Primary tumour

Cancer that arises from the
malignant conversion of cells
from an initial organ site.

Histological grade
Morphologically identifiable
steps of tumour progression
that are used to classify
disease stage.

Organ tropism

A predilection of a primary
tumour to spread to specific
secondary organs.

Angiogenesis

The pathological growth of
new blood vessels to support
tumour growth.

Intravasation
Entry of tumour cells into
the bloodstream.
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metastasis

Genetic determinants of cancer

Don X. Nguyen and Joan Massagué

As they abandon their original niche, most tumour cells
die from various stresses caused by the departure from
their original microenvironment, or the unfavourable
surroundings that they encounter in distant organs.
Our organs and tissues are highly evolved systems
that, once their development is complete, do not sup-
port the outgrowth of solitary cells that wander in from
elsewhere (bone-marrow-derived progenitor cells and
immune cells being exceptions). However, because of
their genetic instability and heterogeneity, tumours
have a finite chance of generating cells with phenotypic
attributes that are sufficient to withstand and exploit
otherwise incompatible microenvironments.

Metastasis causes 90% of deaths from solid tumours
and displays a remarkably diverse set of clinical manifes-
tations. In breast cancer, metastases can be undetectable
and can remain latent for many years following primary
tumour removal, only to emerge as incurable lesions that
are triggered by unknown causes. By contrast, pancre-
atic cancer and small-cell lung cancer often present with
widespread metastases at the time of initial diagnosis.
Although lethal, glioblastoma remains locally invasive,
seldom metastasizing outside the CNS. In paediatric
neuroblastomas, metastasis can spontaneously regress,
for mysterious reasons. The risk of metastatic recurrence
can sometimes be predicted from certain features of the
primary tumour, as in the case of breast cancer, for which
tumour size, histological grade, and gene-expression
pattern are indicative of the risk of relapse’. In other
instances, metastatic disease presents itself with an
unknown primary tumour source, rendering such
correlations impossible to make?.

Abstract | Metastasis can be viewed as an evolutionary process, culminating in the
prevalence of rare tumour cells that overcame stringent physiological barriers as they
separated from their original environment and developmental fate. This phenomenon brings
into focus long-standing questions about the stage at which cancer cells acquire metastatic
abilities, the relationship of metastatic cells to their tumour of origin, the basis for metastatic
tissue tropism, the nature of metastasis predisposition factors and, importantly, the
identity of genes that mediate these processes. With knowledge cemented in decades of
research into tumour-initiating events, current experimental and conceptual models are
beginning to address the genetic basis for cancer colonization of distant organs.

One of the most intriguing biological aspects of metas-
tasis is the pattern of organ dissemination. The spread of
tumour cells frequently includes invasion of local lymph
nodes through the lymphatic system. However, aggres-
sive tumour cells typically enter the bloodstream and
reach distant tissues (BOX 1; FIG.1). This dissemination
has stereotypical patterns of organ tropism that reflects
the heterogeneity of tumour cells and depends on the
cancer type (TABLE 1). In addition, patients can harbour
simultaneous metastases in different organs, and for
each patient it is unknown if such lesions have arisen
from the same primary tumour (synchronous seeding),
or whether they result from a sequence of seeding events
in which some metastases themselves subsequently colo-
nize other organs (metachronous seeding)’. Moreover,
disseminated tumour cells could theoretically also return
to their original site (self-seeding), thereby accounting
for the progressive accumulation of aggressive cells in
primary tumours and local recurrences*.

Work over the past three decades has identified many
genes for which gain or loss of function confers autono-
mous proliferative activity, resistance to cell death cues,
angiogenesis, altered cell adhesion and motility®. In other
words, genetic alterations that mediate the initiation and
local progression of tumours, and that collectively confer
the prerequisites for metastasis, have been identified.
However, we are only beginning to learn about the genetic
determinants of metastasis proper; that is, those that
mediate tumour cell invasion, intravasation, survival in
circulation, scattering to distant tissues, extravasation into
parenchyma, and colonization of vital organs (BOX 1;
FIG.1). But unlocking the nature and function of these
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Extravasation

Exit of tumour cells out of
capillary beds into the
parenchyma of an organ.

Parenchyma
The main functional portion
of an organ.

Emboli
Clumped tumour cells that

typically lodge in blood vessels.

Haematogenous
dissemination

The spread of cancer cells
through the bloodstream.

determinants is an endeavour with clear clinical ramifi-
cations, as the roles of these genes will dictate whether
lethal metastasis will ensue. Recent reviews have com-
prehensively analysed the biological traits and steps of
cancer metastasis®'?. On the basis of this conceptual
framework, we here provide a synthesis and perspective
on the ongoing search for its genetic determinants.

Metastasis theories: seeds, soils and signatures

Already noted by the Egyptians of 1500 Bc, malignant
disease was described with remarkable coherence by
Greek physicians in the time of Hippocrates (fifth cen-
tury Bc), who saw axillary swelling as a sign that breast
tumours would be followed by secondary growths of

fatal outcome''. However, such lesions were considered
as independent malignancies that arose from the spread

Box 1 | The metastasis process and its requirements

Prerequisites for metastasis

To metastasize, malignant cells must fulfil certain tumorigenic functions that become
prerequisites for metastasis. These include: unlimited proliferation, evasion of cell-
intrinsic and environmental constraints, attraction of a blood supply, and the capacity
to detach and move away from the original location. Tumour-initiating mutations,
alterations that are secondary to genomic instability and epigenetic changes, underlie
the acquisition of these functions in developing tumours. As tumours grow, they must
selectively conquer environmental pressures including cytotoxic immunity, low oxygen
tension and an acidic environment. Many prerequisite tumorigenic properties have
been discussed elsewhere**#1", Such functions are acquired during tumour initiation
and local development, but must remain active throughout malignant progression, as
they favour the emergence of metastasis-prone tumour cells in the context of local and
distant microenvironments.

Metastatic initiation and dissemination

Dissemination starts in earnest when aggressive tumour cells become invasive and
readily enter the bloodstream through the vasculature that they have attracted.

The fenestrated, pathologically leaky vasculature that is typical of many tumours can
facilitate the entry of cells into the circulation. Intravasation is also enhanced by an
epithelial-to-mesenchymal transition that endows carcinoma cells with embryonic
plasticity and added motility****. The rate of malignant cell shedding generally
increases with tumour size, but dissemination can occur in the early stages of the
primary tumour, to the point that some metastases have no known primary source.
Surviving the stresses of the bloodstream requires tumour-intrinsic functions for the
evasion of detachment-triggered cell death (anoikis), as well as co-option of extrinsic
accomplices such as platelet aggregates'*®.

Metastatic colonization

The dissemination of tumour cells to various organs is influenced by circulation patterns
and the mechanical lodging of tumour cells in capillary beds. Adhesion molecules that
mediate attachment to capillary walls and chemokine sources that stimulate survival
and proliferation of tumour cells that express suitable receptors also have important
roles. Metastatic cells enter the parenchyma of a target organ by breaching the
capillaries in which they are embedded, either by vascular-remodelling events that
allow transmigration across the capillary wall, or as a result of mechanical disruption of
capillaries by expanding tumour emboli. On entry, tumour cells from one organ are
confronted by a different microenvironment, which they must survive and eventually
overtake. Recruited bone-marrow-derived progenitor cells might jump-start this
process by providing a permissive niche for metastasis. Active colonization can be
achieved by the co-option of organ-specific components of the tumour
microenvironments, such as the activation of bone-resorbing osteoclasts by breast
cancer cells during osteolytic metastasis’. Full metastatic colonization can occur by
immediate growth of tumour cells upon their extravasation, or after a prolonged period
of micrometastatic dormancy. The survival of dormant lesions, their eventual activation
and outgrowth requires additional tumour-intrinsic or tumour-extrinsic factors. As each
organ presents a highly specialized microenvironment, distinct sets of functions are
thought to be required for colonizing different tissues®*.

of toxic humours. The humoral theory prevailed until
the eighteenth century and beyond, when the discovery
of the cell as the basic unit in live tissue stimulated new
debate, with some viewing metastases as degenerate cell
components arising from a primary tumour®.

Congenial soils. By the end of the nineteenth century,
the cellular origin of cancer attained credence, and the
unique patterns of organ colonization by different
tumour types now caught attention. Fuchs and others
noted that the striking preference of various tumours to
metastasize to certain organs must imply a hospitable
environment in those tissues'?. Building on this, Paget
proposed that tumour cells (‘seeds’) must be predisposed
to arrest and proliferate only in those anatomical sites
(‘soil’) that provide a congenial ground — a basic tenet
of his seed-and-soil hypothesis'®. Ewing later challenged
this concept, postulating that the direction of circula-
tion alone influences the distribution of metastasis'.
The importance of vasculature was further supported
by mechanical distinctions between lymphatic and
haematogenous dissemination'®. Eventually, these disparate
views were reconciled in the proposal that circulatory
routes influence the distribution of cancer cells, but the
eventual outgrowth of macrometastases depends on
the seeding of compatible tissues’.

Darwinian concepts. Inspired by evolutionary theory,
neoplastic development started to be viewed as a process
of natural selection, with genomic instability producing
variant cell populations from which aggressive clones
emerge'>'S. Consistent with this view, experiments using
melanoma cells that were repeatedly inoculated into
mice intravenously and the resulting metastatic colonies
harvested from the lungs produced cell variants with
different grades of metastatic proclivity'”. Notably, pre-
existing clones from the initial cell line already displayed
marked variability for metastasis in vivo, suggesting that
metastatic progression might require the acquisition
of additional genetic alterations that confer a selective
advantage to rare clones in the tumour cell population'®.

Over the past three decades, identification of onco-
genes and tumour suppressor genes, as well as analysis of
their mutation frequency during tumour development,
have given rise to a model whereby sequentially acquired
abnormalities mediate the transitions between progres-
sive tumour stages'. By contrast, the identity of genetic
alterations that would specifically mediate metastasis has
remained rather elusive?. Indeed, questions have been
raised as to the extent to which metastasis depends on
the acquisition of further genetic abnormalities beyond
those that turn an incipient tumour into a locally
aggressive malignancy®.

Pre-determining gene-expression signatures. Techno-
logical advances derived from the sequencing of the
human genome have recently enabled the genome-wide
analysis of tumours, providing ways to scrutinize the
complex process of metastatic progression. One major
advance has been the application of gene-expression
profiling to tumour classification and prognosis, initially
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Tumorigenic genes

Metastasis initiation genes Metastasis progression genes

Metastasis virulence genes
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Figure 1| Classes of genes participating in the metastasis process. On the basis of their level of participation in the
metastatic process, we distinguish three general classes of metastasis genes. ‘Metastasis initiation’ genes are those
that provide an advantage in primary tumours, paving the way for tumour cells to enter the circulation. ‘Metastasis
progression’ genes are those that fulfil certain rate-limiting functions in primary tumour growth, and other specific
functions in metastatic colonization. ‘Metastasis virulence’ genes are those that provide a selective advantage in
secondary sites but not in the primary tumour, thus participating in metastatic colonization but not in primary tumour
development. These genes act to promote metastasis after tumorigenic genes have given rise to a transformed, locally
aggressive tumour cell population. Metastasis genes might act from the tumour cells in the primary site (blue cells) or

Melanoma

Skin cancer that is initiated
by the transformation of
melanocytes.

Metastasis suppressor gene
A gene in which loss of function
specifically enhances
metastasis without affecting
primary tumour growth.

their metastatic derivatives in a distant organ (orange cells). Metastasis genes might also act from the tumours
microenvironment in the primary site or the metastatic site (light-coloured cells), some of which (dotted-contour
cells) are co-opted by the growing tumour. Tumorigenic and metastatic functions also include the recruitment of
distant accomplices, such as bone-marrow-derived progenitor cells, endothelial cells and macrophages (collectively
represented by green cells) that support tumour growth and metastasis development. See BOX 1 for further details.

in haematological malignancies*** and more recently in

solid tumours**?. Bioinformatic analysis of such data sets
from primary tumour samples has uncovered complex
gene-expression patterns, or ‘signatures, that can predict
the risk of metastatic recurrence (BOX 2). The detection
of such traits in primary tumours would be consistent
with the hypothesis of clonal dominance, according
to which rare malignant subpopulations must become
overgrown in the primary tumour if they are to reach
ample cell numbers for metastasis®. Nonetheless, these
findings have also been interpreted as evidence that the
metastatic predisposition of tumours might already be
fulfilled by the traits of a primary malignancy. According
to this model, metastasis would be largely pre-determined
by the combined action of mutations that give rise to a
locally aggressive primary tumour?'. In this case, the

acquisition of further pro-metastatic changes by rare
variant clones would have only a complementary role.

Towards an integrative view. A model of metastatic
progression that is solely based on pre-determined traits
would not be readily compatible with the continuous
nature of somatic evolution, nor would it account for
additional events whereby disseminated tumour cells
that lay dormant for years eventually give rise to overt
metastases. Genes that are conspicuously expressed
in metastatic cells but not in primary tumours, and that
mediate metastasis but not primary tumorigenicity,
have been identified, particularly in bone metastases’.
Moreover, various candidate metastasis suppressor genes
have been identified that impede metastatic progression
without affecting primary malignancy®.
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Table 1| Stereotypical patterns of tumour metastasis to distant organs.

Cancer type

Breast cancers

Lung cancers

Prostate cancer

Pancreatic cancer

Colon cancer
Ovarian cancer

Sarcomas

Myeloma

Glioblastoma

Neuroblastoma

ER — oestrogen receptor.

Mesenteric circulation
Blood flow from the intestines.

Peritoneal cavity

The space within the abdomen
that contains the intestines,
the stomach and the liver.

Palliative shunt

Diversion of malignant fluid to
alleviate symptoms that arise
from its accumulation in the
body cavity.

Ascites

A detectable accumulation
of free fluid in the peritoneal
cavity.

Metastasis initiation genes
A gene that is engaged in the

invasion and intravasation of

metastatic cells.

Site of metastasis

Primarily bone and lung; less frequently liver and brain. ER-positive tumours preferentially spread to bone; ER-negative
tumours metastasize more aggressively to visceral organs. This might be related to the cell of origin: ER-positive tumours
can originate from luminal progenitor cells, whereas many ER-negative tumours emerge from cells in basal layers.

The two most common types of lung cancer have different aetiologies. Small-cell lung carcinomas (SCLC) disseminate
rapidly to many organs. Non-small-cell lung carcinomas (NSCLC) often spread to the contra-lateral lung, the brain and

also to the adrenal glands, liver and bones.

Almost exclusively to bone, forming osteoblastic lesions and filling the marrow cavity with mineralized bone matrix,
unlike the osteolytic metastasis that is caused by breast cancer.

Aggressive spread to the liver and the surrounding viscera.

The mesenteric circulation pattern favours dissemination to the liver and peritoneal cavity, but metastasis also occurs in

the lungs.

Local spread in the peritoneal cavity; rarely affects other organs, as inadvertently demonstrated by the absence of distant
metastases in patients who received palliative shunts to divert ascites to the circulation for abdominal pain relief 1*°.

Various types of sarcoma (tumours of mesenchymal origin) mainly metastasize to the lungs.

Haematological malignancy of the bone marrow that causes osteolytic bone lesions, sometimes spreading to

other organs.

These brain tumours show little propensity for distance organ metastasis, despite aggressively invading the CNS.

Paediatric tumours that arise from nervous tissue of the adrenal gland. Forms bone, liver and lung metastases, which in

some cases spontaneously regress.

Another remarkable observation comes from the
cytogenetic analysis of solitary tumour cells that have
been isolated from the bone marrow of breast cancer
patients. Tumour cells found in the marrow during early
disease progression share few chromosomal aberrations
with their corresponding primary tumours*. Because
genetic instability enables clonal evolution, this suggests
that some cells acquire mutations and disseminate early
on, after which they continue to evolve independently of
primary tumour cells*. Whether overt metastasis even-
tually emerges from a progenitor pool that is present in
such early seeding, or from the later dissemination of
cells that acquired their aggressiveness in the primary
tumour, remains an open question.

These diverse lines of evidence can be assembled
into an integrative model (FIG. 2) in which the proclivity
to disseminate can be acquired as a developing tumour
becomes locally aggressive, whereas the outgrowth of
distal colonizing cells necessitates further selection from
subsequent genetic heterogeneity. The cell type of origin
and the circulation pattern represent other important
factors. Underlying each of these aspects are genetic
determinants, the identity of which, along with their
impact in the metastasis process, must be discerned.

Classes of metastasis genes

Metastasis encompasses several unique biological proc-
esses that, as a whole, enable the colonization of distant
organs. Despite this, the terms ‘metastasis’ or ‘metastatic
spread’ have been rather liberally used in the literature
to describe individual features of an aggressive tumour.
Genes that mediate the initial formation and progression of
tumours, by cell-autonomous or local microenvironment
-modifying functions, can confer tumorigenic properties,
but might not specifically mediate the steps of metasta-
sis. Tumorigenic functions, including an unrestricted

proliferative ability, resistance to cell death signals or
immune evasion, can be considered as prerequisites for
metastasis. Genetic alterations that drive these func-
tions remain indispensable in metastatic cells, as shown
by the clinical success of drugs such as trastuzumab
(Herceptin), which suppresses breast cancer metastatic
disease by antagonizing the HER2 oncogene*. However,
such genes are not considered here as metastasis genes
per se, because they do not directly mediate the tumour
dissemination and colonization of distant organs
(BOX 1; FIG. 1).

With imminent breakthroughs in the study of metas-
tasis, it would seem timely to define metastasis genes
more strictly as those in which gain or loss of function
specifically enables tumour cells to circulate, home
to, penetrate or colonize distant organs (BOX 1; FIC. 1).
Several classes of genes can be distinguished that fulfil
these criteria. One class, which could be called metastasis
initiation genes, includes genes that provide an advantage
in a primary tumour and, in so doing, pave the way for
tumour cells to escape into the circulation. Most genes
that underlie tumour cell motility, invasion or angio-
genesis would fall into this class. Invasiveness provides
a local advantage by enabling tumour cells to seek
vasculature and other favourable elements of the micro-
environment. At the same time, this allows tumour cells
to enter the circulation and disseminate to distant organs.
Examples include several genes that confer a mesenchy-
mal, invasive phenotype*?, and genes such as caspase 8
(CASPS), the loss of function of which favours dissemi-
nation by protecting tumour cells from programmed
death upon release of integrin-mediated anchoring
at the invasive front®. Furthermore, malignant cells
growing in tumours that are angiogenic and densely
vascularized can readily intravasate into circulation.
Invasiveness and local angiogenesis are therefore
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Box 2 | Gene signatures that predict metastasis

Cancer-associated gene-expression signatures serve as new tools to classify tumour
subtypes, discern disease aetiology, predict risk of relapse, identify genes that
mediate disease progression, and select optimal therapeutic options. Different
transcriptomic signatures have been described, their biological significance
depending on the manner in which they were delineated. Among solid tumour types,
breast cancer has been a prominent target in this type of analysis. The heterogeneous
nature of this disease, the variability in patient survival rates that is associated with
the disease subtype, the prolonged period during which relapse is possible but
uncertain, the existence of different therapeutic options to choose from, and the
availability of clinical samples from large patients cohorts have all contributed to
making breast cancer a hotbed for prognostic gene-expression signature research.
Here are nine prominent signatures that predict outcome.

The ‘intrinsic subtypes’ breast cancer gene-expression signature was obtained by
unsupervised clustering of breast tumours on the basis of their gene-expression
profile?’. The expression pattern classifies breast cancers into five subtypes: a normal-
tissue-like subtype, two luminal-cell-derived subtypes (A and B) that express
oestrogen receptor, a subtype that is derived from the basal epithelial cell layer and
does not express oestrogen receptor, and a subtype that overexpresses the human
epidermal growth factor receptor-2 (HER2 or ErbB2). Each subtype is characterized
by a distinct histopathology and survival rate*’.

A second group of gene-expression signatures were obtained from groups of
tumours with known clinical outcome. The 70-gene ‘poor-prognosis’ signature?? and
the 76-gene poor-prognosis signature® were obtained from comparisons between
early-stage breast tumours for which the clinicial outcome was either favourable or
poor. A 21-gene ‘recurrence score’ was delineated on the basis of metastatic
recurrence in breast cancer patients whose lymph nodes were metastasis-free and
who were treated with tamoxifen'?°.

Other gene-expression signatures were derived from functions that are associated
with tumour progression. Aggressive tumours with poor prognosis, which have long
been considered wounds that do not heal, express a 512-gene ‘wound-signature’,
which reflects the presence of growth-factor-stimulated fibroblasts in the tumour
stroma'?!. Aggressive tumours can also express a ‘hypoxia’ signature, which reflects
the presence of tumour cells that manage to thrive in a hypoxic microenvironment
because of their ability to express survival and pro-angiogenic functions'?.

A 186-gene ‘invasion’ signature was derived by comparing normal breast epithelial
cells with breast cancer samples that were enriched for tumorigenic cells'®%.

A fourth group of signatures was generated by seeking genes that mediate tumour
progression and metastasis. Gene-expression patterns that reflect the presence of
oncogenic RAS, SRC, WNT or E2F stimuli — the ‘oncogenic pathways’ signature —
correlate with clinical outcome and point at the specific pathways that are involved'?.
An 18-gene ‘lung metastasis’ signature, derived from in vivo selection of breast cancer
cells that selectively metastasize to the lungs, correlates with a risk of pulmonary
metastasis and poor overall survival*’. Being candidate mediators of metastasis, the
genes in these signatures are, in principle, susceptible to therapeutic intervention.

Although obtained from breast cancer studies, some of these gene-expression
signatures also correlate with poor outcome in other tumour types. For example,
the joint deregulation of the WNT and SRC pathways in the ‘oncogenic pathways’
signature is indicative of poor prognosis in breast, lung and ovarian cancers, whereas
the ‘invasion’ signature correlates with poor outcome in breast, medulloblastoma,
lung and prostate cancers.

important events for metastasis, although they are not
in themselves sufficient. Gliomas are extremely invasive
and adenomas can be highly vascularized, yet neither

tumour type metastasizes to other organs.
Metastasis progression gene

A gene that has dual functions
in mediating primary
tumorigenesis and metastatic
colonization.

Metastasis virulence gene
A gene that is exclusively
involved in distant organ
colonization.

Formation of distant metastases depends on whether
some circulating tumour cells — usually a tiny minority
of them — manage to enter and eventually overtake the
parenchyma of a target organ. Consequently, metas-
tasis genes become engaged as a result of the selective
advantage that they provide against pressures that bar
circulating tumour cells from different tissues. Genes
that mediate the local progression of a primary tumour

REVIEWS

are not selected in response to the pressures that exist
in distant organs, and so they might not be expected to
satisfy demands that are unique to particular organ
microenvironments. Nonetheless, certain genes that
contribute to primary tumorigenesis might fulfil an
additional function that happens to be advantageous at
the site of metastasis. We refer to this class as metastasis
progression genes, which we define as genes that fulfil cer-
tain rate-limiting functions in primary tumour growth
and other specific functions in metastatic colonization.
Metastasis progression genes are thus distinguished from
oncogenes that carry out the same cell-autonomous
transforming function throughout the course of a malig-
nant disease. The specific advantage that is conferred
by a metastasis progression gene might be restricted to
one particular target organ, in which case metastasis
progression genes would mechanistically couple primary
tumour progression and tissue-specific spread. As such,
these genes can be found within gene-expression signa-
tures that correlate certain primary tumours with risk of
organ-specific dissemination (BOX 1; FIG. 1).

A third class, the ‘metastasis-virulence’ genes, are
defined as those that provide a selective advantage in
secondary sites but not in the primary tumour. These
genes participate in metastatic colonization but not in
primary tumour development. Consequently, metastasis
virulence genes add to the aggressiveness of metastatic
tumour cells in a secondary site. Their altered expression
or activity becomes discernable in tumours at distant
organs. Such genes would rarely be present in primary
tumour ‘poor-prognosis’ gene-expression signatures, as
their function would not provide a selective advantage
in primary tumours.

Recent work on organ-specific metastasis provides
evidence for the existence of metastasis progression
genes and metastasis virulence genes. Of 54 genes that
were found to be associated with the lung metastatic
activity of a breast cancer cell-line model, only 18 are
expressed in primary tumours of breast cancer patients.
Despite this, genes from both groups functionally
mediate lung colonization from circulation®**. The 18
genes that are expressed in primary tumours stimulate
primary tumorigenesis, and clinically correlate with
a larger primary breast tumour size at diagnosis®*.
Three of these genes, namely, EREG, which encodes
the EGF receptor ligand epiregulin, COX2 (also known
as PTGS2), which encodes cyclooxygenase 2, and the
matrix metalloproteinase MMP]I, constitute a vascular-
remodelling programme that facilitates pathological
angiogenesis and intravasation in mammary tumours,
while additionally mediating extravasation of circulat-
ing tumour cells from the lung capillaries®. These prop-
erties classify such mediators as metastasis progression
genes. Conversely, various metastasis virulence genes
mediate lung colonization in this model, but fail to sup-
port primary tumour growth, and their expression in
primary tumours is not associated with risk of pulmo-
nary recurrences®®”. The general distinction between
metastasis progression and virulence genes awaits fur-
ther characterization from other model systems and in
other metastatic cancers.
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Figure 2 | A model for the integration of four metastasis theories. Four views on how metastasis develops can be
incorporated in one single model. The seed-and-soil hypothesis'? posits that certain organs (soils) are congenial for
certain tumour cells (seeds). In abstract terms, the microenvironment of an organ X might provide a factor L that
supports the survival of rare U-expressing tumour cells, whereas organ Y provides factor V for the survival of
Y-expressing tumour cells. The hypothesis of dominant circulation patterns® postulates that cells that are released
from a tumour preferentially target the first highly vascularized organ that they encounter. Accordingly, the
circulation pattern from the tumour source would favour metastasis to organ X over organ Y. Evolution models*®
propose that metastasis is a rare event because it results from the selection of rare clones that emerge from a
genetically heterogenous and unstable population, becoming selected in specific organs by virtue of having
randomly acquired key pro-metastatic mutations. Thus, a genomically unstable tumour cell population might give
rise to rare U-positive clones that become selected in organ X by the presence of factor L. Pre-determination models?!
argue that poor-prognosis genes that are expressed in primary tumours predict metastasis, because these genes can
support distant metastasis in addition to primary tumour growth. Accordingly, Y-positive cancer cells would become
dominant in a primary tumour (and gene Y would be detectable in a poor-prognosis signature) because Y allows
these cells to benefit from factor T during tumorigenesis, and later drives metastasis to other organs that express T or

T-like factors (for example, factor V).

Genetic determinants of metastasis

The precise nature of the alterations that turn certain
genes into mediators or suppressors of metastatic ini-
tiation, progression and virulence is gradually being
revealed. Various genetic and epigenetic mechanisms,
many somatic but some inherited, could be at play as
determinants of cancer metastasis.

Genetic versus epigenetic alterations. If metastasis is
driven by natural selection of the fittest among geneti-
cally unstable malignant cells, any anomaly that results
in the activation of pro-metastatic genes or the repres-
sion of genes that interfere with metastasis could be
involved, as long as it yields a selective advantage. By
this logic, activation of metastatic functions could entail
genetic alterations such as mutations, gene deletions,
copy-number aberrations or chromosomal rearrange-
ments, as well as epigenetic changes such as covalent
modification of DNA or chromatin, deregulated tran-
scription factors or microRNAs, or altered translational
and post-translational mechanisms. For most of these
alterations, the number of clinically validated examples
to date is scarce.

Few mutations, genomic alterations or allelic imbal-
ances are currently known to distinctively endow
tumour cells with metastatic functions. The tumour
suppressor gene CDH]I has been linked to both tum-
origenic and metastatic processes. Although CDH]1
suppression occurs epigenetically or post-translationally,
inactivating mutations have been found in gastric
cancer®. The product of CDHI is E-cadherin, a cell-
adhesion receptor, the loss of function of which is
characteristic of epithelial-to-mesenchymal transition

(EMT), a developmental phenotype that is akin to
the acquisition of invasive behaviour by carcinoma
cells*****. The candidate metastasis suppressor gene
NM23 encodes a histidine kinase?’, and loss of hetero-
zygozity for NM23 might occur more specifically upon
metastatic progression in colon cancer*'. In another
example, NEDDY, which encodes an adaptor protein
that enhances focal contact formation and invasion, is
amplified in an HRAS-driven mouse melanoma model
and in metastatic human melanomas*. It is unclear
whether the invasive activities that are conferred by
NEDD?9 upregulation or E-cadherin inactivation fulfil
specific organ colonization functions beyond satisfy-
ing general prerequisites for tumour dissemination.
Moreover, although the tumorigenic role of E-cadherin
loss is well documented, the clinical manifestation of
EMT during metastasis remains somewhat contro-
versial*®**. Nevertheless, these examples suggest that
genomic alterations could indeed directly or indirectly
influence the metastatic competency of a tumour.
Many of the candidate metastasis genes identified
to date are engaged in this process through changes in
gene-expression levels. One reason for this could be that
recent genome-wide searches for metastasis-associated
events have focused more on gene-expression changes
than on mutations or gene copy-number alterations.
Although the molecular basis for perturbations in
expression of metastatic genes remains largely unknown,
it can sometimes be traced to tumour-initiating muta-
tions. For instance, the von Hippel-Lindau tumour
suppressor, pVHL, restricts the expression of hypoxia-
inducible genes by targeting the hypoxic-responsive
transcription factor HIF1a for ubiquitination and
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Chemokine

A group of small signalling
proteins (cytokines) that
are usually secreted by
immune cells.

Neural crest cell

Highly motile cells that
originate from the ectoderm
during development.

Rhabdomyosarcoma
Paediatric malignancy
that arises from skeletal
muscle cells.

degradation®. During renal carcinoma development,
inactivating mutations in VHL leave HIFla free to
hyperactivate many target genes, including that encod-
ing the chemokine receptor CXCR4 (REF. 46). CXCR4
is a mediator of tumour cell survival and metastasis
in microenvironments such as the bone marrow and
the lung parenchyma that are rich in its ligand, SDF1,
also known as CXCL12 (REFS 47,48). Consequently, a
side benefit to mutant VHL tumour cells that mount
a hypoxia response is the expression of a chemokine
receptor that will support their ability to colonize
certain chemokine-rich tissues.

Numerous epigenetic alterations in cancer have now
been characterized. On the one hand, perturbations in
chromatin structure, DNA methylation and genomic
imprinting can be considered as surrogates for gene
mutations, eventually contributing to clonal tumour
progression. On the other hand, it has been postulated
that epigenetic modulators of cell plasticity can initi-
ate the malignant phenotype by conferring a stem or
progenitor state*. If the capacity for metastatic
dissemination is acquired early on, then genes that epi-
genetically regulate progenitor cells can also imprint
metastasis. One example is provided by the EZH2
component of the Polycomb complexes, which catalyse
histone modifications and promote DNA methylation
in mammalian stem cells®: EZH2 overexpression is
predictive of invasive growth in metastatic prostate and
breast cancers®*?. Another instance is the activation of
the WN'T/f-catenin pathway, which leads to the expan-
sion of stem- or progenitor-cell populations in various
tissue types. In prostate cancer cells, it has been reported
that a B-catenin-reptin chromatin-remodelling complex
silences the expression of KAII (also known as CD82).
Repression of KAII enables malignant prostate cells to
dislodge from the receptor DARC, an endothelial mem-
brane protein that normally binds to KAII-expressing
cells, causing them to arrest in circulation®. Thus, epi-
genetic determinants can re-programme the expression
of genes that affect metastatic outcome.

Inherited predispositions. Population-genetic studies
reveal clearly inherited tendencies to develop cancer®.
In some cases, these can be traced to penetrant germ-
line mutations, as shown by the association of BRCA1
recessive mutations with familial breast and ovarian
cancers. Moreover, certain somatically altered genes
that indirectly mediate metastasis can also be found as
germline mutations: inherited mutations in CDH1 result
in dominant hereditary diffuse gastric cancer (HDGC)*
and the von Hippel-Lindau syndrome is caused by
inherited loss-of-function mutations in VHL®.

Are there alleles that specifically confer a heritable
increase in the probability of metastatic progression?
Evidence of this in humans is currently limited to
circumstantial observations. For instance, there is a notice-
able propensity among young African women to develop
aggressive forms of breast cancer. It is difficult to predict
whether the genetic determinants that underlie this pre-
disposition work by modifying the tumour-initiating
events or by directly affecting metastatic functions.
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Moreover, it is estimated that the majority of breast can-
cer risk is attributed to low-penetrant polygenic effects,
rendering the identification of individual susceptibility
genes difficult®. Nonetheless, a study combining gene-
expression analysis and population genetics has revealed
that tumours from pre-menopausal African-American
patients express a gene signature that typifies the basal
subtype of breast cancer (BOX 2) with a higher prevalence
than those from Caucasian patients”. As this polygenic
signature correlates with aggressive metastatic relapse?,
the existence of alleles that predispose breast cancer
metastasis seems plausible.

Host hereditary factors have recently been experimen-
tally characterized. In the polyoma middle-T transgenic
mouse model of mammary carcinoma, the efficiency
of pulmonary metastasis depends on the genetic
background®. By applying QTL analysis, a metastasis-
efficiency locus was mapped to chromosome 19
(REF. 59). A subsequent multiple-cross mapping and
candidate-based strategy identified a SNP in Sipal that
determined metastasis susceptibility®. Sipal encodes a
GTPase-activating protein (GAP) that inhibits the activ-
ity of RAP1 and RAP2, and the identified SNP results
in an amino-acid substitution that hinders RAP-GAP
function, attenuating pulmonary metastasis. SIPA I poly-
morphisms have been reported in human breast-cancer
samples and correlate with poor prognosis®.

The existence of metastasis-promoting germline
mutations could provide yet another source of shared
transcriptomic profiles between metastatic and pri-
mary tumours. Thus, directly or indirectly, the genetic
background can determine metastasis susceptibility in
breast cancer.

Solitary mediators versus multi-gene programmes.
Metastasis genes can be selected during tumour pro-
gression as the sole mediators of a particular metastatic
step. Such solitary mediators might be expressed in the
tumour cells themselves. Contributions by factors that
are secreted from the metastatic microenvironment are
also possible®.

Although solitary mediators are likely to be impor-
tant determinants of metastasis, a growing body of
evidence points to the role of complex sets of genes
that are engaged by various mechanisms to mediate
metastasis. Lineage-specific factors might represent
a form of malignant and metastatic programming.
uring melanoma progression, the melanocyte lineage-
specification programme potentiates metastasis
through the activity of slug, a regulator of neural crest cell
migration®. Furthermore, rhabdomyosarcoma metasta-
sis requires the activity of the homeobox transcription
factor SIX1, which normally controls developmental
myogenesis®. In a lobular breast cancer model, over-
expression of twist and snail, master transcriptional
regulators of morphogenesis, promotes EMT and intra-
vasation®. The pleiotropic effects of these developmental
and lineage-determining factors might contribute to
multiple steps, from the aggressiveness of local tumours
cells to their dissemination and onset of distant
organ metastasis.
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Stromal activation
Stimulation and mobilization
of host cells in the
microenvironment that
surrounds a tumour.

Osteoclastogenesis

The differentiation and
activation of osteoclasts that
mediates bone resorption.

Some transcription factors are not associated with
differentiation programmes, but are rather effectors of
physiological pathways that are triggered by changes in
the tumour microenvironment. Although the biologi-
cal function of stromal interactions in metastasis has
been reviewed elsewhere?, it is worth mentioning one
prominent example involving the pro-tumorigenic role
of inflammation® and the NFkB transcription factor.
NFxB lies downstream of most inflammatory path-
ways and regulates a plethora of genes that have been
implicated in stromal activation®”. The transcriptional
response towards NFkB activation during metastasis
seems to be context dependent. In breast cancer
metastatic cells, NFkB mediates expression of granulocyte—
macrophage colony-stimulating factor (GM-CSF),
which induces osteoclastogenesis during bone coloniza-
tion®. In a mouse model of prostate cancer metastasis
to the liver, cytokine-mediated activation of the NFxB
pathway through the kinase IKKo leads to transcrip-
tional inhibition of maspin, a metastasis suppressor
gene®.

Pleiotropic regulators can also contribute to metas-
tasis in a non-cell-autonomous manner, by directly
impinging on the microenvironment to enable meta-
static colonization. Exemplifying this is transforming
growth factor-f (TGFB), which is released by tumour
cells and bone matrix alike, and in mouse models can
induce the expression of osteoclast-activating genes
(such as the genes encoding parathyroid-hormone-
related protein (PTHrP) and interleukin 11 (IL11)) that
fuel a vicious cycle of osteolytic bone metastasis®*”7°.
The SMAD transcription factors as well as SMAD-
independent pathways that lie downstream of the TGFB
receptor have been implicated in these pro-metastatic
effects. In another example, the vascular endothelial
growth factor (VEGF) that is released by several cell types
binds to its receptors VEGFR1 and VEGFR2, present on
bone-marrow-derived progenitor and mature endothelial
cells, respectively. In addition to its angiogenic properties™,
supra-physiological secretion of VEGF from cancer
cells can mediate pulmonary extravasation by increas-
ing the permeability of lung capillaries”. Moreover,
VEGF promotes the recruitment of VEGFR1-positive
bone-marrow-derived progenitors to metastatic niches,
thereby priming the colonization of distant organs”.
Because of their various distinctive functions dur-
ing tumorigenesis, TGFB’*”* and VEGF®”” could be
classified as metastasis progression factors.

Searching for metastasis genes

The goal of identifying metastasis genes is primarily
driven by the need to address the problem of cancer.
Therefore, a premium must be placed on the identifica-
tion of metastasis genes that have demonstrable clinical
relevance. In vitro systems have been used to great
advantage for the analysis of pre-metastatic activities,
such as a tumour cell motility, anchorage-free survival
and basement-membrane invasion. A new generation
of tractable methods uses three-dimensional cultures
to more accurately model some of these functions’.
Nevertheless, in vitro assays do not fully replicate

the microenvironment of metastasis target organs.
Consequently, most efforts to discover metastasis
genes and functions rely on in vivo systems and human
tissue-based approaches.

Genetically engineered mouse models. Sophisticated
genetically engineered mouse models are being designed
to approximate the characteristics of human tumour
development™. Some models of the more aggressive
breast® and prostate®’ cancer do show metastases,
but their reliance on viral oncogenes generates malig-
nancies of uncertain clinical relevance. For instance,
the TRAMP (transgenic adenocarcinoma of mouse
prostate) model, which is based on prostate-specific
expression of the SV40 T-antigen oncogene, does not
yield the osteoblastic metastases that typify human pro-
static cancer®’. Although such transgenic animals are
useful to dissect oncogene suppressor and tumour sup-
pressor pathways, stromal interactions and pre-clinical
strategies, relatively few of these have hitherto managed
to faithfully reproduce the clinical features of metastatic
disease (TABLE 1). More recent mouse models have been
engineered to sporadically acquire various human
tumour mutations, including lung adenocarcinomas
caused by combined KRAS mutations and p53 inacti-
vation®®. It will be interesting to see how closely the
metastatic disease in these animals mimics the devel-
opment of brain metastasis and other lesions that are
typical of lung adenocarcinoma in humans®.

Functional genomic screens. Genetic screens represent
a functional and unbiased strategy for identifying genes
that can mediate a given function. With the genome
sequences of many organisms now complete, the
potential for identifying genes that cause experimental
metastasis by genome-wide screens is clear. However, the
complexities and costs that are associated with carrying
out such screens in mammals have prompted investiga-
tors to use surrogate in vitro assays®, or ‘simpler’ models
such as Drosophila melanogaster®®. Several screens in
D. melanogaster have identified metastasis-specific
genes by starting with tumours that had been initiated
by defined mutations. For instance, in a background
of tumours arising from deletion of lethal giant larvae
(1(2)gl), insertional mutagenesis identified semaphorin 5¢
as a mediator of tumour invasion¥. In non-invasive
eye tumours that were initiated by the Ras"’? oncogene,
tissue-restricted gene disruption by homologous recom-
bination led to the identification of the cell-polarity
gene scribble, which cooperates with Ras"*? to induce
basement-membrane degradation and invasion®.

These examples notwithstanding, there are obvious
limitations to invertebrate models. Such organisms have
an open circulatory system that obviates the need for
angiogenesis, a cardinal feature of mammalian cancers’,
and precludes the study of intra- and extravasation.
Moreover, despite some genetic homology, the vast ana-
tomical differences between mammals and invertebrates
are not conducive to the study of the unique barriers
that are encountered by tumour cells that colonize organs
such as the liver, lung and bones.
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Xenograft

Implantation of human
tumour cells into an
immunocompromized animal.

Orthotopic site

Transplant of tumour cells into
the anatomical location of an

animal that best recapitulates
the original source of primary
tumorigenesis.

Recent technological advances have rendered the
design of genome-wide screens more amenable to
the identification of metastasis genes in mice. Tumour
progression genes are being sought by adopting transpos-
able elements in murine somatic tissues*>®. Alternatively,
RNA:I libraries can be exploited for tumour suppressor
gene identification in transplantable mouse cancers®'.
Although most of these technologies have been applied
to models of haematological malignancy, we can antici-
pate their adaptation for solid tumour metastasis. As
candidate genes are identified in these systems, it will
be essential to determine how these findings relate to
metastasis in human.

Profiling human tissue. Microarray platforms coupled
with bioinformatics tools can detect with remarkable
resolution transcriptional signatures (BOX 2), gene copy-
number abnormalities®’, SNPs*, epigenetic changes®,
microRNA levels®”, proteomic alterations® and somatic
mutations”. With an increasing appreciation for their
potential clinical usefulness, these tools are regularly
applied to interrogate tumour samples from large patient
cohorts, and retrospectively derive indicators of disease
outcome.

Different breast cancer gene-expression signatures
that predict disease outcome have been reported (BOX 2).
Surprisingly, these genetic profiles show almost no overlap
with each other, raising questions about the relationship
and biological significance of the genes in question. A
striking example is provided by two poor-prognosis sig-
natures that were obtained from similar early-stage breast
tumours: of the 86 genes that could be compared, only
3 genes are shared by these two signatures®*. Different
patient cohorts, gene microarray platforms (Agilent
versus Affymetrix) and bioinformatics tools might
underlie this pronounced divergence. And yet, largely
non-overlapping signatures can identify the same patients
in a given cohort, as recently demonstrated in a com-
parative analysis of the intrinsic-subtype, poor-prognosis,
wound-response, and recurrence-score signatures”.

Although these signatures comprise largely distinct
sets of genes, they encompass common segments of
‘prognostic space’, defined as the entire range of features
that affect the clinical outcome of a tumour type'®. Each
of these transcriptional profiles might represent one of
the biological features that is acquired by tumour cell
populations as they become aggressive. That is, each
signature might represent a different picture of the same
aggressive entity. Nevertheless, certain gene-expression
signatures become prognostic when combined with
others, as shown by combining the wound-response
signature with the poor-prognosis signature'”’, the
molecular-subtypes signature' or the invasion sig-
nature'®. Protocols that incorporate the sequential or
combined analysis of gene-expression data sets could
improve prognostic guidance in the clinical management
of individual patients.

An obvious drawback to any kind of tissue profiling
is that the resulting gene list bears unknown significance
as mediators of metastasis. To extract biologically rel-
evant information from molecular signatures, integrative
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in silico methods are being developed'®, but functional
validation in model systems is inevitable when the intent
is to identify genes that mediate, and not just mark, the
ability of tumours to develop metastasis.

Mining for pre-existing metastatic entities. Of the mil-
lions of cancer cells entering the bloodstream, only
a minute proportion manages to survive in distant
organs'®!%®_ In xenograft models, thousands of tumour
cells that are inoculated into mice, either at the corre-
sponding (orthotopic) sites of the primary neoplasm or
directly into the circulation, typically result in a limited
number of metastatic colonies'®. The fact that a few
cells from a heterogeneous population can metastasize
at all suggests that relevant metastatic entities can be
separated from the bulk of indolent cells by selection
in vivo'. The selection that is imposed by this process
incorporates multiple barriers of the metastatic cas-
cade, especially when the xenograft is carried out from
the orthotopic site, and it enables comparisons of pheno-
typically diverse cell populations that originated from
the same tumour.

Microarray profiling of in vivo-selected melanoma
cell lines identified the small-cell motility GTPase RhoC
as a mediator of lung metastasis in mice'”. In a model
of paediatric rhabdomyosarcoma, lung metastatic vari-
ants show increased expression of SIX1, which induces
expression of the cytoskeletal signalling factor ezrin®.
Notably, ezrin upregulation is also observed in metastatic
osteosarcoma'®, suggesting a common selective pressure
for ezrin expression in paediatric sarcoma metastases.

In vivo selection has also shed light on the genetic
determinants of metastatic organ tropism. In studies using
a cell line derived from a patient with advanced meta-
static breast cancer, cell progenies that show predilections
for distinct tissues were isolated following injection into
the arterial or venous circulation of immunodefficient
animals¥. Consistent with the selectivity of metastatic
progression, these different cell variants were found to
already exist in the parental, unselected population*-'®.
Furthermore, subpopulations that were metastatic to
bone, adrenal gland or lung tissue were associated with
distinct gene-expression profiles. Bone metastatic cells, for
instance, express the survival chemokine receptor CXCR4
and the osteoclast-activating cytokine IL11 (REF. 47),
whereas lung metastatic cells from the same source
express different mediators of pulmonary colonization®.
These distinctive gene sets are therefore selected for
interactions with unique microenvironments, providing
a genetic basis for metastatic tropism.

An often-mentioned drawback to xenografts is that
they do not model the early stages of cancer progres-
sion within endogenous tissues, and rely on cell lines
that have alterations of unknown relevance. Further
caution is required when submitting unstable tumour
cells to multiple rounds of selection in mice, which could
yield deviant entities with properties that bear little
resemblance to the authentic metastatic cells from the
original population. Therefore, as with the other experi-
mental approaches, validation of clinical relevance must
accompany the evidence of functional significance.
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Validating metastasis genes

Bona fide metastasis genes should be defined as those
with an activity that enables locally invasive tumour
cells to enter the circulation, to home, extravasate and
colonize distant tissues in a clinically relevant manner.
These can be efficiently identified by combining func-
tional testing in an animal model with validation in
relevant clinical samples. Several examples of combined
approaches have been reported in recent years.

Filtering human transcriptomic data with in vivo selec-
tion. In vivo sorting of metastatic cell populations can
isolate pre-existing cell subpopulations with distinct met-
astatic organ tropism'®. In this way, a gene-expression
profile was derived from human breast cancer cells showing
a proclivity for pulmonary colonization. By combining
bioinformatic analysis of transcriptional data sets with
functional validation in a xenograft mouse model, this
gene list was culled to obtain an 18-gene lung metastasis
signature (LMS) that is differentially expressed in human
primary tumours”. The LMS was shown to predict risk of
lung metastatic recurrence in an extended cohort of more
than 700 primary breast tumours with known clinical
outcome®. Functional assays also demonstrate the abil-
ity of these genes to mediate pulmonary metastasis®>*’.
Consequently, the biological filter that is afforded by
in vivo selection and the clinical filter that is provided
by large gene-expression data sets can be exploited to
identify genetic determinants of metastasis that are
relevant to human disease.

Linking signatures with chromosomal abnormali-
ties. Analogous to the use of microarray platforms for
gene expression, array comparative genomic hybridiz-
ation (aCGH) can report perturbations in DNA copy
number'’. But uncovering a direct association between
genomic alterations and metastatic outcome is a com-
plex undertaking, as aCGH has revealed numerous and
sometimes expansive regions of allelic imbalances in
human neoplasms. The remaining challenge is to dis-
tinguish the true mediators from the bystander genes
that map to the same loci. Taking the wound-healing
signature (BOX 2) as an adequate marker of metastatic
phenotype, a method was recently reported to link
the probability of wound-healing signature expression
with alterations in gene copy number'". In this manner,
recurrent amplifications in a region of chromosome 8q
were found to correlate with the wound-healing pro-
gramme, and the list of candidates in this chromosome
region was narrowed down to MYC and CSN5. MYC
is a known oncogene that participates in the wound-
healing response, whereas CSN5 can ubiquitinate MYC,
causing increased MYC degradation, target-promoter
licensing and cooperative activation of almost all 512
wound-healing genes. This unexpected finding suggests
that there might be numerous incidental markers of
metastasis within this signature, and further shows how
genetic determinants of metastasis can be masked by
dynamic gene-expression events. Similar methods have
linked chromosomal aberrations to the transcriptomic
profiles of distinct breast cancer subtypes''.

Comparative oncogenomics. In a recent study that used
an inducible Ha-RASV'?¢ model of murine melanoma,
oncogene-independent metastatic tumours were gener-
ated and characterized for regions of chromosomal gains
and losses*. By comparing this information to human
aCGH data, a minimal common region was mapped
that contains a single gene, NEDD9. Amplifications and
overexpression of NEDD9Y is seen in both human
and mouse melanoma samples. An important feature of
this approach is the use of a mouse model as biological
filter. Thus, NEDD?9 function could be validated in vivo,
and was subsequently shown to regulate invasion.

Comparative oncogenomics has also been applied to
identify oncogenes in liver cancer'??, and to sort relevant
transcriptomic patterns between human and murine
prostatic and lung adenocarcinoma''*'"*. However,
this methodology is not specifically designed for the
identification of metastasis genes, and requires previous
knowledge of the initiating mutations in a specialized
transgenic model, as shown by the fact that NEDD9
seems to mediate murine melanoma invasion only
following oncogenic RAS/RAF activation*.

Conclusions

In the light of recent advances, we have attempted to
synthesize the current knowledge of the genetic basis
for cancer metastasis. Insights from genome-wide
analyses of human tumour tissue and innovative tech-
nologies for the exploitation of laboratory models are
helping us reassess classical concepts about the evolv-
ing nature of genetically unstable metastatic cells, the
interplay between circulating cancer cells and permis-
sive tissue microenvironments, as well as the pressures
that select for pro-metastatic traits at different stages of
tumour progression. We have emphasized the distinc-
tion between tumorigenic events that are prerequisite
for metastasis (such as transformation and immune
evasion) and events that specifically satisfy the unique
requirements of metastatic invasiveness, intravasation,
extravasation and colonization of distant organs. It is the
second set of functions that bears the greatest relevance
as we face the challenge of explaining how tumours man-
age to metastasize. Conceptual clarity might further help
in the design of clinical interventions within optimized
therapeutic windows.

Opposing views on metastasis as either a pre-
determined or an evolving process have dominated the
field. Our distinction between metastasis initiation genes,
progression genes and virulence genes could be useful in
reconciling such differences. The available examples for
various types of metastatic determinants — genetic and
epigenetic, somatic and inherited — scarce as they still
might be, serve as precedents for the future identification
of more genes that are engaged in metastasis. In this
search, there must be an attempt to reach standards of
clinical validation. Sooner or later, these anticipated dis-
coveries must explain the many paradoxical properties
of metastasis as a clinical reality, and answer important
conceptual quandaries. Why does metastasis aggressively
target multiple organs in some tumour types, why is it
restricted to just one organ in others, and why does it not
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occur at all in certain invasive cancers? Does metastasis
of one tumour type to different organs involve common
as well as non-overlapping sets of genes? Does metastasis
of different tumour types to the same organ involve com-
mon or different genes? How do these genes determine
the organ-selective nature of metastasis? And finally, what
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