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Abstract
The population of cells that make up a cancer are manifestly heterogeneous at
the genetic, epigenetic, and phenotypic levels. In this mini-review, we
summarise the extent of intra-tumour heterogeneity (ITH) across human
malignancies, review the mechanisms that are responsible for generating and
maintaining ITH, and discuss the ramifications and opportunities that ITH
presents for cancer prognostication and treatment.
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The origins of intra-tumour heterogeneity
Intra-tumour heterogeneity (ITH) has been documented for many 
decades, initially from a morphological perspective1,2. Cancers of 
all types are now recognised to consist of highly diverse popula-
tions of cells3, where ITH is detectable at the genetic, epigenetic, 
and phenotypic levels (see Table 1 for a pan-cancer summary). 
Recent advances in next-generation sequencing and microarray 
technology have enabled researchers to begin to appreciate the full 
extent and complexity of ITH. As a major cause of targeted therapy 
failure and disease resistance4, ITH is a subject of much biological 
and clinical relevance.

When viewed through the lens of evolutionary biology, the 
sometimes extreme levels of diversity present in cancers5 should 
come as no surprise6. Carcinogenesis is an evolutionary process 
whereby somatic cells acquire random (epi)mutations that alter 
their phenotype, and the fittest new clones clonally expand because 
of the action of Darwinian natural selection7; repeated rounds of 
mutation and natural selection can lead to the development of a 
malignant cancer clone that is capable of migration and growth in 
remote sites. Diversity in the evolving cancer ecosystem is inevita-
ble because it fuels the evolutionary fire; there can be no “survival 
of the fittest” if all the cells in the tumour have the same fitness.

Table 1. Summary of a selection of studies revealing intra-tumour heterogeneity in space and time.

Tissue type Selected 
references Summary of measured intra-tumour heterogeneity

Kidney Gerlinger et al.8 
(2012)

Spatial genetic intra-tumour heterogeneity (ITH) measured by multi-region whole exome 
sequencing (WES) and/or single-nucleotide polymorphism (SNP) array analysis of four cases 
of renal-cell carcinoma and associated metastases. Phenotypic ITH was established by using 
immunohistochemistry and mRNA expression profiling. Reported extensive ITH and branched 
tumour evolution.

Gerlinger et al.9 
(2014)

Spatial genetic ITH measured from multi-region WES and ultra-deep targeted sequencing in 
10 clear cell renal carcinomas; 67% of non-synonymous somatic mutations identified were 
heterogeneous between sampling sites. Increasing the number of biopsies analysed increased 
the extent of ITH identified. Intra-regional (within-biopsy) subclonal structure was identified on 
comparison of variant allele frequencies (VAFs) of the genetic changes present.

Lung de Bruin et al.10 Spatial genetic ITH measured from multi-region WES and whole genome sequencing (WGS) 
from seven non-small cell lung cancers. A subclonal structure was identified between sampled 
regions, and intra-regional diversity was measured by using VAFs. Assembly of phylogenetic 
trees allowed temporal dissection of the heterogeneity in the type of genetic events; the majority 
of mutations in driver genes were identified as early events.

Zhang et al.11 Spatial genetic ITH measured from multi-region WES in 11 lung adenocarcinomas. ITH was 
identified between and within regions analysed. Patients who relapsed after surgery had a 
significantly larger proportion of subclonal mutations in the primary tumour than those who did 
not; therefore, higher ITH may be related to relapse.

Colon Dalerba et al.12 Phenotypic ITH measured from single-cell polymerase chain reaction gene expression analysis. 
The expression profiles from monoclonal tumour xenografts (implantation of a single cell) 
recreated the heterogeneity of the cellular composition of the primary tumour, demonstrating that 
transcriptional diversity in colon cancer can be explained by multi-lineage differentiation and not 
purely by clonal genetic heterogeneity.

Kim et al.13 Spatial genetic ITH measured from multi-region WES and comparative genomic hybridisation 
arrays in five primary tumours and associated liver metastases; 50–80% of all mutations 
identified were subclonal. There were regional differences in the prevalence of mutation spectra 
and other aberrations (notably, regional chromothripsis). Phylogenetic analysis identified 
branching evolution during progression, with pre-existing subclones in certain regions of the 
primary lesions related to the metastasis.

Sottoriva et al.14 Spatial genetic ITH measured from genomic profiling (WES, targeted deep sequencing, SNP 
arrays, fluorescent in situ hybridisation [FISH], and neutral methylation tag sequencing) of 
349 glands sampled from opposite sides of 15 primary lesions. The pattern of ITH was used 
to infer the mechanism of early tumour growth. ITH was uniformly high, with subclone mixing 
(variegation) in glands from distant regions and lack of evidence for recent clonal selective 
sweeps, suggestive of a “big bang” whereby tumours grow in a single expansion at an early 
stage in development, scattering the early intermixed clones.

Kreso et al.15 Phenotypic ITH, measured by proliferation, survival, and chemotherapy response, identified by 
serial xenotransplantation of spatially distinct tumour regions.
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Tissue type Selected 
references Summary of measured intra-tumour heterogeneity

Brain Snuderl et al.16 Genotypic ITH using FISH to identify receptor tyrosine kinase (RTK) amplifications in archival 
glioblastoma (GBM) samples. Mosaic amplification of up to three different RTKs was observed 
in cells of the same tumour in a mutually exclusive fashion, indicating coexisting subpopulations. 
These cells shared other genetic events in TP53 or CDKN2A, signifying that they originated from 
the same precursor.

Sottoriva et al.17 Spatial genetic ITH measured from multi-region genome-wide copy number alterations (CNAs) 
from 11 GBMs. Reported extensive ITH and used phylogenetic analysis to infer early (clonal), 
intermediate (subclonal), and late (unique) events. Cellular phenotypic ITH measured from 
multi-region gene expression microarrays identified heterogeneity in phenotypic subtypes, often 
with more than one coexisting within the same tumour. Epigenetic ITH was analysed within each 
tumour region on the single-molecule level by using neutral methylation loci, with no single 
dominant clone identified in any region of the tumour analysed.

Johnson et al.18 Temporal genetic ITH measured from WES of 23 GBMs and recurrences; only half of the 
mutations detected in primary tumour were also identified in the recurrence. Genetic ITH in 
response to temozolomide therapy was also examined in these samples with hypermutation and 
notable alkylation damage mutation signatures in the recurrences.

Patel et al.19 Phenotypic ITH measured from RNA sequencing of 430 single cells sorted from five primary 
GBMs. Extensive ITH was demonstrated at the transcriptional level, in particular for RTKs. 
Although each tumour had a dominant phenotypic subtype of GBM, subsets of cells within 
the same tumour were found to express alternative phenotypic subtypes, and heterogeneity in 
subtype was associated with decreased patient survival.

Meyer et al.20 Phenotypic ITH measured from 44 single cell-derived clones from four primary GBMs. Cells 
were selected by using fluorescent-activated cell sorting for stem cell markers to enhance for 
clonogenic activity. Clones from the same tumour showed variable protein expression of key 
drivers phosphatase and tensin homolog (PTEN) and epidermal growth factor receptor, and wide 
variability in proliferation and differentiation abilities, and response to therapies. The variable 
treatment response of clones correlated with transcriptional clonal heterogeneity as assessed by 
mRNA microarray. Genetic ITH of clones was assessed using SNP arrays, and CNAs in genes/
pathways that associated with the phenotype were observed in the clones.

Blood
 
Acute 
lymphoblastic 
leukaemia (ALL)

Mullighan et al.21 Changes in genetic ITH over time in response to treatment measured by SNP array in 61 primary 
tumour-relapse sample pairs. In more than 90% of cases, there was a marked change in the 
pattern of CNAs between diagnosis and relapse, with CNAs acquired in the relapse often 
affecting cell cycle regulation and B-cell development. The diagnosis and relapse samples 
nearly always had a common clonal origin, but cells responsible for the relapse were present as 
a minor subclone in the diagnostic sample.

Anderson et al.22 Genetic ITH measured in 30 cases by using single-cell multiplex FISH with probes for common 
gene fusions and CNAs. ALLs were found to have a complex subclonal architecture and 
branching evolution. The same CNAs reoccurred in different subclones independently and in 
no preferential order. Temporal genetic ITH was observed between pre-leukaemic aplasia and 
ALL at diagnosis, as well as between diagnosis and relapse, with dynamic shifts in subclonal 
dominance.

Acute myeloid 
leukaemia (AML)

Ding et al.23 Temporal genetic ITH in response to chemotherapy measured by WGS and targeted deep 
sequencing of eight primary tumour-relapse pairs. VAFs were used to estimate clonal population 
size. Two clonal evolution patterns were identified in response to treatment: (1) acquisition of 
new mutations in the founding clone enabling it to evolve into the relapse clone and (2) an 
evolutionary bottleneck occurs, with eradication of all of the major subclones of the founding 
clone, except one. The remaining subclone gains additional mutations and expands at relapse.

Walter et al.24 Temporal genetic ITH measured by WGS and targeted deep sequencing in seven paired 
bone marrow samples from patients with secondary AML and the preceding myelodysplastic 
syndrome stage. In all cases, the founding clone progressed to acute leukaemia by acquiring 
many new mutations; there was emergence of a new subclone in some cases.

Lymphoma Okosun et al.25 Temporal genetic ITH measured by WES/WGS in 10 follicular lymphoma cases up to, and 
including, transformation. Construction of phylogenetic trees from VAFs identified multiple 
subclones and a branching pattern of evolution. The majority of transformed samples shared 
many trunkal mutations with the untransformed samples; however, in rare cases, the transformed 
and untransformed clones shared very few mutations, indicating earlier divergence.
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Tissue type Selected 
references Summary of measured intra-tumour heterogeneity

Prostate Brocks et al.26 Epigenetic and genetic ITH measured by analysis of DNA methylation and CNAs, respectively, 
in multi-region samples (primary tumour, premalignant lesion, and lymph node metastasis) from 
five patients. Extensive variability was apparent at DNA methylation enhancer sites. Multiple 
subclonal populations were identified from both the DNA methylation and CNA datasets. There 
was a close resemblance in the structure of phylogenetic trees constructed from the epigenetic 
and genetic data, indicating a similarity in evolutionary processes.

Boutros et al.27 Spatial genetic ITH measured by WGS from multiple archival biopsies of five localised multi-focal 
cancers. Tumours were found to be highly heterogeneous in single-nucleotide variants (SNVs) 
and CNAs between sampling sites, with evidence for divergent tumour evolution.

Cooper et al.28 Spatial genetic ITH measured from WGS, targeted deep sequencing, and FISH of ERG 
alterations in multiple samples from three multi-focal prostate cancers and surrounding normal 
tissue. Clonal expansions/fields were identified in normal tissue, and some of the field genetic 
changes also were present in areas of the tumour. The field effect in normal tissue may explain 
the branching phylogenies and clone mixing observed in the tumours.

Gundem et al.29 Temporal and genetic ITH measured from WGS in 10 primary tumours and multiple subsequent 
metastases that developed after androgen-deprivation therapy. Examination of clonal 
relationships between metastatic samples identified groups of subclonal mutations across 
multiple metastases, suggesting polyclonal seeding between different sites.

Breast Park et al.30 Phenotypic and genetic ITH measured from immunofluorescence staining and FISH (for common 
CNAs) in 15 invasive breast tumours, containing both in situ and invasive subregions within the 
same tissue section. There was a high degree of intra-tumour variability in the expression of 
markers for stem-like cells (CD44+) and more differentiated cells (CD24+). There was also a high 
degree of genetic heterogeneity both within and between these distinct tumour cell populations.

Navin et al.31 Spatial genetic ITH measured from single-nucleus sequencing in 200 cells taken from different 
geographical areas of two triple-negative ductal carcinomas and one paired metastatic liver 
carcinoma. Copy number profiles were used to elucidate differences in tumour subclone 
structure and evolution.

Nik-Zainal et al.32 Genetic ITH measured using high-depth WGS data from single bulk samples taken from 21 
breast cancers. Subclonal diversity was a prominent feature with many mutations present in 
only a small amount of cells; however, all tumours contained a dominant subclone (>50% cells). 
Mutational processes were heterogeneous throughout cancer development.

Wang et al.33 Spatial genetic ITH measured from multiple single-nucleus WGS, WES, and copy number 
profiling to define clonal diversity in an oestrogen receptor (ER)-positive and a triple-negative 
carcinoma. No two single tumour cells were found to be genetically identical, and a large 
number of subclonal and unique mutations were identified. Single-molecule duplex sequencing 
estimated that many diverse mutations occurred at low VAF within the tumour.

Ovary Khalique et al.34 

(2007)
Spatial genetic ITH of 16 cases of untreated high-grade serous ovarian cancer (HGSOC) 
measured by multi-region microsatellite and SNP analysis. Reported extensive ITH in all cases.

Khalique et al.35 
(2009)

Spatial and temporal genetic ITH measured by multi-region microsatellite analysis in 22 cases 
of untreated, metastatic HGSOC. Analysis of loss of heterozygosity (LOH) values revealed that 
ITH in metastases was less than primary tumours, although this was not statistically significant. 
Phylogenetic analysis revealed that metastases are clonally related to the primary tumour; 
however, the metastatic clone may have arisen at an early or late stage in the evolution of the 
tumour.

Bashashati et al.36 Spatial and temporal genetic ITH measured by multi-region SNP array and WES of 31 samples 
from six patients with untreated HGSOC. Phenotypic ITH measured by multi-region gene 
expression profiling. Revealed the high diversity of evolutionary trajectories displayed in HGSOC 
prior to treatment intervention.

Schwarz et al.37 Spatial and temporal genetic ITH measured by SNP array copy number profiling and selected 
WGS of 135 samples from 14 patients with HGSOC who received platinum-based chemotherapy. 
Patients who displayed a higher ITH had shorter progression-free and overall survival.
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Tissue type Selected 
references Summary of measured intra-tumour heterogeneity

Premalignant 
disease

Colonic 
adenomas

Novelli et al.38 Spatial genetic ITH in microadenomas assessed by X/Y chromosome FISH in a sex chromosome 
mixoploid mosaic (XO/XY) patient with familial adenomatous polyposis (FAP). Areas of excised 
microadenomas were of mixed XO/XY genotype, indicating polyclonality in tumour origin.

Thirwell et al.39 Spatial genetic ITH measured in multiple individual crypts from 10 FAP microadenomas. Analysis 
revealed two clones carrying different somatic adenomatous polyposis coil (APC) mutations in 
addition to the founding APC mutation, therefore indicating a polyclonal origin. Phylogenetic 
analysis using limited genetic markers (APC, KRAS, and TP53 mutations; LOH of 5p, 17p, and 
18q) in 11 sporadic carcinoma-in-adenomas revealed different subclones between regions of 
carcinoma and low- and high-grade dysplasia.

Barrett’s 
oesophagus

Maley et al.40 Spatial genetic ITH measured in 268 cases; biopsies were sampled every 1–2 cm along the 
Barrett’s segment, and genetic diversity (number of clones and genetic divergence) was 
calculated in each sample by measuring for aberrant DNA ploidy, LOH, microsatellite instability, 
and CDKN2A or TP53 mutations. Barrett’s segments with greater clonal diversity were more likely 
to progress to cancer.

Leedham et al.41 Spatial genetic ITH measured in 164 individual glands that were laser capture-microdissected 
from 16 samples of eight Barrett’s oesophagus cases. Glands were screened for tumour suppressor 
gene loss of heterozygosity (LOH) and CDKN2A/TP53 mutations. Marked heterogeneity between 
glands was identified across individual samples, and multiple independent clones were present 
(bearing no shared founder mutation between the clones). A mosaic pattern of clones across the 
Barrett’s segment was observed.

Li et al.42 Spatial and temporal genetic ITH assessed by SNP array in samples from 79 Barrett’s 
oesophagus cases that had progressed to oesophageal cancer and 169 non-progressors. 
Samples from two time points (mean of 8.6 years apart) were evaluated per case, and biopsies 
were taken at every 2 cm of the Barrett’s segment at each sampling. The non-progressor 
genomes contained a small number of limited CNA events that had typically expanded 
throughout the Barrett’s segment and then remained stable over time. In contrast, the 
progressors developed significant genomic diversity as they approached cancer diagnosis.

There are many mechanisms that contribute to ITH, and these can be 
broadly classified as “cell autonomous” or “non-cell autonomous”. 
An example of a cell-autonomous mechanism is the persistence 
of small numbers of errors that occur during DNA replication43,44. 
When multiplied by the billions of cell divisions required to pro-
duce even the smallest clinically detectable tumour (with a volume 
of approximately 1 cm3), this low level of mutation can potentially 
generate tremendous within-tumour genetic diversity. Moreover, the 
rate at which diversity is generated in a tumour is typically accel-
erated by genetic instability, likely a consequence of replication 
stress45, and the “mutator phenotype”46 that is a feature of most solid 
tumours. Furthermore, there can be rare but catastrophic DNA rep-
lication errors occurring during a single mitosis that can lead to the 
production of daughter cells with grossly altered genomes32,47,48.

A result of recent advances in next-generation sequencing is that 
single-cell whole genome sequencing is now possible (and indeed 
transcriptome sequencing too)49. Therefore, it is conceivable that 
we will soon be able to envisage mapping the genetic diversity of 
an entire tumour at cellular resolution. However, an important ques-
tion is how much of this information about genetic ITH will prove 
to be clinically relevant? Intriguingly, in some cancers (lung10,11 
and colon13,14), the key driver mutations are proven to be clonal 
(e.g. present in all tumour cells), although spatially localised drivers 
have been found in other cancer types (e.g. kidney9). The obvious 

question then becomes how many, if indeed any, of the heterogene-
ous mutations are important for tumour growth? Clearly, there is a 
need to discriminate between ITH that is attributable to “mutational 
noise” (e.g. the background mutation rate) and that which is in some 
sense “functional” for tumour development. Mathematical model-
ling of the amount of ITH that should be expected in a growing 
tumour can be helpful here, as an increase or decrease of ITH com-
pared with expectation reveals “important” evolution in the tumour 
(our effort to implement such a model50 is discussed briefly below). 
An alternative empirical approach would require the concurrent 
measurement of genotype and phenotype so that genetic ITH can be 
related to the presence of (minority) cell populations with biologi-
cally distinct function. Interestingly, measurement of the behaviour 
of different clones within a colon cancer, including their sensitiv-
ity to cytotoxic drugs, revealed marked differences in behaviour 
between tumour regions, without concomitant differences in 
genotype15. This study in particular highlights how genetic ITH can 
be a poor proxy for functional heterogeneity, and the latter is clearly 
of greater clinical relevance, especially ITH of drug response.

A further source of ITH is the persistence of a cancer stem cell (CSC) 
hierarchy, a factor that may be described as either cell-autonomous 
(i.e. “stemness” is governed by a cell’s genetic or epigenetic 
makeup) and non-cell autonomous (i.e. “stemness” is governed by 
external factors within an environmental “niche”). Although a strict 
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hierarchy of differentiation is described as a feature of haematopoi-
etic cancers51, a form of CSC architecture may significantly contrib-
ute to ITH in solid tumours. There is evidence of a CSC hierarchy in 
mouse models of brain cancer52,53, where a small subpopulation of 
cells is responsible for sustaining tumour growth. The definition of 
a CSC continues to be debated54, but if CSCs are defined simply as 
the population of cells with long-term self-renewal capability, then 
following debulking chemotherapy tumour regrowth is determined 
by the prevalence of the CSC phenotype amongst the surviving 
cells18. The question of the plasticity of the stem cell phenotype is 
an interesting topic of discussion. It is noteworthy that observations 
of cell populations growing in vitro55 and genetically engineered 
mouse models of intestinal tumourigenesis56 suggest that bidirec-
tional phenotype switching can occur (even in the absence of clonal 
selection), questioning whether the “stemness” of a tumour cell is 
strictly intrinsically defined. Plasticity of a CSC phenotype can be 
viewed as a form of epigenetic heterogeneity within the tumour.

Heterogeneity in the microenvironment of a cancer can be 
described as a non-cell autonomous driver of cancer cell diversity62; 
in a highly diverse microenvironment, different cellular phenotypes 
may be selected for or against in different regions of the tumour. 
For example, any sizeable tumour will inevitably contain areas 
of hypoxia and normoxia. In a hypoxic region, an anaerobically 
metabolising cell is expected to have a fitness advantage over an 
aerobically metabolising cell and so should repopulate the hypoxic 
region, but the opposite should be true in a normoxic region63. Such 
different phenotypes may be genetically determined (such as the 
case of VHL/HIF1 mutants in kidney cancer)64, or they may be a 
consequence of plasticity in cellular behaviours15, and further-
more there may be feedback between the tumour cells and their 
microenvironment that drives specialisation of tumour cells and the 
concomitant strengthening of microenvironmental gradients.

A further example of a non-cell autonomous driver of ITH is the 
interactions between subclones of the tumour. In experimental 
systems, synergistic or predatory interactions between phenotypi-
cally distinct clones drive tumour growth15,58,59,65–67. Intermixing 
of clonally distinct populations is a feature of many tumours and 
has been particularly well documented in gliomas16. If interactions 
between cells within a tumour are critical for tumour maintenance, 
then reducing the tumour population size below some critical 
threshold—called an Allee threshold—may be an effective cancer 
treatment61. The logic behind this idea is that small populations are 
not able to produce sufficient density of cooperative factors that are 
necessary for tumour maintenance (such as diffusible growth fac-
tors) and so small populations are unviable. The interplay between 
clones that are producers (e.g. angiogenic cells) versus consumers 
(e.g. aerobically respiring non-angiogenic cells) should, theoreti-
cally, also influence phenotypic diversity within a cancer. Clearly, 
tumour cells can also benefit from factors produced by the stro-
mal cells in their microenvironment68. Clonal interference refers 
to the situation where two or more clones of similar fitness each 
impede the growth of the other by competing equally well for 
limited resources, and theoretical models of cancer growth predict 
that clonal interference should slow cancer evolution and lead to the 
longer-term maintenance of multiple distinct clonal populations69. 
Interactions between tumour cells and the immune system also 

shape ITH: for example, the immune system predates the tumour 
cells, and tumour cells that have evolved to avoid immune detection 
will persist and perhaps clonally expand in the tumour70.

Recognising that there is a dynamic interplay between tumour 
cells and their microenvironment, and between tumour cells them-
selves, means that cancers are best viewed as complex evolving 
ecosystems60. In the cancer ecosystem, the relative fitness conferred 
by a new mutation is defined by microenvironmental context6,57, 
where the context refers to both the neighbourhood of tumour and 
stromal cells and more broadly diffusible factors. Importantly, the 
ecological viewpoint provides a single framework to understand the 
seemingly distinct contributions of cell-autonomous and non-cell 
autonomous factors to ITH. This is because the ecological view 
forces us to recognise that all the evolution within a tumour is only 
ever driven by selection in the current microenvironment context: 
cell-autonomous drivers provide an advantage to the cell in their 
current context, and non-cell autonomous factors can drive evolu-
tion by changing that context.

Multi-faceted networks are challenging to understand, and con-
sequently computational or mathematical models are increasingly 
recognised as essential tools to integrate and interpret the complex, 
multi-scale data derived from the interplay between tumour sub-
clones and their interactions with the microenvironment (ref. 71 
provides an overview). Part of the value of mathematical models 
is the ability to elucidate the underlying (perhaps simple) causes 
of intricate patterns in complex systems. For example, our own 
work has used a simple mathematical model of mutation dur-
ing the first few rounds of cell doubling at the start of tumour 
growth to explain the complex pattern of genetic ITH observed in 
cancer50. We note that this kind of approach can help to delineate 
“important” ITH from the inconsequential “mutational noise” 
mentioned above. More generally, such models can be used to 
generate new hypotheses concerning the generation and mainte-
nance of ITH, and the effects of ITH on tumour evolution, and to 
predict response to therapy and recurrence.

In summary, the fact that tumours are an evolving ecosystem means 
that ITH is inevitable, and consequently ITH is observed in all 
tumour types and premalignant diseases where it has been looked 
for. We devote the remainder of this review to understanding the 
consequences of ITH for cancer prognostication and treatment.

Intra-tumour heterogeneity and prognostication
Traditionally, cancer prognosis has been determined by the pres-
ence or absence of a particular feature within a tumour. Histopa-
thology remains the mainstay of this approach: tumours are scored 
for stage (how far the cancer has invaded) and grade (a measure of 
how abnormal the cancer cells appear and how disrupted the tissue 
architecture of the tumour is compared with normal tissue). Molec-
ular markers have entered clinical practice too, most prominently 
assessment of oestrogen receptor (ER), progesterone receptor (PR), 
and HER2 status in breast cancer73,74 (to determine prognosis and 
treatment choice). Relatedly, genetic analysis is employed to pre-
dict the likely efficacy of targeted therapies by testing whether 
the tumour contains pre-existing resistant clones; for example, 
colorectal cancers are screened for KRAS mutations as the presence 
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of a KRAS mutant clone means that the anti-epidermal growth fac-
tor receptor (anti-EGFR) antibody cetuximab will be an ineffective 
treatment75.

Clearly, ITH presents a major obstacle for such “feature-based” 
prognostic markers, simply because if the feature being assayed 
for is not present in the particular biopsy analysed but is present 
elsewhere in the tumour then prognosis will be incorrectly assigned 
(Figure 1A). A striking demonstration of this was provided by 
Gerlinger and colleagues when they compared gene expression-
based prognostic signatures derived from spatially distinct regions 
on a single renal cancer and reported that the different regions 
of the same tumour can harbour either good- or bad-prognosis 
signatures; therefore, a single biopsy would not sufficiently repre-
sent the tumour composition8. Epistatic interactions (perhaps driven 
by unmeasured genes) could also potentially alter the prognostic 
value of individual molecular feature (Figure 1C). There is also 
an issue of what feature (or indeed set of features) to include in a 
prognostic assay. One of the striking findings of the recent large-
scale extensive molecular characterisations of tumours, such as 
The Cancer Genome Atlas project (http://cancergenome.nih.gov), 

is that every tumour appears molecularly unique or, in other words, 
that there appear to be many different ways to produce a particular 
cancer. This rampant inter-tumour heterogeneity may preclude 
a “one size fits all” approach to feature-based prognostic mark-
ers since a particular prognostic feature is unlikely to work for all 
cancers of a particular type (Figure 1B). Relatedly, the differences 
between cancers of distinct types may mean that a particular feature 
is unlikely to have broad prognostic value (Figure 1D), although there 
is evidence suggesting that integral biochemical cellular features 
such as the ability to form proper DNA segregation machinery77,78 
or to properly regulate adhesion79 may have potential in this respect.

The idea that some molecular changes may be integral to tumour 
biology, and so not subject to ITH, is supported by an intriguing 
study of renal cancers that provides a counterpoint to the find-
ings of Gerlinger and colleagues. Rini and colleagues used a large 
cohort of renal cancers to derive a 16-gene signature that predicted 
recurrence76. Importantly, the authors also performed multi-region 
sampling on a small number of samples to demonstrate little or 
no ITH in their gene signature, which, counter to the findings of 
Gerlinger and colleagues, would suggest that sampling one biopsy 

Figure 1. Intra-tumour heterogeneity and prognostication. (A) Intra-tumour heterogeneity means a targeted biopsy may miss a lesion with 
a poor prognostic signature (“red” phenotype) within the tumour (majority of tumour has a “blue” phenotype that is associated with a good 
prognosis). (B) Differences between tumours (inter-tumour heterogeneity) mean that a single prognostic biomarker may be unsuitable for use 
in some tumours that have evolved along a different carcinogenic pathway; this yellow tumour does contain either the previously identified 
good (blue) or bad (red) phenotypes. (C) Epistasis between genes (or other intra- or inter-cellular interactions) can alter the prognostic 
value of any individual feature; here, the presence of the “green” mutation may alter the bad prognosis of the “red” mutation assayed in (A). 
(D) Inter-cancer heterogeneity means that a feature-based prognostic marker developed for one cancer type is unlikely to work in another 
cancer type.
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can in fact be enough to infer prognosis. In broad terms, the prog-
nostic importance of ITH is likely to be dependent on many factors 
such as tumour type, tumour stage, and treatment regime, and criti-
cally the nature of the biomarker itself.

However, it is not all doom and gloom. Approaching ITH from an 
evolutionary perspective suggests a new approach to prognostica-
tion that exploits ITH rather being hindered by it. The idea is that 
the evolvability of a population is determined (somewhat) by the 
degree of diversity present in that population (Figure 2). To under-
stand this idea, suppose there are two populations of cells: one 
where all the cells are identical to one another (low diversity) and 
one where all the cells are phenotypically distinct (high diversity). 
If the cells in the first scenario experience a new selective pressure 
(e.g. a cytotoxic drug), then either all the cells are perfectly adapted 
and nothing happens, or the population is eradicated. When the 
same selective pressure is applied in the second scenario, the sensi-
tive cells in the phenotypically diverse population will be killed off 
and any (perhaps minor) subclone that was resistant to the pressure 
will survive and grow to dominate the tumour in the absence of 
competing clones. Therefore the idea is that more diverse tumours 
are more likely to be more evolvable and hence more likely to 
generate a metastatic clone or contain a clone that is resistant to 
therapy (or both): hence, the theory is that tumours with higher 
levels of ITH should have a worse prognosis.

Empirical studies support the idea of quantification of ITH as a prog-
nostic biomarker. Originally, measurements of intra-lesion genetic 

diversity within the premalignant condition Barrett’s oesophagus 
were found to be strong predictors of cancer development risk40, 
and the prognostic value of the diversity signal appeared largely 
robust to the statistic used to quantify it80. Clonal diversity has also 
been found to be higher in breast cancer subtypes associated with 
a worse prognosis30 and is associated with worse overall survival 
in head and neck cancers81, acute myeloid leukaemia82, ovarian 
cancers37, and lung cancers11. Importantly, the prognostic value of 
ITH measures does not appear to be limited to measure of genetic 
heterogeneity, since quantification of morphological heterogeneity 
in the organisation of tumour and stromal cells in breast cancers83 and 
the ITH of positron emission tomography-computed tomography 
signal in lung cancers84 has also been reported to significantly corre-
late with outcome. These studies give support to the idea that quan-
tification of ITH, as a measure of the carcinogenic process itself 
rather than a specific feature of that process, may be a universal 
prognostic biomarker suitable for use in all cancer types. Further 
work is required to determine which features of tumour biology 
should be assessed for heterogeneousness in order to best deter-
mine prognosis. For example, much genetic ITH may be irrelevant 
for tumour biology (as discussed above) and so naive genetic ITH 
measures may have limited prognostic value.

Intriguingly, tumours that have underlying defects in DNA repair 
(such as mismatch repair85,86 or polymerase-epsilon87 defective 
tumours of the colon), which are expected to have very high levels 
of genetic ITH, paradoxically have very good prognoses88–90. Simi-
larly, with an expression-based signature to quantify the degree 

Figure 2. Intra-tumour diversity as a universal prognostic marker. A homogeneous tumour (A) will be eradicated in response to a 
selective pressure such as chemotherapy, whereas a heterogeneous tumour (B) is more likely to contain a pre-existing resistant clone that 
survives the selective pressure and seeds the repopulation of the tumour. 
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of chromosomal instability (CIN) in breast cancers, a meas-
ure which likely correlates with ITH, the patients with the worst 
outcome were those whose tumours had intermediate levels of CIN, 
whereas patients whose tumours had very high levels of CIN had 
better outcomes91. One possible explanation for these data is that 
very high mutation rates, while generating lots of diversity that 
makes the tumour more evolvable, also generate lots of deleteri-
ous variants that impede clone growth. A further contributing factor 
to this favourable prognosis (at least in tumours with an elevated 
point mutation rate, such as microsatellite unstable tumours) is the 
elevated immunogenicity of tumours with a high mutation rate, a 
feature that is the result of the generation of many immunogenic 
neo-antigens, which stimulate the host immune system92. Effective 
ITH-based prognostic markers will need to address such complexi-
ties of tumour evolution to be broadly useful. We note too that exist-
ing broad molecular classifications of cancer (such as microsatellite 
versus chromosomally unstable cancers in the colon) can have sig-
nificant prognostic value themselves, and consequently ITH-based 
measures may be useful only to stratify within such molecularly 
defined subgroups.

Intra-tumour heterogeneity and treatment
Resistance to chemo- and targeted-therapy, and concomitant treat-
ment failure, occurs in the majority of cases72,93–97. Pre-existing 
ITH can be (indirectly) attributed as the underlying cause of these 
treatment failures. Tumours, at the stage when they are treated, 
contain many billions of cells and it appears an almost mathemati-
cal certainty that at least a few of these cells will have evolved a 
therapy-resistant phenotype. Indeed, in patients with colorectal 
cancer treated with the anti-EGFR antibody cetuximab, empirical 
measurements show that KRAS-mutant clones that likely existed at 
undetectably low frequency prior to the initiation of therapy expand 
exponentially at the administration of therapy98 and similar dynam-
ics have been observed in a variety of other malignancies, including 
lung99,100, leukaemia23,101, and melanoma102,103.

Is ITH an insurmountable barrier to effective cancer treatment? It 
is clearly a major challenge, and accordingly one approach that 
has been suggested is to try to suppress the level of ITH within a 
tumour (by targeting the drivers of genetic instability) in order to 
provide a more homogenous tumour that may be more pliable with 
treatment104. An exciting but radically different approach is to try 
to use the presence of ITH itself in order to increase the efficacy 
of cancer treatment105. The approach, termed adaptive therapy, is 
based on the maxim that “nothing comes for free”. This is the idea 
that resistance to a particular therapeutic agent inevitably carries 
some cost to the cancer cell, so that in the absence of therapy a 
resistant clone is at a disadvantage and so will be outcompeted by 
any remaining sensitive cells. The adaptive therapy approach is 
therefore to pulse the drug in such a manner that when the drug 
is present the sensitive cell population is killed off and the resist-
ant cell population prospers, whereas when the drug is absent the 
resistant population is outcompeted by the sensitive population. In 
theory, if the sensitive population is able to outcompete the resist-
ant population sufficiently well, this treatment regime will mean 
that the tumour remains sensitised to the drug over long time 
frames while the size of tumour population as a whole is effectively 
constrained106,107. In a melanoma xenograft model, this idea appears 
efficacious108. Translation of this idea to the clinic would require 

the development of appropriate monitoring tools that indicate when 
to provide/withdraw treatment; this is clearly a major challenge in 
itself. It is important to note that the idea behind adaptive therapy 
is not to affect a cancer cure—indeed, the idea is predicated on the 
assumption that this is impossible with a single agent—but rather to 
extend the effectiveness of a particular agent indefinitely and in so 
doing make the cancer a chronic rather than fatal disease. 

Other approaches have been proposed that similarly attempt to 
steer the evolutionary response of a tumour to treatment109,110. The 
general idea of these innovative proposals is that it is possible to 
predict which phenotypes will emerge from a heterogeneous popu-
lation under treatment, and so the next therapy can be applied in 
order to treat the emergent clone. This logic provides the ration-
ale behind attempts to “vertically” combine targeted therapies 
(targeting multiple members of the same pathway) to prevent 
resistance to a single agent emerging because of the selective pres-
sure the mono-agent provides for the emergence of a clone with a 
mutation in a gene downstream of the original drug target111,112. In 
general, combination therapies may also help to tackle the issue of 
pre-existing resistance in heterogeneous tumours, since the chance 
of a cell being doubly resistant to two different therapies should 
be proportional to the probability that the cell is resistant to any 
one therapy individually, and so if mono-therapy resistance is rare 
in the tumour cell population, then doubly resistant cells should 
be vanishingly rare indeed113. An emerging theme of combina-
tion therapy is the use of both targeted and non-specific therapies, 
such as immunotherapy. For example, a combination of BRAF and 
MEK inhibitors with adoptive cell transfer (ACT) immunotherapy 
in a BRAF-driven mouse model of melanoma has been shown to 
induce complete tumour regression114. However, it should be noted 
that combining multiple therapies may carry the cost of increased 
toxicity to normal tissue. Together, these data and theoretical stud-
ies suggest that therapeutic regimes will need to be personalised 
for the evolutionary response of an individual tumour in order to 
effectively tackle the problem of ITH.

Conclusions
ITH is an inevitable feature of all cancers and presents challenges 
to our understanding of tumour biology and our ability to prognose 
and treat cancer. But it is our opinion that these challenges are not 
insurmountable, and in fact understanding the processes generat-
ing ITH provides us with a window to understand the very driv-
ers of carcinogenesis itself. From a more clinical perspective, 
quantification of ITH offers an exciting opportunity to improve 
prognostication, and exploiting rather than ignoring ITH has the 
potential to improve the efficacy of existing cancer therapies.

Competing interests
The authors declare that they have nothing to disclose. No writing 
assistance was used.

Grant information
LG, A-MB, and TAG were funded by Cancer Research UK.

I confirm that the funders had no role in study design, data collection 
and analysis, decision to publish, or preparation of the manuscript. 

Page 10 of 14

F1000Research 2016, 5(F1000 Faculty Rev):238 Last updated: 29 FEB 2016



References F1000 recommended

1. Hirsch FR, Ottesen G, Pødenphant J, et al.: Tumor heterogeneity in lung cancer 
based on light microscopic features. A retrospective study of a consecutive 
series of 200 patients, treated surgically. Virchows Arch A Pathol Anat Histopathol. 
1983; 402(2): 147–53. 
PubMed Abstract | Publisher Full Text 

2. Fitzgerald PJ: Homogeneity and heterogeneity in pancreas cancer: presence of 
predominant and minor morphological types and implications. Int J Pancreatol. 
1986; 1(2): 91–4. 
PubMed Abstract 

3. Marusyk A, Almendro V, Polyak K: Intra-tumour heterogeneity: a looking glass 
for cancer? Nat Rev Cancer. 2012; 12(5): 323–34. 
PubMed Abstract | Publisher Full Text 

4. Fisher R, Pusztai L, Swanton C: Cancer heterogeneity: implications for targeted 
therapeutics. Br J Cancer. 2013; 108(3): 479–85. 
PubMed Abstract | Publisher Full Text | Free Full Text 

5. Barber LJ, Davies MN, Gerlinger M: Dissecting cancer evolution at the macro-
heterogeneity and micro-heterogeneity scale. Curr Opin Genet Dev. 2015; 30: 1–6. 
PubMed Abstract | Publisher Full Text 

6. Merlo LM, Pepper JW, Reid BJ, et al.: Cancer as an evolutionary and ecological 
process. Nat Rev Cancer. 2006; 6(12): 924–35. 
PubMed Abstract | Publisher Full Text 

7. Nowell PC: The clonal evolution of tumor cell populations. Science. 1976; 
194(4260): 23–8. 
PubMed Abstract | Publisher Full Text 

8.  Gerlinger M, Rowan AJ, Horswell S, et al.: Intratumor heterogeneity and 
branched evolution revealed by multiregion sequencing. N Engl J Med. 2012; 
366(10): 883–92. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

9.  Gerlinger M, Horswell S, Larkin J, et al.: Genomic architecture and evolution 
of clear cell renal cell carcinomas defined by multiregion sequencing. Nat Genet. 
2014; 46(3): 225–33. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

10.  de Bruin EC, McGranahan N, Mitter R, et al.: Spatial and temporal diversity 
in genomic instability processes defines lung cancer evolution. Science. 2014; 
346(6206): 251–6. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

11.  Zhang J, Fujimoto J, Zhang J, et al.: Intratumor heterogeneity in localized 
lung adenocarcinomas delineated by multiregion sequencing. Science. 2014; 
346(6206): 256–9. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

12. Dalerba P, Kalisky T, Sahoo D, et al.: Single-cell dissection of transcriptional 
heterogeneity in human colon tumors. Nat Biotechnol. 2011; 29(12): 1120–7. 
PubMed Abstract | Publisher Full Text | Free Full Text 

13. Kim TM, Jung SH, An CH, et al.: Subclonal Genomic Architectures of Primary and 
Metastatic Colorectal Cancer Based on Intratumoral Genetic Heterogeneity. 
Clin Cancer Res. 2015; 21(19): 4461–72. 
PubMed Abstract | Publisher Full Text 

14.  Sottoriva A, Kang H, Ma Z, et al.: A Big Bang model of human colorectal 
tumor growth. Nat Genet. 2015; 47(3): 209–16. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

15.  Kreso A, O’Brien CA, van Galen P, et al.: Variable clonal repopulation 
dynamics influence chemotherapy response in colorectal cancer. Science. 
2013; 339(6119): 543–8. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

16.  Snuderl M, Fazlollahi L, Le LP, et al.: Mosaic amplification of multiple receptor 
tyrosine kinase genes in glioblastoma. Cancer Cell. 2011; 20(6): 810–7. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

17.  Sottoriva A, Spiteri I, Piccirillo SG, et al.: Intratumor heterogeneity in human 
glioblastoma reflects cancer evolutionary dynamics. Proc Natl Acad Sci U S A. 
2013; 110(10): 4009–14. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

18.  Johnson BE, Mazor T, Hong C, et al.: Mutational analysis reveals the origin 
and therapy-driven evolution of recurrent glioma. Science. 2014; 343(6167): 
189–93. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

19.  Patel AP, Tirosh I, Trombetta JJ, et al.: Single-cell RNA-seq highlights 
intratumoral heterogeneity in primary glioblastoma. Science. 2014; 344(6190): 
1396–401. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

20. Meyer M, Reimand J, Lan X, et al.: Single cell-derived clonal analysis of human 
glioblastoma links functional and genomic heterogeneity. Proc Natl Acad Sci U S A. 
2015; 112(3): 851–6. 
PubMed Abstract | Publisher Full Text | Free Full Text 

21.  Mullighan CG, Phillips LA, Su X, et al.: Genomic analysis of the clonal origins 
of relapsed acute lymphoblastic leukemia. Science. 2008; 322(5906): 1377–80. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

22.  Anderson K, Lutz C, van Delft FW, et al.: Genetic variegation of clonal 
architecture and propagating cells in leukaemia. Nature. 2011; 469(7330): 356–61. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

23.  Ding L, Ley TJ, Larson DE, et al.: Clonal evolution in relapsed acute myeloid 
leukaemia revealed by whole-genome sequencing. Nature. 2012; 481(7382): 
506–10. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

24. Walter MJ, Shen D, Ding L, et al.: Clonal architecture of secondary acute 
myeloid leukemia. N Engl J Med. 2012; 366(12): 1090–8. 
PubMed Abstract | Publisher Full Text | Free Full Text 

25. Okosun J, Bödör C, Wang J, et al.: Integrated genomic analysis identifies 
recurrent mutations and evolution patterns driving the initiation and progression 
of follicular lymphoma. Nat Genet. 2014; 46(2): 176–81. 
PubMed Abstract | Publisher Full Text | Free Full Text 

26.  Brocks D, Assenov Y, Minner S, et al.: Intratumor DNA methylation 
heterogeneity reflects clonal evolution in aggressive prostate cancer. Cell Rep. 
2014; 8(3): 798–806. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

27. Boutros PC, Fraser M, Harding NJ, et al.: Spatial genomic heterogeneity within 
localized, multifocal prostate cancer. Nat Genet. 2015; 47(7): 736–45. 
PubMed Abstract | Publisher Full Text 

28.  Cooper CS, Eeles R, Wedge DC, et al.: Analysis of the genetic phylogeny of 
multifocal prostate cancer identifies multiple independent clonal expansions 
in neoplastic and morphologically normal prostate tissue. Nat Genet. 2015; 
47(4): 367–72. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

29.  Gundem G, Van Loo P, Kremeyer B, et al.: The evolutionary history of lethal 
metastatic prostate cancer. Nature. 2015; 520(7547): 353–7. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

30.  Park SY, Gönen M, Kim HJ, et al.: Cellular and genetic diversity in the 
progression of in situ human breast carcinomas to an invasive phenotype. 
J Clin Invest. 2010; 120(2): 636–44. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

31.  Navin N, Kendall J, Troge J, et al.: Tumour evolution inferred by single-cell 
sequencing. Nature. 2011; 472(7341): 90–4. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

32. Nik-Zainal S, Alexandrov LB, Wedge DC, et al.: Mutational processes molding 
the genomes of 21 breast cancers. Cell. 2012; 149(5): 979–93. 
PubMed Abstract | Publisher Full Text | Free Full Text 

33.  Wang Y, Waters J, Leung ML, et al.: Clonal evolution in breast cancer 
revealed by single nucleus genome sequencing. Nature. 2014; 512(7513): 
155–60. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

34. Khalique L, Ayhan A, Weale ME, et al.: Genetic intra-tumour heterogeneity 
in epithelial ovarian cancer and its implications for molecular diagnosis of 
tumours. J Pathol. 2007; 211(3): 286–95. 
PubMed Abstract | Publisher Full Text 

35. Khalique L, Ayhan A, Whittaker JC, et al.: The clonal evolution of metastases from 
primary serous epithelial ovarian cancers. Int J Cancer. 2009; 124(7): 1579–86. 
PubMed Abstract | Publisher Full Text 

36. Bashashati A, Ha G, Tone A, et al.: Distinct evolutionary trajectories of primary 
high-grade serous ovarian cancers revealed through spatial mutational 
profiling. J Pathol. 2013; 231(1): 21–34. 
PubMed Abstract | Publisher Full Text | Free Full Text 

37.  Schwarz RF, Ng CK, Cooke SL, et al.: Spatial and temporal heterogeneity in 
high-grade serous ovarian cancer: a phylogenetic analysis. PLoS Med. 2015; 
12(2): e1001789. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

38. Novelli MR, Williamson JA, Tomlinson IP, et al.: Polyclonal origin of colonic 
adenomas in an XO/XY patient with FAP. Science. 1996; 272(5265): 1187–90. 
PubMed Abstract | Publisher Full Text 

39. Thirlwell C, Will OC, Domingo E, et al.: Clonality assessment and clonal ordering 
of individual neoplastic crypts shows polyclonality of colorectal adenomas. 
Gastroenterology. 2010; 138(4): 1441–54, 1454.e1–7. 
PubMed Abstract | Publisher Full Text 

40.  Maley CC, Galipeau PC, Finley JC, et al.: Genetic clonal diversity predicts 
progression to esophageal adenocarcinoma. Nat Genet. 2006; 38(4): 468–73. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

41. Leedham SJ, Preston SL, McDonald SA, et al.: Individual crypt genetic 
heterogeneity and the origin of metaplastic glandular epithelium in human 
Barrett’s oesophagus. Gut. 2008; 57(8): 1041–8. 
PubMed Abstract | Publisher Full Text | Free Full Text 

42. Li X, Galipeau PC, Paulson TG, et al.: Temporal and spatial evolution of somatic 
chromosomal alterations: a case-cohort study of Barrett’s esophagus. Cancer 
Prev Res (Phila). 2014; 7(1): 114–27. 
PubMed Abstract | Publisher Full Text | Free Full Text 

Page 11 of 14

F1000Research 2016, 5(F1000 Faculty Rev):238 Last updated: 29 FEB 2016

http://www.ncbi.nlm.nih.gov/pubmed/6320525
http://dx.doi.org/10.1007/BF00695056
http://www.ncbi.nlm.nih.gov/pubmed/3320225
http://www.ncbi.nlm.nih.gov/pubmed/22513401
http://dx.doi.org/10.1038/nrc3261
http://www.ncbi.nlm.nih.gov/pubmed/23299535
http://dx.doi.org/10.1038/bjc.2012.581
http://www.ncbi.nlm.nih.gov/pmc/articles/3593543
http://www.ncbi.nlm.nih.gov/pubmed/25555261
http://dx.doi.org/10.1016/j.gde.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/17109012
http://dx.doi.org/10.1038/nrc2013
http://www.ncbi.nlm.nih.gov/pubmed/959840
http://dx.doi.org/10.1126/science.959840
http://f1000.com/prime/14001976
http://www.ncbi.nlm.nih.gov/pubmed/22397650
http://dx.doi.org/10.1056/NEJMoa1113205
http://f1000.com/prime/14001976
http://f1000.com/prime/718262123
http://www.ncbi.nlm.nih.gov/pubmed/24487277
http://dx.doi.org/10.1038/ng.2891
http://www.ncbi.nlm.nih.gov/pmc/articles/4636053
http://f1000.com/prime/718262123
http://f1000.com/prime/720886389
http://www.ncbi.nlm.nih.gov/pubmed/25301630
http://dx.doi.org/10.1126/science.1253462
http://www.ncbi.nlm.nih.gov/pmc/articles/4636050
http://f1000.com/prime/720886389
http://f1000.com/prime/720886388
http://www.ncbi.nlm.nih.gov/pubmed/25301631
http://dx.doi.org/10.1126/science.1256930
http://www.ncbi.nlm.nih.gov/pmc/articles/4354858
http://f1000.com/prime/720886388
http://www.ncbi.nlm.nih.gov/pubmed/22081019
http://dx.doi.org/10.1038/nbt.2038
http://www.ncbi.nlm.nih.gov/pmc/articles/3237928
http://www.ncbi.nlm.nih.gov/pubmed/25979483
http://dx.doi.org/10.1158/1078-0432.CCR-14-2413
http://f1000.com/prime/725346890
http://www.ncbi.nlm.nih.gov/pubmed/25665006
http://dx.doi.org/10.1038/ng.3214
http://www.ncbi.nlm.nih.gov/pmc/articles/4575589
http://f1000.com/prime/725346890
http://f1000.com/prime/717976629
http://www.ncbi.nlm.nih.gov/pubmed/23239622
http://dx.doi.org/10.1126/science.1227670
http://f1000.com/prime/717976629
http://f1000.com/prime/13426968
http://www.ncbi.nlm.nih.gov/pubmed/22137795
http://dx.doi.org/10.1016/j.ccr.2011.11.005
http://f1000.com/prime/13426968
http://f1000.com/prime/717989045
http://www.ncbi.nlm.nih.gov/pubmed/23412337
http://dx.doi.org/10.1073/pnas.1219747110
http://www.ncbi.nlm.nih.gov/pmc/articles/3593922
http://f1000.com/prime/717989045
http://f1000.com/prime/718206643
http://www.ncbi.nlm.nih.gov/pubmed/24336570
http://dx.doi.org/10.1126/science.1239947
http://www.ncbi.nlm.nih.gov/pmc/articles/3998672
http://f1000.com/prime/718206643
http://f1000.com/prime/718448297
http://www.ncbi.nlm.nih.gov/pubmed/24925914
http://dx.doi.org/10.1126/science.1254257
http://www.ncbi.nlm.nih.gov/pmc/articles/4123637
http://f1000.com/prime/718448297
http://www.ncbi.nlm.nih.gov/pubmed/25561528
http://dx.doi.org/10.1073/pnas.1320611111
http://www.ncbi.nlm.nih.gov/pmc/articles/4311802
http://f1000.com/prime/1136840
http://www.ncbi.nlm.nih.gov/pubmed/19039135
http://dx.doi.org/10.1126/science.1164266
http://www.ncbi.nlm.nih.gov/pmc/articles/2746051
http://f1000.com/prime/1136840
http://f1000.com/prime/7882957
http://www.ncbi.nlm.nih.gov/pubmed/21160474
http://dx.doi.org/10.1038/nature09650
http://f1000.com/prime/7882957
http://f1000.com/prime/13733956
http://www.ncbi.nlm.nih.gov/pubmed/22237025
http://dx.doi.org/10.1038/nature10738
http://www.ncbi.nlm.nih.gov/pmc/articles/3267864
http://f1000.com/prime/13733956
http://www.ncbi.nlm.nih.gov/pubmed/22417201
http://dx.doi.org/10.1056/NEJMoa1106968
http://www.ncbi.nlm.nih.gov/pmc/articles/3320218
http://www.ncbi.nlm.nih.gov/pubmed/24362818
http://dx.doi.org/10.1038/ng.2856
http://www.ncbi.nlm.nih.gov/pmc/articles/3907271
http://f1000.com/prime/718509342
http://www.ncbi.nlm.nih.gov/pubmed/25066126
http://dx.doi.org/10.1016/j.celrep.2014.06.053
http://f1000.com/prime/718509342
http://www.ncbi.nlm.nih.gov/pubmed/26005866
http://dx.doi.org/10.1038/ng.3315
http://f1000.com/prime/725372089
http://www.ncbi.nlm.nih.gov/pubmed/25730763
http://dx.doi.org/10.1038/ng.3221
http://www.ncbi.nlm.nih.gov/pmc/articles/4380509
http://f1000.com/prime/725372089
http://f1000.com/prime/725415998
http://www.ncbi.nlm.nih.gov/pubmed/25830880
http://dx.doi.org/10.1038/nature14347
http://www.ncbi.nlm.nih.gov/pmc/articles/4413032
http://f1000.com/prime/725415998
http://f1000.com/prime/725477079
http://www.ncbi.nlm.nih.gov/pubmed/20101094
http://dx.doi.org/10.1172/JCI40724
http://www.ncbi.nlm.nih.gov/pmc/articles/2810089
http://f1000.com/prime/725477079
http://f1000.com/prime/10221956
http://www.ncbi.nlm.nih.gov/pubmed/21399628
http://dx.doi.org/10.1038/nature09807
http://www.ncbi.nlm.nih.gov/pmc/articles/4504184
http://f1000.com/prime/10221956
http://www.ncbi.nlm.nih.gov/pubmed/22608084
http://dx.doi.org/10.1016/j.cell.2012.04.024
http://www.ncbi.nlm.nih.gov/pmc/articles/3414841
http://f1000.com/prime/718513247
http://www.ncbi.nlm.nih.gov/pubmed/25079324
http://dx.doi.org/10.1038/nature13600
http://www.ncbi.nlm.nih.gov/pmc/articles/4158312
http://f1000.com/prime/718513247
http://www.ncbi.nlm.nih.gov/pubmed/17154249
http://dx.doi.org/10.1002/path.2112
http://www.ncbi.nlm.nih.gov/pubmed/19123469
http://dx.doi.org/10.1002/ijc.24148
http://www.ncbi.nlm.nih.gov/pubmed/23780408
http://dx.doi.org/10.1002/path.4230
http://www.ncbi.nlm.nih.gov/pmc/articles/3864404
http://f1000.com/prime/725366629
http://www.ncbi.nlm.nih.gov/pubmed/25710373
http://dx.doi.org/10.1371/journal.pmed.1001789
http://www.ncbi.nlm.nih.gov/pmc/articles/4339382
http://f1000.com/prime/725366629
http://www.ncbi.nlm.nih.gov/pubmed/8638166
http://dx.doi.org/10.1126/science.272.5265.1187
http://www.ncbi.nlm.nih.gov/pubmed/20102718
http://dx.doi.org/10.1053/j.gastro.2010.01.033
http://f1000.com/prime/718836225
http://www.ncbi.nlm.nih.gov/pubmed/16565718
http://dx.doi.org/10.1038/ng1768
http://f1000.com/prime/718836225
http://www.ncbi.nlm.nih.gov/pubmed/18305067
http://dx.doi.org/10.1136/gut.2007.143339
http://www.ncbi.nlm.nih.gov/pmc/articles/2564832
http://www.ncbi.nlm.nih.gov/pubmed/24253313
http://dx.doi.org/10.1158/1940-6207.CAPR-13-0289
http://www.ncbi.nlm.nih.gov/pmc/articles/3904552


43. Drake JW, Charlesworth B, Charlesworth D, et al.: Rates of spontaneous 
mutation. Genetics. 1998; 148(4): 1667–86. 
PubMed Abstract | Free Full Text 

44. McCulloch SD, Kunkel TA: The fidelity of DNA synthesis by eukaryotic replicative 
and translesion synthesis polymerases. Cell Res. 2008; 18(1): 148–61. 
PubMed Abstract | Publisher Full Text | Free Full Text 

45. Gaillard H, García-Muse T, Aguilera A: Replication stress and cancer. Nat Rev 
Cancer. 2015; 15(5): 276–89. 
PubMed Abstract | Publisher Full Text 

46. Loeb LA: Human cancers express mutator phenotypes: origin, consequences 
and targeting. Nat Rev Cancer. 2011; 11(6): 450–7. 
PubMed Abstract | Publisher Full Text | Free Full Text 

47.  Baca SC, Prandi D, Lawrence MS, et al.: Punctuated evolution of prostate 
cancer genomes. Cell. 2013; 153(3): 666–77. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

48.  Stephens PJ, Greenman CD, Fu B, et al.: Massive genomic rearrangement 
acquired in a single catastrophic event during cancer development. Cell. 2011; 
144(1): 27–40. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

49.  Macaulay IC, Haerty W, Kumar P, et al.: G&T-seq: parallel sequencing of 
single-cell genomes and transcriptomes. Nat Methods. 2015; 12(6): 519–22. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

50. Williams MJ, Werner B, Barnes CP, et al.: Identification of neutral tumor evolution 
across cancer types. Nat Genet. 2016; 48: 238–244. 
PubMed Abstract | Publisher Full Text 

51. Johnsen HE, Kjeldsen MK, Urup T, et al.: Cancer stem cells and the cellular 
hierarchy in haematological malignancies. Eur J Cancer. 2009; 45(Suppl 1): 
194–201. 
PubMed Abstract | Publisher Full Text 

52. Vanner RJ, Remke M, Gallo M, et al.: Quiescent sox2+ cells drive hierarchical 
growth and relapse in sonic hedgehog subgroup medulloblastoma. Cancer Cell. 
2014; 26(1): 33–47. 
PubMed Abstract | Publisher Full Text | Free Full Text 

53.  Chen J, Li Y, Yu TS, et al.: A restricted cell population propagates 
glioblastoma growth after chemotherapy. Nature. 2012; 488(7412): 522–6. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

54. Valent P, Bonnet D, De Maria R, et al.: Cancer stem cell definitions and 
terminology: the devil is in the details. Nat Rev Cancer. 2012; 12(11): 767–775. 
PubMed Abstract | Publisher Full Text 

55.  Gupta PB, Fillmore CM, Jiang G, et al.: Stochastic state transitions give rise 
to phenotypic equilibrium in populations of cancer cells. Cell. 2011; 146(4): 
633–44. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

56.  Schwitalla S, Fingerle AA, Cammareri P, et al.: Intestinal tumorigenesis 
initiated by dedifferentiation and acquisition of stem-cell-like properties. Cell. 
2013; 152(1–2): 25–38. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

57. Crespi B, Summers K: Evolutionary biology of cancer. Trends Ecol Evol. 2005; 
20(10): 545–52. 
PubMed Abstract | Publisher Full Text 

58. Axelrod R, Axelrod DE, Pienta KJ: Evolution of cooperation among tumor cells. 
Proc Natl Acad Sci U S A. 2006; 103(36): 13474–9. 
PubMed Abstract | Publisher Full Text | Free Full Text 

59. Tabassum DP, Polyak K: Tumorigenesis: it takes a village. Nat Rev Cancer. 2015; 
15(8): 473–83. 
PubMed Abstract | Publisher Full Text 

60. Pienta KJ, McGregor N, Axelrod R, et al.: Ecological therapy for cancer: defining 
tumors using an ecosystem paradigm suggests new opportunities for novel 
cancer treatments. Transl Oncol. 2008; 1(4): 158–64. 
PubMed Abstract | Publisher Full Text | Free Full Text 

61. Korolev KS, Xavier JB, Gore J: Turning ecology and evolution against cancer. 
Nat Rev Cancer. 2014; 14(5): 371–80. 
PubMed Abstract | Publisher Full Text 

62. Anderson AR, Weaver AM, Cummings PT, et al.: Tumor morphology and 
phenotypic evolution driven by selective pressure from the microenvironment. 
Cell. 2006; 127(5): 905–15. 
PubMed Abstract | Publisher Full Text 

63. Robertson-Tessi M, Gillies RJ, Gatenby RA, et al.: Impact of metabolic heterogeneity 
on tumor growth, invasion, and treatment outcomes. Cancer Res. 2015; 75(8): 
1567–79. 
PubMed Abstract | Publisher Full Text | Free Full Text 

64. Couvé S, Ladroue C, Laine E, et al.: Genetic evidence of a precisely tuned 
dysregulation in the hypoxia signaling pathway during oncogenesis. Cancer Res. 
2014; 74(22): 6554–64. 
PubMed Abstract | Publisher Full Text 

65.  Wu M, Pastor-Pareja JC, Xu T: Interaction between RasV12 and scribbled 
clones induces tumour growth and invasion. Nature. 2010; 463(7280): 545–8. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

66. Cleary AS, Leonard TL, Gestl SA, et al.: Tumour cell heterogeneity maintained 

by cooperating subclones in Wnt-driven mammary cancers. Nature. 2014; 
508(7494): 113–7. 
PubMed Abstract | Publisher Full Text | Free Full Text 

67. Marusyk A, Tabassum DP, Altrock PM, et al.: Non-cell-autonomous driving of 
tumour growth supports sub-clonal heterogeneity. Nature. 2014; 514(7520): 54–8. 
PubMed Abstract | Publisher Full Text | Free Full Text 

68. Kalluri R, Zeisberg M: Fibroblasts in cancer. Nat Rev Cancer. 2006; 6(5): 392–401. 
PubMed Abstract | Publisher Full Text 

69. Martens EA, Kostadinov R, Maley CC, et al.: Spatial structure increases the 
waiting time for cancer. New J Phys. 2011; 13: pii: 115014. 
PubMed Abstract | Publisher Full Text | Free Full Text 

70. Khong HT, Restifo NP: Natural selection of tumor variants in the generation of 
“tumor escape” phenotypes. Nat Immunol. 2002; 3(11): 999–1005. 
PubMed Abstract | Publisher Full Text | Free Full Text 

71. Altrock PM, Liu LL, Michor F: The mathematics of cancer: integrating 
quantitative models. Nat Rev Cancer. 2015; 15(12): 730–45. 
PubMed Abstract | Publisher Full Text 

72. Wilson TR, Fridlyand J, Yan Y, et al.: Widespread potential for growth-factor-driven 
resistance to anticancer kinase inhibitors. Nature. 2012; 487(7408): 505–9. 
PubMed Abstract | Publisher Full Text | Free Full Text 

73. Inwald EC, Koller M, Klinkhammer-Schalke M, et al.: 4-IHC classification of breast 
cancer subtypes in a large cohort of a clinical cancer registry: use in clinical 
routine for therapeutic decisions and its effect on survival. Breast Cancer Res 
Treat. 2015; 153(3): 647–58. 
PubMed Abstract | Publisher Full Text | Free Full Text 

74. Park S, Koo JS, Kim MS, et al.: Characteristics and outcomes according 
to molecular subtypes of breast cancer as classified by a panel of four 
biomarkers using immunohistochemistry. Breast. 2012; 21(1): 50–7. 
PubMed Abstract | Publisher Full Text 

75.  Van Cutsem E, Köhne CH, Hitre E, et al.: Cetuximab and chemotherapy as 
initial treatment for metastatic colorectal cancer. N Engl J Med. 2009; 360(14): 
1408–17. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

76.  Rini B, Goddard A, Knezevic D, et al.: A 16-gene assay to predict recurrence 
after surgery in localised renal cell carcinoma: development and validation 
studies. Lancet Oncol. 2015; 16(6): 676–85. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

77.  Godinho SA, Picone R, Burute M, et al.: Oncogene-like induction of cellular 
invasion from centrosome amplification. Nature. 2014; 510(7503): 167–71. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

78.  Burrell RA, McClelland SE, Endesfelder D, et al.: Replication stress links 
structural and numerical cancer chromosomal instability. Nature. 2013; 
494(7438): 492–6. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

79.  Moore KM, Thomas GJ, Duffy SW, et al.: Therapeutic targeting of integrin 
αvβ6 in breast cancer. J Natl Cancer Inst. 2014; 106(8): pii: dju169. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

80. Merlo LM, Shah NA, Li X, et al.: A comprehensive survey of clonal diversity 
measures in Barrett’s esophagus as biomarkers of progression to esophageal 
adenocarcinoma. Cancer Prev Res (Phila). 2010; 3(11): 1388–97. 
PubMed Abstract | Publisher Full Text | Free Full Text 

81. Mroz EA, Tward AD, Pickering CR, et al.: High intratumor genetic heterogeneity 
is related to worse outcome in patients with head and neck squamous cell 
carcinoma. Cancer. 2013; 119(16): 3034–42. 
PubMed Abstract | Publisher Full Text | Free Full Text 

82.  Bochtler T, Stölzel F, Heilig CE, et al.: Clonal heterogeneity as detected by 
metaphase karyotyping is an indicator of poor prognosis in acute myeloid 
leukemia. J Clin Oncol. 2013; 31(31): 3898–905. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

83.  Yuan Y, Failmezger H, Rueda OM, et al.: Quantitative image analysis of 
cellular heterogeneity in breast tumors complements genomic profiling. 
Sci Transl Med. 2012; 4(157): 157ra143. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

84.  Win T, Miles KA, Janes SM, et al.: Tumor heterogeneity and permeability as 
measured on the CT component of PET/CT predict survival in patients with 
non-small cell lung cancer. Clin Cancer Res. 2013; 19(13): 3591–9. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

85. Aaltonen LA, Peltomäki P, Mecklin JP, et al.: Replication errors in benign and 
malignant tumors from hereditary nonpolyposis colorectal cancer patients. 
Cancer Res. 1994; 54(7): 1645–8. 
PubMed Abstract 

86. Nyström-Lahti M, Parsons R, Sistonen P, et al.: Mismatch repair genes on 
chromosomes 2p and 3p account for a major share of hereditary nonpolyposis 
colorectal cancer families evaluable by linkage. Am J Hum Genet. 1994; 55(4): 
659–65. 
PubMed Abstract | Free Full Text 

87.  Palles C, Cazier JB, Howarth KM, et al.: Germline mutations affecting the 
proofreading domains of POLE and POLD1 predispose to colorectal adenomas 

Page 12 of 14

F1000Research 2016, 5(F1000 Faculty Rev):238 Last updated: 29 FEB 2016

http://www.ncbi.nlm.nih.gov/pubmed/9560386
http://www.ncbi.nlm.nih.gov/pmc/articles/1460098
http://www.ncbi.nlm.nih.gov/pubmed/18166979
http://dx.doi.org/10.1038/cr.2008.4
http://www.ncbi.nlm.nih.gov/pmc/articles/3639319
http://www.ncbi.nlm.nih.gov/pubmed/25907220
http://dx.doi.org/10.1038/nrc3916
http://www.ncbi.nlm.nih.gov/pubmed/21593786
http://dx.doi.org/10.1038/nrc3063
http://www.ncbi.nlm.nih.gov/pmc/articles/4007007
http://f1000.com/prime/718003621
http://www.ncbi.nlm.nih.gov/pubmed/23622249
http://dx.doi.org/10.1016/j.cell.2013.03.021
http://www.ncbi.nlm.nih.gov/pmc/articles/3690918
http://f1000.com/prime/718003621
http://f1000.com/prime/7846956
http://www.ncbi.nlm.nih.gov/pubmed/21215367
http://dx.doi.org/10.1016/j.cell.2010.11.055
http://www.ncbi.nlm.nih.gov/pmc/articles/3065307
http://f1000.com/prime/7846956
http://f1000.com/prime/725471527
http://www.ncbi.nlm.nih.gov/pubmed/25915121
http://dx.doi.org/10.1038/nmeth.3370
http://f1000.com/prime/725471527
http://www.ncbi.nlm.nih.gov/pubmed/26780609
http://dx.doi.org/10.1038/ng.3489
http://www.ncbi.nlm.nih.gov/pubmed/19775618
http://dx.doi.org/10.1016/S0959-8049(09)70033-4
http://www.ncbi.nlm.nih.gov/pubmed/24954133
http://dx.doi.org/10.1016/j.ccr.2014.05.005
http://www.ncbi.nlm.nih.gov/pmc/articles/4441014
http://f1000.com/prime/717953261
http://www.ncbi.nlm.nih.gov/pubmed/22854781
http://dx.doi.org/10.1038/nature11287
http://www.ncbi.nlm.nih.gov/pmc/articles/3427400
http://f1000.com/prime/717953261
http://www.ncbi.nlm.nih.gov/pubmed/23051844
http://dx.doi.org/10.1038/nrc3368
http://f1000.com/prime/13198956
http://www.ncbi.nlm.nih.gov/pubmed/21854987
http://dx.doi.org/10.1016/j.cell.2011.07.026
http://f1000.com/prime/13198956
http://f1000.com/prime/717972972
http://www.ncbi.nlm.nih.gov/pubmed/23273993
http://dx.doi.org/10.1016/j.cell.2012.12.012
http://f1000.com/prime/717972972
http://www.ncbi.nlm.nih.gov/pubmed/16701433
http://dx.doi.org/10.1016/j.tree.2005.07.007
http://www.ncbi.nlm.nih.gov/pubmed/16938860
http://dx.doi.org/10.1073/pnas.0606053103
http://www.ncbi.nlm.nih.gov/pmc/articles/1557388
http://www.ncbi.nlm.nih.gov/pubmed/26156638
http://dx.doi.org/10.1038/nrc3971
http://www.ncbi.nlm.nih.gov/pubmed/19043526
http://dx.doi.org/10.1593/tlo.08178
http://www.ncbi.nlm.nih.gov/pmc/articles/2582164
http://www.ncbi.nlm.nih.gov/pubmed/24739582
http://dx.doi.org/10.1038/nrc3712
http://www.ncbi.nlm.nih.gov/pubmed/17129778
http://dx.doi.org/10.1016/j.cell.2006.09.042
http://www.ncbi.nlm.nih.gov/pubmed/25878146
http://dx.doi.org/10.1158/0008-5472.CAN-14-1428
http://www.ncbi.nlm.nih.gov/pmc/articles/4421891
http://www.ncbi.nlm.nih.gov/pubmed/25371412
http://dx.doi.org/10.1158/0008-5472.CAN-14-1161
http://f1000.com/prime/1556034
http://www.ncbi.nlm.nih.gov/pubmed/20072127
http://dx.doi.org/10.1038/nature08702
http://www.ncbi.nlm.nih.gov/pmc/articles/2835536
http://f1000.com/prime/1556034
http://www.ncbi.nlm.nih.gov/pubmed/24695311
http://dx.doi.org/10.1038/nature13187
http://www.ncbi.nlm.nih.gov/pmc/articles/4050741
http://www.ncbi.nlm.nih.gov/pubmed/25079331
http://dx.doi.org/10.1038/nature13556
http://www.ncbi.nlm.nih.gov/pmc/articles/4184961
http://www.ncbi.nlm.nih.gov/pubmed/16572188
http://dx.doi.org/10.1038/nrc1877
http://www.ncbi.nlm.nih.gov/pubmed/22707911
http://dx.doi.org/10.1088/1367-2630/13/11/115014
http://www.ncbi.nlm.nih.gov/pmc/articles/3375912
http://www.ncbi.nlm.nih.gov/pubmed/12407407
http://dx.doi.org/10.1038/ni1102-999
http://www.ncbi.nlm.nih.gov/pmc/articles/1508168
http://www.ncbi.nlm.nih.gov/pubmed/26597528
http://dx.doi.org/10.1038/nrc4029
http://www.ncbi.nlm.nih.gov/pubmed/22763448
http://dx.doi.org/10.1038/nature11249
http://www.ncbi.nlm.nih.gov/pmc/articles/3724525
http://www.ncbi.nlm.nih.gov/pubmed/26369534
http://dx.doi.org/10.1007/s10549-015-3572-3
http://www.ncbi.nlm.nih.gov/pmc/articles/4589562
http://www.ncbi.nlm.nih.gov/pubmed/21865043
http://dx.doi.org/10.1016/j.breast.2011.07.008
http://f1000.com/prime/1159082
http://www.ncbi.nlm.nih.gov/pubmed/19339720
http://dx.doi.org/10.1056/NEJMoa0805019
http://f1000.com/prime/1159082
http://f1000.com/prime/725499861
http://www.ncbi.nlm.nih.gov/pubmed/25979595
http://dx.doi.org/10.1016/S1470-2045(15)70167-1
http://f1000.com/prime/725499861
http://f1000.com/prime/718354345
http://www.ncbi.nlm.nih.gov/pubmed/24739973
http://dx.doi.org/10.1038/nature13277
http://www.ncbi.nlm.nih.gov/pmc/articles/4061398
http://f1000.com/prime/718354345
http://f1000.com/prime/717982163
http://www.ncbi.nlm.nih.gov/pubmed/23446422
http://dx.doi.org/10.1038/nature11935
http://www.ncbi.nlm.nih.gov/pmc/articles/4636055
http://f1000.com/prime/717982163
http://f1000.com/prime/718471767
http://www.ncbi.nlm.nih.gov/pubmed/24974129
http://dx.doi.org/10.1093/jnci/dju169
http://www.ncbi.nlm.nih.gov/pmc/articles/4151855
http://f1000.com/prime/718471767
http://www.ncbi.nlm.nih.gov/pubmed/20947487
http://dx.doi.org/10.1158/1940-6207.CAPR-10-0108
http://www.ncbi.nlm.nih.gov/pmc/articles/3004782
http://www.ncbi.nlm.nih.gov/pubmed/23696076
http://dx.doi.org/10.1002/cncr.28150
http://www.ncbi.nlm.nih.gov/pmc/articles/3735618
http://f1000.com/prime/718118487
http://www.ncbi.nlm.nih.gov/pubmed/24062393
http://dx.doi.org/10.1200/JCO.2013.50.7921
http://f1000.com/prime/718118487
http://f1000.com/prime/720388228
http://www.ncbi.nlm.nih.gov/pubmed/23100629
http://dx.doi.org/10.1126/scitranslmed.3004330
http://f1000.com/prime/720388228
http://f1000.com/prime/718009040
http://www.ncbi.nlm.nih.gov/pubmed/23659970
http://dx.doi.org/10.1158/1078-0432.CCR-12-1307
http://f1000.com/prime/718009040
http://www.ncbi.nlm.nih.gov/pubmed/8137274
http://www.ncbi.nlm.nih.gov/pubmed/7942843
http://www.ncbi.nlm.nih.gov/pmc/articles/1918295
http://f1000.com/prime/718835416


and carcinomas. Nat Genet. 2013; 45(2): 136–44. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

88.  Phipps AI, Limburg PJ, Baron JA, et al.: Association between molecular 
subtypes of colorectal cancer and patient survival. Gastroenterology. 2015; 
148(1): 77–87.e2. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

89. Popat S, Hubner R, Houlston RS: Systematic review of microsatellite instability 
and colorectal cancer prognosis. J Clin Oncol. 2005; 23(3): 609–18. 
PubMed Abstract | Publisher Full Text 

90. Stenzinger A, Pfarr N, Endris V, et al.: Mutations in POLE and survival of 
colorectal cancer patients--link to disease stage and treatment. Cancer Med. 
2014; 3(6): 1527–38. 
PubMed Abstract | Publisher Full Text | Free Full Text 

91.  Roylance R, Endesfelder D, Gorman P, et al.: Relationship of extreme 
chromosomal instability with long-term survival in a retrospective analysis 
of primary breast cancer. Cancer Epidemiol Biomarkers Prev. 2011; 20(10): 
2183–94. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

92.  Brown SD, Warren RL, Gibb EA, et al.: Neo-antigens predicted by tumor 
genome meta-analysis correlate with increased patient survival. Genome Res. 
2014; 24(5): 743–50. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

93. Misale S, Yaeger R, Hobor S, et al.: Emergence of KRAS mutations and acquired 
resistance to anti-EGFR therapy in colorectal cancer. Nature. 2012; 486(7404): 
532–6. 
PubMed Abstract | Publisher Full Text | Free Full Text 

94.  Prahallad A, Sun C, Huang S, et al.: Unresponsiveness of colon cancer to 
BRAF(V600E) inhibition through feedback activation of EGFR. Nature. 2012; 
483(7387): 100–3. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

95.  Nazarian R, Shi H, Wang Q, et al.: Melanomas acquire resistance to 
B-RAF(V600E) inhibition by RTK or N-RAS upregulation. Nature. 2010; 
468(7326): 973–7. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

96.  Antonarakis ES, Lu C, Wang H, et al.: AR-V7 and resistance to enzalutamide 
and abiraterone in prostate cancer. N Engl J Med. 2014; 371(11): 1028–38. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

97.  Sun Y, Campisi J, Higano C, et al.: Treatment-induced damage to the tumor 
microenvironment promotes prostate cancer therapy resistance through 
WNT16B. Nat Med. 2012; 18(9): 1359–68. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

98.  Diaz LA Jr, Williams RT, Wu J, et al.: The molecular evolution of acquired 
resistance to targeted EGFR blockade in colorectal cancers. Nature. 2012; 
486(7404): 537–40. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

99. Dawson SJ, Tsui DW, Murtaza M, et al.: Analysis of circulating tumor DNA to 
monitor metastatic breast cancer. N Engl J Med. 2013; 368(13): 1199–209. 
PubMed Abstract | Publisher Full Text 

100. Ambrogio C, Carmona FJ, Vidal A, et al.: Modeling lung cancer evolution and 
preclinical response by orthotopic mouse allografts. Cancer Res. 2014; 74(21): 
5978–88. 
PubMed Abstract | Publisher Full Text 

101.  Wong TN, Ramsingh G, Young AL, et al.: Role of TP53 mutations in the 
origin and evolution of therapy-related acute myeloid leukaemia. Nature. 2015; 
518(7540): 552–5. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

102.  Kemper K, Krijgsman O, Cornelissen-Steijger P, et al.: Intra- and inter-tumor 
heterogeneity in a vemurafenib-resistant melanoma patient and derived 
xenografts. EMBO Mol Med. 2015; 7(9): 1104–18. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

103. Anaka M, Hudson C, Lo PH, et al.: Intratumoral genetic heterogeneity in 
metastatic melanoma is accompanied by variation in malignant behaviors. 
BMC Med Genomics. 2013; 6: 40. 
PubMed Abstract | Publisher Full Text | Free Full Text 

104. Gerlinger M, Swanton C: How Darwinian models inform therapeutic failure 
initiated by clonal heterogeneity in cancer medicine. Br J Cancer. 2010; 103(8): 
1139–43. 
PubMed Abstract | Publisher Full Text | Free Full Text 

105.  Gatenby RA: A change of strategy in the war on cancer. Nature. 2009; 
459(7246): 508–9. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

106. Gatenby RA, Silva AS, Gillies RJ, et al.: Adaptive therapy. Cancer Res. 2009; 
69(11): 4894–903. 
PubMed Abstract | Publisher Full Text | Free Full Text 

107. Fischer A, Vázquez-García I, Mustonen V: The value of monitoring to control 
evolving populations. Proc Natl Acad Sci U S A. 2015; 112(4): 1007–12. 
PubMed Abstract | Publisher Full Text | Free Full Text 

108.  Das Thakur M, Salangsang F, Landman AS, et al.: Modelling vemurafenib 
resistance in melanoma reveals a strategy to forestall drug resistance. Nature. 
2013; 494(7436): 251–5. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

109.  Basanta D, Gatenby RA, Anderson AR: Exploiting evolution to treat drug 
resistance: combination therapy and the double bind. Mol Pharm. 2012; 9(4): 
914–21. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

110.  Nichol D, Jeavons P, Fletcher AG, et al.: Steering Evolution with Sequential 
Therapy to Prevent the Emergence of Bacterial Antibiotic Resistance. PLoS 
Comput Biol. 2015; 11(9): e1004493. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

111.  Misale S, Arena S, Lamba S, et al.: Blockade of EGFR and MEK intercepts 
heterogeneous mechanisms of acquired resistance to anti-EGFR therapies in 
colorectal cancer. Sci Transl Med. 2014; 6(224): 224ra26. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

112. Turajlic S, Furney SJ, Stamp G, et al.: Whole-genome sequencing reveals 
complex mechanisms of intrinsic resistance to BRAF inhibition. Ann Oncol. 
2014; 25(5): 959–67. 
PubMed Abstract | Publisher Full Text | Free Full Text 

113.  Bozic I, Reiter JG, Allen B, et al.: Evolutionary dynamics of cancer in 
response to targeted combination therapy. eLife. 2013; 2: e00747. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

114.  Hu-Lieskovan S, Mok S, Homet Moreno B, et al.: Improved antitumor activity 
of immunotherapy with BRAF and MEK inhibitors in BRAFV600E melanoma. 
Sci Transl Med. 2015; 7(279): 279ra41. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

Page 13 of 14

F1000Research 2016, 5(F1000 Faculty Rev):238 Last updated: 29 FEB 2016

http://www.ncbi.nlm.nih.gov/pubmed/23263490
http://dx.doi.org/10.1038/ng.2503
http://www.ncbi.nlm.nih.gov/pmc/articles/3785128
http://f1000.com/prime/718835416
http://f1000.com/prime/719131045
http://www.ncbi.nlm.nih.gov/pubmed/25280443
http://dx.doi.org/10.1053/j.gastro.2014.09.038
http://www.ncbi.nlm.nih.gov/pmc/articles/4274235
http://f1000.com/prime/719131045
http://www.ncbi.nlm.nih.gov/pubmed/15659508
http://dx.doi.org/10.1200/JCO.2005.01.086
http://www.ncbi.nlm.nih.gov/pubmed/25124163
http://dx.doi.org/10.1002/cam4.305
http://www.ncbi.nlm.nih.gov/pmc/articles/4298379
http://f1000.com/prime/721126336
http://www.ncbi.nlm.nih.gov/pubmed/21784954
http://dx.doi.org/10.1158/1055-9965.EPI-11-0343
http://www.ncbi.nlm.nih.gov/pmc/articles/3199437
http://f1000.com/prime/721126336
http://f1000.com/prime/718369754
http://www.ncbi.nlm.nih.gov/pubmed/24782321
http://dx.doi.org/10.1101/gr.165985.113
http://www.ncbi.nlm.nih.gov/pmc/articles/4009604
http://f1000.com/prime/718369754
http://www.ncbi.nlm.nih.gov/pubmed/22722830
http://dx.doi.org/10.1038/nature11156
http://www.ncbi.nlm.nih.gov/pmc/articles/3927413
http://f1000.com/prime/14240956
http://www.ncbi.nlm.nih.gov/pubmed/22281684
http://dx.doi.org/10.1038/nature10868
http://f1000.com/prime/14240956
http://f1000.com/prime/6685957
http://www.ncbi.nlm.nih.gov/pubmed/21107323
http://dx.doi.org/10.1038/nature09626
http://www.ncbi.nlm.nih.gov/pmc/articles/3143360
http://f1000.com/prime/6685957
http://f1000.com/prime/718556275
http://www.ncbi.nlm.nih.gov/pubmed/25184630
http://dx.doi.org/10.1056/NEJMoa1315815
http://www.ncbi.nlm.nih.gov/pmc/articles/4201502
http://f1000.com/prime/718556275
http://f1000.com/prime/717952692
http://www.ncbi.nlm.nih.gov/pubmed/22863786
http://dx.doi.org/10.1038/nm.2890
http://www.ncbi.nlm.nih.gov/pmc/articles/3677971
http://f1000.com/prime/717952692
http://f1000.com/prime/717967828
http://www.ncbi.nlm.nih.gov/pubmed/22722843
http://dx.doi.org/10.1038/nature11219
http://www.ncbi.nlm.nih.gov/pmc/articles/3436069
http://f1000.com/prime/717967828
http://www.ncbi.nlm.nih.gov/pubmed/23484797
http://dx.doi.org/10.1056/NEJMoa1213261
http://www.ncbi.nlm.nih.gov/pubmed/25217522
http://dx.doi.org/10.1158/0008-5472.CAN-14-1606
http://f1000.com/prime/725270251
http://www.ncbi.nlm.nih.gov/pubmed/25487151
http://dx.doi.org/10.1038/nature13968
http://www.ncbi.nlm.nih.gov/pmc/articles/4403236
http://f1000.com/prime/725270251
http://f1000.com/prime/725585677
http://www.ncbi.nlm.nih.gov/pubmed/26105199
http://dx.doi.org/10.15252/emmm.201404914
http://www.ncbi.nlm.nih.gov/pmc/articles/4568946
http://f1000.com/prime/725585677
http://www.ncbi.nlm.nih.gov/pubmed/24119551
http://dx.doi.org/10.1186/1755-8794-6-40
http://www.ncbi.nlm.nih.gov/pmc/articles/3852494
http://www.ncbi.nlm.nih.gov/pubmed/20877357
http://dx.doi.org/10.1038/sj.bjc.6605912
http://www.ncbi.nlm.nih.gov/pmc/articles/2967073
http://f1000.com/prime/718562985
http://www.ncbi.nlm.nih.gov/pubmed/19478766
http://dx.doi.org/10.1038/459508a
http://f1000.com/prime/718562985
http://www.ncbi.nlm.nih.gov/pubmed/19487300
http://dx.doi.org/10.1158/0008-5472.CAN-08-3658
http://www.ncbi.nlm.nih.gov/pmc/articles/3728826
http://www.ncbi.nlm.nih.gov/pubmed/25587136
http://dx.doi.org/10.1073/pnas.1409403112
http://www.ncbi.nlm.nih.gov/pmc/articles/4313848
http://f1000.com/prime/717992185
http://www.ncbi.nlm.nih.gov/pubmed/23302800
http://dx.doi.org/10.1038/nature11814
http://www.ncbi.nlm.nih.gov/pmc/articles/3930354
http://f1000.com/prime/717992185
http://f1000.com/prime/722814830
http://www.ncbi.nlm.nih.gov/pubmed/22369188
http://dx.doi.org/10.1021/mp200458e
http://www.ncbi.nlm.nih.gov/pmc/articles/3325107
http://f1000.com/prime/722814830
http://f1000.com/prime/725780031
http://www.ncbi.nlm.nih.gov/pubmed/26360300
http://dx.doi.org/10.1371/journal.pcbi.1004493
http://www.ncbi.nlm.nih.gov/pmc/articles/4567305
http://f1000.com/prime/725780031
http://f1000.com/prime/718283044
http://www.ncbi.nlm.nih.gov/pubmed/24553387
http://dx.doi.org/10.1126/scitranslmed.3007947
http://f1000.com/prime/718283044
http://www.ncbi.nlm.nih.gov/pubmed/24504448
http://dx.doi.org/10.1093/annonc/mdu049
http://www.ncbi.nlm.nih.gov/pmc/articles/3999800
http://f1000.com/prime/718056089
http://www.ncbi.nlm.nih.gov/pubmed/23805382
http://dx.doi.org/10.7554/eLife.00747
http://www.ncbi.nlm.nih.gov/pmc/articles/3691570
http://f1000.com/prime/718056089
http://f1000.com/prime/725395845
http://www.ncbi.nlm.nih.gov/pubmed/25787767
http://dx.doi.org/10.1126/scitranslmed.aaa4691
http://f1000.com/prime/725395845


F1000Research

5

4

3

2

1

Open Peer Review

     Current Referee Status:

Editorial Note on the Review Process
 are commissioned from members of the prestigious  and are edited as aF1000 Faculty Reviews F1000 Faculty

service to readers. In order to make these reviews as comprehensive and accessible as possible, the referees
provide input before publication and only the final, revised version is published. The referees who approved the
final version are listed with their names and affiliations but without their reports on earlier versions (any comments
will already have been addressed in the published version).

The referees who approved this article are:
Version 1

, Dana-Farber Cancer Institute, Boston, MA, USAKornelia Polyak
 No competing interests were disclosed.Competing Interests:

, H. Lee Moffitt Cancer Center and Research Institute, Tampa, Florida, USADavid Basanta
 No competing interests were disclosed.Competing Interests:

, Charité - Universitätsmedizin Berlin, Berlin, GermanyChristine Sers
 No competing interests were disclosed.Competing Interests:

, University of Cambridge, Cambridge, UKJames Brenton
 No competing interests were disclosed.Competing Interests:

, Hospital for Sick Children, Toronto, Toronto, Ontario, CanadaPeter Dirks
 No competing interests were disclosed.Competing Interests:

Page 14 of 14

F1000Research 2016, 5(F1000 Faculty Rev):238 Last updated: 29 FEB 2016

http://f1000research.com/channels/f1000-faculty-reviews/about-this-channel
http://f1000.com/prime/thefaculty

