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Tumours are composed of genetically heterogeneous subclones which may
diverge early during tumour growth. However, our strategies for treating and
assessing outcome for patients are overwhelmingly based upon the classical
linear paradigm for cancer evolution. Increasing numbers of studies are finding
that minor subclones can determine clinical disease course, and that temporal
and spatial heterogeneity needs to be considered in disease management. In
this article we review evidence for cancer clonal heterogeneity, evaluating the
importance of tumour subclones and their growth through both Darwinian and
neutral evolution.Major shifts in current clinical practice and trial designs, aimed
at understanding cancer evolution on a patient-by-patient basis, may be nec-
essary to achieve more successful treatment of heterogeneous metastatic
disease.

Tumour Evolution and Defining the ‘Dominant Clone’
A Darwinian evolutionary framework for cancer development was proposed in 1976 by Peter
Nowell, delineating how tumour progression could arise from sequential development and
selection of mutant subpopulations derived from a common progenitor [1].

In the decades that have followed we have gained an increasingly detailed understanding of the
complexity of cancer evolution [2]. Rather than uniformly ‘sequential selection of more aggres-
sive sublines’ [1], cancer evolution often follows a branched trajectory, with divergent subclones
evolving simultaneously [3,4]. Both metastasis and therapeutic resistance can be driven by
minor and sometimes multiple subclones [5] rather than necessarily by ongoing evolution of an
increasingly aggressive dominant clone.

In the current era of increasing personalisation of cancer medicine, spatial separation of
subclones and variation in the subclonal composition of tumours over time pose significant
challenges for cancer diagnostics and treatment [6]. While one clone may dominate the physical
entity of a tumour, minor and often undetectable subclones can dominate the clinical course of
cancer [7–9]. There is also emerging evidence that subclones within tumours may cooperate to
promote tumour growth, indicating that minor subclones can have functional roles, rather than
being byproducts of evolution of the dominant clone.

How then do we define a dominant clone, and is such a definition an accurate or useful portrayal
of the complex dynamic behaviour of the subclonal populations constituting a tumour? As we
acquire greater understanding of the dynamics of cancer evolution, and of the importance of
minor, or subclonal populations to tumour evolution and disease progression, this may shape
novel approaches to diagnostics, treatment, and disease monitoring in clinical practice.

Trends
Next-generation sequencing has
revealed the complexity of tumour evo-
lution. Cancers are usually composed of
multiple genetically related, distinct sub-
clones evolving in parallel. This repre-
sents a shift from the traditional
paradigm of ongoing evolution of one
increasingly aggressive clone.

Evolutionary forces in heterogeneous
tumours are complex. There may be
both competition and cooperation
between subclones. Recent evidence
also suggests that neutral evolution
may be common across a range of
tumours.

Subclonal architecture varies over
space and time. Spatial heterogeneity
poses a challenge of sampling bias,
particularly if individual subclones dom-
inate tumour regions. Circulating
tumour DNA enables monitoring of dis-
ease burden and drug resistance over
time, potentially addressing issues of
sampling bias and the requirement
for repeated tumour sampling.

1Translational Cancer Therapeutics
laboratory, Francis Crick Institute, 44
Lincoln's Inn Fields, London WC2A
3LY, UK
2University College London (UCL)
Cancer Institute and Hospitals, Cancer
Research UK (CRUK) Lung Cancer
Centre of Excellence, Huntley Street,
London WC1E 6DD, UK

*Correspondence:
charles.swanton@crick.ac.uk
(C. Swanton).

TRECAN 64 No. of Pages 14

Trends in Cancer, Month Year, Vol. xx, No. yy http://dx.doi.org/10.1016/j.trecan.2016.04.002 1
© 2016 Elsevier Inc. All rights reserved.

mailto:charles.swanton@crick.ac.uk
http://dx.doi.org/10.1016/j.trecan.2016.04.002


TRECAN 64 No. of Pages 14

Spatial Variation in Clonal Dominance
Next-generation sequencing studies have revealed substantial intratumour genetic heteroge-
neity (ITH) within tumour lesions, between metastatic and primary tumours, and over time.
Mutations identified in tumour cells at all disease sites and time-points conforming to clonal
estimates will have likely been present in the last common ancestor cell before genetic diver-
gence of any subclonal populations, and are on the trunk of the evolutionary tree of the tumour
(Figure 1). A proportion of these clonal or ‘truncal’mutations are likely to have been early events
involved in the initial transformation from normal to neoplastic cellular behaviour, while others are
passenger mutations present in the founding cell [10]. ‘Private’ mutations and chromosomal
aberrations confined to a particular tumour region or population of cells have now been
demonstrated in multiple solid tumour types including, but not limited to, glioblastoma [11],
medulloblastoma [12], ovarian [13–15], breast [16–18], renal [3,19], lung [20], oesophageal [21],
prostate [22–24], pancreatic [25], and hepatocellular carcinomas [26].

Subclonal populations can be mixed together [17,27,28], or spatially separated within a tumour
or between primary and metastatic sites [3,14,19,25] (Figure 1). Multiregion sequencing in clear
cell renal cell carcinoma (ccRCC) revealed regional separation of subclones in all cases; only
6/62 regions across eight cases harboured multiple detectable subclones [3,19]. The degree of
ITH of single-nucleotide variants (SNVs) increased with the number of biopsies taken, without
saturation in most tumours, indicating no single clone physically dominated each tumour [3]. In a
multiregion sequencing study of 12 breast cancers, locally confined expansion of subclones was
the predominant pattern of heterogeneity [16], although four tumours displayed mixing of
subclones, consistent with previous reports resolving multiple subclones from deep sequencing
of single biopsies in breast cancer [17,18,29]. Local domination of tumour regions by individual
subclones was also seen in lung and oesophageal cancers [20,21].

Further evidence for localised subclonal dominance comes from multifocal breast cancer: within
each disease focus, private mutations had high variant allele fractions, indicating a likely founder
effect or clonal sweep at each site [16]. Subclonal driver gene mutations were identified in three
of four multifocal cancers sequenced [16]. In prostate cancer, there is gross heterogeneity of
point mutations and chromosomal aberrations between different foci of multifocal prostate
cancer, suggestive of multiclonal disease in some instances [23], in contrast to multifocal
breast cancer, where sequencing identified a clonal relationship between disease foci [16].
However, in some cases of prostate cancer, minimal heterogeneity is seen between different
sites of disease [30].
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Figure 1. Branched Evolution and Sampling Bias in Solid Tumours. (A) Genetic divergence of subclones during
tumour evolution. Mutations present in the last common ancestor will be present on the trunk of the tumour phylogenetic
tree. Private mutations in divergent subclones are located on the branches. (B) Sampling bias may confound resolution of
the clonal status of mutations. While a biopsy in region 1would identify three subclones, a biopsy in region 2would lead to an
‘illusion of clonality’ owing to the dominance of the tumour area by one subclone.
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Such regional subclonal dominance may also be seen in metastasis, with resulting genetic
heterogeneity between metastatic sites [19,25]. Distinct mutations in samples from different
metastatic niches may reflect variation in selection pressures at these sites–for example, in
ovarian cancer, evolutionary clades (groups of more closely related subclones) were noted to
correspond to geographical areas from which the samples were taken [15]. Alternatively,
heterogeneity between metastases could simply reflect the mutational events present in the
founding metastatic clone [25], or the impact of drug therapy. There are now several docu-
mented examples of recurrent mutations affecting the same gene or pathway that confer
resistance to therapy at different sites of disease [31,32]. It is likely that epigenetic adaptation
and stromal factors also contribute to organ-specific adaptation. The significance of private
mutations at metastatic sites is difficult to determine–these may be passenger events expanded
only by virtue of a founder effect, but could in some cases also reflect a context-dependent driver
gene mutation or metastasis-promoting alteration. Together with the fact that the majority of
studies aiming to identify metastasis specific mutations have focussed on protein-coding genes,
it is also likely that we are underpowered to identify metastasis-specific mutations, which could
also affect non-coding regions of the genome or so far undetected epigenetic modifications.

The mechanisms underpinning different subclonal distributions remain unclear. Similarly,
whether the spatial organisation of tumour subclones is dynamic or relatively static is not
known, although a recent study of HER2 (human epidermal growth factor 2)-positive breast
cancer found that changes in spatial organisation of cellular genetic diversity associated with
neoadjuvant chemotherapy correlated with poor long-term outcome following adjuvant therapy
with trastuzumab [33]. Admixing of subclones within single samples, particularly where histo-
pathology reveals mosaicism [28], could represent co-dependency between clonal populations
(discussed further below) or the generation of the private subclonal mutations early on in tumour
growth [34]. It remains unclear if spatial separation of subclones therefore impacts upon
functional interactions and interdependencies between tumour subclones. In tumour regions
dominated by one clone, it is possible that a selective advantage (which may be particular to a
given disease site or tumour region) enables a subclone to expand. Recent work has highlighted
the role of migration in the expansion of new subclones [35]. Provided there is sufficient cell
turnover, a relatively small selective advantage is required for significant expansion of new
subclones, allowing them to supersede their ancestors [35].

Notwithstanding this recent insight, where individual subclones are sufficiently expanded to
dominate large tumour areas it is unclear whether it is possible for these to be completely
superseded by either their own descendants or by the descendants of subclones from other
regions. Indeed, micro-mapping of subclones within a cross-section of a hepatocellular carci-
noma has revealed that new subclones tend to arise on the peripheries of tumours and expand
outwards [26]. Thus, regional separation of subclones within tumours might predicate branching
evolution, similar to divergent evolution of subclones at different metastastic sites. Assuming that
spatial separation of subclones precludes complete clonal sweeps, and depending on how early
in tumour evolution it occurs, it is conceivable that subclonal separation could influence the
shape of the overall evolutionary tree, with earlier branching and fewer shared truncal mutations.

Hence, while mutations may be ubiquitously present throughout a tumour, it is unusual for a
single clone to dominate the tumour. Instead, tumours are made up of several genetically
heterogeneous but related subclones. In some tumours subclones are mixed and may be
detected within a single sample, while in others individual tumour regions are dominated by one
subclone. Biopsies taken from regions dominated by individual subclones could give an illusion
of clonal dominance, where heterogeneous somatic events appear to be clonal when in fact they
are late, subclonal events arising on the branches of tumour phylogenies (Figure 1). Without
multiple samples, establishing a ‘dominant clone’ is fraught with difficulty owing to varying
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dominance of different subclones in different tumour regions or sites of disease. Even with
multiple samples, the full extent of ITH may not be resolved [3].

Temporal Variation in Subclonal Architecture
Selection pressures vary through the disease course as well as spatially within a tumour [2].
Heterogeneity may enable wider exploration of the fitness landscape, allowing adaptation in the
face of obstacles to tumour growth. Clonal dominance and subclonal architecture may therefore
vary substantially over time, most clearly demonstrated in comparing resistant or recurrent
disease to pretreatment samples [5,12,31,36].

There are multiple examples of temporal variation in clonal dominance from studies of haema-
topoietic malignancies, aided by ease of repeat sampling and the representation of multiple
subclones within individual blood samples. Dramatic fluctuations in clonal dominance over time
have been observed in multiple myeloma, as well as in chronic lymphocytic (CLL), acute
lymphoblastic (ALL), and acute myeloid leukaemias (AML). Disease at progression or death
was often markedly different from diagnostic samples [7,8,37–40].

Linear and branched evolutionary trajectories have been observed in multiple myeloma and in
CLL after treatment [4,37,41]. Interestingly, however, in five of a cohort of 15 cases of multiple
myeloma analysed over the course of treatment, stable clonal structure was observed despite
overt clinical response [37], implying equal response of all subclones to treatment, with no
single dominant clone driving cancer progression (Figure 2). Alternatively, this could indicate
that the subclone-definingmutations hadminimal differential functional impact (i.e., are neutral),
at least in the context of the treatment in question. Nevertheless, there is evidence for selection
of subclones bearing driver gene mutations during treatment in CLL and myeloma, with
increased subclonal complexity after therapy [4,37,42]. One explanation for this is the relief
of interclonal competition through the elimination of one or more subclones, thereby enabling
the outgrowth of previously unexpanded subpopulations [4]. In studies of some tumour types,
such as melanoma [31], increased subclonal diversity after therapy has been related to
polyclonality of drug resistance-conferring mutations. However, it is not clear in all cases
whether subclonal driver gene mutations identified in resistant cell populations directly confer
resistance to therapy, or whether independent mechanisms of resistance were active simulta-
neously. The presence of subclonal driver gene mutations in CLL was associated with adverse
clinical outcome [4,41].

Clone A

Key:

Clone B

Clone C

Clone D

Clone E
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Figure 2. Temporal Evolution of Subclonal Architecture. The subclonal composition of malignancies varies over time,
particularly during treatment. (i) Generation of a de novo subclone, or expansion of previously undetected clone; (ii) clonal
selection during treatment or over time; (iii) stable complex subclonal architecture.
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In solid tumours, evidence for temporal variation is generally derived from comparisons between
diagnostic and recurrent samples, or is inferred from comparison of metastatic and primary
tumours. For metastases sampled at the same time as primary tumour, the timing of metastasis
can only be estimated based on mutational distance, particularly if the metastatic lesions arise
from distinct subclones, or from a minor subclone that branches early from the evolutionary tree
of a tumour. However, an apparently new subclone emerging during treatment may well
have been present but not sampled in the pretreatment specimen [16] (Figure 2). Nevertheless,
there are multiple examples of therapeutic resistance/relapse in solid tumours not being driven
by a single dominant resistant clone but instead by multiple different subclones, each harbouring
distinct resistance-conferring mutations (reviewed in [5]).

The contribution of multiple drug-resistant subclones to temporal heterogeneity has been most
clearly demonstrated when new sites of disease are established at relapse [31,43]. It has been
estimated that most radiographically detected lesions harbour at least 10 resistant subclones
[44]. In a case of melanoma, branched evolution was identified following treatment, with
heterogeneity of both resistance-conferring mutations and other SNVs between sites of disease
progression [31]. In another study, after adjuvant therapy, recurrent gliomas were found to be
commonly derived from minor clones that were ancestral to those dominating the surgically
excised primary tumour, with frequent branching evolution between excision and recurrence
[36]. Similarly, in a medulloblastoma, recurrence was driven by clonal selection of a pre-existing
minor clone present at diagnosis [12] (Figure 3). In three cases of high-grade serous ovarian
cancer, repeated sampling of malignant ascites pre- and post-treatment revealed complex
fluctuations in clonal architecture in one case, with relatively stable clonal architecture in the other
two cases, similar to observations inmultiple myeloma [13,37]. Stable clonal architecture despite
initial response to treatment could be explained by non-genetic factors such as cancer cell
plasticity that enable adaptation and tumour cell persistence, or by drug-resistant cancer stem
cells able to repopulate the tumour [45,46].

The challenges of both repeated biopsies and sampling bias to monitor tumour clonal evolution
over time in solid tumours may be partly circumvented by sampling circulating tumour DNA
(ctDNA), cell-free DNA that is shed from tumour cells [47]. A recent study of colorectal cancers
found that, in 8% of tumours, KRAS/NRAS/BRAF mutations were identified in ctDNA that were
not found in corresponding tissue samples, implying more representative sampling of all tumour
sites with ctDNA [48]. The ability to use ctDNA to monitor tumour progression is advancing
rapidly, with multiple studies documenting the emergence of mutations conferring resistance to
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Figure 3. Early Divergence of Recurrent Disease. Recent reports have described the early divergence of subclones
that drive disease recurrence [12,36]. In this schematic, before tumour excision clone A was the dominant clone. Subclone
A-i (blue) is a nested descendent of clone A. Clone B (green) is a minor clone, which diverged early from clone A, and was
barely detectable in the excised sample. Clone B constitutes the disease at clinical recurrence.
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therapy in ctDNA samples [47–52]. In many instances, more than one resistance-conferring
mutation is detected at disease progression [5]. Serial sampling of ctDNA in a patient with
metastatic breast cancer revealed subclonal private mutations that corresponded to differential
responses at different sites of disease [52]. However, a significant hurdle for clinical use of this
technology is variation in the amount of ctDNA shed by different cancers and by different stages
of cancer; for example, fewer than 50% of brain, renal, and prostate cancers (all known to be
highly heterogeneous) had detectable ctDNA [47]. Notwithstanding this challenge, ctDNA
represents a promising avenue for monitoring heterogeneous and multisite solid tumours over
time and in response to treatment [52].

Insights into Tumour Biology from the Study of ITH
The revelation of the extent of ITH and the complexity of cancer evolution from next-generation
sequencing studies suggests challenges to personalised cancer medicine, and to current
thinking on how to improve cancer therapy. However, it has also given fresh insights into
tumour biology, from modes of evolution to novel mutational processes operating at different
stages in the disease course [29,53,54]. Sequencing multiple biopsies over time and space, and
deep sequencing of individual biopsies, have significantly impacted on our understanding of how
cancers evolve. Divergence of subclones, including of metastatic clones [16,19,25] or clones
contributing to disease relapse [7,36], can occur early, with evolution following a branched
trajectory in a significant proportion of malignancies [55]. Reconstructing tumour phylogenies
reveals the relative timing of driver mutations, highlighting key events in the initiation and
progression of different malignancies. Studies of large cohorts of tumours can reveal whether
mutations in given genes/pathways are more likely to be clonal (and hence potentially early or
founder events) or subclonal (late events) [53].

Through delineating the timing of different mutations based on their clonal status, it has been
possible to mine sequencing data to identify mutational processes operating at different stages
during tumour evolution [17,29,53,54,56]. Such approaches have led to the identification of a role
for the APOBEC cytidine deaminase family in the generation of point mutations in a wide range of
tumours [29,53,57,58]. Deregulated function of these enzymes leads to increased deamination of
cytosine to uracil, resulting in an increased frequency of C-to-T transition mutations, as well as
clustering of point mutations (reviewed in [59]). In lung adenocarcinomas exposed to tobacco
carcinogens, the relative contribution of smoking to the mutational burden [60,61] decreases over
time, while conversely the contribution of APOBEC-related mutagenesis increases [20], being
enriched in branchedmutations. APOBECmutagenesis has also been implicated in the genesis of
late subclonal mutations in other tumour types including bladder cancer, oestrogen receptor-
negative breast cancer, and head and neck squamous cell carcinomas [53].

In ccRCC, 73–75% of driver gene mutations were subclonal or branched mutations [3], while
mutations in VHL together with loss of chromosome 3p were always clonal events, implicating
these changes as key founding events in ccRCC. Conversely, in breast cancer many common
breast cancer genes, including PIK3CA, TP53, PTEN, and BRCA2, can be mutated either
ubiquitously or found only in subclones (i.e., can occur early or late), with no strict mutation order
being evident [16]. In multiregion sampled lung cancers, high-confidence mutations in category
1 driver genes were more often clonal compared to non-driver genes [20]. Across single samples
from a larger dataset of lung cancers, driver gene mutations were enriched for clonal status,
suggesting that commonmutations such as EGFRmutations occur early in lung cancer develop-
ment, although larger scale multiregion sequencing studies will be necessary to fully define such
patterns [20]. Notwithstanding the potential caveat of incorrectly assigned clonal status with only
single samples available, mutations in genes in specific pathways were found to be more likely
clonal than subclonal–in particular, mutations in RAS–MEK pathways and genes associated with
cyclin-dependent kinases were more likely to have clonal status [53].
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In oesophageal cancer, there was a trend for high-confidence driver events to be situated on the
trunks of the phylogenetic trees. Approximately one quarter of such events were located on
branches, including potentially targetable PIK3CA mutations [21]. However, TP53 inactivation
was fully clonal and was always accompanied by copy-neutral loss of heterozygosity (LOH),
highlighting the importance of P53 inactivation as an early event. All tumour regions analysed
showed evidence of genome doubling, consistent with previous reports documenting a key role
for this event in the transition from premalignant Barrett's oesophagus tomalignant oesophageal
adenocarcinoma [62]. Genome doubling has been implicated in rapid genomic evolution and
chromosomal instability across a range of cancers [63,64] and, consistent with this, high
frequencies of chromosomal aberrations were seen across all oesophageal cancer regions
sampled [21]. Chromosomal amplifications were significantly more likely to be clonal than
chromosome gains or losses, suggestive of being early events in oesophageal cancer develop-
ment [21].

Delineating the subclonal architecture of heterogeneous tumours has also revealed the occur-
rence of multiple distinct mutations in the same genes/pathways across different subclones of
the same tumour, termed parallel evolution [3,16,19,21,53]. Analysing single biopsies from 2694
tumours across nine cancer types, 30 cases were identified in which multiple subclonal
mutations were identified in the same cancer gene or in separate genes with functional overlap,
leading to simultaneous disruption of the same genetic pathway within different subclones in the
same tumour [6]. In breast cancer, multiregion sequencing has identified recurrent mutations in
multiple genes including driver genes PTEN, FGFR2, TP53, and RUNX1 [16]. For TP53, PTEN,
and RUNX1, the recurrent mutations represented the second hit on a tumour-suppressor gene,
with the first hit being on the trunk of the phylogenetic tree. This has some similarities with parallel
evolution in ccRCC [3,19]. Loss of 3p is an early event, together with VHL inactivation, that was
uniformly found on the trunk of tumour phylogenetic trees in a set of 10 ccRCCs [3,19].
Recurrent mutations occurring in parallel in different branches of the phylogenetic tree were
observed in three other tumour-suppressor genes also encoded on 3p: SETD2, PBRM1 (can be
truncal or branched), and BAP1, as well as recurrent mutations in PTEN and PIK3CA [3,19].
Therefore, early events in tumour evolution (Figure 4) might prime the tumour for later somatic
events. This is supported by evidence that similar clonal expansion patterns emerge in replicate
murine xenografts of the same starting human tumour cell population, suggesting that genomic
features can predict future tumour evolutionary trajectories [65].

Recurrent alterations within tumours implicate specific pathways as key in cancer development,
and suggest evolutionary constraints despite gross heterogeneity. Nevertheless, the functional
importance of subclonal driver gene mutations is not always clear. Similarly, mechanisms of
resistance to targeted therapies appear to converge upon a relatively constrained range of
mutations and aberrations, often in multiple parallel clones within the same malignancy
[31,49,66]. Such recurrent resistance mechanisms may therefore be anticipated and potentially
exploited therapeutically.

Neutral Versus Darwinian Evolution in Cancer Growth
Recent work has called into question the ubiquity of Darwinian evolution and selective forces in
cancer growth [26,67]. In ‘neutral evolution’, all the mutations responsible for expansion of the
tumour are present in the founding cell, and any mutational events that occur subsequently have
minimal or no impact on tumour expansion (i.e., they are neutral). Where there is an observed
linear correlation between allelic frequency and the overall number of subclonal mutations, this is
consistent with neutral evolution [67]. Analysis of sequencing data from single biopsies over
14 tumour types from The Cancer Genome Atlas found that growth of a little over 31% of
tumours appeared to fit neutral evolutionary dynamics [67]. Such redundancy or neutrality
of subclonal mutationsmay be consistent with estimates that only three sequential mutations are
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necessary to drive the cancer phenotype in lung and colon cancers [68]. Interestingly, neutral
evolution appeared to be more common in some tumour types (e.g., stomach, lung, bladder)
than in others (e.g., renal, melanoma, pancreatic, glioblastoma). The accurate classification of
subclonal and clonal mutations is clearly fundamental to this approach. Low subclonal mutation
burden also influences the likelihood of a tumour being ascribed as neutral because the
likelihood of detecting a significant correlation between allelic frequency and cumulative mutation
load is reduced. With this in mind, it is interesting that a smaller fraction of microsatellite-unstable
tumours (with high mutational loads) were found to fit the neutral model compared to microsat-
ellite-stable tumours in both colon and gastric cancers [67]. This may be due to an increased
likelihood of selection against a detrimental mutation.

Of particular note, some putative driver gene mutations were found to have occurred during
neutral phases of tumour growth (i.e. they were not subject to positive selection), pointing
towards context-dependence of the ‘driving’ effect of these mutations [67]. This suggests
that we need to consider not only presence or absence of subclonal driver mutations but

LOH

Figure 4. Early Clonal Genetic Changes May Prime Tumour Evolution. Studies in clear cell renal cell carcinoma and
breast cancer have revealed recurrent mutations in the same driver genes [3,16,19]. These recurrent mutations often occur
as the second ‘hit’, with the first hit arising as loss of heterozygosity (LOH) on the trunk of the evolutionary tree of the tumour.
Thus, founder clonal events may prime the tumour for alterations in particular genes or pathways.
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also the evidence for selection (such as recurrence of mutations affecting the same gene/
pathway and the ratio of non-synonymous to synonymous mutations [3,53]) and the context
in which they occur, for example during therapy or metastasis. It remains to be determined
whether tumours can go through both neutral and Darwinian phases of growth and, if so,
how these modes of evolution might relate to different phases of tumour growth and
progression. Further studies of multiregion sampled tumours, including metastatic sites,
will be imperative. It will also be important to study tumours over time to dissect out the
influence of treatment upon modes of tumours growth. Because neutral evolution may
theoretically generate greater intratumour genetic heterogeneity than growth under selection
[26], neutral growth may facilitate adaptation after the onset of selection (for example
initiation of treatment).

Clonal Cooperation in Heterogeneous Tumours
It is conventional to think of interactions between tumour cell populations in terms of competition
[1]. However, as our understanding of cancer heterogeneity increases, so too does our
appreciation of interactions between not only cancer cells and stromal or immune cells but
also between subclonal populations of cancer cells. There is an increasing body of evidence,
thus far largely from experimental models, indicating that subclonal populations may cooperate
to further tumour growth [69].

Such cooperation can take the form of direct crosstalk between populations of cells [70],
paracrine signalling [71,72], or occur throughmicro-environmental remodelling by one clone that
benefits another [73,74]. There is evidence that paracrine signalling between distinct subclonal
populations can facilitate metastasis in amousemodel of small cell lung cancer [75,76]. Similarly,
colorectal cancer cells sensitive to EGFR blockade can be rendered resistant via secretable
factors from resistant subclones [77].

It is also possible that tumour formation, maintenance, and progression might require multiple
subpopulations of cells. In mouse models, oligoclonal clusters of circulating tumour cells (CTCs)
were associated with a significantly (23- to 50-fold) increased metastatic potential, and oligo-
clonal CTC clusters were associated with adverse outcome in patient cohorts–reduced pro-
gression-free survival in breast cancer patients and reduced overall survival in prostate cancer
[78]. A correlation between size of tumour and heterogeneity was observed in triple-negative
breast cancer [16]. This may reflect the difficulty of completing a clonal sweep in a larger tumour,
or alternatively could indicate that heterogeneous tumours have a growth advantage and grow
larger. This latter model is supported by mouse models, in which heterogeneous xenograft
tumours derived from a breast cancer cell line were larger andmore aggressive than monoclonal
xenografts [71].

Given numerous reports of subclones being confined to certain areas [3,15,16], it will be
interesting to investigate whether the spatial organisation of subclones is incidental or whether
it confers important properties upon the tumour cells and their interactions. The emerging
evidence for cooperation between subclones to further both tumour growth and other phe-
notypes such as metastasis and drug resistance suggests that the notion that tumour progres-
sion is driven by the ongoing evolution of a single increasingly aggressive dominant clone may, in
some cases, be a simplification.

Therapy Guided by Assessment of Clonal Status
There is now a significant body of evidence documenting the presence of subclonal populations
in tumours, including heterogeneity of targetable or ‘actionable’mutations. Of 50 breast cancers
subjected to high-coverage sequencing of a targeted set of 360 known cancer genes, 13
tumours harboured potentially targetable mutations that were present subclonally [16].
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Targeting a dominant, but not a ubiquitous mutation, may run the risk of relieving interclonal
competition between expanded subclones and aggressive minor subclones. After targeting
the major clone, minor subclones can outgrow and constitute disease relapse or progression
[4,33,37,41,42]. Whether such heterogeneity of targetable mutations is as prevalent
between metastatic sites (which are particularly relevant for therapy given that the primary
tumour is often excised) remains to be fully evaluated. If metastatic spread represents a
bottleneck, such that metastases are commonly monophyletic (descended from a common
ancestor), then it is possible that driver events might be more uniform between metastases
than within the primary tumour [30]. Autopsy studies will be necessary to answer this
important question.

Nevertheless, possible approaches to treating heterogeneous tumours include: (i) targeting
ubiquitous mutations with combination therapy to pre-empt common resistance mechanisms.
(ii) Targeting high-risk subclones. (iii) Adaptive therapy aiming to maintain drug-sensitive pop-
ulations and stable disease, rather than to eradicate disease. (iv) Immune approaches targeting
clonal tumour neoantigens and mutational burden

Considering clonal status and specifically targeting clonal (or truncal) mutations has been
proposed as a strategy to treat heterogeneous tumours [53,79]. This approach is supported
by the observation that some targets of established therapies with clinical efficacy (for example
EGFR mutations in lung cancer [20]) are identified most often on the trunks of tumour phyloge-
netic trees. As we further elucidate the evolution of different malignancies, mutations that are
most commonly ubiquitous rather than subclonal will become apparent.

A challenge to this approach is the presence of subclonal resistant populations. There is
evidence for selection of subclones harbouring resistance mutations during therapy, with
low-frequency resistant clones being identified before treatment [5,43,80–82]. More com-
monly, however, the resistant population is not detected in the pretreatment sample. This is
likely to reflect sampling bias compounded by the potential low frequency of these pop-
ulations of cells [31,47,50,66,83], but can also reflect de novo evolution of a resistant
subclone. Recurrent tumours after surgery may arise from clones that were divergent from
the primary tumour, and therefore may have a distinct catalogue of mutations [12,36].
Evaluating mutational signatures in recurrent high-grade glioma revealed a likely contribution
of temozolomide therapy to the genesis of driver mutations identified at recurrence, which
were implicated in the transformation to aggressive glioblastoma multiforme [36]. There is
also evidence for a direct impact of cytotoxic therapies upon the mutational spectra in AML
[9] and oesophageal tumours [21].

Resistance, in particular to targeted therapies, appears to recurrently affect the same genes,
gene families, or pathways–for example, the emergence of KRAS mutations in response to
EGFR blockade in colorectal cancers [49,66] and NRAS/KRAS mutations in response to BRAF
V600E blockade in melanoma [31]. Therefore, one strategy to mitigate the effects of subclonal
resistance mutations is combination therapy that aims to simultaneously target the resistant
subpopulations. Such efforts are in clinical trials, for example in melanoma by combining BRAF
and MEK inhibitors [84]. Modelling approaches have suggested that dual combination therapy
may provide durable long-term responses if there are no single mutations conferring cross-
resistance [85], although triple therapy may be necessary in patients with high disease burden.
Approximately 60% of EGFR mutant tumours that developed resistance to anti-EGFR therapy
through the T790M gatekeeper mutation responded to treatment with rociletinib (a third-
generation EGFR inhibitor which is active against T790M as well as EGFR activating mutations)
[86]. Studying resistance mechanisms to rociletinib revealed that T790Mwild-type clones (which
still bear an EGFR activating mutation) emerge, while others show EGFR amplification. This is a
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clear demonstration of how heterogeneity can overcome strategies aimed at targeting individual
resistance mechanisms [86,87].

An important consideration in treating heterogeneous tumours is that of clinical versus clonal
dominance. Targeting an aggressive subclone may still yield some clinical benefit: for exam-
ple, targeted treatment of HER2 and the oestrogen receptor in breast cancer even when there
is evidence for ITH [88–90]. In a recent study of paired brain metastases and primary tumours
of mixed types, 53% of cases harboured actionable mutations that were exclusively seen in
the brain metastases, and not in the primary tumours [91]. In a scenario such as this, it is not
clear what the optimal therapeutic strategy would be. Ideally the oncologist would target the
bulk of disease by targeting clonal mutations. However, there could be a role for specifically
targeting brain metastasis-enriched somatic events given they are associated with significant
morbidity and mortality, perhaps at the expense of targeting disease elsewhere in the body as
effectively. This study also underscores the need for sampling techniques that assess all sites
of disease, given such profound heterogeneity between primary and metastatic sites [91].
Risks of targeting subclonal populations, however, in addition to unchecked growth of the rest
of the tumour cell population, would include paradoxical stimulation of growth in cells not
sensitive to the target, such as the effect of BRAF V600E inhibitors upon the growth of wild-
type cells [42,92].

Serial profiling of ctDNA from blood of colorectal cancer patients can be used to dynamically
track tumour evolution through treatment with anti-EGFR agents [48]. Importantly, mutantKRAS
allele percentage declined after cessation of therapy, indicating a dependence of the resistant
cell population on EGFR blockade, or at least a fitness deficit with respect to other clones once
blockade is withdrawn. Patients with a decline in the KRAS-mutant fraction in their ctDNA after
initial treatment achieved partial responses or tumour stabilisation in response to retreatment
with anti-EGFR agents, and KRAS-mutant allele frequency increased once again during second-
line therapy. In xenograft models of malignant melanomas treated with vemurafenib, regression
of resistant tumours is observed upon withdrawal of the drug, indicating dependence of the
tumour upon the drug for ongoing proliferation [93]. This may in part reflect the paradoxical
stimulation of BRAF wild-type cells by vemurafenib, as discussed above [42,92].

Data suggestive of fitness deficits of resistant cells upon drug withdrawal lend support to
adaptive intermittent therapy approaches to reduce the outgrowth of resistant cells to attempt to
maintain the tumour in a treatable state for as long as possible [94]. However, while decline of the
KRAS-mutant population with withdrawal of therapy in colorectal cancer suggests that sensitive
disease might be maintained for longer, a balance must of course be struck between retaining
sensitivity and unchecked re-growth of the KRAS wild-type population during treatment cessa-
tion. Fitness deficits after drug cessation may be rare, or clinically insignificant. Further preclinical
and clinical studies will be necessary to more fully evaluate the effects of withdrawing treatment
or of intermittent treatment relative to standard dosing regimens and rational combination
therapy [85,94]

Finally, there has been a recent surge of interest in cancer immunotherapy, with the success of
immune checkpoint inhibitors in clinical trials in some malignancies [95,96]. Neoantigens
generated by mutational processes active in tumours may be a key component of the recogni-
tion of tumour cells by the immune system [97]. Studies have reported that neoantigen and
overall mutational burden influences sensitivity to immune checkpoint blockade in NSCLC and
melanoma [98–100]. This has led to suggestions that combining immunotherapies with muta-
genic chemo- and radiotherapy may show efficacy [101]. Further research will be necessary to
evaluate the impact that the clonal status of neoantigens (whether the neoantigen is clonal or
branched) has upon response to immunotherapy [102].
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Concluding Remarks
An acknowledgement of tumor evolution needs to be built into clinical trial design, with
assessment of clonal status rather than simply assessing the presence or absence of amutation,
together with minimally-invasive longitudinal sampling to assess clonal evolution in real-time and
identify high-risk subclones that might themselves be targetable to mitigate relapse. If evolu-
tionary constraints exist, such that the next step in a cancer evolution can be anticipated, this
may aid the development of treatment strategies for progressive disease (see Outstanding
Questions). However, the elucidation of such intricacies of cancer evolution will require large
longitudinal studies, with serial tissue and serum samples. Autopsies in the context of longi-
tudinal clinical studies will be fundamental to better understand and define the behaviour of lethal
subclones [103]. Increasing ability to detect mutations in serum samples lends hope to more
personalised therapy based on dynamic sampling of disease over time [47,48,50,52].

Given numerous examples of substantial clonal evolution during treatment, appropriate clinical
trials will need to build-in prospective tissue-harvesting protocols as standard so as to expedite
exploration of the mechanisms of resistance and tumour evolution during treatment if we are to
harness the benefit of the treatment armoury we have available. A greater understanding of
functional interactions between different subclones, as well as heterotypic interactions with
stromal and immune cells, will be imperative and may reveal novel therapeutic strategies [69,78].
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