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Abstract

Tumour heterogeneity poses a substantial problem for the clinical management of cancer. Somatic 

evolution of the cancer genome results in genetically distinct subclones in the primary tumour with 

different biological properties and therapeutic sensitivities. The problem of heterogeneity is 

compounded in metastatic disease owing to the complexity of the metastatic process and the 

multiple biological hurdles that the tumour cell must overcome to establish a clinically overt 

metastatic lesion. New advances in sequencing technology and clinical sample acquisition are 

providing insights into the phylogenetic relationship of metastases and primary tumours at the 

level of somatic tumour genetics while also illuminating fundamental mechanisms of the 

metastatic process. In addition to somatically acquired genetic heterogeneity in the tumour cells, 

inherited population-based genetic heterogeneity can profoundly modify metastatic biology and 

further complicate the development of effective, broadly applicable antimetastatic therapies. Here, 

we examine how genetic heterogeneity impacts metastatic disease and the implications of current 

knowledge for future research endeavours and therapeutic interventions.

Metastasis continues to be an enormous problem for the clinical management and treatment 

of cancer. More than 600,000 cancer-associated deaths are estimated for 2017 in the United 

States alone1, and up to 90% of cancer-related mortality for solid tumours is due to sequelae 

of metastasis2. In addition, with improved therapeutic and management strategies, the 

number of patients living with metastatic disease has been rising3. Considering only breast 

cancer, in the US, an estimated 155,000 women are currently living with metastatic disease, 

and this number is anticipated to continue to increase4. Although improvements in cancer 

screening and adjuvant therapy have increased patient survival by preventing metastases in 

at least some cancers (for example, breast cancer5), little improvement in survival has been 

observed once patients advance to the metastatic state6. These statistics highlight the heavy 
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public health burden of metastatic disease and emphasize the critical need to understand and 

more effectively intervene clinically in the late stages of cancer progression.

Metastasis is an extremely complex process in which tumour cells escape from the primary 

site, disseminate to a secondary location, survive and adapt to the ectopic site and finally 

colonize and proliferate to form clinically relevant lesions while evading immune 

surveillance. Each of these steps is a point of selection for different biological properties in 

the tumour cell, a process that has the potential to introduce considerable heterogeneity 

between the final successful metastatic cell and the primary tumour as well as between 

successful metastatic cells at different sites within a patient. The effect of these selection 

pressures is to diversify the original complex but localized disease at the primary site into 

multiple separate diseases that are spread throughout the body. The resulting genetic and 

epigenetic heterogeneity substantially contributes to the current inability to successfully 

eradicate established meta static disease. Advances in next-generation sequencing that 

enable cost-effective genome sequencing from moderately small amounts of material and 

their application to difficult-to-acquire clinical metastatic samples, coupled with genomic 

complex trait approaches in mouse models, are yielding new insights into the genetic 

underpinnings of metastasis. In this Review, we specifically address the potential roles and 

evidence for somatic tumour genetics and the germline genetics of an individual as sources 

of heterogeneity in the metastatic setting and their implications for effective therapeutic 

targeting. However, it should be recognized that superimposed on this genetic heterogeneity 

will be additional phenotypic heterogeneity owing to tumour cell interactions with other host 

cells and their microenvironment as well as the hierarchical subclonal organization of many 

tumours into subpopulations of tumorigenic cancer stem cells and their more differentiated, 

nontumorigenic progeny7–9.

Early versus late dissemination

Somatic genomic heterogeneity arises in the primary tumour through the continual 

accumulation of genomic alterations during tumour growth10. This cumulative DNA damage 

results in the formation of clonal populations with different biological properties depending 

on the specific collection of genetic alterations that they harbour. The relative fraction of any 

clone within the primary tumour is dictated by the growth and survival advantage endowed 

by the unique genomic constitution of that clone. In the most extreme case, primary tumours 

would consist of single dominant clones that arise sequentially and, by successive selective 

sweeps, replace less-fit ancestral tumour clones. In this scenario, metastasis occurs when a 

late-arising clone finally acquires all the necessary properties to disseminate and 

successfully colonize a secondary site (FIG. 1a). Historically, this simple linear model was 

thought to explain the metastatic process11.

However, accumulating evidence has demonstrated that tumour evolution and metastatic 

progression are much more complicated processes. Primary tumours are composed of 

multiple genetically distinct subclones, some of which can be mutually supportive12, and 

these subclones arise at different times and either persist, expand or become extinct as 

tumours grow and evolve12–14. Furthermore, instead of dissemination being exclusively a 

late event, some recent studies demonstrate that tumour cell dissemination can begin early 
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during tumorigenesis. Tumour cell dissemination in the preneoplastic phase has been seen in 

preclinical models of breast15 and pancreatic cancer16, and in a clinical setting, circulating 

pancreatic epithelial cells were found in patients with pancreatic cystic lesions but without 

overt cancer16.

These observations have led to two updated paradigms for metastatic spread: the early and 

late dissemination models, each with different implications for the extent of heterogeneity 

between metastases and the primary tumours as well as between metastases within a patient. 

In the early dissemination model, multiple subclones in the primary tumour may distribute 

tumour cells throughout the body during the period before primary tumour resection or 

successful therapy in situ. After a variable period of dormancy at the distant site, some of 

these disseminated cells may begin to evolve independently and in parallel with the primary 

tumour, eventually acquiring the ability to form clinically relevant metastatic lesions (FIG. 

1b). Such metastases would share few mutations with the bulk of the primary tumour tissue, 

potentially only the original tumour-initiating driver mutations. In addition, as the individual 

disseminated tumour cells acquire full metastatic capacity independently of each other in the 

early dissemination model, there will likely be considerable genetic divergence among 

individual metastatic lesions within a patient. In the late dissemination model, the degree of 

relatedness depends on the time at which the metastatically competent subclones diverged 

within the primary tumour. Metastases arising from metastatically competent subclones that 

diverged late in the development of the primary tumour would retain substantial genomic 

similarity to each other and to the primary tumour (FIG. 1c). By contrast, metastases arising 

from subclones that diverged early but disseminated late would show greater genomic 

differences between metastases but individually would retain similarities to the primary 

tumour (FIG. 1d).

Recently, increasingly sophisticated sequencing and computational analysis tools are 

enabling construction of phylogenetic relationships between primary and secondary tumours 

(from locoregional recurrences, lymph node metastases and distant metastases) that 

illuminate the tumour evolutionary process and provide varying degrees of support for each 

of these models17. On balance, the small numbers of studies performed to date tend to 

favour the late dissemination model. For example, one phylogenetic analysis of matched 

primary colorectal tumours and metastases, which was based on exome sequencing and copy 

number profiling, revealed that the metastatic samples were most highly related to each 

other while retaining substantial similarities to the primary tumour18, as predicted by the late 

dissemination model. Analysis of somatic mutations in pancreatic cancers and their patient-

matched metastases has revealed the presence of presumed metastasis-seeding subclones 

within primary tumours on the basis of their high degree of genetic relatedness to the 

metastases19, which also supports a late dissemination model. Similarly, a recent study using 

17 sets of matched primary and metastatic breast cancer lesions showed that there were very 

few mutations private to the primary tumours when compared with matched distant 

metastases, indicating that the tumour cells disseminated late during primary tumour 

evolution, with dissemination occurring on average at a timepoint representing 87% of the 

molecular age of the primary tumour at diagnosis20. By contrast, a study of colorectal cancer 

found evidence of early and late dissemination in different patients21, raising the possibility 

that the timing of dissemination may vary between patients within a given disease subtype. 
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A similar conclusion was found in a study of carcinogen-induced skin cancer in a mouse 

model22. Early dissemination was seen in HER2-driven breast cancer mouse models23,24, 

where, intriguingly, the early disseminating cells were found to be more meta-statically 

competent than cells that disseminated later23. However, the disseminated cancer cells in 

patients with breast cancer that had overt metastases (M1 stage) were genomically similar to 

the primary tumours23, consistent with a late dissemination model. Overall, it is clear that 

tumour cells are capable of disseminating early, but it remains to be established whether the 

formation of clinically relevant metastases from such cells is a frequent occurrence.

The more complex pattern of late dissemination from multiple independent subclones within 

the primary tumour (FIG. 1d) has also been observed in a few cases. In a study of 

melanoma, a combination of exome and targeted sequencing of eight patients revealed that 

although metastasis was a late-evolving trait, on the basis of the segregation of independent 

mutations of CTNNB1 (encoding β-catenin) in the primary tumour, a loco regional 

metastasis was seeded by a single primary tumour subclone, while a distant metastatic lesion 

appeared to be seeded by multiple subclones from the primary tumour25. Thus, at least in 

melanoma, some fraction of the heterogeneity observed between lesions may be the result of 

independent clonal evolution within the primary tumour rather than subsequent somatic 

evolution of metastasis ‘seeds’ after dissemination from a common primary tumour parent 

clone. Similarly, exome-sequencing data of tumours from patients with pancreatic and lung 

cancer provided support for early genetic divergence of multiple meta-static lineages within 

the primary tumour in a subset of patients26. Interestingly, in a recent study of colorectal 

cancer that used polyguanine tract insertion and deletion analysis to examine primary 

tumour and metastasis phylogenies, lymph node metastases and distant (mostly liver) 

metastases were shown to originate from distinct clones within the primary tumour in nearly 

two-thirds of the patients examined27. A similar result was observed in a skin tumour mouse 

model22, suggesting that lymph nodes do not simply represent ‘way stations’ for 

disseminating cells en route to more distant sites.

The genetic evidence for late dissemination is also consistent with clinical data in some 

tumour types. For example, tumour size has been found to be an independent predictor of 

cancer-specific survival in breast cancer and non-small-cell lung cancer (NSCLC)28. One 

would not necessarily expect a correlation between tumour size and survival if the early 

dissemination and parallel evolution model was the dominant metastatic pathway. 

Interestingly, a similar phenomenon was also observed in a transgenic mouse model of 

HER2-driven breast cancer, in which disseminated tumour cells from older BALB-neuT 

mice with larger tumours were found to be more tumorigenic than tumour cells from 

younger animals with smaller tumours29. Taken together, these observations suggest that 

despite the potential for early and continuous shedding of tumour cells from the primary site, 

the environment of the primary tumour continues to function as a metastatic ‘incubator’ that 

somehow generates or selects for subclones of cells with increased ability to complete the 

metastatic cascade30.

Overall, the studies suggest that no single model of metastatic spread applies universally. 

Indeed, these two models for metastatic dissemination likely represent extremes on a 

biological continuum. The validity and relative frequency of the different metastatic 
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mechanisms will need to be established by additional large-scale studies of patient-matched 

primary tumours and metastases across multiple tumour types.

Other sources of heterogeneity

The extent of metastatic genetic heterogeneity can also be modified through the phenomena 

of polyclonal seeding, metastasis reseeding and metastasis-to-metastasis reseeding (FIG. 2). 

The possible occurrence of these processes needs to be taken into account in the 

interpretation of phylogenetic analyses of metastasis.

Polyclonal seeding.

The classic work by Fidler, Wolman and Talmadge31 in which they intravenously co-injected 

karyotypically distinct metastatic cells into mice showed that all cells within a given 

metastasis had the same chromo somal aberrations, indicating that individual metastases are 

seeded by single cells. Subsequent cytogenetic studies31 and analysis of experimental32 and 

clinical19,33 samples were mostly consistent with this interpretation. However, recent 

experimental work has challenged this concept of a monoclonal origin for all metastases by 

demonstrating that tumour cell clusters are much more efficient than single cells at forming 

meta-static lesions25,34–38 (FIG. 2a). Metastasis seeding by mutually supportive cells from 

different subclones of the primary tumour could add to the somatic genetic heterogeneity 

within metastases and increase metastatic fitness. The interaction of genetically distinct 

clones has been shown to enhance tumour progression at the primary tumour site through 

effects on tumour cell proliferation and the microenvironment12 and could presumably have 

similar effects at the metastatic site. In several patients with metastatic prostate cancer, 

multiple metastases showed the same subclonal clusters of mutations, suggesting that 

polyclonal seeding had occurred repeatedly38. Similarly, sequencing studies of a patient with 

melanoma also revealed the same deletion of CTNNB1 in subclonal populations of two 

independent metastases25, suggesting that these lesions were seeded by more than one 

tumour cell. How common this phenomenon is will have to be determined by further more 

extensive studies.

Tumour reseeding.

As noted earlier, dissemination of tumour cells can begin early in tumour evolution39–41, and 

large numbers of tumour cells are thought to be continuously shed into the circulation from 

advanced tumours42, and potentially from metastatic lesions, on a daily basis. This continual 

circulation of tumour cells raises another potential mechanism for both intermetastasis and 

intrametastasis heterogeneity. As metastases are already permissive environments for tumour 

cell survival and growth, they might represent preferential sites for circulating tumour cells 

to recolonize. It has been suggested that exchange of tumour cells between anatomically 

distant tumour masses contributes to both metastasis heterogeneity and progression by 

distributing cells with different biological properties, such as greater proliferative capa city 

or drug resistance43, into spatially distinct metastases (FIG. 2b,c). Experimental evidence in 

support of the possibility of cell transfer between distant tumour masses was shown by 

engrafting either fluorescently labelled or unlabel led tumour cells into the contralateral 

flanks of mice. The tumours resulting from the unlabelled inoculum contained fluorescent 
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cells, indicating colonization by circulating tumour cells from the contralateral fluorescently 

labelled tumour43. Furthermore, a second study using fluorescently labelled osteosarcoma 

cells to establish lung metastases demonstrated that metastasis-derived cells can repopulate 

experimentally implanted tumours in bone44, indicating that at least in experimental settings, 

reseeding may occur bidirectionally between primary tumours and metastases. Widespread 

and efficient reseeding would result in increased intralesion heterogeneity by exchange of 

novel subclones arising in individual lesions. However, it would have the potential for 

decreasing interlesion heterogeneity by reducing the number of subclones private to that 

lesion of origin. Nevertheless, clinical evidence for reseeding is currently limited and is 

difficult to distinguish from polyclonal seeding. Whole-genome sequencing of multiple 

metastases from patients in one study of prostate cancer revealed the presence of several 

tumour clones that were shared among different metastatic sites, consistent with either 

polyclonal seeding or reseeding between metastatic lesions38. By contrast, investigations of 

acquired BRAF inhibitor resistance in patients with melanoma have indicated that the 

majority of individual lesions within a patient have unique resistance mechanisms45, which 

would argue against reseeding as a major mechanism of spreading resistant subclones, at 

least for this tumour type.

Metastasis-specific driver events

Genetic heterogeneity between primary tumours and metastases provides a potential window 

into the biology of the metastatic process by highlighting genetic events that are enriched in 

metastases and may play a causal role in their successful establishment. Such tumour-to-

metastasis heterogeneity is also an important consideration for the design of improved 

antimetastatic therapies because to date, clinical trials testing novel cancer therapeutics or 

strategies are based on information obtained mostly from primary tumour tissue. The ability 

to perform deep sequencing on hundreds of primary tumour samples has identified genes 

that are recurrently mutated in different tissue types that likely represent ‘tumour drivers’, 

the mutations that cause neoplastic transformation46.

One major unanswered question at this point is whether there are analogous metastasis-

specific genetic driver events that contribute to the later stages of tumour progression and 

could be targeted in the development of metastasis-specific therapies. In the past, metastasis-

specific loss of heterozygosity or loss of gene expression47 had been used to identify a class 

of genes known as ‘metastasis suppressors’ in experimental studies that were largely based 

on the differential metastatic ability of tumour cell lines following chromosome transfer or 

functional genomic screens (reviewed in REF. 48). For example, the breast cancer 

metastasis-suppressor 1 (BRMS1) gene was identified as a gene on chromo-some 11 that 

suppressed metastasis of highly meta-static MDA-MB-435 cells following microcell-

mediated chromosome transfer49. The distinguishing characteristic of these genes is that re-

expression results in suppression of metastatic potential without substantial effects on 

primary tumour growth. More than 20 such metastasis-suppressor genes have been 

identified50 and shown to function in a wide variety of cellular processes and pathways, 

including cell adhesion, chromatin remodelling, transcriptional regulation and MAPK 

signalling, indicating that there may be a number of opportunities to disrupt metastatic 

biology to improve patient outcomes.
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While these experimental studies suggest that metastasis-specific genetic driver events exist, 

the data thus far in clinical samples are equivocal. Like primary tumour drivers, metastasis 

driver mutations would be expected to be present in all the tumour cells within a given meta 

static lesion and to be recurrently mutated in more than one patient. In addition, as the 

existing data support the late dissemination model as the most common mechanism of 

metastatic spread, metastasis driver mutations would be expected to be present in a 

subclonal fraction of the primary tumour but to be clearly enriched in the metastasis. Ideally, 

metastasis-specific driver events would be identified by large-scale comparative sequencing 

of patient-matched primary tumour and metastatic lesions, but that goal has yet to be 

achieved.

Recently, a large exome-sequencing study of 500 biopsied metastatic lesions across multiple 

tumour types, which used The Cancer Genome Atlas (TCGA) primary tumour database as a 

historical control, indicated that for most cancer types, the metastatic lesions had a higher 

number of potential driver mutations than did the corresponding but unmatched primary 

tumours51. Thus, either metastatic competency is a feature of subclones with a higher driver 

mutational load in the primary tumour or metastatic lesions continue to evolve genetically at 

the distant site as they adapt to their new environment. A similar study in breast cancer 

applying targeted sequencing of 365 known cancer genes to 227 samples of distant 

metastases or loco regional relapses, which also used the TCGA data set as a comparator, 

came to a similar conclusion20. By further comparing the driver mutation profile of primary 

tumours with matched metastases or loco regional recurrences in a smaller subset of 51 

patients with breast cancer, it was shown that 50% of patients had additional driver 

mutations in the recurrent lesions, many of which were rarely mutated in primary breast 

cancer20. Intriguingly, inactivation of the SWI/SNF chromatin remodelling complex, 

particularly through mutations in AT-rich interactive domain (ARID) family members, was a 

frequent event20. Mutations in this complex have also been seen in meta-static endometrial 

cancer33. This observation raises the possibility that genetic events driving widespread 

modulation of the epigenetic landscape may play a particularly important role in metastatic 

evolution. Neither of these two large studies identified mutations in the classical metastasis-

suppressor genes previously identified by experimental approaches, suggesting that if these 

are important clinically, they will be epigenetically rather than genetically modified in 

metastases.

In addition to these relatively large studies, a number of smaller-scale sequencing studies of 

matched primary and metastatic tumours have also been performed. For skin, pancreatic and 

breast cancers, such studies have so far not identified any genes that recurrently acquire 

point mutations in metastatic lesions19,22,52,53. However, in colorectal cancer, evidence is 

emerging that suggests that KRAS mutations are associated with metastasis to the lung54 

and liver55. Furthermore, TP53 mutations appeared to be enriched in prostate cancer 

metastases compared with the matched primary tumours56. Thus, the existing data suggest 

that in some tumour types, metastatic progression is driven by oncogenic alterations in genes 

that serve as primary tumour drivers in other tumour types. Additional studies with larger 

numbers of samples will be required to fully understand whether metastasis-specific driver 

mutations contribute in a major way to the differences seen between primary tumour and 

metastasis biology or whether epigenetic differences are quantitatively more important57. 
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Conceivably, as the metastatic seed cell must successfully overcome many different 

biological hurdles to establish a clinically overt metastasis, phenotypic plasticity conferred 

by a flexible epigenome may be more important than hardwired genetic events in driving 

metastatic progression.

Population-level germline heterogeneity

Generation and/or selection of different constellations of somatic genetic events in 

metastatic lesions clearly contribute appreciably to metastatic heterogeneity between and 

within patients. However, there is another understudied level of genetic heterogeneity that 

will profoundly impact precision medicine strategies, namely, inherited genetic diversity at 

the population level. The millions of polymorphisms that segregate among the human 

population are responsible for the variations not only in visible traits such as height but also 

in disease susceptibility, and they make every human unique58. Furthermore, it is now 

appreciated that the same mutation on different genetic backgrounds can have markedly 

different effects on individual pathophysiology, examples of which can be found in both 

humans and model systems59,60.

This phenomenon is most clearly demonstrable in mouse models. For example, knockout of 

the epidermal growth factor receptor (Egfr) on a CF-1 mouse genetic background results in 

peri-implantation neonatal death owing to degeneration of the inner cell mass of the blasto 

cyst. By contrast, on a 129/Sv background, animals died at mid-gestation owing to defects in 

the placenta, while on a CD-1 background, animals survived up to three weeks postnatally 

before succumbing to multiple system abnormalities59. As all the animals inherited the 

identical mutation by breeding, these results indicate that polymorphisms within the 

different genetic backgrounds were capable of modulating the deleterious effects of the Egfr 

knockout to different degrees. In humans, a good example of the effect of inherited 

polymorphism on cancer phenotypes is seen with the BRCA1 gene. Patients who carry a 

single mutated copy of BRCA1 are at substantial risk of developing breast cancer in their 

lifetime. However, not every patient carrying the same mutation will develop disease61,62, 

and cancer risk has been found to vary between populations63, suggesting that there are 

contributions of inherited genetic variants that modify the penetrance of the disease, some of 

which are being uncovered by genome-wide association studies (GWAS)64.

Insights from mouse models.

With respect to metastasis, profound effects of genetic background in modulating 

phenotypic expression of metastatic disease have been clearly demonstrated in animal model 

systems65–71. Owing to the inherent variability of the metastatic phenotype, animal models 

provide a powerful method to identify modifier genes because of the higher signal:noise 

ratio afforded by the increased control of potential confounding variables such as 

environment. In the most intensely studied case, the mouse mammary tumour virus 

promoter-driven polyoma middle T oncogene (MMTV-PyMT) transgenic mouse model of 

breast cancer72 was used, in which expression of the powerful PyMT is sufficient to induce 

rapidly developing metastatic disease without the need for further extensive genetic 

evolution in the tumour cells. When this model was bred to different inbred strains of mice 
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to vary the genetic background72 on which the disease developed (FIG. 3a), examination of 

the progeny of these crosses revealed a significant variation in the efficiency of forming 

pulmonary metastases (FIG. 3b), with metastatic burden varying over a 40-fold range65. As 

the primary oncogenic driver event — expression of the PyMT transgene — was identical in 

all the animals, the phenotypic variation in metastasis was primarily due to inherited 

polymorphisms modifying the various steps of the metastatic process.

Further evidence for the existence of metastasis susceptibility loci and the identification of 

candidate modifier genes was obtained by quantitative trait locus mapping in mouse genetic 

experiments. Genetic backcross mapping panels73 and a specialized mapping strategy 

known as a recombinant inbred backcross74 demonstrated a reproducible association of the 

proximal end of mouse chromosome 19 with the metastatic efficiency of the MMTV-PyMT 

mouse breast cancer model75. Comparisons of the haplotypes across this region of mouse 

chromosome 19 to find haplotypes that correlated with metastatic capacity across the inbred 

strains of interest reduced the number of potential candidate genes76. Expression and direct 

sequencing analysis suggested that signal-induced proliferation-associated 1 (Sipa1), which 

encodes a RAP1 GTPase-activating protein (GAP) was a promising metastasis susceptibility 

gene candidate, which was subsequently validated in knockdown and overexpression studies 

in metastatic mouse mammary tumour cell lines67. Similar studies revealed that 

polymorphisms that result in amino acid substitutions in candidate metastasis susceptibility 

genes (for example, Sipa1)67 or generate differences in transcriptional programmes in either 

tumour cells (for example, ribosomal RNA processing 1 homologue B (Rrp1b))68 and/or 

stroma (for example, zinc-finger and BTB domain containing 16 (Zbtb16))70 can alter the 

metastatic capacity of both cell-line-based67–69,71,77–81 and genetically engineered mouse 

models (GEMMs) of metastatic mammary disease70,71,81. Similar studies in a mouse model 

of prostate cancer have also identified candidate metastasis susceptibility genes, indicating 

that inherited susceptibility to metastasis may be a general phenomenon82–85, although the 

specific genes identified to date are not shared between the two tissue types.

A strength of the animal modelling approaches is that the cellular targets of these metastatic 

susceptibility variants can be identified through transplantation studies in which the 

candidate susceptibility gene is modified independently in the host or tumour cells. The 

results of such studies show that either tissue compartment may be the prime target, 

depending on the variant in question70. For example, variants in the circadian rhythm gene 

aryl hydrocarbon receptor nuclear trans-locator-like 2 (Arntl2) were found to affect 

metastasis in a tumour-autonomous fashion in mouse models of human breast cancer71. By 

contrast, variation in Zbtb16 levels in tumour cells had no effect on metastatic capacity, but 

haploinsufficiency of the gene in host tissue increased the metastatic capacity of injected 

mammary tumour cells70. A recent study using a large panel of mutant knockout mice has 

also demonstrated an important role of stromal genes in metastatic susceptibility86. 

Intravenous injection of the B16 mouse melanoma cell line into more than 810 knockout 

models identified 19 novel genes that played a role in stromal control of metastasis. Deletion 

of spinster homologue 2 (Spns2), which encodes a sphingosine-1-phosphate (S1P) 

transporter, had a particularly profound effect, resulting in more effective immune cell 

trafficking to the lung and reduced metastatic burden86.
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As more metastasis susceptibility alleles are identified through such approaches, they are 

starting to converge around the involvement of a core set of biological processes that are 

implicated in affecting metastatic efficiency. These include broad processes such as 

transcriptional regulation71,77,79,87, chromatin biology80 and RNA metabolism81,88, which 

are presumably involved in metastasis-specific rewiring of the transcriptome, as well as 

metastasis-specific processes such as adhesion and migration67,69 and antitumour defences 

such as immune surveillance69,86. Moreover, inherited genetic susceptibility is not limited to 

the nuclear genome. Recent studies have demonstrated that polymorphisms in the 

mitochondrial genome also affect metastatic efficiency and implicate an important role for 

metabolism in tumour progression89.

The identification of metastasis susceptibility genes not only sheds new light on the biology 

of metastatic progression but may also have important clinical implications for prognosis 

and treatment. Various gene-expression-based prognostic tests are currently used in the 

clinic (for example, MammaPrint and Oncotype DX) that are based on the pioneering work 

demonstrating that transcriptional profiles from bulk primary tumour tissue could 

discriminate patient outcome90,91. With the exception of a strong proliferation component, 

the biology underlying these prognostic signatures has not been clearly defined. Intriguingly, 

analysis of the transcriptomic effects of experimental manipulation in the mouse has 

generated gene signatures that are capable of discriminating outcome in human patient data 

sets77,92. Even more intriguingly, gene expression profiles from both tumours and normal 

tissues from mouse strains with high and low metastatic propensity can also discriminate 

patient outcome88,93, suggesting that the existing prognostic gene signatures include 

biomarkers of inherited susceptibility in addition to somatic drivers that may contribute to 

the prognostic signal.

Beyond contributing to the development of more powerful prognostic gene signatures, the 

identification of metastasis susceptibility genes may also provide novel strategies to prevent 

or treat metastasis through modulation of the susceptibility phenotype. The gene signatures 

derived from the mouse strains with high and low metastatic propensity implicate some 

pathways that are already targeted by US Food and Drug Administration (FDA)-approved 

drugs. For example, the diabetes mellitus pathway shows differential activation between 

mice with high and low metastatic capa city, and experimental targeting of this pathway with 

the peroxisome proliferator-activated receptor-γ (PPARγ) agonist rosiglitazone reduced 

meta static capacity in a metastatic breast cancer model70. Similarly, other commonly used 

agents in the treatment of diseases other than cancer have been shown to suppress metastatic 

disease, including both caffeine94 and cannabinoids70,95. Further investigation of such 

agents and their incorporation into existing therapeutic strategies might therefore provide 

substantial benefit to certain subsets of patients.

Evidence for metastasis susceptibility alleles in the human population.

Crucially, polymorphisms in the human orthologues of some of these mouse metastasis 

susceptibility genes have been associated with meta-static progression or disease outcome in 

patients68,71,96–102. A polymorphism in the proximal promoter region of SIPA1 that reduces 

SIPA1 transcriptional activity in humans101 was found to be associated with improved breast 
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cancer survival97, which is consistent with the experimental mouse studies. Similarly, a 

polymorphism that encodes an amino acid substitution in RRP1B was found to be associated 

with survival, with patients with breast cancer carrying this rarer allelic variant being less 

likely to develop distant metastatic disease92,100. The results of these studies suggest that 

polymorphisms in the human population contribute to the metastatic susceptibility and 

heterogeneity observed across the human population and validate the experimental approach 

in mice.

Epidemiology studies to interrogate metastatic susceptibility in patients have found that 

cancer survival, like cancer incidence, is familial in multiple tumour types, including breast, 

pancreatic, prostate, bladder and renal cancers103–106, further supporting a role for inherited 

polymorphism in metastatic disease. However, despite strong evidence in the mouse 

systems, GWAS in humans so far have provided only suggestive but not conclusive evidence 

that inherited factors are associated with progression to metastatic disease or 

survival96,98,99,101,102,107,108. There are several reasons why definitive proof of metastasis 

susceptibility genes has not yet been found in humans, all converging around signal-to-noise 

issues. One possible explanation is that metastasis susceptibility varies by tumour subtype. 

For example, association studies of metastasis-free survival for the human orthologues of the 

mouse susceptibility genes SIPA167 (for example, see FIG. 3c) and RRP1B67,68 

demonstrated that polymorphisms could discriminate outcome only in patients with 

oestrogen receptor-positive, lymph node-negative breast cancer97. Therefore, investigations 

in unstratified cohorts would dilute the power to detect subtype specific associations. 

Similarly, it is likely that some fraction of the metastasis susceptibility component may vary 

depending on the oncogenic driver. A third possibility is the potential influence of the 

environment. Genetic studies of meta-static susceptibility are done in therapy-naive animals 

housed in carefully controlled environments that permit mostly robust and reproducible 

metastatic phenotypes. Human patients are exposed to a vast array of environmental 

variables that likely alter the natural course of the disease and add noise to association 

studies. For example, diet has been shown to influence pulmonary metastasis in the MMTV-

PyMT model109,110.

Another potential confound for patients is exposure to therapy. As adjuvant therapy is given 

to patients specifically to try to eliminate occult metastatic disease and because 20–40% of 

treated patients benefit111, inclusion of those patients whose metastatic disease was 

prevented by adjuvant therapy would further reduce the power of association studies to 

detect metastasis susceptibility genes. All these confounds can be at least partially 

compensated for by increasing the size and annotation of the human cohorts used in GWAS 

but with increasing costs and effort. For example, a recent study required genotyping of 

more than 250,000 individuals to identify 4% of the population-wide twofold familial risk of 

breast cancer112. Therefore, animal models, for the time being at least, continue to provide a 

cost-effective, efficient platform to identify putative metastasis susceptibility candidates that 

can be validated in focused epidemiology studies in human cohorts.
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Nongenetic, nonenvironmental heterogeneity

While genes (somatic and germline), tumour micro-environment and more systemic 

environmental effects undoubtedly contribute to interindividual heterogeneity in metastasis, 

there is likely a third factor that contributes a substantial fraction of the human population 

variation in metastatic propensity. In preclinical settings, it is consistently observed that 

implantation of genetically identical tumour cells into genetically identical inbred mouse 

hosts, housed under identical conditions, gives a wide range of metastatic burden between 

individual animals113. Extensive work by Gartner114 and others115,116 has shown that for 

other quantitative traits such as body weight, resistance to infection, stress response and 

various behavioural phenomena, inbred animals display an irreducible phenotypic variation 

that is unaffected by experimental standardization. This third component of interindividual 

variation is referred to as ‘intangible variation’ or ‘phenotypic noise’ and is the largest 

nongenetic contributor to phenotypic variance, dominating over environmental effects117,118. 

It appears to be established stochastically early in development, within the first three cell 

divisions of the zygote, and is likely epigenetically driven117,118. Gartner117 has speculated 

that one of the evolutionary objectives of this component of variation is to resist the 

inbreeding effects caused by selection of the genetically fittest. The net result is a somatic 

epigenome that varies between individuals and impacts phenotypic expression of many 

traits. This phenomenon likely also contributes to interindividual heterogeneity in 

phenotypic expression of the metastatic trait in human populations. Systematic analysis of 

the transcriptomic and biological variation between individual inbred animals in 

experimental metastasis cohorts and their correlation with metastatic burden is an 

underexplored avenue that could lead to novel interventions to reduce the probability and 

extent of metastatic development in patient populations.

Development of metastatic therapeutics

Emergent principles of genetic heterogeneity of metastases.

It is still early in the application of new genetic analysis tools to metastatic disease, and there 

are still few studies that have compared primary tumours with patient-matched metastatic 

lesions in clinical samples. While the picture may change with additional studies and may 

vary in detail between tumour types, a few consistent themes seem to be emerging from the 

studies described above.

First, multiple metastases in a given patient are usually genetically more similar to each 

other than to the matched primary tumour33,38,53. This feature probably reflects purifying 

selection from genetically heterogeneous primary tumours for biological properties 

specifically necessary for successful metastasis and is also consistent with the prevalence of 

a late dissemination mechanism. The issue of whether there are recurrent metastasis-specific 

genetic driver mutations that are selected for in this process needs to be resolved by larger-

scale studies.

Second, metastases within a given organ are genetically more similar to each other than they 

are to metastases in different organs in the same patient33,57,119. This suggests that different 

target organ microenvironments select for or require different adaptive mechanisms for the 
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metastatic tumour cell to successfully colonize. Furthermore, metastases in close proximity 

to each other in a given organ are genetically more similar than metastases from more distant 

sites in the same organ38.

Third, inherited genetic variation between individual patients is likely to profoundly affect 

the metastatic phenotype through effects on both the tumour cell and the microenvironment.

Implications for therapy from what we have learned so far.

The inherited genomic variation and acquired somatic mutation described above, when 

combined with variation induced by cellular plasticity and the influence of the distant organ 

microenvironment (not discussed in this Review), generate an enormous degree of 

heterogeneity in metastatic disease and contribute to making the biological properties of 

metastases distinct from those of the originating primary tumour. Mortality in the cancer 

setting is generally due to failure to effectively treat metastatic disease, and the new 

molecular insights that are emerging need to be translated into improved therapeutics. 

Metastases generated via the early dissemination with parallel evolution mechanism may be 

so different from each other and from the primary tumour as to need treatment as 

independent tumours. Conversely, metastases arising from a late dissemination mechanism 

are more likely to share common genetic vulnerabilities that might be treatable by a 

common therapeutic strategy. However, even though the genetics of the primary tumour may 

be a reasonable surrogate for the genetics of synchronously diagnosed metastases arising 

from late dissemination, metachronous metastases are more genetically divergent, 

presumably owing to continuing genomic evolution15. Furthermore, ongoing epigenomic 

evolution in the metastases20,120, in combination with microenvironmental effects 

introduced by the different secondary sites121, likely also contributes to our inability to 

completely eradicate metastatic disease.

Importantly, the genetic studies suggest that therapeutic strategies need to be organ-specific. 

For example, while characterization of intracranial metastasis has shown a high degree of 

genetic homogeneity between brain metastases from a given patient, substantial differences 

were observed when these were compared with the genomes of extracranial lesions from the 

same patient53. Similar results have been observed in prostate cancer38, pancreatic cancer119 

and colon cancer27. As the authors of the brain metastasis study noted, such observations 

suggest that biopsy of a single intracranial lesion will be much more informative for guiding 

therapy selection for successful treatment of the brain metastases than any information 

generated from the primary tumour or extracranial lesions. The data also strongly suggest 

that different microenvironmental influences in the secondary sites select for survival and 

outgrowth of genetically different metastatic variants. Again, it should be noted that this 

selection process will not only be limited to somatic genetic variation but may also occur at 

the epigenetic level. Experimental metastasis systems have demonstrated a reversible 

suppression of PTEN in breast cancer brain metastatic lesions, which is facilitated by 

exosome-mediated microRNA transfer from surrounding tissues122. Similarly, comparison 

of hormone receptor expression in breast cancer has demonstrated both loss and gain of 

expression not only between the primary tumour and metastases123 but also between 

metastases124. Thus, information on the somatic genetics of the metastasis will ideally need 
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to be complemented by additional ‘omics’ analyses to generate a more complete picture of 

targetable vulnerabilities. Clinical strategies for treating metastatic disease may have to 

include combinations of therapies to target metastases in multiple organs or potentially be 

performed in series to clear metastatic lesions in different target organs sequentially.

What still needs to be done.

Despite recent advances in our knowledge of the genetics of metastasis, progress in 

developing antimetastatic therapies is currently hampered on two main fronts. The first is 

that we still have an inadequate understanding of the natural history of the progression to 

metastasis. The second is that the preclinical drug development process has historically been 

geared towards effectiveness against the primary tumour rather than against metastatic 

disease, and it has also failed to capture even a fraction of the hetero geneity of the disease 

phenotype. These deficiencies need to be addressed.

In terms of enhancing our understanding of the processes and pathways that contribute to the 

generation of metastatic heterogeneity, a number of tools will be helpful. Historically, it has 

been difficult to obtain meta static material in clinical settings, and nearly all the 

phylogenetic studies done to date have involved small sample numbers. However, warm 

autopsy programmes and increased biopsy sampling of metastatic lesions51 coupled with 

sophisticated advances in genomic125 and single-cell analysis tools126 are already 

illuminating how primary tumour subclones seed and evolve during the establishment of 

multiple metastases within a given patient. More recently, direct-to-patient outreach 

programmes using social media are enabling the collection and analysis of samples from a 

large number of patients across the US outside of the conventional clinical trial structure, 

which will greatly increase the numerical power of these studies (www.mbcproject.org)127. 

This pioneering approach will have a major impact on our understanding of the genomics of 

metastatic disease in the years to come.

Complementing approaches that use clinical mat erial, mouse models of metastatic disease 

provide a unique window onto all stages of the metastatic process41,128–131. Importantly, 

GEMMs of metastatic disease enable access to the very early stages of the process that 

cannot be readily queried in humans and also permit study of the natural history of disease 

progression in the untreated state. However, intelligent use of mouse models requires the 

recognition of features that differ from human disease, with no models accurately reflecting 

all aspects of human disease under study. Instead, each model tends to highlight and amplify 

an important component of the relevant biology under consideration. For example, GEMMs 

with strong drivers such as the MMTV-PyMT model do not accumulate as many somatic 

variants as observed in chemically induced tumour model systems or naturally arising adult 

human tumours, which can be considered a limitation132. However, this simplified somatic 

tumour genome provides a greater signal:noise ratio than is possible in the more 

genomically complex human tumours, enabling detection of important causal events in 

smaller numbers of samples. Data generated from animal models therefore provide an 

important vehicle for hypothesis generation and testing that can subsequently be examined 

and verified across the broader human population.
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Continued investigations into these model systems will help determine whether metastasis 

driver mutations can be identified, functionally validated and targeted using precision 

medicine strategies. Identifying metastasis modifier genes and their associated biology can 

also lead to novel therapeutic strategies based on mitigating the modifier effects. These 

genetic approaches can be further complemented by approaches targeting the metastatic 

epigenome or the metastasis-supportive microenvironments, which can also be well studied 

in mouse models. Organoid models of metastatic progression, derived from GEMMs or 

patient samples, are showing promise for rapid functional screening of genes and pathways 

that can influence metastatic progression and for analysis of aspects of epigenomics and 

chromatin landscape evolution that is currently difficult to do using clinical 

material120,133,134.

A better understanding of the biology of the meta-static process and the steps that influence 

metastatic heterogeneity will help inform the drug development process. However, many 

improvements also need to be incorporated into the preclinical drug development pipeline. 

First and foremost, antimetastatic drugs should be tested for efficacy against metastatic 

disease rather than against primary tumours. Mouse models should be used in formats that 

mimic the clinical situation as closely as possible. Thus, GEMMs or orthotopic transplant 

models, which incorporate the systemic conditioning effects of the primary tumour in 

shaping immune responses and metastatic niche development, are preferable to intravenous 

tumour cell administration, and surgical resection of the primary tumour is desirable. Where 

possible, models should include an intact immune system, and attempts should be made to 

incorporate genetic heterogeneity in study designs by using multiple different model systems 

on diverse genetic backgrounds. While these approaches are costly and labour-intensive, 

they have a greater probability of generating effective antimetastatic therapeutics.

Conclusion

The complexity of metastatic disease and the difficulty in treating it are due in no small part 

to the hetero geneity of metastatic lesions. In this Review, we have described the various 

origins and influences of genetic sources of heterogeneity both between primary tumours 

and metastases and between and within the metastases themselves. While many of the data 

indicate quite close genetic similarity between metastases in a given patient, thus supporting 

the hypothesis of metastasis seeding by late dissemination of a single metastatic primary 

tumour subclone, a few more recent studies provide some evidence of the possible 

contribution of more complex polyclonal seeding to metastatic disease. In addition to these 

phenomena, an expanding understanding of the contribution of organ micro-environments to 

successful metastatic colonization is revealing the extensive impact of the secondary site in 

shaping the genetics of new tumours as they spread throughout the body and continue to 

evolve. However, studies of inherited susceptibility to metastasis are indicating that all this 

information needs to be applied in the context of the personal genetic landscape of the 

patient, which can profoundly impact how the somatic genetic changes in the tumour cells 

and influences of the local microenvironment affect the biology and therapeutic 

responsiveness of disseminated tumour cells. New mechanisms uncovered by such studies 

could be exploited in the clinic to disrupt the ‘soil’, an approach that may complement the 

current focus on targeting the metastatic ‘seed’. To achieve these goals, additional deep 
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characterization of the genomes of matched primary and metastatic tumours of larger 

numbers of patient and experimental tissue samples will be neces sary to resolve many of the 

unanswered questions regarding the aetiology of metastatic disease and the impact of 

heterogeneity on the biology of the lethal terminal stages of cancer progression.
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Glossary

Microcell-mediated chromosome transfer
A method of chromosomal transfer by fusion of membrane-encapsulated donor 

chromosomes with recipient cells.

Polymorphisms
Naturally occurring DNA variants that are passed down through different generations in 

populations.

Modifier genes
Genes that contribute to or affect the distribution of continuous traits, such as human height.

Quantitative trait locus mapping
Genetic mapping to identify genomic intervals that contain genes that contribute to 

continuously distributed traits, such as human height.

Genetic backcross mapping panels
A population of animals used for genetic mapping that are generated by breeding two strains 

to generate F1 progeny, which are then bred back to one of the parental strains.

Recombinant inbred backcross
A genetic mapping study that results from breeding a panel of recombinant inbred strains to 

a mouse strain of interest.

Haplotypes
Collections of specific DNA sequences of single nucleotide polymorphisms that are 

clustered and frequently inherited together.

Warm autopsy programmes
Autopsies and tissue collection that occur as soon as possible after patient demise (also 

known as rapid autopsy programmes).
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Fig. 1 |. Models of metastasis evolution and implications of genetic heterogeneity.
a | The classical simple linear model, where clones sequentially arise that dominate the 

primary tumour owing to survival and proliferative advantages. In this model, metastases 

arise late in evolution from the most advanced primary tumour clone. b | The early 

dissemination and parallel evolution model, where tumour cells begin to disseminate early in 

the primary tumour lifespan and continue to somatically evolve in parallel with the primary 

tumour during clinical dormancy until they acquire metastatic capacity and proliferate into a 

clinically relevant lesion. Owing to the independent evolution of the disseminated tumour 

cells, this model suggests that metastases and primary tumours share only the early 

tumorigenic driver events. c | The late dissemination model, where tumours evolve over time 

until a late-arising subclone is able to successfully seed multiple metastases. This model 

predicts that independent metastases would share the somatic events that occurred during the 

evolution of the metastatic primary subclone. Subsequently, owing to continuing evolution, 

individual metastases may diverge somewhat by acquisition of additional subclonal somatic 

events at the distant site. d | Late dissemination from multiple metastatically competent 

subclones within the primary tumour. Metastases seeded by this mechanism would share all 

the somatic events acquired by the tumour preceding the divergence of the different 

metastatically competent primary tumour subclones. The resulting metastases from the 
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different subclones would be distinguished from each other by the presence of unique 

somatic events. Blizzard symbol indicates somatic genetic alterations.
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Fig. 2 |. Metastatic heterogeneity owing to alternative seeding mechanisms.
a | Polyclonal seeding, where multiple tumour cells from different subclones of the primary 

tumour disseminate to the secondary site and proliferate in parallel during metastasis 

evolution. b | Primary tumour reseeding, where metastases are initially generated by a single 

subclone within the primary tumour. Subsequently, disseminated tumour cells from a 

different subclone of the primary tumour colonize and proliferate within the already 

established metastatic lesion. Somatic heterogeneity introduced into the metastasis by this 

reseeding mechanism would also be present within the primary tumour. c | Metastasis-to-

metastasis reseeding, where independent metastases are founded and continue to evolve. A 

subsequently arising subclone within a metastasis then seeds tumour cells to other 

metastases. The somatic events that define the metastasis reseeding subclone would not be 

present in the primary tumour in this mechanism.
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Fig. 3 |. The effect of polymorphism on metastatic progression.
a | Mouse mammary tumour virus promoter-driven polyoma middle T oncogene (MMTV-

PyMT) male mice were bred to female mice from many different branches of the mouse 

phylogenetic tree. b | The subsequent F1 progeny have different genetic backgrounds owing 

to the introduction of a different haploid genome from the maternal strain. Subsequent 

analysis of the average number of metastases (y axis in the bar chart) in the transgene-

positive F1 female progeny revealed that the metastatic capacity of mammary tumours 

across the different genetic backgrounds varied substantially, with eight strains showing 
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statistically significant differences (red bars) when compared with the original FVB/NJ 

homozygous genetic background (green bar). c | A minor allele in the promoter of signal-

induced proliferation-associated 1 (SIPA1) (homozygous for the allele denoted by the 

genotype AA (in red)) predicts distant metastasis-free survival (MFS) in the oestrogen 

receptor-positive (ER+) lymph node-negative (LN−) subtype of human breast cancer. Parts a 
and b are adapted from REF. 70, CC0 1.0. Part c is adapted from REF. 97, Macmillan 

Publishers Limited.
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