
The whole is more than the sum of its parts. Aristotle, 
Metaphysics1

This famous quotation from the ancient Greek philo­
sopher Aristotle may not be applicable to all situations, 
but it is certainly turning out to be true in the field 
of oncology. Although cancer was studied as a clonal 
disease for many decades2, some very early studies 
of mouse mammary tumours revealed that cellular 
subpopulations from different sections of the same 
tumour vary in growth rate, immunogenicity, drug 
response and ability to metastasize, thereby demon­
strating functional and phenotypic heterogeneity3. 
It is now beyond doubt that most cancers possess 
considerable intratumour phenotypic heterogeneity 
that can be both heritable and non-heritable, arising 
from both genetic and non-genetic variability within 
the tumours4–7. Often, variations in the availability of 
resources within a tumour, such as differential access 
to nutrients and oxygen owing to the tumour architec­
ture, can be a driving force that generates intratumour 
heterogeneity8,9. It is true that Darwinian forces of evo­
lution act on heritable phenotypes and not genotypes, 
but because functional phenotypic variability in the 
tumour milieu has historically been difficult to study 
in patients, most studies of tumour heterogeneity have 
focused on genetic heterogeneity rather than on pheno­
typic heterogeneity that arises due to environmental 
selection forces in the tumour. However, despite our 
growing knowledge about cellular heterogeneity in 
cancer, we are far from understanding the dynamics 
that operate among the heterogeneous subpopulations 
and their role in disease progression and therapeutic 
responses.

Intratumour heterogeneity was recognized as an 
inherent property of many types of murine tumours as 
early as the 1970s. Although these findings were initially 
met with overwhelming criticism and disbelief from 
the mainstream followers of the clonal origin of cancer 
hypothesis, very soon tumour heterogeneity began to be 
accepted as a part of tumour evolution3. Early in vitro 
and in vivo studies of artificially introduced intratumour 
heterogeneity in murine models were able to illustrate 
phenomena such as variations in metastatic capacity or 
differences in drug sensitivity compared with tumours 
composed of single clones3,10–12. Although most observa­
tions were those of clonal interference and competition13, 
some clearly indicated clonal cooperation in the form of 
mutualism or synergism14,15 (BOX 1). Unfortunately, these 
initial demonstrations of clonal interactions went under 
the radar for more than two decades as research during 
that time mostly focused on cell-autonomous oncogenes 
and tumour suppressors16.

However, as the importance of intratumour hetero­
geneity came into the limelight once more, the need 
to understand the population dynamics that operate 
within heterogeneous tumours began to be recognized. 
Thus, cancer is now commonly viewed and analysed 
as an evolving ecosystem17,18. It is expected that, just as 
in any ecosystem or as in the context of organs, cancer 
cells engage in heterotypic interactions with cells in their 
microenvironment and use the available resources to 
proliferate and survive19. Moreover, recent discoveries 
are bolstering the idea that individual subpopulations 
of cancer cells also behave rather like societies and sub­
stantially interact with one another, just as scientists in 
the field had postulated more than three decades ago20. 
Thus, it is not surprising that multiple populations that 
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Groups of cells that each 
originate from a common 
ancestor and share the same 
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alterations. Any new subset of 
changes occurring within 
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Abstract | Although it is widely accepted that most cancers exhibit some degree of 
intratumour heterogeneity, we are far from understanding the dynamics that operate among 
subpopulations within tumours. There is growing evidence that cancer cells behave as 
communities, and increasing attention is now being directed towards the cooperative 
behaviour of subclones that can influence disease progression. As expected, these 
interactions can add a greater layer of complexity to therapeutic interventions in 
heterogeneous tumours, often leading to a poor prognosis. In this Review, we highlight 
studies that demonstrate such interactions in cancer and postulate ways to overcome them 
with better-designed therapeutic strategies.
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exist within close proximity and that compete for limited 
resources could inadvertently engage in many complex 
interactions resulting from Darwinian forces.

Although the vast majority of subclonal interactions 
could be neutral, the interactions that manifest pheno­
typically are often either negative or positive, although 
negative and positive interactions can also occur con­
currently (BOX 1). Negative interactions can arise due to 
clonal competition that eventually results in selective 
sweeps in concordance with the ‘survival of the fittest’ 
aspect of Darwinian evolution. These kinds of inter­
actions can occasionally lead to induced cytotoxicity of 
the less fit subclones21,22, or the more-fit population can 
simply outcompete other subclones and take over the 
tumour landscape23. Over time this can result in clonal 
selections and diminished heterogeneity within tumours. 

Conversely, positive interactions mostly emerge as clonal 
cooperation and can be thought of as one of the major 
drivers of persistent intratumour heterogeneity. These 
types of collaborative interactions can be a result of 
mutualistic or synergistic tendencies that are intended 
to benefit the tumour as a whole (BOX 1). For the sake 
of simplicity, throughout this Review we use the term 
clonal cooperation to describe both mutualism and 
synergism without discrimination. The idea of clonal 
cooperation also supports the possibility that instead 
of one clonal population accumulating all the muta­
tions that enable it to acquire the ‘hallmarks of cancer’ 
(REF. 24), which is undoubtedly time consuming and 
inefficient, several cooperating partially transformed 
subclones may, in theory, circumvent full transforma­
tion by benefiting one another and thus accelerating 

Box 1 | Types of ecological interactions among tumour cell populations

Just as is observed in an ecological habitat shared by diverse species, heterogeneous populations of cancer cells that reside 
in close proximity are thought to engage in a variety of interactions that may influence their fitness and survival. These 
interactions can be direct or can be mediated via the tumour microenvironment18,37. Very broadly, the interactions observed 
in ecological systems can be classified into two major groups (see the figure).

Negative interactions
The strongest negative interaction seen among neoplastic populations is competition. It usually arises due to limitations in 
resources such as nutrients and oxygen, and it can manifest phenotypically via the secretion of molecules by one cell 
population that can either kill or suppress competitor cells and vice versa. Similar to competition but occurring more 
unidirectionally, amensalism involves the inhibition of one population (B, see the figure) by another (A), without 
population A being affected in any way. These interactions can eventually result in the extinction of weaker subclones and 
clonal dominance of the more fit sub-clonal population. Other antagonistic relationships that are seen in ecological 
systems include parasitism and predation, which benefit one population by consuming biomass at the expense of the other. 
However, neither of these is likely to be seen among cancer cells within tumours, although cancer cell–immune cell 
interactions can be considered a form of predation.

Positive interactions
•	Commensalism is a type of positive interaction by which one population can benefit another without being affected 

itself. Because of the diffusible nature of growth factors, signalling cytokines and shared resources distributed by the 
circulation, commensalism could result in the proliferation of ‘free-rider’ or ‘cheater’ subclones that take advantage of 
the resources contributed by the ‘producer’ subclones. However, if the free-riders or cheaters outcompete the 
producers, the shared resources are lost and the tumour may collapse.

•	Synergism is another type of positive interaction by which two or more populations give rise to novel 
characteristics in the whole system that are absent if either population is present alone, without necessarily 
having an effect on the individual population (see the figure; grey arrows represent an indirect effect). Synergism 
endows the subclones, and 
also the overall tumour, 
with novel properties 
(such as the ability to 
metastasize53) that are not 
seen otherwise. 

•	Mutualism arises when two 
or more populations 
cooperate and produce 
factors or bring in 
resources that will benefit 
all of the interacting 
parties, as is evident in 
symbiotic relationships 
between two organisms in 
nature. In cancer, 
mutualism is thought to be 
capable of increasing the 
fitness of the whole tumour 
by enhancing the survival 
of the heterogeneous 
subclones. 
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tumour progression25. Also of note, such collaborative 
interactions might indicate that the ‘unit of Darwinian 
selection’ in cancers could be oligoclonal rather than 
monoclonal, although this is likely to be very rare. In 
addition, it is important to consider that collaborative 
dynamics might have a very high likelihood of being 
exploited by ‘free-rider’ or ‘cheater’ subclones and that 
cooperating subclones might eventually be outcom­
peted by a fully transformed subclone that has all the  
properties of the individuals in the oligoclonal mix.

In the simplest case, clonal cooperation can arise due 
to each subclone secreting a particular set of diffusible 
factors that furthers the growth of both populations, 
although juxtacrine signalling (for example, through 
Notch and WNT) may also achieve similar purposes 
albeit within a shorter distance range. In addition, there 
can be other subclones that modulate their microenvi­
ronment in certain ways that enable the tumour to grow 
bigger and to metastasize. For example, in theory, one 
subclone could secrete angiogenic factors to enhance 
blood vessel formation and could thereby bring in nutri­
ents and oxygen to facilitate growth, whereas its partner 
could produce proteinases that degrade the surrounding 
extracellular matrix to allow invasion and dissemination. 
When present alone, these traits are not enough to pro­
mote widespread tumour growth, metastasis and the 
emergence of therapeutic resistance. When present in 
combination, however, these traits can increase the scope 
of multiple populations to progress and thrive more than 
they could have done individually25,26. Thus, such collabo­
rative crosstalk among multiple subpopulations may occur 
either through direct cell‑to‑cell communication27 or 

through non-cell-autonomous paracrine effects28,29, or 
it could also be an indirect outcome of microenviron­
mental remodelling28,30 (FIG. 1). In extreme cases, the 
cancer cells themselves can directly participate in bring­
ing in resources to the tumour by vascular mimicry31,32. 
Either way, the overall outcome is the progression of the 
tumour and subsequent dissemination to secondary 
organs, much to the disadvantage of the host organism.

Clonal cooperation can thus have considerable effects 
on tumorigenesis, disease progression and therapeu­
tic outcomes. Nevertheless, even though the concept 
has been known for many decades, most early studies 
of cellular cooperation were purely observational and 
lacked mechanistic insights owing to the absence of 
proper tools20. Direct experimental demonstrations and 
mechanistic dissection of such cooperative interactions 
in cancers are novel in comparison to studies of clonal 
competition. This Review is not meant to serve as a 
comprehensive overview of intratumour heterogeneity. 
Rather, we focus on a subset of collaborative interactions 
that may be at play in heterogeneous tumours. Thus, by 
surveying examples from various model systems, we 
explore how cooperative interactions can influence 
many aspects of cancer to endow the tumour with collec­
tive and often novel characteristics. Through our explor­
ations, we examine how the combination of changes in 
the tumour that are brought about by several coexisting 
cancer cell populations might contribute to an overall 
increased robustness of the whole tumour.

Theoretical and mathematical modelling
Inter-species interactions have been extensively studied 
in ecology, microbiology and evolutionary biology ever 
since the conception of these fields. However, given the 
extent of heterogeneity identified in many types of can­
cers, it is not surprising that many of the prevalent theo­
ries that look at communication between diverse species 
are now also being applied to study the behaviour of sub­
populations within tumours. In addition to the more tra­
ditional models that explore clonal interactions strictly 
from the competitive angle33, a more contemporary view 
includes the acknowledgement of cooperation among 
subclones in the manner of mutualism or synergism. 
In lieu of proper tools to investigate these relationships 
directly in patient samples, theoretical and mathematical 
models have built an excellent framework to dissect the 
dynamics that operate among heterogeneous subclones.

A branch of theories, known as Hamiltonian medi­
cine34, describes many aspects of cooperative and 
conflicting interactions among cancer cells by closely 
comparing them to the dynamics of microbial interac­
tions. Although some of this theoretical knowledge has 
been extrapolated from a broad range of experimental 
studies of bacterial interactions, other knowledge has 
been inferred from mathematical modelling. These 
theories combine basic social-behavioural perspec­
tives with evolution to speculate how cancer cells and 
microorganisms alike can participate in behaviour that 
increases their prevalence in the host. By describing a 
phenomenon known as ‘inclusive fitness’, which is exem­
plified by biofilm-producing bacteria, they illustrate how 

Figure 1 | Non-cell-autonomous interactions between populations can affect 
tumorigenesis, metastasis and therapeutic resistance.  Non-cell-autonomous 
interactions may contribute to increasing the robustness of the tumour, leading to 
increased tumour growth, enhanced metastasis and the emergence of resistance. As 
exemplified by two distinct cellular populations communicating in a unidirectional 
manner, such interactions may occur directly through paracrine27–29 or juxtacrine effects 
of ligands49–52,54 that are produced by one cell and received by the second, or these 
interactions could also be indirectly mediated via components of the microenvironment, 
such as blood vessels, immune cells and fibroblasts28,30,49–51. FIGF, c-fos induced growth 
factor; IL‑11, interleukin‑11; JNK, JUN N-terminal kinase.
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Eye-imaginal discs
A zone of cells in the 
Drosophila melanogaster 
larvae that give rise to the 
structures of compound eyes 
in the adult fly.

the virulence of microorganisms can be higher if many 
closely related species aid each other’s survival. This could 
also very possibly be true for enhanced tumorigenicity 
in heterogeneous cancer cell populations35,36.

It is widely known that cancer cells, just like bacte­
ria, are able to secrete factors that kill nearby competi­
tors. Theoretically, this should eventually result in the 
homogenization of the tumour landscape. However, 
such a lack of biodiversity poses a very high risk of 
extinction if, for example, the environment changes and, 
subsequently, the selective pressures change. Thus, it is 
understandable why maintaining population hetero­
geneity is beneficial37,38. This exact phenomenon has 
been illustrated particularly well in simulated studies 
of microbial biodiversity. One such study demonstrated 
that, in the absence of extreme selective pressure from 
the environment, the only way by which bacterial pop­
ulations maintain a high degree of species diversity is 
by adopting a model of ‘cyclic dominance’. In brief, the 
cyclic dominance model suggests that various smaller 
subgroups are maintained, in either time or space, and 
that they alternate in the dominance of either the sensi­
tive, killer or resistant strains. Such coexistence is only 
possible because the production of a biotoxin, such as an 
antibiotic, has a metabolic cost to the producer, which is 
in this case the killer strain39. This phenomenon could 
also explain why coexisting bacterial populations may 
have a cumulative resistance to many antibiotics while 
only producing a few antibiotics themselves. Similar 
observations have been made in cell culture models of 
insulinoma, a neuroendocrine pancreatic cancer, and 
further verified by mathematical simulation, in which 
producer and non-producer subclones of a diffusible 
secreted factor (insulin-like growth factor 2 (IGF2)) 
were shown to exist in equilibrium in order to maximize 
their proliferative capacity38. Such dynamics make it 
possible for free-rider or cheater subclones to be main­
tained in tumours. However, some of these examples 
have already been clearly elucidated in prior reports of 
clonal interactions, so we do not delve into them further 
here36,38,40,41.

Theoretical modelling exercises in cancer studies 
can be very insightful because they can simulate envi­
ronmental effects that are impossible to reproduce in a 
biological system, such as the addition or withdrawal of 
a growth factor or stress38. They also have the unique 
advantage of being scalable to time frames that are not 
feasible in in vivo systems28. Even so, the hurdle of trans­
lating these findings into actionable therapy in humans 
remains, as the parameters extrapolated from simplified 
experimental systems may not be perfectly reproducible 
in patients. Furthermore, in order to reduce the com­
plexity of these models, many assumptions are often 
made, which can sometimes obscure what is really hap­
pening in the tumour. Therefore, the focus is currently 
on developing more sophisticated technologies to obtain 
experimental data in clinical samples and in vivo animal 
models to better parameterize theoretical models. The 
ultimate goal is then to use these improved in silico mod­
els, in turn, to predict the behaviour of tumours over 
time to aid the design of more-effective therapies.

Clonal cooperation in Drosophila melanogaster
For many years, Drosophila melanogaster has been 
used as a model to study negative cellular interactions, 
especially in the context of development. In particular, 
the phenomenon of cell competition among cells with 
differential fitness has been very well characterized in 
developing eye-imaginal discs42. Over the years, numer­
ous studies conducted in D. melanogaster to elucidate the 
mechanisms of these short-range communications have 
identified several main factors involved in generating 
‘super-competitor’ clones that are able to eradicate their 
neighbours43. In the case of D. melanogaster models, the 
factors conferring super-competitor phenotypes have 
been identified to be predominantly genetic, perhaps 
attributable to the nature of the experimental design, 
and include an imbalance in dm dosage (that is, the gene 
that encodes Myc); haploinsufficiency in ribosomal pro­
tein genes; mutations in tumour suppressor pathways; 
and the deregulation of the Hippo pathway44–46. Even in 
the absence of super-competitors, D. melanogaster has 
evolved effective mechanisms to prolong lifespan by 
eliminating ‘unfit’ but otherwise viable populations dur­
ing development and ageing47. Studies such as these have 
inspired researchers to investigate cell competition and 
other similar cellular interactions in mammalian sys­
tems as well48. Despite being functionally different, these 
and other similar studies have also provided important 
insights into some of the mechanisms that may be at play 
among interacting cancer cells.

In conjunction with cell competition studies, the 
genetic tools available in D. melanogaster have also 
made it a highly amenable model for simple but illus­
trative studies of oncogenic cooperation in vivo. Many 
remarkable studies utilizing D. melanogaster genet­
ics examined how cooperative interactions can alter 
tumour behaviour. For example, several studies dem­
onstrated that interactions between cells with oncogenic 
RasV12

 mutations and adjacent cells lacking the gene that 
encodes scribbled (scrib−/−) can promote widespread 
overgrowth and invasion of the RasV12-mutant cells in 
the D. melanogaster eye-imaginal discs while the scrib−/− 
population is maintained as a minor subclone49–51. 
However, more remarkable is the complete absence of 
such a profound behaviour if all the cells express RasV12. 
The mechanism of cooperation was found to be JUN 
N‑terminal kinase (JNK) activation by scrib−/− clones 
both cell autonomously and non-cell autonomously, 
leading to the induction of stress-induced JNK activ­
ity in RasV12-expressing cells and the upregulation of 
cytokines activating Janus kinase (JAK)–signal trans­
ducer and activator of transcription (STAT) signal­
ling. Interestingly, if the scrib−/− cells were eliminated 
or outcompeted from the system, the added benefit to 
the RasV12

 cells was lost51. However, tissue damage (for 
example, mechanical wounding) was able to induce 
the proliferation of RasV12 cells even in the absence of 
scrib−/− clones, implying that compensatory proliferation 
is the underlying mechanism.

In a similar but slightly different system also using 
D. melanogaster eye-imaginal discs, another group52 
demonstrated that, in a RasV12-driven tumorigenesis 
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model, a minor population of cells harbouring mito­
chondrial dysfunction (Pdsw−/− (which encodes a sub­
unit of NADH dehydrogenase) or cytochrome c oxidase 
subunit 5a (CoVa−/−)) can influence adjacent cells with 
normal mitochondrial function in a juxtacrine man­
ner, leading to oxidative stress and the metastasis of 
the RasV12 cells also via JNK-mediated activation of the 
Hippo pathway52. Once again similar to the cell com­
petition studies, by virtue of the robustness and sim­
plicity of D. melanogaster models, these mechanistic 
findings of clonal cooperation can help us to identify 
some of the key pathways that may be operating in 
human tumours.

Clonal crosstalk in mouse models
With the advancement of molecular biology techniques 
over the past few decades, more thorough studies that 
illustrate subclonal interactions have been conducted 
in animal models, shedding more light on to the early 
observations of subclonal cooperation in heterogeneous 
tumours by cancer biologists in the 1980s and 1990s14,15. 
In one such example from recent years, Calbo and col­
leagues53 used a genetically engineered mouse model 
of small-cell lung cancer to describe that, when pre­
sent together, two distinct populations of cancer cells 

transplanted together can lead to disease progression 
and liver metastasis, but that they are unable to do so 
when transplanted individually. One of the interact­
ing populations was phenotypically neuroendocrine, 
and it was able to induce the proliferation of a less dif­
ferentiated non-neuroendocrine population in vitro.  
The results in vivo were even more remarkable in that the 
non‑neuroendocrine population was able to establish 
metastatic lesions in the liver only when mixed with 
the neuroendocrine population. Akin to cases seen in 
D. melanogaster, this mouse model illustrated how the 
presence of two different populations benefited tumour 
progression. However, in contrast to the D. melanogaster 
model, in which the two interacting populations evolved 
separately49–51, the non‑neuroendocrine cells in the 
mouse model were shown to arise from the neuro­
endocrine population owing to the loss of differentiation 
markers induced by the activation of RAS signalling. 
This mouse example exhibited the phenomenon of one 
population endowing the other with metastatic poten­
tial. The other noteworthy observation from this exam­
ple is that the non‑neuroendocrine population was only 
present as a minor population in the primary tumours 
even though it dominated the metastatic lesions. One 
can imagine the immense layer of complexity that these 
interactions can add to the design of treatment strategies, 
and such phenomena could potentially explain the lack 
of response of metastatic disease to therapies designed 
to target the dominant subclones that are present in the 
primary tumour (FIG. 2).

A similar but slightly different mode of clonal 
cooperation was observed in a mouse model of breast 
cancer that was driven by mouse mammary tumour 
virus (MMTV)–Wnt1 (REF. 27). In this model, two 
hierarchically differing subclonal populations coop­
erated to drive tumorigenesis through a ‘division of 
labour’. Using somatic mutations in Hras (Hrasmut) as 
a marker for lineage tracing and cells from transgenic 
mice expressing fluorescent markers, Cleary and col­
leagues27 demonstrated cooperative interactions 
between basal HrasmutWnt1low subclones and luminal 
Hraswild-typeWnt1hi subclones. Both populations were 
required for tumorigenesis but it was heavily depend­
ent on WNT1 production by the luminal subclones. 
In order to examine this cooperative behaviour more 
closely, the authors transplanted mammary epithe­
lial cells that consisted of basal populations from 
closely related transgenic animals that harboured 
doxycycline-inducible Wnt1 into animals that were 
either wild type or that constitutively expressed Wnt1. 
Interestingly, they found that, upon doxycycline with­
drawal, the tumours in wild-type animals regressed 
almost completely, although some residual cells 
remained that could cause tumour regrowth after 
re‑administration of doxycycline. By contrast, the 
tumours in the Wnt1‑expressing mice only partially 
regressed before recurring even in the absence of Wnt1 
induction. More surprising was the observation that 
the recurring tumours of Wnt1‑expressing mice had a 
large number of luminal cells from the recipient mouse 
in the tumours, which further reinforced the idea of 

Figure 2 | Unique properties of heterogeneous tumours using gain of metastatic 
potential as an example.  Homogeneous primary tumours or those composed of 
non-cooperative populations may have a limited ability to form metastases in distant 
organs (top). By contrast, the metastatic potential of heterogeneous primary tumours 
composed of cooperative cancer cell populations (bottom) can be altered in various 
ways, especially if one of the clones (light blue) is a non-cell-autonomous metastasis 
promoter that increases the metastatic potential of neighbouring populations28,53. The 
resulting metastatic lesions may be monoclonal or polyclonal. Hypothetically, clonal 
cooperation may also alter the metastatic potential of individual populations such that 
each of them colonizes different secondary organs.
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the dependence of the basal HrasmutWntlow subpopula­
tion on cooperation from the neighbouring luminal 
cells to form and maintain tumours27.

In another elegant study using a syngeneic p53‑null 
mouse model of breast cancer, Zhang and colleagues54 
demonstrated crosstalk between CD29hiCD24hi 
bi‑potent tumour-initiating cells and a more differ­
entiated CD29hiCD24low mesenchymal population. 
The CD29hiCD24low population was derived from the 
CD29hiCD24hi cells. The CD29hiCD24low population 
secreted various ligands, including WNT9A, WNT2, 
interleukin‑6 (IL‑6) and chemokine (C‑X‑C motif ) 
ligand 12 (CXCL12), and the CD29hiCD24hi population 
showed gene expression changes in response to some 
of these factors and expressed high levels of some of 
the corresponding receptors such as CXCR4 (CXCL12 
receptor), thereby indicating crosstalk between the 
two populations. Furthermore, the authors showed 
that cytokines secreted by CD29hiCD24low cells stimu­
lated the self-renewal and tumour-initiating capacity 
of the CD29hiCD24hi cells, thus establishing a positive 
feedback loop. This study was an outstanding example 
of interactions between cancer cells with more stem 
cell-like phenotypes and their more differentiated 
derivatives similar to that observed in experimental 
models of prostate cancer29. Although one might argue 
that the interactions depicted in this model and the 
ones mentioned above are over-simplified and not 
completely representative of those occurring in the 
breast tumours of patients, the clear illustration of 
cooperative dependence of two distinct subpopula­
tions on each other for successful tumorigenesis is 
still valuable for our overall understanding of these 
interactions in cancers27,54.

Cooperation of human cancer cells
Xenotransplantation assays using human cells have 
been used to study different aspects of tissue develop­
ment and tumour progression for many years, but more 
recently they have been used to ask specific questions 
regarding clonal interactions in cancer. Even though 
these models may not be perfect representations of 
what happens in patients, they have the unique advan­
tage of being amenable to molecular manipulation. 
Several such studies conducted over the past few years 
have provided important insights into mechanisms that 
maintain heterogeneity and clonal cooperation within 
the tumours and how these can affect tumour behav­
iour. Although most of these studies have used simplis­
tic approaches to look at interactions between two or 
a limited set of distinct subclones to reduce complex­
ity, the general observations can be extended to more 
intricate systems. For example, in a model of human 
melanoma cell lines xenografted in zebrafish, Chapman 
and colleagues30 were able to show how interactions 
between diverse subclones allow for reversible pheno-
type switching of the participating clones. More precisely, 
they identified that a poorly invasive subclone secreted 
extracellular matrix components only in the presence of 
an invasive subclone, which induced the invasive sub­
clone to switch from a protease-independent mode of 

invasion to a membrane-type matrix metalloproteinase 
(MT1‑MMP)-dependent phenotype, thereby promot­
ing the invasion of both populations. In another model 
using the PC‑3 prostate cancer cell line in vitro and in 
mice, Mateo and colleagues29 showed that a non-cancer 
stem cell (non-CSC)-like population could increase the 
invasiveness of a CSC-enriched population by secreting 
SPARC, an extracellular matrix protein29. An additional 
point to make is that data from many studies focus­
ing only on CSCs as a cause of therapeutic failure have 
not been fully supported empirically55, indicating that 
some kind of clonal interaction could potentially be at 
play between CSCs and non-CSCs in many such cases, 
as we have seen in the example above. Thus, even sim­
ple xenograft studies like the ones mentioned above are 
beginning to add experimental evidence to support the 
theory of mutually beneficial communication between 
heterogeneous populations.

In order to explore beyond bi‑clonal dynamics, 
our laboratory took xenograft modelling a step fur­
ther by deriving approximately 20 different subclones 
via lentiviral overexpression of cancer-promoting 
factors in a triple-negative breast cancer cell line, 
MDA‑MB‑468, and using them to interrogate tumour 
behaviour28. By comparing tumour growth in the 
context of each subclone against the parental cell line 
(monoclonal tumours) versus growth in the tumours 
in which all the clones were present in equal initial 
frequencies (polyclonal tumours), we discovered that 
polyclonal tumours were much more aggressive (larger 
and more metastatic) than monoclonal tumours. 
Using a reductionist approach, we were able to repro­
duce metastatic behaviour using only two cooperating 
subclones — subclones overexpressing IL‑11 and c‑fos 
induced growth factor (FIGF; also known as VEGFD) 
— although it is possible that some of the other sub­
clones may also have had some influence on the overall 
tumour. In our model, the IL‑11‑overexpressing clone 
acted as a non-cell-autonomous driver of tumour 
growth as it constituted only a small proportion of the 
final tumour, while the FIGF-overexpressing subclone 
may have taken advantage of the growth promotion to 
reach sufficient numbers to allow increased lymph­
angiogenesis (promoted by FIGF56) and subsequent 
dissemination of the tumour cells. Furthermore, by 
extrapolating our observations using mathemati­
cal modelling, we also showed that the presence of 
IL‑11 and clonal interactions were required to main­
tain the overall heterogeneity of the tumour owing 
to non-cell-autonomous driving of tumour growth 
by IL‑11 and clonal interference. This is a situation 
in which multiple clones of higher than average fit­
ness coexist in the same population and interfere with 
each other to prevent any of them from taking over 
the tumour population. Our results indicated that 
when the IL‑11‑overexpressing subclone was present, 
all the subclones maintained equilibrium, but when 
the IL‑11‑overexpressing subclone was removed, the 
tumour either failed to grow or suffered necrotic col­
lapse28. Similar findings were also reported in glio­
blastoma models in which minor subpopulations 
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Recovery periods and drug 
holidays
As most therapeutic regimens 
have some accompanying side 
effects, patients are usually 
taken off the treatment for 
short intervals to allow for 
recovery from systemic toxicity. 
Sometimes drug holidays are 
also scheduled to increase the 
efficacy of the treatment.

expressing mutant epidermal growth factor receptor 
(EGFR) were shown to be responsible for maintaining 
tumour heterogeneity57.

In addition to cell lines and engineered clones, 
patient-derived xenograft (PDX) models have also dem­
onstrated the maintenance of heterogeneity with mini­
mal clonal selection across multiple passages. Several 
such studies have used barcoded lentiviral transduction 
systems to track clonal distribution in the xenografts 
and compared them with the original patient tumour 
to show that polyclonality and high levels of sub-clonal 
heterogeneity can affect tumour behaviour differently 
from more homogeneous engraftments58. Although the 
evidence for sub-clonal cooperation is not completely 
conclusive from observations in these PDX studies, 
the general preference for maintaining high levels of 
intratumour heterogeneity definitely suggests that this 
has some evolutionary advantage for the tumour32,58,59. 
Studies like these also demonstrate why PDXs that 
are derived from the transplantation of single cells or 
homogeneous populations may not represent the true 
dynamics that operate in the original heterogeneous 
primary tumour in the patient. Such homogeneous 
populations are essentially devoid of the interclonal 
interactions that might be important in dictating the 
behaviour of the tumour (FIG. 3). However, despite  
the relative ease of detailed clonal tracking that is avail­
able with modern technologies, gaining mechanistic 
insights with PDX models is still not as straightforward 
as with engineered cell line models, thus resulting in a 
preference for cell line models in many cases.

Clonal cooperation and cancer therapy
There is rapidly accumulating evidence that a high 
degree of heterogeneity can imply poor disease prog­
nosis in patients60–62. Recent studies have shown that 
metastatic breast cancer lesions are more likely to 
arise from oligoclonal circulating tumour cell (CTC) 
clusters, which again points to the benefit of clonal 
interactions63. Thus, it is expected that intratumour 
heterogeneity may affect therapeutic outcomes. 
Furthermore, clonal dynamics can change in response 
to therapy to establish new heterogeneous populations 
that may confer resistance to treatment59. This often 
happens during recovery periods and drug holidays. These 
scenarios are comparable to observations of rapid evo­
lutionary changes in nature; for example, after the 
particularly strong El Niño, which is a relatively rare 
climactic event, in the early 1980s that drastically mod­
ified the food supply, Galapagos finches had to quickly 
adapt to the altered environment in order to maximize 
their survival in the region64.

A handful of studies in highly heterogeneous can­
cers such as glioblastoma have alluded to the pres­
ence of multiple coexisting subpopulations, each with 
unique mutations that could be independent (spatially 
or temporally) drivers of tumorigenesis. In the case of 
glioblastoma, amplification of three different receptor 
tyrosine kinases with known oncogenic roles — EGFR, 
MET and platelet-derived growth factor receptor 
(PDGFR) — was observed in three individual cancer 
cells within a single tumour from a patient, implying 
the coexistence of at least three independent clones65. 

Figure 3 | Deficiencies of xenograft assays using homogeneous cell populations or single cells.  Monoclonal or 
single-cell transplantation assays may not reflect the behaviour of cells in the intact polyclonal heterogeneous tumours 
from which they are derived because of the lack of cellular interactions. A heterogeneous tumour has various 
subpopulations engaged in a network of ecological interactions (BOX 1). In a perfectly cooperative situation, it is possible 
that different subclones contribute different factors to aid the overall growth of the tumours. However, many xenograft 
assays rely on single-cell transplantation methods that eradicate the opportunity for interclonal interactions that were 
present in the original tumour. Thus, these monoclonal tumours will fail to reproduce the behaviour of the parental 
tumour. In addition, non-cell-autonomous interactions mediated via the microenvironment may not reproduce well owing 
to species differences.
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Cellular diversity scoring
Widely used in ecology, 
diversity scoring is a process of 
quantifying heterogeneity in an 
environment by taking into 
account the number and 
abundance of its inhabiting 
species. In tumours, the cellular 
diversity score is a number that 
represents the extent of unique 
sub-clonal populations that 
contribute to the intratumour 
heterogeneity.

More recently, single-nucleus sequencing has revealed 
the presence of distinct EGFR-truncating alterations 
(EGFRvII and EGFR carboxy-terminal deletions) in 
non-overlapping subclones that are thought to have 
evolved independently66. Although EGFRvII has been 
shown to be oncogenic and sensitive to EGFR inhibi­
tors, little is known about the EGFR C-terminal dele­
tion mutants. The current hypothesis is that these 
populations that have various EGFR alterations, in the 
presence of other accumulated mutations, could be 
one of the reasons for resistance to targeted therapy 
in glioblastoma.

Although studies that show the presence of multi­
ple drivers in patient tumours do not directly prove 
clonal interactions, they enable us to infer that there 
might be some interplay among different driver sub­
clones that contributes to resistance by changing  
sub-clonal compositions when a tumour is subjected 
to therapeutic intervention. For example, cellular diver-
sity scoring of breast tumour samples before and after 
neoadjuvant chemotherapy using immunofluorescence 
and fluorescence in situ hybridization (iFISH) analysis 
has revealed very little change of the cellular genetic 
diversity in partially responding and non-responding 
tumours, although the individual populations con­
stituting the tumour were phenotypically different62. 
Such studies provide us with indirect evidence that 
maintenance of intratumour heterogeneity (perhaps 
not by the same initial subpopulations, but by similar 
ones nonetheless) is most likely to be the way in which 
most cancers evade therapy and lead to disease relapse 
in patients.

It is well known that the presence of resistant sub­
clones within the tumour milieu that are undetectable 
at diagnosis using commonly applied methods can 
contribute to eventual treatment failure and relapse67–69. 
For example, oestrogen receptor‑α (ESR1) mutations 

have not been detected in primary breast tumours but 
a significant proportion of metastatic lesions that are 
refractory to endocrine therapy contain ESR1‑mutant 
cells69–73. However, with further technological advances 
enabling the detection of single or rare mutant cells, 
such as digital PCR74, some of these pre-existing 
mutants that are currently eluding diagnostic testing 
may become visible. Although quite simplified, some 
in vitro work using co‑culture systems has already 
demonstrated that a small subpopulation of resist­
ant clones could aid the outgrowth of non-resistant 
clones75, and similar interactions may also be applica­
ble in the tumours of patients. Thus, one can imagine 
the challenges that therapeutic interventions may face 
if several sub-clonal populations aid each other’s sur­
vival and/or dissemination in a similar manner, mak­
ing it even more difficult to eradicate the disease. More 
daunting is the emerging evidence of small populations 
of malignant cells recruiting diverse populations of 
benign cells and transforming them to enhance tumour 
growth either by direct stimulation, such as the secre­
tion of activating cytokines76 and promoting the loss of 
tumour suppressors77, or by indirect mechanisms, such 
as exosomal delivery of RNA or protein factors78. This 
kind of recruitment, although slightly different from 
clonal cooperation, indicates that successful tumour 
formation often relies on the contribution of more 
than one subpopulation, even if only to increase the 
sheer size and spread of the tumour. Unfortunately, 
these corruptive influences are still poorly understood, 
and we know even less about how to eliminate these  
‘influential’ clones.

Another hurdle in the path of cancer therapy is the 
emergence of transient cooperating clones. In studies of 
bacterial antibiotic resistance, one term that is frequently 
encountered is ‘persistence’. Not to be confused with 
‘resistance’, persistence implies the ability of otherwise 
sensitive bacterial strains to withstand an onslaught of 
antibiotic attack by slowing down growth and metabo­
lism, almost to a state of dormancy (BOX 2). Additionally, 
these persister populations could arise from any bac­
terial cell without requiring a particular mutation to 
evade the antibiotic79. A similar programme has been 
described in tumours, in which a subpopulation can 
reversibly and transiently alter its epigenetic profile 
via engagement of IGF1 receptor (IGF1R) activity to 
form a drug-tolerant persister population80. Once the 
therapy is removed, the surviving quiescent persisters 
are then able to revert to more proliferative tumorigenic 
populations. Therefore, tumour heterogeneity — be 
it transient or lasting, heritable or non-heritable — 
represents a major obstacle towards understanding and 
treating cancers.

Concluding remarks and future directions
Although communication among cells is an essential 
part of embryonic development and tissue homeostasis, 
this phenomenon was vastly underappreciated in the 
realm of cancer biology until very recently. Interactions 
between heterogeneous cell populations were noticed 
by cancer biologists very early on, but the lack of general 

Box 2 | Mechanisms underlying drug insensitivity

Similar to the mechanisms that are responsible for antibiotic resistance in bacteria, 
cancer cells can evade therapy in several ways:

Resistance. Resistance is a state of a lack of response to the administered therapy 
and can be either intrinsic or acquired. Intrinsic resistance could result from the 
presence of a subset of cells either that do not possess a receptor for the particular 
drug or that do not rely on the targeted pathway for growth and survival. By 
contrast, acquired resistance can be the result of a new mutation that alters the 
binding of the drug to its target binding site, amplification or overexpression of the 
target, or the activation of compensatory signalling pathways to the one being 
inhibited. Although resistant states are mostly attributable to genetic changes, 
heritable epigenetic alterations have also been shown to be responsible for drug 
insensitivity89,90.

Persistence. Unlike resistance, persistence is a reversible trait that can be exhibited by 
any cell in the tumour population without requiring any new mutations. An example of 
this is when a small population of cells enters a state of quiescence by drastically 
decreasing the activity of their metabolic pathways. Persistence is a reversible state 
that is thought to be regulated epigenetically79.

Drug tolerance. This is a phenomenon in which cells gradually become non-responsive 
to a drug over time such that increasing dosages are required to achieve the same 
effect80. At some point, systemic toxicities become dose limiting and the drug can no 
longer be used effectively for treatment.
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interest, as well as proper tools, prevented their thor­
ough mechanistic investigation for many years. In this 
Review, we have discussed many of the emerging stud­
ies of clonal interactions in various model systems of 
cancer, specifically focusing on cooperative behaviours 
that can influence tumour progression.

It is clear that clonal cooperation can have a pro­
found effect on therapeutic outcomes in cancer, and 
it can also make the design of targeted therapies very 
challenging. As exemplified in microbial systems, 
cooperation may lead to interdependence and comes at 
both a metabolic and an evolutionary cost81, however, 
the benefits of maintaining intratumour heterogeneity 
must outweigh the expense37. Thus, our focus must be 
veered towards a more ecological therapy of cancers by 
which mechanisms of clonal cooperation are identified 
and their modes of interaction are targeted rather than 
aiming for the elimination of all individual subclones17. 
Some researchers also believe in shifting the balance 
of the cost–benefit ratio of intratumour heterogeneity 
and preventing recurrence by using treatment strate­
gies to stimulate benign (or less altruistic) subclones 
to outgrow the potentially resistant subclones before 
therapeutically attacking the whole tumour26.

Another approach along these lines would be to 
identify the ‘common gooders’ and eliminate them in a 
targeted manner, to eradicate the paracrine effectors, 

or to remove the ‘public goods’ upon which all the 
populations rely38,82–84. If the general tumour popu­
lations are not dependent on the targetable popula­
tion, eliminating the targetable cells has no effect on 
overall tumour growth (FIG. 4a). However, if the neu­
tral clones do depend on the targetable population, 
perhaps owing to some paracrine effect of diffusible 
products, eradicating that population or blocking the 
factor itself could lead to tumour reduction85 (FIG. 4b). 
Recent technological advances have been enabling the 
long-term and periodic monitoring of some cancer 
types via non-invasive liquid biopsies that analyse bio­
markers, CTCs or circulating tumour DNA (ctDNA) 
in the blood86–88. As sample collection and analysis 
techniques continue to improve, such data will be able 
to give insights into the heterogeneity of the primary 
tumour and its metastases and how these may change 
over time during treatment. It will be very beneficial if 
we can exploit such methodologies to decipher addi­
tional information about sub-clonal interactions in 
order to more comprehensively understand a tumour. 
Although more knowledge about tumour ecosystems 
is accumulating, it is becoming increasingly clear that 
we will only be able to effectively eliminate the ever-
evolving cancer populations and achieve lasting cures 
in patients if our therapeutic strategies incorporate 
intratumour heterogeneity into their design.

Figure 4 | Improving therapeutic design for heterogeneous tumours.  a | Targeted therapies can fail to prevent 
tumour growth if the targeted subclone is ‘selfish’ or has no influence on the behaviour of other populations 
within the tumour. Even if there is an initial reduction in tumour size, the other neutral populations that are 
non-responsive to therapy can keep growing and maintain the tumour, leading to relapse. b | Better understanding 
cooperative interactions may help us to identify the non-cell-autonomous drivers or ‘common gooder’  
subclones that promote tumour growth by influencing nearby populations. If therapeutic interventions can 
eliminate these populations or mute their paracrine stimuli, the overall growth of the tumour could be stopped. 
At the very least, even if resistant populations eventually emerge, tumour relapse would be delayed under these 
circumstances.
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