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Cancer drug resistance is a major problem, with the majority of patients with metastatic

disease ultimately developing multidrug resistance and succumbing to their disease. Our

understanding of molecular events underpinning treatment failure has been enhanced

by new genomic technologies and pre-clinical studies. Intratumour genetic heterogeneity

(ITH) is a prominent contributor to therapeutic failure, and it is becoming increasingly

apparent that individual tumours may achieve resistance via multiple routes simulta-

neously e termed polyclonal resistance. Efforts to target single resistance mechanisms

to overcome therapeutic failure may therefore yield only limited success. Clinical studies

with sequential analysis of tumour material are needed to enhance our understanding of

inter-clonal functional relationships and tumour evolution during therapy, and to improve

drug development strategies in cancer medicine.

ª 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.
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to treatment, whereas in acquired resistance the majority of

tumour cells are initially responsive to treatment, and resis-

tance develops over time. The development of targeted agents

is highly costly and progression free survival benefits in the

advanced disease setting are often limited, frequently failing

to translate into overall survival benefits (Blair et al., 2014;

Holohan et al., 2013). Hence there is a critical need to under-

stand their limitations and address new opportunities within

the context of emerging insights in tumour biology.

Historical knowledge of heterogeneity in cancer, both from

a histopathological and genetic perspective (Lengauer et al.,

1998; Swanton, 2012), coupled with a large number of recent

studies documenting extensive intratumour genetic heteroge-

neity in a wide range of malignancies (reviewed in Burrell

et al., 2013; Kreso and Dick, 2014; Swanton, 2012; Yates and

Campbell, 2012), suggest that pre-existing drug-resistant sub-

clones might be a substantial contributor to therapeutic resis-

tance in oncology. Tumours are dynamically evolving entities

both genetically and epigenetically. Their evolution is also dy-

namic in spatial organisation both locally and throughout the

body, as well as temporally throughout the disease course.

Sampling different parts of the same tumour may therefore

reveal striking differences in the genetic and epigenetic

make up of the cancer cells at each site (Bashashati et al.,

2013; Campbell et al., 2010; Gerlinger et al., 2012, 2014;

Haffner et al., 2013; Sottoriva et al., 2013). Similarly, sampling

the tumour at different time-points, for example after disease

progression, might reveal genetic evolution or differences in

the clonal composition of the tumour as the disease pro-

gresses (Keats et al., 2012; Landau et al., 2013).

Cancer therapy constitutes a uniquely defined, often strin-

gent, directional selection pressure in the evolution of a

tumour (Almendro et al., 2014; Merlo et al., 2006), and on

this basis, the molecular mechanisms for resistance will

vary with the therapeutic agent in question. Furthermore,

for any given therapy there may be multiple mechanisms of

resistance (reviewed elsewhere (Blair et al., 2014; Holohan

et al., 2013) and in other reviews in this issue of Molecular

Oncology).

In this review, we will examine studies that have moni-

tored tumour evolution and subclonal tumour architecture

over the course of treatment. We will review the evidence

that acquired drug resistance can frequently be attributed to

the selection of pre-existing intrinsically resistant subclones,

and consider the possibility of de novo generation of

resistance-conferring mutations. The genetic and molecular

mechanisms of resistance to targeted therapies are particu-

larly well described, and will be used in this review to illus-

trate how intratumour genetic heterogeneity contributes to

drug resistance. We conclude by considering the challenges

faced in light of tumour heterogeneity in devising therapeutic

strategies, as well as in the interpretation of clinical trial data.
2. Sources of heterogeneity in tumours

Intratumour heterogeneity can be observed at many different

levels, and may be attributable to a number of different fac-

tors. Heterogeneity occurs first at the cellular level (intercel-

lular heterogeneity), but with the selective outgrowth of any
given cell clone, varying degrees of clonal heterogeneity may

arise. Subclones may expand and evolve in a sequential linear

fashion, or else may continue to diverge, following branched

evolutionary trajectories (Figure 1) (Burrell and Swanton,

2014). There are many recent reviews summarising the evi-

dence for intratumour heterogeneity and different modes of

cancer evolution that are beyond the scope of this article

(Burrell et al., 2013; Greaves and Maley, 2012; Marusyk et al.,

2012; Merlo et al., 2006; Swanton, 2012; Yates and Campbell,

2012) and we will present only a brief summary here.

Diversity in tumours is evident at the genetic, epigenetic,

transcriptomic and proteomic level (Burrell et al., 2013;

Marusyk et al., 2012). Genomic instability can affect DNA

sequence, chromosome structure and chromosome number,

with some forms of instability compromising genome integ-

rity at multiple levels simultaneously (Burrell et al., 2013).

Genomic instability, a feature of a high proportion of solid tu-

mours, generates a high level of intercellular genetic heteroge-

neity (Lengauer et al., 1998) and has been linked with both

drug resistance and poor prognosis in cancer (Holohan et al.,

2013; Lee et al., 2011; Swanton et al., 2009). Epigenetic, tran-

scriptomic and proteomic heterogeneity may arise due to un-

derlying genotypic variation, but can also reflect cell cycle

stage, stochastic variation between cells, or hierarchical orga-

nisation of cells according to the cancer stem cell theory

(Arora et al., 2013; Gupta et al., 2011; Kreso et al., 2013;

Meacham and Morrison, 2013; Nathanson et al., 2014).

In addition, diverse phenotypes can result from extrinsic

factors such as pH, hypoxia, and paracrine signalling interac-

tions with stromal and other tumour cells (Gatenby et al.,

2010; Junttila and de Sauvage, 2013). Extrinsic factors can

directly generate phenotypic diversity, through the modula-

tion of cellular signalling, but also act as selection pressures,

supporting clonal expansion of those cells that proliferate effi-

ciently in a givenmicro-environmental context. The effects of

extrinsic factors, including exogenous carcinogens such as to-

bacco, may be evident both at a limited local level and more

widely, as reflected by apparent organ-specific features of

metastatic tumour lesions (Campbell et al., 2010; Yachida

et al., 2010; Yates and Campbell, 2012).

Clusters of mutations defining the genotypes of individual

subclonal populations within a tumour can be tracked over

time, giving insights into how tumours evolve in the face of

different selection pressures. This is perhaps most pertinent

to those pressures acting at metastatic sites, and those

imposed by treatment. Even if genotype is not always directly

responsible for the expansion of a given subclone, genotype

tracking enables the monitoring of subclonal architecture

over time. Clonal heterogeneity may be evident within single

samples (biopsies for solid tumours, blood samples for hae-

matopoietic malignancies) (Anderson et al., 2011; Landau

et al., 2013; Lohr et al., 2014; Nik-Zainal et al., 2012; Snuderl

et al., 2011; Szerlip et al., 2012), and can also be observed be-

tween different tumour regions within the same primary or

between primary andmetastatic sites (regional heterogeneity)

(Figure 2) (Bashashati et al., 2013; Campbell et al., 2010;

Gerlinger et al., 2014, 2012; Shah et al., 2009; Sottoriva et al.,

2013; Wu et al., 2012; Yachida et al., 2010). In a cohort of ten

renal cell carcinomas, subclones appeared to be relatively

spatially separated and, in general, more heterogeneity and

http://dx.doi.org/10.1016/j.molonc.2014.06.005
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Figure 1 e Linear and Branched Cancer Evolution. Schematic illustrating different patterns of cancer evolution. Intercellular heterogeneity

followed by clonal selection leads to outgrowth of one or more subclones. If the emerging subclone outcompetes the rest of the tumour cell

population, this is described as a clonal sweep, and the subclonal genotype has ‘fixed’ in the population. In linear evolution, subclones arise

sequentially (top panel), while if divergent subclones emerge independently then evolution is branched (bottom panel). Incomplete clonal sweeps

will generate clonal heterogeneity, which can arise in both linear and branch evolutionary trajectories. Subclonal genotypes allow the monitoring of

tumour evolution over time.
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more driver events were discovered as the number of biopsies

increased (Gerlinger et al., 2014; Ricketts and Linehan, 2014).

Examining temporally separated samples,mostly in haemato-

poietic cancers, has revealed that clonal heterogeneity can

vary substantially over time, likely influenced bymultiple fac-

tors including genetic drift, drug treatment and the acquisi-

tion of new driver mutations (Figure 2) (Bolli et al., 2014;

Haffner et al., 2013; Keats et al., 2012; Landau et al., 2013;

Lohr et al., 2014; Schuh et al., 2012; Swanton, 2012).
Figure 2 e Temporal and Spatial Heterogeneity in Cancer Progression. i) T

one part would therefore be subject to sampling bias. ii) Multiple subclones

clones have continued to evolve (emergence of purple subclone). In the prim

treatment, differential clonal response has occurred, resulting in an objective

have all responded either partially or completely to treatment, while pre-ex

expand during treatment. A resistant clone (pink) has developed de novo du

pink, dark green and brown clones have all expanded, and a new brain meta

emerged (blue). Biopsies taken at different timepoints in disease progressio

Assaying circulating tumour DNA (ctDNA) may help minimise this bias,

concentration increases with disease burden and is higher in metastatic than

fraction of the circulating volume is sampled, individual subclones may not

malignancies) and furthermore it is not clear how uniformly different subc
Together these studies indicate that even with ultra-deep-

sequencing and collecting multiple samples over both time

and space, we are likely to be grossly underestimating the de-

gree of intratumour genetic heterogeneity in some cases,

where only a small fraction of the total tumour burden is sub-

ject to deep sequencing analysis (Figure 2). The impact of such

heterogeneity upon outcome and drug response is not yet

fully understood, but an increasing number of studies are

describing dynamic, and sometimes unexpected, changes in
he primary tumour is composed of multiple subclones; biopsies of any

(light and dark green clones) have seeded metastases, and metastatic

ary tumour the ancestral blue subclone is now extinct. iii) Following

clinical response or stable disease. Orange, red and light green clones

isting resistant clones (dark green, purple, brown) have continued to

ring treatment. iv) Clinical disease progression has occurred e purple,

stasis has been seeded (brown). A further new drug resistant clone has

n or from different sites of disease would be subject to sampling bias.

and can be performed longitudinally (bottom panel). ctDNA

localised disease (Bettegowda et al., 2014). However, as only a small

be detected (this sampling bias also affects analysis of haematopoetic

lones shed DNA into the circulation.

http://dx.doi.org/10.1016/j.molonc.2014.06.005
http://dx.doi.org/10.1016/j.molonc.2014.06.005
http://dx.doi.org/10.1016/j.molonc.2014.06.005


M O L E C U L A R O N C O L O G Y 8 ( 2 0 1 4 ) 1 0 9 5e1 1 1 11098
the subclonal architecture during treatment, with reports of

multiple distinct resistant clones arising within the same

tumour.
3. Monitoring clonal evolution during cancer
therapy

Therapyrepresentsaverydefinedandstringent selectionpres-

sure during the evolution of a cancer (Greaves andMaley, 2012;

Merlo et al., 2006), and several studies have now traced the

clonal evolution of tumours during the course of treatment.

Due to the comparative ease of longitudinal sampling, these

studies have, to date, mostly been in haematopoietic malig-

nancies such as chronic myeloid leukaemia and multiple

myeloma (Bolli et al., 2014; Ding et al., 2012; Keats et al., 2012;

Lohret al., 2014;Mullighanet al., 2008; Schuhet al., 2012). There

have been only a limited number of studies of the clonal evolu-

tion of solid tumours pre- and post-treatment (Bashashati

et al., 2013; Castellarin et al., 2013; Johnson et al., 2014; Shi

et al., 2014). The relationship between different modes of

tumour evolution and patient outcome is as yet unclear (Bolli

et al., 2014; Landau et al., 2013). In view of this, a large clinical

study has been set up that aims to track the subclonal dy-

namics of primary non-small cell lung cancer through the dis-

ease course in patients (TRACERx e clinicaltrials.gov

NCT01888601). If the evolutionary trajectories of cancers are

affected by treatment in a relatively predictable manner, it

might be possible to take advantage of this in devising the

optimal therapeutic strategy to prolong relapse free survival,

exploiting evolutionary dead-ends.

3.1. Acute lymphoblastic leukaemia (ALL)

An early study of 61 cases of ALL (Mullighan et al., 2008), found

that 58 per cent of relapsed disease samples lacked some copy

number alterations detected in the diagnostic sample,

implying that the relapsed clone was ancestral to the diag-

nostic clone. Indeed backtracking analyses revealed that the

relapsed ancestral clonewas often present as aminor subpop-

ulation at diagnosis. This indicates branched evolution of ALL,

and demonstrates the influence of treatment upon the evolu-

tionary trajectory of ALL, by removing the incumbent clone.

Branched evolution and shifts in clonal architecture between

diagnosis and relapse have subsequently been demonstrated

in an independent ALL study (Anderson et al., 2011). In this

study, which usedmultiplex fluorescence in-situ hybridisation

(FISH) to examine 30 cases of ALL, five cases had paired pre-

and post-treatment samples. Clonal architecture at relapse

was distinct to that observed at diagnosis, with relapse

deriving from either major or minor subclones. There was

some evidence to suggest that relapse could be driven by

more than one subclone, and in addition that the dominant

clone at relapse continues to evolve, acquiring new genetic

lesions.

3.2. Acute myeloid leukaemia (AML)

Whole-genome sequencing (WGS) was used to compare diag-

nostic and relapse samples from 8 AML patients (Ding et al.,
2012). Two patterns of clonal evolution were observed at

relapse after chemotherapy: either a newmutationwas found

to have fixed in the original founding clone at relapse, or else a

subclonal population of the founding clone was identified

with newmutations. Chemotherapy always failed to eradicate

the founding clone. An increased frequency of DNA base

transversions at relapse versus diagnosis was suggestive of

therapy-induced mutagenesis, raising the possibility that

therapy influences cancer evolution through the direct induc-

tion of mutations.

3.3. Chronic lymphocytic leukaemia (CLL)

At least two studies have now been published that have longi-

tudinally examined the evolution of CLL through the disease

course, including treatment (Landau et al., 2013; Schuh et al.,

2012). CLL is a slow-growing malignancy, with a very variable

disease course, that may not require treatment for several

years. In the earlier of these two studies, WGS of multiple

samples from three patients revealed fluctuating subclonal ar-

chitecturewith therapy, to differing extents at different points

in the disease course (Schuh et al., 2012).

The second study (Landau et al., 2013) used whole-exome

sequencing (WES) and copy number analysis to examine 18

CLL patients with two temporally separated samples (12 pa-

tients were treated, 6 untreated). Ten out of the 12 treated

cases underwent clonal evolution, in contrast to 1 of the 6 un-

treated cases. 5 of the cases undergoing clonal evolution dis-

played branched evolution, while the remaining 5

underwent linear clonal evolution (see Figure 1), illustrating

the selection of one or more subclones during treatment

(Figures 2 and 3). Interestingly, when comparing unpaired

treated and untreated samples across a larger cohort of 160

cases, there was enrichment for subclonal driver mutations

in treated versus untreated tumours, and an apparent in-

crease in subclonal complexity (at the level of larger,

expanded subclones). The presence of subclonal driver muta-

tions was also an independent risk factor for disease progres-

sion. Together with observations of clonal evolution during

treatment, this suggests that treatment might select for

more aggressive subclones (harbouring driver mutations),

potentially through relieving interclonal competition

following therapeutic targeting of the dominant clone

(Landau et al., 2013).

3.4. Multiple myeloma

The complex and dynamic nature of multiple myeloma sub-

clonal architecture has now been examined in multiple

studies (Bolli et al., 2014; Keats et al., 2012; Lohr et al., 2014).

The earliest of these studies performed serial genomic ana-

lyses using comparative genomic hybridisation (CGH), and

described a particularly striking example of dynamic subclo-

nal architecture, with one case that was sampled at seven

different timepoints showing alternating clonal dominance

between two subclones during therapy, followed by dramatic

linear evolution of a subclone that had been barely detectable

at diagnosis, but which dominated the disease at death (Keats

et al., 2012). In a cohort of 15 cases, various different patterns

of clonal evolution were observed during treatment (Bolli

http://dx.doi.org/10.1016/j.molonc.2014.06.005
http://dx.doi.org/10.1016/j.molonc.2014.06.005
http://dx.doi.org/10.1016/j.molonc.2014.06.005


Figure 3 e Clonal Evolution and Drug Resistance. Acquired drug resistance may emerge as a consequence of the selective expansion of: a) the de

novo development of resistance in a previously sensitive clone (e.g. as a consequence of treatment induced mutagenesis, or tumour-intrinsic

genomic instability) b) a pre-existing resistant minor subclone or c) multiple pre-existing or de novo resistant subclones, which may be present

across one or multiple sites of disease.
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et al., 2014). In some cases new subclones emerged through

either linear (2/15) or branched evolution (4/15), while in four

other cases existing subclones displayed differential (and oc-

casionally alternating) responses, consistent with the obser-

vations of Keats and colleagues (Keats et al., 2012). An

interesting subset of 5 patients displayed stable clonal archi-

tecture over time, even though they had been treated and

somehad shown a substantial therapeutic response. This sug-

gests all subclones were equivalently affected by therapy in

these cases. Interestingly there was no apparent relationship

between the mode of evolution and treatment response or

survival, although the cohort was small so this conclusion

warrants validation in a larger cohort. There was, however,

evidence for selection of clones bearing driver mutations

over time, consistent with observations in CLL (Landau et al.,

2013). Similarly, a third study found that mutations which

were significantly recurrent across 203 patients were more

commonly clonal in previously treated versus untreated

cases, implying that treatment might select for driver muta-

tions that were initially present subclonally (Lohr et al., 2014).
3.5. Longitudinal studies of clonal evolution during
treatment in solid tumours

Relatively few studies of clonal evolution during treatment

have been undertaken in solid tumours. This is likely to be

due to difficulties in sampling; biopsies of metastases may

not be clinically indicated or immediately accessible and there

may be multiple metastases, precluding full sampling of the

tumour’s genomic landscape (Figure 2). In many cases, only

specific resistance mutations have been examined with the

expectation that the drug resistance mutation identified is

responsible for therapeutic failure at all sites of disease and
in all subclones, limiting the capacity to draw conclusions

about modes of clonal evolution.

Clonal evolution has been analysed by WES in BRAF-

mutantmelanoma patients at disease progression on BRAF in-

hibitors, for whom multiple geographically and/or temporally

separated biopsies were available (Shi et al., 2014). In depth

analysis of one patient (for whom two baseline and nine pro-

gressive tumour sampleswere available) revealed that all nine

progressive sites of disease had followed branched rather

than linear evolutionary trajectories. Each progressive lesion

harboured unique mutations not observed elsewhere or at

baseline, and different lesions also harboured distinct drug

resistance mechanisms. Branched evolution at relapse after

treatment was also demonstrated in three further patients,

again revealing distinct drug resistance mechanisms in

different lesions in some patients. Interestingly, expression

of the proliferation marker Ki67 was dramatically higher in

progressive disease, in keeping with selection for fitter, highly

proliferative disease during treatment.

In ovarian cancer a small number of tumours have been

analysed over the course of treatment (Bashashati et al.,

2013; Castellarin et al., 2013). In three patients with high-

grade serous ovarian carcinoma (HGSC), tumour cells har-

vested from ascites at the primary presentation and two sub-

sequent, post-chemotherapy recurrences were analysed by

WES (Castellarin et al., 2013). Clustering mutations according

to mutant allele frequencies revealed that all three tumours

harboured multiple subclones in the primary sample

(Castellarin et al., 2013), consistent with a second study that

sampled multiple regions from five HGSCs (Bashashati et al.,

2013). One case displayed complex clonal dynamics, with

one clone increasing in frequency between primary and first

relapse sample, while another disappeared (Castellarin et al.,

2013). Two tumours had relatively stable clonal architecture

http://dx.doi.org/10.1016/j.molonc.2014.06.005
http://dx.doi.org/10.1016/j.molonc.2014.06.005
http://dx.doi.org/10.1016/j.molonc.2014.06.005
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over time, although in both cases some mutations decreased

or increased in frequency between primary and relapse sam-

ples, implying some degree of clonal evolution (Castellarin

et al., 2013). Stable clonal architecture was also observed in a

longitudinally sampled tumour in a separate study

(Bashashati et al., 2013). Across both studies, in all four cases,

chemotherapy failed to destroy the major clones, inferred by

the disappearance of fewer than 10 per cent ofmutations after

treatment (Bashashati et al., 2013; Castellarin et al., 2013). This

is similar to findings in AML (Ding et al., 2012). Perhaps sur-

prisingly, given the amount of DNA damaging chemotherapy

all four patients received, relatively few new mutations were

observed. This suggests that resistance was derived from

outgrowth of a pre-existing resistant subclone, or else selec-

tive persistence of existing clones (Figure 3). An alternative

possibility is that therapy-induced or intrinsic genomic insta-

bility can generate chromosomal rearrangements, rather than

point mutations, which drive the emergence of resistant dis-

ease. It remains to be seen whether the patterns of evolution

observed in this small number of patients will be representa-

tive of HGSC evolution through treatment more generally.

A recent study of recurrent gliomas found that they are

often ancestral to the dominant clone at surgical excision of

the primary tumour, with frequent branched evolution during

adjuvant therapy (Johnson et al., 2014). In contrast to the

above cases of ovarian cancer, and similar to observations in

AML (Ding et al., 2012), treatment has been found to pro-

foundly alter the course of genome evolution in glioma

(Hunter et al., 2006; Johnson et al., 2014). The alkylating agent

temozolomide (TMZ) is often given as adjuvant therapy

following surgical excision of low-grade gliomas, but disease

recurrence is common. Recurrent TMZ-treated gliomas have

frequently been found to have a hypermutation phenotype,

associated with inactivation of the mismatch repair pathway,

and display a mutational profile consistent with induction by

alkylating agents (Hunter et al., 2006; Johnson et al., 2014). Six

recurrent gliomas that harboured TMZ-induced hypermuta-

tion all underwent malignant progression to glioblastoma

multiforme (GBM), and in each case TMZ was implicated in

mutations affecting genes in the RB and Akt-mTOR signalling

pathways (Johnson et al., 2014). Non-hypermutated recurrent

tumours that progressed to GBM also acquired mutations in

these pathways, but through alternative mechanisms, sup-

porting the notion that derangement of these pathways is

key in malignant progression, and that TMZ may drive this

process in some tumours (Figure 3).
4. Drug resistance and cancer evolution

There are many factors that influence drug response. Howev-

er, pharmacokinetic factors, such as drug absorption in the

gut, while generally important in drug response are unlikely

to be a major factor explaining any relationship between ITH

and drug resistance, as it seems likely that intratumour het-

erogeneity affects variation in drug response predominantly

at the cellular level. An exception to this cell-intrinsic mode

of resistance would be the role of tumour cells in determining

stromal architecture and vascularisation in the immediate

local environment, since this may influence drug delivery at
a regional level within tumours, and such micro-

environmental heterogeneity may also generate phenotypic

diversity among tumour cells.

At the level of the tumour cell, there are multiple different

routes through which drug resistance might be achieved:

drugs may not be taken up efficiently, efflux may be upregu-

lated, or drugs may be readily inactivated or metabolised

within the cell. Alternatively, cells may alter the drug target it-

self, or rewire cellular signalling so as to negate the effect of

the drug, which is particularly relevant to targeted therapies

(Blair et al., 2014; Holohan et al., 2013). This can be achieved

in a number of different ways, such as epigenetic modulation,

point mutation, amplification, deletion or down-regulation of

the target itself or another gene, often in the same or a parallel

signalling pathway (Blair et al., 2014; Holohan et al., 2013).

Mechanisms of resistance to targeted therapies have been

particularly well studied in this regard, since acquired resis-

tance to these drugs is almost universally observed in

advanced disease and they act upon a genetically defined

target and signalling pathway (Blair et al., 2014). Figure 4 sum-

marises some of the described mechanisms of resistance to

some targeted therapies. Some chemotherapy agents, such

as the anthracyclines and anti-metabolites, also target spe-

cific enzymes, and in vitro studies suggest that resistance to

these may be also achieved through target alteration,

although it is not known whether this occurs in tumours

(Bugg et al., 1991; Sugimoto et al., 1990). In contrast, other

chemotherapy drugs, such as cisplatin and mitomycin C,

directly generate extensive DNA damage. Resistance to such

agents cannot therefore be achieved by modifying the drug

target, but must depend instead on mechanisms of resistance

acting up- or down-stream of the DNA damage, for example

reducing cellular uptake of drug or modulating DNA repair

(Edwards et al., 2008; Holohan et al., 2013; Lord and

Ashworth, 2012).

An important question in understanding cancer evolution

during treatment is whether the drug resistant cells that

lead to disease progression are 1) present prior to treatment

2) generated directly by treatment; or 3) generated during

(but independently of) treatment and finally 4) whether the

resistant cells are homogeneous (clonal) within individual pa-

tients (Figure 3).

4.1. Selection of pre-existing resistant subclones in
heterogeneous tumours

It is thought that acquired resistance often reflects positive se-

lection of pre-existing subclones harbouring resistance-

conferring mutations (Figures 2 and 3) (Diaz et al., 2012;

Gerlinger and Swanton, 2010). Direct evidence for such minor

populations comes from a limited number of studies in

various tumour types including lung (Inukai et al., 2006;

Maheswaran et al., 2008; Su et al., 2012; Turke et al., 2010), mel-

anoma (Van Allen et al., 2014) and chronic myeloid leukaemia

(CML) (Roche-Lestienne et al., 2002; Shah et al., 2002), probably

due to the challenges of detecting such low frequency resis-

tant cell populations. Farmore commonly, the identified resis-

tance mutation(s) is not detected in the pre-treatment sample

(Bettegowda et al., 2014; Diaz et al., 2012; Inukai et al., 2006;

Kosaka et al., 2006; Liegl et al., 2008; Misale et al., 2014; Shi

http://dx.doi.org/10.1016/j.molonc.2014.06.005
http://dx.doi.org/10.1016/j.molonc.2014.06.005
http://dx.doi.org/10.1016/j.molonc.2014.06.005


Figure 4 e Mechanisms of resistance to targeted therapies. Schematic summarising some of the described mechanisms of resistance to a selection

of targeted therapies: Vemurafenib (BRAFV600E inhibitor), Imatinib (BCR-ABL/cKIT/PDGFRA), EGFR tyrosine kinase inhibitors (e.g.

gefitinib, erlotinib), EGFR targeted monoclonal antibodies (e.g. cetuximab, panitumumab), Crizotinib (ALK, ROS1 inhibitor). 1. (Heinrich et al.,

2006; Liegl et al., 2008; Lim et al., 2008; Wardelmann et al., 2006) 2. (Debiec-Rychter et al., 2005; Heinrich et al., 2006) 3. (Shah et al., 2002) 4.

(Mahon et al., 2008) 5. (Gorre et al., 2001) 6. (Zhang et al., 2012) 7. (Inukai et al., 2006; Kosaka et al., 2006; Maheswaran et al., 2008) 8. (Turke

et al., 2010) 9. (Nathanson et al., 2014) 10. (Amado et al., 2008; Bardelli et al., 2013; Diaz et al., 2012; Misale et al., 2012) 11. (Bardelli et al., 2013;

Engelman et al., 2007) 12. (Sartore-Bianchi et al., 2009) 13. (Katayama et al., 2012) 14. (Awad et al., 2013) 15. (Katayama et al., 2012) 16. (Choi

et al., 2010; Katayama et al., 2012) 17. (Shi et al., 2014; Shi et al., 2012; Van Allen et al., 2014) 18. (Prahallad et al., 2012) 19. (Johannessen et al.,

2010) 20. (Johannessen et al., 2013; Van Allen et al., 2014) 21. (Nazarian et al., 2010; Shi et al., 2014; Van Allen et al., 2014) 22. (Poulikakos et al.,

2011; Shi et al., 2012) 23. (Shi et al., 2014; Van Allen et al., 2014) 24. (Turajlic et al., 2014).
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et al., 2014; Wagle et al., 2014), although in many cases, it has

been proposed that these relapse-specific mutations were

nevertheless likely to have been present in small populations

of cells pre-treatment, a view that has been supported by

mathematical modelling (Diaz et al., 2012).

Imatinib is commonly used for the treatment of CML

expressing the fusion protein BCR-ABL, and in the treatment

of gastro-intestinal stromal tumours (GIST) harbouring

mutant cKIT and PDGFRA. In CML, the most common mecha-

nism of resistance is the acquisition of secondary mutations

in ABL (Blair et al., 2014; Gorre et al., 2001; Shah et al., 2002),

with 29 of 32 CML patients who relapsed after an initial

response to imatinib harbouring kinase domain mutations

(Figure 4) (Shah et al., 2002). In two studies, cytogenetic non-

responders (who had initial haematological responses) were

found to have pre-treatment mutations (Roche-Lestienne

et al., 2002; Shah et al., 2002), which were apparently clonally

selected during treatment. Two of four patients in blast crisis

that failed to respond to imatinib were also found to have pre-

existing ABL kinase domain mutations, supporting the notion

that primary and secondary resistance mechanisms are

largely similar (Shah et al., 2002). In GIST, secondary muta-

tions in the cKIT kinase domain have been identified in a

high proportion of tumours relapsing after treatment with
imatinib or sunitinib (a multi-target kinase inhibitor, with ac-

tivity against both cKIT and PDGFRA) (Figure 4) (Liegl et al.,

2008; Lim et al., 2008; Wardelmann et al., 2006), which were

not detected in the pre-treatment sample tumour.

The selection of resistant minor subclones has been

observed in the context of EGFR (epithelial growth factor re-

ceptor) tyrosine kinase inhibitor treatment in lung cancer

(gefitinib, erlotinib), where the most common mechanism of

resistance is the acquisition of a secondary gatekeeper muta-

tion in the ATP binding pocket of the tyrosine kinase domain

of EGFR (T790M) (Figure 4) (Inukai et al., 2006; Kosaka et al.,

2006; Maheswaran et al., 2008). T790M mutations have been

detected in untreated samples using sequencing approaches

that enrich for the mutation (Inukai et al., 2006; Maheswaran

et al., 2008; Su et al., 2012), and the detection of a pre-

treatment T790M mutation has been found to be associated

with reduced progression-free survival (Maheswaran et al.,

2008; Su et al., 2012). Rare pre-treatment cells (<1%) harbour-

ing MET amplification have also been identified in four lung

cancers that went on to develop resistance to EGFR inhibitors

through MET amplification (Turke et al., 2010), as well as in a

lung cancer cell line that developed resistance via MET ampli-

fication. Interestingly, in experimental systems, the selective

outgrowth of rareMET-amplified cells seemed to be enhanced

http://dx.doi.org/10.1016/j.molonc.2014.06.005
http://dx.doi.org/10.1016/j.molonc.2014.06.005
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by hepatocyte growth factor (HGF) exposure (Turke et al.,

2010).

In glioblastoma, tumours have been identified that contain

mixed populations of cells harbouring either PDGFR, MET or

EGFR amplification (Snuderl et al., 2011; Szerlip et al., 2012).

In vitro, cell lines derived from co-amplified tumours required

inhibition of both EGFR and PDGFR in order to inhibit signal-

ling via the PI3K-AKT-mTOR pathway (Szerlip et al., 2012).

This suggests that PDGFR-amplified cells in co-amplified glio-

blastomas might contribute to resistance to EGFR inhibition,

although this awaits clinical validation.

Also in the context of EGFR blockade, but this time with

monoclonal antibodies in colon cancer, KRAS mutations

(Figure 4) were identified in circulating tumour DNA from

sera of 9/24 patients that developed resistance. Mathematical

modelling, based on the time taken for emergence of drug

resistance, suggested that KRAS mutant subclones were pre-

sent in tumours prior to treatment (Diaz et al., 2012).

4.2. De novo acquisition of resistance mutations

As described above, there are relatively few studies that have

identified defined resistance-conferring mutations in pre-

treatment samples. This raises the possibility that at least in

some cases, these mutations may arise de novo during treat-

ment (Figure 3). However, it is challenging to definitively

ascertain the extent to which resistant subclones are gener-

ated during treatment. Even in cases where pre-treatment

samples were sequenced to very high depth (Bolli et al.,

2014; Wagle et al., 2014) and still failed to detect the emerging

subclone, it is still entirely plausible that the resistant sub-

clonewas present andwas not sampled (either due to regional

heterogeneity in solid tumours or limited sample collection

size for haematopoietic malignancies) or alternatively that

the subclone was present, but not sufficiently expanded to

be detectable by population-based methodologies such as

sequencing (Figure 2). Further development of single-cell

sequencing approaches could improve the sensitivity of

detection of resistant subclones within samples (although it

will not eliminate potential problems of sampling bias be-

tween spatially separated regions of the same tumour), but

at this point, the technology is not sufficiently high

throughput and robust.

The contributions of genomic instability and mutagenic

therapies to the ongoing evolution of tumours should not be

overlooked, however (Burrell et al., 2013; Cahill et al., 1999;

Ding et al., 2012; Gerlinger and Swanton, 2010; Johnson et al.,

2014). As described in Sections 3.2 and 3.5, chemotherapy

has been found to contribute to mutagenesis in AML and gli-

oma (Ding et al., 2012; Johnson et al., 2014). In glioma, muta-

tions induced through a combination of mutagenic TMZ

therapy and acquired genomic instability (mismatch repair

deficiency) appear to affect key pathways involved in the pro-

gression from glioma to GBM (Johnson et al., 2014). However,

in other studies tumours displayed limited evidence of new

mutations following treatment with mutagenic therapy

(Bashashati et al., 2013; Castellarin et al., 2013). Nevertheless,

this provides support in principle for the notion that muta-

tions acquired through therapy could lead to therapeutic

resistance (Figure 3).
In turn, this suggests that de novo mutations arising during

therapy as a consequence of tumour-intrinsic (as opposed to

therapy-induced) genomic instability could contribute to

drug resistance (Cahill et al., 1999; Gerlinger and Swanton,

2010; Nowell, 1976). Coupled with the increased likelihood of

pre-existing resistant clones in the context of genomic insta-

bility, this could explain the relationship between chromo-

somal instability (possibly the commonest form of genomic

instability) and both drug resistance and poor outcome (Lee

et al., 2011; McGranahan et al., 2012). Based on experimental

studies of evolution in microbial populations, the increased

mutation rate conferred by genomic instability is likely to be

particularly advantageous in small populations, by decreasing

the wait time for a beneficial mutation to be acquired (Arjan

et al., 1999; Burrell and Swanton, 2014; Sprouffske et al.,

2012). The contribution of genomic instability to drug resis-

tance could therefore be particularly pertinent in the adjuvant

setting following surgery for localised disease, given the rela-

tively small size of the tumour cell population at this point in

the disease course.

4.3. Selection versus rapid adaptation

Selection of resistant subclones, whether pre-existing or

generated de novo, is likely to be a major, if not the major,

contributor to therapeutic acquired resistance. However, it is

important to note that there are alternative dynamic routes

to resistance that do not require such selection. Feedback re-

wiring of cellular signalling networks in response to targeted

therapies, in the absence of any requirement for new muta-

tions, is an example of such adaptive change (Arora et al.,

2013; Blair et al., 2014; Prahallad et al., 2012). For example, it

has recently been shown that glucocorticoid receptor expres-

sion can lead to resistance to androgen receptor inhibition in

prostate cancer cells (Arora et al., 2013). Androgen receptor

signalling normally mediates repression of glucocorticoid re-

ceptor expression, and the relief of this repression upon treat-

ment leads to induction of glucocorticoid receptor expression

in a subset of cells. This has potential implications for the use

of steroids in themanagement of prostate cancer (Arora et al.,

2013).

In another example of adaptive change in the face of treat-

ment, it has recently been found that EGFR mutant glioblas-

toma cells harbour copies of mutant EGFR in reservoirs of

extra-chromosomal DNA (Nathanson et al., 2014). Upon treat-

ment with EGFR inhibitors, EGFR mutant extra-chromosomal

DNA was essentially eliminated, reducing the level of expres-

sion and achieving resistance to the effects of therapy. This ef-

fect was mirrored by the reduction in the percentage of

tumour cells exhibiting high EGFR expression following

treatment with EGFR inhibitors. Upon removal of EGFR

inhibition, the extra-chromosomal copies of mutant EGFR re-

emerged. In this instance, therefore, impressive genomic plas-

ticity enables drug resistance to be rapidly achieved. Compa-

rable to this effect, a transient drug-resistant state has been

observed in cultured cells treated with a range of different

agents, which appeared to be mediated via IGF-1 receptor sig-

nalling and an altered chromatin state. The drug tolerant pop-

ulation of cells could be selectively targeted with IGF-1

receptor inhibitors or chromatin-modifying agents (Sharma

http://dx.doi.org/10.1016/j.molonc.2014.06.005
http://dx.doi.org/10.1016/j.molonc.2014.06.005
http://dx.doi.org/10.1016/j.molonc.2014.06.005
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et al., 2010). Similarly, a recent pre-clinical study in ALL iden-

tified a key role for chromatin modulation in resistance to

NOTCH1 inhibitors, which could be overcome by inhibiting

the chromatin regulator BRD4 (Knoechel et al., 2014). The abil-

ity to modulate adaptive drug resistance through targeting

chromatin regulators lends hope to novel combination

therapies.
5. Polyclonal evolution of drug resistance

Given that cancers have been shown to evolve both in a

branched and linear fashion (Figure 1), it is reasonable to sup-

pose that this will also be reflected in the emergence of drug

resistance, with multiple distinct resistant subclones arising

in a patient’s tumour. The observation that recurrent disease

after chemotherapy is composed of multiple subclones in

AML, ALL, CLL, multiple myeloma, glioma and ovarian cancer,
Table 1 e Clinical studies identifying polyclonal genetic mechanisms of d

Inhibitor Target Tumour type Resistan
mechanis
identifie

Imatinib BCR-ABL Chronic Myeloid

Leukaemia

BCR-ABL secon

mutations

cKIT/PDGFRA Gastro-intestinal

stromal tumours

Secondary KIT

mutations

Cetuximab/

Panitumumab

EGFR Colon KRAS mutation

KRAS, NRAS, B

EGFR mutation

KRAS, NRAS

mutations

Vemurafenib/

Dabrafenib

BRAFV600E Melanoma Mutations:

NRAS, KRAS, M

Other:

BRAF amplifica

BRAF splice va

NRAS, MEK1, M

mutations.

BRAF amp

Crizotinib ALK Lung ALK secondary

mutations

ALK secondary

mutations,

amplification.

KIT amplificat

EGFR activatio
suggests that polyclonal resistance might be a commonmode

of resistance to chemotherapy (see Section 3, above). The spe-

cific genetic lesions involved in resistance in these cases re-

mains unclear.

In the case of many targeted therapies, our knowledge of

molecular and genetic mechanisms of acquired resistance

is quite detailed (Figure 4), particularly given the relatively

short time for which these agents have been in clinical use.

This understanding has been gleaned through our knowledge

of the targeted pathways, as well as from pre-clinical models,

and the ability to use rationally designed, targeted

sequencing approaches to identify resistance mechanisms.

This has enabled studies in which pre- and post-treatment

resistant samples are assayed for a range of different resis-

tance mechanisms. In an increasing number of cases, this

is revealing polyclonal resistance, whereby multiple distinct

resistance-conferring mutations are identified in the same

tumour (examples are summarised in Table 1). The
rug resistance.

ce
ms
d

Description e Patients with
multiple resistance

mechanisms

Study

dary Multiple resistant clones identified

in 12/32 patients

(Shah et al., 2002)

4 patients, multiple different

secondary KIT mutations

(Wardelmann

et al., 2006)

2 patients with different KIT

mutations at different progression

sites

(Lim et al., 2008)

6/11 KIT mutant GISTs had 2-5

secondary mutations in different

lesions

3/11 had 2 secondary KITmutations

in same lesion

(Liegl et al., 2008)

s 3 of 9 patients that developed

resistance had >1 mutation in

KRAS (2 with 2 mutations, 1 with 4

mutations).

(Diaz et al., 2012)

RAF,

s

Average number of mutations

detected per patient ¼ 2.9 (range

0e12)

(Bettegowda

et al., 2014)

2 cases e multiple KRAS variants

2 cases e NRAS and KRAS variants

(Misale et al., 2014)

AP2K1

tion

riants

9/44 patients with at least 2

mechanisms of resistance

In 16 patients with multiple

samples 13/16 had multiple

mechanisms of resistance

(Shi et al., 2014)

EK2 3 of 23 patients with known

resistance mutations identified

showed multiple alterations

(Van Allen

et al., 2014)

Patient with 2 independent

subclones with different ALK

secondary mutations

(Choi et al., 2010)

ion,

n

3 patients with multiple

mechanisms

(Katayama

et al., 2012)

http://dx.doi.org/10.1016/j.molonc.2014.06.005
http://dx.doi.org/10.1016/j.molonc.2014.06.005
http://dx.doi.org/10.1016/j.molonc.2014.06.005


M O L E C U L A R O N C O L O G Y 8 ( 2 0 1 4 ) 1 0 9 5e1 1 1 11104
simultaneous emergence of multiple resistance mechanisms

indicates branched tumour evolution during treatment

(Figures 1 and 3).

5.1. Polyclonal resistance to targeted therapies

An early appreciation of the potential complexity of resistance

to targeted agents came with the report of CML patients har-

bouringmultiple distinct mutations in the ABL kinase domain

following disease progression on imatinib treatment (Shah

et al., 2002). In 12 of 32 patients developing resistance to ima-

tinib, more than one resistant clone was identified, with 2e4

clones identified per patient. BCR-ABL amplification was also

observed in 2 of these polyclonally resistant patients

(Figure 4). This has beenmirrored in GISTs treated with imati-

nib (Liegl et al., 2008; Lim et al., 2008;Wardelmann et al., 2006).

At recurrence, patients with GISTs often undergo debulking

surgery for symptom relief, due to the growth of multiple

tumour lesions within the abdomen. This enables the sam-

pling of multiple sites of disease. In three studies, patients

have been identified that have distinct secondary mutations

in KIT at different sites of disease (Liegl et al., 2008; Lim

et al., 2008; Wardelmann et al., 2006) (Table 1), as well as

within the same lesion (Liegl et al., 2008). Some cases of recur-

rent disease did not harbour secondary KIT mutations, sug-

gesting further heterogeneity with alternative mechanisms

driving resistance. In lung cancer patients with tumours

bearing ALK rearrangements, resistance after crizotinib treat-

ment appeared to be driven by multiple mechanisms within

the same patient, including secondary ALK kinase domain

mutations, as well as amplification of the mutant fusion

gene or KIT (Table 1) (Choi et al., 2010; Katayama et al., 2012).

There have also been reports of polyclonal resistance to

EGFR blockade with monoclonal antibodies (Bettegowda

et al., 2014; Diaz et al., 2012; Misale et al., 2014, 2012) in colo-

rectal cancer (Table 1). Three of these studies assessed disease

recurrence by sequencing circulating tumour DNA (ctDNA)

(Bettegowda et al., 2014; Diaz et al., 2012; Misale et al., 2014).

In samples analysed specifically formutations in KRAS codons

12 and 13 (associated with resistance to EGFR inhibition

(Amado et al., 2008)), 3 of 9 patients that developed KRAS mu-

tations in their sera following panitumumab treatment har-

boured more than one KRAS mutation (Diaz et al., 2012). Two

simultaneous distinct KRAS mutations were also identified

at low allele frequencies in a metastatic tumour sample

(Misale et al., 2012). In more recent studies in which multiple

different resistance mechanisms, including NRAS, BRAF and

EGFR mutations in addition to KRAS, were assayed, as many

as 12 co-occurring mutations were identified in a single pa-

tient (Bettegowda et al., 2014; Misale et al., 2014). Taken

together, these data suggest that accurately assessing the fre-

quency of polyclonal drug resistance is limited by the number

of resistance mechanisms assessed, the depth of sequencing

and the quantity of tumour DNA assessed in resistant

samples.

The importance of the effects of both investigational and

sampling bias is reinforced by recent studies in RAF inhibitor

resistant BRAF-mutant melanoma (Shi et al., 2014; Van Allen

et al., 2014). In a cohort of 16 patients from whom multiple

samples were available at disease progression, 13 (81%)
harboured multiple mechanisms of resistance (Shi et al.,

2014). This was in contrast to 9 of 44 patients (20%) when pa-

tients for whom only one recurrence sample was available

were also included. While this indicates heterogeneity be-

tween different sites of disease, multiple mechanisms of

resistance have also been identified within the same biopsy

in melanomas (Romano et al., 2013; Shi et al., 2014; Van

Allen et al., 2014; Wilmott et al., 2012). Detailed analysis

(WES) of the phylogeny of nine progressive tumours relative

to two baseline biopsies for one patient revealed that all

nine progressive tumours underwent branched evolution

(Shi et al., 2014). Four distinct characterised resistance mech-

anisms (and probably at least one further mechanism)

contributed to relapse in this case. A single biopsy would

have substantially underestimated the complexity of resis-

tance in this case, and in other case reports of RAF inhibitor

resistant melanoma (Romano et al., 2013; Wilmott et al.,

2012). In a recently described case of metastatic melanoma,

resistance was conferred by two mutations in PTEN and

GNAQ, found ubiquitously throughout all sites of disease

(Turajlic et al., 2014). This illustrates a general theme of drug

resistance studies: intrinsic resistance may be driven by ubiq-

uitous or ‘truncal’ mutations, while acquired drug resistance

can be driven by subclonal mutations, often located on the

branches of tumour phylogenetic trees, resulting in frequent

polyclonality of resistance mechanisms (Figure 5).

In summary, there are now multiple reported cases, in

various malignancies, of drug resistance being driven by

more than clone. At present we are probably underestimating

the true frequency of polyclonal drug resistance, due to

studies being confined either to the interrogation of a limited

number of resistance mechanisms, or else a limited number

of samples. Furthermore, non-genetic mechanisms of resis-

tance are frequently not assessed, for example the generation

of BRAF splice variants or gene overexpression (Figure 4). Thus

whether those cases in which only one resistancemechanism

is identified are truly monoclonal requires further investiga-

tion. One additional possibility is that more than one clone

harbours the same resistance mutation, creating an illusion

of monoclonality when only this mutation is assayed in resis-

tant samples.
5.2. Phenotypic convergence of polyclonal resistance
mechanisms

One common theme of the above studies is that the same

resistance mechanisms are detected recurrently across pa-

tients, even if multiple different mechanisms are identified

in the same patient. This suggests that, at least in the case

of targeted therapies, there might be a limited armoury of

resistance mechanisms that cancer cells can draw upon, indi-

cating significant constraints to tumour evolution and drug

resistance. In addition, these mechanisms often converge

upon similar phenotypic outcomes, for example reactivation

of MAPK and ERK signalling upon development of resistance

to BRAF or EGFR inhibitors (Blair et al., 2014). Such conver-

gence is observed across different tumour types, between pa-

tients, and within individual patients between subclones

present at the same ormultiple sites of disease, and is perhaps

http://dx.doi.org/10.1016/j.molonc.2014.06.005
http://dx.doi.org/10.1016/j.molonc.2014.06.005
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Figure 5 e Strategies for targeting heterogeneous tumours. A) Effective therapeutic strategies for targeting heterogeneous tumours could include

targeting clonal, or truncal mutations, or else targeting high-risk subclones e this might be particularly efficacious in the context of adjuvant

therapy. B) Intrinsic resistance is likely to be driven by truncal mutations, while acquired resistance is likely to be driven by one or more subclonal

mutations (branched mutations in branched evolution, nested subclones in linear evolution e see Figure 1).
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unsurprising given the relatively defined selection pressure of

drug treatment, particularly targeted therapies.

This is consistent with reports of parallel evolution of

distinct tumour subclones bearing mutations in the same

pathways that are expected to result in some degree of pheno-

typic convergence, now observed in multiple tumours (Bolli

et al., 2014; Gerlinger et al., 2014, 2012; Johnson et al., 2014;

Lohr et al., 2014). Such phenotypic convergence could lend

hope to strategies that aim to target the effect of the various

resistancemechanisms, rather than specific alterations them-

selves (Misale et al., 2014). However, in general relapse sam-

ples have been assessed for a focussed set of mutations,

rather than being subject to relatively unbiased WGS or WES

approaches, and it remains possible that there are still many

unknown mechanisms of resistance, including non-genetic

mechanisms. It is also possible that the end point of the

convergence of these disparate resistance lesions will be

non-specific attributes (i.e. the hallmarks of cancer

(Hanahan and Weinberg, 2011)) that are difficult to target,

other than with chemotherapy.
6. The challenges of treating heterogeneous tumours

Inter- and intra-tumour heterogeneity pose significant chal-

lenges to cancer therapy, both to our ability to personalise

therapy, but also in the development of drug resistance
(Fedele et al., 2014; Gerlinger and Swanton, 2010; Yap et al.,

2012). In addition, genomic instability and mutagenic therapy

contribute to the on-going dynamic evolution of tumours

(Almendro et al., 2014; Hunter et al., 2006; Johnson et al.,

2014), conceivably enabling constant shifting of the therapeu-

tic goalposts (Burrell et al., 2013; Burrell and Swanton, 2014;

Cahill et al., 1999).
6.1. Identifying actionable mutations e when to treat?

Efforts to target therapy to specific genetic lesions depend

upon the identification of these aberrations in biopsies prior

to treatment. In the face of heterogeneity, detection of a given

‘actionable’ mutation may be confounded by sampling bias

(Gerlinger et al., 2014, 2012), such that detection in one sample

does not mean that the mutation is ubiquitously found in

every tumour subclone throughout all geographical sites of

the tumour, potentially limiting the efficacy of treatment.

Conversely absence of a lesion does not mean that it is not

found in other, un-sampled, subclones (Figure 2).

It has been proposed by our group and others that targeting

ubiquitous mutations, present on the trunk of the tumour’s

evolutionary tree, might be the optimal therapeutic strategy

(Figure 5) (Gerlinger et al., 2012; Yap et al., 2012). Nevertheless,

as discussed above, the likelihood of (potentiallymultiple) sub-

clonal resistance-conferring mutations being present is high,

rendering even the targeting of clonally dominant lesions

http://dx.doi.org/10.1016/j.molonc.2014.06.005
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challenging (Figure 5). Patients with subclonal actionable mu-

tations are also likely to derive some benefit from therapy,

especially if the targeted subclone is aggressive. This might

be particularly relevant in combination with surgery, whereby

adjuvant targeting of potentially lethal tumour cell popula-

tions (whether clonal or subclonal in the primary tumour)

leads to improved outcome (Figure 5) (Burrell et al., 2010). In

some situations, targeting one subclone could disrupt syner-

gistic functional interactions between genotypically distinct

clonal populations, such as have been reported in glioblastoma

cells (Inda et al., 2010). Liquid biopsies, which assay mutation

status from either circulating tumour cells or circulating

tumour DNAmay help in the detection of subclonal mutations

(Bettegowda et al., 2014; Maheswaran et al., 2008; Murtaza

et al., 2013) without the need for multiple biopsies (Figure 2).

However, it is also possible that targeting a subclonal driver

mutation could have a negative impact upon patient outcome,

by accelerating the growth of other clones. BRAF inhibitors

paradoxically activate ERK signalling in BRAF wild-type cells

(Poulikakos et al., 2010), and this effect may be evenmore pro-

nounced in cells bearing KRAS or NRAS mutations (Lohr et al.,

2014). The observation of squamous cell carcinomas and new

primary melanomas forming during BRAF inhibitor treatment

underscores the strength of this effect (Sosman et al., 2012;

Zimmer et al., 2012). Since BRAF, KRAS and NRAS mutations

may be subclonal in the same patient in multiple myeloma

(Lohr et al., 2014), this sounds a note of caution for the use

of BRAF inhibitors in this setting, and underscores the need

to understand the effects of targeted therapies in different ge-

netic backgrounds.

Clinical trials will now be needed to assess the potential

benefit of treating both clonal (or truncal) and subclonal (or

branched) mutations. Combination therapy may provide

some benefit in tumours composed of multiple subclones.

However, it must be borne in mind that parallels with anti-

microbial or anti-retroviral therapy, where polychemotherapy

regimens are often the norm, cannot necessarily be extended

to cancer. In the former examples, drug therapy is aimed at

targeting processes within the microbe or virus that have

diverged from humans in evolutionary terms, billions of years

ago. Cancers have diverged from the host within only years,

with somatic aberrations leading to relatively subtle cellular

phenotypic changes, resulting in narrower therapeutic indices

and renderingmultiple targeting strategiesmore prone to side

effects. There is therefore a limit to the number of drugs that

can be taken simultaneously for toxicity reasons. In addition,

frequently subclones do not harbour currently ‘actionable’

mutations. It is likely that the combinations of subclonal

drivers within the same tumour will be distinct from patient

to patient, rendering conventional drug development strate-

gies to assess efficacy of combination approaches challenging.

Sampling bias and intratumour heterogeneity may further

complicate decisions based on the presence or absence of

actionable or resistance-conferring mutations.

6.2. Pre-empting resistance e a tractable approach?

The elucidation of common mechanisms of resistance to tar-

geted therapies has led to the consideration of pre-emptively

treating tumours in order to prevent the development of
resistance. For example, treating melanomas with both a

BRAF inhibitor and a MEK inhibitor (since many mechanisms

of resistance converge upon ERK/MEK re-activation) has been

shown to lead to a modest improvement in progression free

survival compared to BRAF inhibitor monotherapy (Flaherty

et al., 2012). However, patients still progress, so resistance

evidently develops to combination therapy, albeit later than

to monotherapy. Thus while this strategy may offer improve-

ment, it is unlikely to be a solution in most cases. Resistance

mechanisms to this particular combination therapy neverthe-

less do appear to converge upon reactivation of MAPK signal-

ling (Wagle et al., 2014), suggesting there is scope for

optimising this strategy.

However, it is conceivable that prospectively drugging com-

mon resistance mechanisms might not improve overall sur-

vival, even if progression free survival is lengthened in the

short term (Cunninghamet al., 2011; Gillies et al., 2012). Taking

the example of T790Mmutations in EGFRmutant lung cancer,

which arenowdruggable (Walter et al., 2013), one optionmight

be to treat with inhibitors that can target the T790M kinase

from the outset, to prevent this clone fromexpanding. Howev-

er, learning lessons from existing studies of the clonal evolu-

tion of tumours during drug treatment, and the many

examples of polyclonal resistance to targeted agents, it seems

likely that resistance via another routewill then emerge. Since

patients with subclonal T790M mutations do derive some

benefit from EGFR inhibitor treatment, even though their

time to progression is shorter (Maheswaran et al., 2008; Su

et al., 2012), treating sequentially, or potentially in an alter-

nating fashion, might confer longer progression free survival

intervals overall. The goal of treatmentwould then be tomain-

tain the tumour in a ‘treatable’ state for as long as possible,

rather than seeking dramatic initial responses, selecting for

subclones for which no therapeutic modality exists.

Anticipating both the development of resistance, and the

likely mechanism (coupled with knowledge of how to treat

the resistant disease) might therefore be superior to treating

the drug resistance mechanism pre-emptively, although this

hypothesis requires formal assessment. Needless to say, there

are complexities in predicting resistance based simply on the

presence of resistancemutations pre-treatment. For example,

pre-treatment MEK1 mutations have been associated with

rapid progression in BRAF-mutant melanoma, and have

emerged in drug resistant samples, yet other patients with

pre-treatment MEK1 mutations have derived benefit from

RAF inhibition (Van Allen et al., 2014). It has been suggested

that dynamic regulation of MEK1 expression could contribute

to this variability (Van Allen et al., 2014), while it is also

possible that epistasis plays a role in this and other similar

contexts.

Further prospective trials are therefore required to

examine the best strategy for employing our knowledge of

polyclonal drug resistance mechanisms in the presence of

intratumour heterogeneity to targeted therapies.

6.3. Can treatment exacerbate cancer evolution and drug
resistance?

It is possible that in some cases, cancer therapy does not

merely shape cancer evolution, but actually accelerates

http://dx.doi.org/10.1016/j.molonc.2014.06.005
http://dx.doi.org/10.1016/j.molonc.2014.06.005
http://dx.doi.org/10.1016/j.molonc.2014.06.005
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cancer progression. Perhaps the clearest example of treat-

ment exacerbating disease progression to date is in TMZ-

treated glioma, where mutations in key pathways for malig-

nant progression can be attributed, with a reasonable confi-

dence, to the mutagenic effect of therapy (Johnson et al.,

2014). The mutagenic effect of therapy or of acquired genomic

instability, might drive further divergence between tumour

subclones, generating greater intratumour heterogeneity,

and further increasing the likelihood of resistance to future

therapies.

Studies of CLL and multiple myeloma have also provided

evidence for the hypothesis that therapy might select for

more aggressive disease, with driver mutations present sub-

clonally prior to treatment appearing to be selected during

therapy (Bolli et al., 2014; Landau et al., 2013; Lohr et al.,

2014). In CLL, it was suggested that this could be due to the re-

lief of interclonal competition when the dominant disease

clone is removed by treatment (Landau et al., 2013). Studies

of microbial evolution suggest that interclonal competition

(or clonal interference) is a significant factor in shaping the

evolution of exponentially growing populations (Lang et al.,

2013; Sprouffske et al., 2012). Thus targeting individual sub-

clones, or even the dominant clone, could lead to the emer-

gence of more aggressive populations of tumour cells,

previously restrained by clonal interference, and raises the

question of whether targeting the dominant clone is always

the most sensible therapeutic strategy from the point of

view of tumour evolution (Cunningham et al., 2011; Gatenby

et al., 2009, 2010).
7. Future perspectives

The increasing number of studies revealing polyclonal resis-

tance to both targeted therapies and chemotherapy presents

a substantial challenge to our current models for dealing

with drug resistance, and suggests that efforts to target single

mechanisms of drug resistance with second generation inhib-

itors may have limited success. However, phenotypic conver-

gence ofmultiplemechanisms of resistance upon one or a few

signalling pathways lends hope to the development of strate-

gies to manage intratumour heterogeneity during the acquisi-

tion of drug resistance. More unbiased studies using WES or

WGS of samples pre- and post-treatment will improve our es-

timate of the frequency of such polyclonal resistance. Given

that chemotherapy is still the mainstay of treatment for

many tumours, there is a striking lack of studies examining

resistance to these agents since the advent of next generation

sequencing, and our understanding of the most commonmo-

lecular mechanisms of resistance to these agents remains

poor.

There is also clearly a need to better understand the evolu-

tionary dynamics of tumours during treatmentwith longitudi-

nal studies such as TRACERx, such that the optimal

therapeutic strategies for life-prolonging therapy can be

devised. Mathematical modelling approaches have suggested

that these may not be the most obvious strategies (Zhao et al.,

2014), or those therapies that lead to dramatic (but short term)

therapeutic responses, but rather those that achieve evolu-

tionary equilibrium. Liquid biopsies of ctDNA or circulating
tumour cells will be key in facilitating the monitoring of solid

tumours with inaccessible metastases over time, not least

because they represent an acceptable test that could be used

clinically in the future. However, given sensitivity issues

with ctDNA in some tumour types (Bettegowda et al., 2014)

and our lack of knowledge as to how representative circu-

lating tumour DNA is of heterogeneous tumours, direct bi-

opsies of progressive lesions should be taken where

possible. Warm autopsy studies are also likely to be key in

this regard.

Resistance is an inevitable part of treatment with any

agent in most advanced solid tumours, and therefore clinical

trials of new and existing agents should have tissue collection

protocols built in to expedite the study of resistance mecha-

nisms and reduce the lag phase between the identification

of a potentially successful therapy and the understanding of

resistance, such that second generation inhibitors can be

developed. Pre-clinical research has been essential to our un-

derstanding of drug resistance mechanisms, and should

ideally be integrated into clinical trial set-up to ensure effi-

cient transfer of knowledge from bench to bedside. The devel-

opment of better pre-clinical models, recapitulating

intratumour heterogeneity of human tumours (McFadden

et al., 2014), will improve the contribution of these studies to

our understanding of drug resistance and cancer progression.
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