapping sites, and binding of either

molecule inhibits binding of the other. Both binding

domains must be destroyed in order to alleviate RKIP-

mediated MAPK inhibition. Furthermore, studies with

constitutively active MEK-DD mutants suggest that

RKIP functions upstream of MEK [58]. Thus, RKIP

may suppress metastasis by inhibiting Raf-mediated

phosphorylation of MEK.

The SAPK/JNK and p38 pathways operate in parallel to

MAPK/ERK pathway. In contrast to the association of

ERK with proliferation, JNK and p38 have been

classically associated with cell cycle arrest and apoptosis

in response to environmental stresses and cytokines, pH

changes, UV irradiation, hypoxia, and growth factor

deprivation [59]. Several MAP2Ks specifically activate

either p38- or JNK-mediated signaling. Interestingly

MKK4, a duel-specificity kinase with both tyrosine and

serine-threonine kinase activities, can phosphorylate and

activate both JNK and p38. We are currently working to

determine which arm of the cascade MKK4 signals

through to suppress metastasis. In addition, the biological

mechanism of context-dependent suppression (e.g.

apoptosis, quiescence, decreased proliferation, etc.) is

also being examined.

While the ERK and SAPK pathways have historically

been considered as separate, opposing cellular functions,

there is growing evidence that supports various

interactions between these pathways [60,61]. In addition

to biochemical studies, recent in vivo studies suggest

an antagonistic relationship between ERK and p38

signal transduction pathways that may determine

whether a tumor cell proliferates or enters a state of

cell-cycle arrest [60,62]. Aguirre-Ghiso et al. demon-

strated that the ERK/p38 activity ratio in certain head

and neck cancer cell lines correlates with the balance

between cellular proliferation and dormancy. In their

well-characterized model, persistent ERK activity is

maintained through urokinase plasminogen activator

receptor (uPAR) activity and its interactions with a5b1
integrin. Their model predicts that shifting the ratio

between phospho-ERK and phospho-p38 determines

whether a cell will proliferate or remain dormant [62].

In subsequent studies they showed that modulation of

the ERK/p38 ratio may induce dormant (high p38) or

proliferative (high ERK) phenotypes in additional models

(e.g. cancers of the breast, prostate, skin and connective

tissue) [60].

Potential clinical applications
The identification of specific signaling pathways that

regulate metastatic growth is an important advance, yet

there are significant roadblocks to successful incorpora-

tion of this knowledge into clinical practice. First of all,

the individual metastasis suppressor protein must be

considered in terms of the pathway it participates in.

Simply turning ‘on’ or ‘off ’ a single gene (protein) in a

signal transduction pathway will inevitably have broader

affects than intended, for each pathway may affect,

positively or negatively, the regulation of many as yet

undocumented processes. Furthermore, the context-

specific nature of signal transduction may limit our ability

to generalize the affects of modulating a specific pathway

to other model systems or tissue types. For instance,

although the MKK4-mediated activation of JNK/p38 has

an established correlation with metastasis suppression in

prostate and ovarian carcinomas, the activation of this

same pathway may have a role in the malignant

transformation of small cell lung carcinomas [34]. Thus,

the effect of a specific signaling pathway may have to be

determined on a case-by-case basis.

Metastasis suppressors and adjuvant therapy

In vivomodels suggest that metastatic colonization, which

as noted is the development of overt metastatic lesions

from microscopic deposits, represents a potentially key

rate-limiting step of metastatic development. The

identification of a role for several of the known metastasis

suppressor proteins in the regulation of this process

through highly conserved signal transduction pathways

represents a significant maturation in our ideas about

metastasis. In order to translate these findings into

tangible clinical benefit, we must first determine whether

the findings from in vivo models correlate with the

behavior of human cancers. There is an accumulation of

clinical data supporting colonization as the critical event

in the development of human metastases. Historically,

surgical oncologists have theorized that the removal of

solid tumors releases tumor cells into the systemic

circulation [63–66]. Recent developments in molecular

biology have confirmed that cancer cells can readily be

found in the blood. Several studies using PCR have

shown that cancer cells are often present in the

circulation at the time of diagnosis or surgery [9]. As

many as 25% of patients undergoing radical retropubic

prostatectomy have evidence of hematogenous dissemi-

nation of tumor cells during surgery [67]. Immunohisto-

chemical studies have confirmed that solid tumor cells

may reside as clinically occult microscopic metastases in

bone marrow or other tissues at the time of diagnosis

[10,11]. Collectively, these data imply that tumor cells

readily escape from human primary tumors, yet fail to

colonize a secondary site.

If metastatic colonization represents the rate-limiting

step for human cancers, than our knowledge of metastasis
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suppressor genes could be used to guide clinical decision-

making. Specifically, physicians typically treat patients

with adjuvant regimens in order to eliminate microscopic

metastatic disease before its progression into clinically

detectable disease. The selection of patients for such

regimens assumes that microscopic lesions will inevitably

grow into clinically significant tumors. Basic metastasis

research, however, suggests that a microscopic metastasis

will proliferate at the secondary site only if it has

undergone specific genetic and epigenetic changes that

are distinct from the events of primary tumorigenesis.

Disseminated tumor cells that do not possess this ability

are not a clinical threat and need not be treated.

Clinicians thus subject many patients to the cost and

morbidity of adjuvant therapy to achieve clinical benefit

in only a few patients who have disease with metastatic

capability.

The identification of metastasis suppressor genes/

proteins may provide an avenue by which clinicians

can interrogate cancer cells for the ability to form

clinically relevant metastatic disease. A molecular

assay for metastatic ability would allow clinicians

to stratify patients into high and low risk for metastatic

disease. Such an assay would analyze the expression

of the relevant tumor type-specific metastasis sup-

pressor proteins. Clinicians and patients could then

choose together whether aggressive adjuvant therapy is

warranted.

Of course, significant problems need to be addressed

before such an algorithm can be considered viable. First of

all, we need to determine which tissue specimens to

assay. A logical first choice would be primary tumor

samples obtained from biopsies or surgical therapy.

However, if our contention that metastasis requires

molecular changes distinct from tumorigenesis is valid,

than we cannot assume that the genetic profile of primary

tumor cells reliably reflects that of disseminated cells.

Furthermore, if only a subset of primary tumor cells have

the ability to metastasize, will an assay done on a biopsy

or tissue specimen necessarily contain the cells of

interest?

Such questions lead us to the possibility of examining

disseminated tumor cells directly. Bone marrow or other

secondary site-directed biopsies combined with meth-

odologies for appropriate cell enrichment can provide

samples of disseminated disease for assay [68]. However,

invasive techniques introduce additional morbidity.

Furthermore, it has not been shown that the genetic

profile of disseminated tumor cells is stable over time. A

patient that is stratified as low risk after a metastasis

suppressor expression assay may need to be re-assayed at

some time in the future in order to reconfirm the status

of their disease.

A foreseeable strategy might involve the assay of primary

tumor cells at the time of surgery. If metastatic capability

is present, than adjuvant therapy would be recom-

mended. If no metastatic capability is identified, than

the clinician might recommend a search for disseminated

cells in the bone marrow or other tumor type-specific

locations. These cells could then be assayed either once

or repeatedly to determine metastatic ability and guide

therapy.

Metastasis suppressor genes and novel
cancer therapies
The greatest hope among metastasis researchers is that

an understanding of the mechanisms of metastasis

suppression may lead to targeted therapies. Tumor

metastasis represents the most feared, least treatable

and ultimately most lethal consequence of malignancy.

Metastatic disease often relegates patients to palliative

therapy and decreased quality of life. Some of the

remarkable successes in cancer drug design in the last

several decades have come from an understanding of the

molecular biology of disease. Selective estrogen receptor

modulators (SERMs) have become a cornerstone of

adjuvant therapy for breast cancer, and are beginning to

find a role in breast cancer prophylaxis in high-risk

women [69]. The phenomenal success of the tyrosine

kinase inhibitor imatinib (Gleevec) in certain patients

with chronic myelogenous leukemia and gastrointestinal

stromal tumors is another example of how an under-

standing of the biology of cancer can stimulate the

development of novel therapies. Ideally, basic science

research in the field of metastasis suppressor genes will

similarly translate into clinical therapeutics.

Studies indicate that the majority of metastasis suppres-

sors are down-regulated, but not mutated or deleted, in

metastatic lesions [35,39]. This observation may provide

a unique therapeutic opportunity because, unlike mu-

tated oncogenes or tumor suppressor genes, exogenous

DNA or a constitutively active gene product does not

necessarily need to be introduced into malignant cells.

Rather, it may be possible to identify compounds that

restore expression of silenced metastasis suppressor

genes and thus modulate important signal transduction

cascades such as the MAPK and SAPK pathways to inhibit

metastatic colonization. Alternatively, we may be able to

manipulate the signaling pathways in which metastasis

suppressor proteins participate without specifically tar-

geting metastasis suppressor proteins.

Preliminary efforts to identify compounds that have a

negative affect on metastasis growth through metastasis

suppressor pathways are in progress. Currently, drugs that

affect metastasis suppressor up-regulation have non-

specific, pleiotropic affects on gene expression, and none

can be considered a specific activator of a metastasis
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suppressor pathway [70–78]. Such compounds include

DNA methylation inhibitors, histone deacetylase inhibi-

tors, steroid hormones, anti-inflammatory drugs and

immunomodulators (see Table 2). While not specific

activators of metastasis suppressor genes, such com-

pounds may yet hold promise in the clinic and are

currently being evaluated for in vivo metastasis suppres-

sing activity [24].

The development of drugs that specifically target

metastatic colonization may come as the functional

studies describing the signal transduction pathways

regulating metastatic growth are completed. Undoubt-

edly, there are numerous proteins that interact with

SAPK, p38 and ERK pathways, each of which may have

potential as a therapeutic target. Perhaps the ideal

molecular targets are not the metastasis suppressor genes

or proteins themselves, but their antagonists. Identifying

a specific inhibitor of a functional metastasis suppressor

antagonist could modulate signaling in a therapeutically

beneficial manner without accomplishing the clinically

difficult task of up-regulating metastasis suppressor gene

expression.

Conclusion
Metastasis research has resulted in a re-evaluation of our

concepts of growth regulation and signaling in cancer

cells. As researchers gain a greater understanding of the

biochemical mechanisms of metastasis, we will undoubt-

edly continue to encounter unanticipated findings that

challenge our ideas about malignancy. Hopefully, the

further demystification of the metastatic process will

facilitate the development of viable new strategies for

cancer prognosis and therapy.
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