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Abstract

Metastasis is the primary cause of cancer morbidity and
mortality. The process involves a complex interplay between
intrinsic tumor cell properties as well as interactions between
cancer cells and multiple microenvironments. The outcome is
the development of a nearby or distant discontiguous
secondary mass. To successfully disseminate, metastatic cells
acquire properties in addition to those necessary to become
neoplastic. Heterogeneity in mechanisms involved, routes
of dissemination, redundancy of molecular pathways that can

be utilized, and the ability to piggyback on the actions of
surrounding stromal cells makes defining the hallmarks of
metastasis extraordinarily challenging. Nonetheless, this
review identifies four distinguishing features that are required:
motility and invasion, ability tomodulate the secondary site or
local microenvironments, plasticity, and ability to colonize
secondary tissues. By defining these first principles of metas-
tasis, we provide the means for focusing efforts on the aspects
of metastasis that will improve patient outcomes.

Introduction
Medical practitioners have diagnosed neoplasms for over four

thousand years and have recognized that the ability to dissociate,
disseminate, and colonize discontinuous secondary sites (i.e.,
metastasize), is the most lethal attribute of neoplastic cells. In
fact, cure of most cancers is probable whenever diagnosis occurs
before cells have spread beyond the tissue of origin; otherwise,
cancer is often referred to as incurable (1–3).

In their seminal analysis, Hanahan andWeinberg described the
"hallmarks of cancer," in which they identified several intrinsic
characteristics of neoplastic cells—immortality, genomic insta-
bility, resisting cell death, altered metabolism, and invasion/
metastasis. They included several critical aspects of how cancer
cells interact with the stroma—sustained angiogenesis, promote
inflammation, immune evasion, resistance to growth inhibition,
and relative autonomy. Together, these hallmarks and enabling
characteristics define critical elements for cellular transforma-
tion (4, 5). Their conceptual framework has provided clarity
regarding the essential characteristics of neoplastic transforma-
tion. Yet, among those hallmarks, the only defining factor that
distinguishes cancer from amere tumor is invasion of at least one
cell from the primary lump through a basement membrane (6)
keeping in mind that invasion is necessary, but not sufficient, to
develop metastasis. Metastasis is thought to be the ultimate
manifestation of a neoplastic cell's evolution toward becoming

autonomous from thehost. Upon activating the cancer hallmarks,
neoplastic cells continue to evolve. Neoplastic progression is the
process of evolving a normal cell into a life-threateningmetastatic
cancer cell (Fig. 1; refs. 7–9).

Based upon clinical and experimental observations, tumor cells
acquire the hallmarks of cancer fromapremalignant, transformed
state and pass through that benign phase before acquiring inva-
sive/malignant characteristics (10). When viewed at an organis-
mal level, tumor progression typically follows a sequence. Before
becoming tumorigenic, cells lose the ability to differentiate fully;
are no longer contact inhibited; are not anchorage dependent; and
are genetically unstable. Masses typically go through an expansile
phase in the absence of invasion.Cells are alreadypleiomorphic at
this stage and the mass is often encapsulated by a dense fibrous
network (i.e., desmoplasia; refs. 11, 12). With successive genera-
tions, variants arise, and selection changes population composi-
tion. Subsets of the neoplastic cells acquire the ability to escape
through a basement membrane, the defining hallmark of malig-
nancy. Subsets of invasive cells then acquire the ability to detach
from the primary tumor and move elsewhere to formmetastases.
Acquisition of traits can occur in any order, but successful tran-
sition to malignancy requires acquisition of all neoplastic traits.
Similarly, the ability of cells to complete all steps in themetastatic
cascade requires them to acquire certain characteristics that are
superimposed upon the "hallmarks of cancer" (Fig. 1).

The word metastasis was first recorded in the 1580s from a
combination of the Greek prefix or preposition "meta" (change,
alteration, but mostly concerned with the result of the change)
and "stasis" (a state of equilibrium or standing). Thus, metastasis
refers to both a process and the outcome of that process. In this
review, we recognize that both are inextricably linked, and that
precise use of terminology is essential to advance the field and,
most importantly, clinical outcomes. While the process is impor-
tant to understand, the outcome is the most critical aspect
because it is the secondary mass(es) that cause clinical concern.
In the end, our objective is to define the characteristics of both
the process of and the eventual development ofmetastatic lesions.
By definition, metastasis is the process of spreading to a nearby or
distant, discontiguous secondary site and the establishment of
macroscopic secondary foci (13). This definition provides the
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framework for the proposed hallmarks of metastasis discussed
below andprovides critical claritywith regard to patient outcomes
and parameters.

An additional objective of this review is that the proposed
hallmarks of metastasis will provide a conceptual framework that
can be used to accelerate development of therapies designed to
reduce cancer-related deaths (3, 14). An underlying principle is
that understanding the foundational biology is key to developing
preventative strategies or treatments (15). So, upon defining
hallmarks, we will begin to assess their tractability for diagnosis
and/or prognosis.

Just as medicine has evolved toward recognition that neo-
plasia is a cellular disease and has further advanced to under-
stand the molecular underpinnings of neoplastic initiation, it is
now recognized that metastases represent distinct and unique

subsets of cells that emigrated from the primary tumor and are
behaviorally, genetically, and biochemically distinct from the
cells remaining at the site of tumor origin (1). Each metastatic
cell must accomplish an entire series of sequential steps, termed
the metastatic cascade (16). To define metastatic hallmarks, a
detailed look at how the process of metastasis occurs is
prerequisite.

At its core, metastasis requires the dissemination of cells
away from the originating tumor. Because the route that results
in the most widely disseminated pattern is via the bloodstream
(i.e., hematogenous), many researchers and clinicians default
to this being the only route of metastatic spread. Nothing
could be further from the truth (17). Metastatic cells enter not
only the cardiovascular system, but some tumor cells migrate
along nerves (17–19) or along the basal side of endothelial
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Figure 1.

Neoplastic progression is depicted as normal cells become transformed. Transformed cells can acquire additional characteristics to become neoplastic.
Transition through a benign phase is depicted here; however, not all cells within a neoplasm acquire additional characteristics sequentially. The generation of a
cancer/neoplasm is characterized by 10 "hallmarks of cancer" (4, 5). Superimposed upon the hallmarks of cancer are four "hallmarks of metastasis," which are
characteristics required for invasive neoplastic cells to establish macroscopic secondary (or higher-order) masses.
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cells (20), never entering the lumen. Others spread through the
lymphatic vessels or across coelomic cavities. Many textbooks
still pay homage to the notion that carcinomas spread primarily
via lymphatics, while sarcomas spread primarily through the
vasculature. Importantly, lymphatics and blood vasculature
are interconnected and there can be transit between the two
compartments.

Critically, the defining hallmark of metastasis is develop-
ment of any secondary mass that is no longer directly connected
to the originating tumor, regardless of the route the cell(s) took
to get there. Peritoneal metastases from ovarian carcinoma are
as lethal as a brain metastasis frommelanoma, although arising
via different routes. Therefore, it is incumbent upon a correct
understanding of the metastatic process to recognize that false
oversimplifications do not accurately reflect myriad clinical
situations. We will illustrate key principles involved in
blood-borne metastasis as a launching point for defining the
critical characteristics that are involved in any route of meta-
static spread.

The Process of Hematogenous Metastasis:
The Metastatic Cascade
Developing a metastatic cell

The first step in defining the characteristics of metastatic cells is
to understand how they arose. Just as most tumors are clonal in
origin (reviewed in refs. 7, 8, 21), almost all metastases arise from
a single cell (22–26). By the time a cancer mass is clinically
detectable, it is usually comprised of 1010 or 1011 cells (a cubic
centimeter of tissue contains �109 cells). To get to this size,
tumors must recruit a vasculature via angiogenesis (27), coopt
already existing vasculature (28–31), or form tubes that anasto-
mose with capillaries (32).

Within the tumor, cells are morphologically, biochemically,
and genetically heterogeneous (Fig. 2, #1; refs. 33–35). Behavioral
differences can be due to genetic, epigenetic, positional, or tem-
poral variations (33). Genetic heterogeneity refers to the inherent
properties of tumor cells themselves and is demonstrated exper-
imentally by isolation of relatively stable single-cell clones that
differ from each other for a given phenotype. Epigenetic hetero-
geneity refers to transient chemical modifications of DNA and/or
chromatin that lead to the selective spatio-temporal regulation
of gene transcription for a given cell due to environmental con-
ditions (e.g., proximity to O2, pH, growth factors, cytokines,
chemokines, etc.).

The existence of heterogeneous tumor cells has been described
for more than a century (33, 34). Next-generation sequencing
and single-cell analyses have provided a molecular explanation
for some of the variability (36–39). But certain tenets remain
consistent: most tumors and metastases are clonally derived (22,
26, 40, 41); heterogeneity is a consistent characteristic of every
tumor (7); heterogeneity exists for virtually every phenotype
found in cancer (7); and variants within a tumor arise indepen-
dently (24) and appear to retain the capacity for self-replication
and genomic instability (42, 43). Isaiah "Josh" Fidler and Mar-
garet Kripke tested whether metastatic cells arose from primary
tumors using combinations of cloning and Luria–Delbr€uck fluc-
tuation analysis (44). Single-cell clones isolated from a single
tumor varied considerably in their metastatic potentials. Contin-
uous culture of poorly metastatic cells yielded subpopulations
that were highly metastatic and vice versa. In other words, the

clonal populations did not remain homogeneous. Similar results
were obtained in vivo.

At the molecular level, most genetic changes that are prevalent
in later stages of tumor progression are associated with tumori-
genesis, invasiveness, and metastasis (24). The complexity of
tumor progression illustrates that a single genetic change is
insufficient to render a cell metastatic. Combinations of genetic
and epigenetic changes are required to progress or be used as
prognostic tools (45, 46). In addition, as we discuss below,
individual cells can utilize signals from surrounding cells (both
tumor and stromal) to successfully progress. The challenge is
sorting between driver, passenger, and hitchhiker mutations.

Peter Nowell first postulated that genomic instability is the
driving force for neoplastic progression, a concept that has been
supported by abundant data (47). As new tumor cell subpopula-
tions arise, selective pressures imposed by competing tumor cells
as well as host response andmicroenvironmental conditions lead
to coevolution of tumors and stromal cells. Importantly, single-
cell cloning demonstrates the existence of metastatic and non-
metastatic cells within the same mass. Furthermore, isolation of
metastases with repeated reinjection into amenable hosts yielded
increasingly metastatic subpopulations (48, 49). Therefore, the
existence of metastases is the result of specialized subpopulations
endowed with all of the hallmarks of the process. The distinction
between tumor formation and metastasis formation is most
elegantly described by the discovery of a family of genes known
as metastasis suppressors (50, 51). This family of molecules
blocksmetastases while not preventing development of a primary
tumor (52). Therefore, tumor formation and metastasis forma-
tion are distinguishable phenotypes. As a result,metastasis cannot
be a hallmark of all cancer cells.

However, the mutation-selection theory of tumor progression
is not without its detractors. Some argue that the acquisition of
invasive and metastatic behaviors is more a recapitulation of a
process that occurs during embryogenesis—the epithelial:mesen-
chymal transition (EMT; ref. 53). The relationship between
embryogenesis and metastasis is enticingly supported by studies
by Illmensee andMintz (54) andKulesa and colleagues (55), who
injected metastatic melanoma cells into embryos and found that
the tumor cells differentiated into normal, nontumorigenic tis-
sues. Kasemeier-Kulesa and colleagues subsequently showed that
for specific cells, responses to neural growth factor resulted in
bipotent precursor cells (56).

Because invasive cells frequently dramatically change their cell
shape to a nonpolarized,motile, spindle-shaped cell resembling a
fibroblast, some hypothesize that neoplastic cells dedifferentiate
to a more motile mesenchymal cell phenotype. Developmental
EMT and cancer EMT are not equivalent at a molecular level yet
share many common characteristics (53). Cancer EMT is charac-
terized molecularly by the loss of epithelial-specific E-cadherin
from the adherens junctions, and a switch from the expression of
keratins as the major intermediate filament to the mesenchymal
intermediate filament vimentin. Ultimately, epigenetic mechan-
isms and cellular plasticity may play significant roles in driving
tumor progression toward malignancy than what can be
explained solely by mutation and selection (57).

Establishment of a premetastatic niche
The process of metastasis begins long before tumors are detect-

able. During growth of the primary tumor, high levels of genetic
and genomic instability lead to evolution of cells so that they
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acquire characteristics, or manifest properties, which they nor-
mally would not (40). Based upon the selection of metastatic
subpopulations frommixtures of tumor cells, acquisition of traits,
at least some of them, is permanent. However, the capacity of
metastatic cells to regenerate nonmetastatic populations suggests
that some cellular properties are transient. Throughout the pro-
cess, cells adapt to new environments and respond to stimuli
received from other tumor cells and stroma. They must, at least
temporarily, acquire the ability to survive and accomplish each
selective step of the metastatic process.

Prior to exiting the mass, cells within primary tumors commu-
nicate with other parts of the body to establish the so-called
"premetastatic niche" as initially described by Rosie Kaplan and
David Lyden (Fig. 2, #1; refs. 58–60). A number of soluble
factors, some of which are found inside extracellular vesicles
(including exosomes and exomeres; refs. 61, 62), communicate
to both hematopoietic and mesenchymal stem cell popula-

tions (63–65). Stem cells are mobilized and eventually arrive in
and manipulate the secondary microenvironment (sites that will
eventually become metastases) by restructuring the extracellular
matrices (66) and providing an environment suitable for second-
ary outgrowth. It is not yet certain whether the factor(s) secreted
from the primary mass come from cancer cells, stromal cells,
or both.

Motility and invasion
Intrinsic to the process of metastasis is the ability of tumor cells

to migrate (Fig. 2, #2). As little as a decade ago, the prevailing
thought was that migration was primarily a property of cytoskel-
etal reorganization and response to chemoattractant(s). Indeed,
coordinated restructuring of the cytoplasm shifts cell shape and
provides deformability for cells (67–69). Likewise, the direction
of cell movement is associated with responses to attractant
and repulsive stimuli (70, 71). Some cells, however, can be
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The pathogenesis of hematogenous metastasis. 1, The process of metastasis begins when neoplastic cells grow, recruit inflammatory cells, induce angiogenesis,
and begin to initiate establishment of premetastatic niches (gray arrow), while generating mutant variants at high frequency. 2, Neoplastic cells then begin to
invade through surrounding stroma via a variety of motility mechanisms as either single cells (via EMT) or collective migration. 3, Immune cells infiltrating the
primary tumor associate with tumor cells such that neoplastic cells sometimes co-opt the invasive functions of the infiltrating immune cells to enter the
vasculature (intravasation). Single cells that have entered the vasculature typically roll along the endothelium but can form homotypic (tumor cell–tumor cell) or
heterotypic (tumor cell–immune cell/platelet) emboli. After surviving sheer forces, tumor cells selectively adhere to endothelium or arrest when vessel diameter
is too small to traverse. Note that the extracellular matrix where tumor cells invaded surrounding stroma is also reorganized and can result in the release of
matrikines that affect tumor cell and/or stromal behavior. 4, Upon arrest, adhesion tumor cells exit vessels (extravasation) and interact with premetastatic niches
that are permissive for proliferation and colonization of secondary sites. 5, Colonization is dependent upon a combination of tumor cell and tissue-specific
factors. Disseminating cells selectively colonize different tissues and the process of further dissemination (i.e., metastasizing frommetastases) can occur. The
four proposed hallmarks of metastasis are listed in the boxes.
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induced to being merely hypermotile without exhibiting direc-
tional propensity (72). Autocrine responses to motility factors
[e.g., lysophospholipase D (autotaxin) cleavage of lysophospha-
tidylcholine toproduce lysophosphatidic acid; hepatocyte growth
factor/scatter factor (HGF/SF) interaction with its receptor, c-met]
result in chemokinetic activity. Directionality of movement is the
result of chemotaxis (following a soluble concentration gradient;
ref. 73) or haptotaxis (following an insoluble concentration
gradient; ref. 74) in response to a gradient of soluble or localized
factors, respectively.

Ultimately, molecules regulating neoplastic motility are the
same ones used by normal cells. Recognition of the diversity of
motility mechanisms has grown in recent years. By far, the most
common type of motility observed in histologic sections involves
the migration of groups of cells (collective migration; ref. 75).
Analyses of the clusters indicate that the cells retain cell–cell
adhesion and that there is communication from the leading edge
and the trailing cells within each cluster (73, 76).

Another type of cellular mobility usurps a normal embryologic
developmental process (53). The temporary (or permanent) con-
version arising from EMT results in the dissociation of a cell from
its epithelial cousins (77, 78). It is believed that, as cells acquire
mesenchymal characteristics, they become endowed with the abi-
lity to migrate along with reduced cell–cell adhesion. Concom-
itantly, they also achieve stem-like characteristics necessary for
repopulation at a secondary site (78, 79). Later, upon seeding the
secondary site, cells are thought to revert to the epithelial phe-
notype so that they can resume proliferative capacity. The rever-
sion is termed the mesenchymal–epithelial transition (MET;
refs. 80, 81). While there is abundant evidence that the EMT is
associated withmovement ofmultiple cell types, the nonbimodal
continuum of epithelial and mesenchymal markers throughout
the metastatic cascade is not fully consistent with EMT being a
requirement for cell movement (82, 83). Likewise, retention of
cell–cell junctions is paradoxical to EMT being involved in some
types of movement (84). Additional questions regarding the
essential nature of the EMT in metastasis were presented by Tsuji
and colleagues, who isolated and generated cells from a single
tumor that were stable for either epithelial or mesenchymal
characteristics (85, 86). Evaluation of either cell's ability to com-
plete themetastatic cascadewhen isolatedwas nil. However, when
cells were introduced together, their properties complemented the
other cells' deficiencies so that metastases resulted from both cell
types. More recently, use of reporter genetic constructs were used
to assess whether cells eventually colonizing secondary sites had
undergone the EMT. Utilizing fluorescent reporters that turned on
only after EMT-driving transcriptional regulators were activated,
metastases formed from cells that had (or had not) undergone
intervening EMT (87, 88).

There are numerous implications of these above studies. First,
each cell in a metastasis (i.e., secondary mass) is not itself
necessarily endowed with every property to complete the meta-
static cascade. Some cells can coopt or complement those defi-
ciencieswith cooperating cells, either stromal or other tumor cells.
Second, EMT is not essential to complete the metastatic cascade
for every tumor type. This does not diminish an important role for
EMT in certain tumors, but because it is not a requirement, EMT
can therefore not be characterized as a hallmark of metastasis.
Third, it is challenging to ascribe specific roles for EMT to the
metastatic process because mesenchymal tissue–derived tumors
(i.e., sarcomas) are highly metastatic. Sarcomas, importantly,

retain their mesenchymal characteristics after they have seeded
and populated secondary tissues, frequently the lung, obviating
the reverse MET process.

Invasion, the defining feature of malignancy, is the capacity for
tumor cells to disrupt the basement membrane and penetrate
underlying stroma. Although invasion is required for metastasis,
the ability to invade is not sufficient. Some cancers are
highly aggressive, forming secondary lesions with high frequency
(melanoma, pancreatic ductal adenocarcinoma, small-cell carci-
noma of the lung), whereas others rarely metastasize despite
being locally invasive (basal cell carcinomas of the skin, glioblas-
toma multiforme; ref. 89). It should be emphasized that if an
invasive cell cannot complete any of the subsequent steps in the
metastatic cascade, it will not form a metastasis.

Invasion requires changes to cell morphology and phenotype
aswell as altering the surrounding environment. During invasion,
three important processes are dynamically regulated that include
adhesion, extracellular matrix (ECM) reorganization, and motil-
ity. Epithelial cells normally form polarized sheets that are main-
tained by tight junctions and desmosomes. They are anchored to
a basement membrane by hemidesmosomes and intermediate
filaments, integrin contacts, and organized actin in the cytoskel-
eton. To invade, cells alter cell–cell and cell–matrix adhesion
while, at the same time, reorganizing ECM and cellular motili-
ty (90, 91). The structural and functional proteins that regulate cell
adhesion and migration are key downstream targets of oncogenes
and tumor suppressor–controlled signaling pathways and provide
insights into how oncogenic transformation results in progression
to an invasive phenotype. Many of the proteins involved in tumor
invasion have also been observed to affect other processes that are
part of the hallmarks of cancer including cell survival, growth,
apoptosis, and angiogenesis. This highlights the intricate network
of interrelated pathways controlling cell behavior (92).

Normal tissues are separated by basement membranes and
fascia that compartmentalize and organize physiologic functions.
Extracellular matrices provide a scaffold for the organization of
cells and spatial cues that dictate cell behavior (93). Each matrix
is composed of proteins, primarily triple-helical collagens and
glycoproteins (e.g., laminins, fibronectin, proteoglycans). Base-
ment membranes are specialized ECM that forms a barrier sep-
arating polarized epithelial, endothelial, and muscle cells from
the underlying tissues. Interstitial matrix provides the structural
characteristics of connective tissues. ECM composition varies
between tissues and organs; and provides important contextual
information to cellular constituents (94). In addition, the ECM
interacts withmany secretedmolecules to serve as a repository for
regulatory proteins and growth factors. Thus, the interaction of
cells with ECM molecules dictates their ability for survival,
growth, differentiation, and migration (95). Moreover, selective
proteolysis of ECM components leads to release of fragments that
further regulate protein function and may be involved in
cell signaling. These factors are collectively known as matri-
kines (96–99).

Motility is, therefore, necessary but not sufficient to transit from
a tumor to the blood. Barriers must also be traversed by cells that
eventually become metastases, leading Liotta to articulate the
critical elements of motility and invasion (100). Specifically, cells
must attach to, and create passageways through, extracellular
matrices. Therefore, adhesion is required for cells to have suffi-
cient traction to move forward, but not be so strongly adhered as
to prohibit movement.
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Adhesion occurs on the unique matrices of each tissue and
occurs because of a number of molecules, primarily through
transmembrane glycoproteins known as integrins (101–103).
There are 18 alpha and 8 beta subunits that combine into specific
heterodimers, eachwith specificity for certain ligands thatmediate
signals in both directions. Intracellular signaling pathways can
modulate strength of cellular adhesion (inside-out signaling) and
changes in cellular adhesion canalter cellular phenotype (outside-
in signaling). In addition, integrins cooperate with other cell
surface molecules to mediate growth factor responses.

Extracellular matrices are remodeled by degradative enzymes
produced directly by tumor cells or by tumor cell–associated cells.
Proteolytic enzymes that contribute to matrix degradation and
facilitate tumor cell invasion include, but not limited to, serine
proteinases (plasmin, plasminogen activator, seprase, hepsin, and
several kallikreins), cysteine proteinases (cathepsins B and K),
aspartyl proteinases (cathepsins D and E), and metal-dependent
proteinases of the matrix metalloproteinase (MMP) and a disin-
tegrin and metalloproteinase (ADAM) families. Other matrix-
degrading enzymes such as heparanase, an endoglycosidase that
cleaves heparin sulfate proteoglycans, andhyaluronidase cleavage
of its substrate hyaluronic acid, have also been causally associated
with tumor progression and invasion.

Matrix-degrading enzymes can work either alone or by inter-
acting with, activating or inactivating, each other. Expression of,
and activity of, many of the 23 members of the MMP family of
matrix-degrading metalloproteinases correlate with advanced
cancer (104–106). Likewise, the plasminogen activator/plasmin
system has been causally implicated in cancer invasion, and
urokinase plasminogen activator (uPA) and plasminogen activa-
tor inhibitor-1 (PAI-1) are validated prognostic and predictive
markers for breast cancer (107, 108).

Activity cascades are important regulators of proteolytic func-
tion, protease degradation, and activation. The cascades may
paradoxically also include endogenous inhibitors, including
the tissue inhibitors of metalloproteinases (TIMP), serine pro-
teinase inhibitors (SERPIN), and cysteine protease inhibitors
(CYSTATIN). As an example, pro-MMP-2 conversion to active
MMP-2 requires the activity of MT1-MMP (MMP-14), a trans-
membrane MMP that is activated by the prohormone convertase
family member furin, and TIMP-2. Stoichiometry of these mole-
cules is critical to balance function. Other proteolytic cascades can
be intertwined during the degradation of ECM, e.g., cathepsin(s)
! uPA ! plasmin ! MMP. Importantly, the notion that pro-
teolytic enzymes function exclusively to break down physical
ECM barriers has been debunked by numerous studies demon-
strating that substrates and cleavage products modulate cellular
growth, differentiation, apoptosis, angiogenesis, chemotaxis, and
migration (92).

Taken together, cellular movement requires coordinated
cell–cell and cell–matrix adhesion, matrix degradation, and
cytoskeletal activity. The type of cell migration (collective,
mesenchymal, or amoeboid) is influenced by the relative levels
of adhesion, cellular, and nuclear deformability (109) and
cytoskeletal structure (75). Modulation of any of these factors
converts between motility type. During motility and invasion,
cells organize adhesive, proteolytic, and motility components
into specialized structures known as invadopodia (110–112).

Tissuematrices vary logarithmically in stiffness between tissues
and between individuals (113–115). Differences in the relative
tensegrity contribute to the strength of adhesion as well as the

speedofmigration (116, 117).Collagenfibers are oftenorganized
as a meshwork in most matrices, but the fibers become realigned
due to tumor cell manipulation (118–120). The migration of
subsequent invading cells occurs at a faster rate than the move-
ment of the pioneering cells. This observation leads to a sense that
neoplastic cell movement may be preprogrammed. Perhaps can-
cer cells are attempting to recapitulate one or more embryonic
processes, although there is no solid evidence to support this
hypothesis.

Eventually, tumor cell migration is toward a transportation
compartment (vasculature, lymphatics, coelomic cavities; Fig. 2,
#3). As mentioned above, most distant metastases arise because
cells transit through the vascular system because this provides
opportunities for thewidest dissemination in the shortest amount
of time.However, it is essential to remember the interconnectivity
between transit compartments, for example, lymphatic connec-
tion to vessels at the thoracic duct.

Migration is not accomplished only by properties of the tumor
cell. In recent years, it has become increasingly apparent that
inflammatory cell populations present in the primary tumor
contribute to motility and invasion (Fig. 2, #1 and #4). Differ-
entially polarized innate immune cells can exert either pro-or
anticancer affects (121–123). The immune cells that are antitu-
mor are designated N1 or M1 neutrophils or macrophages,
respectively. In contrast, populations of polymorphonuclear
cells (PMN) or macrophages that assist tumor cell invasion and
migration are designated N2 or M2, respectively. Several recent
studies demonstrated that the situation is not as simple as a
bipolar system, but from a conceptual standpoint, it is apparent
that neoplastic cells engender seditious behavior of immune
cells by as-yet relatively ill-defined mechanisms. Analogous
scenarios with carcinoma-associated fibroblasts have also been
described (124).

One of the first demonstrations of immune cell polarization
to assist invasion was described by Aeed and colleagues (125),
who demonstrated neutrophilia developed in proportion to
metastatic behavior of rat mammary adenocarcinoma cell lines.
Coinjection of tumor-induced PMN increased metastatic
efficiency in vivo and enhanced invasive properties in vitro. The
latter were associated with increased production of MMP and
heparanase (125). Interestingly, only tumor-induced neutro-
phils promoted invasion, not artificially stimulated PMN. Sub-
sequently, tumor cell production of GM-CSF and IL3 were
determined to be responsible for PMN mobilization from the
bone marrow and possibly differentiation (126). At the time of
those experiments, the molecular markers for the neutrophil
subpopulations were not as refined as they are today, but
the phenotypes are consistent with what are currently called
myeloid-derived suppressor cells (127, 128). Analogous situa-
tions are probably operational for macrophage or other pro-
tumorigenic/prometastatic polarization.

Intravasation
After local invasion, cellular dispersion requires entry into a

transit compartment (Fig. 2, #3), in the case of blood-borne
metastasis, the process is termed intravasation. John Condeelis,
Jeff Pollard, and colleagues (129–131) have characterized a
number of metastasis-promoting aspects of macrophages, partic-
ularly at the step of intravasation (i.e., entry into a vascular
compartment). Interestingly, alternating tumor cell and macro-
phages into a "conga line" suggests that the macrophages may be
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induced to secrete proteinases, which the tumor cells do not then
need to produce on their own.

Intravasation requires, at least, partial degradation of the ECM
and basement membrane underlying endothelial cells. The inva-
sion processes described above continue so that tumor cells
squeeze between endothelial cells to extend filopodia into the
lumen. During this process, in vitro studies suggest that the
integrity of the endothelial barrier (as measured by electrical
resistance) is not significantly disrupted (132, 133). In other
words, tumor cells, by mechanisms that are still not fully under-
stood, do not fully disrupt the tight junctions and yield overt
leakage from capillary intima. This point does not undermine
what is known about angiogenesis-induced vasculature and
tumors. Specifically, the vasculature in tumors is notoriously
tortuous and ill-formed (134, 135). Tumor cell production of
VEGF is also associated with increased vascular permeability.
Indeed, VEGF was originally called VPF or vascular permeability
factor (136). Critically, tumor cells enter the vasculature or
lymphatics or body cavities most often by wedging between cells
at the junctions between them (137). Hence, the abnormal
vasculature resulting from tumor angiogenesis represents an
easier entry point for tumor cells.

The above observations highlight other mechanisms of motil-
ity as well. Overholtzer proposed another mechanism by which
tumors could transit endothelial linings, a process they termed
entosis (138). In essence, tumor cells can pass through vessels and
emerge on the other side. However, most cells fail to survive this
nonapoptotic cell invasion process. The frequency of entosis is
open to debate because it is not widely observed in pathologic
sections. But the frequency of trans-endothelial migration in vitro
does appear to occasionally involve entosis.

More recently, a mechanism of intravasation reminiscent of
passive invasivemechanisms characterizedbyDaleComan, Irving
Zeidman and colleagues has been described (118, 139, 140).
Dissociated tumor cells at the leading edge are "pushed" into the
circulation by the division, and natural expansion, of the cells
behind them (141). As blood passes by cells in a vessel lumen,
neoplastic cells can enter the blood by passive pushing and
pulling forces. The more passive nature of cellular invasion and
intravasation highlighted by this recent study were first described
using quick setting polymers in the early days of metastatic
research. Tumor cells frequently take the line of least resistance
during the metastatic process. As alluded above, pioneering cells
will restructure matrices or open channels through which subse-
quent cells may more efficiently (and quickly) traverse.

Dissemination and transport
Upon entry into a transport compartment, tumor cells can then

disseminate wherever that compartment goes (Fig. 2, #3). Move-
ment within vessels or cavities can be either active or passive.
Although the efficiency of entry of cells into the vascular com-
partment varies widely, the frequency of tumor cell entry into the
vasculature is amazingly common—between 1–4 � 106 cells per
gram of tumor enter the vasculature per day (142, 143). The early
steps ofmetastasis are therefore not as infrequent as the successful
colonization of secondary sites. The process of successfully
metastasizing is highly inefficient (142, 144). Thus, it is critical
to distinguish between mere dissemination or spreading of cells
and development of overt metastases.

A clinical study exemplifies this critical distinction elegantly.
Palliative treatment of patients with advanced ovarian carcinoma

using peritoneovenous (LeVeen) shunts to reduce ascites burden
showed that, despite continuous entry of billions of viable tumor
cells into the circulation, metastases to the lung (i.e., the first
capillary bed encountered) were rare (145).

During dissemination, characteristics of the circulating tumor
cells (CTC) vary widely. For example, a full continuumofmarkers
associated with epithelial or mesenchymal characteristics are
found in the vasculature. Of the millions of cells that enter the
vasculature daily, the overwhelming majority (<<0.01%) fail to
successfully colonize secondary sites. The efficiency of metastasis
can increase if tumor cells maintain structural emboli (both
homotypic or heterotypic) or if they become encased within
fibrin clots (146). Larger emboli are more efficiently trapped as
vessel diameters decrease (144, 147, 148). The latter situation, in
part, explains how the vast majority of metastases tend to occur at
thefirst capillary bed encountered (149, 150). Still, the location of
successful colonization of secondary tissues is not entirely deter-
minedbynonspecific arrest. In addition to the structural impact of
emboli, CTCs exhibit altered gene expression patterns, in part, due
to changes in epigenetic marks (151).

Once tumor cells enter any circulatory compartment, they
move via active motility mechanisms or more passively (i.e.,
pushed along with fluid flow). Injection of radiolabeled cells
directly into circulation reveals that a substantial proportion are
lost during the transport phase of the metastatic cascade. In the
bloodstream, tumor cells are in intimate contact with leukocytes
and other immune components. Throughout transit, tumor cells
evade immune insults. They do this by downregulating antigens,
secretion of factors that trick the immune system into recognizing
tumor as "normal," or direct killing of immune cells. Others are
killed by exposure to hemodynamic sheer forces (152). The
average tumor cell (20–30 mm diameter) must squeeze through
capillaries significantly smaller (6–7 mm). Even when tumor cells
can deform, they encounter significant hydrostatic pressures.
Cell origin and biophysical parameters (i.e., membrane fluidity,
cellular elasticity, and cytoskeletal organization) determine
whether cells remain intact or are broken by sheer. Experimental
measurement of these parameters in vivo is complicated by the
time it takes to remove lungs, liver, heart, and muscle postinjec-
tion of tumor cells (2–3 minutes) because most cells are already
dead due to mechanical trauma.

Deformability is also impacted by the pressures found within
various tissues. For example, blood flow in osseous sinusoids is
sluggish compared with capillaries and postcapillary venules
(�30-fold lower). By analogy, flow in bone is like the ebb and
flow of the everglades compared with the river rapids found in
capillaries. During transport, tumor cell behavior is determined
by their existence as either single cells or as emboli (153–155).
Embolization can either be homotypic (tumor cell–tumor cell) or
heterotypic (tumor cell–leukocyte, -platelet, -fibrin). Embolus
size contributes to where cells adhere but also protects cells from
shear forces and immune attack (156).

Intravital videomicroscopy of cells in circulation reveals that
most roll rather than float, just like leukocytes (157, 158). During
this time, tumor cells remain weakly adherent and subject to
anoikis (a specialized type of apoptosis in which cells that are
anchorage-dependent are induced to die). Note: anchorage inde-
pendence is a misnomer because the type of substrate to which
cells are attached also plays a critical role. Cells growing in soft
agar are, in fact, attached to carbohydrate moieties via lectins, for
example, adherence to galactose by galectins. Some tumor cells
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will induce apoptosis even if firmly attached to a substrate if that
substrate is not the preferred one for that cell type (159).

Cellular arrest, vascular adhesion, and extravasation
Following circulation, tumor cells either arrest due to physical

constraints such as microvascular diameter or adhere to the
intimal layers of a vessel (Fig. 2, #3). Endothelial cells lining
blood vessels are the first barrier to exiting vessels, although cells
can adhere to exposed basement membrane underlying the
endothelium. There are three types of vessel intimal structures
found in higher vertebrates—continuous, discontinuous, and
fenestrated. Most endothelial cells form tight junctions and have
a continuous, unbroken basement membrane beneath them. In
certain organs, such as liver and spleen, endothelial cells and the
basement membrane are discontinuous. In the kidney, although
there are gaps between endothelial cells, a membrane-like struc-
ture connects them. The entire structure overlaps in a continuous
basement membrane. These endothelial/basement membrane
barriers contribute to the normal function of the tissues and form
additional barriers through which tumor cells must pass.

Endothelial cells in each tissue express unique (combinations
of) markers (160–163). Those markers represent tissue
"addresses" that tumor cells can recognize and adhere to in a
selective manner (164, 165). This selectivity is thought to be
among the mechanisms leading to selective organotropism of
metastasis (see below). Both in vivo and in vitro analyses indicate
that initial attachment of cancer cells occurs preferentially at
endothelial cell junctions, followed by endothelial retraction and
adhesion of cancer cells to the underlying basement membrane.
Even more efficiently, tumor cells adhere at sites where inflam-
mation is taking place (166–168), perhaps explainingwhymetas-
tases often arise at sites of tissue injury (169–171). During
inflammation, endothelial surface markers change so that leuko-
cytes more readily adhere and eventually traverse the site of
tissue injury (158, 172). Following transendothelial migration,
cancer cells encounter the basement membrane, begin to secrete
proteinases, deform as they squeeze between cells and through
holes in the matrix, and begin the process of colonization. The
molecular mechanisms of extravasation are thought to be similar
to those involved during intravasation but have not been exhaus-
tively studied.

Extravasation is exiting a vessel and entry into an organ paren-
chyma. Previously, extravasationwas viewed as a key rate-limiting
step for metastasis formation, but intravital videomicroscopy
studies indicated that extravasation can be remarkably efficient.
For example, Chambers and colleagues showed that nearly 90%
of B16-F1 murine melanoma cells injected into the mesenteric
vein arrested in the liver 90minutes after injection.Of the injected
cells, 83%were in the liver parenchyma three days later (i.e.,>95%
of the arrested cells extravasated; ref. 173).

The time between detachment of cells from the primary tumor
mass to readhesion or arrest of cells at secondary sites is minutes,
far shorter than the time required for transcription, translation,
and reexpression of adhesion molecules. Exactly how cells lose
cohesion yet regain it during such a short interval is perplexing.
Whether it involves a different cache of adhesion molecules, the
involvement of other cells, or different associations between
adhesion molecule regulators will await experimental testing.

It is important to note that there is debate whether extravasa-
tion is required for metastasis. In the case of some pulmonary
metastases, there is evidence that tumor cells can attach to the lung

endothelium, survive, and grow intravascularly (174). Extravasa-
tion occurs in this model only after intravascular foci expand to
destroy vessel integrity.

Colonization
Colonization of secondary tissues requires the same elements

as growth of the primary tumor (Fig. 2, #4). There must be
sufficient oxygenation and nutrients to divide. Initial growth of
the metastases can occur in the absence of angiogenesis, but
growth beyond a certain size (�1 mm) requires cooption of
existing vessels, development of new vessels or the formation
of vascular channels by tumor cells themselves (27, 175, 176).

The establishment of a supportive metastatic environment
occurs prior to the arrival of any carcinoma cell, the so-called
premetastatic niche (Fig. 2, #4). Elements of the supportive
environment include VEGFRþ bone marrow progenitors (177),
MDSCs (58), and neutrophils (178, 179). Like what has been
observed in primary tumors, polarization of some immune cells
at the premetastatic niche creates an environment that will be
more amenable to tumor growth. Relatively recently, a process in
which neutrophils extrude DNA that can be used to kill bacteria
has been observed at sites where tumor cells more efficiently
colonize. The extruded DNA is termed a neutrophil extracellular
trap in a process known as NETosis (180, 181). The underlying
mechanisms for this immune change are not fully defined but are
consistent with a profound manipulation of host responses to
tumor cells necessary for successful completion of the metastatic
process.

The patterns of metastases are nonrandom (49, 182, 183).
Using autopsy data, Leonard Weiss determined that most metas-
tases formed where disseminated cells encountered the first
capillary bed or lymph node (149). Yet, despite receiving only
approximately 15% of cardiac output, bone is the most common
site of metastases across all tumor types. Specifically, bone is the
most common site for breast and prostate cancer metastasis.
Stephen Paget, in a seminal study in 1889 evaluated the patterns
of metastases for breast cancer and determined that the bone is
disproportionally involved (183). Through this, he posited what
is now widely recognized as the "seed and soil" hypothesis.
Abundant evidence has been collected to support the key tenets
of this hypothesis (reviewed in refs. 49 and 182; Table 1; Fig. 2,
#5). First, tumor cells are endowedwith certain characteristics that
enable them to survive the multiple steps of the metastatic
cascade. Second, tumor cells selectively respond to select signals
from host tissues so that the distribution of metastases is not due
to chance, but due to the combination of properties between the
cell "seed" and the organ "soil" in which it will develop. Recent
data have added a third element to the seed and soil hypothesis,
that we analogize to the climate (184–187). The latter represents
the overall health of the individual and certain inherent back-
ground genetic components that lead to alterations of immune
function, metabolism, etc.

SinceOttoWarburg posited that cellmetabolismwas key to the
transformation of cells (188), exploration of the roles of metab-
olism in metastasis has been studied extensively (reviewed
in refs. 189–192). Both pro- and antimetastatic impact of mito-
chondrial content (193, 194) and function (195) as well as
location (196–199) have been reported. In addition, metabo-
lism-related functions, such as autophagy and mitophagy,
have been associated with invasive and metastatic activities of
cancer cells (200, 201).
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Importantly, the mechanical or anatomic theory and the seed
and soil hypothesis are notmutually exclusive. Even if tumor cells
are directly injected into certain organs, only those able to respond
to the local environment by proliferating will form masses.
Experimental data supporting the "seed and soil" hypothesis
include organ-selective adhesion (49, 202), invasion (203), and
growth (204–208).

What mechanisms are responsible for differential growth of
tumor cells in various tissues? This question has been exten-
sively studied; yet, the answer still remains largely unknown. It
is clear that coordinated expression of many genes is
required (46, 209–212). It would seem that there is a hierarchy
of gene expression responsible for metastatic propensity. We
propose that there are genes that endow neoplastic cells with
the ability to metastasize, upon which there are additional
genes that determine where metastases will develop. Multiple
investigations have attempted to isolate the factor(s) in various
tissues that promote the growth of organ-specific metastasis.
While crude lysates or conditioned media do show patterns of
organ-selective growth promotion or inhibition, to the best of
our knowledge no one has yet fully succeeded in identifying
and purifying the combination of factors responsible for
organ-specific colonization. Nonetheless, some metastasis-
regulatory factors have been identified. Although natural to
focus upon growth-promoting factors, there is also evidence
that some tissues are hostile to tumor cells (204, 213). As is the
case for growth-promoting factors, the identity of the growth-
inhibitory factors is also largely ill-defined (210, 214, 215).
Evidence that Wnt pathways might be interact with TGFb
signaling to regulate bone metastasis development have been
identified (215). Likewise, the immune and inflammatory
systems vary by tissue and could contribute to differential
growth (216–218). For example, Boire and colleagues recently
identified complement component 3 as a factor contributing
to the development of leptomeningeal metastases (210). Con-
versely, Ku and colleagues determined that factors secreted
from MDSC populations can impact L-selectin–dependent
adaptive immunity in lymph nodes (219), which could, in
turn, influence the efficiency of metastasis to draining lymph
nodes. In addition, physical forces such as the strong hemo-
dynamic vortices in the heart are not amenable to arrest,
survival, and growth for most cells.

Organ selectivity of metastasis has led many to speculate
that there are "homing" mechanisms such as chemotaxis or
haptotaxis. Evidence supporting the notion of chemotactic
gradients was first provided by Zlotnik laboratory (220). Using
microarrays, they found that tumor cells expressing CXCR4, a
chemokine receptor, preferentially metastasized to tissues
expressing the ligand, SDF1/CXCL12. While the data strongly
support the notion that there are soluble factors produced in
different tissues to which tumor cells can respond, homing has
never been observed. Strictly speaking, homing would require
directed movement throughout the transit of tumor cells as
they leave the primary tumor. Rather, tumor cells distributed
according to circulatory patterns initially but may "home" once
they are more proximate to a site of eventual colonization.
Many of the homing mechanisms utilized by lymphocytes for
peripheral lymph nodes or sites of inflammation are apparently
shared by tumor cells as well.

Colonization of secondary (or higher-order) sites does not
require immediate cell division. Dormancy refers to an interlude
during a progressive process. In the case of metastasis, dissemi-
nated cells recur as macroscopic lesions months to years post-
seeding (205, 221, 222). During the interim, they are below the
limit of detection and, except for a handful of experiments, their
status during that time is largely a black box with regard to
understanding. Severalmechanisms leading to observed dorman-
cy have been proposed and recently reviewed (205, 223). Briefly,
Hadfield first proposed that cells may have undergone a tempo-
rarymitotic arrest or a prolonged time in the G0–G1 phases of cell
cycle (224). This theory is supported by observations that labeling
CTCs or disseminated tumor cells (DTC) with the proliferation
marker, Ki67, suggests that a high proportion are nondivid-
ing (225). Judah Folkman proposed that observations of dor-
mancy were due to lack of sufficient blood supply, keeping tumor
masses below the limits of detection (i.e., angiogenic dormancy;
ref. 226). Similarly, DTCs may be held in check by immune
mechanisms, sometimes referred to as immune editing (227).
Also, stromal changes in metabolism (223, 228) or other aging-
associatedphenotypes (229) could be responsible for escape from
dormancy. At this juncture, however, whether other populations
of cells have remained quiescent or have undergone balanced cell
division/apoptosis during the interim is not yet known. Among
the most critical insights necessary for improving therapeutic

Table 1. Organotropism of metastasis

Primary tumor site Common site(s) of metastasis Sites not explained by circulatory pattern

Breast Bone, lung (pleura), liver, brain, adrenal, axillary lymph nodes,
contralateral breast, ovary

Bone, adrenal glands, contralateral breast, ovary

Colon Liver, lymph node, lung, direct extension into urinary bladder or stomach
Kidney Lung, liver, bone Bone
Krukenberg adenocarcinoma Liver, ovary Ovary
Lung Bone, brain, lymph nodes, pleura, diaphragm (by direct extension), liver,

kidney, adrenal, thyroid, spleen
Bone, adrenal, thyroid, spleen

Ocular (uveal) melanoma Liver Liver
Ovary Diaphragm, peritoneal surfaces, lymph nodes
Pancreas Liver, stomach (by direct extension), colon, peritoneum
Prostate Bone (particularly vertebrae and pelvis), lymph nodes Bone
Stomach Liver, lymph nodes, lung, bone Bone
Testes Lymph nodes, lung, liver
Urinary bladder Lung, rectum (by direct extension), colon, prostate, ureter, vagina, bone,

lymph nodes, peritoneum, pleura, liver, brain
Uterine endometrium Lung, lymph nodes, liver, ovary

NOTE: Adapted from refs. 49 and 266.
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outcomes related to metastasis will be understanding the
mechanisms responsible for escape from dormancy to colonize
secondary sites.

Metastases can subsequently metastasize (230). Once a tumor
cell colonizes a secondary site, genetic instability inherent in
neoplastic cells continues to operate at each cell division. It is
observed that cells from metastases can recapitulate the multiple
steps above and move to other sites in the body. A clinical
manifestation occurs with the observance of DTCs in the bone
marrow of tumors. Pantel and colleagues have elegantly shown in
a variety of tumor types that DTCs are often associated with worse
clinical outcome (231, 232). Even for cancers that rarely metas-
tasize to the bone (i.e., colon) the presence of DTCs in bone
marrow biopsies is often a predictor of development of liver
metastases.

Questions That InfluencedOurDefining the
Hallmarks of Metastasis
When do cancer cells metastasize?

With the advent of next-generation sequencing, exploration
of the processes of metastasis and the genetic relationship of
primary tumor to metastases has been explored in greater
detail. The long-held notion that metastatic cells are the ulti-
mate stage of tumor progression (i.e., a late event in tumor
progression) has been challenged (206, 233, 234). While
clinical observations clearly suggest that earlier diagnosis
results in better prognosis, reemergence of dormant cells dec-
ades following initial diagnosis of early-stage tumors questions
that assumption (235–237). Obviously, cells have disseminat-
ed prior to diagnosis.

There is debate regarding whether metastases arise following
parallel or sequential evolution (35, 238). Bothmechanisms have
been observed and are entirely consistent with the metastatic
cascade outlined above. As populations of tumor cells arise at the
primary tumor, some disseminate early, others disseminate later,
and still others acquire mutations after they have already seeded
the secondary sites. Single-cell analyses confirm that >90% of
metastases are clonally derived and possess the same driver
mutations that led to tumorigenesis.

What induces cells to disseminate?
Neoplastic cells are dependent, but not entirely so, on the

stromal microenvironment. They do not require exogenous
growth inducers to the same extent as their normal counterparts
nor are they as sensitive to growth-inhibitory signals. If the
primary tumor has limited nutrients or oxygen, cells may be
"motivated" to move elsewhere. Several studies demonstrate that
transient hypoxic conditions alter gene expression rendering cells
more metastatic (239, 240). The primary mechanism thought to
engender the metastatic capability is through a gene expression
cassette controlled by hypoxia inducible factor (HIF1; refs. 241,
242), which includes several prometastatic genes such as Ras,
EGFR, Her2/neu, VEGF, IL8, MMP, uPA, PIK3CA, etc.

When is a metastasis not a metastasis?
Because metastasis requires accomplishing several different

steps, the questions arise: what is the clinical relevance of dis-
seminated cells? And are single disseminated cells metastases?
These questions have been debated for more than a century and
are even more relevant today.

The presence of undetectable single ectopic cells was not an
issue until techniques capable of detecting them (or small
emboli) were developed. Happenstance sections in autopsy tis-
sues often detect disseminated neoplastic cells, but their clinical
importance was negligible because they were not affecting organ
or tissue function. This observation does not belittle the potential
clinical importance of disseminated cells, because they have
accomplished antecedent steps of metastasis. They may retain
potential to become a bona fide metastasis, even after years in
ectopic sites (231, 243). This fact emphasizes the critical aspects of
disseminated cell dormancy before colonization.

The clinical challenge is to discriminate between cells merely
leaning toward metastatic behavior from those destined to
become actual secondary masses. Mere presence of tumor cells
in the peripheral circulation, lymph nodes, or bone marrow are
indicators of poor prognosis (244, 245); however, correlations are
imperfect (246). Recent staging criteria incorporate parameters of
single cells or microscopic metastases. Are they metastases? We
would argue not because it is not known whether those cells are
fully capable of colonizing a secondary site.

The distinction between disseminated (or disseminating) cells
frommacroscopicmetastases has important clinical implications.
Currently, it is not known whether persistent cells are dormant
(i.e., nondividing) or of limited replicative ability. Dormancy
would explain resistance to current treatments that, for the most
part, target proliferating cells. In contrast, limited replicative
ability would provide a potential mechanism for emerging new
mutations being passed on to progeny. Failure to distinguish
bona fide metastases from inert disseminated cells has important
implications. Currentmedical practice is to eliminate or diminish
all risk to the patient. If cells have already spread, then aggressive
treatments are advocated. The extent and location of spread
determines a treatment plan. However, patients might be sub-
jected to more cytotoxic agents than necessary because most
disseminated cells fail to form secondary tumors. Findings that
cancer cells may emigrate when tumors are microscopic may
warrant aggressive treatments regardless.

The studies above also highlight limitations regarding recent
studies analyzing single cells. While it is certainly possible
to demonstrate heterogeneity between cells, it is impossible to
determine which cells, if any, would eventually develop metas-
tasis. Similarly, which of the biomarkers identified (or combina-
tions of biomarkers) is functionally relevant will require further
validation.

Defining the Hallmarks of Metastasis
When we embarked upon writing this review, we recognized

that there have been many articles written on topics related to
metastasis, but none in recent history that deals with the specific
properties of a metastatic cell. We also recognized that a plethora
of "hallmarks" papers have been published in recent years (more
than 700 titles in PubMed). Many have helped refine the discus-
sion, but others missed the key point regarding a hallmark,
defined by Merriam Webster as a distinctive or distinguishing
feature or trait.

Ascribing specific hallmarks to either the metastatic process or
the development of metastatic lesions has been challenging
because tumor cells utilize cellular processes, signaling cascades,
andmolecules that are shared by normal cells. Except formutated
driver mutations, cancer cells use the same cellular machinery as
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their normal counterparts. This fact represents one of the major
reasons that cancer has been so difficult to prevent or treat
effectively without significant toxicities. Cancer cells largely do
normal things at inappropriate times and at incorrect places.

In describing what takes place during the metastatic cascade, it
is wholly clear that there is redundancy allowing cells to overcome
one deficiency yet complete individual steps using alternative
pathways. Furthermore, at many steps in the metastatic cascade
neoplastic cells piggyback on the actions of surrounding stroma.
Thus, the heterogeneity present within any tumormakes ascribing
a hallmark extraordinarily challenging (247). The situation is
even more complex when dealing with the process of metastasis
because any hallmarks of metastasis are superimposed upon the
hallmarks of cancer itself.

Notwithstanding these obvious limitations, we propose that
there are four capabilities, or essential hallmarks, for the meta-
static cascade and formation of a secondary tumor focus: motility
and invasion; ability to modulate the secondary site or local
microenvironment(s); plasticity; and, ability to colonize second-
ary tissues. These hallmarks are discussed extensively above but
are summarized below in the context of refining key definitions
and implications.

Motility and invasion
To emancipate themselves from a primary tumor, cells must

possess the ability to move. There are many ways in which cancer
cells can escape, but the capacity to migrate is the sine qua non of
metastasis. While cellular movement can be aided by other cells,
metastatic cellsmust inherently possess the ability tomove, either
as an individual cell or as a community of cells.

By definition, malignancy requires cells to penetrate a base-
ment membrane. Therefore, metastatic cells must somehow pos-
sess the capacity to invade. However, this capacity need not be
intrinsic but can be the result of usurping the invasive capabilities
of infiltrating immune cells or altering the behavior of adjacent
stromal populations. Also critical is recognition that motility is
necessary, but not sufficient, for invasion.

Modulation of the microenvironment
A striking characteristic of all metastases is their ability to

restructure the local tissue by: recruiting new cells into the local
microenvironment, elicitingmobilization of immune/inflamma-
tory cells, telegraphing a restructuring of other tissues, altering
metabolism of surrounding stroma, negating antitumor actions
of the immune system,manipulating the behavior of other cancer
cells, altering the extracellular matrix, or coopting normal beha-
viors of other cells to accomplish one or more steps of the
metastatic cascade.

Plasticity
All cancers are heterogeneous (248–250). Furthermore, mea-

surement of tumor composition at any time is merely a snapshot
because selective pressures alter the composition and cellular
behavior. Tumor cells communicate with each other as well as
with normal stroma.Neoplastic cells can alter growth rate of other
cells (43, 251), drug resistance (252–255), and metastatic capa-
bility (85, 256). Communication can be directly to another tumor
cell or via an intermediary cell. Regardless, communication
between tumor cells and between tumor cells and host cells
results in changed behavior and plasticity. Therefore, heteroge-
neity is heterogeneous both spatially and temporally (33).

From an evolutionary perspective, cellular plasticity provides a
selective advantage (257). This is especially true when one con-
siders the variety of microenvironments through which dissem-
inating cells must transit during the metastatic cascade (257).
Likewise, the capacity to grow in more than one soil requires the
capacity to adapt.

Throughout the metastatic cascade, cells must respond to
continuously changing matrices, environmental conditions
(e.g., pO2, nutrients, sheer, etc.), and insults. The redundancy of
mechanisms capable of accomplishing any step in the metastatic
process provides a clear competitive advantage to cells that have
the greatest number of tools in their toolbox. Rather than using a
single integrin heterodimer for adhesion, cells that can use alter-
native adhesion molecules or recognize another matrix compo-
nent, have a selective advantage. Likewise, the ability to adapt by
using a different protease to invade represents another way in
which disseminating cells can achieve metastasis.

It is important to consider that the formation of a metastatic
locus is not necessarily a binary process.Obviously, if a cell cannot
complete one step of themetastatic cascade, it cannot successfully
accomplish subsequent ones. However, if a cell possesses even a
modicum of capability for each step, efficiency is low but capacity
to metastasize still exists. This point is highlighted by the con-
tinuumof states between epithelial andmesenchymal. Neoplastic
cells appear to reside anywhere between the extremes in these
phenotypes. One does not yet knowwhether the rate of transition
between states is critical. However, the ability to adapt to ever-
changing conditions is necessary transiting from one part of the
body to another. Indeed, recent evidence suggests that loss of the
ability to adapt (i.e., terminal differentiation into adipocytes) can
block the ability to metastasize (258).

Colonization
Among the most critical distinctions when defining the hall-

marks of metastasis is between the words dissemination and
metastasis. Confusion often arises because metastasis refers to
both a process as well as an outcome. From a clinical perspective,
it is the outcome that is most critical. For if a cell begins the
process, but cannot complete it (i.e., establish a macroscopic
lesion), then it is irrelevant because the patient will not succumb
to cancer as long as the primary tumor is removed. However, if a
disseminated cell successfully colonizes a tissue, then survivabil-
ity plummets. As a result, we strongly recommend distinguishing
the mere dissemination of cells from the word metastasis. Equat-
ing CTCs or DTCs tometastases is incorrect. Most CTCs andDTCs
never proliferate to form a macroscopic lesion. Each has the
potential to do so, but it is not yet realized. As with these other
hallmarks of metastasis, the ability to colonize at a discontiguous
site incorporates the ability to manipulate the microenvironment
as well as adapt to growth elsewhere.

Implications and Opportunities
Far and away, the most lethal attribute of cancer cells is their

ability to metastasize. The development of metastasis is currently
considered incurable. Patients, their families and their physicians
ride a roller coaster of responses and nonresponses, remissions
and recurrences, as well as hope and despair. Because the intro-
duction of (neo)adjuvant therapies into oncologists' armamen-
taria, long-term survival rates have increased significantly for
many cancers. Such statistics are encouraging beginnings but are
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certainly not adequate. The "Sword of Damocles" still hangs over
patients' heads. When tumors recur, the clinical response is like a
game of whack-a-mole that appears to prolong the inevitable,
nonresponsive recurrence.

Several misconceptions associated with metastasis can be dis-
pelled by disciplined use of these hallmarks. While earlier detec-
tion of tumors has contributed to increased 5-year survival rates,
the inference is that tumor size determines whether metastases
will develop. Unfortunately, recent data demonstrate that
cells can disseminate when primary tumors are still undetect-
able (206, 234).

Whendiscussing neoplasms,many combine the terms invasion
and metastasis as if they are identical. As illustrated above,
invasion is necessary, but not sufficient, for metastasis develop-
ment. While detection of invasion in a biopsy provides important
information regarding likelihood of developingmetastasis (259),
the two terms cannot be equated.

Another misconception is that all metastases are equal. Cer-
tainly, location of metastatic lesions determines risk to patient
survivability (i.e., brain metastases are certainly more immedi-
ately concerning than subcutaneous metastases). However,
sequencing and single-cell analysis data clearly show that
some metastases arise from distinct lineages from others (35,
88, 260–263) andmetastases can seed othermetastases (35, 230).

A commonmisconception regarding metastasis is that they are
universally therapy resistant. This notion has gained popularity
with the acceptance of the so-called cancer stem cell hypothesis.
Cancer stem cells are thought to be those from which metastases
arise. In separate studies, stem cells are generally therapy resistant
due to efflux pumps and reduced rates of cell division (264).
However, comparison of metastatic and nonmetastatic cell
responses to radiation, chemotherapy, and immunotherapies
reveals that individual cell clones are both sensitive and resis-
tant (7, 265).

Finally, many refer tometastasis as incurable (238). We choose
to say they are currently incurable, thereby retaining hope that

metastasis may one day be controlled or cured. There are some
essential differences between normal cells and metastatic cells.
Importantly, all properties necessary for metastasis must coexist
within a single cell or coopted from ancillary cells (including the
properties necessary to recruit another cell to complement a
specific defect). Conceptually, this offers opportunities for
patients with cancer in the future.

Defining the hallmarks of metastasis has been complicated by
both the heterogeneity among tumor cells as well as their myriad
interactions with other molecules and cells throughout the pro-
cess. Our attempts to identify the underlying first principles of the
metastatic process hopefully provide a means for simplifying the
processes that are essential for all metastases to develop. As
insights into the molecular circuitry involved are uncovered, the
phenotypes identified as hallmarks will be more amenable to
therapeutic intervention and/or prevention. To achieve this end,
focused research into the fundamental processes of each hallmark
will be needed. Direct comparisons between primary tumors,
CTCs, DTCs, andmetastases in the same patient will be necessary.
And disavowing the notion that primary tumors are equivalent to
metastases will be required.
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