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Introduction

The most deadly attribute of breast cancer cells is their ability to leave their initial site of
growth, travel to discontiguous secondary sites, and proliferate into macroscopic masses.
Metastasis involves intrinsic (i.e., genetic) and extrinsic (i.e., microenvironmental signals)
factors. In this brief review, we focus on a subset of metastasis-regulatory molecules, termed
metastasis suppressors, their mechanisms of action, and when available, early clinical data.
The objective is to set the stage for how this class of molecules is becoming recognized for
potential prognostic and therapeutic potential. Due to publication space limitations, we cite
excellent reviews from which primary literature can be identified. We apologize to authors
whose work is not cited.

Metastasis cascade

Tumor cells can disseminate via three pathways — the circulatory system, lymphatics, or
across body cavities. Hematogenous and lymphatic metastasis begins when tumor cells
break away and grow independently from a primary tumor while migrating through the
extracellular matrix (ECM). Cells then intravasate and survive the shear stresses of
transport, resist anoikis, and evade immune surveillance. Following active and passive
transport to distant sites, metastatic cells or emboli containing metastatic cells (both
homotypic (comprised solely of tumor cells) or heterotypic (comprised of tumor cells plus
another cell (e.g., white blood cell, platelet) or protein (e.g., clot)) may be nonspecifically
trapped due to size. Or metastatic cells can specifically adhere to integrins and adhere via
other ligand-receptor interactions with endothelial cells in a tissue-specific manner.
Responding to chemoattractants, cells extravasate. Successful metastatic cells must then
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complete the most crucial and selective step, proliferation at secondary sites (also known as
colonization). Key steps of the metastatic cascade are depicted schematically in Figure 1.

Metastasis Suppressors

A metastasis suppressor is defined by its ability to inhibit metastasis, while having minimal
effect on primary tumor growth (defined in this review as <50% growth inhibition) when re-
expressed in metastatic tumor cells. This growing family of molecules was first described in
the mid-1980's with the discovery of Nm23-H1 by Patricia Steeg. Since then, more than
thirty functionally validated metastasis suppressors have been reported with more expected.
Readers are cautioned that many publications use the term imprecisely (i.e., We found
publications describing >100 “metastasis suppressors” for which no in vivo data to
substantiate the claim was presented. Note: in vitro assays are not sufficient to measure
metastasis). In this review, we focus solely on molecules for which metastasis and primary
tumor growth (preferably orthotopic) have been shown.

As the field of metastasis suppressors has grown, contradictory data have been reported.
Some metastasis suppressors function in multiple tumor types, whereas others perform
different functions depending upon cell of origin. If a molecule fulfills the criteria as a
metastasis suppressor in any model, it is presented here. Discordant data are noted and we
encourage readers to weigh the relative strengths and weaknesses in order to make
judgments with regard to each molecule's role(s) in breast cancer. Key attributes of the
metastasis suppressors are summarized in Table 1 for quick reference. Below we summarize
aspects of discovery, functionality, and clinical utility.

Mechanisms of action are diverse and, in most cases, not yet clear-cut. Nonetheless,
metastasis suppressors can be found in every cellular compartment as well as outside of the
cell; they inhibit virtually every step in the metastatic cascade, and increasing signs show
clinical prognostic and therapeutic relevance [1, 2]. The step(s) of the metastatic cascade
impacted by individual metastasis suppressors are depicted in Figure 1.

Non-metastatic 23 (NM23)

Using differential colony hybridization, Nm23 was first identified as the first in-class
metastasis suppressor in melanoma cells [3], but the family now includes ten homologs
(Nm23-H1 to -H10). Metastasis suppression by homologs other than H1 or H2 has not been
clearly demonstrated.

Despite nearly 30 years of investigation, the mechanism(s) of action remain enigmatic.
Nm23 has a nucleoside diphosphate kinase activity that does not appear responsible for
metastasis suppression. Histidine kinase, phosphorylation of kinase suppressor of Ras
(KSR), and exonuclease activities, all contribute to its anti-metastatic actions. Most of the
convincing data support these three activities. Still, Nm23-H1 also suppresses ERK
activation, down-regulates prune, and interacts with a plethora of cancer- and metastasis-
associated proteins. A recent report shows that Nm23-H1 binding to gelsolin; alters
gelsolin's actin-severing capacity, thereby reducing motility, invasion, and metastasis.
Recent reviews provide critical analyses of the biochemical data [4, 5]. Importantly, many of
the reported false-positive protein-protein interactions have been reported and have
complicated (i.e., misled) the field.

Clinical studies with Nm23 have been extensive and the preponderance of data reveals an
inverse correlation with poor survival and tumor grade in multiple tumor types, including
breast cancers. However, studies showing no correlation or positive correlation have been
sporadically reported. Recently, the promise of Nm23-H1 as a therapeutic option in treating
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metastatic cancers in the clinical setting has been gaining a foothold. Treatment with
dexamethasone and medroxyprogesterone acetate can restore Nm23-H1 expression and
reduce metastases [6, 7]. Gene therapy approaches are also being considered for ovarian
cancer.

Breast Metastasis Suppressor 1 (BRMS1)

Although functionality of many metastasis suppressors has been demonstrated in breast
cancer models, BRMSL is the only metastasis suppressor identified deliberately using breast
models. BRMS1 has since been found to suppress metastasis in a broad spectrum of cancer
types (reviewed in [8]). BRMS1 was discovered using differential display comparing
metastatic and metastasis-suppressed hybrids (i.e., complemented with human chromosome
11 via microcell-mediated chromosome transfer (MMCT)). BRMSL1 is a member of SIN3
histone deacetylase chromatin remodeling complexes and is the founding member of a
family of molecules; the role(s) of other family members in metastasis are uncertain.

The presumptive mechanism of action is, therefore, anticipated to be by down-regulating
metastasis promoting and up-regulating expression of metastasis-suppressing genes. Among
the key downstream targets are osteopontin, Ptdins(4,5)P,, and metastasis regulatory
microRNA. Direct interaction with NFxB, which is often pro-metastatic, is thought to be
particularly relevant. miR-146a and -146b are up-regulated by NFxB, which itself is down-
regulated by BRMSL through decreased phosphorylation of 1xB and deacetylation of p65,
which sensitizes the cells for anoikis. Over-expression of miR-146a or -146b down-
regulated epidermal growth factor receptor, suppressed invasion and migration in vitro, and
suppressed metastasis in vivo. Interestingly, BRMS1 decreased prometastatic miR-10b,
-373, -520c, and increased anti-metastatic miR-146a, -146b, and -335 [9]. The latter data
represent one of a number of emerging metastasis suppressor pathways. In clinical studies of
melanoma, cytoplasmic BRMS1 expression is associated with positive clinical outcome [10]
while cytoplasmic expression was associated with poor clinical outcome in breast cancers
[11]. While most studies examining BRMSL1 protein have inverse correlations with clinical
outcomes, contradictory data exist in others [12].

Using in vitro assays to assess steps in the metastatic cascade, BRMS1 impacts every step at
low to moderate levels. BRMS1 functionality is highly dependent upon post-translational
stability, subcellular localization, and protein-protein interactions.

Although systematic studies have not yet been done for all metastasis suppressors, few
mutations have been reported in advanced human cancers. Like most other metastasis
suppressors, BRMSL1 expression is regulated by epigenetic mechanisms, such as promoter
methylation. Recent analysis of BRMS1 promoter CpG islands in circulating tumor cells
shows that methylation predicts expression and corresponds to probability of recurrence
with metastasis and survival.

Gelsolin (GSN)

The metastasis suppressor role of GSN was first described in B16-BL6 melanoma [13]. In
later studies GSN expression was restored using inhibitors of DNA methylation and lung
colonization was inhibited. GSN binds actin and changes actin cytoskeletal architecture
based on its ability to sever, cap and induce nucleation of actin filaments. GSN activity is
regulated by binding to Ca*2 and PtdIns(4,5)P,. The role of GSN in cancer is ambiguous,
functioning as both tumor promoter and suppressor. Many tumor promoting functions of
GSN are associated with activation of EGFR, PI3K, and Rac.
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Mutations in GSN are linked to metastasis development in patients [14]. Also, the
transcription factor ATF3 up-regulates GSN as another means of mediating metastasis
suppression. Contrastingly, GSN over-expression increases metastasis in orthotopic
mammary tumor models. This effect could be ablated by co-expression with Nm23-H1 (see
above).

KAI1/CD82 (kang ai 1)

KISS1

Initially mapped in rat prostate carcinoma using MMCT of chromosome 11 fragments,
KAI1 was validated as a metastasis suppressor in transfectants [15]. Metastasis suppression
in a broad spectrum of tumor types in animal models has been subsequently shown. KAIL is
a type Il transmembrane glycoprotein and member of the tetraspanin 4 superfamily that is
located at the plasma membrane in specific microdomains. KAI1 interacts with integrins,
tetraspanins, chemokines, MHC class | and I, CD19, CD21, EGFR, EWI2/PGRL,
KITENIN, and PKC and is involved in trafficking and distribution of plasma membrane
components (reviewed in [16-18]).

The mechanism of metastasis suppression is not well understood but the following findings
in KAI1 expressing cells provide clues regarding mechanism: (i) attenuation of integrin
trafficking and ligand-induced dimerization; (ii) redistribution of surface EGFR resulting in
fewer lamellipodia, (iii) migration signaling, (iv) increasing E-cadherin and -catenin
interactions, (V) up-regulating tissue inhibitors of metalloproteinase (TIMP), (vi) indirectly
reducing urokinase-type plasminogen activators, and (vii) inhibiting p130AS-Crk complex
formation, have all been proposed to regulate cell migration and invasion. KAI1 also
increases apoptosis and senescence after tumor cells have migrated to secondary sites by
decreasing intracellular B-catenin/Wnt pools and through packaging and secretion in
exosomes [19]. KAIL expression is down-regulated via multiple mechanisms including loss
of heterozygosity, promoter methylation and disruption of upstream transcriptional
regulators. KAI1 expression is associated with progression and/or positive clinical outcomes
in multiple cancer types (Reviewed in [17]).

KISS1 was identified by subtractive hybridization and differential display comparing
metastasis competent melanoma cells with metastasis suppressed hybrids (created by
MMCT with human chromosome 6). Unexpectedly, KISS1 mapped to chromosome 1932,
implicating a regulatory gene on chromosome 6, which was later determined to be CRSP3
(co-factor required for SP1 activity, DRIP130). CRSP3 maps to a hot spot for chromosomal
deletions in metastatic melanoma (6q16.3—q23) and up-regulates a thioredoxin interacting
protein (TXNIP, vitamin D up-regulated protein 1, VDUP1, thioredoxin binding protein 2)
which, in turn, up-regulates KISS1. TCF21, a member of the basic helix-loop-helix (b0HLH)
family of transcription factors which maps to 6g23-g24 was shown to regulate KISS1
expression in malignant melanomas. Together these molecules implicate complex metastasis
suppressor regulatory pathways.

Nascent KISS1 is a secreted proprotein that is proteolytically cleaved by the proprotein
convertase furin into Kisspeptins (KP). KP54 binds a G-protein coupled receptor, KISS1R
(reviewed in [20]) and regulates hypothalamic-pituitary-gonadal axes in puberty and
pregnancy. The mechanism of KISS1 metastasis suppression remains unclear, but is
presumed to be via stimulation of KISS1R. Complicating this expectation are findings that
many cell lines in which KISS1 re-expression results in metastasis suppression do not
express KISS1R. The latter observation has compelled the hypothesis of a paracrine cross-
talk with tissue-specific cells. Recent data reveal an unexpected interaction of KISS1 with
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PGCla, the master regulator of mitochondrial biogenesis. KISS1-expressing cells have
increased mitochondrial mass and display a shift from aerobic glycolysis to oxidative
phosphorylation (W. Liu and D.R. Welch, accepted pending revisions). The latter data
represent a potentially new connection between metabolism and control of metastasis.

Clinical studies with KISS1 have been limited by availability of quality reagents recognizing
KISS1 and KP54. Studies measuring mRNA are of dubious value because of required post-
translational modifications. Regardless most expression and immunohistochemical (IHC)
studies have shown that KISS1 expression is generally correlated with good prognosis,
except in hepatocellular carcinoma (HCC).

Interestingly, KISS1 maintains disseminated tumor cells in a dormant state after they have
seeded other tissues. Long recognized that blocking any step of the metastatic cascade
effectively prevents metastasis, many approaches are limited since steps antecedent to
colonization have usually occurred prior to diagnosis. KISS1 affords the opportunity to
maintain disseminated cells in a (quasi-) dormant state, potentially rendering metastasis a
chronic and controllable aspect of cancer. While dormancy is not a cure, maintenance of
tumors in an asymptomatic state would represent a significant advance.

Mitogen Activated Protein Kinase Kinase (MKK4, MKK6, MKK7, p38)

MKK4 was identified as a putative metastasis suppressor in rat prostate cancer by
comparing expression profiles following MMCT of a fragment of human chromosome 17,
for which loss of function is observed in multiple cancers. MKK4 is one of the stress-
activated protein kinases and activates both c-Jun NH2-terminal kinase (JNK), and p38
signaling with further downstream regulation of apoptosis, cell cycle arrest, and immune
responses. Cells re-expressing MKK4 can still seed secondary sites and extravasate, but are
significantly delayed (until expression is lost) for colonization. The proposed molecular
mechanisms of MKK4 metastasis suppression differ between prostate, ovarian and other
cancers. MKK?7 and JNK activation suppresses prostate cancer metastasis [21], while the
MKKG®6 and p38 signaling are responsible of ovarian cancer metastasis suppression [22].

In clinical samples, MKK4 expression is inversely associated with progression and
metastasis in multiple cancers, and phosphorylated MKK4 levels are associated with
favorable clinical outcomes in colorectal carcinoma [23]. We emphasize the inclusion of
critical signaling controls (i.e., phospho-specific antibodies) that tested enzymatic activities,
not simply expression. Measuring kinase activities were critical to infer mechanism.

There are, however, some contradictory data implicating MKK4 as a pro-oncogenic factor.
Over-expression in pancreatic and breast cancer cell lines lacking endogenous MKK4
increased proliferation, invasion, and tumor growth in vivo. Corresponding knockdown with
siRNA or over-expression of dominant negative forms induce apoptosis, decrease
anchorage-independent growth and reduce tumorigenicity in vivo. So, while there are strong
data showing stress-activated protein kinases as metastasis suppressors, contextual cues
contribute to the biological functions. Much more research will be needed to explore those
patterns.

Rho GDP-dissociation factor 2 (RhoGDI2)

RhoGDI2 was identified as a putative metastasis suppressor comparing expression profiles
in metastatic and non-metastatic bladder cancer cell lines. RhoGDI2 was one of the most
down-regulated genes in the metastatic cells [24, 25]. Restored expression suppressed
experimental lung metastasis but did not affect subcutaneous tumor growth.
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RhoGDI2 is a guanine nucleotide dissociation inhibitor that binds and inactivates the
GTPases involved in the signaling cascades initiated by G-coupled receptors (reviewed in
[26, 27]). The molecular mechanism of metastasis suppression is not fully understood, but
multiple mechanisms have been implicated. RhoGDI2 re-expression is inversely correlated
with neuromedin U and endothelin-1 and both molecules are verified downstream mediators
of RhoGDI2 regulated signaling. In preclinical studies, mice treated with endothelin receptor
antagonist (Atrasentan) blocked lung metastasis, suggesting that RhoGDI2 regulated genes
play a role in bladder cancer metastasis.

RhoGDI2 activity is regulated by post-translational modifications, including
phosphorylation by Src. Using phosphomimetic approaches (i.e., Y153R) phosphorylation
was determined to be critical for RhoGDI2 suppression [28]. However, GDI activity is
inhibited by phosphorylation by protein kinase C, which reduces binding to Rac1 [29].
RhoGDI2 also appears to suppress metastasis by regulating GTPase activity independent of
GTPase membrane association [30]. RhoGDI2 lacking the first 55 amino acids (produced by
caspase cleavage) no longer inhibits GDP dissociation, but still suppresses metastasis.
Therefore, the biochemical mechanism of action is still uncertain.

RhoGDI2 expression inversely correlates with tumor stage and grade in many tumor types;
however, RhoGDI2 function is cancer type specific. RhoGDI2 is up-regulated and
associated with poor clinical outcomes in breast, gastric, colorectal and ovarian carcinomas.
As above, the context in which RhoGDI2 is expressed determines biological activities.

Deleted in Liver Cancer 1 (DLC-1)

CD44

DLC-1 was first cloned using subtractive hybridization to identify genes deleted in human
hepatocellular carcinomas [31]. It was later identified as a breast cancer metastasis
suppressor in microarray comparisons between breast cancer cell lines [32].

DLC-1 is a RhoGAP (GTPase-activating protein) that inhibits/inactivates Rho-dependent
signal transduction. DLC-1 over-expression leads to more stable adherens junctions, reduced
mobility, fewer actin stress fibers, and focal adhesion structures through cytoskeletal
reorganization due to decreased RhoGAP activity. Phosphorylation by PKD, PKC, or Akt
decreases RhoGAP activity [33, 34], while phosphorylation by PKA leads to increased
dimerization, RhoGAP activity, and tumor/metastasis suppression. Many studies support
roles of RhoGAP activity in DLC-1 suppressor function, but DLC-1 can also suppress
independently of RhoGAP activity, albeit to a lesser extent.

Interestingly, DLC-1 expression is inversely associated with the expression of pro-metastatic
proteins osteopontin and MMP9 in HCC, and positively regulates E-cadherin in prostate
cancer. Over-expression decreases in vitro migration and invasion and in vivo breast
metastasis to lung and HCC cell lines.

Deletion or promoter methylation of DLC-1 has been described in multiple cancers.
Expression correlates with progression and poor clinical outcomes in multiple cancer types,
but some data suggest tumor suppressor function as well.

CD44 is a single-pass transmembrane cell surface glycoprotein. Alternative splicing leads to
multiple isoforms, although the predominant form is 85-95kDa (CD44s). CD44 is post-
translationally cleaved at both the extracellular and cytoplasmic domains, interacts with a
whole host of cancer-associated cellular factors, and is involved in cell-cell and cell-matrix
adhesion, cell signaling, survival, growth, stemness and migration (reviewed in [35-38]).
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CD44s was investigated as a metastasis suppressor because of its proximity to KAI1 on
chromosome 11. CD44 expression was inversely correlated with metastatic potential of
prostate cancer cell lines and CD44~/~ matings with MMTV-PyMT mice had reduced lung
metastasis without changing growth of primary mammary tumors [39]. However, CD44
knockdown with sShRNA in human osteosarcoma cells enhanced lung metastasis following
intratibial injection.

While there are data supporting CD44 as a metastasis suppressor and as a biomarker
associated with positive outcomes, classification as a metastasis suppressor is complicated
because of the multiple variant forms which exhibit tissue- and tumor-type specific effects,
including tumor promotion. For these reasons, CD44 is a prime example highlighting the
importance of understanding post-transcriptional and -translational modifications affecting
functions.

Cell Adhesion Molecule 1 (CADM1)

CADM1, an immunoglobulin superfamily adhesion protein was originally described as a
tumor suppressor, but was recently shown to be a metastasis suppressor in mouse mammary
and laryngeal tumors [40]. CADML1 is described as a germ-line modifier of metastasis
susceptibility locus that did not affect primary tumor growth when over-expressed.

Since experimental metastasis is affected, CADM1 most likely inhibits steps downstream of
intravasation, possibly colonization. Interestingly, in mice lacking functional T-cell
mediated immunity the metastasis suppressive effects of CADM1 were abolished, implying
that CADM1 may function via host immune surveillance. This hypothesis is supported by
observations that CADM1 interacts with CRTAM a T-cell adhesion protein functioning as a
marker for activated CD8+ T cells and NK cells.

CADML1 down-regulation in metastatic breast cancer is mainly due to promoter
hypermethylation. Expression levels determine whether CADM1 has tumor or metastasis
suppressor activities. Low levels of CADM1 are metastasis suppressive but high levels are
tumor suppressing. CADML is also regulated post-transcriptionally, in HCC, the pro-
metastatic microRNA miR-10b binds the 3'-UTR of CADM1 mRNA and represses its
translation.

CADM1 may also play roles in oncogenesis. CADML1 is illustrative of tissue-specific
effects, interaction-dependent activities, and the notion that relative expression level might
determine function.

MDM2 binding protein (MTBP)

MTBP is a murine double minute (MDM2) interaction partner. MDMZ2 inhibits TP53 in an
ubiquitin-dependent manner [41]. Clues that MTBP may function as a metastasis suppressor
were first observed in Mtbp/p53 double heterozygous mice which developed mammary and
hepatocellular carcinoma, osteosarcoma, lymphoma and other tumors, but developed 7-fold
more metastases than controls. Mechanism data are still being collected, but MTBP interacts
with ACTN4 and inhibits F-actin cross-linking leading to decreased cell migration [42].
MTBP also alters mitotic progression and chromosomal segregation [43], which may play
important roles in MTBP-dependent tumor progression.

In p53*/MDM2!°W SCC of the head and neck (HNSCC), decreased MTBP is associated with
reduced survival. However, MTBP increases in Burkitt's lymphoma samples that have Myc
translocations and the chromosomal region encoding MTBP is often amplified in colorectal
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cancers and myelomas. MTBP function may be cancer type-specific and needs to be further
studied.

Long studied as a mediator of apoptosis, caspase-8 isoforms also suppress metastasis in
multiple tumor types. The linkage between apoptosis and metastasis suggests that caspase-8
selectively sensitizes invasive cells compared to primary tumor cells. To wit caspase-8
mediated apoptosis is independent of the classical death- receptor pathway. Instead, it is
through a process termed integrin-mediated death (IMD), which occurs when caspase-8 is
recruited and activated by clusters of unligated or inappropriately ligand-bound integrins.
Invasive cells are generally more loosely bound to ECM and encounter foreign ECM
components they are prone to activating caspase-8 mediated IMD [44]. Since the ECM
varies between tissues, the data suggest that caspase-8 may be integral to organotropism of
metastases.

The metastasis suppressor function of caspase-8 appears regulated, in part by an inhibitory
protein, c-FLIP, whose expression is significantly higher in neoplastic than normal tissues.
In endometrial cancers c-FLIP is associated with invasion and lymph node metastasis. Weak
expression of caspase-8 is an independent prognostic factor for poor outcome as well.
However, there are reports of caspase-8 as a metastasis promoter in HNSCC where high
caspase-8 expression correlated with increased metastasis poor and clinical outcomes.

Collapsin response mediator protein 4 (CRMP4)

Deleted in

Farnesoid

CRMP4 protein and mRNA are down-regulated in metastatic prostate cancer. CRMP4 is one
of a larger family of collapsing proteins. As the only family member to be down regulated in
metastatic cancer [45], CRMP4 is of special interest in cancer. If CRMP4 is re-expressed,
prostatic carcinoma cells round, extend fewer filopodia and invade less in vitro as well as
form fewer metastases in vivo [45]. Why the CRMP4 gene is singled out for down-
regulation appears to be due to selective CpG methylation in the promoter, but more detailed
molecular and biochemical mechanism of action studies have not been done.

Colorectal Cancer (DCC)

DCC was first identified as being deleted in 75% of colon cancers. The cytoplasmic tail of
DCC interacts with Src, Fyn, FAK, phosphatidylinositol transferases, ezrin and merlin [46].
Expression of unbound DCC promotes apoptosis, which is presumably the mechanism by
which DCC blocks invasion. Re-expression of DCC limits metastatic spread, reportedly by
making cells susceptible to hypoxia. MDCK cells cultured in normoxic conditions were
unaltered; whereas, DCC™ cells under hypoxic conditions were 20% more likely to undergo
apoptosis [46]. To date no clinical studies establishing a role in tumor progression have been
published.

X receptor (FXR)

The FXR gene encodes a nuclear receptor superfamily protein with four isoforms. In normal
physiology, FXR proteins are required in bile acid, cholesterol, lipid and glucose
metabolism; but, dysfunction is associated with atherosclerosis, intestinal bacterial growth,
and liver regeneration [47]. FXR is a tumor suppressor gene in HCC and colon cancer,
which is consistent with FXR™~ mice spontaneously developing liver and intestinal tumors.
There are also reports showing FXR promotes oncogenesis. FXR interacts with NDRG2
[48], which was recently implicated in metastasis regulation. NDRG2 is a direct
transcriptional target of FXR. Ectopic expression of FXR in hepatoma cells failed to alter
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lymph node metastasis, but significantly reduced bone metastasis, suggesting it might alter
organotropism of metastasis. FXR expression has been associated with poor clinical
outcomes in esophageal cancers [49] and pancreatic cancer [50, 51].

While some clinical studies support a role of FXR as a metastasis suppressor, there are
abundant contradictory data showing tumor promotion, correlation with higher grade, and
tumor suppression. Additional experiments will be needed to explain these discrepancies;
however, it is readily apparent that contextual queues determine function.

Growth arrest-specific 1 (GAS1)

GAS1 was first identified as a metastasis suppressor using a genome-wide ShRNA screen in
B16 melanoma cells [52]. It is a GPI-anchored membrane protein that inhibits Gog—S cell
cycle progression and is involved in embryonic development through the regulation of sonic
hedgehog (SHH) signaling and induction of apoptosis. GAS1 appears to suppress metastasis
by regulating/inducing apoptosis through caspases 3 and 9 after disseminated tumor cells
arrive at metastatic sites. GAS1 over-expression also significantly reduces tumorigenicity in
glioma, lung and gastric cancers, suggesting tumor suppressor function in some contexts.

GASL1 is in signaling loops with SHH and Wnt, both of which are involved in cancer
progression, metastasis, and maintenance of cancer stem cells (reviewed in [53-57]).
Therefore, these pathways are thought to be the critical nodes for metastasis suppression. In
clinical studies, GAS1 expression is down-regulated in several cancers and is associated
with multidrug resistance. Low expression predicts metastasis and recurrence in colorectal
cancer, and GAS1 expression is part of an 8-gene biomarker signature proposed for early
detection of prostate cancer. GAS1 expression is relatively high in meningiomas, which are
rarely malignant or metastasize.

Leukemia Inhibitory Factor Receptor Alpha (LIFRa)

LIFR was first identified as a breast cancer metastasis suppressor using RNASeq to identify
genes down-regulated in cell lines that gained metastatic capability following stable
expression of miR-9 [58, 59]. Re-expression of LIFR in metastatic cell lines suppressed lung
metastasis without significantly affecting orthotopic tumor growth. LIFR suppressed
multiple steps throughout the metastatic cascade.

LIFR appears to suppress metastasis through activation of the Hippo signaling pathway that
leads to the inactivation of the Y AP transcriptional co-activator. LIFR expression is down-
regulated in a variety of human cancers and is significantly correlated with poor clinical
outcomes, metastasis, and overall survival. A single report suggests that LIFR is a
transformation and tumor suppressor in HMLE (human mammary epithelial cells) cells [60].

Raf Kinase Inhibitory Protein (RKIP)

RKIP has been studied in a number of different cancers [61-63] but was first identified as a
metastasis suppressor in prostate cancer [64]. RKIP is an inhibitor of the Raf-1 serine-/
threonine- kinase, and several potential mechanisms have been posited for RKIP. RKIP
positively regulates let-7 miRNA through Myc inhibition of LIN28 transcription by
inhibiting the Ras/MEK/ERK pathway. Altering let-7 or LIN28 expression also affected
metastasis, which highlights the importance of this pathway in metastasis [61].

Even though the molecular mechanisms of metastasis suppression may vary, RKIP
expression has been extensively examined in clinical samples. Low RKIP expression is
associated with poor prognosis/survival or metastasis in several cancers [65-69]. Decreased
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RKIP is associated with high DNA CpG methylation phenotypes. Interestingly, many breast
cancer cell lines have increased expression of miR-224, a negative regulator of RKIP [70].
In melanoma, RKIP expression is also inversely correlated with stage and expression of the
pro-metastatic factor, MDA-9 [63].

Ribonucleotide reductase subunit M1 (RRM1)

Stefin A

MMCT experiments with chromosome 11 showed inhibition of lung adenocarcinoma
growth. A smaller region of 11p, termed COH11A [71] ultimately identified RRM1 as the
likely gene responsible for metastasis suppression [72, 73]. Over-expression of RRM1
reduced experimental and spontaneous lung metastasis in different models.

Regarding mechanism, RRML1 is the sole enzyme complex that converts ribonucleotides into
deoxyribonucleotides. However, that role has not been clearly demonstrated in regulating
metastasis. Instead, knockdown of PTEN reversed RRM1 suppression of invasion and
migration, suggesting that RRM1 functions through increased PTEN expression.

RRM1 and PTEN are prognostic markers for disease-free and overall survival in NSCLC,
bladder, and pancreatic cancers. However other reports indicate that RRM1 expression is not
always clinically advantageous, as it has been found that patients with low RRM1
expression respond better with gemcitabine. Gemcitabine is an analog of deoxycytidine and
can directly bind and inactivate RRML1. Interestingly, one of the proposed mechanisms that
leads to gemcitabine resistance is over-expression of RRM1, which titres out the effective
dose of gemcitabine.

Stefin A, a cysteine protease inhibitor, is a metastasis suppressor in human esophageal SCC
and murine mammary carcinomas [74, 75]. Exogenous expression is generally associated
with decreased lung metastasis, but there is model-dependent, dose-dependent tumor
suppression at superphysiologic expression [74]. Expression in primary tumors is inversely
correlated with metastatic potential of clonal variants. Interestingly, Stefin A expression is
higher in microscopic metastasis but is not detectable in macroscopic metastases in the 4T1
mammary carcinoma model [75].

Stefin A is thought to function through inhibition of cathepsin B, blocking tumor cells from
invading and migrating into the surrounding stroma [75, 76]. Clinical observations that show
an inverse relationship between Stefin A and cathepsin B in brain and prostate support this
hypothesis. However, correlations between Stefin A expression and clinical outcome vary
greatly by tumor type.

N-myc Downstream Regulated Gene 1 (NDRG1)

NDRGL1 belongs to a four member family of NDRG genes and promotes differentiation
during embryonic development [77, 78]. NDRGL1 was first identified as metastasis
suppressor gene in colon cancer [79]. Differential display of genes in the primary tumor and
metastatic lesions of colon cancer showed NDRG1 expression significantly suppressed
metastatic colon cancer compared to the primary tumor. Later, NDRG1 was shown as a
metastasis suppressor in prostate and breast cancers. NDRG1 significantly suppressed
metastasis in animal models and clinical samples of prostate and breast cancer without
significantly affecting the primary tumor growth in prostate cancer. Further the data from
both studies showed NDRG1 expression correlated strongly with increased patient survival
[80, 81]. NDRGL1 is regulated by N-myc, C-myc, p53, HIF-1 and PTEN [82-86].
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NDRG1 is mainly localized in the cytoplasm but after DNA damage it accumulates in the
nucleus [87]. Localization also appears to be closely associated with metastasis suppressor
activity, with membrane localization a poorer prognostic marker than cytoplasm [88]. It
appears that NDRGL1 is involved in cycling E-cadherin to the plasma membrane stabilizing
the interaction between cells and perhaps reversing epithelial-to-mesenchymal transition
(EMT). Also, reports show NDRG1 interacts with LRP6 (a Wnt receptor) leading to
metastasis suppression [89]. When NDRG1 is proteolytically cleaved loss of metastasis
suppressor function occurs.

Although no significant correlation could be made between NDRG1 expression and the
histologic grade or primary tumor size in breast cancer, low NDRG1 protein is associated
with poor prognosis in several cancers [90-97]. However in several other cancers the reports
are ambiguous.

Src-Suppressed protein Kinase C Substrate (SSeCKS)

SSeCKS is an important regulator of cell signaling and cytoskeletal dynamics. It was
discovered using subtractive hybridization and was found to be suppressed by oncogenic src,
ras, fos, and myc [98, 99]. Re-expression in rat prostatic cancer significantly reduced lung
metastasis and only slightly decreased growth of the primary subcutaneous tumors [100].

SSeCKS is phosphorylated by PKC and regulates cytoskeletal architecture. Following
mitogenic stimuli, SSeCKS is phosphorylated and translocates to the peri-nuclear membrane
where it ultimately allows induction of signaling cascades leading to changes in the
cytoskeleton.

SSeCKS is expressed in benign and well differentiated prostate carcinomas, but not in
highly aggressive and undifferentiated prostate lesions. High expression has also been
correlated with decreased levels of pro-angiogenic factors (e.g., HIF-1, VEGF, FGF-7,
angiopoietin, tenascin C, PDGFR and OPN) and concomitant reduction in tumor vascularity
[101]. Thus, SSeCKS suppression of metastasis appears to involve multiple mechanisms that
impact cell motility, invasion, and angiogenesis.

E-cadherin

E-cadherin was hypothesized to function as a metastasis suppressor when MDCK cells
became more invasive when E-cadherin is lost [102, 103]. Invasiveness inversely correlates
with E-cadherin expression in multiple cell types and over-expression suppressed invasion
[104-106]. E-cadherin is a Ca*2-dependent cell-cell adhesion molecule which forms
complexes with catenin family members and regulates association with the cytoskeleton and
catenin/WNT signaling pathways.

E-cadherin is down-regulated using many mechanisms in many cancers and occurs during
EMT and correlates with metastasis (reviewed in [107-109]). miRNA-9, miRNA-92a and
miR-200 down-regulates E-cadherin expression either directly or by inhibiting transcription
factors that regulate E-cadherin.

Decreased E-cadherin expression and/or cytoplasmic localization are inversely correlated
with favorable clinical outcomes in multiple cancers; however, no correlations were found
with various cancers that had metastasized to the brain.
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Lysine-Specifc Demethylase 1 (LSD1)

LSD1 is linked with specific high-risk tumors [110] and was first identified as a metastasis
suppressor in breast cancer models where over-expression decreased invasion in vitro and
suppressed metastasis without affecting the growth of the orthotopic tumor [111]. LSD1 is a
histone demethylase and is a component of the COREST, CtBP, and the nucleosome,
remodeling (NuRD) histone deacetylation complexes that repress transcription through
chromatin remodeling and epigenetic changes. LSD1 also functions in regulating
development, stemness of pluripotent stem cells, and tumorigenesis and cancer progression
(reviewed in [110]). Members of these HDAC complexes have been associated with changes
that alter cells metastatic potential indicating that the protein composition of the complex
alters the functional specificity of the complex and plays an important role during cancer
progression [112-114]. LSD1 and/or NuRD complex members have also been shown to be
inversely correlated with poor clinical outcomes of gastroesophageal, junction
adenocarcinoma, and bladder cancers; however, there is also evidence that LSD1 expression
leads to tumorigenesis and poor clinical outcomes.

Hormonally regulated Neu-associated Kinase (HUNK)

HUNK suppresses metastasis in basal-type breast cancers by blocking actin polymerization
resulting from inactivation of cofilin-1 and decreasing cell motility and invasion. [115].
HUNK, by phosphorylating cofilin-1, inactivates it, halting actin polymerization. Using two
murine mouse models, HUNK expression decreased metastasis and increased survival
without affecting primary tumor growth [115]. Contrary to these observations, HUNK
promoted metastasis in mammary tumor models [116]. Furthermore, increased HUNK
expression was detected in clinical samples of human breast cancer lymph node metastases
[116]. This function of HUNK was kinase dependent and resulted from its ability to
suppress apoptosis and down-regulate the tumor suppressor p27KIP,

MetastamiR and Non-coding RNA

With the relatively recent discovery that regulatory RNA play roles in cancer, accumulating
evidence also suggest that metastamiR (metastasis-regulatory microRNA — there are several
metastamiR) play roles in controlling cancer metastasis. At least a dozen miRNA promote or
inhibit metastasis in experimental models and that number continues to grow. miR-335,
-126, and -206 were the first metastasis suppressing miRNA discovered [117]. miR-146a
and -146b suppressed metastasis and, in clinical samples, miR-146a expression is inversely
correlated with breast and prostate cancer progression (reviewed in [118]).

MetastamiR are components of complex pathways and are often expressed downstream as
well as upstream of pro- or anti-metastatic signals. Some of these pathways represent feed-
forward and feedback loops. MetastamiR regulation is context dependent. Further, other
regulatory RNA, such as large intergenic non-coding RNA (lincRNA) are being studied that
regulate key aspects of metastasis (reviewed in [118]).

Tissue Inhibitor of Metalloproteases (TIMP)

Up-regulation of matrix metalloproteinases (MMP) often occurs to facilitate tumor invasion
and metastasis. Under normal conditions, cells regulate MMP through four natural
inhibitors, TIMP-1 to -4. The complex roles of MMP and TIMP in virtually every step of
cancer progression is well documented, as are examples where TIMP suppress metastasis
[119-121]. While self-evident that they would play roles as metastasis suppressors, TIMP
functions are clearly dose-and context-dependent.
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Conclusions and Perspectives

Breast cancer metastasis is complex, involving both intrinsic and extrinsic factors. In this
brief review, we have described the growing class of metastasis suppressors. While
mechanisms of action are still largely unclear, some commonalities have begun to emerge.
First, all metastasis suppressors sit at the interface between tumor cells and their impact on
or response to local microenvironments. Second, functionality of metastasis suppressors is
dose- and context-dependent, largely because most of the proteins encoded by metastasis
suppressors interact with other proteins that impinge on cellular pathways. Third, as more
metastasis suppressors are identified, there appear to be metastasis-regulatory pathways and
the pathology of metastasis represents dysfunction of the pathway at one or more steps. But
because of the contextual queues, compensatory changes can result in other cellular
behavioral changes. Fourth, metastasis suppressor mutations are rare. Instead, expression is
down-regulated in advanced cancers.

In this review, the criteria for ascribing a molecule as a metastasis suppressor have been
strictly applied — significant inhibition of metastasis in at least one experimental model
without >50% inhibition of primary tumor growth. As more data are collected, some of the
molecules mentioned will reveal other functions.

While the scope of this review has been to focus on the biological, biochemical and
molecular aspects of metastasis suppressors, a brief mention about how metastasis
suppressors could be used clinically is warranted. The use of metastasis suppressors has
proven useful in some prognostic applications (see above); however, their utility for this
purpose is more limited since visualization of gain-of-function or gain-of-expression cellular
changes is easier to see [122]. As technologies improve, repair of loss-of-function and loss-
of-expression via gene therapy or epigenetic manipulation will become more likely, but has
not yet reached its potential. When metastasis suppressors are involved in cell-cell
communication (e.g., KISS1), administering the protein could prove useful in a therapeutic
context. Despite these limitations, metastasis suppressors still represent prognostic and
therapeutic opportunities, but additional data are needed to realize those potentials.
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Figure 1. Hematogenous metastatic cascade and metastasis suppressors mechanism of action
Cancer progression and metastasis begin when a subset of tumor cells acquire genomic
changes that alter expression of pro and anti-metastatic genes. Tumor cells acquire the
ability to migrate and invade surrounding tissues matrices and basement membranes
(collectively, the stroma). Blood-borne metastases begin when those invasive cells enter the
circulatory system (i.e., intravasation). In the circulation, cells overcome shear forces,
anoikis, and immune surveillance as they travel through the vasculature, sometimes forming
emboli with platelets, white blood cells and/or red blood cells. Surviving cells arrest at the
secondary site through ligand-receptor-based adhesion or physical size constraints. Once
attached, cells extravasate and begin to modify the surrounding stroma. If the
microenvironment is conducive to growth, the cells begin to multiply, or colonize the
secondary tissues. Colonization of the secondary site is the last and most crucial step of the
metastatic cascade. While many disseminated cells can seed distant tissue, exceedingly few
cells form macroscopic masses. Moreover, certain cancers have predilections to colonize
certain organs preferentially (organotropism). For example, the most common sites of breast
cancer metastases are bone, lymph nodes, lung, liver and brain.

Metastasis requires completion of every step of this multistep cascade. It was long ago
recognized that inhibition of any step rendered a cell non-metastatic. Each metastasis
suppressor is listed below the step(s) for which experimental evidence demonstrates
inhibition of the metastatic process. Solid black boxes are metastasis suppressors that only
have experimental data in breast/mammary cancer models. White boxes with solid black
lines are suppressors that have been shown to function in multiple cancer types, including
breast. Boxes with dashed black borders are suppressors that have been shown to function in
multiple cancer types, excluding breast. Note: In Table 1, some of the metastasis suppressors
have reported tumor suppressor activities. For simplicity, tumor suppressor function is not
depicted in this figure.
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