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Despite the great progress in our understanding of the molecular basis of human cancer, the
heterogeneity of individual tumors and the evolutionary pressures imposed by therapy have
hampered our ability to effectively eradicate and control this disease. How, therefore, do
cancers evolve under the selective pressures of cancer therapy? Recent studies have linked
both primary (or de novo) and acquired treatment resistance to intratumor heterogeneity and
clonal evolution. Resistance to targeted therapies often includes mutation of the drug target
itself and aberrations of pathways upstream of, downstream from, or parallel to the drug
target. For systemic chemotherapies, discrete and recurrent resistance-conferring genetic
aberrations have eluded the community, due in part to their wide-ranging mutagenic
effects. In this review, we discuss different patterns of clonal evolution during treatment-
specific selective pressures and focus on the genetic mechanisms of treatment resistance that
have emerged to both targeted therapies and chemotherapies.

Genomic instability is considered an en-
abling characteristic that promotes the

acquisition of other hallmarks of cancer (Hana-
han and Weinberg 2011) and furthermore cre-
ates genetic variation from cell to cell. This var-
iation can be observed as genetic differences
within the same tumor, known as intratumor

heterogeneity. Although intratumor heteroge-
neity has been recognized for many years (Now-
ell 1976; Hansemann 1890), until recently, we
lacked the tools to fully characterize the extent
and different forms of genomic instability at
single-base resolution in cancer and to determine
both exogenous factors and endogenous muta-
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tional processes that shape cancer genomes. The
advent of broad-based next-generation sequenc-
ing (NGS), coupled with advances in computa-
tional methodologies, has made it possible to
identify and interpret the processes that leave
a mutational footprint in the cancer genome
(Helleday et al. 2014; Hollstein et al. 2016).

In the past decade, studies have begun to
apply these novel computational tools to gain
further insight into intratumor heterogeneity
in a range of different cancer types (Andor
et al. 2015; Greaves 2015). Most studies, howev-
er, have sampled a given patient’s disease once,
which provides only a snapshot of subclonal
heterogeneity in treatment-naı̈ve human can-
cers. Only recently has the combination of lower
sequencing costs and new approaches to sample
acquisition, such as liquid biopsies, enabled
longitudinal analysis of cancer genomes under
treatment-selective pressures. Many studies have
explored the evolution of a tumor from an
ancestral cell to diagnosis using a variety of
both theoretical and experimental approaches.
Although contributing greatly to our basic un-
derstanding of cancer pathogenesis, it is recur-
rent and metastatic disease that is responsible
for the majority of cancer mortality. The evolu-
tion these tumors undergo after diagnosis, sur-
gery, and/or adjuvant therapies can drastically
alter the initial clonal composition of the treat-
ment-naı̈ve tumor and impact its biological
and clinical course. To design the most effective
therapeutic approaches that improve the survival
of cancer patients, we must therefore study tu-
mors longitudinally after diagnosis and through-
out the course of the disease. In this review, we
discuss how the selective pressures of therapy can
sculpt cancer genome evolution.

RESISTANCE TO DIFFERENT TYPES
OF ANTICANCER TREATMENTS

Therapy resistance is a major problem within
clinical oncology, and can present itself along
different points during treatment. If the treated
cancer does not show an initial response and is
effectively resistant upfront to the therapy, we
refer to this as primary or de novo resistance.
To overcome this challenge, a more tailored or

precision approach is often undertaken, which
is guided in part by histopathology and, at
present, limited prospective genomic testing
and sequencing. However, even if the patient
is carefully selected based on validated biomark-
ers, the response is often quite variable and
relapse in initial responders is common. This
form of therapeutic resistance, called acquired
resistance, can have a significant impact on the
evolutionary course of the disease. Here, we will
discuss how targeted therapies and chemother-
apies directly and indirectly alter the genetic
makeup of the recurrent tumor and drive the
patient’s tumor into a disease state distinct from
diagnosis.

Genetic Resistance Mechanisms to Targeted
Therapy

Depending on the context of the selective pres-
sure, a particular genetic aberration may or
may not increase cellular fitness of a subclone
(Greaves 2015), respectively contributing to ei-
ther Darwinian selection and accompanying
clonal outgrowth (Nowell 1976; Greaves and
Maley 2012) or neutral evolution (Siegmund
et al. 2009, 2011; Humphries et al. 2013; Sotto-
riva et al. 2015; Williams et al. 2016). In the
setting of treatment-specific selective pressures,
tumor subclones, which have acquired a resis-
tance-conferring aberration but were outcom-
peted in the absence of therapy, will eventually
be selected for and grow into the incumbent
clone (Schmitt et al. 2015). Over the past two
decades, studies have revealed a large number of
discrete genetic aberrations that confer resis-
tance to a myriad of anticancer therapies. In
general, these resistance mechanisms can be
categorized as (1) genetic aberrations directly
affecting the drug target, and (2) aberrations
bypassing the drug target through compensato-
ry activation of upstream, downstream, or par-
allel pathways. In the first case, the drug target
itself is mutated to thwart drug binding or to
counterbalance target-inhibition by increasing
its activity.

Gleevec (or Imatinib, STI571) was the first
tyrosine kinase inhibitor to be approved for the
treatment of cancer and targets the BCR-ABL
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fusion oncoprotein in chronic myeloid leuke-
mia (CML) (Capdeville et al. 2002). CML be-
comes genetically more complex and aggressive
as it progresses through three distinct phases,
namely, the chronic phase (CML-CP), blast cri-
sis (CML-BC), and accelerated phase (CML-
AP). Although the hematological response rates
to Gleevec (normalization of blood count) for
CML-CP are �90%, this number steadily de-
clines for CML-BC (70%) and CML-AP (30%)
(Capdeville et al. 2002). Furthermore, the du-
ration of response is often limited to months
because of treatment resistance. A panel of drug
target mutations, such as BCR-ABL amplifica-
tion (le Coutre et al. 2000; Weisberg and Griffin
2000) and ABL kinase domain mutations
(Gorre et al. 2001; Branford et al. 2003), were
identified early on in (pre-) clinical studies.

Besides BCR-ABL, Gleevec’s major targets
include c-KIT and PDGFR, both of which
were found to be mutually exclusively mutated
in gastrointestinal stromal tumors (GISTs) in
80% and 10% of cases, respectively (Hirota
et al. 1998; Heinrich et al. 2003b; Rubin et al.
2007). These mutations lead to the constitutive
activation of c-KIT and PDGFR-a, and within
GIST signify oncogene dependency. Similar to
BCR-ABL-driven CML, c-KIT- and PDGFR-a-
driven GIST are sensitive to Gleevec therapy,
but eventually relapse. The patients who have
primary resistant tumors are enriched with
c-KIT mutations in exon 9, D842V mutations
in PDGFRA or are both wild-type in c-KIT and
PDGFRA (Heinrich et al. 2003a). Acquired re-
sistance is largely driven by the acquisition of
secondary c-KIT mutations and c-KIT amplifi-
cations (Debiec-Rychter et al. 2005).

Another success within targeted therapy
includes EGFR inhibition of EGFR-mutated
(mostly including exon 19 deletions and L858R
mutations) lung adenocarcinomas. Patients
with EGFR-mutant lung adenocarcinoma treat-
ed with first- and second-generation EGFR in-
hibitors can experience dramatic responses, but
usually progress within 1 or 2 years. Secondary
mutations of EGFR occur in more than half
of the patients and involve the selection of the
EGFR T790M mutation during treatment (Ko-
bayashi et al. 2005; Pao et al. 2005). This has led

to the development of third-generation EGFR
inhibitors (including rociletinib, AZD9291, and
EAI045), which have shown potent activity
against EGFR T790M-mutant cells (Walter
et al. 2013; Cross et al. 2014; Jia et al. 2016).
These drugs have enabled the sequential appli-
cation of first- and second-generation EGFR
inhibitors followed by third-generation EGFR
inhibitors (Politi et al. 2015). The strategy of
sequential drug therapy has not been limited
to EGFR inhibition, but has also been used to
counteract resistance of other drug targets, such
as BCR-ABL (Cortes et al. 2007, 2012) and ALK
(Gainor et al. 2016; Shaw et al. 2016). A com-
plication of sequential therapy is that multiple
different drug target mutations can be selected
for, also referred to as compound mutations
(Shah et al. 2007). Compound mutant cells
contain two or more drug-target mutations
within the same gene of an individual cell
and, hence, may preclude the option of switch-
ing back to the initial drug. A potential strategy
to prevent compound mutants from arising in
the first place might be to provide combination
therapy upfront (Misale et al. 2015).

Apart from drug target mutations, resis-
tance mechanisms also include activation of
parallel pathways and activation of upstream
or downstream effectors in the same pathway.
For example, in the setting of monoclonal
EGFR-targeting antibodies for the treatment
of metastatic colorectal cancer cells, KRAS mu-
tations (downstream effector) (Amado et al.
2008; Karapetis et al. 2008) and METamplifica-
tions (parallel pathway) (Bardelli et al. 2013) are
characterized as causes of bypass resistance
mechanisms. These data allude to a cancer’s de-
pendency on activity of several key pathways,
known as pathway addiction. Parallel and con-
vergent cancer evolution, the phenomenon of
different subclones originating from the same
or different cancer-initiating cells acquiring ge-
netic aberrations in similar pathways, lend sup-
port to the concept of pathway dependency
(Misale et al. 2014; Shi et al. 2014; Juric et al.
2015; Pagliarini et al. 2015; Spoerke et al. 2016).

In the clinic, resistance to anticancer treat-
ments can arise upfront (primary or de novo
resistance) or after an initial response (acquired
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resistance). Although these two clinical presen-
tations of resistance occur at different points of
the course of disease, it appears that they might
be linked (Fig. 1). A recent report suggests that
primary and acquired resistance are potentially
both influenced by the clonality of the resistant
subclone (Laurent-Puig et al. 2015). Laurent-
Puig et al. explored why almost half of all

KRAS wild-type metastatic colorectal cancer
patients did not respond to anti-EGFR mono-
clonal antibody therapy (Linardou et al. 2008).
Using picodroplet digital PCR (dPCR) as a sen-
sitive method, they reassessed the KRAS and
BRAF mutation status of primary colorectal
cancer samples in 136 patients, who were ini-
tially classified as KRAS, NRAS, and BRAF wild-

Rate of creating
resistant subclones

Low VAFresistant High VAFresistant

Responder Nonresponder

Genomic instability

Strength of
treatment-specific
selective pressure

Extent of
competitive release 

Rate of outgrowth
of resistant subclone

+

Duration of response

De novo resistance

Acquired resistanceCure

Treatment

Treatment-sensitive subclone

Treatment-resistant subclone

TreatmentTreatment

Figure 1. General rules governing response to cancer therapies. The subclonality of the resistant subclone
partially determines whether the patient is a responder (resistant subclone ¼ minor subclone) or nonresponder
(resistant subclone ¼ major subclone) to therapy. Patients who do not experience an initial response to therapy
experience “de novo resistance.” In contrast, if a patient initially responds to therapy, the pretreated cancer
consists of mostly treatment-sensitive cancer cells. If the cancer consists of only treatment-sensitive cancer cells,
the patient can theoretically be cured. However, if residual disease consists of treatment-resistant cancer cells,
treatment-induced competitive release, together with treatment-specific selective pressures, confer increased cell
fitness to the treatment-resistant subclone. This will partially determine the rate at which the resistant subclone is
selected, and consequently will also affect the duration of response.
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type by qPCR. In total, 22 and two patients
contained subclonal KRAS and BRAF muta-
tions, respectively. Interestingly, they observed
an inverse correlation between the mutant allele
fraction and response. They found that if the
mutant allele fraction was below 1.5%, patients
could accurately be classified as a responder in
87% of the cases. These findings suggest that
an initially minor subclone of resistant cells
can be rapidly selected during anticancer treat-
ment (Fig. 1). Hata et al. (2016) lend support
for this hypothesis in an in vitro study, in which
they mimic the cancer evolutionary path to
drug resistance of EGFR-mutant PC9 lung can-
cer cells to gefitinib. They performed long-term
drug exposure experiments on initially sensitive
PC9 cells and found significant differences in
the rate in which an EGFR T790M-mutant cell
line emerged. This difference ultimately relied
on the presence of preexisting EGFR T790M-
mutant cells within the largely dominating
EGFR T790M wild-type population. When they
exposed a single-cell-cloned EGFR T790M wild-
type culture to gefitinib, it could take up to
40 weeks to derive an EGFR T790M-mutant
cell line. However, this process was accelerated
to 2 weeks in the presence of only one EGFR
T790M-mutant cell (Hata et al. 2016). These
findings emphasize why it may be difficult to
cure cancers with targeted therapy. First, resis-
tant subclones are selected by treatment-specific
selective pressures (Fig. 1). Second, even if the
bulk of the drug-sensitive cancer cells is success-
fully killed, a portion of the EGFR T790M wild-
type cells tolerates the drug (drug-tolerant per-
sister cells) and may form a reservoir to produce
bona fide genetically resistant cancer cells (also
see Sharma et al. 2010; Ramirez et al. 2016).

Chemotherapy-Induced Competitive Release

Clinical oncology continues to be transformed
by the use of increasingly mechanism-based
targeted medicine; nevertheless, chemotherapy
remains the mainstay of many current clinically
approved anticancer regimens. Unlike most
targeted therapies, chemotherapies alkylate the
DNA, inhibit DNA replication, interfere with
microtubule function or mitosis in general

and can consequently damage the genome
through broadly acting mechanisms, and as a
result may leave a mutational footprint. Owing
to their wide-ranging mutagenic effects, it has
been more difficult to find recurrent resistance-
conferring genetic aberrations, although a few
have been identified (Aas et al. 1996; Li et al.
2010). Recent studies comparing pre- and post-
chemotherapy-treated clinical samples, have
explored how (1) chemotherapy-induced elim-
ination of sensitive subclones, and (2) how che-
motherapy-induced mutagenesis influences the
course of cancer evolution.

Intratumor genetic heterogeneity can arise
by multiple means, either stochastically or
via discrete biological mechanism, which can
spawn treatment-sensitive and -resistant sub-
clones. The elimination of sensitive subclones
reduces the competitive forces imposed by can-
cer dominant subclones on minor subclones.
This so-called “competitive release” allows
treatment-resistant minor subclones to repop-
ulate and drive the relapsed tumor, which may
be distinct from the treatment-naı̈ve tumor
(Enriquez-Navas et al. 2016). To explore this
question, Landau et al. (2013) used whole-
exome sequencing of paired, longitudinally
collected samples for 18 cases of chronic lym-
phocytic leukemia (CLL). Of these 18 patients,
12 received chemotherapy and six patients re-
mained untreated. The investigators found that
chemotherapy induced a shift in the clonal
composition of the relapsed disease in 10 of
12 treated cases, whereas only one of six untreat-
ed cases showed a shift in the clonal composi-
tion at relapse. In general, Landau et al. and
others studying haematological malignancies
have observed two patterns of clonal repopula-
tion: (1) After therapy, the dominant clone
gains more aberrations and evolves into the re-
lapse clone; and (2) a minor subclone at diag-
nosis later dominates the relapsed disease (Ding
et al. 2012; Landau et al. 2013; Garg et al. 2015).
Furthermore, Landau et al. (2013) found that
patients with a subclonal driver had signifi-
cantly faster progression of their CLL. These
findings were later recapitulated in an expanded
study by the same group (Landau et al. 2015),
and also by a pan-cancer study involving 12 dif-
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ferent cancer types (Andor et al. 2015). A pos-
sible interpretation of these findings is that tu-
mor subclones containing cancer driver genes
have a fitness advantage over the rest of the tu-
mor but cannot drive a clonal sweep (i.e., lead-
ing to clonal dominance within the tumor) if
the driver gene is acquired late in tumorigenesis.
The potential for the subclone to repopulate the
tumor only surfaces after treatment-induced
competitive release. It is still unclear to which
these observations made from genetically sim-
pler tumors such as CLL (Landau et al. 2013)
can be extrapolated to other tumors. For exam-
ple, in glioma the oncogene, BRAF V600E, was
found in an initial tumor, but was not detected
in the recurrent tumor after treatment with
chemotherapy (temozolomide) (Johnson et al.
2014). Regardless of the precise relevance of
subclonal drivers in certain solid tumors, Jan-
iszweska et al. (2015) have provided evidence
that chemotherapy-induced competitive release
may be a clinically relevant phenomenon in
breast cancer. They performed STAR-FISH (al-
lele-specific in situ PCR combined with FISH)
for PIK3CA mutations and HER2 amplifica-
tions, which are known to respectively confer
resistance (Berns et al. 2007) and sensitivity to
trastuzumab, in breast cancer treated with neo-
adjuvant chemotherapy. They found that the
PIK3CA-mutant population was low (,8%)
before neoadjuvant treatment, in contrast to
a relatively high HER2-amplified population
(�30%). These tumors could possibly benefit
from anti-HER2 targeted therapy (such as tras-
tuzumab), because the trastuzumab-resistant,
PIC3CA-mutant population is only present as a
minor subclone. Interestingly, after chemother-
apy the PIK3CA-mutant population increased
considerably (to �20%), whereas the HER2-
amplified population slightly decreased (to
�23%). These tumors are, therefore, less likely
to respond to sequential anti-HER2 treatment.
This study suggests that the sequence of chemo-
therapy could select for a population that could
later induce the nonresponse to anti-HER2 ther-
apy, possibly sculpting an anti-HER2 responsive
tumor into a de novo resistant tumor.

Fortunately, our increasing understanding
of a phenomenon like competitive release may

provide a potential solution to impede the se-
lection of resistant subclones, namely, by mod-
ulating the treatment-specific selective pressure.
This is a form of “adaptive therapy,” which has
been defined by Gatenby et al. (2009) as a “treat-
ment-for-stability strategy” in which the goal is
to maintain a stable treatment-sensitive sub-
clone, which will repress the emergence of the
treatment-resistance subclone. The fitness of
these two competing subclones differs accord-
ing to the strength of the treatment-specific se-
lective pressures (Gatenby et al. 2009; Das Tha-
kur et al. 2013; Enriquez-Navas et al. 2016). The
treatment-sensitive subclone dominates in the
absence of the treatment and represses the treat-
ment-resistant subclone. In contrast, the resis-
tant subclone has an increased fitness in the
presence of treatment and furthermore experi-
ences less competition by treatment-induced
elimination of the sensitive subclone, with com-
petitive release as a consequence (Fig. 1). The
aim of adaptive therapy is to stabilize the cancer
as opposed to curing the cancer, by maintaining
a balance between clonal interference and treat-
ment-induced competitive release.

Chemotherapy-Induced Mutagenesis

Besides inducing competitive release, chemo-
therapies can also drive distinct evolutionary
trajectories in individual tumors through their
mutagenic effects. In a series of seminal papers,
Alexandrov et al. (2013) detailed methodology
to deconstruct the mutational processes that
have contributed to genetic aberrations during
the development of cancers. They subdivided
the six classes of nucleotide base substitutions
into 16 subgroups, each according to their 50

and 30 bases, resulting in 96 different possible
mutations. They catalogued each of these 96
different types of base substitutions in 30 dif-
ferent cancer types, and accordingly described
more than 30 different mutational signatures
(Petljak and Alexandrov 2016). Of these signa-
tures, they were able to identify a potential
biological cause for 18 of them. Although it
was previously known that different (chemo)-
therapeutics were mutagenic (Gupta et al. 1987;
Lemaire et al. 1991; Pillaire et al. 1995), NGS
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together with novel bioinformatics analysis
methods enables the quantification of how dif-
ferent therapies (in)activate cellular pathways,
which in turn can sculpt cancer evolution.
One of these signatures includes the previously
described signature of the alkylating chemo-
therapeutic drug, temozolomide (TMZ). Be-
sides TMZ, the mutational signatures of addi-
tional chemotherapies have been elucidated,
such as that of cisplatin and cyclophosphamide
(Murugaesu et al. 2015; Szikriszt et al. 2016).
Furthermore, several chemotherapies can acti-
vate APOBEC3, and can potentially promote
APOBEC3 mutagenesis (Kanu et al. 2016).

Johnson et al. (2014) used one mutational
signature to investigate the contribution of
TMZ treatment on the progression of low-grade
gliomas to high-grade gliomas. They sequenced
matched samples of 23 grade II, IDH1-mutant
gliomas and their recurrences after tumor pro-
gression (Johnson et al. 2014). Ten patients were
treated with TMZ and seven of these recurred as
glioblastomas. Interestingly, six of the seven pa-
tients contained a TMZ-induced hypermuta-
tion phenotype, which was previously linked
to TMZ resistance (Bodell et al. 2003; Hunter
et al. 2006; Cahill et al. 2007; Yip et al. 2009).
Johnson et al. investigated whether any of these
TMZ-induced mutations occurred in any of
previously identified driver genes in glioblasto-
ma (Cancer Genome Atlas Research 2008;
Brennan et al. 2013). Accordingly, they found
mutations in RB1, CDKN2A, PIK3CA, PTEN,
and MTOR within a TMZ mutational context
(Johnson et al. 2014). These findings caused
further concern regarding the use of TMZ in
the treatment of low-grade gliomas; besides
chemotherapy-induced competitive release,
TMZ also appeared to induce mutations in
driver genes, suggesting it might fuel a more
aggressive, higher-grade glioma at recurrence.
In a different study by Kim et al. (2015b), paired
pre- and post-TMZ treated samples of 34 pri-
mary glioblastomas and four secondary glio-
blastomas were sequenced. Interestingly, they
found that within IDH1 wild-type primary
glioblastomas, TMZ did not induce a hypermu-
tation phenotype in the recurrent tumor. In an
independent study (Kim et al. 2015a), in which

21 matched IDH1 wild-type glioblastomas and
recurrences were investigated, four recurred as
hypermutated tumors. Collectively, these stud-
ies indicate that TMZ can induce a hypermuta-
tion phenotype in recurrent tumors of primary
as well as secondary glioblastomas (Johnson
et al. 2014; Kim et al. 2015a), albeit secondary
glioblastomas appear more prone to this phe-
nomenon (Kim et al. 2015b). It is still unclear
whether the risks of TMZ outweigh its benefits,
especially in IDH1-mutant low-grade gliomas
(Field et al. 2016). Similar to TMZ, the muta-
genic effects of other chemotherapies should be
systematically assessed using pre- and post-che-
motherapy-treated clinical samples. An unan-
swered question remains whether other chemo-
therapies can induce driver mutations and
whether the antitumor benefits of the specific
chemotherapy outweigh the risk of malignant
progression (Lee et al. 2012), especially in the
treatment of indolent tumors (Field et al. 2016).
Apart from driver mutations, chemotherapeu-
tic regimens may increase intratumor heteroge-
neity by contributing to the burden of subclonal
mutations. If these mutations are within the
exome, they may create neoantigens that can
be presented to the immune system. McGrana-
han et al. (2016) observed that the extent
of neoantigen intratumor heterogeneity holds
predictive value for response to immune check-
point blockade within non-small-cell lung can-
cer and melanoma. Two patients with the most
heterogeneous tumors within a cohort of mel-
anoma patients were found to be pretreated
with the alkylating agent dacarbazine before im-
mune checkpoint blockade. They found that
the tumors of these two patients were enriched
for signature 11 mutations (McGranahan et al.
2016), which is associated with the mutagenic
effects of alkylating agents (Alexandrov et al.
2013). Although still speculative, because of
the small sample size, their data suggest that
subclonal diversification might preclude the
generation of an effective immune response
(McGranahan et al. 2016).

Although informative, mutational sig-
natures only provide information regarding
smaller-scaled genetic aberrations, such as sin-
gle point mutations, dinucleotide mutations,
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and insertions and deletions (Alexandrov et al.
2013; Helleday et al. 2014), and not about chro-
mosome level changes. This tendency of cancer
cells to lose, gain, or rearrange portions of
chromosomes, is also known as chromosomal
instability (CIN) and is a form of genomic in-
stability. CIN appears to contribute to drug
resistance (Lee et al. 2011), tumor progression
within colorectal cancer (Lengauer et al. 1998;
Carter et al. 2006), and worse patient prognosis
if CIN is in an optimal range (Birkbak et al.
2011; Andor et al. 2015). Recent studies have
quantified the extent to which different classes
of therapies induce CIN (Lee et al. 2013, 2016;
Kim et al. 2016). Lee et al. (2013) have devel-
oped a nonselective human artificial chromo-
some (HAC) that contains kinetochores and
the EGFP transgene. This enabled them to in-
vestigate the rate at which the HAC is lost dur-
ing different drug treatments, which they used
as a measure of CIN (Lee et al. 2013, 2016).
They confirmed that different classes of chemo-
therapeutics, such as microtubule-stabilizing
drugs and inhibitors targeting the DNA dam-
age response/replication, were especially po-
tent in inducing HAC-loss and thus CIN (Lee
et al. 2013, 2016). It is conceivable that CIN-
enhancing drugs can force indolent cancers to-
ward a more genomic instable, aggressive state;
and force highly genomic instable cancers be-
yond the point of tolerance and diminish can-

cer cell fitness (Fig. 2) (Janssen and Medema
2013).

CONCLUSIONS

Both targeted therapies and chemotherapies in-
fluence the path of cancer evolution. Although
we have focused our discussions around genetic
correlates of cancer evolution, transcriptional,
epigenetic, and posttranslational mechanisms
of resistance must not be overlooked. Research
over the past few decades has shown that cancer
is dependent on the activity of specific pathways
(Misale et al. 2014). Genetic resistance mecha-
nisms to targeted therapy show how genomic
instability enables tumors to create the appro-
priate subclone, which contains the (re)activat-
ed pathway. Knowledge about the mechanisms
of drug resistance has enabled the scientific
community to anticipate the phenomenon clin-
ically and to develop drugs that counteract these
specific resistance mechanisms. We hope that
characterization of these different resistance
mechanisms will enable us to formulate cancer
evolutionary rulebooks. This will be especially
challenging for chemotherapies. In addition to
imposing treatment-specific selective pressures,
they also tend to be mutagenic (Lee et al. 2013,
2016; Olivier et al. 2014; Hollstein et al. 2016;
Kim et al. 2016; Szikriszt et al. 2016). Intratu-
mor heterogeneity together with Darwinian se-

Genomic instability

Fitness

AggressiveIndolent Indolent

Chemotherapy
/mutagen

Figure 2. Chemotherapies and mutagens may increase genomic instability and alter the cancer cell fitness as a
consequence. Genomic instability can promote tumor cell fitness, if present in an optimal range. If the level of
genomic instability is too low or too high, it can diminish tumor cell fitness. Chromosomal instability (CIN)-
enhancing drugs can potentially increase the level of genomic instability and can push indolent cancers toward a
more genomic-instable, aggressive state and force highly genomic instable cancers beyond the point of tolerance,
diminishing cancer cell fitness.

S. Venkatesan et al.

8 Cite this article as Cold Spring Harb Perspect Med 2017;7:a026617

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



lection can confound almost any type of cancer
treatment, including new therapeutic strategies
of great promise such as immunotherapy, in
which immunoediting selects for less immuno-
genic escape subclones (Dudley and Roopenian
1996; Phillips 2002; Schreiber et al. 2011; Du-
Page et al. 2012; Matsushita et al. 2012; Zaretsky
et al. 2016). Nevertheless, we are optimistic that
developments in NGS, together with evolving
bioinformatics tools, will allow us to systemati-
cally deconstruct the evolutionary history of
cancers and to predict cancer’s Achilles’ heel.
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