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Precision oncology relies on targeted drugs, such as kinase inhibitors, that are presently
administered based on molecular profiles obtained from surgical or bioptic tissue
samples. The inherent ability of human tumors to molecularly evolve in response to drug
pressures represents a daunting diagnostic challenge. Circulating free DNA (cfDNA) released
from primary and metastatic lesions can be used to draw molecular maps that can be con-
tinuously updated to match each tumor’s evolution. We will present evidence that liquid
biopsies can effectively interrogate how targeted therapies drive lesion-specific drug-resis-
tance mechanisms. The impact of drug-induced molecular heterogeneity on subsequent
lines of treatment will also be discussed.

The availability of detailed maps of cancer
genomes and the development of oncogene-

specific inhibitors have transformed clinical on-
cology treatment into what is commonly known
as personalized therapy or, perhaps more ap-
propriately, precision medicine. According to
this innovative paradigm, treatment should be
administered based on patient-specific tumor
profiles that are presently derived from surgical
or bioptic tumor samples.

Unfortunately, the effectiveness of targeted
therapies is often transient and, almost invari-
ably, drug resistance develops (Kobayashi et al.
2005; Pao et al. 2005; Montagut et al. 2008; Diaz
et al. 2012; Misale et al. 2012). When solid tu-
mors recur, further treatment is administered
based on analyses of single needle biopsies or
surgical excisions that are unlikely to accurately

capture the comprehensive genomic landscape
of a patient’s cancer. This is because the molec-
ular profiles of drug-resistant tumors are often
extremely complex (Greaves and Maley 2012;
Burrell et al. 2013). Several evidences suggest
that resistance can be driven by outgrowth of
low-frequency—often multiple and concomi-
tant—subclones rather than by evolution of
an increasingly aggressive dominant clone
(Meacham and Morrison 2013). This phenom-
enon is particularly relevant when evolution is
triggered by resistance to kinase inhibitors
(Diaz et al. 2012; Ding et al. 2012; Shi et al.
2014; Landau et al. 2015; Murtaza et al. 2015;
Siravegna et al. 2015; Russo et al. 2016b).

In this review, we will argue that, although
precision oncology incorporates diagnostic
strategies designed to interrogate interpatient
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heterogeneity, our capability to probe and
monitor intrapatient molecular heterogeneity
remains to be established. We will provide evi-
dence that this is relevant during emergence of
drug resistance, which determines lesion-spe-
cific molecular profiles. We will describe how
molecular characterization of cell-free circulat-
ing tumor DNA (ctDNA) allows monitoring of
clonal dynamics throughout the course of a pa-
tient’s disease, and can identify lesion-specific
mechanisms of therapeutic resistance.

CLINICAL IMPACT OF TUMOR
HETEROGENEITY

Molecular Heterogeneity and Clonal
Evolution during Tumor Development

Nowell first proposed a clonal evolutionary
model of cancer development in 1976 (Nowell
1976). Elaborating on Darwinian models of
natural selection, Nowell proposed that initia-
tion and progression of cancers occur through
several clonal expansions, triggered by the step-
wise acquisition of genetic and epigenetic alter-
ations affecting oncogenes and tumor-suppres-
sor genes. The application of Nowell’s theory
to precision oncology predicts that drug treat-
ments shape the growth and survival of the mu-
tant clones with a biological fitness advantage
(Sprouffske et al. 2012). There is now increas-
ing evidence that molecular heterogeneity and
clonal evolution are of pivotal relevance when
metastatic tumors are challenged with targeted
drugs such as inhibitors of oncogenic-signaling
molecules (Shi et al. 2014; Landau et al. 2015;
Murtaza et al. 2015; Russo et al. 2015b; Sira-
vegna et al. 2015).

Morphological variation between distinct
neoplastic regions has long been familiar to pa-
thologists, and multiple sections of the same
tumor are often routinely examined in clinical
practice. It has also long been appreciated that
cancers that originate from different tissues
show distinct degrees of genetic and epigenetic
diversity, and this affects prognosis and re-
sponse to therapies. Moreover, each tumor con-
tains an individual assortment of genomic
aberrations, few of which are shared between

patients with the same histopathological sub-
type (interpatient heterogeneity) (Weigelt and
Reis-Filho 2009; Vogelstein et al. 2013). Accord-
ingly, treatment decisions are currently based
on the site of origin of the primary tumor (Bur-
rell et al. 2013). Intrapatient heterogeneity also
exists between the primary tumor and meta-
static lesions, as well as between separated re-
gions of the same tumor lesion, which show
coexistence of genetically distinct clonal sub-
populations (Fig. 1, upper panel) (Gerlinger
et al. 2012; Shah et al. 2012; Burrell et al. 2013;
Landau et al. 2013; Sottoriva et al. 2013; Bras-
tianos et al. 2015; Yates et al. 2015).

The extent of intratumor heterogeneity has
been revealed by analyses of multiple spatially
separated regions. Gerlinger and colleagues
(2012) used whole-exome sequencing (WES)
of renal cell carcinomas to reveal that only about
a third of nonsynonymous somatic mutations
are detectable in all regions of the same tumor;
the majority of the alterations are instead “pri-
vate” and occur in distinct tumor regions. Such
a high level of intratumor heterogeneity indi-
cates that the molecular landscape diverged ear-
ly during tumor evolution and continued to
evolve following a branched rather than a linear
evolution (Fig. 1, lower panel).

Indeed, as described by Yap and colleagues,
heterogeneity can be graphically described with
evolutionary trees, in which the trunk represents
driver events, found in all cancer cells, essential
for the initiation and the progression of the dis-
ease in the first phases, whereas branches rep-
resent parallel evolution of different tumor
regions or subclones with “private” mutations
that are not shared by all the tumor areas. More-
over, the role of somatic mutations as driver or
passenger is dynamic. They are subject to envi-
ronmental and treatment-selective pressures
whereby passenger mutations can become
driver events in the branches, and vice versa, as
a result of changes in the environment (Fig. 1,
lower panel) (Yap et al. 2012).

Darwinian dynamics regulate this process.
Environmental forces that can vary in space and
time provide strong selective pressures. In this
way, the altered landscape selects cells that are
able to survive in the new microenvironment, as
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mutations that were previously phenotypically
silent (passengers) confer a selective advantage
in the new conditions allowing the outgrowth of
minor subclones (Bedard et al. 2013). Indeed,
the occurrence of new lesions may be driven by
selection of preexisting rare clones that become
dominant (Sottoriva et al. 2013).

Molecular Heterogeneity and Clonal
Evolution during Drug Treatment

Although we are beginning to unveil the levels of
molecular heterogeneity during tumor develop-
ment, much less is known regarding the impact

of tumor heterogeneity during drug treatment.
Studies on leukemias provided initial evidence
that the genomic landscape of tumors evolve
rapidly during drug treatment.

Ding and colleagues, for instance, showed
that relapse on chemotherapy in patients with
acute myeloid leukemia (AML) is correlated
with the emergence of new mutations and clon-
al evolution, determined in part by the chemo-
therapy that the patients received. Deep muta-
tional analysis of one patient’s tumor samples
led to the identification of four clonal subpop-
ulations in the primary tumor with different
patterns of mutations. Of the four clones iden-

Trunk
mutations

Therapy
Subsequent

therapy

Trunk
mutations

Trunk
mutations

Figure 1. Targeted therapies drive clonal evolution. The figure portrays clonal evolution of a human cancer during
drug treatment. At diagnosis the tumor is composed of a dominant (green) clone and two low-frequency sub-
clonal populations, indicated in purple and orange, present in two separate tumor lesions. Blue DNA strands in
each cell are ubiquitous trunk alterations present in each tumor cell. Frontline therapy, chosen based on the
predominant population identified at the diagnosis (green, in this case), induces tumor shrinkage and drives the
outgrowth of a preexistent clone intrinsically resistant to treatment (purple). When secondary resistance arises, a
subsequent line of treatment is chosen based on the predominant resistant population. In this case, a subclone
(orange clone) gains fitness and rapidly grows, leading to treatment failure. In the lower part of the figure,
phylogenetic trees of the patient’s tumor over the course of therapy are depicted. In each stage, circles indicate
the tumor subclonal composition. Dimensions of the circles are proportional to the population present in each
time point.
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tified in tumor samples before clinical treat-
ment started, only one was detected also in the
chemotherapy-relapsed sample. Notably, this
clone (clone #4) was present at a lower frequen-
cy before initiation of the chemotherapy treat-
ment. An additional new clone was detected at
relapse (clone #5), which contained all the mu-
tations detected in clone #4, but gained 78 new
somatic alterations, which probably provided a
strong selective advantage allowing tumor cells
to survive during chemotherapy and evolve into
the dominant clone at relapse (Ding et al. 2012).
The same pattern of clonal dynamics—under
drug pressure—was confirmed in seven addi-
tional patients.

Landau and colleagues used WES and copy-
number analysis to examine 18 chronic lym-
phocytic leukemia (CLL) patients (12 treated
and six untreated) with two temporally separat-
ed samples (pre- and posttreatment). Ten out of
the 12 treated cases underwent clonal evolution,
in contrast to one of the six untreated cases. Five
of the cases undergoing clonal evolution dis-
played branched evolution, with outgrowth of
low-frequency subclones containing driver mu-
tations (e.g., SF3B1 and TP53) that expanded
over time (Landau et al. 2013). The results sug-
gest that chemotherapy-treated CLLs often un-
dergo clonal evolution, resulting in the expan-
sion of previously minor subclones.

Similarly, exome sequences of 40 tumor re-
gions from eight patients with operable esoph-
ageal adenocarcinomas revealed dynamic mu-
tational processes associated with neoadjuvant
platinum-based chemotherapy (Murugaesu et
al. 2015). WES analysis revealed a high level of
heterogeneity with nearly 47% of putative
driver events occurring in subclonal popula-
tions, suggesting these occur later in tumor evo-
lution (Murugaesu et al. 2015).

A nice example of alternating clonal domi-
nance during clinical treatment comes from a
deep analysis of a patient with multiple myelo-
ma (MM). The patient received multiple thera-
peutic regimens, and then progressed after an
initial partial response to first line therapy with
lenalidomide and dexamethasone. Serial geno-
mic analysis of seven time points over the entire
disease course identified subclonal populations

that alternate for dominance under treatment
pressure until one clone took over. Although,
at diagnosis, the tumor population was pri-
marily composed of clone 1.1, after 1 year of
initial treatment, when the patient was in a par-
tial remission, the subclonal population 1.2 in-
creased from 11% to 31%. Seven months later,
when the patient progressed on lenalidomide,
another subclone (2.1) became the dominant
clone representing ,60% of the population.
At the fourth clinical relapse, the tumor clonal
population definitively shifted with an addi-
tional clone that emerged later in tumor evolu-
tion (Keats et al. 2012). These findings suggest
that often a clinical partial response, rather than
reflecting substantial suppression of the entire
tumor population, most likely represent the
suppression of the sensitive population, where-
as a refractory preexistent subclone remains sta-
ble and emerges leading to treatment failure.

Resistance to Targeted Therapies Drives
Tumor Clonal Evolution and Lesion-Specific
Heterogeneity

Cancer heterogeneity, including the relation-
ships between subpopulations within and
among tumor lesions, has profound implica-
tions for therapy. Targeted drugs have clearly
shown efficacy on multiple tumor subtypes.
However, in the majority of cases, even when
clinical benefit is observed, it is often short-
lived (Kobayashi et al. 2005; Montagut et al.
2008; Diaz et al. 2012).

If all the cancer cells were equally sensitive
to a given therapy, any treatment that kills tu-
mor cells quicker than they divide would even-
tually eradicate the tumor (Marusyk et al. 2012).
Unfortunately, molecular heterogeneity pre-
vents this outcome in most, if not all the cases.
When targeted therapies are applied, resistant
subclones are selected for and eventually lead to
disease progression (Keats et al. 2012; Misale
et al. 2012; Shi et al. 2014; Russo et al. 2015b).

Indeed, most cancers that initially respond
to treatment, relapse with the outgrowth of can-
cer cells that are genetically and epigenetically
different from those that were present at the
diagnosis. Acquisition of resistance to targeted

M. Russo and A. Bardelli

4 Cite this article as Cold Spring Harb Perspect Med 2017;7:a029587

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



therapies has been shown in several tumor
types, including lung (Kosaka et al. 2006; Turke
et al. 2010), colorectal (Diaz et al. 2012), gas-
trointestinal stromal tumor (GIST) (Liegl et al.
2008), as well as chronic myeloid leukemia
(Shah et al. 2002).

The observation that drug-resistant disease
is composed of multiple subclones in AML,
CLL, MM, GIST, and colorectal cancer (CRC)
suggests that, in response to targeted therapy,
polyclonal resistance occurs frequently. The
mechanisms of resistance often involve multiple
signal transduction pathways, resulting in dis-
tinct drug-resistance events (Burrell et al. 2013),
and this poses considerable challenges for the
design and selection of effective drug combina-
tions.

Clonal evolution has been analyzed by WES
of BRAF mutant melanoma patients at progres-
sion on BRAF inhibitors for whom multiple
geographically and/or temporally separated bi-
opsies were available (Shi et al. 2014). An anal-
ysis of one patient unveiled temporal and spatial
tumor heterogeneity with all nine progressive
sites of disease that had followed branched rath-
er than linear evolutionary pattern. Each lesion
harbored unique private mutations, and differ-
ent lesions also harbored distinct drug-resis-
tance mechanisms. In detail, at least five drivers
of acquired BRAF inhibitor resistance account-
ed for a single patient’s clinical relapse. Thus, a
single disease-progressive biopsy would have re-
vealed only one of five (20%) mechanisms of
acquired resistance. Branched evolution at re-
lapse after treatment was also shown in three
additional patients, again revealing distinct
drug-resistance mechanisms in different lesions
(Shi et al. 2014).

In 12 of 32 chronic myelogenous leukemia
(CML) patients who developed resistance to im-
atinib, more than one resistant clone was iden-
tified, with two to four clones identified per
patient (Shah et al. 2002). In ALK rearranged
lung cancer, resistance to crizotinib treatment
appears to be driven by multiple mechanisms
within the same patient, including secondary
ALK kinase domain mutations, as well as am-
plification of the mutant fusion gene or KIT
(Choi et al. 2010; Katayama et al. 2012).

Importantly, there is evidence for pheno-
typic convergence within and across tumor
types, suggesting that genetic events driving re-
sistance and disease progression may funnel
down a limited number of signaling pathways
that may be therapeutically druggable (Gerlin-
ger et al. 2012; Fisher et al. 2013; Johnson et al.
2014; Misale et al. 2014; Swanton 2014).

Serial tumor sampling (repeated tissue bi-
opsies) may unveil the emergence of previously
undetectable clones responsible for therapeu-
tic failure. Tissue biopsies are not devoid of
risks when related to solid tumors. Further-
more, biopsies may not be clinically practicable
or unfeasible because of anatomic locations.
Moreover, several lesions are often involved,
precluding comprehensive sampling (Fig. 2, up-
per part).

MONITORING TUMOR EVOLUTION

Liquid Biopsies to Measure Tumor
Heterogeneity

As discussed above, evidence that tumor hetero-
geneity affects targeted therapies underscores
that standard prognostic procedures, such as
tissue biopsies, are inadequate to capture the
molecular landscape of solid cancers.

Sampling different portions of the primary
tumor, distinct metastatic lesions or even sub-
sets of the same metastases often reveal remark-
ably different genomic profiles. This, in turn,
may be highly relevant to determine the choice
of treatment options. Furthermore, the inherent
evolving nature of cancer requires longitudinal
updates of the molecular landscapes during
treatment and this cannot be provided by tissue
biopsies (Fig. 2).

Recent technological advances have allowed
the genotyping of DNA that circulates in the
blood of patients (ctDNA). The ability to detect
and quantify somatic mutations has proven ef-
fective in tracking tumor dynamics in real time,
as well as serving as a “liquid biopsy” that can be
used for a variety of clinical and investigational
applications not previously possible. Indeed,
many studies have shown the potential of liquid
biopsies to assess tumor burden, determine the
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genomic profile of cancer patients, monitor re-
sponse to treatment, assess the emergence of
resistance, and quantify minimal residual dis-
ease (Beaver et al. 2014; Siravegna and Bardelli
2014; Siravegna et al. 2015; Tie et al. 2015; Alix-
Panabières and Pantel 2016; Chabon et al. 2016;
Imamura et al. 2016).

The blood of cancer patients contains tu-
mor-derived proteins, circulating tumor cells
(CTCs), cell-free DNA (cfDNA), and several
types of vesicles, including exosomes. Initially
detected in an 1869 autopsy within the blood
of a patient with widespread breast cancer (Ash-
worth et al. 1869), CTCs are released from pri-
mary or metastatic tumor lesions and are
thought to be enriched for metastatic precur-
sors (Yu et al. 2011; Alix-Panabières and Pantel

2013). The process underlying the extravasation
of tumor cells is not well understood and may
involve both active invasion of cells, as well as
passive shedding of individual cells or tumor
cell clusters as a result of compromised tumor
vasculature (Alix-Panabières and Pantel 2013;
Alix-Panabières et al. 2016). Once in the circu-
lation, CTCs seem to persist for a short time; in
patients with localized cancer who have detect-
able CTCs, there is evidence of such cells at 24 h
following surgical resection (Stott et al. 2010).
Moreover, there is evidence that some CTCs
travel in clusters, ranging from two cells to large
microemboli with .50 cells detectable in the
peripheral vasculature (Stott et al. 2010). Sin-
gle-cell analyses have revealed heterogeneity in
signaling pathways among CTCs from individ-

Tissue biopsy

Liquid biopsy
Therapy Subsequent herapySubsequent therapy

Figure 2. Applications of liquid biopsies to monitor tumor evolution. Treatment with targeted agents triggers
clonal evolution that is missed by a tissue biopsy but can be captured in circulating free DNA (cfDNA). At
diagnosis and on resistance to frontline therapy, a needle biopsy is taken, which usually detects only the most
representative clonal population (green in first instance and purple on resistance) and misses the lower frequency
subpopulations. This can result in suboptimal choice of further lines of treatment. Liquid biopsy, instead, better
captures tumor heterogeneity at each stage, facilitating the identification of multiple resistance alterations
present simultaneously. This information may be critical to define subsequent lines of therapy.
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ual patients (Powell et al. 2012; Heitzer et al.
2013).

Cell-free DNA in the circulation was first
described in 1948 (Mandel and Metais 1948)
as non-cell-bound nucleic acids observed in
the bloodstream of healthy subjects. It took
many years to show that this DNA bore identical
mutations to those observed in the tumors
(Sorenson et al. 1994; Vasioukhin et al. 1994).
As for CTCs, the exact mechanisms by which
cfDNA is released in the blood remain to be
clarified. In addition to apoptosis, cancer cells
can release DNA through necrosis (Jahr et al.
2001); macrophages usually destroy all debris
from normal cells, but tumors are often too
large and their cells multiply so quickly that
effective clearance is incomplete. Indeed, in pa-
tients with cancer a fraction of cfDNA is tumor
derived and is termed circulating tumor DNA
(ctDNA) (Jen et al. 2000). In individuals with
very advanced cancers, tumors might be the
source of most of the circulating DNA in the
blood, but more commonly, ctDNA makes up
barely 1% of the total and possibly as little as
0.01% (Diaz and Bardelli 2014). Conceptually,
ctDNA may be derived from primary tumors,
metastatic lesions, or CTCs.

In principle and in practice, the analysis of
somatic (tumor-specific) mutations in ctDNA
outperforms commonly used protein bio-
markers. For example, prostate-specific antigen
(PSA), a biomarker for prostate cancer, can give
false positives because there are reasons—other
than prostate cancer—that can cause an in-
crease of PSA in the blood (Welch and Albertsen
2009; Brawley et al. 2016). False positives should
be rarer with ctDNA because it is defined by
mutations and other genomic changes that are
hallmarks of cancer cells. Indeed, several studies
have shown that mutations in ctDNA exactly
recapitulate mutations identified in the tumor,
including both point mutations and structural
alterations such as copy-number changes and
rearrangements (Leary et al. 2012; Bardelli
et al. 2013; Murtaza et al. 2013; Bettegowda
et al. 2014; Siravegna et al. 2015; Russo et al.
2016a). Rapid increases in ctDNA levels are
also known to correlate with disease progres-
sion, and declines in ctDNA levels are associ-

ated with successful pharmacological or surgi-
cal treatment (Diehl et al. 2008; Misale et al.
2012; Beaver et al. 2014).

Detection of somatic genetic alterations in
the circulation remains challenging. New ap-
proaches, such as next-generation sequencing
(NGS) and droplet digital polymerase chain re-
action (ddPCR), have facilitated sensitive and
specific detection of alleles present at low fre-
quency in cfDNA (Alix-Panabières and Pantel
2016).

Using CRC as a model system, Tie and col-
leagues explored the potential of ctDNA in eval-
uating tumor burden and monitoring response
to chemotherapy at an early stage of treatment.
Their study shows a close correlation between
ctDNA quantification and initial tumor burden
assessed by computed tomography (CT) scan.
Importantly, this study emphasized that modu-
lation of cancer-mutated alleles in ctDNA ap-
pears to anticipate response to therapy assessed
by RECIST criteria (Tie et al. 2015).

Recent studies suggest that the allelic vari-
ance of trunk (stem) genetic alterations in the
blood of a cancer patient throughout the course
of disease reflects variations of tumor burden.
Indeed, an increase or decrease of APC- or
TP53-mutated alleles in the blood of CRC pa-
tients correlates with progression (increase in
tumor burden) and response (tumor shrink-
age) to clinical treatment, respectively (Russo
et al. 2015b; Siravegna et al. 2015). Moreover,
genetic translocations peculiar to a patient’s tu-
mor have been shown to be reliable markers of
disease burdens during treatment with targeted
agents, and to predict/anticipate the tumor’s
relapse (Russo et al. 2015a).

Liquid Biopsy to Monitor the Evolution of
Drug Resistance

Precision oncology is based on the availability
of accurate molecular maps of individual tu-
mors. Accordingly, a seminal application of liq-
uid biopsies is to detect and monitor the emer-
gence of secondary resistance to targeted
therapies.

As an example, in CRC, acquired resistance
to the anti-epidermal growth factor receptor
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(EGFR) antibodies cetuximab and panitumu-
mab is associated with the emergence of RAS
mutations, and these mutations have been de-
tected in ctDNA before disease progression can
be documented by standard imaging (Diaz et al.
2012; Misale et al. 2012). Indeed, patients with
CRC who acquired resistance to EGFR antibod-
ies displayed a heterogeneous pattern of muta-
tions in KRAS, NRAS, BRAF, and EGFR (Misale
et al. 2012; Bettegowda et al. 2014; Arena et al.
2015; Siravegna et al. 2015).

Along the same line, longitudinal genetic
profiling of the ctDNA of a CRC patient treated
with the TRK inhibitor entrectinib allowed the
identification of drug-resistance mechanisms to
the inhibitor in parallel with clinical treatment,
before resistance was clinically assessed by CT
scan (Russo et al. 2015a).

Mohan and colleagues (2014) performed
whole-genome sequencing of ctDNA in pa-
tients with CRC treated with anti-EGFR therapy
and found several copy-number changes in all
samples, including loss of the chromosomal
5q22 region harboring the APC gene, loss of
chromosome arms 17p and 18q, as well as am-
plifications in known genes involved in the re-
sistance to EGFR blockade such as MET, ERBB2,
and KRAS. Similarly, serial assessment of plas-
ma samples from lung patients allowed the
detection of increasing levels of the EGFR sec-
ondary mutation T790M, responsible for sec-
ondary resistance to the EGFR tyrosine kinase
inhibitor (TKI) erlotinib, weeks or even months
before clinical development of resistance (Ox-
nard et al. 2014).

Overall, these studies indicate that clonal
evolution during targeted therapies can be
monitored by longitudinal assessment of
ctDNA (Fig. 2).

Tumor Heterogeneity and Lesion-Specific
Response to Targeted Therapy

As discussed above, analysis of individual tissue
biopsies in patients with multiple sites of dis-
ease may not fully reflect the complex subclonal
landscape and the diversity of resistance mech-
anisms that ensue at the time of progression on
therapy (Fig. 2). This is particularly relevant in

situations in which a tumor contains multi-
ple subclonal events that become dominant on
acquisition of drug resistance. For example,
Russo and colleagues (2016b) investigated a
patient with metastatic CRC and acquired re-
sistance to cetuximab. The investigators re-
ported that distinct metastatic biopsies from
the same CRC patient displayed genetically dis-
tinct mechanisms of resistance to EGFR block-
ade. An initial liver biopsy identified a MEK1
K57T mutation following prolonged response
to cetuximab. Based on preclinical modeling
and functional characterization of the resistance
mechanism, combinatorial treatment with the
anti-EGFR antibody panitumumab and the
MEK inhibitor trametinib was chosen as a sub-
sequent line of therapy. Imaging revealed that
the lesion harboring the MEK1 mutation re-
sponded to the treatment; however, a neighbor-
ing metastasis progressed and was found to har-
bor a completely distinct resistance mechanism
(KRAS p.Q61H). By assessing tissue biopsies in
parallel with ctDNA analysis, the investigators
confirmed that separate metastases could inde-
pendently evolve distinctive resistance mecha-
nisms, resulting in striking differences in le-
sion-specific response to targeted therapy.

Most notably, this study highlights how the
analysis of a single-lesion biopsy can inade-
quately capture the molecular heterogeneity of
the patient’s cancer, and fails to detect the si-
multaneous presence of multiple resistance
mechanism (KRAS mutation) that ultimately
led to treatment failure. This highlights the po-
tential pitfalls of selecting a targeted therapy
strategy based on the molecular profile of a sin-
gle resistant lesion. ctDNA profiles, instead, not
only allowed the detection of concomitant re-
sistance mechanisms residing in separate metas-
tases, but it did so while the patient was receiv-
ing therapy, thereby predicting both the timing
and cause of impending treatment failure.

A further seminal example of how liquid
biopsies allow effective monitoring of tumor
evolution was provided by Murtaza and col-
leagues (2015) who performed extensive com-
parative analysis of eight tumor biopsies and
nine plasma samples collected from a metastatic
breast cancer patient, treated with tamoxifen
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and trastuzumab initially and lapatinib after-
ward, over a period of 3 years. Using WES, it
was found that common trunk mutations have
the highest circulating levels in plasma; in con-
trast, plasma levels of private somatic mutations
dynamically change according to disease pro-
gression. Among these, a mutation in the tyro-
sine kinase domain of ERBB4, most likely a key
determinant of resistance to lapatinib, increased
during treatment and reached the highest levels
at the time of disease progression. In contrast,
an actionable mutation in PIK3CA (p.E542K)
was identified in plasma at the time of progres-
sion on trastuzumab and tamoxifen but de-
clined during lapatinib treatment and then be-
came undetectable. This mutation was only
marginally detectable in two tumor biopsies
(Murtaza et al. 2015).

Overall, these analyses highlight how
ctDNA allow real-time monitoring of multifo-
cal clonal evolution during therapy. These ex-
amples provide a glimpse of future applications
of precision medicine, whereby we envision
adaptive therapy in response to evolving poly-
clonal mechanisms of drug resistance.

Exploiting Clonal Evolution: Adaptive and
Rechallenge Therapies

Understanding how tumor clonal heterogeneity
impacts therapeutic outcomes is still an unmet
clinical and scientific need. Innovative thera-
peutic strategies may have the potential to over-
come the challenges posed by clonal heteroge-
neity. Gatenby and colleagues proposed the
concept of adaptive therapy, whereby cancer
treatment should continuously adapt to the tu-
mor clonal evolution in space and time to main-
tain a fixed population of drug-sensitive cells,
which can in turn suppress or limit the growth
of drug-resistant cells (Gatenby et al. 2009).

In general, retreatment of patients with a
therapy on which they previously progressed is
avoided because of the assumption of persistent
drug resistance. However, studies investigating
the role of intermittent chemotherapy in CRC
patients provide evidence that rechallenge with
chemotherapy can be effective not only among
patients who previously responded, but also in

some patients who previously progressed to the
same clinical regimen (Maindrault-Goebel et al.
2004; Tournigand et al. 2006).

May intermittent therapy schedules lead to
reemergence of sensitive subclones, thus, pro-
viding the rationale for rechallenge therapy?
Building on this concept, Siravegna and col-
leagues recently showed that the percentage of
mutated KRAS clones, responsible for acquisi-
tion of resistance to anti-EGFR therapy in CRC
patients, declines in the blood of the patients
when EGFR-specific antibodies are withdrawn.
Importantly, the drop of RAS mutant levels in
the blood is associated with further clinical ben-
efit with the same therapeutic regimen (Sira-
vegna et al. 2015). These results indicate that
the CRC genome adapts dynamically to inter-
mittent drug schedules and provides a molecu-
lar explanation for the efficacy of rechallenge
therapies based on EGFR blockade. These find-
ings also provide the rationale for adaptive ther-
apy strategies, allowing patients to benefit from
multiple rounds of EGFR blockade. Similar re-
sults were observed in lung cancer patients who
regained sensitivity to gefitinib after a drug
holiday period (Kurata et al. 2004; Yoshimoto
et al. 2007) and in metastatic renal cell carcino-
ma patients treated with sunitinib (Zama et al.
2010).

Why would resistant mutated subclones de-
cline on drug withdrawl? Thakur and colleagues
showed that BRAF-mutated melanoma cells re-
sistant to vemurafenib remain oncogene depen-
dent despite the onset of resistance. Important-
ly, the fitness benefit provided by the resistance
alleles (e.g., expression of splice variant of BRAF
V600E) becomes a fitness deficit when the
drug is removed. This phenomenon may be re-
sponsible for vemufarenib-resistant melanomas
regression in vivo on drug withdrawal (Das
Thakur et al. 2013). Essentially, without the se-
lective pressure of the drug, the resistant clones
lose fitness and are outgrown by faster growing
drug-sensitive clones.

Noteworthy, the same type of clonal fitness
and dynamic on drug withdrawl has been ob-
served in human immunodeficiency virus
(HIV), in which drug-resistant viruses frequent-
ly have poor “replicative fitness” compared with
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wild-type HIV (Balduin et al. 2005; Martinez-
Picado and Martı́nez 2008).

Knowledge of the existence of low-frequen-
cy-resistant subclones at diagnosis supports the
use of combined therapeutic regimens targeting
mechanisms of resistance from the start, there-
fore, delaying or preventing the emergence of
resistance (Misale et al. 2015).

CONCLUDING REMARKS

Presently, therapy decisions are guided by mo-
lecular analysis of primary tumors obtained by
single biopsy specimens that can fail to detect
clinically relevant resistance alterations present
in separate metastases or even in different re-
gions of the same metastasis. In other words,
tissue biopsies are unable to properly uncover
intratumor heterogeneity, which is driven by
therapeutic pressures. On the contrary, liquid
biopsies may better capture the molecular het-
erogeneity of a patient’s tumor, and facilitate
identification of multiple resistance alterations
that, in turn, can profoundly affect clinical re-
sponse to therapies.

Furthermore, there is clear evidence that
therapy reshapes the tumor mutational land-
scape by promoting outgrowth of distinct resis-
tant subclones. To tackle this, clinical trials and
biomarker studies should include longitudinal
analyses of tumor evolution. We propose that
longitudinal ctDNA profiles should be integrat-
ed with serial tumor biopsies and lesion-specif-
ic radiographic responses to delineate mecha-
nisms of drug resistance and guide selection of
subsequent lines of treatment.
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et al. 2015. Mutations driving CLL and their evolution in
progression and relapse. Nature 526: 525–530.

Leary RJ, Sausen M, Kinde I, Papadopoulos N, Carpten JD,
Craig D, O’Shaughnessy J, Kinzler KW, Parmigiani G,
Vogelstein B, et al. 2012. Detection of chromosomal al-
terations in the circulation of cancer patients with whole-
genome sequencing. Sci Transl Med 4: 162ra154.

Liegl B, Kepten I, Le C, Zhu M, Demetri GD, Heinrich MC,
Fletcher CD, Corless CL, Fletcher JA. 2008. Heterogene-
ity of kinase inhibitor resistance mechanisms in GIST. J
Pathol 216: 64–74.

Maindrault-Goebel F, Tournigand C, André T, Carola E,
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