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Abstract

Metastatic cancer is a major cause of death and remains largely incurable. A better
understanding of metastasis is therefore desperately needed to improve prognosis for late
stage disease. Here we survey the landscape of studies exploring the genomics of metastatic
cancer. We consider evidence for genomic drivers of metastasis and explore studies
investigating modes of metastatic spread.

Introduction

Metastasis involves the dispersal and subsequent colonization of cancer cells from a primary
tumor to a distant organ in the body. Each metastatic cell represents an evolutionary offshoot
of its parental primary tumor, sharing genomic scars and key driver alterations, yet necessarily
able to overcome the steps involved in the metastatic cascade. Despite remarkable progress
in understanding and treating primary tumors, survival related to metastatic cancer remains
poor, with 90% of cancer-related deaths linked to metastasis (Lambert et al., 2017).

Metastasis represents an evolutionary process (Turajlic and Swanton, 2016) and involves, in
its most basic form, a living cancer cell entering circulation, surviving in and exiting the
bloodstream, embedding into a remote tissue with a potentially hostile microenvironment, and
forming a new metastatic tumor. Experimental work in mice has demonstrated this process is
inherently inefficient; the vast majority of cancer cells either perish in circulation, getting stuck
in capillaries, or undergo apoptosis within 24 hours of exiting the bloodstream(Lambert et al.,
2017). And of the cancer cells that successfully colonise distant organs, evidence suggests
that only a subset of these ever grow into macrometastatic tumours(Massague and Obenauf,
2016).

Cancer cells themselves are not under positive selection to metastasize. Rather, there are
likely a set of key adaptations or hallmarks that may be selected which concomitantly increase
the likelihood of a cancer cell acquiring the traits necessary to obtain metastatic potential,
including motility, immune evasion and the ability to survive in circulation and proliferate at
distant sites. Metastatic potential is likely not limited to a single or select few cell-autonomous
traits but is dependent on the complex interaction of the cancer cell and the host stroma. The
term “metastatic potential” as used below may thus cover any combination of cancer
phenotypes that enable metastatic dissemination, whether primarily driven by rapid
proliferation and cell shedding, increasing the probability of metastasis by sheer numbers of
cells, or, by increased ability to survive in circulation and at sites of distant organs.

Traditionally metastatic dissemination has been thought of as the end-product of cancer
development, however, with emerging data this linear view of metastatic evolution has
become more nuanced. Recent work has revealed both early and late metastatic
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dissemination (Klein, 2009; Yates et al., 2017), and metastatic seeding patterns consistent
with monoclonal and polyclonal dispersal (Gundem et al., 2015).

Here we review studies in this important and burgeoning field. We focus on metastasis from
the perspective of the cancer genome and consider differences in genomic events between
cancer cells found in metastatic and primary tumor samples and explore whether common
metastatic evolutionary trajectories can be identified within and between cancer types. We
explore evidence for different modes and timing of metastasis and consider the evolutionary
metastatic trajectories observed from primary tumors of different origins.

Defining the genomic landscape of metastatic disease

The somatic alterations found in a metastatic cancer do not simply reflect metastatic
mutations. Rather, each metastatic cancer cells contains an archeological record of its past;
some alterations will likely have been acquired by an ancestral ‘normal’ cell, some by an
ancestral primary tumour cell and others after metastatic dissemination.

While all alterations in a given metastatic cancer cell reflect its lineage, the majority will be
‘passengers’ and only a subset can be considered ‘drivers’, conferring a fithess advantage
upon the cancer cell (Stratton et al., 2009). The fitness effect will be dependent on the specific
conditions of the cell upon the time of somatic acquisition, including the background of somatic
and germline alterations that define the cell (epistatic interactions) as well as the specific
microenvironment and selection pressures (Burrell et al., 2013; Lawrence et al.,, 2014;
Vogelstein et al., 2013). Genes which harbour driver alterations can, by definition, be
considered ‘cancer genes’ (Stratton et al., 2009).

Using statistical inference, large scale sequencing efforts have successfully identified scores
of cancer-associated genes, as well as large-scale somatic copy number events, across
different cancer types (Bailey et al., 2018; Carter et al., 2012; Lawrence et al., 2014;
Martincorena et al., 2017; Zack et al., 2013). A deeper knowledge of the cancer genome and
driver events has also heralded a rise in genome-driven cancer treatment, whereby patient’s
tumors are subject to sequencing in the hope of identifying genomic driver alterations that can
be targeted with matched drugs (Mateo et al., 2018). The clinical relevance of such cancer
driver alterations is clear; targeted therapies directed against identified driver events are often
successful in inducing tumour regression. However, unfortunately, in the metastatic setting
such responses are almost invariably temporary.

To date, studies to identify cancer driver alterations have predominantly focussed on primary
disease, leaving the critical question of whether or not metastatic-specific cancer genes and
drivers exist unanswered.

Two broad approaches for defining the genomic features of metastatic disease and the
identification of metastasis-associated genes and metastatic driver alterations have been
explored.

Large-scale cohort analysis of metastatic samples

Genes mutated at significant frequencies in metastatic cohorts will also include cancer-
associated genes which are mutated at significant frequencies in the primary tumor. As such,
to identify metastatic specific cancer genes based on statistical inference using unpaired
cohorts of metastatic samples, frequency and effect sizes must be compared with cohorts of
primary tumors (Figure 1).
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Figure 1 Large scale identification of metastatic drivers

Cancer genes can be identified independently in unmatched primary and metastatic using cancer gene tools such as MutSigCV2
(Lawrence et al., 2014) or dNdScv (Martincorena et al., 2017). Their prevalence and effect size can then be compared to identify
cancer genes which are enriched or depleted in the context of metastatic disease.

Several studies have undertaken this approach in an attempt to identify drivers of metastasis
(Bertucci et al., 2019; Priestley et al., 2019; Robinson et al., 2017). Yet to date, a conspicuous
absence of cancer genes exclusively mutated in the context of metastatic disease have been
identified.

A pan-cancer analysis of metastatic tumors, encompassing solid tumors from 30 tissues from
500 cancer patients, revealed a long-tailed distribution of cancer driver alterations, yet none
were unigue to metastatic disease (Robinson et al., 2017). Similar observations were made in
larger studies of metastatic samples from mixed cancer types using both a panel based
approach in a study of more than 10,000 advanced or metastatic cancer samples(Zehir et al.,
2017) and in a recent pan-cancer analysis of 2,520 whole genome sequenced (WGS)
metastatic tumors from the Hartwig Medical Foundation (Priestley et al., 2019). Indeed, the
analysis based off Hartwig WGS data yielded only six novel cancer genes with high-
confidence driver mutations not observed in previous analysis of more than 11,000 primary
tumours (Bailey et al., 2018) (Figure 2A). Of these, four genes were previously labeled as
cancer genes through either statistical analysis of a large pan-cancer cohort of primary tumor
data (Martincorena et al., 2017) or reported in the cancer gene census, a list of genes causally
implicated in cancer, published and maintained by the Catalogue Of Somatic Mutations In
Cancer (COSMIC)(Sondka et al., 2018). A caveat to this analysis is that the datasets were not
balanced in numbers or in cancer types, potentially more cancer genes firmly associated with
metastatic disease may be found through analysis of larger cohorts of metastatic samples with
specific histologies.

The likelihood of a somatic alteration being subject to positive selection in metastatic cancer
will not only depend on the origin of the primary tumor, but also on the metastatic site itself
and often on treatment-induced selection pressures. Exploration of 617 metastatic breast
cancers uncovered nine established cancer genes (TP53, ESR1, GATA3, KMT2C, NCOR1,
AKT1, NF1, RIC8A and RB1) that were more frequently mutated in the metastatic setting
compared to early breast cancers from the TCGA (Bertucci et al., 2019). Mutations in ESR1
are rarely found in primary tumors of ER positive breast cancer, but are likely induced by
endocrine therapy and are found enriched specifically at sites of liver metastasis(Jeselsohn et
al., 2018; Merenbakh-Lamin et al., 2013). Likewise, systematic comparisons of unmatched
primary and metastatic prostate cancers, has revealed an enrichment of alterations in TP53,
PTEN, RB1, FOXAl, APC, BRCA2 and AR (Armenia et al.,, 2018). In the case of AR
alterations, these are likely selected in response to androgen-deprivation therapy, enabling
the AR pathway to be bypassed. Selective pressure from therapy influencing metastatic
evolutionary trajectories is also evidenced in breast cancer where treatment of a patient
harbouring a PIK3CA mutant primary tumor resulted in parallel evolution of six distinct
resistance mutations in PTEN (Juric et al., 2015), and in NSCLC where phylogenetic analysis
revealed how treatment of a patient harbouring an EGFR exon 19 deletion resulted in multiple



independent EGFR T790M resistance mutations arising in metastatic lesions(Blakely et al.,
2017).

Further large-scale panel-based approaches such as the GENIE (Genomics, Evidence,
Neoplasia, Information, Exchange) initiative (Consortium, 2017) aim to assemble and
uniformly analyse thousands of cancer samples, both primary and metastatic, and make the
data easily available for research. Panel-based approaches do not allow for identification of
new cancer genes, but cohort-specific analysis provides the opportunity to investigate
enrichment and depletion of a fixed set of known cancer genes across large numbers of cases.
As exemplified in Figure 2 B-C for 1,897 primary and 1,133 metastatic samples from NSCLC
patients from the GENIE cohort, direct comparison between primary and metastatic tumors
reveal largely overlapping frequencies of commonly mutated genes. Despite the large number
of cases included in this analysis, only TP53 remains significant following adjustment for false
discovery rate (FDR). A limitation is that some primary samples are from patients with
metastatic disease, thus these tumors may already harbor mutations that facilitate metastatic
spread. Nevertheless, expanding the analysis to 11 cancer types with at least 150 metastatic
and 150 primary samples, most genes show no significant depletion or enrichment in
metastatic setting following FDR correction (Figure 2D). Of 13 unique genes, the two most
highly significantly enriched are ESR1 and AR, in breast and prostate cancer, respectively,
reflecting their known role in endocrine therapy resistance (see above). Breast cancer shows
enrichment of six additional genes. While these may play a role in therapy resistance, they
may also be subtype-specific and reflect the increased risk of relapse of HER2 amplified and
triple negative breast cancers. TP53 is the only gene significant across multiple cohorts. The
role of TP53 in carcinogenesis is traditionally linked to defective cell cycle regulation, faulty
apoptotic programs and aneuploidy(Bieging et al., 2014). Whether the enrichment in
metastatic samples may be related to a crucial role of chromosomal instability in advancing
metastatic potential, or if TP53 inactivation is associated with drug resistance remains to be
elucidated. Overall, most genes with large proportional changes in frequency between primary
and metastatic disease involve rare events, potentially supporting a diverse path towards
metastatic potential.
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Figure 2 Comparison of NSCLC drivers for primary and metastatic cohorts

A) Overlap between driver genes as defined based on primary tumor cohorts(Bailey et al., 2018) and based on analysis of 2,520
metastatic tumor samples from 2399 patients(Priestley et al., 2019). B-D, analysis of mutations in driver genes reported in primary
and metastatic samples in GENIE(Consortium, 2017) cohort, using intersection of 410 genes on panels MSK-468 and MSK-410.
Driver mutation defined as “detrimental” by SIFT or “probably damaging” by PolyPhen or “pathogenic” by ClinVar. B) Top 25 most
commonly mutated genes in metastatic NSCLC, comparing primary to metastatic disease based on 1,897 primary tumors and
1,133 metastatic tumors. Dark red indicates gene more commonly mutated in metastatic disease, dark blue indicates gene more
commonly mutated in primary disease. Star indicates significance based on two-sided Fisher’s exact test without adjustment. C)
Scatter plot of observed frequencies in primary versus metastatic NSCLC. Grey indicates non-significant difference based on
uncorrected p-value < 0.05, diamond indicates p-value corrected for false discovery rate (FDR g-value) below 0.25 . D)
Volcano plot showing enrichment or depletion in metastatic disease of 410 MSK genes across 11 cancers represented in GENIE
with at least 150 primary and 150 metastatic samples. Y-axis shows uncorrected p-value. Grey indicates non-significant genes
following FDR correction. Colored circles indicates FDR g-value < 0.25 in specific cancers.

Comparisons of cohorts of unmatched primary and metastatic tumors has revealed that
metastatic tumors are frequently characterized by a higher burden of somatic alterations,
including a higher frequency of driver mutations (Armenia et al., 2018; Robinson et al., 2017)
and elevated levels of somatic copy number aberrations (Brown et al., 2017; Kawamata et al.,
2018). This increase in alteration burden does not necessarily reflect elevated mutation rates
in metastatic disease, but may be caused by metastatic seeding by a limited number of cancer
cells. All cancer cells carry lineage-specific mutations, shared by only a minor population of
cells, present at very low frequency in the tumor bulk. When the metastatic process is driven
by a single or few cells seeding to distant location, this process effectively acts as a bottle-
necking event, unmasking low frequency mutations, which then become clonal.



Given the extensive levels of aneuploidy observed in metastatic cancer, it has been suggested
that somatic copy number events may play a critical role in enabling metastatic potential,
equivalent to a macro-evolutionary speciation event (Gerlinger et al.,, 2014; Turajlic and
Swanton, 2016). Consistent with this notion, one of the few genomic events that has been
consistently linked with metastatic potential across cancer types is whole-genome doubling
(WGD) (Bielski et al., 2018; Priestley et al., 2019). WGD may also be associated with
persistent chromosomal instability, and may facilitate more rapid cancer genome evolution
(Dewnhurst et al., 2014; Selmecki et al., 2015). Consistent with this, WGD is associated with
elevated copy number heterogeneity in both non-small cell lung cancer (NSCLC) and
melanoma (Birkeland et al., 2018; Jamal-Hanjani et al., 2017). Conceivably, WGD may also
act as a buffering event against excessive levels of somatic alterations by virtue of providing
additional wild-type copies (Lépez et al., 2019).

Taken together, large-scale genomic studies on metastatic cancer appears to show continued
evolution along an axis of increased malignant potential, already identified in primary disease
setting and even observed in clonally expanded normal cell populations (Brunner et al., 2019;
Lee-Six et al., 2019; Martincorena et al., 2018; Martincorena et al., 2015). Metastatic samples
generally show a higher mutation burden, more cancer driver events, and greater levels of
aneuploidy than their primary cancer cell counterparts. However, despite extensive efforts, the
holy grail of cancer research remains elusive; to this day we have been unable to identify any
common events that may act as gate-keepers facilitating metastatic potential. Nevertheless,
it remains possible that specific drivers that triggers metastatic growth may still be found
through novel statistical and analytical approaches that also considers system-level changes
such as replication timing, epigenomic landscape and transcriptional alterations.

Paired analysis of primary-metastatic samples

The success of precision oncology is contingent upon the assumption that knowing the
genomic underpinning of a patient’s cancer can guide the choice of therapy. Paired analysis
of primary-metastatic samples has the potential to test whether a single biopsy from the
primary tumor or metastasis is sufficient to inform treatment choices. Moreover, paired
analysis can reveal whether specific events are enriched in metastatic sites within individual
tumors, disentangling events which occurred prior to metastatic dissemination from those that
may be directly involved, or those occurring after dissemination (Figure 3).
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Figure 3 Paired analysis of primary and metastatic tumors

Paired analysis of primary and metastatic tumors permits identification of which clones are present at both primary and metastatic
sites, and which are specific. Comparison of their prevalence can reveal which events may be putatively ‘selected’. Comparisons
of multiple paired samples can be used to infer whether any events are recurrently selected in metastatic clones.

Consistent with analysis of primary tumors (Dentro et al., 2018; McGranahan et al., 2015),
exploration of driver heterogeneity between primary tumors and their matched metastases,



has revealed that the majority of driver alterations tend to be clonal, occurring on the trunk of
a tumors phylogenetic tree and thus necessarily in every metastatic cancer cell (Makohon-
Moore et al., 2017; Reiter et al., 2018; Turajlic et al., 2018b; Yates et al., 2017). However,
while most driver alterations may be clonal, metastatic specific drivers have also been
identified, some of which are clinically relevant. Evaluation of differences in drivers between
primary tumors and matched brain metastasis found that in 53% of 86 cases, potentially
clinically informative alterations were identified in the metastatic samples which were absent
or not identified in the primary tumor (Brastianos et al., 2015). In particular, these included
alterations involving the PI3K pathway, and proliferation signalling through the EGFR/ERBB2
receptors. However, more recent studies in breast(De Mattos-Arruda et al., 2019) and
colorectal(Hu et al., 2019) cancer have shown that cancer clones metastasising to the brain
may be clonally distinct from other sites, and exhibit early clonal divergence with increased
numbers of private mutations relative to other metastatic clones. It is therefore possible that
the high number of clinically relevant alterations observed in metastasis to the brain are not
generally applicable to metastasis elsewhere.

Looking beyond currently clinically relevant genes, a recurring theme across a number of
different studies, including metastatic breast (Yates et al., 2017), metastatic endometrial
(Gibson et al., 2016), locally progressive hepatocellular carcinoma (He et al., 2015), as well
as early stage lung cancer (Jamal-Hanjani et al., 2017), is for inactivation of genes involved in
the SWI/SNF signalling, such as ARID1A, late in disease evolution. Chromatin structure
imposes tissue-specific restrictions to gene transcription(Ziller et al., 2013). It is plausible
reduced efficiency of epigenetic regulator complexes expand the potential for transcription-
based phenotypic diversification, with potential for both increased proliferation and improved
metastatic capacity through heightened ability to dynamically adapt to microenvironments
across distant locations.

Intriguingly, in clear cell renal cell carcinoma (ccRCC) cancer clones that were enriched at
metastatic sites compared to their matched primary tumors did not exhibit increased drivers
as identified by single nucleotide variants or indels (Turajlic et al., 2018a). However, 9p loss,
encompassing the pl6 tumor suppressor gene, was significantly enriched in metastatic
subclones, and together with loss of 14g was identified in 36/38 (95%) of cases with
metastasis, yet only 22/62 (35%) of cases without metastatic disease at presentation. Both 9p
and 14q loss were predominantly subclonal in the primary tumor, consistent with a bottle-
necking event. Curiously, cancer clones metastasizing to the pancreas generally lacked 9p
loss and also exhibited a much greater latency period compared to other metastatic sites
(Turajlic et al., 2018a). This observation is consistent with the seed and soil hypothesis (Paget,
1989), suggesting clonal and phenotypic divergence depending on metastatic site,
highlighting the need to consider evolutionary trajectories as highly dependent on both their
site of origin and their destination.

Overall, the data support a cancer progression model where the majority of cancer-specific
high-frequency driver events are acquired early in cancer evolution and are generally found
clonally in primary tumors(Dentro et al., 2018; Jamal-Hanjani et al., 2017; McGranahan et al.,
2015). These are well characterised and represents the bulk of clinically actionable targets
(Mateo et al., 2018). Given their clonal nature, such events can reliably be identified in single
biopsies from either primary or metastatic tissue. However, it also seems clear that most solid
tumors undergo subclonal divergence in the primary, with subclonal drivers often sampling the
tail of putative cancer genes, mutated at low-frequency. Thus, while our knowledge of high-
frequency clonal drivers may be reaching saturation (Lawrence et al., 2014), exploration of
the long tail of subclonal drivers requires further attention, from both a biological and clinical
perspective.

Moreover, data from these studies suggest it is increasingly likely that the key to metastatic
proliferation lies not simply with the sum of all parts but rather depends strongly on context,



including order of events and the clonal composition (Rogers et al., 2018; Turajlic et al., 2018a)
that may define disease state, dictate metastatic potential, influence location of distant
metastasis, and, from a therapeutic perspective, determine response to therapy. Indeed, the
genomic features that may be selected and confer successful colonization at one site may be
drastically different to those at another site, such that exploration of driver alterations must
consider the specific fitness landscapes of different disease sites, and moreover, how this is
influenced by current treatment strategies.

Modes of metastatic dissemination

The extensive heterogeneity and branched tumor evolution documented within primary tumors
(de Bruin et al., 2014; Gerlinger et al., 2012; McPherson et al., 2016; Nik-Zainal et al., 2012;
Yates et al., 2017) leads to questions as to whether metastasis is seeded by a single subclone,
from one branch of the phylogenetic tree, or multiple subclones, conceivably on separate
branches of the tumor’s phylogenetic tree (Figure 4).
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Figure 4 Modes of metastatic dissemination from the primary tumor

A) Monoclonal dissemination involves only one clone in the primary tumor. Monoclonal dissemination is necessarily
monophyletic, involving only one branch of the primary tumor's  phylogenetic tree.
B) Polyclonal dissemination involves more than one clone in the primary tumor. If disseminating clones share a
recent common ancestor, thus descending from one branch of the tumor’s phylogenetic tree, this may reflect
monophyletic dissemination. Conversely, if disseminating clones are derived from distinct branches and their most
recent common ancestor represents the trunk of the primary tumor’s phylogenetic tree, this will reflect polyphyletic
dissemination.

Monoclonal dissemination from primary tumor

Monoclonal dissemination is defined as a single subclone within the primary tumor acquiring
metastatic potential and seeding all metastatic lesions. This model is consistent with a bottle-
necking event such that all metastatic cells necessarily share a recent common ancestor, and
thereby, conceivably, may respond similarly to first-line therapy. Notably, due to the bottle-



necking event, monoclonal dissemination will almost necessarily lead to an increase in
detectable mutation burden between primary and metastatic disease.

Importantly, although further metastasis-to-metastasis dispersal may involve multiple clones,
under this definition, it is still monoclonal dissemination from the primary tumor given only a
single primary tumor clone is involved. Monoclonal dissemination is necessarily monophyletic
in origin, reflecting only one branch of a tumor’s phylogenetic tree.

Polyclonal dissemination from primary tumor

By contrast, polyclonal dissemination is defined as one or more metastatic lesions seeded by
multiple distinct subclones derived from the primary tumor. In this model, metastatic potential
has either been acquired once in the evolution of the primary tumor, ensuring the capability to
metastasise is inherited by any clone that may subsequently arise, or metastatic potential has
evolved in parallel across multiple independent clones. In the former case, where metastatic
potential is acquired once, polyclonal dissemination may have a monophyletic origin such that
all metastatic clones share a common ancestor. However, in the latter case, polyclonal
seeding will also be polyphyletic, whereby distinct metastatic clones may be more similar to
clones primary than to each other. Distinguishing whether metastatic potential is acquired
once or multiple times will often require further experimental analysis. In practice, polyphyletic
seeding is often assumed if distinct metastasizing clones are more similar to other subclones
in the primary tumour than they are to each other.

Polyclonal seeding to a single metastatic tumor site may result from either multiple waves of
migrating cells or, alternatively, simultaneous migration of clusters of cells composed of
genetically distinct clones.

Importantly, monoclonal, polyclonal, monophyletic and polyphyletic dissemination can be
considered at both the patient-level and also the site-level. For instance, a patient may harbor
metastatic disease at multiple different sites. Considered individually, each site may exhibit
monoclonal, monophyletic, dissemination. However, taken as a whole, at the patient-level, this
may be classified as polyclonal, polyphyletic, given that dissemination at each metastasis may
derive from a separate branch of the primary tumor’s phylogenetic tree (this is also referred to
as parallel metastatic dissemination).

Following metastatic dissemination, cancer evolution and therapeutic selection pressures will
further influence the clonal composition at metastatic sites. Indeed, to complicate matters,
while monoclonal dissemination will result in an initial homogeneous population of metastatic
cells, continued evolution will necessarily result in further heterogeneity and potentially a
complex, polyclonal, subclonal structure. Moreover, multi-source seeding and reseeding
between the primary tumor and metastasis can further complicate inference of metastatic
evolutionary trajectories. For simplicity, here we exclusively focus on modes of metastatic
dissemination from the primary tumor.

What are the main modes of metastatic dissemination observed in human tumors?

To address whether a seeding event is monophyletic or polyphyletic from the primary tumor
requires clonal decomposition and thereby multi-region sampling of both the primary tumor
and metastatic biopsies. As such, to date, the number of studies with samples capable of
addressing this issue directly is limited. Nevertheless, the literature holds evidence for multiple
modes of metastatic spread, with emerging data suggesting the relative likelihood may be
influenced both by the primary tumor and the site of metastasis.

In the case of brain metastasis deriving from primary tumors from a range of sites, including
breast (n=38), lung (n=21) and ccRCC (n=10), an absence of polyclonal or polyphyletic
metastasis has been observed (Brastianos et al., 2015), with all metastatic samples clonal in
origin and more similar to each other than the primary tumor samples. Likewise, thrombus



metastasis from ccRCC all appear to be monoclonal and monophyletic, reflecting rapid
outgrowth of a single clone (Turajlic et al., 2018a). However, pervasive polyclonal and
polyphyletic seeding of independent metastatic lesions has been observed from primary
tumors derived from esophageal cancer (Noorani et al., 2018). In this case, the authors
suggest metastasis occurs rapidly across multiple sites. In ccRCC, while 19/24 tumors
exhibited monophyletic disease, 4/5 cases with polyphyletic disease were classified as rapid
progressors, indicating early onset, with a simple clonal architecture and limited phylogenetic
diversity between separate branches of the phylogenetic tree.

For other cancer types, different studies have reported differences in the prevalence of distinct
seeding patterns. For example, in breast cancer, two autopsy studies each of 10 patients
observed a polyclonal seeding pattern in either a subset (Brown et al., 2017) or in most
patients (De Mattos-Arruda et al., 2019). Both studies report heterogeneous metastatic
tumors, but while Brown and colleagues(Brown et al., 2017) infer a predominant model of
monoclonal seeding followed by metastasis-to-metastasis seeding, Mattos-Arruda and
colleagues (De Mattos-Arruda et al., 2019) conclude that metastases are initiated and
maintained as groups of cellular clones, suggesting a polyclonal seeding pattern. Likewise,
Ullah et al. (2018) identified a polyclonal seeding pattern in eleven of fifteen patients based on
presence of shared subclonal mutations across sites. In this case, all four of the patients with
monoclonal seeding had primary cancers of luminal subtype, while the remaining tumors were
a mix of non-luminal (8/11) and luminal (3/11) (Ullah et al., 2018). Polyclonal seeding was also
reported in an analysis of two metastatic triple negative breast cancers (Hoadley et al., 2016).
In one case, the authors suggest the lung is seeded by clones from the breast and rib, while
polyclonal seeding occurs from lung to brain and from liver to kidney.

While many studies have reported polyclonal seeding, a recent study has emphasized the
need for caution when interpreting a polyclonal seeding patterns based on clustering
mutations from bulk sequenced tumours (El-Kebir et al., 2018). There is considerable
uncertainty in the estimation of each mutation’s variant allele frequency (VAF) - which will be
influenced by the sequencing depth, tumor purity and mappability of the genomic region where
the mutation resides. As such not all mutation clusters, which are often assumed to reflect
subclones, will necessarily be correct. If this uncertainty is ignored, the inferred seeding
pattern may be erroneously interpreted. Re-analysis of the data from Hoadley et al. (2016)
using a novel tool, which combines subclonal clustering with inference of migration histories,
suggests monoclonal rather than polyclonal spread to be the most parsimonious explanation
(El-Kebir et al., 2018). Likewise, without rigorous filtering approaches, low-frequency artifact
mutations, present in all regions, may give an illusion of polyclonal spread. Conversely,
undersampling of the primary and/or metastasis is more likely to lead to monoclonal
inferences. Indeed, without comprehensively sampling the tumour mass it often difficult to
unequivocally exclude the possibility of polyclonal spread.

In support of the suggestion that difference in the modes of metastasis does not necessarily
simply reflect underlying biology, different studies in colon cancer have reported differences
in the prevalence of mono versus polyclonal seeding. Wei and colleagues(2017) analysed
four colorectal cancers and identified polyclonal seeding in every case. However, a more
recent analysis of 118 samples from 23 patients found most metastatic lesions were
monoclonal (Hu et al., 2019). A detailed longitudinal analysis of 36 samples from two colon
cancer patients collected over 11 years showed multiple metastatic waves with polyclonal
dissemination where single clones either from the primary tumor or from established
metastatic tumors seeded new individual metastatic tumors(Angelova et al., 2018). In
metastatic prostate cancer, an autopsy study using whole-genome sequencing of 51 tumors
from 10 patients revealed that for half the patients, multiple distinct clones were involved in
metastatic spread. Intriguingly, in these five polyclonal cases, re-seeding at multiple sites was
also observed, consistent with the notion that clones with a significant survival advantage can
often spread to and reseed other sites(Gundem et al., 2015). While likely polyclonal in origin,



further sequencing of the primary tumor would be required to elucidate whether these
metastases were monophyletic. An analysis of seven patients with ovarian cancer revealed
that five patients exhibited monoclonal seeding from ovary to intraperitoneal sites, while for
two patients there was evidence of polyclonal spread, emerging from distinct branches of each
tumor’s phylogenetic tree. A similar pattern is observed in bladder cancer, where 3/6 patients
demonstrated monophyletic spread (Faltas et al., 2016). In the TRACERx non-small cell lung
cancer study, metastatic dissemination was of monoclonal origin in three out of five NSCLC
cases, with one patient showing polyphyletic spread to lymph nodes, and one patient showing
polyclonal and polyphyletic seeding to a single metastatic lesion (Abbosh et al., 2017).

Documented differences in prevalence of patient-level monoclonal versus polyclonal seeding
is often contingent upon whether lymph nodes are included as part of the analysis. Given their
prognostic value, the prevailing model of metastatic dissemination is that lymph node
metastases subsequently give rise to distant metastasis. However, as documented above for
NSCLC, and also in breast cancer (Ullah et al., 2018), esophageal cancer (Noorani et al.,
2018) and colorectal cancer (Naxerova et al., 2017), divergent evolutionary trajectories
between lymph node and distant metastasis appear to be the norm, with a possible exception
in ccRCC (Turajlic et al., 2018a)

Overall, it is clear that both mono- and polyclonal dissemination occurs in cancer.
Nonetheless, the still nascent literature on metastatic disease subjected to multiple sampling
indicates a potential preference for a bottle-necking event resulting in monoclonal metastatic
dissemination to individual metastatic sites (site-level monoclonal seeding). However, as
exemplified from the re-analysis of data described above (El-Kebir et al., 2018), there are
uncertainties inherent in inferring metastatic evolutionary trajectories from sequencing data
Ultimately, additional studies on larger cohorts with extensively sampled metastatic disease,
which may be obtained through analysis of post-mortem samples (lacobuzio-Donahue et al.,
2019), will be required to address the prevalence and clinical relevance of different modes of
metastasis, and moreover the key factors, such as therapeutic selection pressures, that may
dictate the likelihood of different evolutionary trajectories.

Timing of metastasis

The likelihood of different modes of metastasis and also the extent of metastatic heterogeneity
is intimately linked to the timing of metastasis. Traditionally, metastasis has been viewed as
the end-product of tumor development. However, recent reports have suggested that
dissemination can occur early in a tumor’s evolutionary history, prior to primary tumor
resection, and that primary and metastatic tumors evolve in parallel. Such early dissemination
of cancer cells has been supported by findings that even in early stage breast cancer patients
(MO stage), disseminated cancer cells (DCCs) from the bone marrow can be detected (Klein
et al., 2002). These results were also supported in a HER2 driven mouse model of breast
cancer where early DCC were found to exhibit elevated metastatic ability compared to cells
that disseminated late (Hosseini et al., 2016) and recent modelling of colorectal cancer
development which suggested that metastatic dissemination occurs before the primary tumor
is clinically detectable in the majority of cases (Hu et al., 2019).

However, distinguishing between early and late dissemination models is not straightforward
(Turajlic and Swanton, 2016). Given that a primary tumor is seldom exhaustively sampled,
genomic divergence between primary tumor and metastasis does not necessarily equate with
early dissemination. Moreover, recent analysis of copy humber and somatic single nucleotide
variants has suggested that only a fraction of the cells commonly assumed to be DCCs -
derived from bone marrow aspirates in breast cancer - actually derive from the same lineage
as the tumor clones identified in the primary tumor (Demeulemeester et al., 2016). Such a late
dissemination model is also supported by observations in a cohort of 170 patients with locally
relapsed or metastatic breast cancer where metastatic divergence was found to occur at 87%
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of molecular time within the primary tumor and the majority of driver alterations found in the
primary cancer were also present in the relapsing clone and (Yates et al., 2017).

Given the significant clinical implications of early versus late metastatic spread, developing
methods to detect occult disease at the time of diagnosis is of great importance. A current
frontrunner to overcome limitations of imaging-based diagnostics is analysis of circulating
tumor DNA (ctDNA)(Abbosh et al., 2018; Wan et al., 2017). Approaches utilising ctDNA for
early diagnosis of relapse has recently proved successful across multiple cancer
types(Abbosh et al., 2017; Christensen et al., 2019; Phallen et al., 2017; Reinert et al., 2019)
where the presence of ctDNA in liquid biopsies at resection or during follow-up predicts for
recurrence with near-perfect specificity. However, sensitivity of ctDNA approaches remains
an issue. Not all lesions release detectable amounts of ctDNA despite considerable tumour
mass(Abbosh et al., 2017). Rather, the association between tumour burden and ctDNA
release may depend on lesion-specific biology such as fast versus slow proliferation, and on
tumour location, where particularly brain tumours may require alternate sampling strategies
incorporating cerebrospinal fluids(Miller et al., 2019). Nevertheless, as the technology matures
and enters clinical practise, increased sensitivity may present ctDNA assays as an excellent
tool to supplement diagnostic imaging to detect early metastatic spread and guide treatment
choices.

The immune system and the cancer genome

Recent work has begun to shed light on how the immune microenvironment may shape cancer
genome evolution, and metastatic trajectories. In a detailed study of 31 metastases from two
cases of stage IV CRC with exceptionally long survival, Angelova and colleagues explored the
temporal dynamics of immunoediting. Echoing a previous autopsy study documenting multiple
metastatic sites of ovarian cancer (Jimenez-Sanchez et al., 2017) and recent findings in breast
cancer (De Mattos-Arruda et al., 2019), multiple distinct immune microenvironments were
found at different metastatic sites. Strikingly, in this small case study, the likelihood of clonal
persistence was found to be directly related to immunoediting, with only clones that were
unedited or non-immunogenic found to survive (Angelova et al., 2018).

In ovarian cancer evolution, Zhang and colleagues found evidence those tumor regions
harbouring the highest levels of immune infiltrate exhibiting the lowest cancer cell clonal
diversity, coupled with neoantigen depletion and loss of heterozygosity (LOH) at the human
leukocyte antigen (HLA) loci. Consistent with this, HLA LOH, which restricts the number of
neoantigens presented by the cancer cell, has previously been linked to brain metastasis
(McGranahan et al., 2017). Moreover, in a cohort of breast cancers, HLA LOH was found to
be enriched in lymph node samples compared to their matched primary tumor regions
(Messaoudene et al.,, 2019). These results are also consistent with findings that down-
regulation of interferon regulatory factor 7 (Irf7) in breast cancer cells can decrease MHC
expression and promote bone metastasis (Bidwell et al., 2012).

The prevalence of HLA LOH during metastatic transition highlights the importance of immune-
mediated escape from neoantigen presentation. Interestingly, while shared truncal mutations,
and by extensions neoantigens, are expected to be found across different metastatic sites,
recent work suggests reactive T-cells towards such neoantigens can also be found at all sites.
T-cell receptor (TCR) sequencing in breast and ovarian cancer has revealed the presence of
shared TCRs across distinct metastasis, implying immune surveillance between metastatic
sites (De Mattos-Arruda et al., 2019; Zhang et al., 2018). Analogous to these observations, in
primary NSCLC subjected to multi-region sampling, the number of expanded TCRs found
ubiquitously across all tumor samples correlated with the number of ubiquitous mutations, but
not with the number of regional mutations(Joshi et al., 2019). Together this implies that some
level of immune surveillance directed against clonal neoantigens may be initiated early and
maintained through all levels of cancer development, including metastatic progression.
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However, as is evident through the lack of cancer cell elimination, immune escape
mechanisms are able to prevent T-cell mediated death.

Taken together, these studies point towards a next phase of cancer evolution analysis, moving
beyond genomic characterisation towards a more integrated ecosystem-level appreciation of
cancer development. Indeed, while this review has focussed on genomic evolutionary
trajectories from the point of view of the cancer genome, a more holistic view will be required
to fully understand metastatic disease. This should include considerations of pre-metastatic
niches (Peinado et al., 2017), the mechanistic basis of metastatic dissemination(Chaffer and
Weinberg, 2011), hypoxia and the extracellular matrix (Barkan et al., 2010; Gilkes et al., 2014),
and the role of epithelial-mesenchymal transition(David et al., 2016; Esposito et al., 2019;
Kalluri and Weinberg, 2009)

Conclusions

While it has long been established that the metastatic process itself is highly non-random
(Paget, 1989), our knowledge of the cancer genome evolutionary trajectories of metastasis is
only in its infancy.

Accumulating evidence points to an absence of universal metastatic specific driver alterations,
which are exclusive to metastatic disease. Indeed, most studies have found that the majority
of established driver alterations occur prior to metastatic dissemination (Dentro et al., 2018;
Reiter et al., 2018; Turajlic et al., 2018a). Nevertheless, recent data suggests certain
alterations are enriched at metastatic sites, and analysis of primary tumors and their matched
metastasis has revealed drivers specific to metastatic clones (Armenia et al., 2018; Bertucci
et al., 2019; Turajlic et al., 2018a; Yates et al., 2017). While some of these can be linked to
therapeutic selection pressures (e.g. ESR1 mutations in breast cancer), others appear to
confer a more aggressive phenotype (e.g. 9p loss in ccRCC).

Across cancer-types, whole-genome doubling has emerged as a common feature enriched in
metastatic samples (Bielski et al., 2018). Whether genome doubling itself engenders
metastatic potential, or whether it reflects a proxy for elevated chromosomal instability, which
may facilitate more rapid cancer genome evolution, permitting the tumor to explore a greater
evolutionary space, remains unclear. A related recurring theme across cancers involves
disruption to chromatin modification later in the disease course (Jamal-Hanjani et al., 2017;
Yates et al., 2017), which may also play a role in relaxing genomic constraints imposed upon
the cancer genome.

Mapping of the clonal composition of tumors has revealed a spectrum of different metastatic
seeding patterns, which depend on both the site of the primary tumor and destination of
metastasis. In certain cases, such as metastasis to the brain, a monoclonal seeding pattern
appears pervasive (Brastianos et al., 2015). In other cases, such as metastasis derived from
esophageal adenocarcinomas, a polyclonal seeding pattern dominates, with multiple distinct
clones within the primary tumor harboring metastatic potential (Noorani et al., 2018). Emerging
data suggests metastatic cancer clones within a given organ are more likely to share a recent
common ancestor, compared to clones metastasizing to different organs in the same patient.
Indeed, it is becoming clear that we must consider both the fitness landscape of the primary
tumor and each site metastasis independently to begin to shed light on the complexities of
metastatic evolutionary trajectories.

However, our evolutionary maps of metastatic disease remain far from complete and are
currently riddled with uncertainties (El-Kebir et al., 2018). Building a more comprehensive
picture of the landscape of metastatic disease, characterising the prevalence and importance
of different modes of metastasis, will require comprehensive sampling of primary and matched
tumors which can often only be achieved through autopsy studies, coupled with investigation
of the immune microenvironment which plays a role in sculpting their evolution. Such detailed
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cartography of metastasis is required to inform clinical decision making and create new
therapeutic opportunities.
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