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Being diagnosed with cancer is devastating. But when the cancer cells have to spread
to form secondary colonies, the prognosis for the patient is worse. If meaningful
improvements in survival are to occur, then control of metastasis will be a
foundation. Relatively little is known about the control of the metastatic process at
the molecular level. This volume begins to explore our current knowledge regarding
the underlying molecular and biochemical mechanisms controlling the metastatic
phenotype. While all of the authors attempted to put their findings into a context for
translation to the clinical situation, the state-of-the-art does not fully allow this.
Nonetheless, we write these summaries of our work as an early effort toward that
end. I am grateful to all of the authors who have contributed generously of their time
and energies to make this volume a reality.

To metastasize, neoplastic cells dissociate from the primary tumor, enter a
circulatory compartment (typically lymphatics or blood vasculature), survive
transport, arrest, exit the circulation and finally proliferate at a discontinuous site in
response to local growth factors. Unless cells accomplish every step of the metastatic
cascade, metastases cannot develop. The process is highly inefficient, i.e., <0.1% of
cells entering the vasculature form clinically detectable secondary tumors. At each
step of the metastatic cascade, multiple genes and proteins are involved. Because
inappropriate movement of cells with subsequent colonization of secondary sites
implies that some of those genes are either mutated or aberrantly regulated, it follows
that identifying and manipulating metastasis-regulatory genes could lead to
decreased efficiency of the metastatic process and better systemic control of
neoplasia. Moreover it must be emphasized that each of the genetic defects
responsible for developing metastatic potential is superimposed over those already
involved in the genesis of a tumor. A paradigm describing the genetics of
progression toward metastasis may be modeled after the oncogene and tumor
suppressor gene paradigm in the development of carcinomas. Analogous to the role
of oncogenes in tumorigenesis, metastasis-promoting genes drive conversion from
nonmetastatic to metastatic. Similar to tumor suppressor genes, metastasis
suppressors would inhibit the metastatic process. In the case of negative regulators,
the distinction between tumor suppressors and metastasis suppressors is critical!
Tumor suppressors, by definition also block metastasis since tumor formation is a
prerequisite to metastasis. However, using this functional definition, metastasis
suppressors only block spread to distant sites. They do not reduce tumor formation.

To date, only a limited number of genes have been shown to functionally
regulate the metastatic cascade; but, fortunately, the number of genes identified is
growing rapidly. Our criteria for claiming a role in metastasis requires in vivo
validation. Simply put, in vitro surrogates of component steps of the metastatic
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cascade are inadequate to measure a complex, multistep, multigenic phenotype like
metastasis.

The ability to metastasize can be due to inherent deficiencies within tumor
cells themselves (i.e., genetics) or to defective responses to the host environment
(i.e., epigenetics). The relative contribution of each has yet to be fully determined.
But because of the currently available technologies, the former will be the focus of
this volume. Within this volume, several candidate metastasis-regulatory genes are
described in detail. The chapters are organized into loose sections. Because the field
of metastasis genetics is still in its infancy, the clusters are somewhat arbitrary and
artificial. However, they provide one attempt to overview this rapidly expanding area
of research.

Yoshida and colleagues review the emerging field of cancer metastasis
genetics, highlighting the context under which the genes were discovered and how
they fit into a larger picture. This chapter is followed by discussion of genes which
promote tumor progression (i.e., metastasis-promoting genes). Identification of
metastasis-promoting genes is notoriously difficult because of the inherent nature of
the metastatic process. Since only one step needs to be blocked in order to prevent
metastasis, introduction of a bona fide metastasis-promoting gene into a cell would
not necessarily enhance metastasis if that cell were defective for another step. Hence,
the model system from which one starts is critical. Alessandro Alessandrini
highlights components of the MAP kinase signaling cascade and how they confer
tumorigenic and metastatic potential upon NIH3T3 cells. Garth Nicolson and
colleagues describe a recently discovered gene mtal, which promotes metastasis.
mta1 appears to be involved in regulation of gene expression, perhaps downstream
of such signaling pathways.

Peter Brooks summarizes the environmental milieu in which tumor cells reside
and the importance of surface adhesion molecules in mediating the metastatic
phenotype. Outside-in signaling is critical in the efficiency of metastasis. Coupling
the surface molecules to intracellular events (as highlighted above) will be an area of
fruitful future research. In a similar vein, Dario Marchetti describes an example for
organ-specific melanoma metastasis to brain. Identification of neurotrophins
represents a class of exogenous signals which contribute to metastasis. They remain
some of the few well-defined molecules which can explain why some cells colonize
certain organs while others do not. While tumor cell behavior can be modulated by
environment, they sometimes carry the necessary machinery themselves. Onishi and
colleagues describe roles for autocrine signals of motiliry as contributors to
metastasis.

The majority of chapters herein describe roles for metastasis-suppressor genes.
Since the discovery of Nm23 by Patricia Steeg in 1984, the list of metastasis
suppressors has grown significantly to include AP2, KiSS1, BRMS1, and MKK4
among others. Menashe Bar-Eli describes a role for the transcriptional regulator AP2
in melanoma metastasis, including how this gene regulates the expression of other
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metastasis-associated genes. Dawn Kirschmann and Mary Hendrix provide evidence
that heterochromatin associated protein might regulate gene expression
critical for metastasis. Both of these genes make logical candidates for metastasis
regulation since each may be involved in coordinated regulation of expression of
multiple critical genes. Likewise, Gary Meadows and colleagues present some
intriguing data which shows that diet can modulate metastatic potential. Specific
amino acid deprivation can markedly inhibit metastasis. They hypothesize that
amino acid response elements may be controlling families of metastasis-regulatory
genes.

Carrie Rinker-Schaeffer's laboratory has described a metastasis suppressor
effect with a member of the stress-activated MAP kinase family. Like the MAP
kinase family and the promotion of metastasis, the downstream effectors of MKK4
are not yet known. As these become more finely defined, crosstalk and feedback
mechanisms will likely emerge. These pathways will be important as the field begins
to dissect whether there are metastasis suppressors which function universally (i.e.,
for all tumor types) or whether there are metastasis suppressor genes which act only
upon one tumor type (e.g., breast cancer, but not prostate cancer or melanoma).

Thus far, most metastasis suppressor genes have been identified and tested
using only a limited number of models. Two examples from the Welch laboratory
are described. BRMS1 was isolated from breast carcinoma cells inhibited for
metastasis following introduction of human chromosome 11. The mechanism of
action is speculated upon by Rajeev Samant, but thus far appears to be involved in
transcriptional regulation of other genes. KiSS1 was discovered in human melanoma
cells suppressed for metastasis following introduction of chromosome 6. John Harms
summarizes the current knowledge of the KiSS1 gene and the steps of the metastatic
process inhibited in the cells from which this gene was derived. The chromosome 6
hybrid cells complete every step of the metastatic cascade, except growth at the
secondary site. The mechanisms of action for all of the metastasis regulatory genes
remain largely enigmatic, but this result provides one small example of the types of
progress being made. Ann Chambers and colleagues have utilized the powerful
technique of intravital video microscopy to challenge the notion that metastatic cells
must extravasate in order to colonize an organ. While it is far from certain whether
intravascular or perivascular proliferation of metastases is more prevalent, the
implications regarding the genetic control of the metastatic phenotype must take both
possibilities into account.

Finally, Jeremy Graff and Steve Zimmer review an understudied area with
regard to metastasis regulation B translation. They provide some compelling data
highlighting correlations between translational efficiency and metastasis.

Together these chapters provide a glimpse into the complex world of metastasis
genetics. Certainly, there remains a great deal of work to be done. Yet, the future
looks bright for translating the types of research represented herein to the clinic.
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Chapter 1

METASTASIS-SUPPRESSOR GENES: A REVIEW
AND PERSPECTIVE ON AN EMERGING FIELD

Barbara A. Yoshida1, Zita Dubauskas1, Mitchell H. Sokoloff1, Danny R. Welch2,
Carrie W. Rinker-Schaeffer1

The University of Chicago, Section of Urology and Genitourinary Oncology
Research Program, Chicago, Illinois 2Pennsylvania State University College of
Medicine, Hershey, Pennsylvania.

Abstract
Metastasis is the most lethal attribute of a cancer. There is a critical need for markers that
will distinguish accurately those histologic lesions and disseminated cells with a high
probability of causing clinically important metastatic disease from those that will remain
indolent. While the development of new diagnostic markers of metastasis was the initial
motivation for many studies, the biologic approach used to identify metastasis-suppressor
genes has provided surprising insights into the in vivo mechanisms regulating the
formation of metastases. This chapter reviews the evolving view of the mechanisms that
regulate metastasis and the importance of metastasis-suppressor genes in this process. The
known metastasis-suppressor proteins or genes and the microcell-mediated chromosomal
transfer strategy used to identify many of them are reviewed. New evidence for the role of
these metastasis-suppressor activities (genes) in regulating the growth of disseminated
cancer cells at the secondary site, the potential for the identification of novel therapeutic
targets, and the multidisciplinary approach needed to translate this information into
clinical tools for the treatment of metastatic disease are discussed.

1. THE CLINICAL PROBLEM: PREDICTING
METASTATIC  PROPENSITY

Our ability to detect and successfully treat localized cancers has improved
appreciably in recent years. However, metastatic disease presents a continuing
therapeutic challenge and is the most common cause of cancer-related death.
Thus, there is an emphasis on the diagnosis of cancers at an early stage, when
they are localized and most likely to be curable. Although screening for early
stage disease is logical, its utility is limited by the inability of conventional
diagnostic and histologic parameters to predict accurately the true extent and
prognosis of a substantial proportion of clinically localized cancers (1-3). This

1
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limitation is due, in part, to the inherent limitations and subjectivity of current
grading and staging systems (4, 5).

The incidence of disease recurrence in surgical patients treated for prostatic
and breast cancer illustrates this problem particularly well. Although we have a
wealth of clinical and biologic information on these diseases, a large percentage
of apparently resectable and theoretically curable lesions are found to be more
advanced at the time of resection than envisaged, resulting in a substantial failure
rate after attempted curative surgery (6-8). In studies of prostate cancer patients,
even when patient selection excludes men with factors predicting poor prognosis
(e.g. poorly differentiated histology, high prostate specific antigen [PSA] levels,
clinical suspicion of local invasion) the relapse rate after radical retroperitoneal
prostatectomy has approached 20%-30% (9-11). Similarly, one-third of surgical
patients with node-negative breast cancer will develop metastases, while the other
two-thirds, despite receiving no chemotherapy, do not (12). Even in patients with
small tumors and tumor-negative lymph nodes (T1NO), there is a 15 to 25%
likelihood of distant metastases (8).

Since the current staging systems for breast and prostate cancers do not
accurately identify those patients curable by regional treatment alone, the
evaluation of additional parameters associated with the metastatic phenotype will
be very important for the differentiation of patients curable by surgery alone from
those requiring systemic therapy. For instance, men at high risk for relapse of
prostate cancer can be identified (e.g. serum PSA > 10 ng/ml, clinical stage T| or

with greater than 50% of tissue at Gleason grade 4 (3, 4) on biopsy or clinical
stage prostate cancer) and would be immediate candidates for adjuvant anti-
metastatic therapies if they existed (10, 11, 13-16). Likewise, breast cancer
patients with particularly poor prognoses can be identified by the detection of
high microvessel counts concurrent with low expression of Nm23 and/or E-
cadherin in the primary tumor (12-17). In fact, these parameters are better
prognostic biomarkers than the conventional analysis of tumor size and grade.
The information obtained from the simultaneous evaluation of biomarkers such as
these have the potential to lead to a reduction in the morbidity in those patients
not requiring chemotherapy, and possibly identify those patients requiring more
aggressive therapies than indicated by current methods.

Overall, it is clear that there is a critical need for markers that will
distinguish accurately those histologic lesions and disseminated cells that have a
high probability of causing clinically important metastatic disease from those that
will remain indolent (5, 15). Concerns have been raised that “metastasis” has
often occurred by the time of diagnosis of the primary tumor, the implication
being that it is then too late for anti-metastatic therapy to be of use (18).
However, the mere spread of cancer cells into the vasculature or to a secondary
site does not constitute metastasis. Development of clinically significant
metastases requires that a cancer cell complete a series of well-defined steps,
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generally referred to as the metastatic cascade (13). If a cell fails to complete any
one of these steps, overt metastases will not develop (13-15).

The clinical importance of disseminated cancer cells (detected by sensitive
methods such as reverse transcriptase polymerase chain reaction [RT-PCR]) has
become an issue of considerable interest (19). Several such studies have reported
the detection of tumor-derived cells in the circulation and bone marrow without
future development of disease (16, 20). Other reports have demonstrated an
increased risk of disease recurrence in patients with bone marrow
micrometastases both for prostate cancer (by the detection of mRNA transcripts
for prostate specific antigen [21]), and breast cancer (by the detection of
cytokeratin-positive cells [22]). Even in these later studies, however, the majority
of patients with tumor cell-positive bone marrow samples did not actually
develop recurrent disease, although the proportion with recurrence could increase
given extended time for patient follow-up. The discrepancy regarding the clinical
importance of disseminated cells is likely due to differences in the experimental
approaches used to identify cells (i.e. RT-PCR vs. immunohistochemical
detection).

Tumor-cell growth at the site of metastasis is an important clinical target
since cells must survive and proliferate in order to grow into overt, macroscopic
metastases. The first step toward developing effective therapies to inhibit such
growth is to identify the genes/proteins that regulate metastatic colonization. To
this end, a growing number of laboratories are focusing translational research
efforts on the discovery of genes that specifically regulate the metastatic ability of
cancer cells. For example, several metastasis-promoting genes – including
WDNM-1, WDNM-2, MMP11 (stromelysin-3), MTA1, and ERBB2 – have been
identified in association with the development of metastatic breast cancer (23-27).
One must keep in mind, however, that it takes the coordinated expression of
many genes to allow the development of metastases (28, 29). Thus, while it is
relatively easy to demonstrate an association for a given gene with metastatic
ability, it is difficult to prove that a particular gene is essential. On the other hand,
it only takes one gene to block metastasis since inability to complete any step of
the metastatic cascade renders a cell nonmetastatic. Metastasis-suppressor genes
suppress the formation of spontaneous, macroscopic metastases without affecting
the growth rate of the primary tumor. It has now been more than ten years since
the discovery of the first metastasis-suppressor gene nm23 (NME1) (30). Since
then, both in vitro and in vivo (eg. animal) studies have documented the important
role of the loss of metastasis-suppressor gene function in the acquisition of
metastatic ability (15, 30-32).

While the initial motivation for these studies was the development of new
diagnostic markers of metastasis, the biologic approach used to identify
metastasis-suppressor genes has provided surprising insights into the in vivo
mechanisms regulating the formation of metastases. We anticipate that
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identifying the molecular pathways that regulate metastatic colonization and
growth control at the secondary site will provide additional, potentially novel
therapeutic targets for the treatment of metastatic disease. The purpose of this
chapter is to:

Present the evolving view of the mechanisms that regulate metastasis
Describe the functional strategy used to identify metastasis-suppressor
genes and discuss important principles learned from these studies
Document the known metastasis-suppressor genes and report new evidence
that supports their role in the regulation of growth control at the secondary
site
Discuss the multidisciplinary approach needed to translate metastasis-
suppressor genes into clinical tools

1.1 Regulation of Metastatic Propensity – Evolving Paradigms

Metastasis is defined as the formation of progressively growing secondary tumor
foci at sites discontinuous from the primary lesion (15). This process is illustrated
by the spontaneous hematogenous metastasis of tumor cells to the lung (Figure 1,
Panel A). The formation of a primary tumor requires a cadre of molecular and
cellular alterations that enable a cell(s) to circumvent normal growth control
mechanisms, as well as, to manipulate its local environment (14). These changes
include the development of a blood supply once the focus of transformed cells
grows beyond a size that can be nourished by nutrient or metabolite diffusion (33,
34). Tumor progression and the acquisition of metastatic competence requires
additional changes in gene expression (e.g. protein degrading enzymes, adhesion
molecules) that culminate in a malignant phenotype. Following invasion into
adjacent tissues, tumor cells disseminate via blood vasculature or lymphatics and
travel individually or as emboli comprised of tumor cells or tumor and host cells.
At the secondary site, cells or emboli arrest either because of their physical size
or by binding to specific molecules in particular organs or tissues (15, 35). In
order for disseminated cells to grow into overt metastases, they must survive and
proliferate in the vasculature or in the surrounding tissue after extravasation. The
formation of clinically important metastases depends upon the completion of
every step of this cascade, the last of which is metastatic colonization (Figure 1)
(14).

The presence of isolated cells at a secondary site represents a risk to the
patient. Cells getting to the secondary site certainly have the potential to colonize,
and therefore, it is crucial not to ignore the presence of neoplastic cells anywhere.
On the other hand, as we will show, the mere presence of cells does not
necessarily mean that metastatic colonization will occur. The challenge is to
determine how to discriminate between disseminated cells that will form overt
metastases from those that will not.
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Cancer metastasis, both clinically and experimentally, is known to be
inefficient (36). In experimental models, less than 0.1% of cells injected into the
circulation go on to form secondary tumors (15, 37). While many factors
contribute to the observed inefficiency of metastasis formation, those considered
to be most important include low survival rates of cells in the circulation and the
low percentage of cells that successfully escape from the vasculature into
surrounding tissues (18). At this time, there is some question as to whether post
extravasational growth control or growth within a vessel are more predominant
(38). This process has, for the most part, been studied using assays in which the
number and kind of cells injected are known and the numbers and sizes of
metastases formed are assessed (18, 39). The processes that are responsible for
metastatic efficiency in vivo remain hidden, thus mechanistic paradigms have
largely been based upon logical inference rather than direct observation. The
development of new technologies has enabled researchers to test the possibility
that cancer cell dissemination, arrest (nonspecific arrest and/or specific adhesion
events), and growth at the secondary site are critical determinants in metastasis
formation.
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The ability to observe single cells in vivo has been greatly enhanced by
improvements in intravital microscopy and the utilization of vital fluorescent dyes
like green fluorescent protein (GFP) (18, 40). Studies that couple these two
powerful techniques have added greatly to our knowledge of the metastatic
processes following tumor cell entry into circulatory compartments. The use of in
vivo video microscopy allows for the direct observation of experimental
metastasis over time (39). Cancer cells can be fluorescently labeled in vitro and
then injected into an animal. The cells can then be viewed at different time points,
by both fluorescence and oblique transillumination, in thin tissues or superficial

regions of thick tissues in vivo (39). Experiments utilizing this
technology have demonstrated that, in contrast to the long-held belief, the vast
majority of cancer cells in the microcirculation manage not only to survive there,
but also to extravasate into the surrounding tissue within 1 to 2 days (41, 42).
Such studies have translated well into the clinical arena. Specifically, the vast
majority of clinical studies using RT-PCR to detect prostate tumor cells in the
peripheral circulation and bone marrow found no association between detection
of disseminated cells and treatment failure (16, 20). Interestingly, in a recent
study of breast cancer patients, detection of cytokeratin-positive cancer cells in
the bone marrow was associated with the development of overt metastases and
death (22). The apparent difference between these two findings may be due to
differences in study design (e.g. detection methods, markers used, etc.) or in
factors that influence the growth of disseminated cancer cells at the metastatic
site. Additional studies will be necessary to distinguish between these
possibilities. Taken together, the clinical and experimental evidence supports the
observation that dissemination from the primary tumor site is a frequent event.
Furthermore, these independent and complementary studies strongly suggest that
growth control of individual disseminated cells determines the efficiency of
metastatic colonization.

1.2 Metastatic Colonization

Metastatic colonization is the lodging and subsequent growth of disseminated
cancer cells to form clinically significant metastases (Figure 1, Panel B). In order
to proliferate, surviving disseminated tumor cell(s) must be able to initiate cell
appropriate context-dependent signaling cascades, which enable them to survive,
enter the cell cycle, and divide. While disseminated cells are likely to be present
in numerous organs, only certain environment(s) appear to allow their survival
and subsequent growth (37, 43, 44). Intercellular interactions with the stroma and
with other tumor cells are critical for tumor cell survival and involve the
activation of adhesion-dependent survival pathways such as those described for e-
cadherin (45, 46) and integrin molecules (47). Clusters of proliferating cells grow
into lesions consisting of a few hundred that can be detected reliably by
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histological methods. Cells within such microscopic lesions can receive oxygen
and nutrients by diffusion. Progressive growth of microscopic lesions into overt
or macroscopic metastases (greater than 1 mm in diameter) requires that the
fraction of proliferating cells exceed the fraction that are quiescent or apoptotic.
In recent literature, this transition from microscopic to macroscopic metastasis
has often been referred to as the switch to an angiogenic phenotype or the
angiogenic switch (48). This terminology implies that microscopic metastases
exist in one of two states; either the lesion is angiogenic (forming new blood
vessels) or it is not. However, the progression from a “microscopic lesion” to an
overt metastasis is more accurately described in terms of growth control. Indeed,
the interchangeable use of “angiogenesis” and “growth” has been a source of
confusion. This progression may occur over a period of months or even years and
is not necessarily dependent upon new blood vessel formation. Vascularization is
in fact a late step in metastatic colonization (49). Recent studies have shown that,
in addition to the induction of classical neovascularization via endothelial cell
recruitment, tumor cell masses can develop a blood supply by alternative means
such as the cooption of preexisting host vessels (49) or by formation of tumor
channels, a process referred to as vascular mimicry (50). As we will describe in
the following paragraphs, recent data from our laboratories suggest that a subset
of metastasis-suppressor genes inhibit early steps in metastatic colonization, prior
to the need for development or recruitment of vessels.

1.3 Identification of Metastasis-Suppressor Activity: A
Functional Approach

Metastasis-suppressor genes suppress the formation of (spontaneous)
macroscopic metastases. As their name implies, these genes are distinct from
oncogenes, which promote cellular transformation, and tumor-suppressor genes,
which suppress tumor growth. While the first metastasis-suppressor gene, nm23,
was identified by a cDNA subtraction approach, the majority of metastasis-
suppressor activities identified to date, have been discovered using microcell-
mediated chromosomal transfer (MMCT; Table 1). The choice of the MMCT
strategy was logical since the existence of metastasis-suppressor genes was
originally implicated by the results of somatic cell fusion studies, the precursos of
MMCT (51-54). The techniques for the generation of genetically stable somatic
cell hybrids were developed in the early studies of Barski et al. (55). In most
instances, fusion between malignant cells and normal cells results in hybrid cells
that are suppressed in their tumorigenic capacity (56). Ichikawa et al. were the
first researches to identify specific chromosomal losses associated with the
reacquisition of metastatic ability (57). In their study, fusion of nonmetastatic
with highly metastatic Dunning rat prostatic cancer cells resulted in nometasttatic
hybrid. Importantly, the tumorigenecity (e.g. tumor formation and latency period)
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and in vivo growth rates of the primary tumors of hybrid clones containing a full
complement of rat chromosomes were not affected. At the experimental endpoint,
none of the animals bearing hybrid tumors developed distant metastases.
However, when the nonmetastatic primary tumors were serially passaged in vivo,
animals occasionally developed distant metastases. Cytogenetic analysis of these
metastatic revertants revealed a consistent loss of a copy of rat chromosome 2.
This critical study suggested that the loss of specific chromosomes could increase
the metastatic potential of prostate cancer cells without affecting growth rate or
tumorigenicity.
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The observation of a metastasis-suppression activity being associated with
a specific chromosome coincided with the development of MMCT as a technique
for the study of genes encoded by individual human chromosomes (51-54, 58-
61). In this approach, summarized in Figure 2, well-characterized donor cells,
carrying a single human chromosome tagged with a selectable marker or markers
(e.g. neomycin phosphotransferase, etc.) are used to transfer the chromosome of
interest into recipient cells (62). Briefly, donor cells are sequentially treated with
colcemid, to depolymerize microtubules, and cytochalasin-B, to depolymerize
actin bundles. The treated cells are centrifuged and the resulting pellet contains
the microcells. Microcells are, in effect, micelles that contain single or multiple
chromosomes. To enrich for those containing single chromosomes, the microcells
are size-fractionated by sequential filtration through polycarbonate membranes of
decreasing pore size. Microcells become attached to recipient cells in the
presence of phytohemagglutinin and then become fused with the addition of
polyethylene glycol. Recipient cells containing human chromosomes are selected
in G418-containing media and then characterized by molecular and cytogenetic
methods such as sequence tagged site PCR, karyotyping, and fluorescence in situ
hybridization (63, 64). The complete characterization of the hybrids under study
is critical, as it provides information on the addition and /or deletion of donor and
recipient chromosomal material, as well as any rearrangements that may have
occurred during MMCT.

Several laboratories have employed the technique of MMCT to test the
functional significance of chromosomal alterations, such as loss of heterozygosity
(LOH), observed in clinical samples. In addition, the use of MMCT, in
combination with positional or expression based cloning techniques, has allowed
the functional identification of genes conveying phenotypes such as senescence or
tumor and metastasis-suppression (15, 65, 66). A review of the literature shows
that transfer of a given chromosome can have different phenotypic effects that are
dependent on the characteristics of the recipient cell line. For example, the
transfer of human chromosome 7 by MMCT into immortalized SUSM-1
fibroblast cells induces senescence (67), while transfer of the same chromosome
into choriocarcinoma cells results in suppression of tumor growth in vivo (68).
Such results have enabled the definition of complementation groups for particular
chromosome functions. The potential outcomes of transferring a particular
chromosome into highly metastatic cells are summarized in Figure 2.

Studies using highly metastatic Dunning rat prostatic cells as the recipients
for chromosomal transfer showed that chromosomes 12 and 17 specifically
suppressed the metastatic ability of these cells (63, 64). The observed metastasis
suppression had no effect on tumor growth rate. Interestingly, in analogous
studies of human prostate cancer cell lines, transfer of these chromosomes
suppressed the cells’ tumorigenicity (69, 70). These findings could result from at
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least three alternative mechanisms. First, a given chromosomal region may
encode a number of different genes, one or more of which may be active as a
tumor-suppressor gene in human prostate cancer cells but be inactive or not
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expressed in rat prostate cancer cells. Second, genes may function as metastasis-
suppressor genes when expressed in rat prostate cancer cells but may be inactive
or not expressed in human prostate cancer cell lines. Third, gene(s) that lie in the



same chromosomal region may have different functions depending on the context
(i.e. cell type) in which they are expressed.

In the third scenario, the effect of the gene product may be limited or
determined by the recipient cells. We refer to this scenario as the "cellular hard-
wiring" hypothesis1. For example, human prostate cancer cell lines, compared to
Dunning rat prostatic cancer cell lines, are weakly metastatic in spontaneous
metastasis assays (62). These differences in their in vivo biologic activities could
be the result of genetic differences between the tumor cells, or they could result
from an epigenetic mechanism such as differential tumor–stromal interactions.
The nature of cellular interactions with the extracellular matrix can regulate
tissue-specific gene expression as cells form an elaborate three-dimensional
network composed of the nuclear, cytoskeletal, and extracellular matrices (27,
71). Thus, the differential effects of a given chromosome transferred into
different cell types can be the result of differential expression of the genes on the
chromosome as determined by the way a cell responds to its environment.

During the past decade, several human chromosomes have been
functionally tested through the use of MMCT, and metastasis-suppressor
activities have been reported on chromosomes 1, 6, 7, 8, 10, 11, 12, 16 and 17
(63, 64, 72-82) (Table 1). Such functional studies, combined with positional and
expression based gene cloning techniques, have enabled the identification of
KAI1, KISS-1, MKK4/SEK1 and BRMS1 as metastasis-suppressor genes.

1.4 Metastasis-Suppressor Genes

As discussed in the introduction, metastasis-suppressor genes suppress the
formation of spontaneous, macroscopic metastases without affecting the growth
rate of the primary tumor. To date, five genes, nm23/NME1 , KAI1, KISS1,
BRMS1, and MKK4/MAP2K4, have been shown to meet the criteria of a
metastasis-suppressor gene [Summarized in Table 2; (31, 32, 83-119)]. The role
of other genes, such as CD44 and maspin/PI5, in metastasis suppression is less
well defined (102, 120-131). The potential mechanism of action of all of these
genes has been inferred by analogy to other family members and observations in
model systems. How these genes, and their protein products, function to suppress
metastasis in vivo is the subject of enthusiastic study. Decreased expression of the
suppressor gene is the key parameter determining metastatic potential and may
occur by a variety of mechanisms, not necessarily loss of heterozygosity (32, 91).
To date, nm23/NME1 and KAI1 are the best-characterized metastasis-suppressor
genes.

In our work, the concept of cellular hardwiring refers to the work of Pienta and Coffey (71, 132).
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1.4.1 nm23/NME1

The prototypical metastasis-suppressor gene, nm23, was identified in the murine
K1735 melanoma using subtractive hybridization (a method to identity genes
differentially expressed between two cell lines), and six human homologs have
been identified (90). Loss of Nm23-Hl expression is associated with metastatic
potential in many, but not all, late-stage tumors (91). Transfection of nm23-H1
cDNA into highly metastatic murine melanoma, rat mammary adenocarcinoma,
and human breast cancer and melanoma cells reduces their invasiveness and
metastatic ability in vivo (91). In cancers, such as lung, colon, prostate, etc.
[reviewed in reference (87)], where no alterations in the expression pattern of
Nm23-H1 are evident, it is possible that the biologic function of Nm23-H1 does
not influence malignant progression in these cell types. Alternatively, its effects
may be inhibited by alternate mechanisms. The mechanism of action for
metastasis suppression by Nm23 still remains unknown; however, recent
evidence suggests that it is phosphorylated and may be involved in a novel
signaling pathway that, in turn, controls cell motility (84, 87).

1.4.2 KAI1

The localization of metastasis-suppressor activity to rat chromosome 2 in the cell
fusion experiments by Ichikawa et al. prompted the search for homologous
metastasis-suppressor genes for human prostate cancer. The first of such genes
identified was KAIL MMCT was used to transfer human chromosome 11 into
Dunning AT6.1 and AT3.1 rat prostate cancer cells, and the resulting microcell
hybrids were assayed for metastasis suppression in immunodeficient mice (81).
These studies led to the identification of the metastasis-suppressor gene KAI1,
which maps to I1p11.2-p13 (101). The metastasis-suppressor activity of KAI1
was subsequently demonstrated by transfecting it into AT6.1 cells and assaying
the metastatic ability of individual transfected control cell lines in severe
combined immunodeficient (SCID) mice (101). Recent reports suggest that
expression of KAI1 decreases both the invasiveness and motility of cells in vitro
(101, 110). Additional studies show that KAI1 transfectants exhibit enhanced

aggregation, indicating that KAI1 expression alters cell-cell
interactions (109). The metastasis-suppressor activity of KAI1 was subsequently
demonstrated by its transfection into AT6.1 cells and assaying the metastatic
ability of individual transfected control cell lines in severe combined
immunodeficient (SCID) mice (101). Lowered expression of KAI1 has also been
associated with progression in a wide variety of cancers including pancreatic,
hepatocellular, bladder, breast, and non-small cell lung cancers (31, 133-136), as
well as esophageal cell carcinomas (137) and squamous and lymphoid neoplasms
(138). These data suggest that KAI1 has a conserved metastasis-suppressor
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function. Further, these studies demonstrate that metastasis-suppressor genes can
be developed as clinical markers even before their biochemical mechanism of
action has been elucidated.
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2. EMERGING ROLE OF METASTASIS-SUPPRESSOR
GENES IN THE REGULATION OF METASTATIC
GROWTH

While it is tempting to speculate on the mechanism of action of genes listed in
Table 2, examination of how genes such as MKK4 or BRMS1 suppress metastasis
will require construction of appropriate biochemical constructs and identification
of in vitro conditions that will enable us to conduct meaningful biochemical and
molecular studies. As a first step to accomplishing this goal, our laboratories have
initiated studies designed to examine the step in the metastatic cascade inhibited
by a chromosome or gene of interest. As an example of these studies, we will
present recent work on the metastasis-suppressor activity encoded by
chromosomes 17 and 6. These studies have brought us closer to defining
mechanisms of metastasis suppression.

2.1 Chromosome 17 Mediates Suppression of Growth at the
Secondary Site

We have recently reported the identification of discontinuous portions of human
chromosome 17 and
qter) that together suppress the metastatic ability of AT6.1 Dunning rat prostatic
cancer cells when introduced via MMCT (63, 80). PCR and Southern blot
analyses demonstrated that three of the four markers on 17p13, including HIC1
and TP53, and 12 of the 13 markers in 17q21-23, including BRCA1 and the
metastasis-suppressor gene NME1 (nm23), were not retained in this region (63).
AT6.1 microcell hybrids containing this portion of chromosome 17 were tested in
vivo in spontaneous metastasis assays. Spontaneous metastasis is measured by the
ability of rumor cells to form a locally growing tumor at the site of injection and
disseminate to secondary sites thereafter.

At the experimental endpoint, the number of overt surface metastases
observed in the lungs from mice with AT6.1-17 tumors was reduced 15 to 30-fold
compared to lungs from mice bearing parental AT6.1 tumors (63). This suppression
could be due to the inhibition of any step within the metastatic cascade. We
reasoned that examination of the biology of metastasis suppression would provide
clues to the identity of genes responsible for suppression of metastatic growth. A
series of in vivo experiments were conducted and no evidence was found to
suggest that there is a decrease in the number and/or viability of tumor cells
colonizing the lung (80).
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Based upon these findings we hypothesized that a gene or genes encoded
by the suppressor region of chromosome 17 functions by inhibiting the growth of
metastases in the lung (139). To test this possibility, AT6.1-17 cells were
transduced with a reporter gene construct
and tested in spontaneous metastasis assays (2). At the experimental endpoint,
animals were sacrificed and the excised lungs were stained for
expression. This approach allowed the visualization of microscopic
surface metastases. Subcutaneous injection of AT6.1 parental cells resulted in the
formation of a mean number of 97 overt surface metastases (detected using
Bouin’s fixation) per lung (Fig. 3, A, left). As expected, the number of overt
macroscopic metastases after the subcutaneous injection of cells
was greatly reduced (Fig. 3, A, middle). In contrast, when lungs removed from
mice carrying tumors were stained for activity,
numerous blue-staining microscopic metastases were observed (Fig. 3, A, right).
Interestingly, the mean number of micrometastases (i.e. 62 ± 12
SE) detected by this method is on the same order of magnitude as the number of
macroscopic AT6.1 metastases (i.e. 97 ± 6 SE). These results demonstrate that
AT6.1-17 cells do escape from the primary tumor and arrive in the lungs, but do
not form large metastatic foci (139). Development of overt metastases was
associated with loss of the metastasis-suppressor region of chromosome 17 (139).

Because of the similarity between our findings to the angiostatin-mediated
dormancy reported by Holmgren et al. (140), we investigated the possibility that
AT6.1-17 primary tumors secrete a substance that suppresses the growth of its own
metastases (139). For this experiment, AT6.1-17 cells were injected
subcutaneously into the flanks of severe combined immunodeficient mice, which
were then divided into two experimental groups. Once the tumors reached a volume
of the tumors were surgically removed from the mice in the first group while
those in the second group were left intact, although a contralateral sham surgery was
performed. It was anticipated that if the AT6.1-17 primary tumor secreted a
substance like angiostatin, which suppresses the growth of its own metastases, then a
substantial increase in the number of overt metastases should develop in the lungs of
mice in which the primary rumors had been removed. However, after approximately
65 days post-injection, the animals were sacrificed and examination of the lungs
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from both groups showed no difference in the numbers of overt macrometastases
(139). Thus, these studies found no evidence for an antiangiogenic mechanism in
this model.

Taken together, our data suggested that AT6.1-17 cells escape from the
primary tumor but are growth inhibited at the secondary site (139). If this is an
early event, we predicted that viable, disseminated AT6.1 and AT6.1-17 cells
should be present in the lung at very early time points. We found that viable cells
could be harvested from the lungs of both AT6.1- and AT6.1-17-tumor bearers as
early as 18 days post-injection (Figure 3, Panel B). Our preliminary time-course
data show that AT6.1-17 cells disseminate and lodge in the lungs, but have an
extended latency period as compared to AT6.1 parental cells.

2.2 Chromosome 6

Based on the high incidence of chromosome 6 abnormalities in late-stage human
melanoma (143), we introduced an intact chromosome 6 into the highly
metastatic C8161 human melanoma cells by MMCT. Parental cells formed
tumors in every mouse injected intradermally with and more than
90% of the mice developed regional lymph node and lung metastases. In contrast,
chromosome 6-C8161 hybrids (neo6/C8161) were still tumorigenic but
completely suppressed for metastasis (141). Intravenous injection of neo6/C8161
cells also did not produce metastases. In a recent study, introduction of a version
of a chromosome 6 with deletions on the long arm allowed refinement of the
metastasis-suppressor locus to a 40 Mb region represented by chromosomal bands
6ql6.3-q23 (142).

The mechanism of action for the metastasis-suppressor protein from the
gene on chromosome 6 was studied using a variety of in vitro and in vivo
techniques. The neo6/C8161 cells were still locally invasive and cells were even
detected in efferent vessels. This finding implied that the step(s) in the metastatic
cascade inhibited by introduction of chromosome 6 occurred subsequent to
intravasation. The identity of those steps was not further elucidated using in vitro
assays mimicking adhesion, invasion, motility, or growth. No important
differences between the metastatic and nonmetastatic cells were observed using
the many in vitro assays (72, 73, 141, 143).

To better define the step(s) in metastasis blocked by addition of
chromosome 6, cells that constitutively express green fluorescent protein (GFP)
were engineered. GFP-tagged C8161 and neo6/C8161 cells were injected
intravenously into athymic mice. C8161, as expected, formed overt metastases,
but neo6/C8161 cells did not. Microscopic metastases (single cells or clusters of
<10 cells) were observed in the lungs following neo6/C8161 cell injection,
suggesting that these cells lodged in the lungs but failed to proliferate (144). To
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determine whether the fluorescing cells were viable, they were isolated from lung
up to 60 days post-injection and grown in culture. Upon injection into the skin of
athymic mice, the neo6/C8161 cells isolated from the lung grew at rates similar to
previously injected neo6/C8161 cells. This result implies that the gene or genes
on chromosome 6 interfere specifically with growth regulatory responses in the
lung, but not in the skin.

3. FROM GENE DISCOVERY TO CLINICAL UTILITY

This chapter has focused on the identification and development of metastasis-
suppressor genes as new additions to our molecular armamentarium. As
translational researchers, our immediate goals are: (1) to improve the ability of
the pathologist to distinguish unambiguously malignant from indolent lesions and
(2) to help the clinician differentiate tumors that are highly likely to metastasize
from those that are not. The practical question, therefore, is how can we use these
genes, or the pathways that they regulate, to improve patient management? When
the search for metastasis-suppressor genes was initiated in the late 1980s, the
major challenge was the identification of candidate genes. Recently, however,
there has been an explosion in the genetic information that is instantly available.
Furthermore, due to the efforts of independent laboratories and cooperative
efforts, such as the Cancer Genome Anatomy Project of the NCI, cancer
transcriptomes and proteomes will soon be available (145, 146). New
technologies will continue to increase our ability to dissect molecular pathways in
individual cells within human cancers. While this wealth of information will no
doubt be of use, work from the groups of Bissell, Cunha, and Chung has clearly
demonstrated that tissue structure determines, or at least greatly influences, gene
expression and function (147-154). Thus, it may be extremely difficult to predict
the importance of genes expressed in individual microdissected cancer cells to the
biology of the intact tumor, the behavior of which is determined by complex
interactions among a population of cells. The present challenge is to identify the
genes that are functionally important in the acquisition of metastatic ability.
Achieving this goal will require the use of well-characterized, in vivo (animal)
models coupled with clinical correlative studies. It must be emphasized that in
vitro models do not accurately reflect in vivo metastasis (155). Indeed, none of the
metastasis-suppressor genes described herein could have been identified using
traditional in vitro assays. Given the inherent variability and nonlinear behaviors
of biologic systems, it is probable that no one model will prove adequate to
separate out the contributions of the multiplicity of genes involved in the
development of metastases. Thus, it is more advantageous to focus studies on a
particular model and tease out important cellular pathways modulated by a
particular gene of interest in that model, and then to test and verify the
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importance of the target pathway in clinical disease, as well as, in additional
model systems.

Technological advances are enabling us to examine the metastatic process
and the genes that regulate it in new ways. This ability has led us to reevaluate
fundamental concepts concerning the determinants of metastatic propensity. In
the past, the escape of cells from the primary site was viewed as the rate-limiting
step for the development of metastases. The clinical implication was that
disseminated cancer cells were destined to grow into lethal metastases, thus they
were not a target for therapeutic intervention (18). Findings from clinical studies
and basic research from several independent laboratories have shown that
survival and subsequent growth of extravasated cancer cells at the secondary site
may determine metastatic efficacy. These observations are driving our
laboratories and others to reconsider the role of endothelial cell–tumor cell
interactions in survival, signaling, and growth control cascades in order to
develop new strategies for controlling the growth of disseminated cancer cells
(39, 45, 156).

As metastasis researchers, we find ourselves in the midst of a revolution. In
preparing this chapter, we considered the parallels between recent developments
in our field and the development of the field of molecular biology. Much of early
molecular biology was pursued by individuals who were not trained as biologists,
but as physicists, such as Max Delbrück (157). We are respectful of the
observations of Erwin Schrödinger, the father of statistical mechanics, who
observed that, “all of the physical and chemical laws that are known to play an
important part in the life of organisms are of the statistical kind. The behavior of
such systems depends entirely on a large number of molecules that cooperate to
form the observed function or phenotype (158).” Although this comment was
made in regard to normal biologic processes, it is equally applicable to the
multiple genetic changes that are required for the acquisition of metastatic ability.
Metastasis is a complex, multigenic phenotype. As such, multiple markers will be
needed for the accurate assessment of the metastatic ability of tumors and tumor
cells. This need is highlighted by the tremendous impact of seemingly trivial
experimental manipulations on the outcome of metastasis assays (155). Recently,
parallels have been drawn between the behavior of cancer cells and complex
adaptive systems (159, 160). As such, very small changes in initial conditions
may produce an outcome of such great diversity as to appear random (159).
Ultimately, we believe that, in order to translate our molecular findings into
meaningful markers, we will have to go beyond our traditional areas of expertise
and work with mathematicians, computational biologists and others to take this
revolution from bench to bedside.
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Chapter 2

THE ROLES OF MAP KINASES IN CONTROLLING
CANCER METASTASIS

Alessandro Alessandrini

Medical Services, Massachusetts General Hospital, Department of Medicine,
Harvard Medical School

INTRODUCTION

MEK (Map/Erk Kinase) family members are key components in an intracellular
signaling pathway called the ERK (Extracellular-signal Regulated Kinases)/MAP
kinase pathway, implicated in the transition of cells from Go to G1 in the cell
cycle (1-3). Members of this kinase cascade are highly conserved between species
from yeast to mammals (3). In addition, proteins with sequence similarity to
ERK/MAP kinases and MEK participate in other cellular signaling pathways; for
instance those responding to stresses such as osmotic shock and UV-induced
DNA (4). The MAP/Erk kinase cascade is activated following stimulation of a
wide variety of cell types with growth factors, hormones, or mitogens. The
binding of these various ligands to the appropriate cell surface receptor results in
receptor activation, which in turn leads to GTP binding of Ras complexed to
members of the Raf family of serine/threonine kinases. Raf family members then
activate the kinases MEK1 and MEK2 by phosphorylating them on serines 218
and 222 for MEK1, or 222 and 226 in the case of MEK2. MEKs, as dual
specificity kinases, subsequently activate their downstream targets, ERK-1 and
ERK-2, by phosphorylating them on threonine and tyrosine. ERKs then
phosphorylate both cytoplasmic substrates and nuclear transcription factors,
which, thus modified, contribute to the early response of the cell after stimulation.
Although there are seven known members of the MEK family of kinases at
present, only two of them, MEK1 and MEK2, have been shown to play a role in
the ERK/MAP kinase pathway (4-10).

“Stress response protein kinases” (reviewed in (11, 12)), are only
minimally activated by growth factors but are markedly activated by genotoxic
stress, osmolar stress, and inflammatory cytokines (TNF and IL-1). The stress
response MAP kinases, however, are also activated by agonists with
heterotrimeric G protein-coupled receptors, including Ang II, ET-1, and a-
adrenergic agents, which play important roles in hypertension, hypertrophy, and
diabetic nephropathy. In addition, they are activated by cell stretch and shear
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stress. One family, which has 54 and 48 kDa isoforms encoded by at least three
genes, has been designated either stress activated protein kinases (SAPKs), since
they are activated by cellular stress, or c-Jun N-terminal kinases (JNKs), based on
the ability of the kinases to phosphorylate the amino terminus of c-Jun (11, 13,
14). The other stress kinase family includes p38a, the mammalian homolog of
HOG-1, a yeast kinase involved in the response to osmolar stress, and three
related kinases, p38B, p38g, and p38d. Like ERK1/2, the SAPKs and p38 are
proline directed and require phosphorylation on both tyrosine and threonine
residues for activation (15). Unlike the TEY motif of the ERKs, the SAPKs
contain a TPY motif and p38 a TOY motif within kinase subdomain VIII which,
when phosphorylated, activates the kinases. Overall, there is 40-50% identity in
the catalytic domains when comparing the ERKs, SAPKs, and p38 (16).

1. THE MAP KINASE PATHWAYS

Growth factors, such as platelet derived growth factor (PDGF), epidermal derived
growth factor (EGF), fibroblast growth factor (FGF), insulin, insulin-like growth
factor-1 (IGF-1), colony stimulating factor-1 (CSF-1), nerve growth factor
(NGF), etc., as well as cellular stresses, have been shown to activate signal
transduction pathways, such as the MAP kinase pathways. These growth factors
may play an important role in cell growth and differentiation. This chapter will
specifically deal with the role that MAP kinases play in metastasis.

1.1 The MEK/ERK Pathway (Figure 1)

The MAP/ERK kinase cascade is activated following stimulation of a wide
variety of cell types with growth factors, hormones, or mitogens. The binding of
these various ligands to the appropriate cell surface receptor results in receptor
activation, which in turn leads to GTP binding of Ras complexed to members of
the Raf family of serine/threonine kinases. Translocation of Raf-1 to the plasma
membrane by Ras is necessary for the activation of Raf-1 (17, 18). However, co-
incubation of purified GTP-loaded Ras with c-Raf-1 fails to fully activate the
latter, suggesting that a membrane-localized co-factor may be necessary.
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The most likely candidates are the 14-3-3 proteins (19, 20). 14-3-3 proteins
interact promiscuously with many different proteins, and the ß isoform of 14-3-3
associates with the N-terminal regulatory domain of c-Raf-1(21). Each 14-3-3
molecule can bind two c-Raf-1 molecules (reviewed in (22)). The 14-3-3 protein
appears to allow c-Raf-1 molecules to interact more effectively when they are
brought to the cell membrane by GTP-bound Ras. Oligomerization of c-Raf-1 is
critical for activation of c-Raf-1 kinase activity (22). Raf family members activate
the kinases MEK1 and MEK2 by phosphorylating them on serines 218 and 222
for MEK1, or 222 and 226 in the case of MEK2. MEKs, as dual specificity
kinases, subsequently activate their downstream targets, ERK-1 and ERK-2, by
phosphorylating them on threonine and tyrosine. MEK1 and MEK2 are
approximately 90% similar and 80% identical; the differences in these proteins
being mainly in the amino-terminal region outside the kinase domain, and in a
proline-rich region between conserved kinase domains IX and X (5, 9, 10). These
differences between MEK1 and MEK2 may contribute to differences in
interactions and specificity.

The respective contributions of MEK1 versus MEK2 in the ERK/MAP
kinase pathway are currently not well defined. Recently, it has been shown that
MEK2 is more highly expressed during mouse embryogenesis than MEK1,
suggesting that the former may play a key role in development (23). However,
relative MEK specificities towards these two known substrates in in vivo systems
have not yet been rigorously examined. Differential activation of MEK1 and
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MEK2 by various Raf family members in HELA cells has been described by Wu
et al., who find that MEK1 is activated in vitro by A-Raf, as well as Raf-1 and B-
Raf; this is in contrast to MEK2, which is only phosphorylated by Raf-1 and B-
Raf (24). Jelinek et al. reported that immobilized Ras-Raf-1 and Ras-B-Raf
complexes bind MEK1 but not MEK2 (25). However, later studies indicated that
both MEK1 and MEK2 interacted with Ras-bound Raf-1 through the proline-rich
region in the kinase domain (26).

Another point that remains unclear is whether various external stimuli
preferentially lead to activation of MEK1 versus MEK2 in cell lines and in tissue,
or whether their functions are largely redundant. Stimulation of NIH3T3, Rat1,
and PC12 cells with TPA, EGF, NGF, FGF, and PDGF failed to show a
differential response between MEK1 and MEK2, suggesting that in some cell
types, the functions of these two family members may be redundant. However,
Downey et al. have reported that MEK2 is more active than MEK1 after
stimulation of neutrophils with chemotactic peptides and is sensitive to the PI-3
kinase inhibitor, wortmannin (27). Interestingly, this inhibitor along with LY
294002, another PI-3 kinase inhibitor, have also been shown to inhibit the
activation of proto-oncogene protein kinase B (PKB), also known as Akt/RAC.
This family consists of Ser/Thr kinases that have been also been shown to
respond to various growth factors. In addition, this pathway has been shown to be
an anti-apoptotic pathway by phosphorylating Bad, resulting in the activation of
Bcl2.

As mentioned previously, the activation of MEK1 and MEK2, leads to the
phosphorylation and activation of the ERK/MAP kinases. ERKs then
phosphorylate both cytoplasmic substrates, such as other kinases, and nuclear
transcription factors, on specific amino acid sequences – (P/L)X(S/T)P. When
modified, these proteins contribute to the early response of the cell after
stimulation.

ERKs activate the p90 ribosomal S6 kinases, RSK1, RSK2 and RSK3, so
named because their first identified substrate was the ribosomal S6 protein,
although it has been shown that it is not an in vivo substrate. RSKs translocate
into the nucleus and can also phosphorylate transcription factors (28, 29). RSK2
has been shown to play an important role in immediate early gene induction and
mitogenesis by phosphorylating the transcription factor, CREB or cAMP
response element binding protein at Ser133, resulting in the increase expression
of c-fos in response to some growth factors (30).

Two additional ERK substrates have been identified and named MAP
kinase-interacting serine/threonine kinase 1 and 2 (Mnk 1 and Mnk2) (31, 32).
Mnk1 phosphorylates eukaryotic initiation factor-4E (eIF-4E) at Ser 209. eIF-4E
is a translation initiation factor which binds the 7-methyl-guanosine cap on all
eukaryotic mRNAs. This protein plays an important role in the regulation of
translation in mammalian cells (33).

ERK proteins translocate to the nucleus upon activation in response to
growth factors (34, 35). ERKs phosphorylate and activate a critical family of
transcription factors, the ternary complex factors or TCFs (3, 36, 37). Elk-1 is a
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ternary complex factor that when phosphorylated, forms a complex with SRF
(serum response factor). This complex binds to the promoter of a number of
genes including c-fos that contain the serum response element or SRE (38). These
activated transcription factors play critical roles in the induction of immediate
early genes and in the mitogenic response.

Expression of the D-type cyclins, the regulatory (activating) subunits for
the cyclin-dependent kinase 4 and 6 (cdk4 and cdk6) catalytic subunits, increases
in response to growth factor stimulation (reviewed in (39)). Expression of
dominant negative mutants of MEK-1 or ERK-1, or expression of the MAP
kinase phosphatase, MKP-1, which dephosphorylates and inactivates the ERKs,
inhibited growth factor-dependent expression of cyclin D1 (40-42). Activation of
the MEK/ERK pathway also correlates with increased expression of cyclin E (the
regulatory subunit of cdk2 which also promotes S phase progression) and
decreased expression of the cyclin-dependent kinase inhibitor (CKI)
(43). These data suggest the Raf/ERK cascade may interact at multiple sites to
promote cell cycle progression. Recently, it has also been shown that
constirutively active MEK1 and oncogenic cRafl result in the upregulation of the
tumor suppressor genes, p53, p16(INK4) and p21(Cipl), in normal human
fibroblasts, resulting in cell cycle arrest and senescence (44, 45).
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1.2 The Stress-response Protein Kinases – The SAPKs/JNKs
and p38 MAP Kinases (Figure 2)

The signaling cascades resulting in SAPK/JNK and p38 activation have direct
parallels with the ERK cascade, but the cascades are relatively insulated from one
another since the MEKs that activate one MAPK are much less effective at
activating the others (Figure 12). Although there may be some activation of
ERK1 or p38 by SEK1 (also known as MKK4, one of the MEKs upstream of the
SAPKs) in cells overexpressing SEK1, at more physiologic levels of expression,
there appears to be minimal cross-talk (46, 47). Additional evidence for the
specificity of SEK1/MKK4 is the observation that a dominant negative construct
of SEK1 blocks SAPK activation but does not alter agonist-induced ERK
activation (46). Similarly, MKK7 is a specific activator of the SAPKs, and
MKK3 and MKK6 are specific activators of p38.

Upstream of SEK1/MKK4 is MEKK1 (48). Although originally named
because of its ability to activate MEK1, MEKK1 is a much more specific
activator of SEK1/MKK4 than it is of MEK1 (49). MEKK1 is not the only
activator of SEK1/MKK4 and the SAPK cascade. Multiple protein kinases from
different families are capable of activating SEK1/MKK4 and thus function as
MEKKs (11, 14). This diversity of upstream activators likely reflects the
incredible diversity of stimuli that converge at activation of the SAPKs. MEKKs
in the p38 cascade have not been clearly identified.



The signaling components upstream of the MEKK level are also likely to
be quite different, depending on the stimulus (e.g. osmolar stress vs inflammatory
cytokines). However, for many stimuli, one family of kinases highly conserved
throughout evolution is likely to play a critical role. These kinases are from the
Sterile20 (Ste20) family (so named because yeast with mutations in the STE20
gene do not mate normally in response to pheromone). Several Ste20s are capable
of activating the SAPK cascade (50, 51). One of these kinases, Germinal center
(GC) kinase, is a member of a growing subfamily of Ste20-like kinases, many of
which activate the SAPKs. Although the physiologic role of most of these kinases
is not known since activators have not been identified, GCK clearly plays a role
in SAPK activation by TNFa and possibly other inflammatory cytokines (51).
The other subfamily of Ste20-like kinases is the p21 activated kinase (PAK1)
family. PAK1 is regulated by small G proteins of the Rho superfamily, Racl and
Cdc42Hs.

Like the ERKs, following phosphorylation and activation, the SAPKs and
p38 translocate to the nucleus where they phosphorylate and activate several
transcription factors which play important roles in the response of the kidney to
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vasoactive peptides and cellular stresses such as ischemia (Figure 12 and
reviewed in (52)). One of these transcription factors is c-Jun. The SAPKs
phosphorylate c-Jun on Ser 63 and Ser 73, two residues within the transcriptional
activation domain, and this enhances transactivating activity of c-Jun (53). The
SAPKs also phosphorylate the transcription factor ATF-2 (activating
transcription factor-2). Like c-Jun, ATF-2 contains an N-terminal transcriptional
activation domain, and phosphorylation by the SAPKs (or p38) at Thr 69 and 71
within this domain enhances the transcriptional activating activity of ATF-2(54).
ATF-2 can form homodimers, or heterodimers with other members of its family,
ATF-3 and CREB, or with c-Jun or NF-kB, suggesting it may play a role in the
activation of transcription from many promoters. For example, a c-Jun/ATF-2
dimer appears to control induction of the c-jun gene in response to cellular
stresses, and it is likely that the SAPKs transduce this signal by phosphorylating
both transcription factors.

p38 also plays a role in stress-induced c-Jun regulation since it
phosphorylates and activates another transcription factor, MEF2C, which binds to
AT-rich sequences in the promoter of the c-jun gene and enhances the
transcription of c-jun. Once c-Jun protein has been synthesized, the SAPKs
activate its transcriptional activating activity (55).

Like the ERKs, the SAPKs and p38 phosphorylate the ternary complex
factor, Elk-1, within the C-terminal activation domain which enhances ternary
complex formation, DNA binding, and transcriptional activating activity of Elk-1
(56). Since all three MAP kinases activate Elk-1, and since ternary complex
formation at the SRE of the c-fos promoter controls, at least in part, c-fos
induction, it is not surprising that c-fos is induced in response to a very wide
variety of stimuli.

Although the SAPKs and p38s share many substrates, their substrate
specificity is not identical since c-Jun is a SAPK (but not p38) target and the
transcription factors SAP-1 (57) and CHOP (58), a transcription factor involved
in genotoxic stress-induced G1 arrest, are p38 (but not SAPK) targets. p38 also
phosphorylates and activates MAPKAP kinase (mitogen-activated protein kinase
activated protein kinase)-2 and -3. Like the ERKs, which control activation of
CREB via activation of the protein kinase, RSK2, the p38 pathway may control
activation of CREB via MAPKAP kinase-2 (59). MAPKAP kinase-2
phosphorylates CREB at Ser133, increasing transcriptional activating activity of
CREB (59). CREB is phosphorylated on Serl33 following cellular stress. Since
the p38 inhibitor, SB203580, markedly inhibits CREB phosphorylation and
activation by cellular stress(59), it is likely that this is mediated via activation of
p38 and its target, MAPKAP kinase-2.

p38 has other substrates with roles in signal transduction and the response
to stress, and identification of physiological roles of p38 has been greatly aided
by the availability of what appears to be relatively specific inhibitors, SB203580
and related compounds. Studies employing this agent have identified an
important role for p38 in the aggregation of platelets in response to certain
agonists since pretreatment of platelets with SB203580 inhibits aggregation (60,
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61). This has been postulated to be related to phosphorylation by p38 of a critical
residue (Ser 505) of cytosolic phospholipase A2 (cPLA2), a residue that is also
phosphorylated by the ERKs (61). Phosphorylation of this residue increases the
activity of releasing arachidonic acid, the precursor of thromboxane A2,
a potent vasoconstrictor and pro-aggregatory eicosanoid.

2. THE MAP KINASES AS PROMOTERS OR
SUPPRESSORS OF METASTASIS

As described above, mammalian cells express at least three families of MAP
kinases – ERKs, SAPKs, and p38 MAP kinases. The molecular basis for cancer
metastasis has not been fully elucidated. Previous studies have demonstrated that
introduction of oncogenic forms of the ras oncogene confer both tumorigenic and
metastatic potentials upon NIH3T3 cells. These results implicated events
downstream in the regulation of metastasis. The current study was to identify key
downstream components contributing to tumorigenicity and metastasis.

2.1 The MEK/ERK Pathway and Metastasis

Constitutively active variants of MEK1, a downstream component of the
ras/MAPK pathway, have previously been shown to lead to cellular
transformation (62-65). Previously, we showed that growth on soft agar did not
correlate with ERK activity (62-65). Webb et al. used ras-transfectants to show
that tumorigenicity occurred through both Raf-dependent and independent
pathways. They observed that metastatic potential correlated with variants wthat
were able to activate ERK1 activity (66). After 7-9 weeks following injected into
mice, some of the ras-transfectants (that were originally nonmetastatic) formed
lung colonies. This implies that some selection may have occurred and the
authors suggest that increased expression of the Met receptor tyrosine kinase is
responsible, though only a modest increase in ERK1/2 activity was observed in
these metastatic variants. HGF, the ligand of the Met receptor, can induce both
the MEK1 and PI3K pathways, leaving the possibility that the pathway
responsible for acquisition of metastasis in these cells is MEK1 and/or PI3K
dependent. In fact, we observed that in MEK1 transformants, metastatic potential
appeared independent of ERK1/2 activity (67). While we are in agreement with
Webb et al. concerning tumorigenicity and how the process may be ERK1/2-
independent, we have contrasting results regarding metastatic potential and
ERK1/2 activity. This discrepancy may be due to the fact that we specifically
analyzed MEK1 transformants and not ras-transformants. It is possible that
MEK1 induced transformation may occur through a pathway that is distinct from
that of ras-transformation and may not necessarily require ERK1/2 activity to
maintain transformation.

The mechanism by which MEK1 transformation confers metastasis is not
known. One possibility may lie with MMP2, MMP9, and cathepsin L secretion.
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We have shown that MEK1 transformants show an increase in MMP2 and MMP9
activities (67), two matrix metalloproteinases that have been implicated in
metastasis (68-73). We also observed an increase in the expression of cathepsin L
(67), which also has been correlated with metastatic potential in ras-transformed
cells (74, 75). One way that cathepsin L may lead to an increase in metastatic
potential is by allowing the transformed cells to evade the, immune response by
cleavage of the third component of complement (76). Another possibility may be
the contribution of cyclooxygenase-2, COX-2, an enzyme that has been
implicated in metastasis (77). We have recently observed an increase in COX-2
levels in MEK1-transformants (unpublished data, Sapirstein, Welch, and
Alessandrini).

Analysis of 82 primary and metastatic prostate tumour specimens has
revealed an association of increase ERK1/2 activities with advanced tumour grade
and stage (78). The androgen-independent, fast growing human prostate cancer
cell line, DU145, which serves as a model for advanced prostatic carcinoma, also
exhibits constitutively active ERK2 activity. In addition, the androgen-insensitive,
metastatic tumours exhibit low levels of E-cadherin, a cell
adhesion molecule (79-81). Reintroduction of E-cadherin into prostate cancer
cells that exhibit metastasis resulted in the attenuation of metastatic potential, in
part by down regulating MMP2 activity (82). The MEK1/ERK pathway appears
to play a role in the regulation of E-cadherin expression. Ras-transformation of
MDCK renal epithelial cells, resulted in a change to a more fibroblastic
phenotype, with a reduction in cell-cell adhesion due to a decrease in E-cadherin
levels. Treatment of these cells with the MEK1 inhibitor, PD98059, reversed the
cells to an epithelial phenotype, with reexpression of E-cadherin and increased
cell-cell adhesion (83). From this it was concluded that activation of the
MEK1/ERK pathway can regulate E-cadherin levels.

Ksr (kinase suppressor of Ras) was originally identified as a regulator of
the Ras/MEK1/ERK pathway. Denouel et al. have shown that Ksr to interact with
components of the MAP kinase pathway (84). Using the yeast two-hybrid system,
they showed that Ksr-1 did not bind to Ras, B-Raf or Raf-1, but interacted
strongly with both MEK-1 and MEK-2. This was further confirmed by co-
immunoprecipitation experiments. The ability of Ksr to block MEK in an inactive
form resulted in reduced Ras-induced transformation. Whether Ksr is able to
inhibit MEK1-induced metastasis is yet to be determined, but the possibility is
intriguing.
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2.2 The SAPKs and p38 MAP Kinase and Metastasis

While the SAPKs and P38 MAP kinases have been implicated in the induction of
apoptosis, recently it has been shown that p38a MAP kinase may play a role in
the transcriptional activation of the urokinase plasminogen activator (uPA) and
the urokinase-specific cell surface receptor (uPAR) in breast cancer cells (85).
uPA is a serine protease that when bound to its receptor, uPAR, results in the



cleavage and activation of MMPs, and has been implicated in the invasion
process (86-88). The p38 MAP Kinase pathway has also been shown to play a
role in the induction of several other proteases. p38 MAPK can mediate MMP-1
expression in fibroblasts in response to okadaic acid and EMMPRIN
(extracellular matrix metalloproteinase inducer) treatments (89, 90). Addition of
the p38 MAPK inhibitor, SB203580, to squamous carcinoma cells of head and
neck, resulted in the inhibition of PMA-induced MMP9 expression (91).

Recently, Janulis et al. have suggested that a switch in protease expression
during cellular invasion occurs through the regulation of SAPK, allowing for the
invading cells to evade protease inhibitors of one class by switching to the
expression of another class of proteases, in particular, a switch between uPA and
cathepsin L (92).

But while the possible involvement of the SAPKs and p38 MAP kinase in
the induction of various proteases involved in cellular invasion, it has been
suggested that MKK4/SEK1, the upstream activator of SAPKs, may function as a
metastasis suppressor in certain cell types (93, 94). How can this be explained? It
is possible that the suppression of metastasis by MKK4 is cell type specific, as
the authors suggest. It is also possible that while MKK4 acts as a suppressor,
MKK7, the other upstream activator of SAPKs, may play a greater role in cellular
invasion.

3. CONCLUDING REMARKS

The MAP kinases have been implicated in cell growth and differentiation.
Dysregulation of these pathways results in the increased incidence of
tumorgenicity and metastasis. The mechanisms by which these pathways lead to
cancer have yet to be elucidated. Recently, Taguchi et al. have shown that
blocking the interaction of the receptor for advanced glycation end products
(RAGE) and its ligand, amphoterin by various strategies, such as the
administration of the soluble, extracellular region of RAGE, resulted in the
reduction of tumour volume and metastases in mice (95). interestingly, the
inhibition of RAGE-amphoterin interaction resulted in decreased ERK1/2, SAPK,
and p38 MAP kinase activities, and reduced expression of MMP-2 and MMP-9
(95).
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INTRODUCTION

Several genes have been identified as metastasis-associated genes (1, 2). It has
been reported that at least the following genes are associated with progression or
metastasis of carcinoma cells: mstl, nm23, WDNM1, WDNM2, pGM21,
stromelysin-3, KAI-1, BRMS1, KiSS1 and MKK4 genes (3-10). Although for the
most part direct evidence for the roles of these specific genes and their encoded
products in particular steps of the metastatic process is not available, these genes
are generally over-expressed or under-expressed in metastatic cells compared to
their nonmetastatic counterparts.

Previously we cloned a novel candidate metastasis-associated gene, mtal
(11, 12), which was isolated by differential cDNA library screening using the
13762NF rat mammary adenocarcinoma metastatic system (13). We found that
mtal mRNA was differentially expressed in highly metastatic rat mammary
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adenocarcinoma cell lines (11-13); however, the function of the mtal gene
product was unknown. We have now cloned the human homologue MTA1 gene,
characterized this gene and investigated the putative function of its encoded
product (14, 15).

Recently, two groups reported that nucleosome remodeling histone
deacetylase complex (NuRD complex), which is involved in chromatin
remodeling, contains MTA1 protein or a MTA1-related protein (MTA2) (16, 17).
Thus a possible function for the MTA1 protein has been reported; however, the
exact role of the MTA1 protein in tumor progression and metastasis must still be
determined. Here we will discuss the structure and possible function of the MTA1
gene and its encoded product

SEQUENCE ANALYSIS OF MTA1 GENE

The nucleotide sequence of the human MTA1 gene (accession number U35113)
was 88% identical to the rat mtal sequence. The human MTA1 gene encoded a
putative protein of 715 amino acid residues with a predicted molecular weight of
~82 kDa. The amino acid sequences of the rat and human proteins were 96%
identical and 98% similar (Figure 1) (11, 12). Similar to the rat Mtal protein, the
human MTA1 protein contained a proline-rich stretch (LPPRPPPPAP) at the
carboxy-terminal end of the molecule at residues 696-705. This sequence
completely matched the consensus sequence for the src homology 3 domain-
binding site, XPXXPPPFXP (18) or XpFPpXP (19) (where X stands for
nonconserved residues, P for proline, p for residues that tend to proline, and F for
hydrophobic residues) (Figure 2) (15).

Recently our attention has turned toward possible DNA binding and
nuclear transcription factors. In this analysis of the human MTA1 protein, we also
found a putative zinc finger DNA binding motif Cys-X2-Cys-X17-Cys-X2-Cys
(20) beginning at residues 393, and a leucine zipper motif (21) beginning at
residue 251. These sequences were also conserved in the rat Mtal protein (Figure
1). The human MTA1 protein was rich in SPXX motifs, and these are known to
occur frequently in gene regulatory and DNA-binding proteins (22). The human
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MTA1

protein contained five SPXX sequences (Figure 1), corresponding to frequencies
of which is ~2.5 times the average protein frequency
Furthermore, the MTA1 protein encoded three putative nuclear localization
sequences (using the PSORT prediction software) (Figure 1) (11, 12, 14). We
have also found a SANT domain in MTA1, and this type of domain was recently
reported to be similar to the DNA-binding domain of myb-related proteins. A
SANT domain has been identified in SWT3, a yeast component of the SWT/SNF
complex (24), along with ADA2, a component of the histone deacetylase
complex (25), N-CoR, a nuclear hormone co-repressor (26), and TFIIIB subunit
B, a basal pol III transcription factor in yeast (27). The SANT domain has also
been referred to as the MFY domain since it has many aromatic amino acid
residues (16).

Finally, there are two highly acidic regions located in the 200 MTA1
amino-terminal residues. These highly negatively charged regions are
characteristic of the acidic activation domains of many transcription factors (28).

To assess the extent of evolutionary conservation of the MTA1 gene we
analyzed genomic DNA of several species by Southern blot analysis. Strong
genomic signals were detected in monkey and yeast, moderate signals in human,
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rat, mouse, dog, cow and rabbit, and weak signals were detected in chicken (11).
Thus the MTA1 gene was conserved in all species examined.

EXPRESSION OF MTA1 GENE IN HUMAN CELL LINES

Previously we found that the rat mtal gene was over-expressed in highly
metastatic rat mammary carcinoma cells compared to poorly metastatic or
nonmetastatic rat mammary cells (11-13). To determine the expression of the
human MTA1 gene in non-tumorigenic and tumorigenic cells, we examined 14
cell lines of human origin. Transcripts for the MTA1 gene were found in virtually
all cell lines analyzed (15). Interestingly, human breast cancer MDA-MB-231
cells of high metastatic potential strongly expressed the MTA1 gene, whereas
MDA-MB-435 cells of poor metastatic potential (29) expressed the MTAl gene at
very low levels (11, 12). The expression level of the MTAl gene in a normal
breast epithelial cell line (Hs578Bst) with slow growth rate was from one-third to
one-half that seen in breast adenocarcinoma cells and atypical breast cells (HBL-
100) with a rapid growth rate (15). The relative expression (normalized with
respect to GADPH expression) of the MTA1 gene in various human cell lines
from highest to lowest was as follows: MDA-MB-231, HeLa > SKOV-3, ZR-75-
1, HBL-100, A2058 > OVCA-433, OVCA-432, Ovcar-3, HT-29, KM-12C,
Hs578Bst > MBA-MD-435, OVCA-429 (15). Thus the MTA1 gene was
expressed at various levels among different cell lines. Although the expression of
the MTA1 gene in animal and human cell lines generally followed metastatic
potential, there were some exceptions to this that may reflect differences in the
cells or alterations during cell culture (15).

Expression of MTAl Gene in Human Tumors

The expression of the MTA1 gene was examined in tumor biopsy specimens
obtained from various epithelial cancers. We initially focused our attention on
breast cancers because preliminary results suggested over-expression of the
MTA1 gene in malignant breast carcinomas compared to surrounding normal
tissues. The majority of 20 invasive breast carcinomas over-expressed MTA1
gene (tumor/normal ratio >2) compared to surrounding normal tissue. Similarly,
MTA1 gene was over-expressed in malignant gastric and esophageal carcinomas
(30, 31). In 14/36 colorectal carcinomas and 13/34 gastric carcinomas the MTA1
gene was over-expressed (tumor/normal ratio >2). Tumors that over-expressed
MTA1 RNA showed significantly higher rates of invasion and lymph node
metastasis and tended to have higher rates of vascular involvement.
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Localization of MTA1 Protein in Breast Cancer Cells

Using indirect immunofluorescence we found that the MTA1 protein
accumulated in the nucleus of breast cancer cells (14). This nuclear
immunoreactivity was present in many large, intense foci that were not detected
near the nuclear membrane. However, using the anti-MTAl reagent the nucleolus
region was negative for fluorescence (14).

ANTISENSE MTA1 GENE AND CELL GROWTH

To directly demonstrate a role for the MTA1 gene in breast cancer cells we used
the technique of antisense inhibition of MTA1 gene expression. Although this
procedure is not without its limitations (32), we employed phosphorothioate
oligonucleotides (PONs) as antisense oligodeoxynucleotides with prolonged
lifetime (33, 34). Human breast cancer MDA-MB-231 and MDA-MB-435 cells
were treated with PONs for 4 hours, after which their proliferation was monitored
for several days (35). Antisense PONs markedly inhibited the cell growth of
MDA-MB-231 cells to 22% of mock-treated cells and to 28% of sense PONs
treated cells at 72 hours, respectively (Figure 3A). In contrast, antisense PONs
did not affect the growth of the nonmetastatic MDA-MB-435 cells (Figure 3B).

Effect of MTA1 Antisense Oligonucleotides on MTA1 Protein
Levels

To confirm that the inhibition of cell proliferation by antisense PONs was
involved in the suppression of the MTA1 protein, the MTA1 protein levels of
MDA-MB-231 cells treated with antisense PONs and sense control were
examined by Western blot analysis using anti-MTAl protein polyclonal
antibodies. The anti-MTAl protein recognized a 83 kDa protein band that was
identified as identical in migration to the MTA1 protein. This band disappeared
after preincubation of anti-MTAl protein with the immunogen oligopeptides (14,
15). To verify that the antisense effects were due to inhibition of target gene
expression we quantitated MTA1 protein expression in MDA-MB-231 cells
treated with antisense PONs or sense control PONs. Antisense PONs inhibition of
the MTA1 gene resulted in an approximately 70% reduction of MTA1 protein
levels as detected by Western blot analysis in the antisense treated cells after two
days, whereas in cells treated with sense control PONs there was no effect on the
MTA1 protein levels (Figure 4).
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Since the MTA1 protein was localized in the nucleus, we sought to determine if it
interacted with nuclear proteins. Interestingly, a nucleosome remodeling histone
deacetylase complex (NuRD complex) involved in chromatin remodeling,
contains the MTA1 protein or a MTA1-related protein (MTA2) (16, 17). Using a
double-labeling procedure we found that the MTA1 protein is physically
associated with histone deacetylase 1 (HDAC1) in a protein complex (NuRD
complex) (36).

POSSIBLE FUNCTION OF THE MTA1 PROTEIN IN
METASTASIS

The metastasis-associated MTA1 gene is a novel, highly conserved gene that
encodes a nuclear protein product that may be involved in chromosome
alterations. The human MTA1 protein also appears to be well conserved with
only a 4% divergence at the amino acid sequence level between the human and
rat genes (11, 12, 15). The putative functional domains like the SH3-binding
motif (18, 19), GATA-type zinc finger motif (20, 37), leucine zipper motif (21)
and the SPXX motifs (22) were highly conserved between the predicted human
and rat protein sequences. The MTA1 gene was expressed in all tumor cell lines
analyzed thus far, but similar to the rat mtal gene we found different quantities of
MTA1 transcripts in various cells. With the exception of the human breast cancer
cell line MDA-MB-435, we found that the expression level of the MTA1 gene in
untransformed breast epithelial cells was 28-50% of that found in breast cancer or
atypical mammary cell lines. In general, the more progressed mammary cells with
higher amounts of MTA1 protein grow at faster rates, suggesting that the MTA1
gene might be involved in the process of cellular proliferation. Epithelial cancers
that over-expressed MTA1 RNA showed significantly higher rates of invasion and
lymph node metastasis and tended to have higher rates of vascular involvement.

We previously found that the rat mta1 gene was expressed at low levels in
normal tissues, with the exception of the testis (11). In the testis spermatogenesis
occurs as a highly controlled and complex process typified by a high rate of cell
proliferation that is tightly regulated by a number of growth factors and
cytokines. Thus the MTA1 protein might be involved in normal cellular
functions, such as cell proliferation.

To determine if the MTA1 gene is involved in the regulation of cell
proliferation we used antisense oligonucleotide treatment of breast cancer cell
lines that show different levels of expression of the MTA1 gene. Antisense PONs
against the MTA1 gene inhibited the cell growth of MDA-MB-231 breast cancer
cells. Specific inhibition of gene expression by the use of antisense PONs has
been extensively (37-39) but these procedures are not without their problems (32-
34). We found that after transfection of antisense PONs MTA1 protein decreased
to 20-30% of that found in sense-treated cells within 2 days, but we failed to find
significant changes in the amounts of MTA1 protein with the sense sequence
PONs, indicating that the growth inhibition by antisense PONs was a sequence-
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specific effect. Also, we could not demonstrate an effect of antisense PONs on
the growth inhibition of cells with a low level of MTA1 protein expression.

The MTA1 protein may be used in a complex to remodel chromosomes.
When the MTA1 gene was transfected and expressed in 293Tcells, the MTA1
protein localized within the nuclear matrix. A nucleosome remodeling histone
deacetylase complex (NuRD complex) involved in chromatin remodeling
contains the MTA1 protein or a MTA1-related protein (MTA2) (16, 17).
Trichostatin A, a potent specific inhibitor of histone deacetylase (HDAC), causes
G1/G2 arrest in fibroblasts (40). Moreover, HDAC1 which is a component of the
NuRD complex has been shown to interact with Rb to repress transcription (41 -
43). Acetylation of the C-terminal of p53 modified its ability to bind to DNA
(44); therefore, the MTA1 protein might interact with the histone deacetylase and
act as a co-activator of this complex. In support of this MTA1 has a unique
protein primary structure that suggests that it might function in signal
transduction and DNA-binding. The MTA1 protein is the first mammalian protein
found that contains the motif Cys-X2-Cys-X17-Cys-X2-Cys, which is a zinc-
finger domain that also appears in GATA transcription factors. The same zinc-
finger domain configuration has been found in GLN3, areA and nit-2, major
regulatory factors for nitrogen metabolism in Saccharomyces cerevisiae,
Aspergillus and Neurospora, respectively (37, 45, 46). The nit-2 protein
recognizes an identical core sequence of TATCTA, and a recent study has also
shown that the GLN3 protein binds the nitrogen upstream activation sequence of
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GLN1, the gene that encodes glutamine synthetase (46). Thus it is plausible that
the MTA1 protein binds to a specific sequence of DNA and regulates gene
expression.

The MTA1 protein might interact with specific genes involved in cellular
regulation. In preliminary experiments we have found that the expression of the
MTA1 gene was increased four-times in c-erbB2/neu stable transfectants of
MDA-MB-435 cells compared to untransfected cells. The MTA1 protein is also
associated with histone deacetylase 1 (HDAC1) in a NuRD protein complex (30).
Determination of the role of the MTA1 protein in nuclear protein complexes will
be necessary to confirm our notion that the MTA1 gene is involved in gene and
cell growth regulation and the progression of epithelial cancers.

SUMMARY

Using homology to the rat mta1 gene we cloned the human MTA1 gene. We
found a close similarity between the human MTA1 and rat mta1 genes and their
predicted amino acid sequences. Both genes encode novel proteins that contain a
proline rich region (SH3 binding motif), a putative zinc finger motif, a leucine
zipper motif and 5 copies of the SPXX motif often found in gene regulatory
proteins. Using Southern blot analysis the MTA1 gene was found to be highly
conserved among all species examined, and using Northern blot analysis MTA1
transcripts were found in virtually all cell lines of human origin that were
analyzed, including melanoma and breast, cervix and ovarian carcinoma cells and
normal breast epithelial cells. However, the expression level of the MTA1 gene in
rapidly growing human cell lines and normal breast epithelial cells was
approximately 50% of that found in metastatic cell lines and invasive and
metastatic tumors. Tumors that over-expressed MTA1 RNA showed significantly
higher rates of invasion and lymph node metastasis and tended to have higher
rates of vascular involvement.

Experimental inhibition of MTA1 protein expression using antisense
phosphorothioate oligonucleotides resulted in growth inhibition of human MDA-
MB-231 breast cancer cells with relatively high expression of the MTA1 gene.
Furthermore, the MTA1 protein was localized in the nuclei of cells transfected
using a mammalian expression vector containing the full-length MTA1 gene. In
vitro studies indicate that the MTA1 protein binds to a nucleosome remodeling
histone deacetylase (NuRD) complex. The results suggest that the MTA1 protein
may function as a nuclear regulatory factor in cellular signaling and chromosome
alterations that are important in the progression and growth of cancer cells.
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1. INTRODUCTION

The spread of tumor cells to distant sites is one of the leading causes of death
associated with human cancer. Thus, an in-depth understanding of the
mechanisms by which regulatory molecules facilitate tumor dissemination is of
paramount importance. Over the last 25 years an explosion of information has
occurred concerning the identification of molecular regulators of metastasis.
Many of the molecules thought to contribute to tumor cell metastasis can be
loosely grouped into 5 distinct categories including, growth factors and their
receptors, transcription factors, enzymes, cell adhesion molecules and
extracellular matrix components (Table 1). While these families of molecules
play critical roles in normal physiological processes, aberrant expression and
altered function likely contributes to invasive cellular behavior. While
collectively, these families of molecules may contribute to tumor progression, it
is important to point out that none of these families function in isolation, but
rather work cooperatively to facilitate tumor cell invasion and metastasis. Thus,
studying tumor metastasis within the context of molecular cooperativity may
provide unique insight into novel approaches for the treatment of malignant
tumors.

Tumor cell metastasis is not a single static event, but is rather a continuum
of interconnected cellular processes that are linked both temporally and spatially
(1-3). In order for tumor cells to establish viable secondary foci, they must
successfully complete all the steps within the metastatic cascade (Figure 1). In
general, the metastatic cascade is initiated by accumulation of genetic alterations,
which result in the modifications of cell-cell adhesion, allowing dissociation of
tumor cells from the primary tumor mass. Next, alterations in the ratio of
proteases to protease inhibitors occur, resulting in interstitial matrix remodeling
and local tumor invasion. During hematogenous metastasis, the tumor cells gain
access to the host circulation by a complex process of intravasation which
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involves penetration of the vasculature. Once in the circulation, the tumor cells
must survive the physical shear forces and evade the host immune surveillance.
Ultimately tumor cells arrest at distinct microvascular beds by a combination of
mechanical trapping and specific adhesive interactions. Following arrest, the
tumor cells undergo the process of extravasation leaving the microvasculature
and invade the local interstitial matrix. Finally, in order for the metastatic
deposits to survive, grow and expand beyond a minimal size, angiogenesis is
induced to provide new blood vessels for the exchange of nutrients and removal
of wastes.

Given the breadth and diversity of the potential molecular regulators that
contribute to the metastatic cascade, we will limit our discussion to that of cell
adhesion molecules and their associated regulatory proteins. Thus, the primary
focus of this chapter will be to examine tumor cell metastasis in terms of the
emerging concept of molecular cooperativity involving adhesion receptors and
associated molecules.

2. CELL ADHESION MOLECULES AND METASTASIS

In order for tumor cells to invade and metastasize they must have the capacity to
sense and in turn respond to both their cellular and acellular microenvironments.
A major group of molecules that facilitate communication between tumor cells
and the extracellular environment are cell adhesion molecules (4, 5). Cell
adhesion receptors play critical roles either directly or indirectly in many if not all
the steps of metastasis. A variety of cell adhesion molecules have been described
with an array of structural features and distinct functions. In general, cell
adhesion molecules can be organized into at least 4 broad categories including
Selectins, Cadherins, Ig Super Family, and Integrins (4-7). Historically, cell
adhesion molecules were thought to function primarily as “molecular glue”
mediating interactions between cells and the extracellular environment. However,
with the emergence of more sophisticated molecular techniques, this limited view
of cell adhesion molecules has disappeared. In fact, many families of cell
adhesion molecules such as the integrins are now widely regarded as multi-
functional proteins capable of regulating a variety of cellular processes such as
proliferation, cell cycle and signal transduction. While the molecular mechanisms
by which these adhesive events regulate tumor progression are not completely
understood, a number of potential mechanisms have been proposed. While a brief
introduction and summary will be provided for all 4 classes of cell adhesion
molecules, we have chosen to focus our discussion to that of the integrins and
their associated regulatory molecules in tumor metastasis.
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Multiple changes in the expression of cell surface molecules have been observed
on metastatic tumor cells. Interestingly, studies have suggested that changes in
lectin and carbohydrate expression may correlate with malignant transformation
(8-10). For example, investigators have identified a variety of tumor associated
carbohydrate antigens including molecules that contain the tetrasaccharide Sialyl
Lewis X (8-10). Many epithelial tumors as well as some melanomas express
elevated levels of sialyl lewis X and exhibit enhanced tumor growth and
metastasis in vivo (8-12). Moreover, patients whose lung and colon carcinomas
expressed high levels of sialyl lewis X tended to have poor clinical prognosis and
enhanced metastasis (8-12). Taken together these studies suggest that certain
carbohydrate antigens such as Sialyl Lewis X may play a role in tumor
metastasis.

To this end, Selectins are a family of calcium dependent transmembrane
glycoproteins that can specifically bind to many carbohydrate moieties including
sialyl lewis X (13). Selectins have a conserved structural motif, which includes an
N-terminal calcium dependent lectin-like domain, an EGF-like domain, multiple
complement regulatory-like regions, a transmembrane domain and a short
cytoplasmic tail (13). The most well characterized members of this family include
E, P and L selectins (13). Selectins mediate dynamic but weak cell-cell
interactions and leukocyte rolling (14). Given these physiological functions, in
conjunction with the fact that many metastatic tumor cells expressed sialyl lewis
X antigen, it is possible selectins may play a role in mediating tumor cell
interactions with the microvasculature and thereby contribute to the metastatic
cascade. In fact, specific function blocking monoclonal antibodies (Mabs)
directed to selectins as well as specific peptide mimics block tumor cell
metastasis in vivo (10, 15). In addition, selectins may play a role in signal
transduction (16). In fact, leukocyte adhesion to cytokine activated endothelium
resulted in fluxes in intracellular calcium and activation of MAP kinase pathways
(16). Activation of MAP kinase signaling cascades have been shown to regulate
cellular proliferation, migration and survival. Importantly, all these cellular
processes play critical roles in tumor metastasis.

4. CADHERINS

A second family of cell adhesion molecules that mediate cell-cell interactions are
cadherins (17, 18). This large family of adhesion receptors shares a similar
domain type- structure (17, 18). Recent studies have revealed that cadherins
contain a large extracellular region that is composed of at least 5 ectodomains
(17, 18). In addition, these receptors have a transmembrane domain and a
cytoplasmic tail, which is known to bind to a family of proteins, termed catenins
(17, 18). The functional activity of cadherins is in part dependent on association
with and catenins (17, 18). Catenins can mediate protein connections to the
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actin cytoskeleton and facilitate signal transduction. Moreover, recent
crystallographic data has suggested that higher order structural dimers of
cadherins may form within the same cell to provide functional stability for
mediating cell-cell interactions (17, 18). The functional cadherin-catenin
complexes have been strongly implicated in tumor invasion and metastasis. For
example, immunohistochemical analysis of epithelial carcinomas suggested an
inverse correlation between the expression of E-cadherins and tumor invasiveness
and metastatic capacity (19-21). Following these early observations, many
experimental findings began to support a link between the functional loss of E-
cadherin and the gain of metastatic phenotype. In fact, treatment of MDCK cells
with an anti-E-cadherin antibody induced an invasive and migratory response (22,
23). Moreover, transfection of E-cadherin negative cells with E-cadherin cDNA
resulted in inhibition of motility and invasion (22, 23).

Interestingly, while the loss of E-cadherin is thought to play a role in the
transition from a benign to a more invasive and metastatic phenotype, the
expression of another cadherin appears to have the opposite effect (24). In studies
by Hazan and others, N-cadherin expression appeared upregulated in invasive
breast carcinoma cell lines that lacked E-cadherin (24). Moreover, transfection of
N-cadherin in breast tumor cell lines that expressed E-cadherin, resulted in
enhanced invasion and metastasis in vivo (24). The enhanced capacity to
metastasize was thought to be due in part to the upregulation of the matrix
metalloproteinase MMP-9 following FGF stimulation (24). Thus, expression of
N-cadherin may modulate the susceptibility of tumor cells to growth factor
induced MMP production. Taken together, cadherins may regulate tumor cell
metastasis by a number of mechanisms including altering tight cell-cell
interactions and sensitizing tumor cells to growth factor induced upregulation of
proteolytic enzymes.

5. Ig SUPER FAMILY

In addition to selectins and cadherins, a third family of adhesion molecules that
mediate cell-cell interactions is the Immunoglobulin Super Family (IgSF) (4, 25).
Members of this family have an extracellular domain composed on a number of
immunoglobulin homology units stabilized by disulfide bonds (4, 25). Some
members of this family such as N-CAM have a transmembrane domain and a
cytoplasmic tail, while others are anchored to the cell surface through lipid
interactions. Some of the well-characterized members include, ICAM-1, VCAM,
NCAM, CEA, DCC, and MUC18 (4-6, 25, 26). Many of these molecules have
been shown to function in immune cell recognition, leukocyte trafficking and
neural development (12, 25, 26). However, as with many of the other families of
cell adhesion molecules, some members of the IgSF may play functional roles in
tumor invasion and metastasis.

A variety of studies have implicated members of the IgSF in the regulation
of tumor metastasis. For example, immunohistochemical studies have indicated
that ICAM-1 expression levels are elevated in metastatic hepatocarcinomas as
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Integrins are a large family of heterodimers that are composed of noncovalently
associated and chains. Currently, there are at least 14 chain and 9 chains
that can combine to provide a wide variety of integrin dimers, each with their
own unique cellular and adhesive specificity (33, 34). Integrins are
transmembrane cell surface receptors that are expressed on all cells of the body.
Members of the integrin family can be organized according to their chain
composition as well as their tissue distribution. For example, the subfamily of
integrins are expressed primarily on cells of hemopoetic origin, and can mediate
heterophillic interactions with a variety of ligands including members of the IgSF
(33, 34). In contrast, containing integrins, are more widely distributed and can
mediate both cell-cell and cell-matrix interactions (33, 34). While the expression
of integrins such as are more restricted to epithelial cell types, the
integrin has been suggested to be primarily expressed on platelets (33-36).
However, recent studies have indicated that it can also be expressed on some
tumor cells such as invasive melanomas and prostate carcinomas (35, 36).

7. GENERAL INTEGRIN STRUCTURE

The a chains of integrin can be organized into a heavy and light chain that are
disulfide linked. The N-terminal region of the chains contain several genetic
repeats, some of which share homology with the calcium binding EF-hand like
repeats (33, 34). In addition, an insertion or I-like domain of about 200 amino
acids can be found in the extracellular domain of many leukocyte integrins (37).
The a chains have a hydrophobic transmembrane domain and a short cytoplasmic
tail, which has been shown to mediate interactions with cytoskeletal proteins (37).
The chains contain critical cysteine residues which contribute to its highly
folded and disulfide bonded conformation. The chains also have a
transmembrane domain and a short cytoplasmic tail, which can also mediate
interactions with cytosolic proteins. Importantly, the structural integrity and
conformation of this complex heterodimer is critical for ligand binding and

6. INTEGRINS

compared to more benign rumors (27). Moreover, other studies have also
indicated a positive correlation between expression of CEA in colon carcinoma
progression and up regulation of MUC18 in malignant melanomas (4, 27-29).
Interestingly, loss of DCC expression was correlated with the development of
colorectal carcinomas (30). Other evidence to support a role for IgSF adhesion
molecules in tumor invasion and metastasis comes from antibody and peptide
inhibition experiments where specific antagonists of IgSF molecules inhibited
tumor invasion and metastasis in vivo (31). Finally, recent studies from ICAM-1
knockout mice have demonstrated a resistance to T-cell lymphoma metastasis
(32). Taken together, these findings strongly suggest that IgSF family members
play an important role in the regulation of rumor invasion and metastasis.
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As mentioned earlier, integrins can mediate both cell-cell and cell-ECM
interactions. While a major function for these transmembrane adhesion receptors
includes facilitating cell adhesion to the extracellular environment, integrin
receptors are capable of mediating a variety of cellular functions in addition to
simple cell adhesion. Some of the well characterized functions include
regulations of cell migration, invasion and matrix assembly. For example,
integrin can facilitate cellular migration on the ECM protein vitronectin
(37, 38). Interestingly, elevated expression of on melanoma cells has been
correlated with the vertical growth phase of melanoma and enhanced invasion
and metastasis (39). Moreover, function-blocking Mab directed to can
inhibit cellular migration and invasion both in vitro and in vivo (37-40). A variety
of other integrin receptors such as the fibronectin receptor the collagen
receptor and the laminin receptor have all been shown to help
facilitate cellular migration on their respective ligands (33, 34). Importantly,
function-blocking antibodies directed to these integrins were shown to block
tumor cell adhesion and migration in vitro and tumor metastasis in vivo (33, 34,
41-43).

While some of the amino acid sequences that are recognized by integrins
are known, many others are still undefined. Integrin-ECM interactions depend on
the proper orientation and conformation of the ligands. For example, the
tripeptide sequence RGD is best recognized by integrin receptors such as
when it is exposed in loop-type structures (44). In contrast, many of the RGD
sites within the triple helix of collagen are not exposed in the appropriate
orientation and are thus cryptic. However, following denaturation or proteolysis,
the three dimensional structure of the collagen is altered allowing exposure of the
RGD sites in a manner which can be recognized (45, 46). Recently, a variety of
other cryptic sites within ECM molecules have been defined that require
structural modification in order to be recognized by integrins. Some important
examples include cryptic RGD sites in vitronectin, collagen, fibronectin,
osteopontin, and tenascin (46-50). Specific exposure of these cryptic sites and
subsequent integrin interactions may play a role in regulating invasive cellular
processes during tumor growth and metastasis.

8. INTEGRIN – ECM INTERACTIONS AND MATRIX
ASSEMBLY

specificity. In fact, cation binding at the EF- hand like motifs may be associated
with changes in conformation that modify the affinity and specificity of integrin
binding (37). These specific conformationally mediated changes in affinity and
specificity allow an increase in the diversity and utility of these integrin receptors
for binding to the vast array of ligands. Taken together, the structural
conformation in conjunction with the variety of and chain combinations
provide for a highly diverse set of adhesion receptors that could regulate a
number of distinct processes during tumor invasion and metastasis.
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In addition to mediating physical interactions between tumor cells and the
acellular environment, integrin ligation can lead to the initiation of distinct
signaling cascades which can ultimately regulate proliferation, gene expression
and cell survival. Since integrin receptors do not possess kinase or phosphatase
activity, two enzymatic activities that are thought to contribute to signaling, a
great deal of effort has been directed at understanding the molecular mechanisms
by which integrins facilitate signal transduction. While integrin mediated
signaling is not completely understood, some general concepts are beginning to
emerge. Besides having the ability to specifically bind to ECM proteins via their
extracellular domains, integrins can also interact with a variety of cytosolic
proteins via their cytoplasmic tails (55, 56). Thus, integrin are capable of
transferring information from outside the cell through the plasma membrane to
the inside of the cells. Information transfer from inside the cell to outside the cell
can also be mediated by integrins (55, 56).

It would be beyond the scope of this chapter to discuss in detail integrin
signaling, thus we will only briefly discuss the basic molecular machinery
thought to be involved. Ligation of integrin receptors on the cell surface can lead
to receptor clustering within the plane of the membrane (55, 56). These physical
clustering events help bring cytoplasmic tails of the integrins into close proximity
with assessory and adapter proteins. For example, studies have indicated that the
cytoplasmic domains of integrins can bind to a number of cytosolic proteins
including talin, vinculin, and paxilin (55, 56). Importantly, these interactions can
be mediated by cytoplasmic tails of both the and subunits. In fact, some
aspects of signaling specificity may arise from the different combination of
accessory and adapter proteins that are bound to either the and/or tail of a
particular integrin (55, 56). Interestingly, these cytosolic proteins also have
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9. INTEGRIN SIGNALING AND REGULATION OF
PROLIFERATION

Finally, studies have also implicated integrin-ligand interactions in the
regulation of proper ECM assembly. Assembly of matrix components into
complex three dimensional ECM structures may play an important role in
regulating tumor growth and metastasis (51-54). For example, proper assembly of
fibronectin provides cells with critical attachment sites necessary for initiating
signaling cascades that control migration, proliferation and survival. Interestingly,
integrin has been suggested to play an important role in fibronectin matrix
assembly, since antibodies directed to this integrin disrupt fibrilogenesis (53, 54).
Other containing integrins have also been suggested to play a significant role
in proper assembly of collagen type-IV and laminin into the basement membrane
(54). A disorganized basement membrane may expose unique cryptic sites that
are recognized by integrin receptors leading to enhanced migration and invasion.
Thus, integrin receptors may modulate invasive cell behavior by regulating both
ECM assembly and recognition of novel cryptic sites within the ECM.



binding sites for other adapter proteins and intracellular kinase such as Focal
Adhesion Kinase (FAK) and Src (55, 56). Activation of specific kinases as well
as phosphatases can lead to modifications of these proteins resulting in formation
of signaling complexes (55, 56). These signaling complexes ultimately lead to the
activation of distinct signaling pathways such as the Ras/ERK pathway (55, 56).
Studies have indicated that integrin mediated ligation events that lead to
activation of Shc, cooperate with growth factor induced signaling to promote
transcription of Fos, which can regulate cell cycle progression and proliferation
(55, 56). In contrast, integrin mediated interactions with ECM ligands that do not
activate Shc, leads to growth arrest and differentiation (55, 56). Thus, integrin
interactions with ECM components may specifically influence tumor cell
proliferation both positively and negatively.

10. INTEGRINS AND THE REGULATION OF GENE
EXPRESSION

Integrin ligation has also been shown to regulate gene expression and cell
survival. To this end, studies have shown that ligation of fibronectin via
interactions with can lead to increased expression of bcl-2, a suppressor of
apoptosis (57). Moreover, ligation of integrin was shown to be associated
with down regulation of bax leading to a high bcl-2 to bax ratio (58, 59).
Importantly, a high bcl-2 to bax ratio is thought to promote cell survival by
inhibiting apoptosis. These findings are of critical importance to tumor growth
and metastasis since the capacity of a tumor to grow and disseminate may depend
in part on the balance between cell proliferation and cell death (58, 59).

An additional example of the critical role that integrin signaling and gene
expression may have on tumor invasion and metastasis involves the coordinated
expression of proteolytic enzymes. An elegant example of this concept involves
integrin-mediated regulation of the expression of a family of matrix degrading
enzymes termed Matrix Metalloproteinases or MMPs (60). Studies have indicated

ligation of the 120kd cell binding domain of fibronectin leads to up
regulation of a number of MMPs including MMP-1, MMP-9 and Stromelysin
(61). In contrast, mediated ligation of the CS-1 region of fibronectin
resulted in decreased expression of MMPs (61). In still other studies, ligation of
integrin was shown to upregulate the expression of MMP-2, while
integrin mediated ligation of laminin upregulated MMP-9 and the serine protease
urokinase plasminogen activator (uPA) (62, 63). Finally, expression of the
collagen receptor was shown to upregulate MMP-7 and MMP-9 (64).
Importantly, elevated expression of MMPs have been correlated with increased
tumor cell invasion and metastasis. Moreover, specific antagonists that inhibit
either the expression or function of MMPs block tumor growth and metastasis in
vivo (65-67). While enhanced expression of these proteolytic enzyme are clearly
important during pathological processes, the activation state of the proteases is
also crucial. Interestingly, recent studies have indicated that integrin such as
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may potentiate the activation of MMPs such as MMP-2 and MT1-MMP (68).
Thus, integrin mediated regulation of MMP expression and/or activity may play
critical roles in tumor dissemination.

11. INTEGRINS AND METASTASIS

Cellular interactions with the extracellular matrix (ECM) has been shown to
regulate nearly all events thought to contribute to tumor invasion and metastasis
including, gene expression, cellular proliferation, adhesion, migration and
invasion (33, 34, 69). Given the diverse set of integrins expressed in tissues,
coupled with the numerous roles integrins play in regulating cellular behavior, it
is likely that integrins may play a major role in regulating tumor cell metastasis.
In fact, a variety of studies have implicated a number of distinct integrin receptors
in regulating tumor cell invasion and metastasis. One of the best characterized
examples is that of integrin Studies have demonstrated an enhanced
expression of integrin in vertically invasive and metastatic human
melanomas as compared to benign non-invasive tumors (39). Moreover,
transfection of negative tumor cells with resulted in increased tumor
invasion and metastasis in vivo (70). Finally, peptide and antibody antagonists
directed to have been shown to inhibit metastasis in animal models (71). A
similar vitronectin binding integrin has also been shown to play a role in
tumor metastasis. Interestingly, simple expression of  was not sufficient to
promote tumor cell migration and metastasis in vivo, but required growth factor
stimulation and subsequent activation (72). A third vitronectin binding integrin
thought to contribute to tumor metastasis is the platelet receptor While
this integrin is primarily expressed on platelets it has also been shown to be
expressed on some invasive tumor cells including some melanomas and prostate
carcinomas (35, 36). Trikha and colleagues recently showed that the highly
invasive and metastatic prostate carcinoma cells DU-145 expressed elevated
levels of as compared to the non-metastatic PC-3 prostate carcinoma cells
(35). Moreover, function blocking antibodies directed to inhibited
experimental metastasis of DU-145 cells in vivo (35).

In addition to vitronectin binding integrins, a variety of integrins have
been implicated in tumor metastasis. For example, transfection of integrin
subunit into rhabdomyosarcoma cells to allow functional expression of
resulted in enhanced tumor invasion and metastasis (73). In contrast, transfection
of the integrin subunit into B16 melanoma cells to allow functional expression
of resulted in reduced metastasis (74). Thus, function expression of
particular integrins can regulate metastasis both positively and negatively.
Additional examples of containing integrins that may contribute to tumor
metastasis include and Vogelmann and others showed that function
blocking antibodies directed to either or integrins could significantly
inhibit PaTu8988 prostate carcinoma cell metastasis (42). This inhibition was
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thought to be primarily due to disruption of the ability of integrin to interact
with the basal lamina (42). Finally, a variety of studies have implicated in
tumor metastasis. In fact, studies have indicated that function blocking antibodies
to integrin can block tumor invasion and metastasis in vivo (75). The
mechanisms by which regulates metastasis may be complex, since studies
have indicated that can form complexes with members of the tetraspanin
family of cell surface molecules which may in turn regulate signal transduction,
proliferation and migration (76). Taken together, it is clear that a number of
distinct integrins play important regulatory roles during the metastatic cascade.
Interestingly, the activation state, function and distribution of integrins can be
influenced by a number of assessory molecules. Thus, the molecular cooperation
between integrins and other regulatory proteins may have a significant impact on
the metastatic cascade.

12. COOPERATIVE INTERACTIONS BETWEEN
INTEGRINS AND ACCESSORY MOLECULES

As one can see from the brief discussion of the general adhesive and signaling
functions of integrins, there are many steps along the metastatic cascade in which
integrins may be critical regulators of cellular invasion. While integrins are
thought to play a role in tumor growth and metastasis, they do not exist or
function in isolation. In fact, a variety of molecules may work in cooperation with
integrins to regulate their expression, function and distribution during
pathological processes. Some critical examples of these integrin regulatory
molecules include, membrane lipids, growth factors and their receptors,
proteolytic enzymes, ECM components, tetraspanin molecules and other cell
adhesion molecules (Figure 2). Thus, by studying integrin associated molecules
and understanding cooperative molecular interaction between integrins and other
molecules, one may gain unique insight into the role of integrins in tumor
metastasis. The remainder of this chapter will focus on some interesting and
potentially important cooperative interactions between integrins and other
regulatory molecules, and how these unique molecular associations may regulate
tumor invasion and metastasis.

13. INTEGRIN COOPERATION WITH GROWTH
FACTORS AND GROWTH FACTOR RECEPTORS

Growth factor mediated signaling cascades have long been known to regulate a
variety of cellular events thought to potentiate tumor invasion and metastasis
including modulation of adhesion, migration, proliferation and survival.
Interestingly, recent evidence has suggested that integrins may function
cooperatively with growth factors and growth factor receptors in the regulation of
many of these cellular processes (55, 56). In fact, it has been suggested that
certain signaling cascades activated by growth factors can be coordinately
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regulated by integrin receptors. For example, integrin mediated signaling through
the Fyn-Shc pathway can activate Ras signaling, while growth factor induced
signaling also activates Ras pathways (56, 77). Moreover, studies have indicated
that EGF can stimulate an migratory response in carcinoma cells
while having little if any effect on adhesion (78). In other
studies, Insulin-like growth factor receptor mediated signaling resulted in
dependent tumor cell metastasis in vivo by a mechanism involving enhanced
motility (72).

Integrin function can be regulated by growth factor stimulation. For
example Trusolino and others showed that hepatocyte growth factor stimulation
of HTU-5 thyroid cells caused activation of integrin mediated adhesion
(79). Intriguing new evidence has also suggested that integrins may directly or
indirectly associate with growth factors and growth factor receptors and thereby
modulate cellular behavior. For example, Schneller and others used
immunoprecipitaion assays to demonstrate a physical association between
and both insulin and PDGF receptors (80). While the molecular mechanisms that
mediate these unique associations are not completely understood, complex
formation appeared to require prior stimulation with growth factors (80). These
unique integrin-growth factor receptor complexes were associated with enhanced
mitogenicity and motility in vitro (80). Thus, growth factor-integrin complex
formation may regulate cellular events know to facilitate rumor invasion and
metastasis.

Additional examples of cooperative interactions between growth factor
receptors and integrins include associations between VEGFR-2 (KDR/Flk-1) and

integrin. Soldi and colleagues showed that integrin and
phosphorylated VEGFR-2 co-immunoprecipitated following VEGF stimulation
of human endothelial cells, while other integrin receptors such as and
were not detected (81). Antibodies directed to the subunit significantly
reduced tyrosine phosphorylation of PI3 kinase, a down stream effector molecule
involved in integrin mediated signaling (81). These findings suggest that integrin

may function cooperatively with VEGF to regulate activation of VEGFR-2
in these cells. Finally, interesting studies by Munger and others demonstrated a
unique association between integrin and LAP (82). These studies
demonstrated that binding of integrin to latent LAP promoted
conversion of latent to its active form (82). Active could then
bind its cognate receptors to facilitate signaling. The interaction between
the LAP peptide region and appears to be dependent on recognition of an
RGB site within the C-terminus of the peptide (82). Other RGD binding integrins
have also been shown to exhibit some binding to the LAP-peptide such as

and to some extent (82). However, little is known concerning the
ability of these integrins to activate The mediated activation of
latent not only required binding to the LAP peptide but also required

association with the actin cytoskeleton (82). Taken together, these
examples suggest that integrins and growth factors can function cooperatively to
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regulate either the activation of integrins and/or the activation state of growth
factors and growth factor receptors. In turn, regulation of the activity of these
molecules may then potentiate signaling cascades that promote cellular
proliferation and migration, critical processes involved in tumor invasion and
metastasis.

14.   COOPERATIVE INTERACTIONS BETWEEN
INTEGRINS AND TETRASPAN MOLECULES

An expanding set of studies have provided evidence that integrin receptors can
associate with several members of the Tetraspanin super family of
transmembrane proteins (76). The tetraspanin super family, is a group of
membrane proteins that are characterized by having 4 hydrophobic
transmembrane domains (76). Studies have predicted that these membrane
proteins are oriented in the lipid bilayer with small and large extracellular loop-
type structures and a short cytoplasmic tail. A number of highly conserved polar
amino acids, in conjunction with conserved cysteine residues are thought to
contribute to the unique folding pattern which may allow for proper function and
orientation within the cell membrane (76). Since their initial description in the
early 1990’s, the number of individual members have grown to at least 20 with
more likely to be described in the coming years (76). This large family of cell
surface proteins have a broad tissue distribution and are expressed in a wide
variety of cells ranging from cells of hemopoetic lineage, to neuronal, stromal
and tumor cells (76). Moreover, studies have suggested that this important group
of membrane proteins may regulate a diverse set of cellular functions including
adhesion, migration, proliferation and signal transduction. (76). As was discussed
above, these same cellular functions can be regulated by integrins. Thus, integrins
and tetraspanins may function cooperatively in the regulation of these cellular
processes.

Interestingly, members of the tetraspanin family are known to form
complexes with a variety of molecules including other tetraspanins, MHC
molecules as well as integrins (76). In fact, the ability of these unique proteins to
form molecular associations with other proteins, in conjunction with their
capacity to regulate a number of cellular functions, have lead many investigators
to view them as “molecular facilitators” (76). Early studies utilizing co-
immunoprecipitation assays from cultured cells revealed a number of unique
integrin-tetraspanin complexes. For example, integrin was shown to form
specific complexes with a number of tetraspanins including, CD9, CD63, CD81,
CD82, and CD151/PETA-3 (76, 83). The laminin receptor forms a complex
with, CD9, CD63, CD81, and CD82. Additional integrins that associate with
tetraspanins include and (76, 83). While many containing
integrins have been shown to specifically associate with tetraspanins, others do
not such as and implying that these unique integrin-tetraspanin
complexes form specifically.
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It is of interest to note that many of the integrins that form unique
complexes with tetraspanins such as and have also
been suggested to play a role in tumor cell metastasis. Thus, tetraspanins may
regulate metastasis by modulating integrin functions. Interestingly, when MDA-
MB-231 breast cancer cells were allowed to bind to a mixture of immobilized
anti-tetraspanin antibodies and collagen, the resulting ligation event significantly
enhanced collagen induced phoshoylation of Focal Adhesion Kinase (FAK) (84).
FAK is a known down stream effector molecule of integrin mediated signaling
pathways and is known to regulate integrin functions such as adhesion and
motility (85). Moreover, FAK has also been implicated in the regulation of cell
survival and tumor metastasis (86). Further experimental evidence to support a
role for tetraspinins in the regulation of integrin functions come from recent
studies concerning cellular adhesion and motility. Anti-CD9 antibodies have been
shown to stimulate B- cell adhesion mediated by (87). Interestingly,
enhanced motility on fibronectin and laminin was shown to be regulated by
integrin following transfection of CD9 into CD9-negative B-cell lines (88).
In contrast, transfection of CD9 into certain non-lymphoid cells caused reduction
of cell migration (89). Thus, the modulating effects of tetraspanins on integrins
may be cell type specific. Finally, antibodies directed to CD81 promoted B- cell
adhesion to fibronectin via integrin and has also been shown to exhibit anti-
proliferative effects (89). Importantly, both and have been shown to
play a role in tumor metastasis in vivo, since either modulating the expression or
blocking the function of these integrins impacted tumor metastasis in vivo (42,
74).

An active role for tetraspanins in the regulation of tumor invasion and
metastasis has been suggested as early as the mid 1980’s (76). In fact, CD-9
expression in certain melanoma cells was inversely correlated with melanoma
metastasis (90). Reduced expression of CD-9 was also correlated with a poor
clinical prognosis in breast cancer (91). Moreover, studies indicated that
transfection of CD-9 into metastatic prostate cancer cells suppressed tumor cell
motility and metastasis, prompting some to consider CD-9 as a metastasis
suppressor gene (91, 92). Other studies have also suggested that the tetraspanin
CD82 may also play a critical role in metastasis since it was isolated as a
metastasis suppressor gene from prostate cancer cells (92). Finally, in recent
studies by Testa and colleagues, the functional expression of CD151/PETA-3 was
shown to play a crucial role in the metastasis of the human epidermoid carcinoma
Hep-3 in vivo (93). In these studies, the immunological technique of subtractive
immunization was used to isolate antibodies directed to metastasis associated cell
surface antigens. The antigen recognized by these antibodies turned out to be the
tetraspanin CD151/PETA-3 (93). CD151/PETA-3 was shown to be in a complex
with the integrin which has been shown previously to play a role in
metastasis (93). Moreover, both Mabs directed to CD151/PETA-3 (Mabs 50-6
and IA5) potently inhibited tumor metastasis in vivo (93). Interestingly, these
Mabs significantly inhibited tumor cell motility, but did not affect cellular
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adhesion or proliferation, suggesting that CD151/PETA-3 may modulate
metastasis by regulating integrin dependent migratory events. In fact, transfection
of HELA cells with CD151/PETA-3 caused enhanced motility, which could be
blocked by anti-CD 151/PETA-3 antibodies (93). Thus, it is likely given the
accumulating evidence, that tetraspanin-mediated modulation of integrin function
may play an important role in the metastatic cascade.

15. COOPERATIVE INTERACTIONS BETWEEN
INTEGRINS, PROTEOLYTIC ENZYMES AND THEIR
RECEPTORS

Proteolytic remodeling of the extracellular matrix (ECM) is known to be a critical
event in facilitating tumor cell invasion and metastasis. Two major groups of
proteolytic enzymes thought to contribute to matrix remodeling include the serine
protease and matrix metalloproteinase (MMP) families (60, 94). Important
members of the serine protease family thought to contribute to tumor invasion
and metastasis include, urokinase plasminogen activator (uPA), and Plasmin (94).
uPA, which is known to bind to a GPI-linked cell surface receptor (uPAR)
facilitates conversion of plasminogen to the broad spectrum serine protease
Plasmin. Plasmin in turn, can degrade a number of ECM components including
fibrinogen, fibrin, and fibronectin (94). The MMP family is composed of a large
group of metal dependent enzymes, which collectively can degrade nearly all the
components of the ECM including a variety of distinct types of triple helical
collagen (60). Important examples of the MMP family that are thought to
contribute to tumor invasion and metastasis include interstitial collagenase
(MMP-1), Stromelysin and the gelatinases MMP-2 and MMP-9 (60). Studies
have demonstrated a significant upregulation of many of these proteolytic
enzymes and/or their cognate receptors within highly invasive and metastatic
tumors as compared to either normal tissues or benign non-invasive tumors (60,
94). Moreover, specific antagonist that block the functional activity of both serine
proteases and MMPs have been shown to significantly inhibit tumor invasion and
metastasis in multiple animal models (60, 94).

While significant insight has been made into the molecule mechanisms by
which proteolytic activity contributes to tumor invasion and metastasis, it is still
not completely understood. Proteolytic enzymes may function by degrading
restrictive matrix barriers, thereby generating an extracellular environment that is
conducive to tumor invasion and motility (60, 94). Matrix degrading enzymes
may also function by facilitating proteolytic release of matrix sequestered growth
factors that could in turn, bind tumor cells stimulating proliferation and
migration. In addition, proteolytic remodeling of the three dimensional structure
of ECM proteins may expose cryptic regulatory regions of ECM proteins that are
normally hidden. Exposure of these unique cryptic regions may provide new
binding sites for integrin receptors resulting in altered integrin ligation events
thereby initiating signaling cascades required for tumor progression. Finally,
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proteolytic enzymes may also degrade matrix components and release soluble
peptides that bind tumor cells thereby modulating adhesion, migration and
proliferation. While it is likely, that a combination of all these mechanisms
contribute to tumor metastasis, proteolytic activity must be specifically regulated
and coordinated with adhesion and migration in order to promote metastasis.

Interestingly, recent studies have lead to the discovery of a novel family of
membrane proteins called ADAMs (95). This novel family of proteins were
characterized as containing a disintegrin-like domain and a metalloproteinase-like
domain and therefore, may possess both adhesive and proteolytic functions within
one protein (95). The discovery of these unique membrane proteins provided
evidence that coordinated adhesive and proteolytic functions at the cell surface
may play an important role in regulating cellular behavior. In this regard, recent
studies have demonstrated functional associations between integrins and both
proteases or protease receptors (96, 97). These unique molecular associations
may function in a similar way as the ADAMs to coordinate and regulate adhesive
and proteolytic activity at the cell surface. While the functional significance and
molecular mechanisms by which integrin-protease complexes regulate cellular
behavior are not completely understood, several possibilities exist. For example,
integrin protease interactions may help localize proteolytic activity to close cell-
substratum contact points to facilitate directed proteolysis. Interactions of
proteases with integrins may also help potentiate activation of latent enzymes.
Moreover, protease binding to integrins may disrupt integrin recognition of ECM
ligands. Alternatively, protease binding may induce a conformational change in
the integrin, which could activate integrin binding. Finally protease or protease
receptor associations with integrins could also modulate signal transduction
pathways. While many of these possibilities are speculative and have not been
studied in detail, some evidence has been provided that a unique integrin  uPAR
complex may modulate signaling cascades as well as regulating integrin
associated adhesive and migratory events (98).

An important example of the link between proteolytic and adhesive
systems comes from the observations that the uPA receptor (uPAR) can associate
with a number of integrins. In fact, studies have suggested that uPAR may
associate with integrins from the and subfamilies (96). Several lines of
experimental data supporting this unique association include co-
immunoprecipitation assays, Resonance Energy Transfer (RET) experiments and
direct binding assays (96). Moreover, recent studies have identified a putative
region of the integrin receptor that may mediate the association between uPAR
and integrins (96). In fact, a synthetic peptide corresponding to a region just
outside the I-like domain of the a chain of the integrin, disrupted integrin –uPAR
associations (99). A number of elegant studies are now beginning to shed some
new light on the potential biological significance of the uPAR integrin
complexes. For example, Sitrin and others demonstrated that binding of
integrin to uPAR stimulated adhesion of monocytes to fibrinogen but not to other

integrin dependent ligands such as fibronectin (100). In addition, studies by
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Aguirre and colleagues showed that uPAR forms a complex with the fibronectin
receptor in Hep-3 cells (98). Formation of this complex was associated with
enhanced Hep-3 cell adhesion to fibronectin substrates (98). These findings
suggest that associations between uPAR and integrin receptors can modulate
integrin dependent adhesive events that may be necessary for proper function
and/or stabilization of active integrin conformations.

Additional studies have suggested that uPAR-integrin complexes may help
facilitate signaling pathways that regulate migration and proliferation. For
example, Wei and others recently demonstrated that membrane protein caveolin
associates with integrins and this association may regulate integrin
mediated signal transduction (101). In fact, these investigators suggest that
caveolin may function in conjunction with integrin –uPAR complexes in
assembling signaling kinases such as Src, which in turn may facilitate FAK
phosphorylation (101). Aguirre and colleagues showed that uPAR forms a
complex with the fibronectin receptor in metastatic Hep-3 carcinoma cells
which exhibited strong binding to fibronectin. However, non-metastatic variants
of Hep-3 cells showed little if any complex and demonstrated little
capacity to bind to fibronectin (98). These investigators suggested that functional
association between and uPAR not only results in enhanced adhesion to
fibronectin, but results in ERK activation (98). The activation of ERK appeared
to be specific to integrin complex formation in these cells since
treating cells with either an antibody or a peptide that disrupts
interactions inhibited ERK activation in metastatic Hep-3 cells (98). Importantly,
the dependent ERK activation was associated with a conversion of
dormant Hep-3 cells to highly tumorigenic and metastatic phenotype in vivo (98).
Thus, these findings suggest that complex formation may not only
regulate integrin dependent adhesive processes but also facilitate tumor
progression in vivo. In addition to integrin associations with serine protease
receptors such as uPAR, recent studies suggest that integrins can also bind to
proteases themselves, not simply their receptors. For example, Byzova and Plow
demonstrated that integrin could specifically bind to the serine protease
prothrombin (102). This interaction was shown to be dependent on an RGD site
in prothrombin. However, the capacity of to bind to prothrombin appeared
to depend on the activation state of (102).

Besides serine proteases, previous studies have suggested that certain
MMPs may also associate with integrins. Studies have suggested that the matrix
metalloproteinase MMP-2 can associate with integrin on the surface of both
tumor cells and endothelial cells (97, 103). While the molecular mechanisms that
facilitate this unique protease-integrin association are not completely understood,
recent evidence suggests that it may depend in part on sequences present within
the C-terminal hemopexin-like domain of MMP-2. (97, 103) In fact, mutant
forms of MMP-2 that lack the hemopexin domain fail to bind to on the cell
surface (97, 103). The interaction between MMP-2 and may provide a
mechanism to localize proteolytic activity to the surface of invasive cells and
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thereby potentiate tumor invasion and metastasis. Importantly, bearing
melanoma cells pretreated with MMP-2 resulted in enhanced degradation of
collagen in vitro (97, 103). Moreover, these same cells have been shown to
aggressively metastasize in vivo as compared to variant cell lines that lacked cell
surface  and MMP-2 (72, 103). Taken together, unique interactions between
integrins and proteases and protease receptors may provide crucial functions
during tumor progression.

16. CONCLUSIONS

It has been known for sometime that a major impediment to an effective
treatment for many human tumors involves the spread of the malignant tumors
from the primary site to distant sites. Thus, an in-depth understanding of the
biochemical and molecular mechanisms regulating tumor metastasis is of
particular importance in the development of effective therapies for malignant
cancer. It is becoming increasingly clear that the array of molecular regulators of
tumor metastasis do not necessarily function in isolation, but are rather
interconnected in a continuum of biochemical and cellular events. Understanding
these unique molecular interactions involved in metastasis may provide novel
approaches for the design of effective new drugs to regulate malignant human
diseases. In this regard, an alternative approach for directly targeting proteolytic
activity during tumor dissemination, might be to prevent the localization of these
enzymes to the cell surface by blocking unique protease / integrin interactions.
However, the critical keys to establishing these novel types of therapies involves
an in-depth understanding of the basic molecular mechanisms that facilitate these
protein-protein interactions.

In this regard, we have discussed tumor metastasis in terms of molecular
cooperation between integrins and a number of metastasis regulatory molecules,
including growth factors and their receptors, proteolytic enzymes and their
receptors, tetraspanins and extracellular matrix proteins. Understanding the
functions of integrins in the context molecular cooperativity and how unique
molecular associations between integrins and assessory proteins regulate cellular
invasion, may shed new light on the fascinating and complex process of
metastasis.
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Chapter 5

BRAIN-METASTASIS ASSOCIATED GENES

Dario Marchetti

Department of Neurosurgery, The University of Texas-Houston Health Science
Center, Houston, TX

1. INTRODUCTION

Brain metastases represent an intriguing and significant area of cancer research due
to their increasing incidence and to the fact that, despite the relevance of brain
metastases as a clinical problem, relatively few research efforts have been directed
toward understanding their origins and biology, either at the basic or clinical
science level. Since the brain microvasculature represents an exceedingly small
fraction of the total microvasculature, much smaller than the relative proportion of
tumors that metastasize to the brain, the process of brain metastasis is thought to be
selective and nonrandom (1-5). Although metastasis formation in other organs may
be tolerated or remain asymptomatic, once metastatic cells colonize the brain,
tumor growth often results in a rapid decline in the quality of life and ensuing
death. Problems in the difficulty of treating brain metastases include obstacles in
directing drug delivery as well as problems like cerebral edema and/or conditions
detrimental to patient survival (1).

The brain is a unique target for tumor invasion and metastasis formation (2-
4). Besides being confined by the skull, it is highly sensitive to the slightest change
in the local microenvironment. The brain is also surrounded by a formidable
barrier, called blood-brain barrier (BBB). The BBB is a physiologic and anatomic
structure that is defined by tight junctions between the brain endothelial cells, a
relatively thick basement membrane, and an underlying layer of astrocytes that
strictly regulate the flow of ions, nutrients, and cells into the brain. To metastasize
to the brain, blood-borne malignant tumor cells must therefore attach to
microvessel endothelial cells, respond to brain-derived survival and growth factors,
invade the BBB, and relate with the normal cells present in the brain
microenvironment (3). This implies that specific tumor-brain cell interactions,
mediated by defined sets of properties and factors such as those involved in
malignant adhesion, invasion, and growth, are important and critical. The
involvement of particular molecular determinants and their roles in the
development of brain metastases are the subject of this review.
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2. MOLECULAR DETERMINANTS OF BRAIN
METASTASES IN MELANOMA

A malignancy with one of the highest frequencies of brain metastasis formation
and one of the most rapidly increasing cancers among young adults is malignant
melanoma. Patients with disseminated malignant melanoma frequently develop
metastatic lesions in the brain and spinal cord that can result in severe and
debilitating neurological complications (1, 2). While approximately 13% of all
cancer patients will present clinically with symptomatic complications related to
brain metastases, almost 40% of melanoma patients will be treated for
complications due to lesions to the central nervous system (CNS). At autopsy, 70-
80% of malignant melanoma patients have CNS metastatic deposits (6, 7).

Melanomas undergo progressive changes during their malignant progression.
Of the phenotypic changes that occur during their metastatic spreading, differences
in the expression of receptors for paracrine growth factors and their production at
the target organ sites are important (8-10). While advances have been made toward
understanding the roles of various growth factors and receptors in the progression
of malignant melanoma to highly aggressive brain-metastatic disease, underlying
mechanisms remain largely unknown. We have demonstrated that a family of
neurotrophic factors, the neurotrophins (NT), and their receptors (NTR), modulate
the invasion of melanoma cells to the brain and the activity of an extracellular
matrix (ECM) degradative enzyme, called heparanase (11-13). Heparanase is a
determinant for the successful degradation of the BBB basement membrane and the
tumor-surrounding ECM: its activity degrades heparan sulfate proteoglycans
(HSPGs) (14, 15), which are important BM/ECM components (16), at sites within
HS linear chains.

The significance of the NT/NTR axis in modulating the brain-metastatic
properties exhibited by melanoma cells is thought to be critical in allowing
malignant cells to survive and invade such an unusual organ compartment like the
brain, where paracrine growth factors differ from most other organs and where
elevated NT synthesis occurs.

We have formulated the hypothesis that brain metastases essentially
represent a traumatic event related to brain-injury processes (17). It centers on
experimental evidences from our and other laboratories demonstrating that
NT/NTR are important in melanoma progression to the brain and that heparanase is
critical in the metastatic process being a potential target for antimetastasis drugs.
Following mechanical/chemical brain insults increased NT/NTR presence is
imperative in neuronal regeneration (17-19). These changes can be paralled by
brain invasive melanoma cells whose colonization within the brain
microenvironment trigger NT production and their secretion by surrounding brain
cells as a response to the invasion event. Similarly, melanoma cells overexpressing
NTR can benefit from such a synergistic microenvironment in terms of survival,
growth, and further invasion into the brain parenchyma. NTR present on the the

90



cell-surface of melanoma cells thus play important roles in melanoma progression
to the brain while NT-regulated heparanse can be critical to this proces.

Of equal importance, we have postulated two roles for NT-regulated
heparanase in metastatic melanoma: one is that heparanase is relevant for the
extravasation of melanoma cells into secondary organs by degrading HSPGs at HS
intrachain sites, while the second pertains on heparanase ability to release HS-
bound angiogenic factors at the metastatic site, with the brain being the ideal
environment for its high NT levels.

3. ROLES OF NEUROTROPHINS, NEUROTROPHIN
RECEPTORS IN BRAIN METASTATIC EVENTS

Because of their many effects on neuronal cells, neurotrophins (NT) are one of the
best example of neurotrophic factors (18, 19). Neurotrophins can promote the
survival, differentiation, and targeted tissue invasion of certain neuronal
subpopulations (17). NT are a family of small, highly basic homodimers (~26.5
kDa, P.I. = 9.4) (19-23). In addition to nerve growth factor (NGF), the prototypic
NT, mammalian NT family consist of three other members: brain-derived
neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and NT-4/5. All NT exhibit
neurotrophic properties and are highly conserved in the amino acid sequences (19,
23, 24). Additionally, they are produced in the brain at relative high levels and, at
least for NGF, they are under the regulation of astrocytic cytokines (22). The
essential role of NT is illustrated by the fact that homozygous NT knockout
mutations in mice have proven lethal during early post-natal development (20).
These and previous observations have substantiated the so-called 'neurotrophic
factor hypothesis'. This hypothesis was originally presented to account for the
massive neuronal cell death in developing embryos and based on the premise that
the survival of developing neurons is dependent on the supply of NT synthesized in
limiting quantities from regions innervated by these neurons (20). It addressed two
aspects of neuronal dependence on target tissues they innervate: one is neuronal
survival, the other is growth and arborization of neuronal axons and dendrites.
Additional recent evidences also suggest that neurons may be supplied with critical
NT through both autocrine and paracrine mechanisms, the latter from cells along
the axonal shaft or in the vicinity of neuronal cell bodies and dendritic networks
(for review see 20). Applying these concepts to the large number of metastatic cells
in the blood circulation or at the implantation sites can partially explain the
survival and invasive capabilities of only certain neoplastic cells with specific
properties to survive under growth-limiting conditions and in a specific
microenvironment. This may be particularly true for melanoma cells that, as tumor
of neuroectodermally-derived melanocytes, share a common embryologic origin
with the most studied and NT-responsive neuronal populations.

NT biological effects are mediated through two unrelated classes of cell
surface membrane receptors. NT receptors (NTR) include two affinity types,
a high-affinity receptor and a low-affinity receptor class
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(6, 9). The gene for the human low-affinity NGF receptor, called
was cloned by Moses Chao’s group (21) and encodes a 75 kDa cell surface

glycoprotein (~ 90 kDa in melanoma due to augmented receptor glycosilation) that
is capable of binding all NT members. Sequence analysis of however,
indicates that the molecule lacks a tyrosine kinase consensus sequence in the
cytoplasmic domain (21). The search for high-affinity NTR with tyrosine kinase
activity involved several independent observations that identified the Trk family as
the high-affinity NTR (23-26). The Trk family consists of multiple molecules
(mainly three that are called TrkA, TrkB, and TrkC respectively) with degrees of
binding specificity for the different members of the NT family. They all encode
cell surface molecules of 140-145 kDa that are known to also exist as truncated
forms or contain inserts in their tyrosine kinase domains (23).

It is now apparent that has alternative functions from Trk that depend
on the cellular context in which it is expressed. It can possess a signaling function
operating independently of Trk presence (24-27) and involving ceramide (26), a
metabolic product of gangliosides (28). In addition to differentiation or survival
cues, provides retrograde transport to neuronal cell types (28), triggering
apoptosis in certain virally transformed neuronal cells (29) or survival when
expressed in neutrophils (30). In this regard, is analogous to other members
of the tumor necrosis factor receptor superfamily (31). Interestingly is
overexpressed by aggressive malignant melanoma cells to the brain (11-13, 32).

We have made the following observations: 1) NT responsiveness, invasion
and ECM degradation correlated with aberrant overexpression of but not
Trk, in brain-colonizing murine and human melanoma cells (11-13); 2) an inverse
relationship was found between and NT expression at the invasion front of
brain-metastatic melanoma clinical specimens (33) and; 3) NT stimulated
activation of the nonreceptor tyrosine kinase c-Yes, but not c-Src, in brain-
metastatic melanoma cells (34).

These observations are important because they assert NT as paracrine
growth factors involved in brain metastases formation. They also suggest that

can act as a molecular determinant for brain metastasis and can be
modulated to affect the brain-metastatic process.

It is in fact known that the growth of tumors depends on cell proliferation,
and this usually occurs in response to specific growth factors from either autocrine
or paracrine sources (3, 4). During their growth, tumors frequently contain highly
malignant cells that become clonally selected from the proliferating growth faction
of cells and eventually become dominant cell subpopulations (35, 36). In brain
metastasis, invasive tumor cells responsive to brain trophic factors such as NT and
that possess aberrant levels of their receptor may survive host selective
pressures and proliferate, further diversify, and become clonally dominant.
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3.1 p75 Neurotrophin Receptor Involvement in Tumor
Invasion and Brain Metastasis Formation

During malignant progression, tumor cells undergo genomic changes and show
differences in the expression of particular gene products (36). For example,
malignant melanoma cells from patient brain metastases exhibit characteristic
chromosomal alterations, such as a high frequency of translocation or deletion
breakpoints at 1lq23, terminal translocations at 17q25, or an isochromosome for
the long arm of chromosome 17 (37). As mentioned, human melanoma cells also
show progression-associated increases in the expression of (8, 13, 38),
whose gene is located at 17q21-22.

We have examined the roles of neurotrophin receptors in human melanoma
invasion and brain colonization by using the MeWo human melanoma cellular
system. It consists of parental MeWo cells that exhibit intermediate metastatic
potential, nonmetastatic 3S5 cells and, notably, 70W variant cells that have the
capacity to form brain colonies in nude mice as first example of human melanoma
tumor capable of brain colonization in vivo (39). We found that overexpression of

is associated with brain colonization and neurotrophin-mediated
enhancement of extracellular matrix invasion (11-13). The expression of NGF-
binding but not TrkA, on brain-metastatic 70W cells was determined either
at the mRNA level (by Northern blotting) and at the protein level (by
immunoprecipitation analysis of radioiodinated cell surface proteins) (13). Specific
kinetic analyses confirmed the presence of low-affinity NT binding as NTR
binding state employing a newly developed NT binding assay that, coupled with
use of the LIGAND program, has a detection limit as low as 25 fmoles/assay (40).

monoclonal antibody specifically precipitated higher amounts of an
appropriately sized, radioiodinated component in lysates of the brain-
metastatic melanoma cells (13). The expression of on the surface of the
MeWo parental cell line was low but detectable, and we could not detect on
nonmetastatic 3S5 cells. In addition, we could not detect the expression of the trkA
gene or on the surfaces of any of the human MeWo melanoma cells (13).

We next examined whether NGF binding to leads to the formation of
NGF receptor complexes dimers) in MeWo cells. Immunoprecipitation
was performed in the presence of excess exogenous NGF. Addition of excess NGF
caused a significant increase in the amount of immunoprecipitate formed and an
augmented formation of high molecular weight immunocomplexes. For example,
an approximately 200 kDa band was found by prior treatment with NGF or in the
presence of excess exogenous NGF (13). Complexes of similar molecular weight
size and possessing high affinity binding values for NGF have been reported on the
human A875 melanoma cells (derived from a patient brain with metastatic
involvement) (41) after NGF treatment. In addition, we observed influences of cell-
cell contact on expression by immunofluorescence analyses using the anti-

monoclonal antibody ME-20.4 (38). High-density cultures of metastatic
melanoma cells showed significant reductions in expression, in inverse
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relation to the extent of cell-cell contact (42), possibly related to the formation and
aggregation of receptor complexes (41) and their endocytosis following NGF
treament.

3.2 Neurotrophin Production and Brain Invasion

If neurotrophins are important in brain invasion and colonization by metastatic
tumor cells, then there should be evidences that they are present at the invasion
front of brain metastases. Therefore, we examined whether brain-invading
melanoma cells induced changes in NT concentration or NT distribution at the
invading edge of melanoma tumors in vivo (33). Brain tissue samples from human
melanoma metastases and uninvolved brain tissues progressively distant from the
melanoma lesions were examined immunohistochemically (for protein assessment)
and/or by employing nonradioactive in situ hybridization techniques (for mRNA
assessment) for presence and distribution of NT/NTR. Firstly, using digoxigenin-
labeled sense/antisense riboprobes against and NGF for in situ
hybridization, we determined whether the expression of and NGF mRNA
were related to brain metastasis in human melanoma. We detected mRNA
at the invasion front of human melanoma brain metastases, whereas
expression was not found in adjacent tissue. In contrast, human NGF mRNA levels
were increased in tissues surrounding the melanoma lesions, supporting the notion
that NGF and NT are important in determining melanoma brain-metastatic
microenvironment. Secondly, using antibodies specific for Trk, NGF and
related NT, we found high but heterogeneous levels of and TrkC (putative
high-affinity binding receptor for the neurotrophin NT-3) expression in malignant
melanoma metastatic to the brain. Lower levels of expression were found in
primary melanoma as or in metastatic melanomas targeting sites other than brain.
Finally, we found elevated levels of synthesis of NGF and NT-3, but not BDNF or
NT-4/5, in brain tissues surrounding melanoma lesions. These studies which used
clinical specimens further support critical roles for NT/NTR axis in the progression
of melanoma and its capability to brain colonization.

4.  HEPARANASE FUNCTIONALITY IN MELANOMA
PROGRESSION TO THE BRAIN-METASTATIC
PHENOTYPE

During metastases formation, migrating tumor cells are confronted by natural
tissue barriers, such as basement membranes (BM) that surround the blood vessels
(43-47) or ECM that is an integral part of the BBB. The ability of malignant cells
to penetrate these barriers depends upon the production and activation of enzymes
capable of ECM degradation (48-52). ECM/BM are rigid structures formed from
such macromolecules as type IV collagen, laminin, entactin, nidogen, fibronectin,
and proteoglycans (16, 45-47), one type being HSPGs. We know that HSPGs play
a central role in embryonic morphogenesis, angiogenesis, neurite outgrowth, and
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tissue repair (53-58). ECM/BM HSPGs also provide a readily available storage
depot for growth factors and cytokines (55, 56, 96). Since HSPGs are now
recognized as active biological modulators, their degradation at the level of HS
chains is expected to have significant regulatory consequences in cancer
metastasis. Indeed, HSPG catabolism is observed in inflammation, wound repair,
diabetes, and neoplasia, including melanoma (57-67). Melanoma heparanase
responsible for HS degradation cleaves HS at specific intrachain sites resulting in
the formation of fragments of discrete molecular weight size (62, 64). Therefore,
heparanase was identified as belonging to the family of
(59-66). Heparanase differs from heparinases or HS-specific elimination enzymes,
cleaving HS into characteristic large molecular weight fragments, approximately
one-third of the original size (63). Heparanase activities have been also described
in immune system and cancer cells other than melanoma (67-87). Increased levels
of heparanase activity are associated with metastatic melanoma and other invasive
tumors types and several evidences have demonstrated its role in tumor cell
invasion into distant organs (65, 67, 68-71),

We have made the following observations: 1) highly invasive human
melanoma cells degrade labeled ECM HS and purified HS cell-surface
subpopulations faster than do sublines of lower metastatic potential (11, 12); 2) a
heparanase activity is responsible for HS degradation (11, 12, 62); 3) in correlation
with increased invasiveness, select NT augment heparanase production in brain-
metastatic melanoma, making it a major candidate enzyme responsible for ECM
degradation (11, 12) and; 4) heparanase recognizes specific motifs within HS
chains associated with the binding domains to angiogenic factors and with the
binding of an HS-interacting protein (HIP), recently cloned and characterized (66).

Of note, human heparanase has not been purified nor well characterized or
cloned until very recently (14, 84-87). Therefore, molecular tools to explore the
potentially important roles of heparanase in disease have been lacking for almost
20 years since the first reports describing the enzymatic activity. Interestingly, the
newly discovered cDNA sequences of human heparanase derived from normal and
tumor cells represent the same gene (14, 84-87).

We have postulated that heparanase play two critical roles in the biology of
brain metastasis which are 1) in local invasive processes by degrading HS of
HSPGs and, 2) in the release of HS-bound angiogenic factors at the metastatic site
with the brain being the ideal environment because of its high levels of NT
production. Heparanase can therefore dually be relevant in brain-metastatic
melanoma in consideration of the strong angiogenic properties exhibited by
melanoma cells in the brain. In fact, although metastasizing cancer cells may
produce as many as 15 different matrix-digesting proteases, the new findings show
there is only one heparanase. Heparanase inhibition not only can inhibit cancer
cells’ ability to invade, but also hinders the formation of new blood vessels that
feed tumors, a process called angiogenesis. Another important aspect in the area of
brain invasion and metastasis are therefore investigations aimed to assess
heparanase contributions in angiogenic events. In the multistep process of
tumorigenesis, angiogenesis is an early and essential requirement, characterized by
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uncontrolled endothelial cell proliferation (88, 92). Fibroblast growth factors
(FGFs), a family of structurally related polypeptides, are highly mitogenic for
vascular endothelial cells and among the most potent inducers of
neovascularization (88). This is valid for acidic and basic FGF (bFGF), in
particular (88-95). ECM HSPGs may serve as a reservoir for angiogenic factors
that can be extracted from subendothelial ECM produced in vitro (88, 96). Despite
the bFGF ubiquity in normal tissues, endothelial cell proliferation in these tissues is
usually very low (97), suggesting that bFGF is sequestered from its site of action in
such a reservoir. Reports have also asserted the importance of ECM HSPGs as
promoting bFGF-receptor binding (56). Down-regulation of perlecan, the major
BM HSPG, expression has specific effects on bFGF-mediated mitogenic response,
basal growth, and bFGF binding (98). Displacement of bFGF from the ECM by
heparanase can provide a novel mechanism for induction of neovascularization in
normal and pathological conditions (69, 71, 99). Likewise, platelets and activated
cells of the immune system that are often attracted by tumor cells may indirectly
stimulate tumor angiogenesis via a heparanase activity (100-102). Several studies
have indicated that heparin and HS inhibit the mitogenic activity of angiogenic
bFGF and at the same time stabilize and protect the molecule from inactivation
(91-93). bFGF is stored in ECM in a highly stable, inactive form. Its release from
ECM as a complex with HS fragments may yield a form of bFGF that is more
stable than free bFGF and capable of binding the high-affinity plasma-membrane
receptors.

We have evaluated the ability of human melanoma heparanase, purified
through chromatographic techniques, to modulate bFGF activity as controlled
release from HSPGs by observing in vivo angiogenesis induction (103). We
consider these studies of significance because they will provide knowledge of 1)
direct participation of heparanase as purified enzyme in neovascularization and, 2)
its interactions with the local environment by releasing angiogenic and active
growth factors that are firmly HSPG-sequestered.

4.1 Neurotrophins Enhance Invasion and Heparanase
Production in Brain-metastatic Melanoma Cells

Neurotrophins can enhance the invasive properties of certain melanoma cells (11-
13). This may be required to penetrate the BBB. We have examined the effects of
NT on invasion of brain-metastatic melanoma cells using filters (Transwell™)
coated with Matrigel™ or purified ECM HSPGs in chemoinvasion assays. As a
chemoattractant we placed brain microvessel endothelial cell-conditioned medium
in the lower chamber; (endothelial cell motility factors from lung or liver did not
substitute for brain endothelial cell motility factors). Treatment of the prototypic
NT, nerve growth factor (NGF), resulted in a 7.9-fold increase in the extent of
matrix invasion of the 70W cells, corresponding with increases in heparanase and,
to a lesser extent, in type IV collagenase (MMP-2; 13) activities. NGF caused less
matrix invasion and heparanase induction by Me Wo parental cells, and there was
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no increase in invasion or heparanase NGF regulation in nonmetastatic 3S5 cells
(11-13). Similar results were found replacing NGF for the other NT member NT-3,
but not for BDNF or NT-4/5, consistent with presence of specific NTR on the cell-
surface of brain-metastatic melanoma cells (12).

The ability to invade was only apparent if the human melanoma cells were
grown on ECM or HSPGs and placed on an invasion substrate in the presence of
brain microvessel endothelial cell-conditioned medium. This suggested that, in
addition to their response to neurotrophic factors, melanoma cells must interact
with the appropriate matrix and receive paracrine motility signals to be highly
invasive (4, 5, 13).

5. BRAIN METASTASIS AND THE BRAIN ENVIRONMENT

Cellular and molecular passages into the brain are strictly regulated by the BBB.
Metastatic cells must breach this barrier to invade and colonize the brain
parenchyma. As discussed above, invasion into the brain requires that metastatic
cells increase their expression of certain cell surface receptors, degradative
enzymes, growth factors and cytokines. Additionally, they must respond to
invasion-stimulating cytokines such as NT and other paracrine growth factors. To
penetrate the BBB, brain-metastasizing melanoma cells express high levels of
basement membrane hydrolytic enzymes, such as type IV collagenases, cathepsins,
plasminogen activators, and, of importance, NT-regulated heparanase (11, 12, 62).
Although highly metastatic cells generally expressed higher amounts of
degradative enzymes than nonmetastatic cells, some of these enzymes like
heparanase are induced to even higher levels by the presence/production of NT as
paracrine invasion factors in the microenvironment. Additionally, heparanase can
also be provided by certain normal cells, such as microvessel endothelial cells (62)
or, as for the brain, astrocytes (104; see also section 5.1). If the appropriate
paracrine signals are received by malignant cells, they can be stimulated to increase
synthesis and release of heparanase/ECM degradative enzymes. The final result is
BBB degradation. Neoplastic cells with the potential to colonize the brain may
therefore express unique molecular determinants and may also respond to brain-
derived factors important for their invasion in the brain (16).

Melanoma cells that have successfully penetrated the first two zones of the
BBB, the brain microvessel endothelium and the thick basement membrane (BM),
must then establish interactions with, and respond to, astroglial cells. Astrocytes,
which are thought to provide structural support for CNS neurons, have been
reported to play an important role in maintaining homeostasis. Astrocytes
responses to extracellular stimuli have been widely studied (20, 108, 109). Among
the different cytokines that are produced by astrocytes, NGF seems to play a
specific role in brain-metastatic cell invasion. Exogenously supplied NGF, and
possibly other NT, may stimulate melanoma cells to invade further into the brain
parenchyma by binding to overexpressed cell surface thus triggering
heparanase production (33, 110). Interestingly, brain-metastatic melanoma cells
express interleukin-lbeta transforming growth factor-betal and
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basic fibroblast growth factor (bFGF) (105), which have been shown to stimulate
NGF synthesis by astrocytes (20, 109, 111-113). Therefore, brain metastasis
outcome can depend on interactions with, and responsiveness to, astrocyte-released
NGF which aid in the survival, growth, and invasion of
melanoma cells in the CNS.

5.1 Astrocytes Contribute to the Brain-metastatic Specificity of
Melanoma Cells by Producing Heparanase

Astrocytes are among the first brain cells encountered by extravasating melanoma
cells and able to produce NGF, the prototypic NT (108). Furthermore, they are
capable of binding NT since they express members of the Trk receptor family and
the p75 low-affinity NT receptor 108). They are relevant because
astrogliosis is a predictable pathologic trauma response to brain invasive events:
injury-reacting astrocytes are frequently found in areas surrounding melanotic
lesions. They may thus play important roles in the development of brain
metastases. To test this hypothesis, we employed purified in vitro astrocyte cultures
and investigated the presence of heparanase in astrocyte cultures. Primary glial
cells were obtained from newborn rat and mouse cerebra using established
purification methods (106). The majority of astrocytes appeared as large and flat
cells with fibroblast-like morphology. Their identification as astrocytes was
confirmed by positive immunoreactivity with an antibody against the astrocyte-
specific intermediate filament glial fibrillary acidic protein (GFAP) (106). Neither
vimentin, myelin basic protein, or gangliosides, as recognized by their respective
monoclonal antibodies, were expressed by the astrocyte cultures, confirming purity
of astrocytic preparations. We next examined the astrocyte cultures for expression
of heparanase. A specific heparanase transcript was detected by semiquantitative
reverse transcriptase-polymerase chain reaction (RT-PCR). This transcript was
upregulated in astrocytes previously incubated with purified and biologically active
NGF (104). Similar results were obtained using human brain-metastatic 70W cells.
Heparanase activity was also detectable and NGF-regulated in cellular extracts
from purified astrocytes. This was shown by the appearance of distinct HS
degradation products detected in agarose gel shift assays or by HPLC analysis
(104).

We also analyzed heparanase activity in brain-metastatic melanoma cells and
astrocytic cell populations in logarithmic growth by obtaining HPLC-derived
elution profiles of HS digested products at various incubation times (11). Cultures
of highly brain-metastatic cells showed a gradual and time-dependent increase in
heparanase activity for up to 72 hr. After this time interval, the levels of heparanase
in the cultures plateaued. Similarly, cultures of astrocytes also produced heparanase
in a time-dependent manner. Moreover, coincubation of brain-metastatic melanoma
cells and astrocytes in equicellular numbers resulted in a super-additive increase of
enzymatic activity above that expected by both cell types.
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To determine if poorly metastatic melanoma cells acquire an increased
metastatic potential following heparanase gene upregulation eukaryotic expression
vectors were constructed that contained the full-length human heparanase cDNA,
and used them to transfect melanoma cells. This was done by stably transfecting
melanoma cells of low invasion potential and heparanase content (either of human
3S5, A375P or murine B16-F1 melanoma cells) (107). Heparanase preparations
from stably transfected cell clones were able to fully digest HS chains from ECM-
associated, purified HSPGs subpopulations. The heparanase gene transfected cells
expressed increased heparanase, as detected by Western blotting analysis using a
monoclonal antibody against human active heparanase (HEP-MAb) (104), and
possessed high levels of heparanase activity (107). Transfection of the human
heparanase gene into these cells resulted in functional enzymatic activity and also
significantly increased (7 to 14-fold) invasion of the transfected cells using in vitro
chemoinvasion assays with purified HSPG as a barrier (104, 107).

Finally, we incubated brain-metastatic melanoma cells with astrocyte-
conditioned medium (ACM) and examined its effects on their invasive behaviors.
Consistent increases in in vitro invasion were found following exposure of these
cells to ACM. Invasion was most pronounced using ACM from NGF-treated
astrocytes, and the invasion effects of ACM were completely abrogated in presence
of HEP-MAb (104). The invasion enhancement caused by this NGF treatment was
also abolished in presence of a neutralizing NGF MAb confirming the relevance of
melanoma cells and astrocyte heparanases and their NT-regulation in invasion
events.

5.2 Reciprocal Cytokine Regulation of Brain-metastatic Cell
Growth

The induction of reactive astrocytes during tumor cell lodgment in the brain and its
subsequent invasion may promote the secretion of trophic and growth factors
(114). These in turn may cause differences in the organ specificity of metastatic
cells by the requirement of response to these growth factors. Therefore, brain
metastasis formation may depend on interactions with and responses to astrocyte-
released molecules which aid in the survival, growth, and invasion of melanoma
cells in the CNS (5, 114). This reciprocal cytokine regulation of growth probably
also extends to parenchymal cell types as well as to the ECM as growth factors
depot. The observation of metastatic growth explosion at certain organ sites can be
therefore explained by the notion that reciprocal release of cytokines and other
factors by tumor and host cells stimulate the motility, invasion, and growth of both
tumor and host cells. Tumor cells that colonize the brain can have unusual
responses to various cytokines. For example, melanoma cells that colonize the
meninges and ventricles are growth stimulated by while others that
colonize the brain parenchyma are growth inhibited by (115). Other growth
factors, such as epidermal growth factor (EGF), interleukin-lbeta tumor
necrosis factor alpha acidic FGF (aFGF), and bFGF, can stimulate NGF
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synthesis by reactive astrocytes, a response that can be potentiated by treatment
with dibutyryl-cAMP (111-113, 116). Other cell types that increase the synthesis
of NGF in response to bFGF treatment are the meningeal fibroblasts (112). As
stated, stimulatory cytokines, also inhibitory cytokines can be equally valid. For
example, an important inhibitory cytokine for melanoma cells is interleukin-6 (IL-
6) (117), produced by astrocytes following TNF exposure (118).

We consider this reciprocal cytokine regulation of invasion and growth as an
important aspect of understanding the basic mechanisms responsible for brain
metastases formation (110, 114). Furthermore, astrocytes are likely to be involved
in the development of brain metastases since they contribute to the invasive
capabilities of brain-colonizing melanoma cells. Our laboratory is the first to
provide evidence that astrocytes are a source per se of heparanase, able to produce
active heparanase and modulate in vitro cell invasion. Thus, our data support the
concept that melanoma brain invasion results from establishing reciprocal circuits
between the tumor cells and the normal glial cells present in the CNS (119) with
cellular responses to brain tissue injury to be considered as a paradigm for brain-
metastatic processes. Following mechanical/chemical brain insults, increased

presence is imperative for regenerational events of injured areas (20,
114). These properties may be paralleled by brain-invasive melanoma cells whose
invasion can trigger NT production (i.e., NGF) and NT-regulated heparanase
secretion by brain cells as response to the invasion event. Melanoma cells
overexpressing can benefit from such a synergistic microenvironment and
further invade into the brain parenchyma.

Heparanase activity has also been detected in tumor cells other than brain-
metastatic melanoma cells where it has been shown to be related to metastatic
potential (11, 14, 15, 60, 63, 85, 86). We have provided a convincing evidence for
direct roles of heparanase in tumor metastasis by the conversion of melanoma cells
from nonmetastatic or poorly metastatic to metastatic behavior after stable
transfection and overexpression of the heparanase gene (107). Moreover, we found
a preferential expression of the heparanase gene in specimens of human invasive
melanomas compared to noninvasive primary melanomas or normal tissues (107).
Together, these data support the notion that heparanase can be necessary and
essential for the metastasis of tumor cells to sites such as brain.

6. CONCLUSIONS AND FUTURE PERSPECTIVES

The brain is a unique microenvironment and only specialized tumor cells with
certain properties have the capacity to home to, invade, and colonize this organ.
These cells must attach to brain microvessel endothelial cells, invade the BBB by
expressing high concentrations of heparanase (and possibly other degradative
enzymes), survive by responding to NT and other brain trophic factors produced by
normal brain cells or stored in the ECM, and proliferate by responding to paracrine
growth factors. Although we now know much more about the molecular
determinants underlying brain metastasis formation than ever before, there remains
much to learn.
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One future goal is to test in in vivo settings the hypothesis that
overexpression and NT responsiveness are truly determinants for invasion and
establishment of clonal dominance by human melanoma metastatic to the brain.
Our laboratory has recently selected both high- and
variants by fluorescence-activated cell sorting (FACS) and related in vitro invasion
and NT responsiveness to content (42). By using these sorts and
subclones obtained from transfection studies, we will investigate the extent of

expressors to colonize the brain of nude mice. We will also use a
dominant negative strategy that will allow interference with
signalling after infection of melanoma cells with recombinant adenovirus
containing a dominant negative mutant. Brain tumor growth by dominant-
negative inhibition of will be determined by delivering the viral-infected
cells in nude mice. These investigations are of significance because they will
provide rigorous and unequivocal proof of as key determinant responsible
for brain metastases formation. Lack of such knowledge is an important problem,
because, without it, acquiring the ability to therapeutically inhibit brain-metastases
through mechanisms is unlikely.

Additional future aims will include the complete characterization of NT-
regulated heparanase gene expression in melanoma progression and mechanistic
studies (in vitro as well as in vivo) to clarify its involvement in both invasive and
angiogenic processes. Now that the heparanase gene has been cloned and its cDNA
sequence is known, more complete strategies can be formulated to provide direct
evidences for heparanase roles in metastasis, brain metastasis in particular. To this
end, a detailed study of the enzyme intracellular localization, membrane
association, and secretory properties in cultured cells and tissue specimens has
been initiated.

Questions related to the potential benefit of the therapeutic suppression of
heparanase in brain-metastatic events remain unanswered. Further studies with
astrocytic sublines, permissive or inhibitory to astrocyte boundary formation, as
well as in vivo experiments using specific inhibitors of heparanase action will be
useful to address these questions. Elucidating these mechanisms of action may
some day result in the development of new and effective therapeutic approaches to
the treatment of brain metastases.
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INTRODUCTION

Despite the advances in diagnostic techniques for early detection of malignant
tumors and the significant improvement in therapeutic procedures, the mortality rate
of cancer has been increasing year after year, and the most frequent cause of death
by cancer is metastasis. Therefore, elucidation of the metastasis mechanism is one
of principal subjects in cancer study and would lead to development of new
treatment methods. Cancer metastasis is a complex process which is composed of
sequential events including rumor cell detachment from the primary neoplasm,
invasion of the surrounding tissues, intravasation of the hematogenous or lymph
system and transit in the circulation, arrest in a secondary organ, extravasation from
the vessel, and growth in the newly defined site (1). The migration of tumor cells is
one of the most significant constituents which contributes to the successful
establishment of cancer metastasis (2). Many previous analyses (3-11) have
indicated a positive relationship between metastatic potential and motile ability of
tumor cells.

Tumor cell motility is thought to be controlled in an autocrine or paracrine
fashion by soluble tactors which can dramatically affect cell’s motile properties in
the tumor environment (12). Among the various soluble factors, tumor cell
autocrine motility factor (AMF) is a tumor-secreted cytokine which was
originally distinguished from A2058 human melanoma cells and induces both
directional (chemotactic) and random (chemokinetic) motility of the AMF-
producing cells via binding to its receptor, a cell surface glycoprotein of 78kD
(gp78, AMFR) (13-16). Therefore, in the light of the motility-regulating effects,
AMF and its receptor have been proposed to play a significant role during the
metastatic cascade of cancer (17). Thus, existence of the receptor-mediated AMF
pathway correlates well with malignant tumor progression (18).

In this chapter, we describe AMF and its receptor as regulators of
metastasis mainly on our studies.
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Specificity of Autocrine Motility Factor

AMF was identified as a proteinaceous molecule secreted by A2058 human
melanoma cells that stimulated the locomotion of the very cells that produced it,
thereby providing its name (13). Liotta et al. demonstrated that although
untransformed parental NIH-3T3 fibroblasts did not secrete appreciable AMF
since their conditioned media was incapable of stimulating either the producer
cells of the transformed lines, they were able to respond wilh an equivalent motile
response when stimulated by AMF from three different ras-transformed NIH-3T3
clones, all of which were metastatic in animal tests. AMF has been shown to
stimulate the motility of various kinds of cancer cell lines and untransformed
fibroblasts, however it does not activate T lymphocyte or neutrophil motility (2,
13, 14, 16, 17, 19). These data suggest that the activity of the AMF is at least
partially tumor cell specific factor with potential relevance to invasion and
metastasis.

Identification of AMF

Our results obtained from partial amino acid sequencing of a purified murine
AMF has shown a sequence identity to the previously cloned gene products, i.e.,
the cytokine neuroleukin (NLK) and the glycolytic enzyme phosphohexose
isomerase (PHI) (20). Furthermore, molecular cloning and sequencing has
revealed that the human gene encoding AMF cDNA is identical to NLK and PHI
(21). In addition, myeloid leukemia maturation factor (MF) was also identified as
NLK/PHI (22, 23). AMF/NLK/PHI/MF is a polypeptide of an apparent molecular
mass of 55 and 64 kDa under non-reducing and reducing conditions, respectively.
NLK is a neutrophic factor which promotes the survival of spinal and sensory
neurons in vitro (24, 25) and is associated with terminal axonal sprouting (26),
and its blockade may contribute to motor neuron diseases and AIDS-related
dementia (27-29). Also, NLK is produced and secreted by lectin-stimulated T-
cells, and induces immunoglobulin secretion by peripheral blood mononuclear
cells (30). PHI is a member of the ecto/exoenzyme family and catalyzes the
reversible isomerization of glucose-6-phosphate to fructose-6-phosphate, an
essential reaction in glycolysis and gluconeogenesis (31-33). Enzyme deficiency
in humans leads to congenital hemolytic anaemia which can be associated with
neurological dysfunction (34-36). Elevated serum PHI levels serve as tumor
progressior narkers in patients with malignant tumors including gastrointestinal,
pulmonary, renal, and mammary carcinoma, and relative activities are correlated
with the development of metastases (37-42). Moreover, PHI has been suggested
as a urinary marker for bladder cancer (43).

MF was shown to mediate the differentiation of human myeloid leukemic
HL-60 cells to terminal monocytic cells (22, 23). MF mediates reductions in
proliferating S and G2M cells, mature monocytic cells acquired complement
receptor, phagocytic capacity and adherence morphology. Furthermore, abnonnal
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elevated PHI enzymatic activities were detected in the plasma of acute
myelogenous leukemia patients (23). Thus, AMF/NLK/PHI/MF exhibits
multifunctional activities in various biological processes.

Several recent studies (44-46) reported the crystal structure of the
AMF/NLK/PHI/MF. The crystal structure of the bacterial PHI was resolved as an
open twisted and structural motif consisting of two global domains and two
protruding parts and was shown to exhibit AMF and NLK activities. In addition,
it was postulated that the substrate-binding site for PHI and AMF is located
within the domains’ interface (44). Jeffery et al. (45) have demonstrated the
three-dimensional structure of rabbit muscle PHI bound with the competitive
inhibitor glucose-6-phosphate by X-ray crystallography. Also, Chou et al. have
shown that the crystal structures of PHI complexed with the transition state
analogue 5-phospho-D-arabinonate (5PA) and N-bromoacetylethanolamine
(BAP) phosphate at 2.5- and 2.3-Å resolution, respectively (46). The inhibitors,
5PA and BAP, not only affect the enzymatic activity of PHI but also inhibit the
AMF-induced cell motility of colon-26 murine colon carcinoma cells. The
locations of the substrate binding sites for PHI and the receptor binding sites for
AMF are overlapped.

Mechanism of AMF Secretion

We have recently shown that AMF mRNA expression level is significantly
enhanced in tumor cells as compared with normal cells and that although the
intracellular protein levels are similar, 57 kDa AMF protein is selectively secreted
into the conditioned media only by neoplastic cells such as A31 murine
angiosarcoma and HT-1080 human fibrosarcoma cells (21). Thus, the
overexpression and secretion of AMF are restricted to malignant cells. AMF lacks
a consensus secretary signal sequence (24), which regulates protein secretion via
the classical endoplasmic reticulum (ER)-Golgi route while functioning, at least
in part, as a secreted soluble cytokine. Interestingly, the selective release of 57
kDa AMF into the conditioned media is thought to be actively performed via an
alternative, nonclassical pathway, which has been indicated in the secretion of the
proteins devoid of secretary signal sequence, such as iterleukin (IL)-l (47, 48),
fibroblast growth factor (49), galectin-l(5O), galectin-3 (51, 52), and others. A
consensus sequence (if any) shared by proteins using the alternative secretary
pathway is not yet fully resolved. Therefore, there must be certain cascades of
regulation steps which may be controlled by various molecules and mechanisms.
Until now the studies demonstrating direct, receptor-ligand interaction relied
mainly on contingent evidence, due to an insufficient quantity of AMF necessary
to perform a detailed biochemical analysis. We have recently generated,
expressed and isolated a recombinant human AMF (rhAMF) (53). To test whether
the purified rhAMF is properly folded and biologically active, three migration
assays were employed, each focusing on a different cellular migratory aspect i.e.,
chemotaxis (Fig. A), wound healing (Fig. B), and random motility (Fig. C).
rhAMF exhibited a highly potent motogenic activity on human fibrosarcoma HT-
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1080 cells over an average of 10 pg/ml-10 ng/ml, that was independent of the
assay used and was similar to the activity of the native AMF (16, 20). Thus,
rhAMF retained the biological activities of the native AMF, i.e., catalyzes PHI
activity and stimulated cell motiliry. Isolation of rhAMF which is identical to the
endogenous species provides an opportunity to study the structural-functional
relationship of the molecule.

The deduced amino acid sequence of human AMF protein 12 includes
potential phosphorylation site, consisting of nine casein kinase II (CK II) and
three protein kinase C (PKC) consensus sequences (21). Our recent study has
shown that AMF possesses three potential CK II phosphorylation sites containing
serines, i.e., Serl85-, Ser441- and Ser455 but a single serine residue at position
185 of human AMF is phosphorylated by CK II. CK II is a ubiquitous protein
kinase, responsible for serine and threonine phosphorylation specified by acidic
side chains of many proteins. Furthermore, higher CK II activity was detected in
metastatic melanoma compared with dermal nevus (54), suggesting that the
overall phosphorylation activities of CK II may contribute to the cancer
metastasis. AMF/PHI/NLK/MF protein undergoes CK II-mediated serine
phosphorylation and propose that conformational structural changes induced by
phosphorylation may play a role in its nonclassical secretory pathway.

AUTOCRINE MOTILITY FACTOR RECEPTOR

The cell surface receptor for the cytokine such as AMF is implicated in regulation
of cellular motility (55). The receptor for AMF has been identified as 78 kDa cell
surface glycoprotein designated gp78. A role for AMFR in the metastatic process
was first suggested by its increased O-linked glycosylation in B16-F1 mouse
melanoma cells grown in a spherical configuration on a non-adhesive substrate
which exhibited enhanced lung-colonizing ability in mice (56-58). The growth
pattern is comparable to tumor cell interaclions in the tumor mass or as
aggregates in the circulation prior to invasion through the endothelium (59-61)
and the ability to grow in such a manner is distinct to the neoplastic phenotype
(8). The causal involvement of gp78 in metastasis was further demonstrated by
the observation that treatment of B16-F1 cells grown in monolayer with Fab
fragments from a polyclonal anti-gp78 antibody prior to intravenous inoculation
into the tail vein of syngenic mice resulted in an enhanced lung-colonization
similar to that seen with cells grown in a spherical configuration (57). Similarly,
cells treated with a mAb against gp78 displayed increased motility in vitro as
evidenced by phagokinetic clearing of particles from gold-coated substrates and
enhanced in vivo lung-colonizing capability compared to stimulation with control
antibodies (14, 62). The induction of motility in vitro by either conditioned media
from these B16-F1 cells or the anti-gp78 mAb was found to be of similar
magnitude and each was specifically inhibited by PT (14), indicating use of a
common signalling pathway.
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We have recently cloned the full-length cDNAs for both human and mouse
AMFR genes in order to elucidate the functional role of AMFR in cancer
invasion and metastasis (63). Structural analysis demonstrated that both genes
encode a protein of 643 amino acids containing a seven transmembrane domain, a
RING-H2 motif which is a zinc finger variant (64), and a leucine zipper motif
(65) and showed a 94.7% amino acid sequence identity to each other.
Furthermore, AMFR protein included a potential N-glycosylation site and several
potential O-glycosylation sites, supporting the previous finding that AMFR is
glycosylated with both – and O-glycosaccharides (59). Protein sequence database
analysis showed that the AMFR protein had no significant homology with
registered protein sequences including the ones of seven transmembrane protein,
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but a significant structural similarity to a Caenorhabditis elegans hypothelical
protein, F26E4.11. Thus, the AMFR gene is an evolutionarily conserved gene
which encodes a novel type of seven tansmembrane protein having the RING-H2
and leucine zipper motifs.

Since most of the seven transmembrane proteins are recognized as a
member of guanine nucleotide binding protein (G-protein)-coupled receptors
(66), our observation is in accordance with the previous findings that AMF
interacts with a cell surface receptor coupled with a pertussis toxin-sensitive G-
protein to initiate cell locomotion (67).

In addition, the identification of AMFR as a seven transmembrane domain
receptor induced a question whether AMF belongs to the C-C, C-X-C gene
family of chemoattractants and AMFR to the CXC-receptor (CXCR) gene family
(68, 69) because most of CXCR proteins signal via heterotrimeric G-proteins. A
homology search has revealed that AMF does not contain the C-C or C-X-C
motif and AMFR is not homologous with the CXCR gene family. Therefore,
AMF and its receptor are thought to be different from the C-C, C-X-C
chemokines and their receptors. However, AMF contains a similar motif, C-X-X-
C (Cys330-Phe-Glu-Cys333), which is very rare and present only in the disulfide
isomerase protein family as defined as the thioredoxin-box motif (70) and in one
cytokine known as the macrophage migration inhibitor (MIF) (71, 72). AMF and
MIF share several structural and functional properties, may be secreted by
activated T cells via a non-classical pathway, lack signal peptide and have an
intramolecular disulfide (21, 71, 72). Since the MIF disulfide bridge was shown
to be in the motif where its integrity is essential for function and since reducing a
gents inhibit the AMF function, this C-X-X-C motif might regulate the structural
integrity and function of AMF.

Cell Surface Expression of AMFR

The AMFR protein is localized to the leading edge, trailing edge, and a region
proximal to the nucleus on the surface of motile cells (14). This cell surface
distribution may be characteristic of proteins involved directly in the locomotory
process which require receptor recycling to the leading edge for the maintenance
of forward movement.

Different high- and low-metastatic variant sublines of B16 and K-1735
murine melanomas were examined for AMFR surface expression and localization
(62). The highly metastatic variants exhibited an increased lung-colonization in
vivo and motiliry in vitro by the stimulation with a mAb against AMFR.
Fluorescence-activated cell sorter (FACS) analysis revealed that the high-
metastatic sublines expressed less AMFR on their cell surface than the low-
metastatic counterparts. Immunofluorescent examination showed that less motile,
low-metastatic cells had multiple focal areas of AMFR on the cel surface, while
most of the high-metastatic and more motile cells displayed a single intensity
labeled area at the cell periphery. These observations suggest that the directed
endocytosis of AMFR may be associated with the metastatic ability.
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AMF-Signaling of Cell Motility

The motility-stimulating signal transduction pathway of AMF in melanoma and
fibrosarcoma cells is specifically sensitive to pertussis toxin (PT) as well (17, 67).
AMF stimulated the incorporation of inositol into cellular lipids and inositol
phosphates, especially inositol triphosphates (73, 74). This AMF-stimulated
production of inositol phosphates was dose dependent, correlated with induction
of motility, and was in part inhibited by pretreatment of the cells with PT.
Stimulation of cells with AMF caused the extension of pseudopodia which
exhibited prominent axial actin filament bundles. Isolated pseudopodia were
highly enriched for laminin and integrin receptors after stimulation, containing
over 20 times the laminin and fibronectin receptors of plasma memhranes of
untreated cells (75). Exogenous 12-(S)-hydroxyeicosatetraenoic acid [12-(S)-
HETE], a lipoxygenase metabolite of arachidonic acid, stimulated the motility of
high-metastatic melanoma cells in a manner analogous to AMF without affecting
the migration of the low-metastatic variant (19, 76). This effect was associated
with enhanced expression of the AMFR and AMF treatment stimulated
production of exogenous 12-(S)-HETE as well as upregulation of the 12-
lipoxygenase enzyme in the migration-responsive cells exclusively. Although PT
inhibits AMF action entirely, the effects of 12-(S)-HETE are unaffected by
pretreatment with PT, and this eicosanoid appears to act downstream of the PT-
sensitive G-protein in the AMF signaling pathway. However, the motility effects
of both AMF and 12-(S)-HETE are abolished by inhibitors of protein kinase C
(76, 77). Furthermore, it has been shown that both arachidonic acid metabolism
and protein kinase C activity are related to locomotory induced by AMF and not
its proliferative effects. During the course of tumor cell invasion and metastasis,
malignant cells must interact with components of the extracellular matrix (ECM)
encountered in the various tissue microenvironments through which they move.
AMF differentially affects the adhesion, spreading and migration of high- and
low-metastatic murine melanoma cells on the ECM components fibronectin,
laminin and collagen IV via alterations of focal contact architecture (78).
Moreover, the unique migration patterns in these cells which reflect differences in
degradation and/or remodeling of the cellular substratum were observed (79).
These profiles of matrix interaction were influenced distinctly by AMF and
dictated by both substrate composition and cellular phenotype. Our findings show
the dynamic interplay that exists between cellular signals from the insoluble ECM
and secreted cytokines like AMF. With regard to the relationship between these
signals and the metastatic phenotype of the cells, it appears that differential
responses dependent on the available substrate proteins as well as signals from
circulating molecules might mediate the invasion and migration of metastasizing
tumor cells by regulating cellular responses to either degrade and invade the ECM
or remodel the ECM and arrest.
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Regulation of AMFR

It has been demonstrated that metabolites and synthetic analogues of vitamin A
(retinoids) can inhibit carcinogenesis and suppress the tumorigenicity of several
tumor cell types by inducing terminal differentiation (80). Our previous study
showed that beta-all-trans-retinoic acid (RA) inhibited the invasiveness of human
melanoma cells with different metastatic propensities in time- and dose-
dependent manner and that AMFR expression decreased 13- to 50-fold compared
with control cells (81). This suggests that RA has either a direct or indirect effect
on AMFR expression which may be directly related to decreased tumor cell
invasion. The inhibitory effect is indirect, since characterization of AMFR
promoter failed to distinguish an RA-response element (82). Furthermore, we
indicated that reduced migratory response of RA-treated melanoma cells to AMF
and the AMF-mimicking anti-AMFR rnAb correlated with decreased AMFR
expression (83), suggesting that the two events are related and that previously
reported observations of RA-mediated suppression of tumor cell invasion
metastasis may be related, at least in part, to suppression of cell motility resulting
from diminished levels of AMFR. Cell density-dependent downregulation of
AMFR appears to be a hallmark of lower malignant potential, since normal
murine BALB/c 3T3-A31 fibroblasts as well as normal human bladder epithelial
cells show complete downregulation of both the surface and total expression of
AMFR when grown to confluence (17, 84). Cells which display progressively
malignant and especially metastatic phenotypes appear to be capable of
maintaining steady state expression of AMFR in high density conditions (85).
The display of AMFR in a polarized fashion on the malignant cell surface
coupled with the motile responses to AMF, irrespective of cell density, suggests a
mechanism for the exploitation of continued expression for invasion.

Clinical Utilization of AMF and its Receptor System

AMF and its receptor have been postulated to play an important role in the most
devastating aspects of cancer, i.e. tumor cell metastasis, based on their motility-
regulating effects (86). The presence of AMF in the urine is a marker of
transitional cell carcinoma of the bladder (87). Recently, it was shown that
expression of the AMFR correlates with malignant potential in bladder cell lines
(84). Moreover, immunohistochemical examination in specimens from human
bladder carcinoma patients revealed a strict negative correlation between AMFR
expression and prognosis (85). Importantly, upregulation of AMFR in the more
severe bladder cancer were associated with a concomitant downregulation of the
calcium-dependent homotypic cell adhesion molecule E-cadherin. These results
suggest that enhanced migration of bladder carcinoma cells with invasion of the
suburothelial lining is due to both the acquisition of motility-promoting molecules
such as AMFR as well as the loss of the molecules which promotes the sedentary
phenotype (e.g., E-cadherin) and indicate the potential utility of a dual-antigen
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approach for improving early diagnosis of high risk bladder cancer patients,
especially in the cases where the normal predictors of stage and grading fail. The
possible utility of AMF and its receptor system as prognostic indicators was
previously observed by many other reports (88-94). These findings implicate the
AMF system as a very useful prognostic indicator of malignancy.

CONCLUSION

Here, we have shown the importance of autocrine motility factor and its receptor
that function as regulator during the metastatic steps. Further study about
characterization of AMF and AMFR will be needed to increase our understanding
of the fundamental processes which control motility in mammalian cells and
provide the basis for the development of more effective clinical treatments and
specific modalities which inhibit rumor cell motility in vitro and invasion and
metastasis in vivo.
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Abstract
The nm23 gene family was identified on the basis of its reduced expression in highly
metastatic melanoma cell lines, as compared to related cell lines of low metastatic
potential. Transfection of nm23 into metastatically competent melanoma and breast, oral
squamous cell and colon carcinoma cell lines reduced tumor metastatic potential upon in
vivo injection. No effect on primary tumor size was observed, making nm23 a metastasis
suppressor gene. Research in Drosophila, human breast carcinoma and rat neural cells
show nm23 to regulate differentiation, which may contribute to its metastatic suppressive
phenotype. The biochemical mechanism of action of Nm23 in metastasis suppression is
under investigation, and is hypothesized to involve a histidine protein kinase activity.
Elevation of nm23 expression in micrometastatic cells of cancer patients is hypothesized
as a translational strategy to limit further colonization, invasion and induce
differentiation, potentially with a clinical benefit.

Key words: Nm23, NDP kinase, breast, melanoma, differentiation, histidine
protein kinase

1. CLONING AND EXPRESSION

The nm23 metastasis suppressor gene was discovered in a murine K-1735
melanoma model system, using a differential expression strategy. Twenty four
cDNA clones exhibiting different amounts of hybridization to labeled mRNA
from the highly metastatic K-1735 TK line and low metastatic K-1735 Clone 19
cell line were tested for their expression patterns in seven related K-1735 cell
lines of varying metastatic potentials. One clone, nm23 (nonmetastatic 23),
exhibited higher mRNA expression levels in the two low metastatic potential cell
lines than in five more highly metastatic cell lines (1). Reduced Nm23 protein
levels were found in the same model system using an anti-peptide antibody (2).

A family of nm23 genes has been identified. In the human, nm23-H1, -H2, -
DR, -H4, -H5 and –H6 share partial homology (2-8). The degree of amino acid
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homology, subcellular localization, enzymatic activities and biological functions
of the family members vary. A side-by-side comparison to test which genes have
metastasis suppressor activity has not been conducted, and most research
concerns nm23-H1 and –H2. Homologs in other species are named as ndp kinases
(nucleoside diphosphate kinases or ndk) or awd (abnormal wing discs).

An important question in the evaluation of genes identified in a model
system is whether similar expression patterns are found in human tumors. In these
experiments the nm23 expression of a cohort of primary tumors was measured
using northerns or in situ hybridizations for RNA levels or
immunohistochemistry for protein levels. These data were compared to patient
survival (disease free or overall) or histopathological characteristics of the
primary tumor which are indicative of metastatic aggressiveness, such as the
presence of metastases in the draining lymph nodes, Stage or grade of tumor, etc.
Table 1 summarizes those studies performed with breast cancer cohorts. The
various correlations reported are listed, including those which were
nonsignificant by statistical analysis. Overall, 19/25 studies found a significant
association between low nm23 expression and an aspect of aggressive disease
course, confirming the trend observed in the model system. The fact that these
results were obtained using multiple antibodies and varying scoring systems adds
strength to the overall conclusion. Similar trends are evident in cohort studies
using melanoma (9-16), ovarian (17-21) and hepatocellular carcinoma (22-25)
and several other cancer cell types.
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Multivariate analysis, such as Cox’s proportional hazards model, quantifies
the strength of a predictor versus other available data, such as nodal status, tumor
grade, etc. In only one case was a large study conducted using node-negative
breast tumors, where prognostic information is needed for clinical decisions, and
nm23 was a significant predictor of outcome by multivariate analysis (30). In two
other large cohort studies multivariate analysis showed Nm23 expression to be a
significant independent predictor or nearly so. Although intriguing, nm23
expression is not yet considered an independent prognostic factor.

The group which conducted a multivariate analysis of Nm23 in the node-
negative breast cancer population has recently compiled data for several
metastasis associated events, including PCNA and Ki67 for proliferation,
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microvessel count for angiogenesis, E-cadherin, Nm23, Vimentin and p53 (50).
Of these, microvessel count (P = 0.04), Nm23 (P = 0.004), E-cadherin (P <
0.0001), p53 (P = 0.0002) and Vimentin (P = 0.05) were significant correlates of
patient survival. Angiogenesis and loss of Nm23 were found to be early events in
the malignant progression of this tumor type, with p53 and E-cadherin
overexpression occuring later in progression

Other cancer types do not exhibit reduced nm23 expression coincident with
aggressive disease course. The most interesting is neuroblastoma, in which
increased nm23 expression and mutations occur in advanced (Stage IV) cancer
(51). A mutation of serine 120 to a glycine was found in 6/18 advanced tumors
(52), an amino acid that is thought to be a site of phosphorylation and which has
functional effects on the motility phenotype (53). Alterations in the expression
level of a metastasis suppressor gene may be irrelevant to the progression of some
cancer cell types, or alternatively, the gene may be de-regulated by different
means, such as mutation.

2. TRANSFECTION EXPERIMENTS

The hallmark of a metastasis suppressor gene is its reduction of metastatic
potential in vivo, without a reduction in primary tumor size, upon transfection
into a low expressing, metastatically competent tumor cell line. Table 2
summarizes the results of nm23 transfection experiments reported to date. In vivo
metastasis data was reported in 10 studies, showing a 40-98% reduction by the
nm23 transfectants, as compared to control transfectants. These experiments form
the basis for the designation of nm23 as a metastasis suppressor gene. In seven
studies spontaneous tumor metastatic potential was quantitated, in which cells are
injected to form a primary tumor, which then seeds out metastases. In each case,
the primary tumor size between the nm23- and control- transfectants was
comparable (54-60).

In vitro assays were also reported in transfection experiments, in order to
test for cellular function in aspects of the metastatic process, and are summarized
on Table 2. It is apparent that nm23 can act at several stages of the metastatic
process, including invasion, motility and colonization. The inhibition of motility
to a variety of chemoattractants, including extracellular matrix proteins, growth
factors, motility factors, etc. suggests that nm23 serves to block the signal
transduction process downstream of a specific receptor. In colonization, nm23
suppressed the aberrant stimulatory effect of on metastatic cells, also
consistent with a signal transduction modulatory effect. Where tested, nm23 did
not inhibit proliferation (54, 55, 59, 67), again consistent with its lack of tumor
suppressor activity.
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3. DIFFERENTIATION

A link between metastasis and differentiation is suggested daily in pathology
laboratories. Pathologists characterize tumor grade, one component of which is
the extent of tissue differentiation. In general, those tumors exhibiting poor
differentiation, and consequently poor grade, often have an aggressive disease
course. It has been proposed that metastasis may involve the aberrant re-
expression of gene cascades operative in embryonic development, in which cells
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move, invade and grow albeit in an organized manner . One function of
metastasis suppressor genes therefore may be to induce a differentiated state.

The nm23 homolog in Drosophila is awd, which controls differentiation
post-metamorphosis as presumptive adult epithelial cells in the imaginal discs
attempt to differentiate (69, 70). Other organs affected include the brain and
ovary. Mutations resulting in loss of awd expression were lethal and exhibited
aberrant cellular morphology, poor architectural differentiation and a pronounced
instability in phenotype. A mutation of awd proline 96 to serine (based on the
nm23-H1 numbering system) caused no developmental defects alone, but
exhibited the aberrant differentiation of null awd when co-expressed with a prune
(pn) eye color mutation (71). This mutation, known as killer-of-prune (k-pn), sits
on a distinct loop structure of the Nm23/Awd protein by x-ray crystallography ,
modulates enzymatic activities (72) and is involved in the control of the tumor
cell motility phenotype (62).

One of the most important contributions to understanding the possible
mechanism of action of Nm23/Awd came from experiments in which the null
awd germline was transfected with nm23 or awd genes, and the extent of
differentiation observed (73). Two conclusions were apparent: (1) the histidine
118 of Nm23/Awd was necessary but not sufficient for normal development and
differentiation; and (2) only a minor fraction (4%) of total Awd enzymatic
activity was needed for full differentiation. The latter data suggest that a minor
subpopulation of Nm23/Awd proteins may exist with discreet biochemical
functions.

An immunohistochemical survey of Nm23 expression through mouse
embryonic development found increased expression coincident with functional
differentiation in many epithelial tissues (74). Increased nm23 expression has
been linked functionally to the differentiation process in transfection studies
using two mammalian cell types. PC12 phaeochromocytoma cells transfected
with nm23 exhibited differentiation in vitro in response to nerve growth factor,
including neurite outgrowth and increased expression of microfilament and
microtubule proteins (75, 76). Neurite extension was also observed in the absence
of any differentiation inducer (75). Histidine 118 of Nm23 was required, in
agreement with Drosophila data. A similar pattern of differentiation was observed
when nm23-DR was transfected into neuroblastomas cell lines (77), and the
corresponding histidine residue was required (78).

In the breast, a three-dimensional culture system in basement membrane
proteins has been used to analyze morphological and biochemical aspects of
differentiation. Normal human mammary epithelial cells produce duct-like
circular structures, synthesize and directionally secrete basement membrane
proteins to the outside of the “duct”, and synthesize and directionally secrete
sialomucin to the inside of the “duct”, a process compromised in many breast
tumor cell lines (79). The nm23-H1 transfectant of the MDA-MB-435 human
breast carcinoma cell line recapitulated most aspects of differentiation in this
model system, including morphological duct-like colony formation, synthesis and
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directional secretion of basement membrane and sialomucin synthesis, in contrast
to either control-transfectants or the parent cell line (63).

In contrast to the above studies in multicellular tissues, Nm23 has been
linked to the de-differentiation of hematopoietic cells. The nm23-DR gene
inhibited granulocytic differentiation and induced apoptosis (4). As an
extracellular protein, Nm23 has been found to inhibit the differentiation of
myeloid cells (80, 81). Neither the receptor nor the signaling process for this
phenotype has been identified.

4. BIOCHEMICAL ACTIVITIES OF Nm23

4.1 Putative Biochemical Activities and Associations

The list of biochemical activities and protein:protein interactions ascribed to
Nm23, which represent hypothetical mechanisms of metastasis suppression, is
enormous. Table 3 presents an overview of the literature.

Several generalizations are possible. First, the nucleoside diphosphate
kinase activity of Nm23, which is the basis for the discovery of the protein, is not
the only biochemical activity that this protein possesses. This activity is thought
to contribute to the regulation of nucleotide triphosphate pool concentrations, and
therefore to impact DNA synthesis, G-protein function and other events. Most, if
not all, of the reports concerning Nm23 association and function with small and
heterotrimeric G proteins cannot rule out the possibility that Nm23 is simply
regenerating GTP in these systems.

Second, Nm23 exhibits a protein kinase activity. Where studied, it can
involve the phosphorylation of a serine on the substrate, and may have an
intermediate step of Nm23 autophosphorylation on Histidine 118. If so, this
protein kinase activity can be considered a type of histidine protein kinase
activity, discussed below. It has been difficult to separate the NDP kinase activity
of Nm23 from a protein kinase activity; in many cases extensive experimentation
has been carried out to show that Nm23 is not regenerating ATP from
contaminating nucleotide pools, which then permits autophosphorylation of the
“substrate”. Phosphatases have been reported to associate with Nm23, suggesting
that kinase activity is regulated.
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The most intriguing kinase activity of Nm23 is as a histidine protein kinase.
This is a little known class of kinases in mammalian cells, but forms the primary
signal transduction system in prokaryotes, called the two-component system.
When a signal interacts with a receptor, a linked histidine protein kinase is
autophosphorylated. The histidine kinase then passes the phosphate from its
histidine to the aspartate of a receiver protein. The receiver protein has a DNA
binding domain, which activates transcription of the genes required for the
bacterial response. A Nm23 homolog was cloned into a two-component system,
and functioned as the histidine protein kinase portion (95). Two-component
pathways have been identified in eukaryotes such as yeast and plants; in this case
the response receiver, when phosphorylated on an aspartate residue, sets into
motion a poorly defined signal transduction process which results in the
inhibition of MAP kinase. Do histidine kinases occur and function in mammalian

130



cells? Nm23-Hl was found to phosphorylate an aspartate residue of a bovine
brain lysate protein, aldolase. In this case, the protein does not autophosphorylate,
providing concrete evidence of a protein kinase activity. Other possibilities
include histidine-histidine, and histidine-serine phosphorylations, based on
published “ice bucket” reactions. Our ability to observe these
transphosphorylations is severely limited by the pH under which SDS-PAGE is
run, which destroys acid-labile phosphohistidine. It has been estimated that up to
6% of cellular phosphorylation is phosphohistidine.

Third, the list of associations of Nm23 with cellular proteins is extensive.
Nm23 is an abundant protein, with a long half-life. The two best studied forms,
Nm23-H1 and –H2, have acidic and basic pIs, and can nonspecifically bind
proteins via ionic interactions. Perhaps the best indicator of specificity is whether
the association with Nm23 alters the biochemical activity of the target protein, for
which incomplete data is available.

Fourth, the data from Drosophila development, which indicate that only a
small fraction of total enzymatic (NDP kinase) activity of Nm23 is needed for
biological activity, suggest that a relatively minor subpopulation of Nm23 with a
particular function or association may be relevant. In this regard, we may need to
consider a structure of Nm23 other than the published crystallography (123-125).
Mutation of serine 120 of Nm23 has been reported to display a novel structure
upon renaturation, that of a molten globule (126). Such a form may have a
different active site or association profile, etc. and may be relevant to the biology
of metastasis or differentation.

Fifth, if Nm23 functions in metastasis suppression by the limitation of
signal transduction, as suggested in the transfection experiments, then several
mechanistic possibilities are found on Table 3. Function as a histidine protein
kinase in an as-yet unknown two-component like signal transduction reaction is
postulated. Binding to cytoskeletal elements, if their function is impacted, appears
relevant to the motile and invasive phenotypes. The participation of Nm23
homologs in plant signal transduction in the phytochromes, is incompletely
understood, but may she light on conserved pathways.

4.2 Structure: Function Correlations

We have used site directed mutagenesis to change amino acids of Nm23 thought
to be critical to development, found to be mutated in cancers, or identified as sites
of phosphorylation. The constructs were expressed in bacteria, and the
recombinant Nm23 protein was purified and characterized biochemically (72).
Wild type and mutant nm23 constructs, tethered to a constitutive promoter, were
transfected into MDA-MB-435 human breast carcinoma cells and assays for
metastasis suppressor function in one aspect of the process in vitro, motility in
Boyden chamber assays (62). In general, wild type nm23-Hl inhibited the
motility of MDA-MB-435 cells to serum, which represents an amalgamation of
factors, or to a defined chemoattractant, autotaxin. Mutation of either proline 96
to serine (P96S, the killer of prune mutation) or serine 120 to glycine or alanine

131



(S120G, S120A, a site of phosphorylation and mutation in neuroblastomas)
significantly abrogated the motility inhibitory phenotype. Mutation of serine 44 to
alanine (S44A), another site of autophosphorylation, left Nm23 with motility
suppressive capacity, confirming the specificity of the other mutations in this
model system. The wild type and mutated nm23-H1 transfected cell lines
exhibited comparable in vitro proliferation rates, again providing evidence of
relevance to the metastatic process. It was impossible to test the impact of
histidine 118 mutation, as transfectants could not be produced.

Recombinant wild type or site directed mutated Nm23-H1 proteins have
been analyzed for several of the biochemical activities listed on Table 3. Do the
P96S and S120G mutations, which have altered biological function, exhibit any
differences in biochemical function? The data are summarized below:
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The NDP kinase activity of the wild type and mutant proteins are
comparable.
S120G exhibits decreased serine autophosphorylation, in some but not all
assays.
Both S120G and P96S exhibit reduced function in assays of histidine
protein kinase activity, including the transphosphorylation of succinyl
thiokinase and GST-Nm23 on histidine residues. The P96S is a true kinase-
defective mutant, whereas the S120G deficiency may result from poor
autophosphorylation.
Both S120G and P96S are deficient in histidine kinase activity for a bovine
brain protein on an aspartate residue, later identified as aldolase (93). This
is an example of histidine-aspartate histidine protein kinase activity, typical
of two-component pathways.

These data support the hypothesis that a histidine protein kinase activity
underlies the metastasis suppressive effect of Nm23. The NDP kinase activity
failed to correlate with suppression of motility. Other activities or associations, as
yet untested, may also vary among these mutants, and have contributory activity
to metastasis as well.

Structure:function comparisons in differentiation have reached similar
conclusions. The histidine residue of Nm23 was required for the induction of
PC12 or neuroblastomas differentiation (78). Site directed mutagenesis of three
nm23-DR motifs was performed and tested for differentiation induction in
neuroblastomas cells, the histidine phosphorylation residue (His 134), the
homolog of serine 44 (Ser 61) and an RGD (Integrin) postulated binding site (78).
All recombinant proteins with the exception of the histidine mutant exhibited
NDPK activity. Both the histidine and serine mutant forms were deficient in the
induction of differentiation, on morphological or gene expression grounds. The
RGD mutant was comparable to wild type nm23-DR. On the assumption that
serine 44 (61) phosphorylation is downstream of histidine autophosphorylation,
the data are compatible with a histidine protein phosphotransferase activity
underlying a differentiation effect.



5. TRANSLATIONAL RESEARCH CONCERNING Nm23

5.1 Potential Clinical Utility of Metastasis Suppressor Genes

The identification and characterization of metastasis suppressor genes is expected
to lead to the development of new clinical strategies to control the metastatic
process in patients. This premise is based on several concepts:
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Primary tumors can often be successfully managed by surgery and radiation
therapy. Metastatic disease is a major contributor to patient morbidity and
mortality.
For many breast and other cancer patients, only a minor percentage of
patients (~6% in breast cancer) have detectable distant metastases at the
time of diagnosis and surgery. A greater percentage have evidence of some
metastatic spread, for instance to the regional lymph nodes (40-50%).
Another percentage of patients with no evidence of spread will eventually
go on to develop distant disease. Based on these data, it can be concluded
that the metastatic process has not been completed in many patients.
Even if detectable metastases have not been found, it cannot be proven that
the initial parts of the metastatic process have not been completed. For
instance, cells may have invaded from the primary tumor, intravasated and
extravasated the circulatory system, and be sitting as occult micrometases
in a distant organ. What remains is angiogenesis and metastatic
colonization at the distant site.
Metastatic colonization is known to differ from primary tumor growth or
proliferation in vitro, but is as yet incompletely characterized. For instance,
many nonmetastatic tumor cells are inhibited by while
metastatically competent cells are stimulated. Thus, reactivity to cytokines
may distinguish the metastatically competent cells from the primary tumor
mass.
Many metastasis suppressor genes affect, at least in part, aspects of
metastatic colonization. Nm23 appears to influence colonization,
particularly in response to It also influences differentiation, which
may impact outgrowth at a distant site.
Data compiled to data in human tumor cohorts indicate that mutations in
metastasis suppressor genes are relatively rare. Thus, one may only have to
“turn on” expression of the wild type gene, rather than eliminate any
number of gain-of-function mutational effects.



5.2 Re-expression of Nm23-Hl

We have hypothesized that nm23-H1 expression may represent a valuable
therapeutic target based on: (a) its reduced expression in many breast tumors
from patients with aggressive disease in cohort studies, and (b) its suppression of
in vivo metastasis upon transfection into a number of tumor cell lines. Several
aspects of nm23-Hl expression noted in the transfection experiments may affect
colonization at the distant site, including soft agar colonization, responsiveness to
TGF-b, and induction of differentiation. A cohort study in which side-by-side
analysis of Nm23-Hl expression by immunohistochemistry, and allelic deletion,
shed light on the mechanism of Nm23-H1 de-regulation (127). Allelic deletion
(or loss of heterozygosity, LOH) was observed frequently at the nm23-H1 locus,
but was accompanied by varying levels of protein expression. Apparently, the
remaining allele could be highly or poorly transcribed and translated. Poor patient
survival was not correlated with allelic deletion, but was correlated with low
Nm23-H1 protein expression. Twenty tumors were sequenced for mutations in
the Nm23-Hl coding region, and none found. Thus, down-regulation of
expression, rather than the deletion-mutation model often found for tumor
suppressor genes, is likely the case in breast cancer.

The promoter regions for several nm23 homologs have been identified
(128). We have used a model system of four unrelated human breast carcinoma
cell lines to characterize the nm23-Hl promoter. These lines include MCF-7 and
ZR-75, which are relatively high in nm23-H1 expression and virtually
nonmetastatic in vivo, and MDA-MB-435 and MDA-MB-231, which are low in
nm23-Hl expression and metastatically competent in vivo. A 2.1 kb portion of
the nm23-Hl promoter, generally 5’ of its transcription initiation site, was found
to induce differential reporter gene expression when transfected into the four cell
lines in a manner consistent with the known Nm23 expression levels (i.e., several
fold higher in the MCF-7 and ZR-75 cells than in the MDA-MB-435 and MDA-
MB-231 cells) (129). This region was therefore thought to contain the
information needed to determine high versus low levels of nm23-H1. Deletion of
restriction fragments from the 2.1 kb promoter narrowed down the region of
interest to a 250 bp fragment. Investigation of the transcription factor binding
sites within this region, their pattern of usage among the various cell lines, and
their functional effect on Nm23-Hl expression is ongoing.
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Chapter 8

GENE REGULATION IN MELANOMA
METASTASIS

Menashe Bar-eli

University of Texas M. D. Anderson Cancer Center, Department of Cancer
Biology, Houston, Texas

Abstract
The molecular changes associated with the transition of melanoma cells from radial
growth phase (RGP) to vertical growth phase (VGP, metastatic phenotype) are not very
well defined. We previously demonstrated that expression of the cell surface adhesion
molecule MCAM/MUC18 correlates directly with the metastatic potential of human
melanoma cells. In addition, the progression of human melanoma towards the metastatic
phenotype is associated with loss of expression of the tyrosine-kinase receptor c-KIT. We
found that both genes MCAM/MUC18 and c-KIT, are regulated by the transcription
factor AP-2 and that metastatic melanoma cells do not express AP-2. Re-expression of
AP-2 in highly metastatic cells decreased their tumorigenicity and inhibited their
metastatic potential in nude mice, while expression of dominant-negative AP-2 gene (AP-
2B) augmented their tumor growth in vivo. The AP-2 transfected cells displayed down
regulation of MCAM/MUC18 and MMP-2 and re-expression of the c-KIT receptor.
Because AP-2 also regulates other genes that are involved in the progression of human
melanoma, such as E-cadherin, p21/WAF-1, HER-2, Bc1-2, IGF-R1, FAS/APO-1 and the
thrombin receptor (PAR-1), we propose that loss of AP-2 is a critical event in the
development of malignant melanoma. The progression of human melanoma from RGF to
VGP is also associated with over expression of the transcription factors CREB and ATF-
1. We found that CREB/ATF-1 may act as survival factors for melanoma cells. In
addition, some of the genes regulated by AP-2 such as MCAM/MUC18, MMP-2 and
FAS/APO-1 are also regulated by CREB/ATF-1. It is therefore feasible that the balance
between AP-2 and CREB/ATF-1 expression is among the factors determining the
acquisition of the metastatic phenotype in human melanoma.

Key words: malignant melanoma, metastasis, gene regulation, transcription
factor
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INTRODUCTION

Malignant melanoma is a common human cancer with high mortality rates. The
incidence of this disease is currently increasing faster than that of any other
malignancy. The primary cause of melanoma is thought to be exposure to
ultraviolet (UV) radiation (1). Other risk factors include fair skin, a hereditary
predisposition toward the disease, increased age, and race. In the white
population for example, the disease is increasing rapidly and is projected to effect
approximately 1 in 75 persons by the turn of the century (2). The steady overall
increase has been attributed to various causes ranging from the reduction of the
stratospheric ozone to the changing lifestyles and attitudes that affect sun
exposure. Although it is easily diagnosed and wholly curable if detected early, the
high mortality rate (6,700 deaths/year in the United States) is due to the
propensity for melanoma to metastasize if left untreated (3).

As it progress through a multistep process, malignant melanoma in humans
switches from melanocytes to nevi, to radial growth phase (RGP) and
subsequently to vertical growth phase (VGP, metastatic phenotype, Figure 7).
These switches are associated with molecular and genetic changes (4-6). Figure 1
outlines some of the molecular changes occurring during the different stages of
melanoma progression. The mechanisms, however, that mediate this differential
expression of genes during melanoma progression remain largely unknown.
There has been, however, some progress in our understanding the development of
malignant melanoma. Of particular relevance are recent results concerning
abnormalities in the expression of transcription factors which in turn modulate
and regulate several genes controlling tumor growth and metastasis of melanoma.

The prevalent working model for melanoma metastasis development
defines it as series of interrelated, sequential steps involving the survival and
growth of unique subpopulation of cells with metastatic properties that pre-
existed within the parental neoplasm (7). By their ability to regulate the
expression of several genes, transcription factors could play an important role
during melanoma progression. Indeed, it has been recently demonstrated that the
progression of human melanoma is associated with loss of expression of the AP-2
transcription factor and overexpression of the CREB (cAMP response element-
binding protein) and the ATF-1 (activator transcription factor-1) transcription
factors. Here we will summarize our recent data concerning the contribution of
various genes to the metastatic phenotype and will describe how these genes are
regulated during the progression of human melanoma.
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ROLE OF C-KIT IN THE PROGRESSION OF MELANOMA

Expression of the tyrosine kinase receptor encoded by the c-KIT proto-oncogene
progressively decreases during local tumor growth and invasion of human
melanomas (8-10). The proto-oncogene c-KIT encodes a transmembrane
tyrosine-protein kinase receptor related to the PDGF/CSF-1 (c-fms) receptor
subfamily (11). c-KIT has been found to play a pivotal role in the normal growth
and differentiation of embryonic melanoblasts. In mice, c-KIT has been mapped
to the dominant white spotting (w) locus (12-13), whose ligand is the product of
the s1 locus (Steel) (14) which encodes the stem cell factor, SCF (also known as
KIT-ligand, KL, steel factor or mast cell growth factor, MCF). Mutations in the
(w) locus or (s1) (15, 16), or injection of neutralizing anti-KIT antibodies into
pregnant mice (17) results in the piebald phenotype, characterized by white
spotting of the fur and attributed to a local reduction in the number of cutaneous
melanocytes. Mutations in the c-KIT receptor also have been identified in human
piebald patients (18,19), suggesting that normal function of c-KIT is required for
human melanocyte development. These observations raise the question as to
whether malignant transformation of melanocytes may be associated with
changes in the expression of the c-KIT receptor. Indeed, several recent studies
have demonstrated that the progression of human cutaneous melanoma is
associated with the loss of expression of the c-KIT proto-oncogene. The vast
majority of metastatic lesions and human melanoma cell lines do not express
detectable levels of the c-KIT receptor (8-10). To provide direct evidence that c-
KIT plays a role in metastasis of human melanoma, we transfected the c-KIT
gene into c-KIT negative, highly metastatic human melanoma cells and
subsequently analyzed their tumorigenic and metastatic potential in nude mice
(20). Enforced c-KIT expression significantly inhibited tumor growth and
metastasis. Exposure of c-KIT-positive melanoma cells in vitro and in vivo to
SCF, the ligand for c-KIT, triggered apoptosis of these cells but not of normal
melanocytes. These results suggest that loss of c-KIT receptor may allow
malignant melanoma cells to escape SCF/c-KIT-mediated apoptosis, thus
contributing to tumor growth and eventually metastasis (20).

Our data point to the usefulness of SCF as an antitumor and antimetastatic
agent in early stages of melanoma while the cells are still expressing c-KIT.
Furthermore, c-KIT might be used in gene therapy for advanced tumors and
established melanoma metastases. Specific expression of c-KIT in melanoma
cells in vivo could be achieved by ligating the tyrosinase promoter upstream of
the c-KIT gene in the retroviral expression vectors used in our studies. The
mechanism(s) for the loss of c-KIT gene expression are unknown and will be the
subject of this review.
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ROLE OF MCAM/MUC18 IN MELANOMA PROGRESSION

Although c-KIT expression in malignant melanoma cells consists of loss of
function, recent accumulating experimental evidence has demonstrated that the
progression of human melanoma is associated with gain of expression of the
adhesion molecule MCAM (previously known as MUC18 or Mel-CAM). One
tumor cell property that is essential for metastasis is the expression of cell
adhesion molecules, which mediate cell-to-cell or cell-to-matrix interactions.
MCAM/MUC18 is a member of the immunoglobin superfamily that shares
homology with gicerin (33% amino AA identity), a molecule mediating
intercellular adhesion in the developing nervous system. It contains five
immunoglobin-like domains, and its cytoplasmic domain contains several protein
kinase recognition motifs, suggesting the involvement of MCAM/MUC18 in cell
signaling (21). MCAM/MUC18 can mediate homotypic interaction either through
the MCAM antigen (22, 23) or via heterophilic ligand (24). MCAM/MUC18 is
strongly expressed by advanced primary and metastatic melanomas but is weaker
and less frequent in nevus cells (25, 26). Approximately 70% of melanoma
metastases express this molecule, and among primary tumors, expression
increases with increasing vertical thickness, an important predicator of metastatic
disease (27). Indeed, we have demonstrated that expression of MCAM/MUC18
by human melanoma cell lines correlates with their ability to grow and to produce
metastases in nude mice (28), suggesting that MCAM/MUC18 may play a pivotal
role in the development of malignant melanoma. This hypothesis is supported by
the observation that the production of tumorigenic variants from a non-
tumorigenic melanoma cell line is accompanied by MCAM/MUC18 upregulation
(29) and by our recent observation that enforced MCAM expression in primary
cutaneous melanoma leads to increased tumor growth and metastasis in vivo (22).
The transfected cells displayed increased homotypic adhesion, increased
attachment to human endothelial cells, decreased ability to adhere to laminin, and
increased invasiveness through Matrigel-coated filters due to upregulation in the
expression of MMP-2 (22). The above changes in function attributed to the
expression of MCAM may underlie the contribution of MCAM/MUC18 to the
malignant phenotype.

ROLE OF TRANSCRIPTION FACTOR AP-2 IN MELANOMA
PROGRESSION

The mechanisms for upregulation of MCAM/MUC18 and loss of c-KIT gene
expression during melanoma progression are unknown. We have previously
reported that overexpression of MCAM/MUC18 in highly metastatic melanoma
cells is not due to amplification or to rearrangement of the gene (28). The
promoter of MCAM/MUC18 has been cloned and sequenced (21). It is a G + C
rich promoter lacking the conventional TATA and CAAT boxes, but strikingly, it
contains four putative AP-2 binding elements (21). Similarly, the human c-KIT
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promoter region lacks a typical “TATA box” but has a relatively high G + C
content and three putative AP-2 binding sites. These observations coupled with
our previous finding that highly metastatic human melanoma cells do not express
the AP-2 transcription factor (5, 30), led us to hypothesize that AP-2 may regulate
c-KIT and MCAM/MUC18 gene expression in human melanoma cells.

AP-2, a 52-kDa protein, was first purified from HeLa cells. Partial peptide
sequences led to the isolation of the cDNA from a HeLa cell library (31), and the
gene was mapped to a region on the short arm of chromosome 6 near the HLA
locus (32, 33). The AP-2 protein binds to a consensus palindromic core
recognition element with the sequence 5N-GCCNNNGGC-3N (31). Functional
AP-2 binding sites have been identified in the enhancer regions of viral genes
such as simian virus 40(SV40) (34), human T-cell leukemia virus type I, and
cellular genes such as those for murine a major histocompatibility complex

human metallothionein-IIa (huMTIIa), human proenkephalin, human
keratin K14, c-ERB-2, plasminogen activator type 1 (PAI-I), and insulin-like
growth factor-binding protein-5. The DNA-binding domain is located within the
C-terminal half of the 52 kDa protein and consists of two putative amphiphatic
helices separated by a 92-amino acid intervening span that is both necessary and
sufficient for homodimer formation (35). An alternatively spliced AP-2 protein,
AP-2B, which differs in its C terminus and acts as dominant-negative to AP-2 has
been recently cloned (36).

AP-2 activity is regulated through a number of signal transduction
pathways. Phorbol esters and signals that enhance cAMP levels induce AP-2
activity independently of protein synthesis, whereas retinoic acid treatment of
teratocarcinoma cell lines result in a transient induction of AP-2 mRNA levels on
a transcription level (36, 37). AP-2 is involved in mediating programmed gene
expression both during embryonic morphogenesis and adult cell differentiation.
By using in situ hybridization, a restricted spatial and temporal expression pattern
has been observed during murine embryogenesis. In particular, regulated AP-2
expression was observed in neural crest-derived cell lineages (from which
melanocytes are derived) and in facial and limb bud mesenchyme (33). Two
recent reports of AP-2 null mutant mice have demonstrated that AP-2 is
important for development of the cranial region and for midline fusions. The AP-
2-null mice died at birth (38, 39).

Here, I will summarize our recent results demonstrating that (i) there is a
direct correlation between expression of the AP-2 transcription factor and
expression of c-KIT and MCAM/MUC18 in human melanoma cells; (ii)
transfection of highly metastatic cells (c-KIT-negative, MCAM-positive and AP-
2-negative) with the AP-2 gene resulted in a downregulation of MCAM/MUC18
and re-expression of c-KIT; (iii) transfection of AP-2 into highly metastatic
melanoma cells inhibited their tumor growth and metastatic potential in nude
mice, possibly through the regulation of c-KIT and MCAM/MUC 18 and; (iv)
expression of dominant-negative AP-2 (AP-2B) in primary cutaneous melanoma
cells augmented their tumorigenicity in nude mice.
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In an effort to determine the molecular basis for c-KIT’s lack of expression
in highly metastatic melanoma cells, we found that the c-KIT gene and its
promoter in c-KIT-negative melanoma cells had no abnormalities (deletions,
rearrangements or mutations) that can account for the lack of c-KIT expression
(20, 30). These observations suggest that c-KIT expression might be regulated at
the transcriptional level. To test this hypothesis, we subcloned the promoter of the
c-KIT gene (–125 to +1) (40) in front of the luciferase reporter gene. Using the
Dual-Luciferase Reporter System, we analyzed the luciferase activity driven by
the c-KIT promoter in c-KIT-positive and c-KIT-negative melanoma cell lines, c-
KIT-luciferase activity was higher in the human melanoma cell lines Mel-888 and
Mel-501 (both express high levels of c-KIT mRNA) (10), as compared with the
activity in c-KIT-negative A375SM cells which was given the reference value of
1. We observed low luciferase activity in the WM-2664 cell line which does not
express c-KIT mRNA and protein. These results suggest that c-KIT expression is
regulated at the transcriptional level in these melanoma cells.

The 1.2 kb c-KIT promoter lacks TATA or CAAT boxes, is highly G + C
rich, and contains binding sites for SP-1, myb, GATA-1 and three putative AP-2
sites (40). Deletion of the proximal 185 bp of the promoter abolished the
transcription of c-KIT in HEL cells, suggesting that only the proximal 185 bp of
the promoter are necessary and sufficient for c-KIT expression. As we closely
examined the proximal 185 bp promoter region, two AP-2 binding sites were
identified within this region with a total of three putative AP-2 binding motifs
within the 1.2 kb c-KIT promoter. The presence of two AP-2-binding sites within
the essential region of c-KIT promoter suggested that AP-2 might regulate
expression of the c-KIT gene. Indeed, during mouse development, AP-2 and c-
KIT are co-expressed in several tissues including hindbrain, kidney and heart, and
in neural crest-derived lineages from which melanocytes originate.

To assess the effect of AP-2 on c-KIT transcription, the c-KIT promoter-
luciferase construct, pKLuc, was co-transfected into A375SM cells with
increasing concentrations of an expression vector encoding for wild-type AP-2
(AP-2A, pSG5-AP-2) or with the control vector lacking AP-2A (pSG5). Using
the luciferase plasmid (pB-Actin-RL) vector as a control to
normalize for transfection efficiency, we found that the luciferase activity driven
by the c-KIT promoter was activated by AP-2A in A375SM cells in a dose-
dependent manner. A 9.5-fold stimulation was observed in cells co-transfected
with of the plasmid expressing the AP-2A protein, which was not detected in
transfections with the parent vector. Conversely, when the pKLuc construct was
co-transfected into Mel-501 cells (which express high levels of c-KIT) and
increasing concentrations of AP-2B, the dominant-negative form of AP-2, the
luciferase activity was inhibited by 50% (41).

To assess the contribution of the AP-2 transcription factor on c-KIT
expression and to the acquisition of the metastatic phenotype in human melanoma
cells, we decided to re-express AP-2 in A375SM cells. A375SM cells are highly
metastatic in nude mice (42) and also c-KIT-negative, and they express negligible
levels of endogenous AP-2. We were able to isolate two clones of A375SM cells
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(designated as T1 and T2) that express high levels of functional AP-2 as was
determined by Northern, Western blot and EMSA gel analyses (41). The
expression of the 145 kDa c-KIT receptor was analyzed in the two AP-2
transfectants, T1 and T2. To determine c-KIT protein expression, whole-cell
lysates were prepared and reacted with specific polyclonal anti-c-KIT antibody,
the immunocomplexes were resolved by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), and c-KIT expression was determined by
Western blot analysis. We found that c-KIT was expressed in the two AP-2
transfectants A375SM-AP-2.T1 and A375SM-AP-2.T2 but not in parental or
control neo-transfected cells (41). Collectively, these data demonstrate a direct
correlation between AP-2 and c-KIT expression.

In an effort to determine the molecular basis for MCAM upregulation in
metastatic cells, we found that MCAM overexpression is not due to gene
amplification or rearrangement (28). Moreover, sequencing of the entire MCAM
promoter revealed no abnormalities that could account for MCAM
overexpression in metastatic cells (data not shown). These observations suggest
that MCAM expression might be regulated at the transcriptional level.

To test this hypothesis, the activity of the CAT reporter gene driven by the
MCAM promoter (–642 to +26) was analyzed in MCAM-positive and MCAM-
negative melanoma cells. Strong CAT activity was observed in the highly
metastatic cells A375SM that express abundant levels of MCAM (22, 28), as
compared with a background level of CAT activity in the non-metastatic MCAM-
negative SB-2 melanoma cells (43).

The 0.9-kilobase pair MCAM promoter lacks TATA or CAAT boxes, is
highly G + C-rich, and contains binding sites for SP-1, CREB, MYB, and four
AP-2-binding elements. The presence of four AP-2-binding sites within the
essential region of the MCAM promoter suggested that AP-2 might regulate
MCAM gene expression. Competition experiments on the EMSA gels and the
addition of human-recombinant AP-2 to nuclear extracts from A375SM cells
have revealed lack of AP-2 expression in these cells (43).

To assess further the effect of AP-2 on MCAM transcription, the MCAM
promoter-CAT construct was co-transfected into A375SM cells with increasing
concentrations of an expression vector encoding AP-2 (pSG5-AP2) or with a
control vector lacking the AP-2 cDNA (pSG5). These experiments showed that
CAT activity driven by the MCAM promoter was inhibited by AP-2 in A375SM
cells in a dose-dependent manner. The down regulation of the MCAM promoter
by AP-2 was due to a direct interaction of AP-2 to a region of the MCAM
promoter that is required for its transcription (43). These experiments indicate the
presence of functional AP-2 elements within the MCAM promoter, which
regulate MCAM expression in melanoma cells.

Since our promoter analysis indicated that AP-2 is an important regulator of
MCAM gene expression, we therefore next examined the effect of AP-2
transfection into A375SM cells on MCAM expression. MCAM expression was
determined by fluorescence-activated cell sorter (FACS) analysis on the cells
surface of parental A375SM, neo-transfected, and in AP-2-transfected cells
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(A375SM-AP-2.T1). By using specific monoclonal anti-MCAM antibody that
recognizes the extracellular domain of MCAM (25,30), we were able to
demonstrate that MCAM expression occurred in 98.4% of A375SM parental
cells, in 90.1% of control, neo-transfected cells, but in only 17.9% of the AP-2-
transfected A375SM-AP-2.T1 cells. Downregulation of MCAM expression in the
AP-2 transfected cells was also confirmed by western blot analysis (43).
Collectively, these results indicate that expression of AP-2 in highly metastatic
melanoma cells caused downregulation of MCAM gene expression.

To determine the tumorigenicity of the AP-2-transfected A375SM cells
which exhibited re-expression of c-KIT and downregulation in MCAM
expression, we injected cells subcutaneously into BALB/c nude mice and
monitored tumor growth once a week for 50 days. Both A375SM parental and
neo-transfected control cells grew in all mice (100% tumor uptake) and reached
1.0-1.4 cm in mean diameter within 6 weeks. In contrast, A375SM AP-2-
transfected cells did not begin to form palpable tumors until 3 weeks (T2) or 7
weeks (T1) after injection and produced smaller tumors (0.1 and 0.45 cm in mean
diameter, Table 1).

In the next set of experiments, the metastatic potential of AP-2-transfected
A375SM cells was determined in an experimental lung metastasis assay. To that
end, BALB/c nude mice were injected intravenously with A375SM AP-2-
transfected, parental, or neo-control cells, and 60 days later, the number of lung
metastases was counted. As shown in Table 1, A375SM and A375SM-Neo
(Neo.a and Neo.b) produced a high number of lung tumor colonies in all mice
injected. In contrast, the A375SM-AP-2-transfected cells did not metastasize to
lungs (T1) or produced only a few lung metastases in some mice (T2).
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DOMINANT-NEGATIVE AP-2 AUGMENTS MELANOMA
TUMOR GROWTH IN VIVO: REGULATION OF MMP-2

An alternatively spliced AP-2 protein, AP-2B, that differs in its C-terminus and
acts as dominant-negative to AP-2, has been recently cloned (36). This protein
contains the activation domain and part of the DNA-binding domain, but lacks
the dimerization domain, which is necessary for DNA binding. Both transient and
stable transfection experiments show that AP-2B inhibits AP-2 trans-activator
function. Furthermore, constitutive AP-2B expression in the human
teratocarcinoma cell line PA-2 causes a retinoic acid-resistant phenotype,
anchorage-independent growth in soft agar, and tumorigenicity in nude mice (36).
AP-2B has also been detected by RT-PCR in HeLa cells and the human prostate
carcinoma cell line LNCaP (36).

To further investigate the role of AP-2 in the progression of human
melanoma, we attempted to inactivate AP-2 in primary cutaneous melanoma by
using the dominant-negative AP-2B gene. Stable transfection of primary
cutaneous melanoma SB-2 cells with the dominant-negative AP-2B gene was
confirmed by RT-PCR and Northern blot analyses. Electrophoretic mobility shift
assay using nuclear extracts from these cell lines demonstrated decreased
functional binding of AP-2B-transfected cells to the AP-2 consensus binding
sequence compared with neo-transfected controls (44). In addition, CAT activity
driven by a construct containing the AP-2 consensus binding sequence was
downregulated in AP-2B transfected cells, indicating AP-2 activity was quenched
in the transfected cells. Orthotopic (subcutaneous) injection of the dominant-
negative AP-2B-transfected cell lines into nude mice increased their
tumorigenicity compared to control neo-transfected cells. The AP-2B-transfected
cells displayed an increase in MMP-2 expression (by Northern blot) and MMP-2
activity (by zymography), which resulted in an increase in invasiveness through
Matrigel-coated filters (44). The AP-2B-transfected tumors also displayed an
increase in microvessel density and angiogenesis. In the process of angiogenesis,
endothelial cells must breech the extra cellular matrix (ECM) and extend towards
the source of the angiogenic stimulus (45,46). Proteolysis of the ECM by MMP-2
permits endothelial cell migration and may also release sequestered angiogenic
molecules such as vascular endothelial growth factor (VEGF) and basic fibroblast
growth factor (bFGF). MMPs are implicated in this process by their expression in
and around forming blood vessels (47) and by their ability to modulate
endothelial cell proliferation and microtubule formation in vitro (48). Moreover,
MMP-2 activity has been shown to correlate with metastatic potential in
melanoma (49-52), and its promoter contains at least one AP-2 binding element
(49, 53, 54). Activation of the type IV collagenase (MMP-2) may account for the
increased tumorigenicity of the AP-2B-transfected cells. These results
demonstrate that inactivation of AP-2 contributes to the progression of melanoma
by its ability to regulate the MMP-2 gene.
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HOW LOSS OF AP-2 EXERTS ITS METASTATIC EFFECT

Here we provide evidence that lack of expression of AP-2 in metastatic
melanoma cells can result in deregulation of c-KIT, MCAM/MUC18 and the
MMP-2 genes. All three genes are known to be involved in the progression of
human melanoma (41,43,55,56).

In addition, other genes that are involved in the progression of human
melanoma, such as E-cadherin (57), (58,59), HER-2 (60), plasminogen
activator inhibitor type I (61) Bcl-2 (62), VEGF, PAR-1, and insulin like growth
factor receptor-1, have either already been shown to be regulated by AP-2 (63,64)
or represent likely targets for AP-2 gene regulation based on the existence of AP-
2 elements in their promoters. Loss of AP-2 expression was also observed in
advanced primary and metastatic melanoma lesions (65). Therefore, we propose
that loss of AP-2 expression is a crucial event in the development of malignant
melanoma. As such, AP-2 may act as a “major regulator” in the progression of
human melanoma. In our proposed model, (Figure 2), AP-2 plays a pivotal role
in regulating the expression of several genes whose products are involved in
tumor growth and metastasis of melanoma. AP-2 regulates genes that are
involved in proliferation, cell cycle regulation (HER-2, p21/WAF-l), apoptosis
(c-KIT, Bcl-2, FAS/APO-1), adhesion (MCAM/MUC18, E-cadherin), and
invasion/angiogenesis (MMP-2, plasminogen activator inhibitor type I, VEGF
and PAR-1). These functional changes attributed to one transcription factor may
underlie the contribution of AP-2 loss of expression to the malignant phenotype.

ROLE OF CREB/ATF-1 IN MELANOMA PROGRESSION

A large body of data concerning the molecular control of melanoma progression
has come from studies using mitogens. In culture, melanocytes synergistically
respond to a number of growth factors, which in combination with each other or
with 12-0-tetradecanoylphorbol-13 -acetate or cAMP stimulate not only
proliferation but also pigmentation (66). These growth factors include several
fibroblast growth factors, hepatocyte growth factor, and stem cell factor (also
known as KIT ligand, MGF, and steel factor), all of which stimulate tyrosine
kinase receptors. As melanocyte proliferation and differentiation are positively
regulated by agents that increase cAMP (67-68), we have, therefore, focused on
the transcription factors ATF-1 (Activating transcription factor 1) and CREB
(cAMP-responsive element-binding protein), which are known to be activated by
cAMP, as possible mediators of tumor growth and metastasis of human
melanoma.
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ATF-1 and CREB are members or the large bZIP superfamily of
transcription factors. Members of the CREB/ATF family bind to cAMP-
responsive elements (CREs) within the promoter and enhancer sequences of
many genes. ATF-1, CREB, and the cAMP-responsive element modulator protein
(CREM) constitute the CREB/ATF subfamily within the bZIP superfamily,
whose members are defined by their ability to heterodimerize with each other but
not with members of other subfamilies (69). ATF-1, CREB, and CREM have
similar structures and are highly homologous at the amino acid sequence level,
especially within the bZIP region. Despite these similarities, members of the
CREB multigene subfamily have distinct biological activities.

ATF-1, CREB, and CREM may act as either positive or negative regulators
of transcription. Alternative mRNA splicing produces numerous isoforms of
ATF-1 and CREB, that can account for the variability in transcriptional
regulatory activities (70,71). In addition, each protein or isoform also possesses
differing patterns of phosphorylation, and the specific patterns contribute to their
ability as regulators of transcription (69). CREB and CREM have been shown to
play important roles in basal and hormone-regulated transcription and
differentiation while the role of ATF-1 is less well defined. ATF-1 homodimers
appear to be weaker transcriptional activators than either CREB or certain forms
of CREM, since ATF-1 -mediated activation is enhanced by heterodimerization
with either CREB or CREM (70). In addition, it has been demonstrated that
CREB can efficiently form heterodimers with ATF-1 rather than form the CREB
homodimer (72,73).

Previous studies have demonstrated that CREB expression correlates
directly with the metastatic potential of murine melanoma cells (74), and that
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ATF-1 is not detected in normal melanocytes but is easily found in metastatic
melanoma cells (75). Whether these observations are causally related to
tumorigenicity and metastasis of melanoma cells was not clear. In this review, we
will summarize our current results describing how overexpression of the
transcription factors CREB and ATF-1 contributes to the acquisition of the
metastatic phenotype in human melanoma.

EFFECT OF CREB/ATF-1 ON TUMORIGENICITY AND
METASTASIS OF HUMAN MELANOMA CELLS

To study the contribution of CREB and its associated proteins (mainly ATF-1) to
tumor growth and metastasis of human melanoma cells, we have previously taken
the approach of using a dominant-negative form of CREB, KCREB. KCREB has
a single base pair substitution in its DNA-binding domain that causes a change at
position 287 from Arg to Leu. This mutation prevents the binding of KCREB to
the CRE-element (76); KCREB can associate with CREB and other proteins that
interact with CREB, including members of the ATF and AP-1 transcription factor
families and the coactivator CBP. But, because of the mutation in the DNA-
binding domain, heterodimers formed with KCREB do not possess the same
degree of transcriptional activity as they would in the case of the wild-type
CREB. We reasoned that overexpression of KCREB in cells should quench
CREB and its associated proteins. Indeed, the ability of KCREB to inhibit CRE-
dependent transcription was demonstrated previously in F9 tetratocarcinoma and
CA-77 thyroid carcinoma cells (76,77).

To analyze the role of CREB in tumor growth and metastasis of melanoma
cells, we have used MeWo human melanoma cells that ectopically express a
dominant-negative of CREB, KCREB, that had been mutated in the DNA-
binding domain and had lost its ability to bind the CRE element (76, 77). The
isolation and the characterization of the neo-transfected cells and the two
KCREB-transfected clones, K-2 and K-10, were described previously (78). The
K-2 and K-10 clones displayed a 10-fold decrease in radiation resistance and 5-
fold reduction in their ability to form colonies in soft agar compared with control
MeWo parental and neo-transfected cells (78). To determine the tumorigenicity
of the KCREB transfected cells, cells have injected s.c. over the right
scapular region of BALB/c nude mice and the tumor diameter was determined 60
days after injection. As the results summarized in Table 2 show, the two KCREB-
transfected clones K-2 and K-10 formed smaller tumors than the control cells,
MeWo parental (MeWo-P) and neo-transfected (MeWo-Neo) cells (79,80).

Next, we analyzed the metastatic potential of KCREB-transfected cells in
an experimental lung metastasis assay. To that end, cells were injected
into the lateral tail vein of BALB/c nude mice. The mice were killed 80 days after
injection and the lung tumor colonies were counted. As shown in Table 2
transfection of MeWo cells with KCREB significantly reduced their potential to
produce lung metastasis. The median number of metastases was lower in mice
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injected with KCREB-transfected cells (12 and 4 for K2 and K10, respectively).
Furthermore, the lower metastatic potential of K-10 as compared with K-2 cells
could be explained by the higher KCREB activity in these cells (79,80).

EFFECT OF CREB/ATF-1 ON THE INVASIVE PROPERTIES OF
HUMAN MELANOMA CELLS

Several molecules involved in melanoma invasion have CRE-elements in their
promoter such as the type IV collagenase MMP-2 (gelatinase A) (81) and the cell
adhesion molecule MCAM/MUC18 (82). MMP-2 activity directly modulates
melanoma cell-adhesion and spreading to extracellular matrix (55,83) while
MCAM/MUC18 expression correlates directly with the metastatic ability of
melanoma cells and its ectopic expression in primary cutaneous melanoma cells
rendered them tumorigenic and metastatic in nude mice (22). By the presence of
CRE elements in their promoters these genes could be a target for regulation by
the CREB transcription factor.

We investigated the expression of MMP-2 and MCAM/MUC18 at the
mRNA level in MeWo cells following transfection with KCREB. Northern blot
analysis showed that KCREB-transfected cells displayed lower levels of the 3.1
kb MMP-2 transcript and 3.3-kb MCAM/MUC18 transcript than control cells.
MMP-2 and MCAM/MUC18 expression were inhibited by 2.5-fold and by 3.5-
fold in K-2 and K-10 cells, respectively, as compared with Me-Wo-P and MeWo-
neo cells (79,80).

To verify that the downregulation of MMP-2 expression in KCREB-
transfected cells was reflected in MMP-2 activity, we analyzed supernatants from
control and KCREB-transfected cells for collagenase activity by zymography.
The activity of the 72-kDa collagenase (MMP-2) was significantly lower in K-2
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and K-10 cells than in control MeWo-P and MeWo-Neo cells. It is possible that
both the latent and the activated forms of MMP-2 were reduced in the KCREB-
transfected cells. The activity of the 92-kDa collagenase (MMP-9) that does not
contain CRE element in its promoter remained unchanged and served as an
internal control for equal loading (79,80).

Chloramphenicol acetyltransferase (CAT) activity driven by the MMP-2
promoter was inhibited by 14- and 45-fold in KCREB-transfected K-10 and K-2
cells, respectively, as compared with control cells, suggesting that KCREB’s
regulation or MMP-2 expression and activity occurred at the transcriptional level
(79,80).

Because we observed a downregulation of MMP-2 and MCAM/MUC18
expression in KCREB-transfected cells, we next analyzed the effect of KCREB
expression on invasive properties of melanoma cells. To that end, KCREB-
transfected cells were assayed for their potential to penetrate through the
basement membrane, an important component in the process of tumor invasion
and metastasis. Migration of cells through Matrigel-coated filters was monitored
by using fibroblast-conditioned medium as a source of chemoattractant. We
observed a 10-20-fold decrease in the number of the cells that invaded Matrigel-
coated filters in K-2 and K-10 cells as compared with MeWo-P and MeWo-Neo
cells. The results show that expression of KCREB inhibited the ability of
melanoma cells to migrate and invade the basement membrane, possibly by
decreasing MMP-2 and MCAM/MUC18 expression, and suggest that CREB
plays an important role in the regulation of the invasive properties of melanoma
cells (79,80).

CREB AND AFT-1 ACT AS A SURVIVAL FACTORS FOR HUMAN
MELANOMA CELLS

Resistance to apoptosis induced by exogenous signals is an important property of
tumor cells. Previous studies demonstrated that the induction of apoptosis by
diverse exogenous signals depends on an elevation of cytosolic (84,85).
Because CREB mediates both cAMP and transcriptional responses (86,87),
we investigated the role of CREB in the resistance of melanoma cells to apoptosis
induction. To induce apoptosis, we used thapsigargin (Tg), which inhibits
endoplasmic reticulum-dependent -ATPase and thereby increases cytosolic

(88). Furthermore, Tg has been shown to trigger apoptosis in melanoma
cells (89).

The effect of Tg treatment on MeWo-P, MeWo-Neo and the two KCREB-
transfected clones (K-2 and K-10) was analyzed by flow cytometry analysis after
propidium iodide staining. After treament with Tg for 48 h, KCREB-
transfected cells showed a higher percentage of hypodiploid cells than the control
cells. Cells with hypodiploid DNA content were increased by 2.2 and 3.3 fold in
K-2 and K-10 cells, respectively, as compared with MeWo-P and MeWo-Neo
cells (80,90).
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Hypodiploid DNA content is indicative of apoptotic cells. To further
confirm that Tg-treatment induced apoptosis in KCREB-transfected cells, we
analyzed the cellular morphology of K-10 cells. Transmission electron
microscopy analysis of K-10 cells after treatment with for 48 h, showed
typical apoptotic morphology with plasma and nuclear membrane blebbing,
chromatin condensation, and cytoplasmic vascularization. In addition, nuclear
changes consistent with apoptosis, such as condensation and segregation of
chromatin into compact masses aligning with the inner side of the nuclear
membrane were also apparent. Control cells did not show these changes. These
results demonstrated that KCREB expression in melanoma cells decreased their
resistance to Tg-induced apoptosis.

To understand the mechanism by which KCREB expression increased the
sensitivity to Tg-induced apoptosis in melanoma cells, we next investigated the
activation of CREB and the induction of CRE-dependent transcription by Tg.
Previous studies showed that CREB was activated by phosphorylation on its

after an increase in intracellular (87). We therefore verified first that
Tg can induce CREB phosphorylation. Western blot analysis with an
antibody raised against the peptide of CREB, that
recognizes only the activated form of CREB, was performed on total extract of
MeWo-P cells treated for 30 min with After treatment with Tg,

detected two major proteins characterized by molecular masses of 38 kDa
and 43 kDa. On the basis of their molecular weight, the 43-kDa protein could
correspond to CREB and the protein of 38 kDa could correspond to ATF-1.
Indeed, the transcription factor ATF-1 shares high homology with the CREB
peptide sequence used to raise the antibody and was previously
described to be activated by an increase of intracellular (91). To verify this
hypothesis, we analyzed nuclear extracts of MeWo-P cells treated for 30 min with

by Western blot with antibodies specific to CREB or ATF-1
The antibody detected a protein that comigrated with the

43-kDa protein, and the antibody recognized a protein that comigrated
with the 38-kDa protein.

Collectively, these data show that CREB and ATF-1 are involved in the
resistance of MeWo cells to Tg-induced apoptosis and suggest that they act as
survival factors for human melanoma cells (80,90).

TARGETING ATF-1/CREB BY SINGLE CHAIN Fv FRAGMENT (ScFv)
ANTI-ATF-1

To further investigate the cellular role of ATF-1 in melanoma progression, we
hereby utilized current advances in the engineering of antibodies that have made
possible the cloning of small single-chain Fv (ScFv) fragments. ScFv fragments
contain the antigen-binding variable domains of the light and heavy chains
connected by a peptide spacer (92,93). When constructed in this manner, a single
RNA transcript can be expressed and translated into an active protein that has the

160



potential to interfere with the activity of targeted intracellular proteins.
Intracellular ScFv fragments have been successfully employed to decrease the
expression of ErbB-2 (94,95) the of human IL-2 receptor (96) and to
restore the transcription activity of mutant p53 (97).

To investigate the role of ATF-1/CREB in tumor growth and metastasis of
human melanoma, we attempted to quench their transcriptional activities by using
single chain Fv fragment (ScFv) anti-ATF-1, that was derived from a monoclonal
antibody (mAb) anti-ATF-1 (Fig. 3). This mAb (designated mAb 41.4) has
shown to inhibit ATF-1 binding and transcriptional activation from CRE-
dependent promoters in vitro (98). We reasoned that expression of ScFv anti-
ATF-1 in melanoma cells would bind ATF-1 and inactivates the transcriptional
activation of both ATF-1 and CREB (illustrated in Figure 3).

In this study we provide evidence that expression of ScFv anti-ATF-1 in
MeWo melanoma cells inhibited their tumorigenicity and metastatic potential in
nude mice. Intracellular expression of ScFv anti-ATF-1 rendered the melanoma
cells susceptible to apoptosis in vivo compared to control untransfected cells.
These studies demonstrate for the first time that intracellular ScFv anti-ATF-1
can be used to quench ATF-1 activity not only as a method to explore its function
but also as a modality for cancer therapy (99, 100).

CONCLUDING REMARKS

In the chapter, we reviewed our recent studies demonstrating that the progression
of human melanoma is associated with the loss of AP-2 expression on one hand
and overexpression of CREB and ATF-1 transcription factors on the other.
Changes in these transcription factors modulate and regulate several genes
involved in the development of malignant melanoma.

Interestingly enough, some of the genes regulated by AP-2 such as
MCAM/MUC18 (101), MMP-2 (79), FAS/APO-1, HER-2 (102), and Bc1-2 (103)
are also regulated by CREB/ATF-1 transcription factors family (100). It is
therefore feasible that the outcome of the metastatic phenotype in melanoma may
well be dependent on the delicate balance between the expression of AP-2 and the
CREB/ATF-1 transcription factors. Loss of AP-2 and overexpression of
CREB/ATF-1 in metastatic melanoma cells may work in concert to regulate
several genes contributing to the malignant phenotype.
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HETEROCHROMATIN-ASSOCIATED PROTEIN 1,
IN BREAST CANCER INVASION AND

METASTASIS
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Abstract
Heterochromatin has repressive effects on euchromatic gene expression. The mechanisms
contributing to gene silencing are not known, however silencing has been shown to be
modulated in part by heterochromatin-associated protein 1,              . We have identified a
reduction in expression in invasive/metastatic human breast cancer cell lines and
in tumor cells from distant metastases. Furthermore, transfected
invasive/metastatic breast cancer cells show a reduction in the invasive phenotype
indicating that is involved in modulating specific biological activities in the
metastatic cascade. Here, we discuss the role of heterochromatin and expression
in breast cancer invasion and metastasis with regard to gene silencing, chromatin
packaging, and nuclear architecture. In addition, we introduce working models for

Key words: gene silencing, heterochromatin, breast cancer, invasion,
metastasis

HETEROCHROMATIN

Heterochromatin and Euchromatin

In humans, the entire genome is packaged and organized in an orderly fashion
such that 2 m of DNA can fit into a nucleus that is in diameter. This
packaging consists of two types of chromatin: euchromatin and heterochromatin
(1, 2). Euchromatic regions of the genome comprise the majority of single copy
DNA, which includes most transcribed genes. During cell division, euchromatin
becomes condensed in metaphase, but is subsequently decondensed during
interphase. In contrast, heterochromatin remains condensed throughout the cell
cycle and replicates late in S phase. Cytologically, heterochromatin appears as
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dark, electron dense areas located near the inner nuclear membrane and
nucleolus, as well as other concentrated masses in the nucleus during interphase.
Constitutive heterochromatin, generally located at pericentromeric and telomeric
regions, is mostly comprised of repetitive DNA sequences that contains relatively
few functionally active genes (2, 3). Facultative heterochromatin is described as
euchromatic genes that have become silenced either in a specific cell lineage or
during embryonic development. Inactivation of an X chromosome to prevent
over-expression of genes in females is one example of facultative
heterochromatin (2, 4, 5). The inactivation of genes from an entire chromosome
by an alteration in chromatin packaging demonstrates the critical role of
heterochromatin in the functional aspects of gene expression and the potential
consequences when regulation of heterochromatinization of genes goes awry.

Heterochromatic Changes in Breast Cancer Cells

Breast cancer incidence and mortality rates remain the highest of all cancers in
women in the United States (6). One of the challenges in treating breast cancer is
predicting long-term prognosis. Treatment protocols are different for patients
who are at “high risk” for recurrence than those at “low risk” and are based on
morphologic assessment of histologic samples of primary breast rumors.
However, histologic grading of tumors is not always predictive of clinical course
(7, 8). Therefore, many studies have investigated biochemical, molecular, and
morphological parameters for their value as prognostic markers to predict
metastatic potential and recurrence of breast cancers. Included in this list are
nuclear morphology (9-14) and chromosomal anomalies (15-17). In fact, the
association between cell nuclei morphology (including chromatin patterns) and
breast cancer patient survival has been recognized since 1925 (18).

Changes in interphase nuclear shape and size, and heterochromatin content,
are significant prognostic factors for predicting long-term survival in breast
cancer patients (10, 12, 19). A combination of computer-assisted image analysis
of heterochromatin content and nuclear texture and shape measurements was
capable of correctly predicting prognosis in 92% of breast cancer patients (10-
12). In this study, poor survival was associated with an increase in nuclear area, a
lower optical density of the interphase nuclei (regions with high optical density
corresponded to light microscopically recognized condensed chromatin), an
increase in marginal distribution of condensed chromatin, and an increase in size
of chromatin clumps.

Cytogenetically, heterochromatic polymorphisms in size variation of C-
bands on metaphase chromosomes from cancer patients have been observed as
well (15-17, 20, 21). The C-band technique stains heterochromatic regions of
metaphase chromosomes and the resulting banding patterns are then assessed for
variations in size, as well as location on the chromosomal arms. These studies
have demonstrated excesses and losses of C-heterochromatin on chromosomes 1,
9, and 16 in addition to frequent chromosomal rearrangements in cancer patients.
The majority of breakpoints, in which chromosomal rearrangements occurred,
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were located in or juxtaposed to heterochromatic regions (15), suggesting that
these heterochromatic variants promote changes in chromatin structure and
genomic instability.

Experimentally, decreases in chromatin condensation have been observed
in actively proliferating cells (22), in stimulated, but not
dexamethasone treated, estrogen receptor positive non-aggressive breast
carcinoma cells (23), and in ras- and myc-transformed mouse fibroblasts with a
high metastatic potential (reviewed in 24). The presumably conflicting data of
whether heterochromatin decreases or increases with metastatic potential
demonstrates the complexity of the human genome and identifies the need for
further study in this area. However, taken together, these studies demonstrate that
patterns of chromatin condensation change during metastatic progression, which
can lead to disturbances of ordered chromatin organization thereby resulting in
aberrant gene expression and genetic instability (25, 26).

Heterochromatin and Gene Silencing

In Drosophila, yeast, and mammalian cells, heterochromatin has been shown to
have a repressive effect on euchromatic gene expression (1, 2, 27). In Drosophila,
investigators observed repression of euchromatic gene expression when
chromosomal rearrangements placed euchromatic genes near constitutive
heterochromatin, a phenomenon known as position effect variegation (PEV; 1,
28). Although the exact mechanism(s) by which PEV-mediated gene silencing
occurs is unclear, it is thought to be modulated by heterochromatin-associated
proteins, of which the best characterized is heterochromatin-associated protein 1,
HP1 (29, 30).

Drosophila HP1
In Drosophila, HP1 is a nonhistone chromosomal protein that localizes primarily
to centric regions, telomeres, and some specific euchromatic sites on polytene
chromosomes (30, 31). Structurally, HP1 has two highly conserved regions; a
chromodomain (chromosome organization modifier domain) at the amino
terminus and a related chromo shadow domain present at the carboxy terminus
(32-35). The chromo shadow domain region in HP1 contains heterochromatin and
nuclear localization signals, and is involved in binding to other proteins, as well
as itself (29, 35, 36). The chromodomain contains heterochromatin localization
signals (34), however, no direct protein interactions with the chromodomain have
been identified to date (36). Alternatively, the chromodomain may function as an
RNA interacting domain since the chromodomain of a Drosophila histone
deacetylase interacts with non-coding RNA involved in dosage compensation
(37).

Developmentally, there is a marked increase in HP1 expression during the
blastoderm stage in Drosophila which coincides with the presence of
heterochromatinized DNA (38, 39) and the onset of PEV (40). Direct evidence
that HP1 mediates gene silencing stems from experiments involving HP1
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mutations. Mutations in the gene encoding HP1 are homozygous lethal (41). HP1
heterozygotes show a loss of silencing of transgenes at centric locations, which
correlates with a more “open” (euchromatic-like) chromatin structure (42, 43). In
contrast, HP1 over-expression leads to an increase in gene silencing (41, 44).
Therefore, gene expression is sensitive to HP1 dosage (44, 45); however, the
exact mechanism by which HP1 exerts its suppressive effect is not currently
known.

Mammalian HP1-like Proteins

Subcellular Localization and Expression Patterns
Unlike Drosophila, multiple HPl-like proteins have been identified in mice and
humans. Using the HP1 chromodomain to probe a mouse embryo cDNA library,
HPl-like proteins M31, and M32 were identified in mice (32 46). These
murine HPl-like proteins share a 51% amino acid identity to HP1 over their
entire length, but have a 70% identity in the chromo domain (figure 1). Although
M32 shares 86% identity to the M31 protein, these HPl-like proteins have very
different localization patterns on chromosomes. M31 co-localizes to constitutive
heterochromatin in interphase nuclei (47-49), and primarily to centromeric
heterochromatin in metaphase chromosomes (48, 49). In contrast, M32 localizes
to euchromatic regions and is excluded from constitutive heterochromatin in
interphase nuclei (50). Similarly, M31 and M32 mRNA are differentially
expressed during mouse embryogenesis, as well as in adult tissues (47, 51).
Differences in localization and developmental expression suggest that M31 and
M32 may function similarly, but have different chromatin targets. Alternatively,
M31 and M32 may have different functions during cell development and the cell
cycle. To date, no localization studies for have been published.

Three HP1-like proteins, and (arising from three
distinct genes) have been identified in humans. Their protein structure is similar
to HP1 in that they contain an amino terminal chromodomain and a carboxy
terminal chromo shadow domain (52). In comparing the mouse and human HPl-
like proteins, is 80% and 76% similar to M31 and M32, respectively.

is 100% identical to M31, whereas is 98% identical to M32, and
only 38% identical to (53, Figure 1). Anti-centromere antibodies from
patients with scleroderma, systemic lupus erythematosus, and Sjøgren’s disease
were used to characterize and expression in human cells (48, 54-
57). colocalizes primarily to centromeric regions of constitutive
heterochromatin, as well as minor sites within euchromatic regions (48, 58, 59).
Similarly, showed discrete speckled nucleoplasmic and pericentromeric
heterochromatin staining (49, 55, 56, 58, 59). The localization of  remains
controversial since one study demonstrates its localization almost exclusively to
euchromatin (58, while other studies show localization to centromeres as well
(59, 60). These differences may in part be due to a conformational change in
heterochromatic that is not recognized by antibodies generated to the
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amino terminus of the protein (60). In a detailed study comparing all three human
HP1-like proteins in HeLa cells (a cervical carcinoma cell line), Minc and
colleagues not only demonstrate differences in distribution of these proteins
during interphase, but also differences in localization during other stages of the
cell cycle (58). Similar to M31 and M32, differences in chromosomal localization
suggest that and may either have completely different
functions, or rather a similar function with different chromatin targets.

Role in Gene Silencing
The gene silencing function of mammalian HP1-like proteins (mHPl) has only
been demonstrated within the past two years. The first evidence demonstrating
that mHP1 can repress gene expression stems from HP1-GAL4 DNA binding
domain tethering experiments in which and fusion
proteins were capable of repressing reporter gene expression when bound to
GAL4 sites in mammalian cells (61, 62). In addition, by using a yeast two-hybrid
screen, these reports indirectly demonstrated that and were part of
a larger repression complex. In fact, all three human HP1-like proteins (hHP1s)
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have been shown to bind to many proteins involved in chromatin structure and
function including the lamin B receptor (inner nuclear membrane protein; 53, 63),
SP100B (nuclear body-associated protein; 61, 62), BRG-1 (SWI/SNF gene
silencing complex member; 46), (transcriptional intermediary
factors; 46, 59, 64, 65), CAF-1 (chromatin assembly factor; 65, 66), INCENP
(inner centromere protein; 67), and HP1 (46, 52, 63, 68, 69). The formation of
HP1 repression complexes via protein-protein interactions is thought to direct
gene-specific transcriptional silencing. The self-association of hHPls and
interaction of hHPls with other proteins is primarily through the chromo shadow
domain (62, 63, 68, 69). The chromo shadow domain may also confer a species-
specific function (69). In this study, no silencing activity was observed when the
chromo shadow domain of swi6 (HP1-like protein in Schizosaccharomyces
pombe) was substituted with the M31 chromo shadow domain. However the
silencing activity in S. pombe was restored when the M31 chromo shadow
domain was substituted with the swi6 chromo shadow domain. Interestingly, no
species specificity was observed when the chromodomains were swapped.

The gene silencing function of mHPls has also been verified in vivo with
murine and Drosophila variegating transgene models. Using a centromeric
variegating CD2 transgenic mouse, an increase in M31 expression increased the
percentage of CD2 negative T cells in a dose-dependent manner, demonstrating
mHPl-mediated gene silencing (70). In addition, Drosophila with or

transgenes enhanced silencing of a FX1 array containing a variegating
white gene (flies variegating for eye color) upon induction of hHP1 expression
(60). Since hHPls appear to have a similar localization pattern as HP1 and are
capable of silencing gene expression in Drosophila, these data suggest that
Drosophila variegating transgene models might be useful for elucidating the gene
targeting and gene silencing mechanism(s) of hHP1 orthologs.

Although there is an accumulating wealth of data implicating Drosophila
and mammalian HP1s in transcriptional repression of transgene expression, the
mechanism by which genes are silenced remains unclear. The self-association or
multimerization of HP 1 proteins has been proposed to mediate the packaging of
chromatin to a condensed structure inaccessible for transcriptional activation (52,
63, 64, 68, 69). Complicating this model of HP1-mediated gene silencing is the
observation that some genes in Drosophila require a heterochromatin context for
normal expression (1, 71). In addition, it is not known how or why the differential
chromosomal localization of mHPl orthologs occurs and whether particular
target genes are susceptible to mHPl-mediated silencing. Nevertheless, HP1
proteins appear to play an important role in gene expression.

EXPRESSION IN BREAST CANCER

It is now widely accepted that the progression of a non-neoplastic cell to a
hyperplastic cell and eventually to one that is capable of metastasis, requires the
stepwise accumulation of many genetic alterations (72-75). The molecular
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mechanisms contributing to breast cancer metastasis are not completely
understood, however generally accepted is the perception that additional genetic
alterations are required from those involved in tumorigenesis. The expression of
metastasis-stimulating genes and the loss of metastasis-suppressor genes are
acquired by increasing activity (mutation, amplification, and/or
epigenetic/epistatic regulation) and decreasing activity (mutation, loss of
heterozygosity, and/or epigenetic/epistatic regulation) of these genes,
respectively. Furthermore, the progression of a poorly invasive/non-metastatic
cancer cell to one that is highly invasive and metastatic can arise slowly via
alterations in less critical genes or more rapidly due to genetic alterations in
important controlling genes.

One putative controlling gene, whose encoded protein is involved in gene
silencing, and possibly chromatin packaging and genomic stability, is
Alterations in expression in poorly invasive/non-metastatic breast cancer
cells could lead to the differential expression of genes whose products are
involved in cellular detachment, extracellular matrix degradation, cell motility,
angiogenesis and vasculogenesis, and cell growth; steps that are quintessential in
invasion and metastasis (76-78). Indeed, such a connection between altered

expression and the breast cancer invasive/metastatic phenotype has been
observed (79).

Down-Regulation of Expression in Invasive/Metastatic
Breast Cancer Cell Lines

A down-regulation in expression was first identified in MDA-MB-231
cells, a breast carcinoma cell line of high invasive/metastatic potential (79).
Differential display analysis was used to compare gene expression in MDA-MB-
23 1 cells to MCF-7 cells, a poorly invasive/non-metastatic breast carcinoma cell

mRNA expression was verified by reverse transcriptase-polymerase chain
reaction using primers and RNA hybridization analyses.
Furthermore, protein expression was reduced up to 95% as demonstrated
by Western blot and immunofluorescence confocal microscopy (Figure 2, 80). In
MCF-7 cells, was localized to the nucleus and nuclear membrane with a
heavy punctate staining pattern reminiscent of that observed in other cell types
(48, 58, 59). In contrast, a low-level diffuse nuclear staining pattern with little to
no localization to the nuclear membrane was observed in the fibroblast-like
MDA-MB-231 cells.
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line. was among 18 different gene products identified that were down-
regulated in MDA-MB-231 cells, compared to MCF-7 cells. The reduction in



Interestingly, the MDA-MB-231 cell line is very heterogeneous with
respect to cellular morphology. With continuing passage of this cell line in
culture, there is a gradual increase in large round epithelial-like cells. These
epithelial-like cells are strongly positive for expression and cannot invade
a collagen IV/laminin/gelatin matrix in vitro, further demonstrating that a down-
regulation in expression is correlated with an increase in in vitro invasive
potential (unpublished observations). These results also demonstrate that the

gene is not deleted from the genome of MDA-MB-231 cells.
Furthermore, the decrease in expression is not due to mutation, as the
DNA sequence of the entire coding region and approximately 500 bp
upstream of the putative transcription start site in MDA-MB-231 cells and
genomic clones obtained from a placental library was identical to MCF-7 cells
(unpublished observations). The regulation of in breast cancer cells is
currently unknown. However, the lack of mutations or deletions in
suggest that the regulation of transcription is through an epigenetic
mechanism such as CpG methylation or histone deacetylation. Conversely,
regulation of transcription in breast cancer cells maybe mediated by an
epistatic mechanism through modulation of repressor and/or enhancer
transcription factors that bind to the promoter. Interestingly, differential
display analysis identified two zinc finger proteins (Nil-2/ZEB/AREB6 and LD5-
1) whose expression was up-regulated in MDA-MB-231 cells, however it is not
known whether these transcription factors are involved in regulation (79).
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Identification and functional analysis of the promoter is currently
underway.

The reduction of mRNA and protein expression in
invasive/metastatic breast cancer cell lines is specific only for this ortholog of the
hHPl-like family of gene silencing proteins. Using RT-PCR analysis with
and primers, very little difference in expression was observed
between poorly invasive and invasive/metastatic breast cancer cell lines (80).
These results not only implicate involvement in breast cancer invasion
and metastasis, but also suggest that the different HP1-like proteins are
functionally distinct.

The down-regulation in mRNA and protein expression was not
limited to MDA-MB-231 cells, but was also down-regulated in other
invasive/metastatic breast cancer cell lines (MDA-MB-435 and Hs578T), but not
in T47D, a poorly invasive/non-metastatic breast cancer cell line (79, 80). A
down-regulation in mRNA expression was also observed in an invasive,
cisplatin-resistant ovarian cancer cell line (A2780 C20), compared to the poorly
invasive parental cell line (A2780 PAR), by microarray gene chip analysis,
suggesting a more general role for in the acquisition of an
invasive/metastatic phenotype (unpublished observations). Down-regulation of

expression and its correlation with an invasive/metastatic phenotype in
other cancers needs to be further characterized.

Reduced Expression in Metastatic Tumor Tissues from
Breast Cancer Patients

In a recent study, the expression of was evaluated in clinically relevant
breast cancer tumor tissues to determine whether the down-regulation of
was limited to cultured breast cancer cell lines (80). Normal mammary tissue and
tissue sections from lobular and ductal carcinomas in situ, invasive lobular and
ductal carcinoma, and metastatic tumors from distant sites (lung, skin, omentum,
and lymph node) were analyzed immunohistochemically for expression.
The percentage of tumor cells staining positive and the intensity of staining was
used to score expression. All of the tumor tissues from non-metastatic
tumors contained greater than 80% immunoreactive tumor cells with an
intensity of staining of up to 3+ (with 3+ being the highest staining observed). In
contrast, seven of nine tissues from distant metastases contained up to 95% less

immunoreactive tumor cells (table 1). The reduction in expression
in tumors from distant metastatic lesions is consistent with the data generated
from cultured breast cancer cell lines with an invasive/metastatic phenotype.
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Several reasons can be proposed to explain the lack of a reduction in
expression in two of the nine distant metastatic tumors analyzed. The high
expression in one lung metastasis could be indicative of a tumor

that has arrested or reverted to a non-metastatic phenotype. Secondly, the high
expression observed in tumor cells in a lymph node metastatic lesion may

not represent a true metastasis. Through localized trauma, cancer cells (whether
in situ or invasive) could be transferred by draining lymph to a regional lymph
node where they could be trapped and grow. Thirdly, it is possible that the
putative epigenetic event that causes a reduction in expression occurs
very late in metastatic progression and may not have occurred at the time of
observation in the majority of lymph node tumor cells. A subsequent genetic
alteration leading to the reduction in expression could then induce those
lymph node tumor cells to become more aggressive and allow them to reach and
survive in non-lymphoid organs such as lung and bone. This could explain why
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all patients with lymph node metastases may not develop distant metastases and
die from their disease. Fourthly, it is also conceivable that not all mechanisms of
invasive and metastatic progression in breast cancer cells involve the down-
regulation of expression. An expanded study to analyze
expression in primary and metastatic breast cancer tumors and patient survival is
currently underway.

Experimental Expression of in an Invasive/Metastatic
Breast Cancer Cell Line

It was not known whether the down-regulation of expression that was
observed only in invasive/metastatic breast cancer cells and not in poorly
invasive/non-metastatic cells was directly influencing invasion of these cells or
whether it was a consequence of other genetic alterations. Thus, to determine
whether re-expression of in invasive/metastatic breast cancer cells could
directly affect invasion, mammalian expression vectors containing a green
fluorescent protein (GFP) gene alone or fused with the gene (GFP-

were constructed and stably transfected into MDA-MB-231 cells. GFP-
transfected MDA-MB-231 cells showed GFP fluorescence that was

localized to the nucleus and was primarily excluded from the nucleoli, consistent
with other reports (61, 68). In contrast, GFP transfected MDA-MB-231 cells had
GFP fluorescence throughout the cell with the majority of fluorescence present in
the cytoplasm. These results demonstrate that the fusion protein is
functional, at least with respect to nuclear localization, and that GFP did not
appear to interfere with chromatin binding (based on exclusion from the
nucleoli).

Control GFP and expressing MDA-MB-231 were assessed for
their ability to invade a collagen IV/laminin/gelatin matrix in vitro. When
compared to untransfected or GFP expressing MDA-MB-231 cells, a 50 percent
reduction in in vitro invasion was observed, demonstrating that re-expression of

can modulate the invasive potential of MDA-MB-231 cells (figure 3).
The metastatic potential of expressing MDA-MB-231 cells in vivo is
currently being analyzed by orthotopic injection into the mammary fat pads of
SCID mice. These experiments will determine whether can be classified
as a breast cancer metastasis suppressor gene.

179



expression contributes to breast cancer cell invasion. The mechanism by
which can inhibit invasion is not currently known, however several
possibilities can be hypothesized based on the current knowledge of HP1 function
in Drosophila and mammalian cells.

Gene Silencing in Breast Cancer

The literature overwhelmingly demonstrates that HP1 and HP1-like proteins are
involved in the transcriptional repression of gene expression. We propose that a
reduction in in breast cancer cells leads to a loss of silencing of a gene or
cassette of genes necessary for invasion and metastasis (Figure 4a). Such putative
“target” genes could potentially be metastasis suppressor genes or genes that
facilitate an epithelial to mesenchymal transformation (EMT). Cells that have
undergone EMT have an aggressive invasive/metastatic phenotype (81, 82). To
date, silencing has been demonstrated by DNA tethering
experiments or by monitoring the expression of transgenes inserted into
heterochromatin. Less clear is whether can silence genes in their native
chromosomal locations. No known natural gene targets of HP1 have been
identified in Drosophila or mammalian cells. In Drosophila, HP1 consistently
colocalizes to specific euchromatic regions of polytene chromosomes. This
observation suggests that these regions contain a HP1 “targeting signal” and
presumably genes in these regions are susceptible to HP1-mediated silencing.

In mammalian cells, targeting of to specific genes may occur
through interactions with the KAP-1 co-repressor (59, 64, 65). KAP-1 is a
universal corepressor for the KRAB (Krüppel-associated box) domain found in

zinc finger transcription factors (84, 85). Recruitment of to
specific genes via KRAB domain containing zinc finger protein-KAP-1
complexes could lead to silencing of these genes by the induction of a
transcriptionally “closed” chromatin conformation (heterochromatinized). It is
therefore possible that gene-specific targeting of mHPls could be mediated
through the binding of different KRAB domain containing transcription factors.
Evidence to support this hypothesis has been reported by Brown and colleagues
in which the Ikaros protein, a KRAB domain containing transcription factor
required for normal lymphoid cell development, colocalized with
transcriptionally inactive lymphoid-specific genes, M31, and centromeric DNA
(86). Taken together, their data suggest that the recruitment and physical
interaction of genes to centromeric heterochromatin can mediate transcriptional
repression.
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ROLE OF IN THE BREAST CANCER
INVASIVE/METASTATIC PHENOTYPE

Our observations are the first to provide direct evidence that down regulation of



genes and in which chromosomal context the reduction of expression in
breast cancer cells modulates cellular invasive and metastatic potential is
currently unknown and will be the basis for future studies.
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Alternatively,  may be required for the normal expression of a gene, or
cassette of genes, located within heterochromatin. The requirement of HP1 for the
transcriptional activation of genes located within heterochromatin has recently
been demonstrated (71). Although Festenstein and colleagues have demonstrated
that M31 can silence expression of a CD2 transgene located in centromeric
heterochromatin, they have also shown that over expression of M31 can suppress
silencing of a CD2 transgene that is not located in centromeres (70). These results
suggest that the function of M31 varies depending on the chromosomal location
of the targeted gene (70). The seemingly contrasting effects of HP1-mediated
gene silencing and enhancement of gene expression appears to be dependent on
the local chromosomal environment in which the gene resides or contacts. What



genomic stability in breast cancer

A second possible function for the reduction in expression in modulating
breast cancer invasive/metastatic potential may be in altering genomic stability.
One thing that cancers have in common is an unstable genome leading to
chromosomal aneuploidy, inversions, translocations, and DNA amplifications and
deletions (87). Many cancer cells that demonstrate size heteromorphisms in
chromosomal C-bands (equated with heterochromatin) are also associated with
numerical and structural chromosomal changes (17). These studies observed that
chromosomal breakage frequently occurs in or near heterochromatic regions that
could lead to mutations, amplifications, and deletions during replication and
homologous recombination. We propose that a reduction in expression
may lead to variations in heterochromatin content, which in turn could contribute
to chromosome abnormalities (Figure 4b). While no experimental evidence
linking to chromosomal abnormalities in humans has been reported to
date, in S. pombe, mutations in the swi6 gene resulted in an increased rate of
chromosome loss (88). This loss was attributed to a decreased ability of
centromeres to migrate to the poles of the spindle during anaphase (89). The swi6
gene in yeast encodes an HP1-like chromodomain protein (46% identical to HP1)
that colocalizes to centromeres and telomeres (89). The swi6 gene product is
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required for transcriptional repression of silent mating-type loci and centromeres
(88, 90). These data, coupled with the observations that neoplastic cells
frequently have abnormal karyotypes, suggest that may be involved in
genomic stability.

Genomic Organization in Breast Cancer

Accompanying genetic instability in cancers are alterations in nuclear
morphology (reviewed in 91), which are thought to be mediated in part by
changes in the composition of nuclear matrix proteins (reviewed in 26). The
nuclear matrix is defined as the nuclear structure that remains following salt
extraction of nuclease treated nuclei. The nuclear matrix is composed of the
internal nuclear matrix, residual nucleoli, and the nuclear pore-lamina complex of
the nuclear membrane (92). Growing evidence suggests that the nuclear matrix
not only defines nuclear shape, but also plays an active role in chromatin
organization, replication, and gene expression (93, 94). Recently, the lamin B
receptor (LBR), an integral inner nuclear membrane protein, has been shown to
bind to (53, 63). The interaction of LBR with maybe a putative
mechanism by which a large fraction of heterochromatin is localized to the
periphery of the nucleus (63, 95). We propose that a direct destabilization of
heterochromatic regions from the inner nuclear membrane via a reduction in

expression, and thereby a loss in appropriate genomic organization, may
be one mechanism by which gene expression is altered in invasive/metastatic
breast cancer cells (Figure 4c). Indirect evidence to support this hypothesis stems
from observations that treatment of MCF-7 breast cancer cells
increased the irregularity of the inner nucleoplasmic border which corresponded
with a decrease in condensed heterochromatin in these cells (23). However, it is
not currently known whether expression is modulated by
treatment.

The proposed models for the involvement of in breast cancer
invasion and metastasis are not mutually exclusive and could all, to some degree,
contribute to the invasive/metastatic phenotype. Furthermore, these models
demonstrate the enormous potential that modulation of expression can
have on inducing subsequent genetic alterations in breast cancer cells. Since
breast cancer cell lines that have undergone EMT also have reduced levels of

it is not known whether down-regulation of is a putative “master
switch” that causes EMT or rather is a consequence of EMT. Nevertheless, a
down-regulation in expression by breast cancer cells contributes to the
acquisition of an aggressive invasive/metastatic phenotype.
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Chapter 10

INHIBITION OF INVASION AND METASTASIS
DURING SPECIFIC AMINO ACID RESTRICTION
ASSOCIATED WITH METASTASIS SUPPRESSOR
AND OTHER GENE CHANGES

Gary G. Meadows, Xiaokang Ge, Hui Zhang, Daniel R. Oros, Ya-Min Fu

Cancer Prevention and Research Center, Department of Pharmaceutical
Sciences, College of Pharmacy, Washington State University, Pullman, WA
99164-6510

Abstract
Dietary tyrosine (Tyr) and phenylalanine (Phe) restriction dramatically decreases
metastasis of a number of implanted murine tumors including melanoma,
hepatocarcinoma, lung carcinoma, and leukemia without inducing host toxicity.
Herein, we show that Tyr/Phe deprivation in vitro rapidly decreases the
intracellular free Tyr concentration in A375 melanoma cells. The decreased
availability of Tyr and Phe to melanoma, prostate, and breast cancer cells in vitro
significantly inhibits their invasive ability. MKK4/SEK1 protein expression
and/or phosphorylation increased in A375 melanoma and MDA-MB-231 breast
cancer cells suggesting an important role for this metastasis suppressor gene in
control of invasion during Tyr/Phe deprivation. Additionally, 14 other genes are
differentially modulated by Tyr/Phe deprivation. These results suggest that
specific intracellular free amino acids regulate the metastatic potential of tumor
cells by modulating gene expression and function.

Keywords: metastasis suppressor gene, invasion, mitogen-activated protein
kinase kinase 4 (MKK4)/stress-activated protein/Erk kinase 1 (SEK1), amino
acid, tyrosine, phenylalanine, methionine, melanoma, breast cancer, and prostate
cancer.
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1. INTRODUCTION

It has become increasingly evident that diet and dietary factors can impact not
only the incidence of cancer, but also modulate its spread. We have previously
documented that restriction of tyrosine (Tyr) and phenylalanine (Phe) in the diet
specifically modulates cell cycle protein expression to inhibit tumor growth and
inhibit metastasis of pigmented B16BL6 melanoma in mice without toxicity to
the host (1,2). There is very little information about how nutrients control the
expression of mammalian genes, and there is even less known about the role of
specific amino acids in regulation of gene expression in tumor cells. General
amino acid starvation can increase, as well as decrease gene expression in rat
hepatoma cells (3). Also in rat hepatoma cells, the specific limitation of Phe,
methionine (Met), leucine (Leu), and tryptophan leads to changes in abundance of
mRNA for 19 genes (4). Herein we present evidence that Tyr and Phe deprivation
in vitro leads to a decrease in intracellular free Tyr concentration. This in turn is
associated with inhibition of invasion, enhancement of the metastasis suppressor
gene, mitogen-activated protein kinase kinase 4 (MKK-4)/stress-activated
protein/Erk kinase 1 (SEK1), and alteration in the expression of other genes.

While most of our research has concentrated on the effects of Tyr/Phe
restriction on melanoma, dietary restriction of these amino acids also inhibits
growth and metastasis of a number of other cancers including L1210 leukemia
(5), RT7-4bs hepatocarcinoma (6), and 3LL Lewis lung carcinoma (6). The
growth inhibitory and anti-metastatic effects of dietary Tyr/Phe restriction are not
due to body weight loss, decreased food intake, or general starvation (6-11)
indicating a more specific mechanism associated with Tyr/Phe restriction.

Dietary restriction of Tyr/Phe, in addition to suppression of metastasis, also
enhances the chemotherapeutic effect of L-dopa methylester against B16
melanoma in vivo and permits the anti-melanoma activity of vitamin C (7, 11,
12). Furthermore, it prevents the emergence of drug resistance during
chemotherapy (12), and abolishes drug resistance of adriamycin-resistant
B16BL6 melanoma cells and P388 leukemia cells to adriamycin in vitro (13).
Tyr/Phe deprivation in vitro synergistically augments the chemotherapeutic effect
of melphlan against A375 melanoma while at the same time protecting normal
cells from the toxic effects of this drug (unpublished observations). Additionally,
restriction of these amino acids enhanced the cytotoxicity of chimeric heparin-
binding transforming growth factor-alpha and Pseudomonas exotoxin A against
B16BL6 melanoma (14). These data indicate that restriction of Tyr/Phe could be
a useful addition to conventional chemotherapeutic treatment of melanoma and
possibly other cancers.

Metastasis is a multifactorial process, and tumor cells must complete a
number of steps before establishing themselves at secondary sites. Elstad et al.
(15) showed that B16BL6 melanoma cells isolated from mice that were fed a diet
restricted in Tyr/Phe or cells cultured in media with reduced levels of these amino
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acids, were greatly impaired in their ability to establish pulmonary tumor nodules
in experimental metastasis assays (1). B16BL6 melanoma cells with the
suppressed metastatic phenotype also exhibit reduced invasion through
Matrigel™ and growth factor reduced Matrigel™ (16, 17). The fact that the
tumor cells do not immediately revert back to a metastatic phenotype when
repleted with Tyr/Phe suggests that gene expression is altered.

In section 3, we show that the anti-invasive effects of Tyr/Phe deprivation
in vitro extended to other human tumor systems. We present further evidence in
section 4 that the metastasis suppressor gene, MKK4/SEK1, is expressed in
melanoma as well as breast cancer cells, and that the protein expression and/or
phosphorylation of the MKK4/SEK1 protein is enhanced by Tyr/Phe deprivation.
Moreover, a number of other genes relevant to tumor invasion and metastasis are
differentially expressed in response to Tyr/Phe deprivation and these are
presented in section 5.

2. EFFECT OF TYR/PHE DEPRIVATION ON
INTRACELLULAR TYR AND PHE LEVELS IN A375
MELANOMA

As discussed above dietary restriction of Tyr/Phe inhibits metastasis and the
expression in the metastatic phenotype of B16BL6 melanoma cells. The exact
trigger leading to the reduced metastatic potential is unknown. However it is well
known that cells sense extracellular signals and as a result can modify
metabolism and/or gene expression. A classical example of this is the response of
the pancreas to glucose, insulin, and glucagon levels in the blood. Thus, we
examined the effect of Tyr/Phe deprivation on the intracellular levels of these
amino acids in melanoma and normal cells. The data in Figure 1 show that for

A375 human melanoma cells, Tyr/Phe deprivation significantly decreases the Tyr
concentration by approximately one-half of the starting concentration over time
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(p < 0.05), beginning 24 hr after deprivation. It is important to note that complete
depletion of Tyr/Phe is not necessary to achieve an antimetastatic effect in vivo.
In fact, dietary restriction of Tyr/Phe in mice lowers plasma Tyr by 33% and Phe
by 21% (11). This suggests that melanoma cells are especially sensitive to
alterations in the levels of these amino acids.

The Phe concentration did not significantly change over time (p > 0.05).
This finding is consistent with the results in Table 1 indicating that deprivation of
this amino acid alone does not have a major effect on in vitro invasion. In human
infant foreskin fibroblasts (HIFF), a normal cell line, neither Tyr nor Phe
concentrations significantly change over time (p > 0.05). In these cells the steady
state levels of Tyr and Phe are lower than in the A375 melanoma cells. These
data suggest that Tyr and Phe levels are tightly regulated in normal cells and
support the hypothesis that the cellular and molecular changes associated with
inhibition of melanoma invasion and metastasis are a consequence of decreased
intracellular Tyr concentration. Moreover, melanoma cells become arrested in the
GO/G1 phase of the cell cycle within 24 hr after Tyr/Phe limitation (2), further
indicating the finely tuned response of these cells to changes in intracellular
amino acid concentrations.

3. ROLE OF SPECIFIC AMINO ACID DEPRIVATION ON
TUMOR INVASION

The metastatic phenotype of B16BL6 melanoma cell is suppressed and the altered
phenotype is stable after culturing these cells in Tyr/Phe restricted media in vitro
(1). Moreover, culturing B16BL6 melanoma cells in media low in Met, glutamine
(Gin), Leu, or arginine does not induce the change in phenotype (1). Phe, Met,
and Leu are essential amino acids and Gln and Tyr are nonessential amino acids.
Unlike Tyr and Phe restriction, Gln and Leu restriction in vitro does not alter the
metastatic phenotype of B16BL6 melanoma cells (1). Gln is a major source of
nitrogen and energy in the body. The corresponding alpha keto acid, glutamate, is
involved in the synthesis of a wide variety of other amino acids. Therefore,
deprivation of this amino acid would be expected to have a major impact on the
growth of melanoma cells. Leu was selected because it is an essential amino acid
and also because it is a neutral amino acid like Tyr and Phe.

The effect of deprivation of these amino acids on in vitro invasion is shown
in Table 1 and a number of important observations are apparent. The inhibitory
activity of Tyr/Phe deprivation on invasion affects human breast and prostate
cancer cell lines, as well as murine and human melanoma cells. Although
invasion of all cell lines is inhibited by Tyr/Phe deprivation, some are more
sensitive than others. MDA-MB-231 (MDA-231) cells are extremely sensitive to
the deprivation of these amino acids while prostate cancer cells are less sensitive.
The effect varies in the melanoma cell lines with A375 melanoma being more
sensitive than SK-Mel-28. This is not an unexpected finding since tumors are
highly heterogeneous. However, the underlying reasons for these differences are
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not known. Interestingly, in A375 and B16BL6 melanoma, Tyr deprivation has a
greater effect on in vitro invasion than Phe deprivation. This is consistent with the
results in Figure 1 indicating that intracellular Tyr, but not Phe concentration is
altered. Gln deprivation has no effect, while Leu deprivation enhances invasion of
these cell lines. These results point to the selectivity of amino acid deprivation in
control of invasion. This conclusion is further supported by the fact that serum
starvation does not inhibit in vitro invasion (data not shown) or in vivo metastatic
potential of B16BL6 melanoma (1). The increased invasion associated with Leu
deprivation, and the modest effect of Phe deprivation on invasion, demonstrate
that the effects observed with combined Tyr/Phe deprivation are not a
consequence of essential amino acid deprivation.

Whereas invasion of melanoma cell lines is not influenced by Gln
deprivation, DU-145 and PC-3 prostate cells are differentially sensitive to
deprivation of this amino acid. Gln deprivation does not alter invasion of PC-3
cells, but does inhibit invasion of DU-145 cells. These results further underscore
the different regulatory effects of amino acids on tumor cells.

All of the cell lines tested were sensitive to Met deprivation. The enhanced
sensitivity of the PC-3 prostate cancer cell line may reflect the Met-
dependency of these cells (19). The fact that Met deprivation inhibits invasion of
melanoma is not consistent with the relative ineffectiveness of dietary Met
restriction to impact metastasis of B16BL6 melanoma in vivo (7). The reason for
this discrepancy is not known. It is not related to the inability of Met restriction to
reduce plasma Met levels since the levels of this amino acid are reduced by 50%
in mice fed a Met-restricted diet, while Tyr levels are only reduced by 33% (7).
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4. INFLUENCE OF TYR/PHE DEPRIVATION ON
METASTASIS-SUPPRESSOR GENE EXPRESSION

To date, about five genes have been identified that conform to the criteria of
metastasis-suppressor genes. The properties and characteristics of these genes,
which include BRMS1, KAI1, Kissl, MKK4, and nm23 (NME1), were recently
discussed in an excellent review by Yoshida et al. (20). We examined the effect
of Tyr/Phe deprivation on two of these genes, nm23 and MKK4.

Nm23 was initially identified in the murine K1735 melanoma and six
human homologues have also been identified. Although the function of this gene
is still unknown, the nm23 protein is highly homologous to the nucleoside
diphosphate kinases of Dictyostelium discoideum and of human cells (21). It is
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proposed that these enzymes control invasion through their novel cell signaling
mechanisms (20).

We examined the mRNA expression of nm23 in the highly invasive and
metastatic B16BL6 murine melanoma cells that were isolated from mice fed a
normal diet and a diet restricted in Tyr/Phe. Dietary Tyr/Phe restriction decreased
tumor heterogeneity and selected for tumor variants with decreased metastatic
potential (7, 15). We found that nm23 mRNA expression was not altered by
dietary Tyr/Phe restriction in B16BL6 melanoma (21).

The mitogen-activated protein kinase kinase 4 (MKK4), a member of
mitogen-activated protein kinase (MAPK) kinase family, was first cloned in the
mouse and termed as stress-activated protein kinase kinase 1 (SEK1) in 1994
(22). It was subsequently cloned in humans and named MKK4 in 1995 (23).
MKK4/SEK1 has been identified as an intermediate in signal transduction
pathways between upstream MEKK1 and downstream stress-activated protein
kinase/c-Jun NH2-terminal kinase (SAPK/JNK1) and p38 MAPK, but not ERK1
(23). MKK4 is activated by dual phosphorylation on serine and threonine amino
acid residues by MAPK and MEKK1 (24). MKK4 activates JNKs by
phosphorylation on threonine and Tyr residues of JNKs (25). Interestingly,
activation of JNK, but not the activation of p38 is abolished in MKK4 deficient
MKK4 (-/-) ES cells (26).

It is suggested that MKK4/SEK1 is an essential gene for maintaining cell
viability and embryonic development since mice with a homozygous null allele
for MKK4/SEK1 are not viable (26). Cells with disrupted MKK4/SEK1 genes
exhibit defective AP-1-dependent transcription activity (26). There is evidence
that metastasis suppressor genes are functionally inactivated as tumor cells
acquire metastatic capacity resulting in a conversion of the tumor from a non-
metastatic to a metastatic phenotype (27). Mutations and deletions of the
MKK4/SEK1 gene are reported in some lung, colon, testicular, pancreatic,
biliary, and breast carcinoma tissues and in some cancer cell lines (28, 29). Rat
AT6.1 prostate cancer cells, which do not express the endogenous SEK1/MKK4
gene, fail to respond to stress stimuli and are not able to form macroscopic
metastases in the lung (30). Mice carrying AT6.1 cells stably transfected with
human MKK4/SEK1 cDNA have a significant reduction in the number of
macroscopic lung metastases in comparison to mice injected with AT6.1 cells
transfected with an empty vector (31). These two studies suggest that
MKK4/SEK1 functions as a metastasis suppresser gene.

We investigated whether MKK4/SEK1 is also involved in invasion of
human breast cancer and melanoma cell lines using a standard in vitro Matrigel
invasion system. We then examined the total expression of MKK4/SEK1 protein
and the expression of the phosphorylated protein. Figure 2A shows that the
human estrogen receptor positive MCF-7 breast cancer cells are highly non-
invasive as compared to estrogen receptor negative MDA-231 breast cancer cells
and A375 melanoma cells. Among the three cell lines examined, MCF-7 cells
express the highest level of phosphorylated MKK4/SEK1 protein (Figure 2B).
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The phosphorylated MKK4/SEK1 protein is not detectable in MDA-231 cells.
MCF-7 cells express 25 times more MKK4/SEK1 protein than MDA-231 breast
cancer cells, and 22 times more than A375 melanoma cells. These data suggest
that both the level of MKK4/SEK1 protein, as well as the level of
phosphorylation, are important to the invasive ability of these cells.
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Invasion of MDA-231 breast cancer and A375 melanoma cell lines cultured in
complete medium and in Tyr/Phe-deprived medium were compared in the same
invasion assay. Deprivation of Tyr/Phe significantly decreases invasion of both
cell lines, as shown in Table 1.

Since Tyr/Phe deprivation is a nutritional stress to cells, we hypothesized that
deprivation of these two amino acids would modulate MKK4/SEK1 expression.
Figure 3 shows that deprivation of Tyr/Phe has no effect on the amount of
phosphorylated MKK4/SEK1 protein in MDA-231 breast cancer cells. However,
the expression of MKK4/SEK1 protein is increased at 2 and 3 days of culture in
Tyr/Phe-deprived medium. In A375 melanoma cells, deprivation of Tyr/Phe
increased the amount of phosphorylated MKK4/SEK1 protein. The
phosphorylated protein increases to the highest level (3 times that of control) after
24 hr, and then returns to the baseline level after 72 hr.
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Tyr/Phe deprivation does not affect MKK4/SEK1 protein expression in A375
cells. The data indicate that both expression of MKK4/SEK1 protein and
expression of its phosphorylated form can be regulated by amino acid deprivation
and that the responses vary depending on the type of cancer. Although these data
show an inverse relationship between MKK4/SEK1 expression/phosphorylation
and tumor invasion, further in vivo studies are needed to corroborate this
association.

5. DIFFERENTIAL MODULATION OF GENE
EXPRESSION BY TYR/PHE DEPRIVATION

Differential display is a powerful method to search for genes associated with a
specific biological phenomenon. Identifying and characterizing the genes
associated with the anti-invasive and anti-metastatic effects of Tyr/Phe
deprivation in melanoma cells is crucial for examining molecular mechanism(s)
associated with amino acid control of these biological functions. A typical
example of the degree of difference that we observed between A375M, a
metastatic variant of A375 melanoma cells, cultured in complete medium and in
cells cultured in Tyr/Phe-deprived medium is shown in Figure 4.
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identified with the PRISM Ready Reaction Dye Deoxy Terminator Cycle
Sequencing Kit (Applied Biosystems, Foster City, CA). Rapid amplification of the
cDNA 5' ends was used to recover the full cDNA sequence. Both cDNA and
deduced amino acid sequences were used to search the NIH GeneBank database
to determine the identity of the cloned genes.

Table 2 contains a list of the differentially expressed genes associated with
the regulation of melanoma during Tyr/Phe deprivation. At present, fourteen
differentially expressed genes have been identified. The expression of four genes
increased while the expression of ten genes decreased in cells cultured in
Tyr/Phe-deprived medium. Although the list is far from inclusive, it is apparent
that the identified genes are important to mRNA processing, cell cycle, mobility,
cytoskeleton organization, and signal transduction of melanoma cells. All are
important to the process of invasion and metastasis, however, little is known
regarding the role of these genes on invasion and metastasis. We are currently
investigating the function of several of these genes in melanoma invasion.

6. SUMMARY AND CONCLUSIONS

Free amino acids are important regulators of invasion and metastasis. In an earlier
report we showed that the metastatic phenotype of B16BL6 melanoma cells is
specifically modulated in vitro by Tyr/Phe restriction, but not by restriction of
other amino acids (1). Table 1 shows that the in vitro invasive ability of human
breast, melanoma, and prostate cancer cell lines also vary in their response to
specific amino acid deprivation. Whether the effects of amino acid deprivation
are direct or indirect are not completely understood. However, the fact that the
invasive phenotype can be modulated in the absence of the host response clearly
indicates that the altered phenotype is related to the availability of amino acids to
the tumor cells. The data in Figure 1 clearly show that intracellular free Tyr levels
are reduced in melanoma cells in response to external Tyr/Phe deprivation.
Intracellular Phe levels were resistant to change. This was reflected in the fact
that Tyr deprivation alone has a greater impact on invasion than Phe deprivation.
Thus, we believe that the intracellular concentration of particular amino acids
serves as a signal to regulate a variety of cellular events including growth,
invasion, and metastasis.

We now show that MKK4/SEK1 metastasis suppressor protein expression
and phosphorylation is positively influenced by Tyr/Phe deprivation (Figure 3).
From Figure 4 it is also apparent that deprivation of these amino acids can result
in both increased and decreased gene expression. An example of the negative
influence of Tyr/Phe restriction is the decrease in expression and phosphorylation
of focal adhesion kinase protein (47). Very little is known regarding the
modulation of gene expression and function by amino acids and this is a very
fertile area of research. Changes in gene expression appear not to be associated
with the general or total inhibition of protein synthesis resulting from amino acid
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limitation (48). In fact, Tyr/Phe limitation of B16BL6 melanoma cells for 4 days
does not inhibit protein synthesis (14), however, limitation has a major impact on
a number of processes that modulate tumor growth, invasion, and metastasis (1,
2, 17).
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One of the best known genes that is regulated by amino acids is the CHOP
(C/EBP homologous protein)/gadd153 gene (49). This gene encodes for a
transcription factor that regulates perturbations of the endoplasmic reticulum in
response to stress (48). Interaction of the amino acid response elements (AARE)
in the promoter region of the gene with activated transcription factor 2 (ATF2) is
essential for transcriptional activation of this gene (49, 50). It is likely that AARE
are present in other genes important to the control of metastasis. In fact, two
known genes regulated in vitro by amino acids that are relevant to tumor invasion
and metastasis are matrix metalloproteinase-1 (MMP-1) and tissue inhibitor of
metalloproteinase-1 (TIMP-1) (51). Supraphysiological concentrations (1 mg/ml)
of Tyr increase the steady-state level of MMP-1 mRNA by 2-fold in human skin
fibroblasts, and decrease the steady-state level of TIMP-1 by one-half relative to
fibroblasts cultured under regular conditions. In searching the NIH GeneBank we
found that the promoter regions of the MMP-1 and TIMP-1 genes contain the
AARE consensus sequences. Further research is needed to determine
functionality of these putative AARE sequences in the MMP-1 and TIMP-1
genes. Identification of the regulatory elements associated with amino acid
responsive genes could lead to the development of novel approaches to control
the key signaling molecules that enable tumors to grow, invade, and metastasize.

ACKNOWLEDGMENTS

This work was supported by grant number CA77604 from the National Cancer
Institute and Department of Defense Prostate Cancer Research Program grant
number DAMD17-00-1-0107 to Dr. Meadows and by a minority supplement
sponsored by the Continuing Umbrella of Research Experiences (CURE)
program to Dr. Oros.

REFERENCES

1. Elstad, C. A. and Meadows, G. G. Modulation of B16-BL6 murine melanoma
metastatic phenotype by tyrosine and phenylalanine restriction in the absence of host
selection pressures. Anticancer Res, 13: 523-528, 1993.

2. Fu, Y.-M., Yu, Z.-X., Ferrans, V. J., and Meadows, G. G. Tyrosine and
phenylalanine restriction induces G0/G1 cell cycle arrest in murine melanoma in
vitro and in vivo. Nutr Cancer, 29: 104-113, 1997.

3. Shay, N. F., Nick, H. S., and Kilberg, M. S. Molecular cloning of an amino acid-
regulated mRNA (amino acid starvation-induced) in rat hepatoma cells. J Biol
Chem, 265: 17844-18748, 1990.

4. Marten, N. W., Burke, E. J., Hayden, J. M., and Straus, D. S. Effect of amino acid
limitation on the expression of 19 genes in rat hepatoma cells. FASEB J, 8: 538-544,
1994.

5. Pine, M. J. Improved host defense against L1210 leukemia by deprivation of dietary
phenylalanine. Nutr Cancer, 3: 94-102, 1981.

6. Abdallah, R. M., Starkey, J. R., and Meadows, G. G. Dietary restriction of tyrosine
and phenylalanine: inhibition of metastasis of three rodent tumors. J Natl Cancer

205



Inst, 78: 759-766, 1987.
7. Elstad, C. A., Meadows, G. G., and Abdallah, R. M. Specificity of the suppression

of metastatic phenotype by tyrosine and phenylalanine restriction. Clin Exp Met, 8:
393-416, 1990.

8. Meadows, G. G. and Oeser, D. E. Response of B16 melanoma-bearing mice to
varying dietary levels of phenylalanine and tyrosine. Nutr Rep Int, 28: 1073-1082,
1983.

9. Meadows, G. G., DiGiovanni, J., Minor, L., and Elmer, G. W. Some biological
properties and an in vivo evaluation of tyrosine phenol-lyase on growth of B-16
melanoma. Cancer Res, 36: 167-171, 1976.

10. Meadows, G. G., Pierson, H. F., Abdallah, R. M., and Desai, P. R. Dietary influence
of tyrosine and phenylalanine on the response of B16 melanoma to carbidopa-
levodopa methyl ester chemotherapy. Cancer Res, 42: 3056-3063, 1982.

11. Pierson, H. F. and Meadows, G. G. Sodium ascorbate enhancement of carbidopa-
levodopa methyl ester antitumor activity against pigmented B16 melanoma. Cancer
Res, 43:2047-2051, 1983.

12. Meadows, G. G., Abdallah, R. M., and Starkey, J. R. Interaction between specific
dietary factors and experimental chemotherapy of metastatic melanoma. Cancer
Chemother Pharmacol, 16:229-236, 1986.

13. Elstad, C. A., Thrall, B. D., and Meadows, G. G. Tyrosine and phenylalanine
restriction sensitizes adriamycin-resistant P388 leukemia cells to adriamycin. Nutr
Cancer, 25: 47-60, 1996.

14. Fu, Y.-M., Li, Y.-Q., and Meadows, G. G. Influences of tyrosine and phenylalanine
limitation on cytotoxicity of chimeric on B16BL6 murine melanoma in vitro.
Nutr Cancer, 31: 1-7, 1998.

15. Elstad, C. A. and Meadows, G. G. Phenotypic stability of B16-BL6 melanoma
exposed to low levels of tyrosine and phenylalanine. Anticancer Res, 10: 1313-1318,
1990.

16. Uhlenkott, C. E., Huijzer, J. C., Cardeiro, D. J., Elstad, C. A., and Meadows, G. G.
Attachment, invasion, chemotaxis, and proteinase expression of B16-BL6 melanoma
cells exhibiting a low metastatic phenotype after exposure to dietary restriction of
tyrosine and phenylalanine. Clin Expl Met, 14: 125-137, 1996.

17. Pelayo, B. A., Fu, Y.-M., and Meadows, G. G. Inhibition of B16BL6 melanoma
invasion by tyrosine and phenylalanine deprivation is associated with decreased
secretion of plasminogen activators and increased plasminogen inhibitors. Clin Expl
Met, 17: 841-848, 1999.

18. Jones, B. N., Paabo, S., and Stein, S. Amino acid analysis and enzymatic sequence
determination of peptides by an improved o-phthaldialdehyde precolumn labeling
procedure. J Liquid Chromatogr, 4: 565-586, 1981.

19. Poirson-Bichat, F., Gonfalone, G., Bras-Gonçalves, R. A., Dutrillaux, B., and
Poupon, M. F. Growth of methionine-dependent human prostate cancer (PC-3) is
inhibited by ethionine combined with methionine starvation. Br J Cancer, 75: 1605-
1612, 1997.

20. Yoshida, B. A., Sokoloff, M. M., Welch, D. R., and Rinker-Schaeffer, C. W.
Metastasis-suppressor genes: a review and perspective on an emerging field. J Natl
Cancer Inst, 92: 1717-30, 2000.

21. Huijzer, J. C., McFarland, M., Niles, R. M., and Meadows, G. G. Phorbol 12-
myristate 13-acetate enhances nm23 gene expression in murine melanocytes but not
in syngeneic B16-BL6 melanoma variants. J Cell Phys, 166: 487-494, 1996.

206



22. Sánchez, L, Hughes, R. T., Mayer, B. J., Yee, K., Woodgett, J. R., Avruch, J.,
Kyriakis, J. M., and Zon, L. I. Role of SAPK/ERK kinase-1 in the stress-activated
pathway regulating transcription factor c-Jun. Nature, 372: 794-800, 1994.

23. Dérijard, B., Raingeaud, J., Barrett, T., Wu, I.-H., Han, J., Ulevitch, R. J., and Davis,
R. J. Independent human MAP kinase signal transduction pathways defined by MEK
and MKK isoforms. Science, 267: 682-685, 1995.

24. Yan, M., Dai, T. D. J. C., Kyriakis, J. M., Zon, L. I., Woodgett, J. R., and
Templeton, D. J. Activation of stress-activated protein kinase by MEKK1
phosphorylation of its activator SEK1. Nature, 372: 798-800. 1994.

25. Dérijard, B., Hibi, M., Wu, I.-H., Barrett, T., Su, B., Deng, T., Karin, M., and Davis,
R. J. JNK1: a protein kinase stimulated by UV light and Ha-Ras that binds and
phosphorylates the c-Jun activation domain. Cell, 76: 1025-1037, 1994.

26. Yang, D., Tournier, C., Wysk, M., Lu, H.-T., Xu, J., Davis, R. J., and Flavell, R. A.
Targeted disruption of the MKK4 gene causes embryonic death, inhibition of c-Jun
NH2-terminal kinase activation, and defects in AP-1 transcriptional activity. Proc.
Natl. Acad. Sci. USA, 94: 3004-3009, 1997.

27. Dear, T. N. and Kefford, R. F. Molecular oncogenetics of metastasis. Mol Aspects
Med, 11:243-324, 1990.

28. Teng, D. H.-F., Perry III, W. L., Hogan, J. K., Baumgard, M., Bell, R., Berry, S.,
Davis, T., Frank, D., Frye, C., Hattier, T., Hu, R., Jammulapati, S., Janecki, T.,
Leavitt, A., Mitchell, J. T., Pero, R., Sexton, D., Schroeder, M., Su, P.-H.,
Swedlund, B., Kyriakis, J. M., Avruch, J., Bartel, P., Wong, A. K. C., Oliphant, A.,
Thomas, A., Skolnick, M. H., and Tavtigian, S. V. Human mitogen-activated protein
kinase kinase 4 as a candidate tumor suppressor. Cancer Res, 57: 4177-4182, 1997.

29. Su, G. H., Hilgers, W., Shekher, M. C., Tang, D. J., Yeo, C. J., Hruban, R. H., and
Kern, S. E. Alterations in pancreatic, biliary, and breast carcinomas support MKK4
as a genetically targeted tumor suppressor gene. Cancer Res, 58: 2339-2342, 1998.

30. Chekmareva, M. A., Kadkhodaian, M. M., Hollowell, C. M. P., Kim, H., Yoshida,
B. A., Luu, H. H., Stadler, W. M., and Rinker-Schaeffer, C. W. Chromosome 17-
mediated dormancy of AT6.1 prostate cancer micrometastases. Cancer Res, 58:
4963-4969, 1998.

31. Yoshida, B. A., Dubauskas, Z., Chekmareva, M. A., Christiano, T. R., Stadler, W.
M., and Rinker-Schaeffer, C. W. Mitogen-activated protein kinase kinase 4/stress-
activated protein/Erk kinase 1 (MKK4/SEK1), a prostate cancer metastasis
suppressor gene encoded by human chromosome 17. Cancer Res, 59: 5483-5487,
1999.

32. Brambilla, E., Constantin, B., Drabkin, H., and Roche, J. Semaphorin SEMA3F
localization in malignant human lung and cell lines: A suggested role in cell
adhesion and cell migration. Am J Pathol, 156: 939-950, 2000.

33. Martin-Satue, M. and Blanco, J. Identification of semaphorin E gene expression in
metastatic human lung adenocarcinoma cells by mRNA differential display. J Surg
Oncol, 72: 18-23, 1999.

34. Vikis, H. G., Li, W., He, Z., and Guan, K.-L. The semaphorin receptor plexin-Bl
specifically interacts with active Rac in a ligand-dependent manner. Proc Natl Acad
Sci USA, 97: 12457-12462, 2000.

35. Chu, X., Thompson, D., Yee, L. J., and Sung, L. A. Genomic organization of mouse
and human erythrocyte tropomodulin genes encoding the pointed end capping
protein for the actin filaments. Gene, 256: 271-281, 2000.

36. Cooper, J. A. and Schafer, D. A. Control of actin assembly and disassembly at

207



filament ends. Curr Opin Cell Biol, 12: 97-103, 2000.
37. Kordula, T., Bugno, M., Rydel, R. E., and Travis, J. Mechanism of interleukin-1 and

tumor necrosis factor regulation of the gene in
human astrocytes. J Neurosci, 20 : 7510-7516, 2000.

38. Hwang, S. R., Steineckert, B., Kohn, A., Palkovits, M., and Hook, V. Y. Molecular
studies define the primary structure of (ACT) protease inhibitor
in Alzheimer's disease brains. Comparison of ACT in hippocampus and liver. J Biol
Chem, 274: 1821-1827, 1999.

39. Ikari, Y., Mulvihill, E., and Schwartz, S. M. Alpha 1-Proteinase inhibitor, alpha 1-
antichymotrypsin and alpha 2-marcoglobulin are the anti-apoptotic factors of
vascular smooth muscle cells. J Biol Chem , in press: 2001.

40. Wick, M., Burger, C., Funk, M., and Muller, R. Identification of a novel mitogen-
inducible gene (mig-6): regulation during Gl progression and differentiation. Exp
Cell Res, 219:527-535, 1995.

41. Makkinje, A., Quinn, D. A., Chen, A., Cadilla, C. L., Force, T., Bonventre, J. V.,
and Kyriakis, J. M. Gene 33/Mig-6, a transcriptionally inducible adapter protein that
binds GTP-Cdc42 and activates SAPK/JNK. A potential marker transcript for
chronic pathologic conditions, such as diabetic nephropathy. Possible role in the
response to persistent stress. J Biol Chem, 275: 17838-17847, 2000.

42. Matunis, M. J., Michael, W. M., and Dreyfuss, G. Characterization and primary
structure of the poly(C)-binding heterogeneous nuclear ribonucleoprotein complex K
protein. Mol Cell Biol, 12: 164-171, 1992.

43. Tomonaga, T. and Levens, D. Heterogeneous nuclear ribonucleoprotein K is a
DNA-binding transactivator. J Biol Chem, 270: 4875-4881, 1995.

44. Miau, L.-H., Chang, C.-J., Shen, B.-J., Tsai, W.-H., and Lee, S.-C. Identification of
heterogeneous nuclear ribonucleoprotein K (hnRNP K) as a represser of C/EBPß-
mediated gene activation. J Biol Chem, 273: 10784-10791, 1998.

45. Rabbitts, T. H., Forster, A., Larson, R., and Nathan, P. Fusion of the dominant
negative transcription regulator CHOP with a novel gene FUS by translocation
t(12;16) in malignant liposarcoma. Nat Genet, 4: 175-180, 1993.

46. Perez-Losada, J., Pintado, B., Gutierrez-Adan, A., Flores, T., Banares-Gonzalez, B.,
del Campo, J. C., Martin-Martin, J. F., Battaner, E., and Sanchez-Garcia, I. The
chimeric FUS/TLS-CHOP fusion protein specifically induces liposarcomas in
transgenic mice. Oncogene, 19: 2413-2422, 2000.

47. Fu, Y.-M., Yu, Z.-X., Pelayo, B. A., Ferrans, V. J., and Meadows, G. G. Focal
adhesion kinase-dependent apoptosis of melanoma induced by tyrosine and
phenylalanine deficiency. Cancer Res, 59 : 758-765, 1999.

48. Jousse, C., Bruhat, A., Ferrara, M., and Fafournoux, P. Evidence for multiple
signaling pathways in the regulation of gene expression by amino acids in human
cell lines. J Nutr, 130: 1555-1560, 2000.

49. Bruhat, A., Jousse C., Carraro, V., Reimold, A. M., Ferrara, M., and Fafournoux, P.
Amino acids control mammalian gene transcription: activating transcription factor 2
is essential for the amino acid responsiveness of the CHOP promoter. Mol Cell Biol,
20:7192-7204, 2000.

50. Fafounoux, P., Bruhat, A., and Jousse C. Amino acid regulation of gene expression.
Biochem J, 351: 1-12, 2000.

51. Varga, J., Li, L., Mauviel, A., Jeffrey, J., and Jimenez, S. A. L-tryptophan in
supraphysiologic concentrations stimulates collagenase gene expression in human
skin fibroblasts. Lab Invest, 70: 183-191, 1994.

208



Chapter 11

ROLE OF BRMS1 IN BREAST CARCINOMA
METASTASIS

Rajeev S. Samant, Lalita R. Shevde, Danny R Welch*

Jake Gittlen Cancer Research Institute, The Pennsylvania State University College
of Medicine, Hershey, Pennsylvania, USA

INTRODUCTION AND BACKGROUND

Breast cancer is a leading cause of deaths among women worldwide. Mortality from
breast carcinoma in United States exceeded 40,000 in 1999. The American Cancer
Society estimates that in 2001 about 192,200 new cases of invasive breast cancer
(Stages I-IV) will be diagnosed among women in the United States. The breast
cancer incidence rate, a measure of the number of new breast cancers per 100,000
women, increased by about 4% per year during the 1980s. During the 1990s, the
incidence leveled off to 110.6 cases per 100,000 women. In 2001, there will be about
40,600 deaths from breast cancer in the United States (40,200 among women, and
400 among men). Breast cancer is the second leading cause of cancer death in
women, exceeded only by lung cancer. When breast carcinoma cells are confined to
breast tissue, surgical resection is easy, thus long term survival rates are high. The
cure rate and the quality of life drops significantly once the tumor cells leave the
primary site and colonize distant tissues (stage IV, metastatic disease) (1,2). Thus
an effective treatment and/or prevention of the metastatic disease is of a great
importance.

A recent cataloging of differential gene/protein expression and chromosomal
abnormalities occurring progression of breast carcinoma (2, 3) revealed that some
karyotypic alterations typically occur (at loci lp,lq, 3p, 6q, 7q, 11p and 11q)in the
later stages of breast cancer. Among the most common (40-65% of cases) changes in
both familial and sporadic breast carcinomas are alterations of chromosome 11q
particularly surrounding the region near 11q13. We hypothesized that chromosome
11q encodes metastasis suppressor gene(s). To test this hypothesis we (in
collaboration with Drs. Bernard Weissman and Karen Phillips, University of North
Carolina at Chapel Hill), introduced a neomycin tagged normal human chromosome
11(neo11) into highly metastatic MDA-MB-435 (435) cell line by microcell
mediated chromosome transfer. Testing the chromosome 11 hybrid cell lines in
athymic mice for metastasis from an orthotopic (mammary fat pad) site showed that

D.R. Welch (ed.), Cancer Metastasis – Related Genes, 209–217.
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chromosome 11 significantly suppressed the metastatic ability of 435 cell line
without affecting the tumorigenicity (4).

DISCOVERY OF BRMS1

To identify the gene(s) responsible for this phenotypic change, the gene expression
profile in metastasis competent (435) was compared to that of metastasis suppressed
(neo11/ 435) variants using differential display (5). Out of 64 differentially
expressed mRNAs, six candidate transcripts with at least 5-fold greater expression in
neo11/435 were identified and differential expression confirmed by RNA blotting.
Three of the six were novel transcripts with no significant homology in the combined
molecular database. Human tissue expression profile of the three candidates showed
high level in kidney, with a unique transcript sizes of 1, 1.2 and 1.5 kb respectively.
A full-length clone corresponding to the 1.5 kb transcript was obtained by screening
a human kidney cDNA library. This novel cDNA was termed as Breast Metastasis
Suppressor 1 (BRMS1) (6). BRMS1 cDNA encompassed an open reading frame of
738 bp, with a predicted polypeptide of 246 amino acids. Sequence
homology searches at various databases revealed potential nuclear localization
sequence, N-terminal glutamic acid rich region, an imperfect leucine zipper etc.
Though apparently suggestive of a transcription factor, BRMS1 did not appear to be
a part of any known major protein families.

BRMS1 cDNA was used to screen bacterial artificial chromosome libraries at
Genome Systems Inc (St. Louis, MO) to obtain a genomic BAC clone of BRMS1.
The genomic sequence analysis revealed that BRMS1 is organized into 10 exons
spanning ~8.5 kb (7, 8). The first exon is outside the coding region. Most of the
intron-exon junctions correspond to the junction of predicted protein motifs. BRMS1
shows classical intron-exon junctions obeying the GU-AG splicing rule (9). To date
no evidence of alternate splicing is detected by RT-PCR or northern blot analysis.

Fluorescence in situ hybridization analysis mapped BRMS1 gene at human
chromosome 11ql3.1-ql3.2, a region described to be involved in later stages of
breast carcinoma (10). In our efforts to explore the region upstream to BRMS1 for
identifying the regulatory sequences, we have sequenced approximately 2 kb
upstream of BRMS1. We found the gene encoding i-b-1,3-N-acetylglucosaminyl
transferase (iGnT) located in this region with direction of transcription same as
BRMS1. Also, RIN1, Ras inhibitor 1 coding gene is located at a close proximity,
downstream of BRMS1. iGnT is involved in synthesis of poly-N-acetyl-lactosamine
which is essential for the formation of the i antigen, which are the first human
alloantigens shown to display developmental changes. iGnT may also have a role to
play in transformed phenotype (11). Though it will be very interesting to obtain
insight about the status of iGnT and RIN1 in metastasis, thus far, there are no
obvious implications of close localization of these genes.

A 500 bp region upstream of BRMS1 (majority of the intergenic region) shows
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presence of TATA independent promoter elements with interesting cis- elements
such as c-Myb, AP2, CREB etc. and is able to turn on a luciferase reporter gene.
Involvement of the various czs-elements in regulation of BRMS1 expression and their
possible effect on metastatic cells is an interesting study (7).

Thus, we have developed an insight about the BRMS1 genomic organization,
which will be useful in understanding the biology of this gene as well as help in
generation of necessary reagents for performing clinically important studies with
BRMS1.

BRMS1 SUPPRESSES METASTASIS OF BREAST
CARCINOMA

To assess the effect of BRMS1 on breast carcinoma metastasis, BRMS1 (under
control of a constitutive promoter) was transfected into two independently derived
metastatic human breast carcinoma cell lines, MDA-MB-435 and MDA-MB-231.
Clones expressing low, medium or high level of BRMS1 were isolated and tested for
tumorigenicity and metastasis in athymic mice. MDA-MB-435 shows metastasis to
lungs and regional lymph nodes following a primary tumor formation at the
mammary fat pad. This assay most closely mimics the situation in patients (i.e. all
steps of the metastatic cascade must be completed). MDA-MB-231 on the other hand
forms a primary tumor, but does not metastasize from this site. It does however form
lung metastasis when injected intravenously into the lateral tail vain. In both the cell
lines, BRMS1 expression suppressed metastasis significantly (from the mammary fat
pad and following intravenous injection, respectively). In MDA-MB-231 the
suppression was seen to be in an expression dependent manner. As expected, BRMS1
did not influence the growth of primary tumor at orthotopic site (6).

BRMS1 SUPPRESSES METASTASIS OF MELANOMA

Research of Robertson et al. suggested the presence of a tumor suppressor(s) on the
long arm of human chromosome 11 in human melanomas (12). We tested the
hypothesis that BRMS1 is a tumor or metastasis suppressor of human melanoma cell
line MelJuSo, by stably transfecting BRMS1 in the pcDNA3 vector (CMV promoter)
and testing their abilities to form tumors and metastasize in athymic mice. BRMS1
did not alter the tumorigenicity but significantly reduced metastasis to lungs (60%
suppression as compared to vector only transfectant control), suggesting that it does
not function as a tumor suppressor but does function as a melanoma metastasis
suppressor as well. We have seen similar suppression of metastasis of C8161 by
BRMS1 (13).
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MOUSE HOMOLOG OF BRMS1 AND ITS FUNCTIONAL
CHARACTERIZATION

BRMS1 cDNA sequence showed very striking homology to some of the mouse ESTs
in GenBank. In order to identify the murine homolog of BRMS1 (brmsl), a multi-
tissue blot was screened using human BRMS1 cDNA as a probe, murine testis
showed highest levels of brms1. Screening of murine testis cDNA library led to the
identification of a 1.4 kb cDNA (14). The sequence reveals 85% homology to the
human BRMS1 at DNA level. the predicted protein sequence for the murine homolog
is 95% identical, suggesting that it is strongly conserved across these species.
Northern blot analysis of cell lines isolated from brms1 was then tested for
suppression of metastasis of mouse mammary carcinoma cell line 66cl4 (15) in
syngeneic BALB/c mice. Similar to results with human breast carcinoma cells and
BRMS1, transfection with brmsl did not inhibit 66cl4 primary tumor formation, but
significantly suppressed its metastatic capability. This suggests that the murine
homolog has similar functionality as BRMS1 (16).

The cloned cDNA was used to screen a BAG library to obtain BRMS1
genomic DNA (Genome Systems). Three BAC clones 226/I4, 226/H4, and 239/N7
were confirmed to encode the entire BRMS1 gene. Detailed analysis of BAC clone
226/I4 shows that the gene spans 8.5 kb, and like the human gene, is organized into
10 exons and 9 introns, also, exon 1 is not translated in both genes (17). The size of
the exons is conserved between human and mouse; however there are some
differences in the sizes of the introns. Notably, intron 1 in human is 3.3 kb, while
murine intron 1 is 4.4 kb. Both the genes follow the typical rules of splicing. The
BRMS1 promoter shares about a 70% homology to its human counterpart, retaining
many, but not all of the putative promoter elements. Both promoters also appear to
be TATA independent (18). Also of interest is that, like the human genome, the
murine ortholog of the iGnTgene, (i-Beta-1, 3-N-aceryl-glucosaminyl transferase) is
found upstream of BRMS1. Sequencing downstream of brms 1 revealed murine Ras
inhibitor protein (R1N1) (19-21) gene located in close proximity (~500 bp). This has
been also confirmed by mapping studies (Kent W. Hunter, Karl W. Broman, Thomas
Le Voyer, Luanne Lukes, Diana Cozma, Michael T. Debies, Jessica Rouse, and
Danny R. Welch, manuscript in preparation) in strains of mice with differential
susceptibility to mammary tumor metastasis.

Though the proximity of these genes is intriguing further studies are needed to
establish any kind of cis effects on brms1.

HOW DOES BRMS1 SUPPRESS METASTASIS?

To unravel involvement of BRMS1 in the phenomenon of metastasis suppression
many parallel approaches were employed. Examination of various tissue RNA for
BRMS1 showed a. unique transcript of approximately 1.5 kb in almost all tissues.
BRMS1 expression was high in peripheral blood lymphocytes, placenta, kidney,
pancreas, spleen, testis and low in brain and lung. No tissue specific spliced variants
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were detected (6). The expression of unique BRMS1 mRNA was also detected at a
low level form breast tissue samples obtained from reduction mammoplasty (data not
shown). Since the normal tissue expression pattern was ubiquitous, expression of
BRMS1 was determined in various breast cell lines (with varying degrees of
aggressive behavior when grown in athymic mice) and compared with MDA-MB-
435 and neo11/435; the latter one being its high expressing control. MDA-MB-435,
SUM185, MCF7 and SV40T-transformed MCF10A express BRMS1 at a low level.
MDA-MB-231, LCC15 and express moderate levels of BRMS1. MKL4
(FGF 4-transfected MCF7 cells) expresses a relatively high level of BRMS1. These
results clearly show quantitative differences in expression, but relationship to
behavior is more complex. Except for MCF 10AT, all of the other cell lines were
derived from metastases, but in our laboratory, only MDA-MB-435, MDA-MB-231
and LCC15 metastasize in athymic mice. Although BRMS1 mRNA levels per se do
not predict metastatic ability in athymic mice, there was no evidence for gross
rearrangement, deletion or mutation. To rule out these possibilities, more extensive
studies will be required and are underway.

The mechanism of metastasis suppression by BRMS1 is currently being
investigated with respect to various steps in the metastatic cascade. In vitro assays
assessing individual steps predict a complex role for this molecule. It apparently
blocks metastasis downstream of local invasion since invasive cords are present in
histologic sections of primary tumor. Likewise matrix metalloproteinase-2 and 9
activities (zymography) are practically unaltered. Blockage at steps subsequent to
intravasation is also argued by data with 231 cells injected intravenously. There is a
modest (30-70%) reduction in motility as measured by in vitro wound healing
assays. Motility as measured by the ability to migrate through polyethylene filters
was significantly lower for BRMS1 transfectants compared to untransfected or vector
only transfected 231. The highest expressors of BRMS1 were significantly
suppressed for motility (75-85% suppression); whereas the suppression was not
significant for lowest expressor clone. It is also observed that the mixed population
of clones expressing non tagged BRMS1 retains this reduced motility. Similar results
were observed in BRMS1 expressing clones of MDA-MB-435.

BRMS1 encodes a novel protein of 246 amino acids. Analysis of the amino
acid sequence of BRMS1 reveals several putative phosphorylation sites for
cAMP/cGMP, protein kinase C and casein kinase II. To determine whether BRMS1
protein indeed undergoes any kind of phosphorylation, 901 epitope (epitope derived
from SV40T antigen, amino acids 684-698; (22, 23)) tagged BRMS1 -231 clone (high
expressor) was grown in phosphate free media and then was supplemented with
radio-labeled (P32) ortho-phosphate. BRMS1 was immunoprecipitated using anti-901
antibody and was resolved on a SDS-PAGE and the gel was electro-blotted onto a
PVDF membrane. Autoradiography did not reveal any phosphate incorporation in
BRMS1 a simultaneous western blot analysis using chemiluminescent detection was
performed as a control to establish the success of immunoprecipitation.

BRMS1 protein sequence also shows putative two nuclear localization
sequences at amino acids 198-205 and 239-245. Hence to know the sub-cellular
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localization of BRMS1, we compared equal amounts nuclear protein extract from 901
tagged BRMS1 expressing MDA-MB-231 with cytosolic protein from the same cell
line. We observed much higher levels of BRMSl in the nucleus. We also used
immunofluorescence using the anti-901 antibodies to look at the cellular localization
of tagged BRMS1 in 231. It was evident from the co-localization with DAPI staining
that BRMS1 was predominantly nuclear. We studied expression of BRMS1 protein
deleted for the nuclear localization signals; using nuclear fractionation as well as the
immunofluorescence. This deletion renders it distributed uniformly between
cytosolic as well as nuclear compartments. Studies are underway to determine
whether such a truncated version of BRMS1 protein will still retain the metastasis
suppression properties.

BRMS1 also shows presence of a putative coiled coli, leucine zipper and an N-
terminal glutamic acid rich region. Considering that it is localized predominantly to
nucleus, it is very tempting to speculate that it may be acting as a transcription
factor. We have yet not directly addressed this issue but it was only intuitive to look
for the levels of known metastatic supper genes such as NM23, Kail and KiSS1. A
western blot analysis of the MDA-MB 231-BRMS1 clones with variable gradation of
BRMS1 expression did not show any direct or inverse correlation of NM23 or
Kai 1 protein levels with the expression of BRMS1. Similar lack of correlation was
noted for KiSS1 with Northern blot analysis (data not shown). Since heparanase
enzyme synthesis is implicated to be directly correlated to metastatic potentials, we
did an RT-PCR analysis of heparanase expression using MDA-MB-231 and it’s
BRMS1 expressing clones. The parental 231 shows a very high expression of
heparanase which remains unaltered in the BRMS1 expressing clones. Although only
results using 231 are shown, similar results were obtained with 435.

DISCUSSION

Though BRMS1 seems to be ubiquitously expressed in various normal tissues as well
as breast carcinoma cell lines with variable aggression, when transfected into 435
and 231 cells, there was significant decrease in both, the incidence of metastasis and
the number of lung metastasis per mouse. Although the tumor development in
BRMS1 transfected 435 cells was slightly delayed as compared to the controls, the
tumors still formed and grew at comparable rates. Even when tumor bearing animals
were studied for a longer duration (in order to compensate for the slower growth of
the locally growing tumor), metastasis was suppressed. BRMS1 mRNA was still
detectable within the primary tumor (data not shown). Taken together, these data
fulfil the functional definition that BRMS1 is a bonafide metastasis suppressor (3)
i.e., metastasis is suppressed whereas tumorigenicity is not. It is also very interesting
to note that at least in the case of 231, there is a direct correlation of BRMS1
expression to the suppression.

The mechanism by which BRMS1 suppresses metastasis is not unraveled yet.
We have investigated its effect on various steps in the metastatic cascade. BRMS1
possibly functions downstream of the local invasion step as invasion cords are
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observed at the edge of the locally growing tumor. We do not see changes in
adhesion, proteinase activity or in vitro growth rates. The decrease in motility and the
results of wound healing assays suggest a clear effect on the cell motility. The trypsin
sensitivity observed in BRMS1 clones of 435 and the motility and consistent slight
(though insignificant) decrease in adhesion suggest a cell surface related effect. It
correlates with our independent finding that BRMS1 is involved in a potentially novel
mechanism of action; re-establishment of homotypic GAP junctional communication
(GJIC). Gap junctions are channels that allow passage of small molecules (<1 kDa).
It is observed that GJIC is diminished or absent in many neoplastic cell lines and
primary tumor. Moreover loss of GJIC tends to correlate inversely with progression
in neoplastic mammary tissue (24). When doubly labeled (diI and calcein) cells (435,
231 or their respective BRMS1 transfectants) were dropped onto a confluent mono-
layer of unlabeled acceptor cells, parental cells (435 and 231) did not exhibit capacity
to transfer calcine. However BRMS1 transfected cell lines showed restored capacity
to transfer the dye. Furthermore, the expression profile of connexins (Cxs), the
protein subunits of gap junctions, changes. Specifically, the expression of BRMS1 in
MDA-MB-435 cells increases Cx43 expression and reduces Cx32 expression,
resulting in a gap junction phenotype more similar to normal breast tissue. Taken
together, these results suggest that gap junctional communication and the Cx
expression profile may be important contributors to the metastatic potential of breast
cancer cells (25). Albeit necessary to further analyze the BRMS1 gene in other breast
carcinoma during various stages of progression, as it is possible that the defects in the
breast carcinoma could be due to down regulation and /or mutation of BRMS1. Such
experiments underway and will require investigations using collection of matched
samples from primary tumor and metastasis. Understanding BRMS1 function may
help prevent metastasis and improve breast cancer survival.
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Chapter 12

THE ROLE OF KISS1 IN MELANOMA
METASTASIS SUPPRESSION

John F. Harms, Danny R. Welch

Jake Gittlen Cancer Research Institute. The Pennsylvania State University
College of Medicine, Hershey, PA.

Abstract
Among neoplasms, the severity and relevance of metastasis is perhaps most striking in the
case of melanoma where surgical resection would conduce cure if not for the subsequent
complications of distant metastatic foci. Compounding this notion are statistics revealing
that the number of cases of malignant melanoma have doubled each of the last four
decades (1) and autopsies of patients presenting with melanoma reveal lung invasion in
approximately ninety percent of cases (2). Thus, a clear understanding of the mechanisms
governing melanoma metastasis and the role of metastasis suppressor genes in controlling
this cascade is essential. The KiSS1 metastasis suppressor gene, identified and functional
in melanoma models, provides us with just such an opportunity. As we endeavor to
elucidate the role of KiSS1, an understanding of melanoma metastasis suppression
mediated by chromosome 6, which provided the platform for the discovery of KiSS1,
similarly proffers important clues to understanding the mechanism of KiSS1 metastasis
suppression.

COMPLETE METASTASIS SUPPRESSION BY
CHROMOSOME 6

Of the relatively few models of metastasis suppression in the literature, arguably
the most penetrant, is the impact of human chromosome 6 within the highly
metastatic human melanoma cell line C8161. In this model, metastasis
suppression is complete. An amelanotic human melanoma cell line derived from
an abdominal wall metastasis, C8161, exhibits reproducible metastatic potential
from orthotopic (subcutaneous or intradermal) and intravenous injections in
athymic mice, generating an average of 100 lung metastases per mouse following
tail vein injection (3). Introduction of an intact neomycin tagged human
chromosome 6 into C8161 by microcell-mediated chromosome ransfer (MMCT)
produced a series of hybrid clones (designated neo6/C8161) which, with the
exception of one clone, exhibited unchanged in vitro growth rates (4). In vivo,
despite a slight latency in tumor formation and retarded growth rates, the
incidence of tumor formation in the neo6/C8161 hybrids was unchanged.
However, the cells were no longer metastatic. neo6/C8161 cells introduced either

219

D.R. Welch (ed.), Cancer Metastasis–Related Genes, 219–229.
© 2002 Kluwer Academic Publishers. Printed in the Netherlands.



by i. v. or s.c./i.d. injection failed to produce any macroscopic metastases and
when mice in spontaneous metastasis assays were retained up to 30 weeks
following tumor excision to compensate for the reduced growth rate of the
hybrids, still no metastases were evident. While Welch et al. demonstrated this
suppression with three distinct neo6/C8161 clones in the original communication
(4), Miele et al. recently expanded the evidence showing complete suppression
with four additional clones in both spontaneous and experimental assays (5,6).

The impact of chromosome 6 is not limited solely to C8161. Introduction
of chromosome 6 into the metastatic melanoma cell line, MelJuSo, significantly
inhibited the average number of lung metastases obtained in both the spontaneous
and experimental metastasis assays (5). Tumorigenicity and in vivo growth rates
of the neo6/MelJuSo clones were indistinguishable from the metastatic parental
line and exhibited similar vascular invasion.

Nevertheless, the inherent genetic deficiencies of melanoma cell lines and
the influences of chromosome 6 cannot be over-generalized. Tumorigenicity, not
merely metastasis, was suppressed upon chromosome 6 introduction into the
tumorigenic (but non~metastatic) human melanoma cell lines UACC-903 and
UACC-091 (7).

DISCOVERY OF KISS1

The clear metastasis suppression mediated by chromosome 6 is consistent with
the hypothesis that a metastasis-suppressor locus resides on this chromosome.
Based on this idea, Lee and Welch utilized subtractive hybridization and
differential display to identify differentially expressed genes, upregulated in
neo6/C8161 and neo6/MelJuSo hybrids (8). In all, seven differentially expressed
genes were isolated, including sequences bearing homology with rat
nucleophosmin B23, transcription factor AP-2A, high-mobility group protein
HMG-I(Y) and a partially sequenced fragment, 16A7. The three remaining novel
clones exhibited no significant homology to DNA sequences known at that time.
Among these, two clones – designated KiSS1 and KiSS16 – displayed a
qualitative difference in expression between the metastatic parent and non-
metastatic hybrids and were ideal subjects for further analysis.

Expression of the ~1.0 kb Kiss1 transcript was undetectable in the
metastatic parental C8161 pool or subclones by northern analysis, but was present
in all chromosome 6 hybrid clones (9). This qualitative difference sharply
contrasted to the other differentially expressed clones which were often detectable
in the metastatic cell lines but exhibited quantitative upregulation between 1.9-
and 36-fold in either the C8161 or MelJuSo hybrids (8).
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Chromosome 6 and Kiss1: A Regulatory Relationship

Any discussion of Kiss1 expression, however, must address the relationship of
KiSS1 with the presence of chromosome 6. The identification of KiSS1 following
subtractive hybridization between C8161 ± chromosome 6 led to the hypothesis
that KiSS1 is encoded on chromosome 6. However, fluorescence in situ
hybridization and radiation hybrid mapping have mapped he KiSS1 gene to
chromosome Iq32 (9, 11). This finding has an important implication – wild-type,
functional KiSS1 is present in the metastatic cells. Moreover, the defect leading to
metastasis would appear to be upstream. This arrangement obliges the hypothesis
that a locus on chromosome 6 contributes a trans-acting regulatory product
required for KiSS1 expression.
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KiSS1 EXPRESSION AND REGULATION

KiSS1 Expression in Melanoma and Normal Tissues

The unambiguous upregulation of KiSSl in the chromosome 6 hybrid cell lines
is bolstered by the expression profile of KiSS1 in a panel of unrelated melanoma
cell lines representing the various stages of melanoma progression. First,
Northern analyses of poly(A+)-RNA isolated from several metastatic human
melanoma lines unrelated to C8161 (A375P, A375M, MeWo, MeWo-3S5.
MeWo-70W, M24met and OM431) demonstrated a lack of KiSS1 expression (9).
Second, semi-quantitative RT-PCR analysis of a panel of cell lines representing
normal melanocytes (FM1085), radial growth phase melanoma (WM35), early
vertical growth phase (WM793), vertical growth phase (WM115) and metastatic
melanoma (WM239A), suggested that KiSS1 expression is correlated with
melanoma progression (8). KiSS1 was highly expressed in the lines derived from
melanocytes and a lesion in radial growth phase, but was lost with further
progression toward metastasis. Recent unpublished data from the laboratory of
Minoru Takata (Kanazawa University) using in situ hybridization of melanoma
specimens shows high expression in benign dysplatic nevi and radial growth
phase melanomas, but markedly decreased (or absent) expression in invasive
melanomas (personal communication). These data support the in vitro findings
found using the panel of cell lines (FM1085, WM35, WM793, WM115,
WM239A) provided by Dr. Meenhard Herlyn (Wistar Institute).

The mRNA expression of KiSS1 in a variety of human tissues assayed by
northern blot, including heart, brain, placenta, liver, lung, skeletal muscle, kidney
and pancreas, revealed considerable KiSS1 expression in placenta.

Significantly weaker, but detectable, expression was evident in pancreas
and kidney where smaller transcript sizes (0.8kb and 0.9kb, respectively) imply
that alternate splicing may be at work in different tissues (9). RNA dot blots also
revealed expression in brain tissues, findings recently confirmed elsewhere (10).



METASTASIS SUPPRESSION BY KiSS1

The specific absence of KiSS1 from metastatic cell lines; its loss correlated with
increased melanoma staging; and its conspicuous restoration in non-metastatic
hybrids; each provided powerful circumstantial evidence for the role of KiSS1 as
a metastasis suppressor gene. To assess whether KiSS1 alone was capable of
suppressing C8161 metastasis, KiSS1 cDNA was subcloned into the pcDNA3
expression vector, under the constitutive transcriptional control of the
cytomegalovirus immediate-early promoter.

Transfection of KiSS1 into the highly metastatic C8161 cell line produced
a number of subclones with varying expression of KiSS1, as determined by
northern blotting (8). When clones representing these differing expression levels
were each tested in athymic mice, a dose-dependent suppression of metastasis
was revealed. In both the experimental and spontaneous metastasis assays, the
presence of KiSS1 significantly reduced the number of metastases in lung (Figure
1). In addition, regional lymph node metastases were also suppressed in the
KiSS1 clones. Importantly, the classification of KiSS1 as a metastasis suppressor
gene was verified since primary tumor growth occurred in all KiSS1-transfected
clones (9). Moreover, growth rates were not suppressed.

KiSS1 suppression of metastasis was further demonstrated in the most
highly metastatic subclone of C8161, C8161cl.9 (8). Suppression of C8161cl.9
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Identifying the trans-Regulatory Locus on Chromosome 6

The identity of the hypothesized regulatory locus on chromosome 6 is still
unknown. Nevertheless, the location of the gene locus has been successfully
narrowed (6). Early in the characterization of chromosome 6 metastasis
suppression, a separate MMCT donor was also utilized that possessed a human
chromosome 6 harboring a deletion on its q-arm (abbreviated neo6qdel). This
incomplete chromosome failed to suppress metastasis following introduction into
parental C8161 cells. Correspondingly, KiSS1 expression was not detectable in
neo6qdel/C8161 hybrids (6,9). Miele et al. have subsequently characterized this
donor chromosome by PCR karyotyping, identifying a deletion of 6ql6.3-q23,
and have documented its failure to suppress in four neo6qdel/C8161 clones (6).
Thus, the regulatory locus on chromosome 6, which itself satisfies the definition
of a metastasis-suppressor locus, is hypothesized to reside within this
approximately 40cM region.

This interaction between chromosome 6 and the KiSS1 genomic locus on
chromosome 1 also hinges on the cis regulatory regions surrounding Kiss1. The
general genomic structure of KiSS1 includes 4 exons, of which only two
comprise coding sequences (11). The last exon, possessing the translation stop
codon, also encodes the polyadenylation signal. Efforts to identify upstream
consensus sequences which may mediate transcriptional regulation are ongoing
(RS Samant and DR Welch, in preparation).



was nearly 100% in the experimental assay and over 93% in the spontaneous
assay. Of the two highest KiSS1-expressors assessed, the greatest number of
metastases identified in a mouse was only two.

As in the case of chromosome 6 suppression, KiSS1 expression also
mediated metastasis suppression in human melanoma cell line, MelJuSo (8).
Metastasis of MelJuSo-KiSS1 clones, was suppressed 77-98% and 51-99% in the
experimental and spontaneous assays, respectively, compared to parental
MelJuSo and vector-only controls.

Despite parallels between chromosome 6 and KiSS1 metastasis
suppression, a key distinction is noted. Chromosome 6 suppression is complete.
KiSS1 suppression, while significant, is incomplete (5,9). With mean numbers of
experimental lung metastases # 1, the two highest expressing clones derived from
parental C8161 presented with #4 metastases per mouse. The lowest expressing
KiSS1 transfectants, however, peaked in certain mice to levels comparable to
parental C8161 cells (> 200 metastases per mouse). Nevertheless, the mean
number of metastases in these mice was still significantly less than the control
cell lines (P < 0.05) (8).
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Why doesn't KiSS1 completely suppress metastasis? First, there may be more
than one metastasis suppressor gene trans-activated by introduction of
chromosome 6. Second, there could be more than one metastasis suppressor (or
regulator of metastasis suppression) encoded on chromosome 6. Third, expression
of KiSS1 may be lost in some of the metastases. Cytomegalovirus promoters
sometimes become inactivated in eukaryotic systems (12). Indeed, loss of KiSS1
expression has been seen in late-passage pcDNA3-Kiss1 transfectants that have
restored metastatic potentials (DR Welch, SF Goldberg; unpublished
observations).

THE KISS1 PROTEIN

The ~1.0 kb KiSSl transcript encodes an open reading frame of 435 nucleotides.
The predicted protein is predominantly hydrophilic protein with a predicted
molecular weight of 15.4 kDa (145 a.a.). Analysis of the KiSSl amino acid
sequence in such engines as PROSITE (13), SignalP V1.1 (14), PSORT (15) and
PESTfind (16) exposes a number of potentially important domains. First, a signal
sequence and cleavage site at the N-terminus of the protein (aa. 1-19) is predicted
with up to 100% probability. According to PSORT (k-NN prediction), the
presence of this domain implies a 33.3% chance the KiSSl protein is secreted and
equal probabilities (22.2%) that the protein resides in the cytoplasm,
mitochondria or nucleus. Secondly, amino acid residues 67-80 exhibit an
arrangement indicative of a PEST sequence. PEST sequences, rich in proline,
glutamic acid, serine, threonine and aspartic acid residues, predispose proteins for
ubiquitination and proteosome degradation. The presence of this motif suggests
that a cytosolic fraction of KiSS1 may be rapidly degraded, begetting hasty
turnover of the protein.

Finally, several consensus phosphorylation site motifs have also been
identified; however, the role of any of these sites is unknown. Both consensus
sites for PKC and PKA phosphorylation are present, and the sole tyrosine within
KiSSl exists within a tyrosine kinase phosphorylation motif. The relevance of a
N-myristoylation consensus site at amino acids 118-123 seems unlikely due to its
c-terminal location.

The mechanism of action for KiSS is not yet known, partly because the
half-life of the nascent protein is so short (estimated by some to be <30 sec).
However, two groups recently showed that an orphan G-protein coupled receptor,
designated hOT7T17S and Axorl2, binds to a post-translationally modified
variant of KiSSl, Metastin (Figure 2) (10, 17). KiSSl is cleaved to be 54 a.a.
porypeptide which is subsequently amidated. Receptor binding is significantly
affected by the amidation. Preliminary assays suggest that activation of the
receptor can alter signaling and focal adhesion kinases (17).

However, this does not agree entirely with other data showing that
chromosome 6-melanoma hybrids and KiSSl transfectants display essentially no
differences in adhesion to a variety of substrates or endothelial cells. Yan et al.
recently showed that KiSSl specifically reduced expression of MMP9 (Note: not
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MMP2) in HT1080 cells (18), suggesting an alternative mechanism of action.
Most data strongly suggest that KiSS1 is acting at a late step in the metastatic
cascade (19); however, definitive proof is still required.

KISS 1 MECHANISM OF SUPPRESSION

Due to the abundant expression of KiSS1 in the neo6/C8161 hybrids, analyses of
chromosome 6 metastasis suppression also provide insight into possible roles of
KiSS1. Qualitatively, the neo6/C8161 hybrids appear to possess increased
cytoplasmic extensions and dendritic processes and grow to lower saturation
densities in culture. However, comparisons of neo6/C8161 cells with parental
C8161 show no difference for either in vivo or in vitro invasion and only a slight
difference in pseudopod extension into a collagen type IV gradient, a possible
reflection on motility (20). The capacity to grow in both soft and hard agar was
reduced for both neo6 hybrids and KiSS1 transtectants (9) and similarly, growth
on suboptimal (bacterial plate) surfaces has revealed only a slight advantage for
the parental line (21). Thus gross impacts upon invasion, motility and adherence
are not immediately apparent.
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Two observations suggest that the mechanism by which chromosome 6
and/or KiSS1 are suppressing metastasis is not due to restoring sensitivity to
immune cell killing. Injection of metastasis-suppressed cells into severe combined
immunodeficient mice (SCID; T- and B-cell deficient) or athymic-beige (natural
killer cell- and T-cell-deficient) argues that restoration of immunogenicity to
these cell types is not responsible for metastasis suppression.

Chromosome 6, the Lung Micro-Environment and Dormancy

Promising clues toward the function of KiSS1 have been proffered by tracking
the fate of cells tagged with enhanced green fluorescent protein (GFP).
Expression of GFP within C8161 and neo6/C8161 cells has offered considerably
greater resolution for the identification and enumeration of metastases, micro-
metastases and single cells in vivo. Tail vein administration of the labeled cells
into athymic mice exposed a comparable number of cells lodging within the lung
and similar rates of clearance. As expected, the C8161 cells demonstrated
obvious proliferation within one week and macroscopic metastases by one month;
however, the neo6/C8161 cells remained predominantly as single cells. While
retained fluorescence suggested continued metabolic activity of the cells, the
continued viability of the cells was substantiated by recovery of the few single
cells which persisted at one and two months through culturing of lung explants
under dual antibiotic selection. The cells preserved their capacities to both grow
in culture and proliferate at the orthotopic site when subsequently introduced
intradermally (19).

The evidence that the Kiss1-expressing neo6/C8161 cells are capable of
persisting in the lung microenvironment but fall short of proliferation
corroborates previously mentioned evidence suggesting that suppression is
mediated at a point late in the metastatic cascade. The nature of this suppression
at the secondary site is still largely unknown. The paracrine effects of the lung
parenchyma on the mitogenic stimulation of metastasizing cells are a logical
avenue of analysis. The seeming state of dormancy exhibited by persisting
neo6/C8161 cells within the lung may be brought about by an induced sensitivity
to the absence of a requisite growth factor or sensitivity to the presence of a
negative regulatory influence. Investigations examining the behavior of the
parental and suppressed cells with regard to extravasation from the lung
vasculature are ongoing (SF Goldberg, R Muschel and DR Welch). While the
process of extravasation is analogous in reverse to intravasation – a competency
retained in the suppressed cells – even slight changes in the extravasation,
susceptibility to vascular sheer forces or adhesion-driven anoikis, may have
significant implications on the success of metastasizing cells. Thus such late-
stage events including extravasation and mitogenic and inhibitory responses
cannot be ruled out as when determining the point of metastasis suppression
mediated by Kiss1 and/or chromosome 6.
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KISS1 effects on non-melanoma cell lines

Evidence obtained through work with KiSS1 in cell lines other than melanoma
has also contributed to our understanding of KiSS1 metastasis suppression.
KiSS1 transfected into the metastatic human breast cancer cell line, MDA-MB-
435, resulted in a 95% reduction in metastatic potential (22). In addition,
clonogenicity of KiSS1 transfectants was markedly reduced in both soft and hard
agar and the cells displayed a significant greater rate and propensity to spread or
flatten on type-IV collagen when compared to parenta MDA-MB-435 cells (22).
These observations, achieved in cells of distinctly different embryonic derivation,
both corroborate results of the melanoma models and imply the suppressive
mechanisms mediated by KiSS1 are neither unique nor limited to melanoma.

Finally, investigations in a fibrosarcoma cell line, HT-1080, have yielded
intriguing results which, while they depict a possible mechanism of KiSS1
suppression, reveal details that differ from the melanoma models. Yan et al. have
reported that HT-1080 cells transfected with KiSS1 display a significant (65%)
reduction in in vitro invasion through MatrigelR coated porous filters (18). This
reduction in invasiveness was further attributed to a reduction in MMP-9 type IV
collagenase activity stemming from decreased (75%) transcription of the MMP-9
gene. This reduction was credited in part to diminished p65 and p50 NF-6B
proteins in the nucleus as an apparent result of increased cytosolic retention
achieved through increased I6BV protein in KiSS1 transfectants (18). Inability to
detect KiSS1 by RT-PCR in five MMP-9 secreting oral squamous cell carcinoma
derived lines and confirmed expression of KiSS1 in the MDA-MB-231 breast
carcinoma, which scarcely expresses MMP-9, would support this notion.
However, neo6/C8161 cells, which exhibit complete metastasis suppression and
concomitant expression of KiSS1, do not display differences in type-IV
collagenases or TIMP mRNA levels (20). Furthermore, as previously discussed,
neither neo6/C8161 nor neo6/MelJuSo cells exhibited significant differences in
invasiveness in comparison to their corresponding parental lines.

Thus the clues that currently shed light on the KiSS1 mechanism of
metastasis suppression serve predominantly to expose what KiSS1 does not
impact, while evidence specifying its particular function appears confounded
from our limited vantage. Nevertheless, as indications to the mechanism and
function of KiSS1 in the suppression of metastasis emerge, we gain important
clues to the complexities of the metastatic cascade and the contributive processes
and permissive states that facilitate and enable metastasis. Knowledge of these
components will serve well in the development of diagnostic assays and
therapeutic modalities commended to detect, prevent or treat metastatic disease.
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Chapter 13

OSTEOPONTIN: A RAS-REGULATED GENE THAT
CONTRIBUTES TO TUMOR METASTASIS

Ann F. Chambers, Alan B. Tuck

London Regional Cancer Centre, London, Ontario N6A 4L6 Canada

Abstract
Osteopontin (OPN) is a secreted, integrin-binding protein, which has been implicated in a
variety of >stress-responsive= pathologies. In this review, we focus primarily on the possible
roles for OPN in cancer. We will not attempt to provide a comprehensive review of all
aspects of OPN. We instead will summarize findings from our laboratory which implicate
OPN in tumor progression and metastasis, and which suggest that OPN levels in both tumors
and blood plasma from cancer patients may have clinical value as a marker for metastasis and
poor patient prognosis.

Key words: osteopontin, cancer, ras-regulated gene, integrin signaling, metastasis-
promoting gene expression, prognostic markers

INTRODUCTION TO OSTEOPONTIN (OPN)

Osteopontin (OPN) is a secreted, integrin-binding, glycosylated phosphoprotein
which is expressed in a limited number of normal tissues and whose expression can
also be induced in a variety of pathologies and stress-response situations in the body.
In spite of several decades of research on OPN, from many laboratories world-wide,
much remains to be learned about the biological role of OPN in the normal or
disease contexts in which it is found. In this review, we will consider some of the
history of the discovery and initial characterization of this protein, and will then
focus primarily on summarizing research from our own laboratory, especially on the
role of OPN in cancer. Many questions remain about OPN in cancer, including its
possible functions, its regulation and its potential role as a tumor marker, and we will
highlight some of these questions and research which is beginning to address them.
We will discuss evidence which links OPN to cancer metastasis, along with
functional evidence that OPN is not merely associated with cancer but plays an
important biological role in cancer progression. We also will discuss the clinical
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potential of OPN measurements, in both tumor tissue and patients’ blood, as a
marker for tumor progression and prognosis in cancer patients. We will not attempt
to provide a complete review of the many facets of OPN, in normal physiology and
development, or in the various disease states where it has been implicated, and refer
the reader to several reviews that cover these topics more extensively (e.g. Butler,
1989; Sengeretal., 1989; Patarcaetal., 1993; Denhardt and Guo, 1993; Weber and
Cantor, 1996; Oates et al., 1997; Rittling and Denhardt, 1999; Sodek et al, 2000, as
well as reviews contained in Denhardt et al., 1995).

In 1979, Senger and colleagues described a secreted protein produced
preferentially by a variety of transformed cell lines (Senger et al., 1979, 1980;
review, Senger et al., 1989). In the 1980's, several groups were studying
phosphoproteins isolated from bone and other mineralized tissue (e.g.
Franzen and Heinegard, 1985; Fisher et al., 1997; Prince et al, 1987), one of
which appeared to be similar in size and properties to the tumor cell-secreted
protein. This protein was cloned and sequenced from rat osteosarcoma cells,
was shown to contain an arginine-glycine-aspartic acid (RGD) amino acid
sequence, and the name osteopontin proposed, by Oldberg et al. (1986). A
cDNA clone, designated as >2ar=, which was inducible in murine JB6
epidermal cells in response to a tumor promoter, was cloned by Smith and
Denhardt (1987). The bone-derived and tumor-associated proteins were
shown to represent the same protein, osteopontin, by Craig et al. (1988). In
this study, increased expression of osteopontin (OPN) was demonstrated in
ras-transformed cells. Prince (1989) provided secondary structure predictions
for the protein, and discussed sequences such as the integrin-binding RGD
sequence, the run of nine aspartic acid residues, and predicted calcium-
binding and heparin-binding sequences, all of which provided clues to
possible functions for the protein.

OPN IS A RAS ONCOGENE-INDUCED GENE

In early studies designed to determine the molecular regulation of metastasis,
transfection of an activated ras oncogene into NIH 3T3 fibroblasts or other cell types
was shown to confer metastatic ability on the cells (e.g. Bondy et al., 1985, Hill et
al., 1988; reviewed in Chambers and Tuck, 1988, Greenberg et al., 1989, Muschel
and McKenna, 1989). These studies proved to be an informative approach to
understanding molecular contributors to metastasis, and led to the identification of a
variety of genes regulated by ras and other oncogenes, including proteases, cell
adhesion molecules, etc. (review, Chambers and Tuck, 1993). Many of these gene
products have subsequently been shown to contribute functionally to metastatic

232



ability. OPN was shown to be one of the genes significantly up-regulated by ras, and
(as will be discussed below) has also been shown to play a functional role in
metastasis.

OPN was identified as a ras-induced gene whose expression was significantly
up-regulated in metastatic, ras-transformed NIH 3T3 cells (Craig et al., 1988, 1990;
Tuck et al., 1991). (At that point in time, OPN was also designated as Secreted
Phosphoprotein-1/SPP-1, as well as murine >2ar=). Accompanying the increase in
OPN production by ras-transformed N1H 3T3 cells was an increased ability to adhere
to OPN-coated substrates (Chambers et al., 1993). Antisense OPN transfection
studies, described below, subsequently established that OPN was not only induced
by ras, but also contributed to the induction of metastatic ability in the cells. The
structure of the murine OPN gene and its regulatory regions were resolved (Miyazaki
et al., 1990; Craig and Denhardt, 1991; Behrend et al., 1993; review, Denhardt and
Guo, 1993). Details of the mechanism by which ras expression leads to increased
OPN expression were then deduced by Guo et al. (1995). In that report, a novel ras-
activated enhancer (RAE) sequence was identified in the murine OPN promoter.
This sequence (GGAGGCAGG in the mouse) is significantly conserved, as
GGANNNAGG, in the OPN promoters of other species as well. Guo et al. (1995)
demonstrated that nuclei isolated from various metastatic cells, both ras-transformed
and others, contained proteins able to form complexes with the RAE sequence,
whereas these RAE-binding proteins were less abundant in non-metastatic cells. One
of these RAE-binding proteins, designated as MATF (“Metastasis Associated
Transcription Factor”), appears to be a likely candidate for a nuclear protein up-
regulated in ras-transformed and other metastatic cells and responsible for some of
the increased expression of OPN in metastatic cells. While this factor awaits further
characterization, it is intriguing to speculate that this protein may coordinately
regulate a series of genes, including OPN, whose expression is important for
metastatic ability. Understanding how OPN is regulated in metastatic cells thus may
provide clues to regulation of the metastatic phenotype.

OPN CAN CONTRIBUTE FUNCTIONALLY TO THE
MALIGNANT BEHAVIOR OF CANCER CELLS

Several studies had shown that OPN was associated with the transformed phenotype,
beginning with its earliest description as a protein whose secretion was increased in
various transformed cell lines, as mentioned above (Senger et al., 1979, 1980; review
1989). However, a functional role for OPN in cancer was demonstrated by antisense
transfection studies. Antisense OPN cDNA approaches in several models showed
that various measures of malignancy and metastatic ability were reduced when OPN
RNA or protein were specifically reduced (Behrend et al., 1994, Gardner et al., 1994,
Su et al., 1995). Consistent with these studies, catalytic ribozymes targeted to
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different regions of the OPN mRNA similarly were shown to reduce metastatic
properties of cells (Feng et al., 1995). Transfection of OPN cDNA was shown to
increase metastatic ability in a rat mammary epithelial cell line (Oates et al., 1996).
Recent studies using ras-transformed cells from OPN null mice have suggested that
OPN may functionally enhance the effects of ras (Wu et al., 2000), providing further
evidence that OPN can play a functional role in malignancy.

Growing evidence suggests mechanisms by which OPN may contribute
functionally to metastatic ability and other malignant properties. OPN is a secreted
protein which can bind to cell surface integrins, especially and other integrins
(including and as well as to other non-integrin cell surface molecules,
including CD44 (Weber et al., 1996; Katagiri et al., 1999). Integrin binding has been
shown to occur through the GRGDS amino acid sequence in the protein, which is
strictly conserved in all species studied. Furthermore, recombinant OPN that lacks
the RGD sequence, due to site-directed mutagenesis, does not support cell
attachment for a variety of cell lines (Xuan et al., 1995). Thus it is reasonable to
suppose that one of the functions of OPN is to signal, via integrin binding and
activation, to cells carrying the appropriate receptors. Many studies have suggested
what some of these signals may be, in various contexts in which OPN plays a role,
and some of these studies will be mentioned here.

One proposed role for OPN in malignancy may be to protect cancer cells from
the deleterious effects of host-produced nitric oxide (NO). OPN has been shown to
be able to inhibit induction of nitric oxide synthase (iNOS) in kidney tubule cells,
macrophages and vascular tissue (Hwang et al., 1994;Rollo et al., 1996; Scott et al.,
1998). These effects have been shown to be mediated via the GRGDS sequence of
OPN, implicating integrin signaling. Because OPN is induced in various reactive
physiological situations in which NO is transiently induced (e.g., immune functions,
vascular remodeling), it is reasonable to propose that OPN may be part of a
regulatory mechanism that can limit the potentially toxic effects of NO. Similarly, it
is possible that cancer cells that over-express OPN could subvert this mechanism,
resulting in protection of the cancer cells from host defenses. This hypothesis is
outlined in more detail by Denhardt and Chambers (1994).

OPN also may affect malignancy and metastatic ability more directly, via
receptor-mediated effects on signal transduction in cancer cells. OPN has been
shown to have direct effects on cell behavior and changes in gene expression
associated with malignancy. In a series of studies, we have examined the effects of
OPN on the malignant behavior of several human breast cancer cell lines. Metastatic
MDA-MB-435 cells secrete OPN protein in culture (Bautista et al., 1994; Xuan et
al., 1994). These cells also can bind to OPN-coated substrates and migrate toward
OPN in vitro (Xuan et al., 1994, 1995). The behavior of MDA-MB-435 cells in
response to OPN has been compared with a series of human mammary epithelial cell
lines representing a progression series from the same patient (the 21T series, initially
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characterized by Band et al, 1990). 21PT cells are non-tumorigenic in nude mice
assays, 21NT cells are weakly tumorigenic but non-metastatic, and 21MT-1 cells are
weakly metastatic. OPN induced migration of the 21T series cells, as it did for
MDA-MB-435 cells (Tuck et al., 1999). While MDA-MB-435 cells express high
levels of OPN mRNA and protein, the 21T series cells as a group produce
considerably less. However, the levels produced within the 21T series cells were
highest in the most malignant of the series.

The effects of OPN on the non- and poorly tumorigenic 21T cells (21PT and
21NT, respectively) were tested in two ways: by exogenous addition of recombinant
OPN protein, and by transfection of the cells to over-express endogenous OPN.
Exogenous OPN was shown to increase both migration and invasion through
Matrigel, in both 21PT and 21NT cells. Endogenous over-expression of OPN by
both cell lines produced cells that had increased invasive ability. Thus OPN was
shown to be able to induce directed migration and invasive properties in breast
cancer cells (Tuck et al., 1999).

The induction of various protease activities, either by exogenous addition or
endogenous over-expression of OPN in these cells, was also examined in that study
(Tuck et al., 1999). By both strategies, OPN was shown to increase both mRNA and
activity for urokinase-type plasminogen activator (uPA). This study thus
demonstrated that OPN could alter expression and activity of a protease that has
been implicated in various aspects of metastatic ability, accompanied by behavioral
changes in the cells to make them more aggressive.

A subsequent study with the same series of cell lines (MDA-MB-435, and
21PT and 21NT, either with exogenous OPN or transfected to over-express
endogenous OPN) showed a link between integrin-mediated effects of OPN and a
growth factor pathway, that of the hepatocyte growth factor (HGF) and its cell
surface receptor, Met (Tuck et al., 2000). HGF induced migration of all of the cell
lines, and OPN plus HGF produced synergistic effects on migration ability. The
increased migration in response to OPN was associated with an early increase in Met
kinase activity, followed by a later induction of Met mRNA and protein expression.
OPN effects on the malignant behavior of breast cancer cells thus involve activation
of the HGF growth factor/Met receptor pathway, as well as direct OPN signaling via
integrins.

The nature of the integrin signaling in these cells was also examined in this
study (Tuck et al., 2000). The cell lines of high and low malignancy were shown to
use different integrins to respond to OPN. The migration of MDA-MB-435 cells to
OPN could be blocked by antibodies to the integrin, while the migration of
21PT and 21NT was dependent on and and was This
finding is intriguing, in light of studies that have linked increased expression of

with increasing malignancy in breast and other cancers (e.g., Liapis et al.,
1996; van der Pluijm et al., 1997; Wong et al., 1998), as well as studies linking the
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integrin (e.g., Brooks et al., 1996; Koistinen et al., 1999) or OPN itself (Teti et
al, 1998) with matrix metalloproteinase activation. Together, the above-described
studies (Tuck et al., 1999, 2000) demonstrate that OPN can functionally influence
the malignant behavior of cancer cells, and provide information regarding the
interactions between specific integrins and growth factor receptor pathways in
processing an OPN-mediated signal. OPN produced by cancer cells (or perhaps by
tumor infiltrating host cells) thus has the potential to induce malignant behavior and
changes in gene expression that can promote tumor progression and metastasis.

OPN might also affect tumors indirectly, by affecting angiogenesis, the
development of new blood vessels which is required for growth of both primary
tumors and metastases, as well as for providing a circulatory route for the escape of
cells from a primary tumor. Both OPN and the integrin can be expressed by
endothelial cells during vascular remodeling, and OPN can be chemoattractive to
endothelial cells (e.g. Liaw et al., 1994, 1995; Prols, 1998). In vitro, OPN has been
shown to promote endothelial cell survival, mediated by endothelial cell signaling
and regulation of gene expression via nuclear factor kappa B activity
(Scatena et al., 1998; Malyankar et al., 2000). A role for OPN in angiogenesis in
vivo has yet to be demonstrated. However, it is reasonable to propose that OPN does
play a role in tumor biology both directly, by affecting signal transduction and gene
expression in rumor cells themselves, and indirectly, perhaps through effects on
endothelial cells which thereby promote tumor angiogenesis.

Finally, however, the effects of OPN in cancer may not be straightforward.
OPN can be chemotactic for host inflammatory cells (Giachelli et al, 1994), as well
as tumor and vascular cells. Thus, an OPN-producing tumor may attract increased
numbers of infiltrating host cells such as macrophages and lymphocytes, and these
cells themselves also can produce OPN when they are activated. The cells could
react against the cancer, or conversely they may also promote angiogenesis in the
tumor, by virtue of angiogenic factors they secrete (Leek et al., 2000). These
potentially conflicting effects of OPN may well occur simultaneously. Studies with
OPN knockout mice have supported this complex picture of the possible roles for
OPN in malignancy (e.g. Crawford et al., 1998). Because of the complex role that
OPN plays in various physiological contexts, it is likely that its role in cancer is
similarly complex, with much still remaining to be learned.

OPN IN HUMAN CANCER AND OPN AS A TUMOR
MARKER IN CANCER PATIENTS

While OPN had been shown to be produced by many transformed cell lines in
culture (review, Senger et al., 1989), the first assessment of OPN expression in
human tumors was conducted by Brown et al. (1994). In that study, OPN RNA was
assessed in a variety of human cancer specimens, and most tumors were positive for
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OPN RNA However, an interesting feature of this study was the apparent
localization of most OPN RNA to macrophages rather than to tumor cells
themselves, in spite of the early identification of OPN as a protein produced by
tumor cells in culture. In addition, whether OPN expression was important to the
clinical course of cancer remained an important question. Distribution of OPN RNA
and protein in normal human tissues was also examined, and was found localized
predominantly along the lumenal surfaces of secretory epithelial tissues (Brown et
al., 1992).

Other studies have demonstrated that OPN can be detected in various human
tumor specimens. Bellahcene and Castronovo (1995) reported that OPN
immunopositivity was present in the majority of 51 breast tumors studied, while less
OPN was detected in 28 benign breast lesions. The data suggested that OPN was
present in association with microcalcifications in breast cancer. Over-expression of
OPN RNA and protein has also been detected in a series of 25 human esophageal
cancers, relative to paired normal tissue (Casson et al., 1997). OPN RNA and protein
expression also have been detected in prostate cancers (Thalmann et al., 1999).
Overall, the findings to date with regard to OPN expression in human tumors suggest
that some, but not all, tumors are OPN-positive. Within tumors, both tumor cells
themselves, as well as various host cells (immune, vascular), may be OPN-positive.
This variability in OPN expression, both within and between tumors, raised the
possibility that OPN levels may contain information important to clinical status and
patient prognosis, and thus that this question was worth addressing.

A first indication that OPN over-expression in tumors may be predictive of
poor patient prognosis came from a study of twenty-five patients with lung cancer
(Chambers et al., 1996). In that study, we examined OPN expression in a series of
tumor samples from patients undergoing surgery for lung cancer, along with paired
adjacent normal tissue. OPN levels were assessed at the RNA level by northern
blotting, and at the protein level in fixed, embedded tissue sections using
immunohistochemistry and a high-avidity monoclonal antibody to OPN. We found
that normal lung tissue uniformly expressed negligible OPN RNA or protein, while
the majority of lung tumor samples were OPN-positive, with variability between
tumors in the degree of OPN over-expression. Tumor-associated OPN
immunopositivity was found both in lung tumor cells as well as in tumor-associated
macrophages. We found no association between tumor OPN positivity and clinico-
pathological findings (age, sex, stage or histology). However, even though this was a
small study, there was a statistically significant association (p = 0.0135) between
OPN-immunopositivity in the tumor and poor patient survival. The findings from
this study suggested that OPN over-expression in lung tumors may have potential to
predict for patient outcome. This suggestion was supported by recent findings of
Shijubo et al. (1999). In that study, a significant association between positivity for
both OPN and VEGF, and poor patient survival, was seen in a series of 55 lung
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adenocarcinomas, while this association was not found for 32 squamous cell lung
cancers.

Interestingly, however, in a series of ovarian cancers from 30 patients, higher
OPN expression was found in cancers of better prognosis (Tiniakos et al., 1998).
OPN=s role in cancer may vary depending on the mechanism of spread for different
types of cancer. This study does suggest that OPN expression must be examined in
the context of specific tumor types, and that the role of OPN in various cancers may
be complex.

We had a unique opportunity to study the association of OPN with breast
tumor progression in a patient who had bilateral mammary carcinomas of similar
histology, and who later developed local and metastatic recurrence (Tuck et al.,
1997). In this case report, we described a patient who presented initially with
synchronous, bilateral infiltrating mammary carcinomas of the same histological
type and grade. The right tumor was associated with positive lymph nodes, while the
left-side tumor had not spread to the lymph nodes. The patient later developed right-
side local recurrence, and then widespread metastatic disease. We used
immunohistochemistry to examine expression of OPN and p53, in both primary
tumors as well as in the local recurrence and metastases. We found that the right-side
primary tumor was immunopositive for both OPN and p53, while the left-side
primary tumor was negative for both markers. The locally recurrent tumor, as well as
metastases to lymph nodes and bone, were highly positive for both OPN and p53.
We also measured plasma OPN level at the time of last admission, a few months
prior to the death of the patient. Plasma OPN levels at this time were significantly
higher than the baseline plasma OPN range that we had previously established for
healthy women (Bautista et al., 1996; Singhal et al., 1997). Thus, both OPN
expression and p53 immunopositivity (likely indicative of p53 mutation), were found
to be associated with the more aggressive of the tumors, in association with tumor
progression. The findings from this case are consistent with the idea that OPN, both
in tumor cells and in plasma, may be a marker for tumor aggressiveness in breast
cancer, and elevated levels in a primary tumor may predict for future development of
metastases.
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This suggestion was tested directly in a study of 154 women with lymph node
negative (LNN) breast cancer (Tuck et al., 1998). Additional prognostic markers are
needed especially in LNN breast cancer, in order to identify and treat the ~30 per
cent of such women who will develop metastases in the future vs. the ~70 per cent
who will not develop metastases and who can be spared additional treatment. In this
study, we used immunohistochemistry to determine levels and cellular localization
(tumor cell vs. infiltrating host cells) of OPN protein in the tumors. We also used in
situ hybridization to identify cellular localization of OPN mRNA in a subset of the
tumors, to identify possible sources of the OPN protein detected. We found that OPN
protein was present in infiltrating macrophages and lymphocytes in 70% of the
tumors, too high a proportion to be predictive of patient survival. OPN
immunopositivity localized to the tumor cells themselves, in 26% of the tumors.
OPN mRNA was detected in tumor cells and in infiltrating inflammatory cells,
indicating that both cell types can be a source for OPN detected within the tumors.
When the OPN immuno-positivity within the tumor cells was scored semi-
quantitatively, univariate analysis revealed a statistically significant association
between elevated OPN positivity in tumor cells and decreased disease-free (p =
0.0025) and overall (p = 0.0294) survival, in this group of 154 LNN breast cancer
patients. In multivariate analysis (including patient age, menopausal status, tumor
size, grade, hormone receptor status, and p53 positivity), OPN remained a significant
predictor of overall survival (p = 0.0138). This study thus supports the idea that OPN
levels within tumor cells may be a useful predictor of patient outcome in breast
cancer, and may play a role in tumor progression and aggressiveness.

In addition to the presence of OPN in tumor tissues, OPN was also found to be
present in blood (Senger et al., 1988). In that study, blood OPN levels were
qualitatively assessed, using Western blotting with a polyclonal antiserum, of barium
citrate-precipitated blood samples from 14 patients with various metastatic cancers.
Ten of the 14 blood samples were found to have elevated OPN levels.

We developed an antigen-capture ELISA to permit quantitative, rapid and
reproducible measurement of OPN levels in blood plasma or other fluids (Bautista et
al., 1996; Singhal et al., 1997), using our high-avidity anti-OPN monoclonal
antibody (Bautista et al., 1994). We first used this assay to establish quantitative
basal plasma OPN values for a cohort of 35 healthy women volunteers (Bautista et
al., 1996). Blood samples were taken weekly over a 4-week period. We found that
OPN blood levels did not differ between pre- and post-menopausal women, and
there was no significant change an individual woman=s OPN blood values over the
4-week period. Levels in pre-menopausal women were thus unaffected by cyclic
hormone changes over the menstrual cycle, and levels were also stable for individual
post-menopausal women. (Thus, although OPN can be hormonally regulated in some
tissues [e.g. Craig and Denhardt, 1991; Vanacker et al., 1999], OPN blood levels do
not reflect hormonal changes over the menstrual cycle). The baseline OPN plasma
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level in healthy women was calculated to be (median; range,
using conditions to increase sensitivity of the assay (i.e., antigen capture at

37 degrees C) (Bautista et al., 1996; Singhal et al., 1997). Preliminary studies
suggest that normal OPN blood levels in men do not differ from these values
(unpublished data).

Using this ELISA, we then tested for an association between elevated blood
OPN levels and patient outcome in breast cancer (Singhal et al., 1997). We measured
OPN plasma levels in a series of 70 patients with metastatic breast cancer. We
compared these values with those measured for 44 patient controls (women on well
follow-up following treatment for primary breast cancer, with no evidence of
disease), as well as the normal women volunteers mentioned above. We found that
blood OPN levels in women with metastatic breast cancer were (median;
range, In the patient control group, OPN blood levels were

(median; range, 15-117). OPN blood levels in the metastatic patients were
significantly different from both the patient controls and the healthy women (p =
0.001).

In that study (Singhal et al., 1997), we found a statistically significant
association between elevated plasma OPN levels and shorter survival, when patients
were divided into upper, middle and lower thirds of OPN levels (p < 0.001). In
addition, using a Cox proportional hazards model, with OPN as a continuous
variable, we found an association between increasing OPN and decreasing survival
(p < 0.0001). Furthermore, we found that increased OPN was associated with larger
numbers of sites of metastatic involvement. Elevated plasma OPN was thus
significantly associated with shorter survival for women with breast cancer, by
several statistical tests.

SUMMARY

Table 1 summarizes the clinical and experimental evidence which we have discussed
here, and which supports the idea that OPN plays a role in tumor progression and
metastasis. OPN research has progressed from experimental studies of a
phosphoprotein detected in cancer cells in culture, and important in development and
maintenance of bone and other mineralized tissues, through studies showing that
OPN is not only associated with cancer but can contribute functionally, via signal
transduction and subsequent effects on gene expression, to malignant properties of
cells. Much remains to be learned about the role of OPN in cancer, and in other
pathologies and normal situations as well. Recent studies are now suggesting that
OPN may be a promising tumor marker, both in tissues and in patients= blood, and
may play an important contributing role in tumor biology and metastasis.
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Chapter 14

THE EMERGING ROLE FOR THE MRNA CAP-
BINDING PROTEIN, EIF-4E, IN METASTATIC
PROGRESSION
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1L.P. Markey Cancer Center, University of Kentucky, Dept. of Microbiology and
Immunology, Lexington, KY 2Lilly Research Labs, Cancer Research Division, Eli
Lilly and Company, Indianapolis, IN

INTRODUCTION

The evolution of metastases is a complex process that begins with the
establishment of a primary tumor and the subsequent selection of tumor cells for
the ability to break from the primary site, invade surrounding normal tissue, enter
and survive within the circulation, exit the circulation and colonize the distal
tissue site. The ability of the emerging tumor to progress beyond a minimum size
and, ultimately, to disseminate to distal tissue sites (i.e. to metastasize) requires a
myriad of changes in the expression of key genes- genes that govern angiogenesis
(e.g. VEGF, bFGF), invasion (e.g. matrix metalloproteases), autocrine growth
stimulation (e.g. TGFs, HER-2/neu) and metastasis (e.g. nm23). It is well-
established that the accumulation of multiple genetic “hits” activates dominant
oncogenes (e.g. ras) and inactivates tumor suppressor genes (e.g. p16, pRb),
thereby facilitating the development of the primary tumor (1, 2). However, the
vast majority of the gene products that drive metastatic progression are not
genetically altered but, rather, are inappropriately expressed (2-4). Expression of
these gene products (i.e. VEGF) has largely been studied at the level of
transcriptional control. However, a number of recent studies have implicated
translational control as a key element in regulating expression of these critical
genes. Moreover, the major growth factor-induced intracellular signaling
pathways implicated in cancer converge to hyperactivate protein synthesis,
primarily by activating the mRNA cap-binding protein eIF-4E. The central tenet
of this review is that the enhanced expression of eIF-4E, which characterizes
many human and experimental cancers, contributes to metastatic progression by
selectively upregulating the translation of a diverse array of proteins that mediate
angiogenesis, invasion and metastasis.
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THE METASTATIC PROCESS

Tumors ultimately arise from a single cell that has overcome negative growth
regulatory signals, supercedes apoptosis and evades immune surveillance.
Eventually these cellular clusters reach a critical size beyond which continued
growth would cease if not for the development of a vascular network that feeds
the growing tumor and facilitates continued expansion of the tumor. The tumor
stimulates neovascularization by elaborating potent angiogenesis factors, such as
vascular endothelial growth factor (VEGF). Individual cells within the tumor
subsequently invade the surrounding normal tissue and intravasate through the
vascular wall, a process which involves diminished homotypic cell: cell adhesion,
enhanced heterotypic cell: cell adhesion and the secretion of degradative enzymes
to break down the extracellular matrix components (e.g. the metalloproteases).
Once in the circulation, the tumor cells must evade the immune system, lodge or
adhere to endothelial cells within the vasculature of a distal tissue, extravasate
from the circulation and establish a colony within the tissue of the metastatic site.
These cells must again survive immune surveillance, overcome dormancy, evade
apoptosis, generate new blood vessels, and remodel the local microenvironment
to enable growth of the metastatic colony. To survive and grow within the local
microenvironment of the metastatic site, which may differ substantially from that
of the primary tumor, the metastatic colonies often must rely upon autocrine
growth stimulation of key intracellular signaling pathways (e.g. ras-ERK pathway
and PT-3 kinase pathways) (2, 3).

The gene products that mediate each of these key steps during metastatic
progression are rarely mutated but are instead aberrantly expressed (4). Moreover,
a myriad of diverse proteins must be expressed to mediate the numerous
phenotypic alterations necessary for the formation of metastases. While genetic
mutations undeniably contribute to tumor formation by enhancing genetic
instability and undermining normal growth controls (1), the processes that govern
metastatic progression involve quantitative rather than qualitative alterations in
the expression of key malignancy related genes (2-4), such as the
metalloproteases and VEGF. As such, factors that dramatically alter the
“quantitative” expression of key malignancy-related genes may be critical
determinants of metastasis (3). Certainly, the transcription of these key
malignancy-related genes is quantitatively altered in cancer (4). However, recent
studies have now demonstrated that the expression of many of these gene
products is also tightly controlled at the level of translation initiation (5-9).
Therefore, enhanced translation initiation, driven by enhanced elF-4E activity,
would contribute directly to the evolution of metastases by selectively modulating
the translation of key malignancy-related genes (e.g. VEGF, c-myc).
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EUKARYOTIC INITIATION FACTOR 4E (eIF-4E) AND
CELLULAR TRANSLATION

Eukaryotic initiation factor 4E, eIF-4E, is the 25kDa mRNA cap-binding
phosphoprotein that forms a macromolecular complex termed eIF-4F with the
RNA helicase, eIF-4A, and the scaffolding protein, eIF-4G. eIF-4E binds the

cap structure at the 5N terminus of eukaryotic mRNAs, recruiting the
mRNA into the eIF-4F complex and, subsequently, into the 48S ribosomal
complex (5, 6). The rate-limiting step for eIF-4F is the binding of the

cap structure of eukaryotic cellular mRNAs by eIF-4E (5-9).
Subsequently, the secondary structure of an mRNA is melted via the helicase
activity of eIF-4A, thereby enabling the 5N-3N scanning of the mRNA and the
identification of the translation initiation codon, usually AUG (8, 9).

Under normal cellular conditions, the molar concentration of eIF-4E is
lower than that of cellular mRNA. Therefore, to be translated, mRNAs must
“compete” for eIF-4E to access the translation machinery. The “competitiveness”
of an mRNA is determined largely by the sequence context around the translation
initiation codon (i.e. similarity to the Kozak consensus sequence), the position of
the translation initiation codon relative to the cap structure, and the secondary
structure of the mRNA, particularly within the 5N untranslated region (5N UTR).
The majority of cellular mRNAs may be classified as “competitive”
and are typified by short, unstructured, GC-poor, 5N UTRs (Figure 1). These 5N
UTRs do not interfere with cap accessibility, processing of the mRNA within the
48S complex or the identification of the initiation codon. In contrast, a select

group of mRNAs are encumbered by lengthy, GC-rich, highly-structured 5N
UTRs (Figure 1), containing one or more upstream initiation codons, that
diminish cap accessibility, interfere with 5N-3N scanning, and hinder the
identification of the “true” translation initiation codon. These mRNAs, which
generally code for growth regulatory proteins such as Ornithine Decarboxylase
(ODC) or VEGF, are therefore difficult to translate or “non-competitive” (5-9).
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Under normal growth conditions, where the concentrations of active eIF-
4E are low, only competitive mRNAs like would be efficiently translated.
With increased active elF-4E, protein synthesis rates would increase, with a
disproportionate increase in the translation of “non-competitive” mRNAs (5, 10).
This model then predicts that, under conditions where eIF-4E activity is
enhanced, the translation of the non-competitive mRNAs would be
“constitutively” increased. Therefore, the enhanced expression and/or activity of
eIF-4E, which typifies many human and experimental tumors, would
“constitutively” and selectively increase the translation of “non-competitive”
mRNAs. By upregulating the translation of these mRNAs, which code for potent
mediators of malignancy (e.g. c-myc, cyclin D1, ODC and VEGF), the enhanced
activity of eIF-4E would drive metastatic progression (Figure 2).

WHAT FACTORS AFFECT eIF-4E ACTIVITY?

As the rate-limiting member of the eIF-4F complex, eIF-4E governs the flow of
mRNAs into polysomes, thereby facilitating the formation of the 48S ribosomal

250



subunit and initiating translation. The activity of eIF-4E is regulated at multiple
levels. In normal cells, eIF-4E is complexed with an inhibitory binding protein,
4EBP1 (or PHAS-I). Stimulation of the PI-3 Kinase pathway via insulin or
growth factors activates the AKT/PKB kinase which then activates the kinase
mTOR (mammalian target of rapamycin). mTOR phosphorylates 4EBP1 at
residues Thr-37 and Thr-46, which primes the phosphorylation of three additional
sites on 4EBP1 by an as yet unidentified kinase. Phosphorylation of these 5 sites
then facilitates dissociation of 4EBP1 from eIF-4E (11-19). eIF-4E can then in
turn interact with the scaffolding protein eIF-4G, to which the RNA helicase eIF-
4A is also bound. Thus, the release of eIF-4E enables the formation of the eIF-4F
complex (ref. 19; see signaling diagram in Figure 3).

In the eIF-4F complex, the cap-binding activity of eIF-4E is enhanced.
Further, the affinity of eIF-4E for the 7-methyl-guanosine cap structure of mRNA
is increased via ser-209 phosphorylation of eIF-4E by the kinase MNK1/2, which
is activated by the ERK and p38 MAP kinases (20-24) and is docked on eIF-4G
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(24). Hence, eIF-4E activity is initiated by release from 4EBP1 as a downstream
consequence of PI-3 kinase/AKT/mTOR activation and is further enhanced by
MNKl/2-mediated phosphorylation, a downstream consequence of MAP kinase
signaling (Figure 3). As such, eIF-4E phosphorylation and activity can be
increased by stimuli that activate the MAP kinase and PI-3 kinase signaling
pathways, including serum, insulin, phorbol esters, cell stress, cytokines, growth
factors (e.g. PDGF, EGF, NGF) and the and oncogenes (5, 25-28).
Conversely, mitosis, heat shock and adenoviral infection result in reduced cellular
protein synthesis and are associated with decreased eIF-4E phosphorylation (5,
28, 29).

eIF-4E IN HUMAN AND EXPERIMENTAL TUMORS

Expression of eIF-4E has been evaluated in a number of human and experimental
tumors. These studies have revealed that activation or overexpression of eIF-4E is
common to many tumor types. The first study implicating eIF-4E in human
cancer assessed expression by immunohistochemistry in human breast
carcinomas and compared these levels to those found in normal or benign disease
tissue (30-35). The levels of eIF-4E in the cancer were elevated 3-30 fold over
that detected in the control tissue. Moreover, increased levels of eIF-4E were
found in ductal carcinoma in situ (DCIS) lesions, indicating that increased eIF-4E
expression may be an early event in tumor development (35). It was also
discovered that levels of eIF-4E in several breast tumor cell lines were increased
approximately 10-fold compared to normal breast epithelial cells or immortalized
breast epithelial cell lines (36). Subsequently, eIF-4E was found to be increased
in head and neck carcinomas including the larynx and hypopharynx (37-41), non-
Hodgkin's lymphomas (42), gastrointestinal carcinomas (43), and in invasive
bladder carcinomas (44). Strikingly, in the head and neck cancers, the presence of
eIF-4E positive cells in the margins following surgical resection was found to be
a reliable predictor of tumor recurrence (38, 40). Furthermore, in colon cancer
cells, eIF-4E expression was increased and appears to be an early event in colon
tumor development (45). In our own analyses of eIF-4E expression levels by
western blotting, up to 80% of cultured tumor cell lines from neuroblastomas (46)
and carcinomas of the breast, prostate and thyroid exhibited elevated eIF-4E
levels (Zimmer, et al., unpublished observations). These studies indicate that
increased eIF-4E expression may be an integral part of tumor development in a
wide variety of tumor cell types. Though human metastases have not been
systematically evaluated for elevated eIF-4E expression, the fact that eIF-4E
expression is increased in invasive bladder cancer, advanced
gastric cancers and is predictive of recurrence in head and neck cancers, strongly
suggests that increased eIF-4E expression is involved in malignant progression as
well as tumor development. Direct evidence that eIF-4E plays a role in
metastasis, as well as tumorigenesis, is derived primarily from studies with
animal and human tumor xenografts.
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eIF-4E AND TRANSLATIONALLY REGULATED mRNAs
IMPORTANT FOR MALIGNANCY

The effect of increased translational efficiency on tumor growth could occur by a
myriad of mechanisms. As mentioned, the activity of eIF-4E is rate-limiting for
translation initiation, which results in competition by mRNAs for binding to eIF-
4E and subsequent flow into polyribosomes. Under cellular conditions wherein
the concentration of activated eIF-4E is low, only “competitive” mRNAs will be
translated efficiently. As the concentration of activated eIF-4E increases, as a
consequence of mitogenic stimulation, overexpression of eIF-4E, or oncogenic
transformation (by ras or src), most mRNAs will be translated with increasing
efficiency with translation of the “non-competitive” mRNAs being
disproportionately increased (see Figure 2). As such, the increased eIF-4E
activity that accompanies oncogenesis will result in selectively enhanced
translation of certain proteins (i.e. those encoded by non-competitive mRNAs)
with only mild enhancement of others (i.e. those encoded by “competitive”
mRNAs). Since many of these non-competitive mRNAs code for the growth
factors and proto-oncoproteins, constitutively high levels of activated eIF-4E can
result in a marked increase in the production of select proteins that profoundly
influence cell growth and malignancy.

The list of gene products that can be quantitatively affected by increased
eIF-4E activity and increased translational efficiency is expanding and includes
gene products that work at multiple points of regulation within the cell (Table 1).
Transcription factors, such as c-fos or c-myc, serve to activate transcription of
genes that mediate malignancy (e.g. MMP-9). Genes that regulate the cell cycle
such as cyclin D1, or mdm2 can regulate the growth of tumor cells as
well as influence apoptosis. Increased PDGF or IGF expression may play a key
role in stimulating the autocrine growth factor loops necessary for metastases to
be established. VEGF and bFGF are critical in stimulating neoangiogenesis.
ODC, the rate-limiting enzyme in polyamine biosynthesis, drives transformation
and tumor growth in a number of systems. Additionally, gene products that
interact with the extracellular environment, such as NMDA, EGFR, MMP-9 or
CD44, have been shown to be translationally regulated or affected by changes in
eIF-4E levels. All of these gene products impact upon key regulatory pathways
and ultimately enable tumor growth and malignancy. All of these are susceptible
to translational control. Thus, by specifically influencing the expression of these
key molecules, eIF-4E profoundly influences virtually every aspect of tumor
growth, invasion, and metastasis (47).
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eIF-4E AND TUMOR GROWTH IN EXPERIMENTAL
TUMOR MODELS

eIF-4E has been used successfully to transform cells in a number of rodent
systems. Initial reports from the laboratory of Dr. Nahum Sonenberg revealed that
overexpression of eIF-4E alone was able to induce transformation and tumor
formation in NIH 3T3, and Rat 1 cells as well as to cooperate with the myc or ras
oncogenes to transform primary rat fibroblasts (87, 88). Subsequently, we showed
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that CHO cells and CREF cells could also be transformed by overexpression of
elF-4E (58). The CHO cells exhibited a large increase in the expression of the
myc oncogene and were transformed by morphological criteria and by growth in
soft agar but were unable to form tumors in nude mice. Co-transformation with
Max, the heterodimeric partner for c-myc, not only induced tumorigenesis but
spontaneous metastasis as well (58). Overexpression of eIF-4E alone in CREF
cells induced soft agar growth and tumor formation as well as spontaneous and
experimental metastases (47, 58). The clones with the highest levels of eIF-4E
were most aggressive. Furthermore, examination of cells from these tumors
revealed selection for cells with further increased eIF-4E levels. When these
tumor-derived cells were re-injected into nude mice, tumors formed much more
quickly and metastases were evident at significantly earlier timepoints. Thus, in
the CREF system, levels of eIF-4E expression were specifically associated with a
more aggressive, metastatic phenotype. Indeed, metastatic progression seemed to
select for increased elF-4E expression (47, Zimmer et al., unpublished).

As the ability of cells to successfully form metastases is often dependent
upon the establishment of autocrine feedback loops, we evaluated the CREF-4E
cells for MAP kinase activity using an in-the-gel-kinase assay. These analyses
revealed a marked stimulation of ERK 1 and 2 that corresponded directly with
eIF-4E levels (Figure 4).

An alternative approach to investigating the role of eIF-4E in the
tumorigenic or metastatic phenotype is to reduce the levels or function of eIF-4E
in tumorigenic or metastatic cell systems. In the first study of this kind, an
antisense construct against the translation initiation region of eIF-4E was
transfected into a ras-transformed fibroblast, CREF T24, which is highly
tumorigenic and metastatic (89). Antisense RNA expression reduced the level of
eIF-4E by approximately 60% (90, 91). These antisense cells reverted
morphologically to a more epithelioid shape and exhibited a 95% reduction in the

255



capacity to colonize soft agar. Interestingly, though the levels of eIF-4E were
reduced by 60%, these antisense cells grew at the same rate in monolayer culture
as the CREF T24 parental or vector only controls (90, 91). When injected into
animals, the antisense cells showed a 2-3 fold delay in tumor formation. More
significantly, these antisense cell lines also showed a marked reduction in the
ability to invade kidney parenchyma when implanted under the renal capsule.
Perhaps most striking, the reduction of eIF-4E levels suppressed the ability of
these cells to form experimental, pulmonary metastases by as much as 70%
following injection into the tail vein (90). Thus, in this ras-transformed CREF
system, suppressing eIF-4E levels dampened all aspects of malignancy, including
invasion and metastasis.

More recently, a similar approach was used in the MDA-MB-435 human
breast carcinoma cell system (32). Similar to the CREF T24 system, reduction of
eIF-4E by approximately 70% did not result in dramatic alterations to monolayer
growth but had profound consequences on the capacity of the antisense cells to
form tumors. The antisense cells only formed tumors in 14% of the animals
(2/14) compared to 100% tumor formation in the parental cell line. This reduction
in tumor formation correlated with the reduced expression of bFGF protein levels
and a shift in the bFGF isoforms produced and correlated with decreased
angiogenesis (32). Similar data was obtained with a panel of head and neck
squamous cell carcinomas following reduction of eIF-4E levels using antisense
methodology (92).

Other studies have taken a different approach to suppressing eIF-4E
activity by overexpressing the inhibitory binding protein, 4EBP1/PHAS-1. The
binding site of eIF-4E is identical for both 4EBP1 and elF-4G. As such, when
bound to 4EBP1, eIF-4E cannot interact with eIF-4G and therefore the eIF-4F
translation initiation complex cannot be formed (11, 19). Therefore, cap-
dependent translation initiation is blocked when 4EBP1 is bound to eIF-4E.
Overexpression of 4EBP1 in NIH 3T3 cells transformed by eIF-4E reduces tumor
formation and cellular growth rate (93). In the highly aggressive breast cancer
cell line, MDA-MB-231, 4EBP1 overexpression suppresses tumor formation and
yields a 60% reduction in VEGF production (Zimmer et. al., in preparation).

eIF-4E GOVERNS METASTATIC PROGRESSION BY
REGULATING EXPRESSION OF MULTIPLE GENE
PRODUCTS

Increased eIF-4E expression induces cellular transformation, tumorigenesis and
metastatic progression in a number of experimental models. The gene products
affected in each model differ however, reinforcing the concept that there are
multiple paths to malignancy that can be flavored by the unique genetic and
epigenetic composition of the different cell models. For example, the NIH 3T3
cells which overexpress eIF-4E showed translational upregulation of ornithine
decarboxylase (ODC) and cyclin D1 but not c-myc (77, 78, 67-69). Conversely,
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overexpression of eIF-4E in CREF and CHO cells showed enhanced c-myc
translation without effects on cyclin D1 expression (47, 58). Furthermore, forced
overexpression of eIF-4E was alone sufficient to induce tumorigenesis in
NIH3T3 (87) as well as metastasis in CREF cells (47), but did not elicit
tumorigenesis in CHO cells (58). These CHO cells required additional
transfection with Max. Therefore, the effects of eIF-4E on gene expression and
malignancy can differ depending on cell type.

The studies wherein eIF-4E has been suppressed, either by antisense RNA
mediated reduction of eIF-4E levels or by overexpression of the inhibitory
binding protein 4EBP1, have revealed that eIF-4E can also have profound
influence on expression of malignancy-related genes that do not share the
lengthy, GC-rich 5N UTRs of genes known to be translationally regulated. In the
highly malignant ras-transformed CREF cells (CREFT24), the metastasis-specific
spliced variant CD44v6 (94) and the metastasis-associated metalloprotease,
MMP-9 (95, 96), are dramatically upregulated compared to non-transformed
CREF cells. Reduction of eIF-4E in CREFT24 suppresses expression of both
molecules (90). Moreover, selection of these antisense cells in vivo during tumor
formation for increased eIF-4E expression restored high level expression of both
CD44v6 and MMP-9 (90). In three highly tumorigenic, metastatic neuroblastoma
cell lines, upregulation of eIF-4E expression also tracked precisely with increased
expression of MMP-9 and CD44v6 (46, Fowler et al. unpublished). Therefore the
expression of these metastasis-associated genes parallels the expression of eIF-4E
in multiple cancer models. Yet, the mRNA for these molecules is not
characterized by the lengthy, GC-rich 5N UTRs that typify most translationally
controlled molecules (90).

Unlike the metastasis-associated CD44v6 and MMP-9, the metastasis
suppressor gene nm23 was specifically upregulated when eIF-4E levels were
reduced. Furthermore, when eIF-4E levels were restored following selection for
tumor growth in vivo, nm23 expression plummeted (90). These data therefore
suggest that eIF-4E expression is inversely related to expression of the metastasis
suppressor gene, nm23. Recent studies in a human neuroblastoma cell line, which
spontaneously progressed to a highly tumorigenic, metastatic phenotype, showed
a marked elevation in eIF-4E levels that corresponded to a virtual disappearance
of NM23 expression (46). Currently, the mechanistic relationship between eIF-4E
and MMP-9, CD44v6 and nm23 are unclear. It is entirely possible that MMP-9
and CD44v6 are regulated by eIF-4E indirectly, by translationally controlled
transcription factors (such as AP-1 transcription factors). It is also possible that
the splicing of CD44 is directly affected by eIF-4E. Indeed, eIF-4E has been
found in the nucleus, where splicing occurs (97, 98), and has recently been co-
localized with splicing factors in the nucleus (99). The negative correlation with
nm23 expression may reflect regulation similar to that for wherein the
mRNA may be translationally inhibited by the binding of an mRNA binding
protein that is itself translationally regulated (70, 71).

The activity of eIF-4E influences metastasis by affecting not only proto-
oncoprotein expression (e.g. c-myc, ODC, cyclin D1) and expression of the
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metastasis-associated genes (nm23, CD44v6 and MMP-9), but also by directly
regulating expression of critical angiogenesis factors. Both bFGF and VEGF have
been shown to be translationally controlled and influenced directly by eIF-4E (30,
50, 51, 55). The upregulation of these potent angiogenesis factors would not only
enhance primary tumor growth, but would also facilitate the formation and
growth of metastases.

Enhanced eIF-4E activity has also been shown to facilitate the
establishment of autocrine growth stimulatory loops. Establishing autocrine
stimulation is key to the growth and survival of the metastatic cell as the foreign
microenvironment of the metastatic site may not supply the same growth factors
as the microenvironment of the primary site (100-102). Overexpression of eIF-4E
has been shown to facilitate autocrine growth stimulation in Xenopus oocytes
(103), NIH3T3 cells (104), CHO (58) and CREF cells (see Figure 4). Though the
autocrine growth factors have yet to be fully defined in these systems, it is clear
that eIF-4E can elicit stimulation of the ras-ERK pathway (see figure 4). As
PDGF, IGF, VEGF and Her-2/neu are all translationally controlled, it is
intriguing to speculate that eIF-4E may upregulate one or more of these potent
growth factors and thereby feed the establishment of autocrine stimulatory loops.

Finally, recent reports have begun to implicate increased eIF-4E expression
and/or activity in the suppression of apoptosis (105-109). Indeed, the increased
resistance to apoptosis mediated by the ras oncogene seems to be dependent upon
eIF-4E. It is unclear just how eIF-4E may suppress apoptosis though it is
certainly plausible to posit that eIF-4E upregulates an array of anti-apoptotic
growth factors (e.g. IGF-II).

SUMMARY

The successful evolution of metastases requires the interplay of numerous and
diverse gene products-metalloproteases (MMP-9), adhesion factors (CD44v6),
apoptosis suppressors (bcl-2), angiogenesis factors (VEGF), and proto-
oncoproteins (c-myc, cyclin D1). Expression of each of these potent proteins is
profoundly influenced by the activity of the mRNA cap-binding protein, eIF-4E.
Indeed, eIF-4E overexpression has been shown to selectively influence a wide
array of key proteins including c-myc, cyclin D1, VEGF, bFGF, CD44v6, MMP-
9 and nm23. By selectively and coordinately upregulating expression of these
potent proteins, enhanced eIF-4E activity, which characterizes a variety of human
tumors and has been associated with malignant progression, can drive metastatic
progression. As such, eIF-4E represents a potential convergence point whereby
many key metastasis genes are regulated and may therefore represent a novel,
compelling target for therapeutic intervention. Indeed, blocking eIF-4E activity
dramatically suppresses malignancy by specifically suppressing the expression of
key malignancy-related genes like cyclin D1, bFGF, VEGF and ODC (47 and
references therein). Blocking eIF-4E activity has also recently been shown to
induce apoptosis (109). Indeed, eIF-4E may be an attractive new therapeutic
target precisely because each and every function necessary for the evolution and
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growth of a metastatic nodule is mediated or influenced by a gene product that is
regulated translationally. The development of novel reagents to interfere with
eIF-4E and translation initiation may provide a very promising alternative to
current anti-cancer therapies.
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