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A river model to map convergent cancer
evolution and guide therapy in RCC
Elizabeth Y. Wei and James J. Hsieh
Abstract | Intratumoural heterogeneity in clear cell renal cell carcinoma (ccRCC)
complicates identification and validation of biomarkers and thwarts attempts
to improve precision medicine. Efforts to depict intratumoural heterogeneity and to
pinpoint strategies for disease control resulted in the creation of the trunk–branch
model of mutational cancer evolution, which emphasizes targeting trunk mutations.
However, most patients with ccRCC receiving current therapeutics that target these
mutations, such as inhibitors of vascular endothelial growth factors, eventually
develop resistance. A novel paradigm might improve depiction of cancer evolution
and advise therapeutic selection: the river model is based on findings from multiregion
sequencing in samples from exceptional responders to mTOR inhibitors. The
accumulating data on genotypic and phenotypic convergence in renal cell carcinoma
and other malignancies can be used to examine how a mutable river model might best
describe clinically significant phenotype-convergent events that could guide effective
cancer control. This model originates from studying exceptional responders and its
generalizability awaits validation.
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Introduction

The success of imatinib, a tyrosine kinase
inhibitor, for the treatment of chronic myelogenous leukaemia (CML) at the end of the
past millennium spurred the development
of targeted therapies for cancer.1 Since then,
marked progress has been seen in the treatment of multiple malignancies. In patients
with gastrointestinal stromal tumours (also
called GISTs), head and neck squamous
cell carcinomas, non-small-cell lung cancer
(NSCLC), melanoma, and HER2-positive
breast cancer, the use of targeted agents
against c‑Kit and PDGFR‑α, 2 EGFR, 3,4
EGFR5 and anaplastic lymphoma kinase
(ALK),6 B‑raf,7,8 and HER2,9,10 respectively,
has resulted in profound improvements in
overall and progression-free survival.
For clear cell renal cell carcinoma
(ccRCC), two classes of targeted agents
have been developed in the past decade
whose clinical use has improved overall
survival of patients with metastatic disease
from approximately 1 year (when receiving
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cytokine therapy)11 to nearly 3 years.12,13 The
two classes target distinct pathways involved
in ccRCC tumorigenesis: the vascular
endothelial growth factor (VEGF) pathway
and the mTOR pathway.14 Sunitinib, the
second FDA-approved targeted agent for
ccRCC, is now a first-line VEGF inhibitor
for the treatment of metastatic disease.15,16
The mTOR complex 1 (mTORC1) inhibitors temsirolimus and everolimus are category 1 recommendations 17 as first-line
therapies for patients with ccRCC who
have a poor prognosis and for those who fail
first-line VEGF tyrosine kinase inhibitor
(TKI) therapy, respectively.11,18
Despite therapeutic advances in the
treatment of metastatic ccRCC, resistance
inevitably develops, leading to progression and further spread of the disease. Two
prevailing theories to explain therapeutic
resistance exist: acquisition of new genetic
and/or epigenetic aberrations and therapyrelated selection of pre-existing resistant
clones (termed intrinsic resistance). 19,20
The second hypothesis, proliferation of
therapy-r esistant clonal populations,
is becoming increasingly accepted as a



major cause of both primary and acquired
resistance in cancer, especially in light
of the extensive intrat umoural hetero
geneity that is characteristic of ccRCC and
other malignancies.21–23
The existence of extensive intratumoural
heterogeneity in patients with ccRCC poses
an exceptional challenge to achieving effect
ive treatment of this disease. Authors of a
series of studies investigating intratumoural
heterogeneity have suggested a few strat
egies to control disease progression, such
as targeting ubiquitous trunk mutations.24
In this Perspectives article, we propose a
novel river model depicting cancer evolution based on our findings from multi
region sequencing performed on samples
from exceptional responders to mTORC1
inhibitors. By capitalizing on the accumulating evidence of genotypic and phenotypic
convergence in renal cell carcinoma (RCC)
and other malignancies, we examine how
a river model might best describe phenotypically convergent events that could guide
effective cancer control.

Intratumoural heterogeneity

Pat holog ists have long re cog nize d
morphological variation between different regions of an excised renal tumour
and, as a result, examination of multiple tumour sections but reporting only
the highest grade detected has become
common practice. In 2012, Gerlinger and
colleagues 25 conducted the first multi
region sequencing analysis of primary
renal masses and, through exome sequencing and copy number analysis of four large
renal tumours, demonstrated that marked
genomic heterogeneity was associated with
histopathological variation. They found
heterogeneity to be even more extensive
than previously thought.26 The investigators
mapped two-thirds of the identified genetic
aberrations to the subclonal branches; the
remaining one-third were present ubiquitously throughout each tumour.25 Similar
distributions were found for copy number
alterations affecting the short and long
chromosomal arms in ccRCC.27
A subsequent analysis by Gerlinger
et al.28 again applied ultra-deep targeted
exome sequencing to 79 samples derived
from 10 patients with metastatic ccRCC,
www.nature.com/nrurol
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including the previously analysed four
patients.25 Intratumoural heterogeneity was
detected in all patients and, in the majority of tumours, heterogeneity (that is, the
number of detected mutations) increased
with the number of biopsy samples analy
sed with no evidence of saturation. The
investigators found that VHL mutations
and chromosome 3p loss were the only
ubiquitous events; other driver mutations,
including aberrations in PBRM1, SETD2
and BAP1, remained largely subclonal.28
Of note, this enhanced multiregion analysis also found that single-biopsy approaches
underestimated the prevalence of driver
mutations when the researchers compared the cumulative prevalence of driver
mutations per patient with the prevalence
of driver mutations reported by the The
Cancer Genome Atlas. 29 For example,
TP53 mutations, which were found in only
6% of single biopsies, comprised 40% of
mutations when all tumour regions from
a patient were considered cumulatively.28
Similarly, mutations in the PI3K–Akt–
mTOR pathway were found in 28% of
individual biopsies but in 60% of patients
included in this study.
From these multiregion studies, the tree
model (or trunk–branch model) emerged to
illustrate tumour growth.24,30 In this model,
ubiquitous mutations form the trunk, representing initiating and early driver mutations. For renal cancer, VHL mutation and
heterozygous loss of chromosome 3p are
well established to be initiating drivers,
as nearly all ccRCC patients demonstrate
these genomic alterations.31,32 Early driver
mutations that are present in the trunk
include, for example, those affecting chromatin modification, namely SETD2, BAP1,
PBRM1 and KDM5C.25,28,33,34 Heterogeneous
mutations are assigned to the branches of
the tree model, where their spatial and
temporal variations and relationships
are captured by further subdivisions.
This model demonstrates the evolutionary progression occurring during tumour
growth and highlights the complexity of
clonal populations.
The presence of intratumoural hetero
geneity emphasizes the limitations of single
biopsies in providing adequate and appropriate information for clinical decision
making, as many mutations that are present
in spatially separate regions are missed.35
Sequencing coverage is often insufficient
to reliably detect subclones that are rare
and have allele frequencies below a certain
threshold in one specific biopsy sample,

but are common in other parts of the
tumour.35,36 Only through massively deep
sequencing can single biopsies or single-
region analyses provide valuable information regarding subclonal populations.
In four patients with ccRCC, Gerstung
et al.23 identified subclonal variants with
frequencies as low as 1:10,000 alleles
when sequencing tumour and matched
normal samples with a median coverage of
>100,000× for mutations in VHL, PTEN,
TP53, and CDKN1B. Like multir egion
investigations, detection of subclones in
a single specimen using massively deep
sequencing analyses quantified clonal evolution and genetic diversity, identified loss
of heterozygosity and clearly demonstrated
intratumoural heterogeneity.23
Intratumoural heterogeneity might
also indicate disease prognosis.37 In lung
adenocarcinomas, investigators found that
patients who relapsed had higher global
intratumoural heterogeneity—specifically,
larger subclonal fractions in their primary
tumours—compared with patients who
did not relapse. 38 Intratumoural hetero
geneity might also be responsible for drug
resistance, as undetected subclones that are
resistant to a given therapy could prolifer
ate under specific selection pressures,
leading to eventual relapse of disease. 39
Ongoing research in both NSCLC and
CML corroborate the role of intratumoural
heterogeneity in drug resistance. Two
studies independently showed that the
EGFR mutation Thr790Met, also known
as the gatekeeper mutation T790M, which
is found in >50% of patients who develop
secondary resistance to gefitinib, might
also contribute to primary resistance.40,41
In treatment-naive patients with NSCLC,
the investigators found subpopulations
of cells containing the T790M resistance
mutation and these patients had shorter
progression-free survival (PFS) with TKI
therapy directed against EGFR compared
with patients who did not have cells with
this mutation.40,41 Similarly, in imatinib-
resistant CML, two studies found minority
subpopulations of drug-resistant cancer
cells in treatment-naive patients. 42,43
In aggregate, intratumoural heterogeneity
affects tumour biopsy strategy, determination of actionable targets, treatment
planning and drug resistance.

Challenges of heterogeneity

The mounting evidence of intratumoural
heterogeneity in ccRCC highlights two
challenges that both clinical oncologists and
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researchers face. Firstly, if intratumoural
heterogeneity is pervasive, obtaining a
comprehensive genomic profile of any one
tumour might be impossible without sampling multiple tumour regions; however, the
number of regions that must be sampled to
obtain an adequate characterization of a
patient’s tumour is unclear. Secondly, given
the extensive intratumoural heterogeneity,
appropriately fulfilling the prerequisites of
precision medicine—prescribing targeted
therapeutics, predicting response and
thwarting resistance—seems unattainable.
In the past year, data that address the first
challenge are beginning to emerge. After
sampling 3–5 spatially separate regions
of a primary renal mass and conducting
targeted exome sequencing for a specific
subset of ccRCC driver mutations, Sankin
and colleagues44 recommended that at least
three regions should be sampled to be able
to detect aberrations in VHL, PBRM1,
SETD2, BAP1 and/or KDM5C with 90%
certainty. Although this work provides a
foundation for future multiregion biopsy
analyses, the selected driver mutations are
among the most commonly found aberrations in ccRCC (VHL 52.3%, PBRM1 32.9%,
SETD2 11.5%, BAP1 10.1% and KDM5C
6.7%).29 Further investigations are critical
for appropriate detection of less prevalent
but therapeutically targetable driver mutations (for example, those involving MTOR
and/or TSC1).
Various strategies have been proposed
to achieve appropriate therapy in the
context of intratumoural heterogeneity.
For example, based on the tree model, one
reasonable method is targeting trunk mutations.24 In ccRCC, this approach translates
into targeting the dysregulated von Hippel–
Lindau disease tumour suppressor (VHL)–
hypoxia-inducible factor (HIF) axis and
its ultimate phenotypic outcome: VEGFmediated angiogenesis.45,46 VEGF inhibitors,
encompassing the TKIs and the monoclonal antibody bevacizumab, have contributed to prolonged partial or complete
responses in some patients.47 Unfortunately,
the beneficial effects of VEGF inhibitors
are not durable and resistance inevitably
emerges. In these situations, intratumoural
heterogeneity and underlying genetic and
epigenetic flexibility are probably responsible for continued tumorigenesis through
development of drug-resistant clones and/
or the annexation of alternate pathways that
circumvent drug inhibition.36,39,48
In addition, the effectiveness of the trunktargeting strategy can also be impaired
VOLUME 12 | DECEMBER 2015 | 707
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Figure 1 | Mutations demonstrating convergent evolution. Multiregion sequencing of biopsy samples from patients with metastatic
cell | Urology
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carcinoma revealed specific mutations in three exceptional responders to mTORC1 inhibitors.50 The tree models depict mutations found using the
MSK–IMPACT assay and categorize them into trunk and branch based on their prevalence. This model does not differentiate between drivers and
passengers; hence, mutations without a phenotypic effect are included. The passenger mutations had low allele frequencies and/or were only seen
in single branches, for example the PHOX2B mutation in patient 2. When depicted in the river model, analyses demonstrate early convergent mutation
of subclones resulting in mTOR activation, which explains the beneficial effect of treatment with mTORC1 inhibitors temsirolimus and everolimus.
In patients 1 and 3, the chronology of mutation acquisition could not be definitively characterized. ‡ERBB4 mutation, J. J. Hsieh, unpublished work.
Abbreviations: fs, frame shift; M, metastasis sampled; mTORC1, mTOR complex 1; R, tumour region sampled; ss, splice site; WT, wild type.

when new driver mutations arise in the
trunk or branches, owing to changing
environmental conditions and selection
pressures.30 Such a development was demonstrated in patients with NSCLCs positive
for ALK rearrangements.49 Treatment with
ALK TKIs conferred short-term disease
control but, invariably, relapse occurred
within 1 year owing to drug resistance.49
Through analysis of biopsy samples
obtained from 18 patients who developed
secondary resistance to the ALK TKI crizotinib, the investigators determined that drug
resistance arose from novel heterogeneous
mutations scattered throughout the tumour
branches.49 Interestingly, the pretreatment
driver trunk mutations themselves did not
change during therapy, suggesting that the
resistant mutations conferred an additive
phenotypic effect.
708 | DECEMBER 2015 | VOLUME 12

Given these seemingly insurmountable
obstacles to achieving effective therapy
posed by intratumoural heterogeneity,
the finding that some patients experience
exceptional responses to the same targeted
therapeutic agents to which others rapidly
develop resistance deserved particular
investigation. Our study on a cohort of five
patients with metastatic ccRCC who exhibited prolonged response to the mTORC1
inhibitors temsirolimus or everolimus elucidates some of the factors that contribute to
this uncommon phenomenon.50

Convergent evolution in ccRCC

In metastatic ccRCC, the median PFS of
patients receiving mTORC1 inhibitors
is <6 months; 11 however, some patients
experie nce markedly longer survival
periods. For example, the outlier cohort of



five patients with metastatic ccRCC that we
selected for further analysis had a median
PFS of 28 months.50 To determine the mechanisms underlying the durable responses of
these patients, we first conducted whole
exome sequencing followed by custom
targeted exome sequencing of 231 cancer
genes, encompassing tumour suppressors, oncogenes and therapeutic targets.51
The MSK–IMPACT (Memorial Sloan
Kettering–Integrated Mutation Profiling of
Actionable Cancer Targets) assay was performed on samples from multiple regions of
these patients’ primary tumours and, when
available, from metastases. In three patients,
multiregion analysis revealed marked intratumoural heterogeneity; however, at the
same time, results revealed phenotypic convergence upon mTOR pathway activation
across regions (Figure 1).50
www.nature.com/nrurol
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Figure 2 | The braided river model of convergent cancer evolution. The model illustrates parallel and convergent events occurring
throughout
tumorigenesis. Starting from initiating mutations, it depicts the stepwise accumulation of different driver mutations, the distinct time point
when all cancer hallmarks have been acquired and the tipping point beyond which targeted therapies have limited effectiveness, owing to the
presence of aggressive subclonal ‘speedy’ drivers conferring treatment resistance. Application of this paradigm enables delineation of
phenotypically important mutations and pathways. With accumulating data, it might determine the most appropriate therapy, taking into
account convergent events present in a patient’s tumour. Expanding knowledge in cancer genomics might define a therapeutic window of
opportunity, which describes a period in which the primary tumour and/or metastases predominantly rely on one targetable pathway. Targeted
treatment becomes much more difficult when the rate of mutagenesis increases and the prevalence of mutations conferring resistance
(speedy drivers) grows.

Patient 1 had three regions sequenced
within their primary tumour and one
region within a metastatic site. All regions
had mutations in VHL, TP53 and TSC1. The
metastatic site demonstrated an additional
mutation in ERBB4 (J. J. Hsieh, unpublished work). In patient 2, three regions
sampled from the primary tumour had
mutations in VHL and PBRM1; two clonal
populations with distinct inactivating mutations in TSC1 were also found. Finally, in
patient 3, four regions within the primary
tumour contained two dominant clones
with distinct mutations in BAP1, TSC1 and
MTOR. Further functional investigation
demonstrated that the mutations in TSC1
and MTOR resulted in mTOR pathway
activation in all three patients.50 The kinase
mTOR is a coordinator of cell growth and
metabolism and its activation results in
reduced sensitivity to nutrient-deprived
conditions.52 The convergence upon mTOR
activation evident in these exceptional
responders implies a critical role for this
pathway in ccRCC tumorigenesis,53 which
is also supported by the general therapeutic
benefit conferred by mTOR inhibitors in
patients with ccRCC.
Although the trunk–branch model
can accurately depict intratumoural

heterogeneity within a mass, it lacks the
capability to describe the functional relevance of the innumerable heterogeneous
mutations involved and to illustrate what
might be clinically significant convergence
events on both the genetic level and the
pathway level. Hence, based on the findings of convergent evolution from Voss
and colleagues,50 cancer growth might be
better visualized as a braided river, with the
capacity to diverge and converge, rather
than an ever-branching tree (Figure 2).
The source of the river is analogous to the
trunk mutations and contains the ubiquitous driver events, generally the initiating
and early drivers. For example, considering
patient 3, the beginning of the river includes
mutation of VHL and heterozygous loss of
chromosome 3p (Figure 1). The hetero
geneous mutations previously ascribed
to the branches of the tree model become
tributaries along the river, retaining both
the capability to become driver mutations
as well as to converge with other spatially or
temporally distinct mutations that affect the
genes along critical oncogenic or tumour
suppressor pathways of a given cancer
type. In patient 3, two distinct and spatially
separate mutations in TSC1 and MTOR
both affect the PI3K–Akt–mTOR pathway
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and activate mTOR kinase through different me chanisms—hence, with a view
on the river model, they join together in
affecting this pathway. Such analysis of
the mutational data from the exceptional
responder cohort shows that the braided
river model enables a novel visualization
of subclonal events and has the potential to summarize heterogeneous genetic
and epigenetic alterations into clinically
relevant information.

A window of opportunity

Often, the acquisition of metastatic potential is thought of as the ultimate cancer
hallmark and once this phenotype exists
the possibility of cure—or even just control
of disease—becomes remote. Despite this
principle, cytoreductive nephrectomy is
one recommendation for patients with
metastatic ccRCC who are good candidates
for surgery. 18 As metastatic cells derive
from subclones within the primary mass,
resection of that mass ostensibly removes
a source of development of new treatment-
resistant subclones, of emergence of the
mutator phenotype (if not already present)
and of continued metastatic seeding and
dispersal. 36,48,54 Despite resection, compelling evidence of continued genetic
VOLUME 12 | DECEMBER 2015 | 709
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divergence within metastatic sites exists,
which has been shown in several malignancies including ccRCC, pancreatic
cancer,55 breast cancer 56 and many others.
These findings explain the difficulty in
treating metastatic disease. Not only do
we not yet understand the genetic basis of
metastasis, but further mutations within
metastases ensure an increased likelihood
of emergence of driver mutations (socalled back-up drivers) that circumvent
dependency on the therapeutically targeted
pathways and confer resistance.57
However, as demonstrated by the analysis of exceptional responders, some patients
can derive benefit from treatment despite
metastatic dissemination of disease. 50 In
one of the patients, in whom we analysed
a metastatic site (patient 1), we even found
an instance of a distinct ERBB4 mutation
in one metastasis (J. J. Hsieh, unpublished
work), suggesting continued genetic divergence after acquisition of metastatic potential (Figure 1). 50 Protein overexpression
from ERBB4 has been shown to activate
the PI3K–Akt–mTOR pathway independently from mTOR-related mechanisms
in patients with lung, breast or colon
cancer.58–60 In addition, in breast cancer,
ERBB4 mutations can mediate resistance
to ERBB2 inhibitors.58
The observation of durable therapy
responses in the exceptional resp onders
might indicate that, in select patients, a
window of opportunity after acquisition
of metastatic potential and dissemination
exists during which the immigrant cancer
cells continue to rely on drivers acquired
in the primary mass.36,61 Hence, during the
window of opportunity, even in the presence
of additional potential driver mutations,
such as ERBB4 in metastases, the metastases still heavily depend on the drivers that
led to premetastatic tumorigenesis. For
example, in patient 1, the metastases were
reliant on driver mutations involving VHL
and TSC1.50 Hypothetically, therapy was
given during a window in which, despite
mutations in TP53 and ERBB4, activation of the mTOR pathway dominated the
tumour phenotype and, thus, imparted sensitivity to temsirolimus. Although further
analysis of metastases at a later time point
was not conducted, one could speculate
that metastatic subclones containing the
ERBB4 mutation proliferated, turning this
mutation into a back-up driver that could
impede or reduce the effects of temsirolimus and result in the eventual disease progression. Alternatively, the ERBB4 mutation
710 | DECEMBER 2015 | VOLUME 12

might also represent the first detectable
‘speedy’ driver among many new mutations present in the metastatic lesions, as
the rate of mutagenesis and prevalence of
treatment-resistant mutations race out of
control. As more driver mutations occur
and proliferate, the ability to target speci
fic pathways becomes increasingly challenged and patient prognosis becomes
increasingly dire.

Convergence in other cancers

Voss et al. 50 are the first investigators
to describe therapeutically beneficial
pathway-convergent events in ccRCC.
However, a series of multiregion genomic
analyses in RCC have also reported the
presence of gene and pathway convergence
in key RCC driver genes (SETD2, KDM5C,
PTEN, BAP1, PBRM1 and PIK3CA) and
components of the SWI/SNF chromatin
remodelling complex (PBRM1, ARID1A
and SMARCA4).25,28,62
In 2015, Juric et al.63 identified pathway
convergence in response to therapeutic selection pressure in one patient with
metastatic breast cancer. PCR-based
genetic sequencing identified a mutation in PIK3CA. The patient was sub
sequently enrolled in a phase I clinical
trial of a novel PI3Kα inhibitor (BYL719),
and treatment with this inhibitor resulted
in a partial response lasting 9.5 months.64
Disease progression occurred in the lungs,
prompting discontinuation of BYL719,
and the patient rapidly succumbed to the
disease. Tissue samples from 14 metastatic sites were collected during rapid
autopsy and underwent whole genome
sequencing followed by IMPACT sequencing to identify mechanisms of resistance
to BYL719. Investigators found single
copy loss of PTEN in all metastatic sites.63
Strikingly, in 10 of the 14 metastatic sites,
they detected six distinct alterations in
the remaining copy of PTEN leading to
immunohistochemistry-confirmed loss
of PTEN protein, including four different
exon-level deletions, a splice site mutation
at Lys342 and a frameshift indel at Pro339.
Thus, multiregion sequencing identified
convergent evolution upon PTEN loss as
a mechanism of resistance to the PI3Kα
inhibitor BYL719.
In malignancies other than ccRCC and
breast cancer, the relationship between
genetic convergence and clinical outcome
has yet to be investigated. However, convergence itself has been reported in several
cancers, including chronic lymphocytic



leukaemia, multiple myeloma and colorectal cancer. In a longitudinal analysis of
clonal evolution in patients with chronic
lymphocytic leukaemia, investigators found
evidence of convergent evolution in two
of the 12 study participants.65 Mutations
affecting the same gene were present in different subclones. In one patient (designated
CLL11), sequencing identified two major
subclones. One subclone was characterized by a nonsense mutation in NOTCH1
and a frameshift indel in DDX3X. The
second subclone contained an independent frameshift in DDX3X, as well as two
distinct mutations in NOTCH1. A second
patient (designated CLL33) had two subclones and almost complete subclonal
replacement occurred during therapy
until the time of relapse. 65 At baseline,
the major clone contained mutations in
DDX3X and SF3B1. The much smaller
subclone, comprising only 0.4% of the leukaemic cells, contained independent mutations in DDX3X and SF3B1 in addition to
further mutations in NOTCH1 and TP53.
Furthermore, both subclones demonstrated
different breakpoints on del(11q22). At
time of relapse, the smaller subclone dominated the malignancy, comprising >99% of
cancer cells.
In six patients with multiple myeloma,
single-cell genotyping and copy number
analysis revealed two patients who had
distinct mutations in the Ras–MAPK
pathway. 66 In these patients, independent acquisition of mutations in KRAS and
NRAS were found in spatially separate
clones with a convergent phenotype, resulting in constitutive Ras–MAPK pathway
activation. The authors did not discuss
whether this finding affected therapeutic
decision making for these patients.
F i n a l ly, i n m e t a s t at i c c ol ore c t a l
cancer, resistance mechanisms to EGFRtargeted antibody therapy demonstrated
m a r k e d h e t e ro g e n e it y. 6 7 A lt h ou g h
the most common mutation involved
KRAS, research has implicated numerous genes to be involved in both primary
and seconda ry resistance, for example
NRAS, ERBB2, BRAF, MET, PIK3CA and
PTEN.67 Regardless of the gene or mutation
involved, the convergent phenotypic result
was constitutive activation of mitogenactivated protein kinase kinases (MEK)
and mitogen-activated protein kinases
(ERK), which identifies another area of
research and a pharmacological target for
therapy in patients with tumours resistant
to EGFR‑targeted agents.67
www.nature.com/nrurol
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Conclusions

The convergence phenomenon documented
in an increasing number of malignancies
lends further credibility to the evolutionary basis of cancer development: external
selection pressures dictate emergence of the
most adaptive phenotypes and, in turn, these
phenotypes configure the genetic mutations
that accumulate within proliferating cancer
cells.48,68 From this evolutionary perspective,
the pervasiveness of intratumoural heterogeneity—and, similarly, the lack of clinically
significant biomarkers—is not surprising.69
Nevertheless, through continued multiregion analyses and further longitudinal
sequencing investigations in exceptional
therapy responders, the pathways on which
tu morigenesis is dependent might yet
be elucidated.
Exceptional responders present a unique
opportunity to understand tumour biology,
and determining the basis of their distinct
therapeutic response is developing into a new
branch of cancer research. Such analyses,
however, have their limitations, despite the
useful biomarker data they provide. Often,
exceptional responders represent a very
small subset of patients and, as such, conclusions from analyses of their tumours might
not be generalizable to the larger population
of patients with cancer.
Furthermore, although pathway convergence dictated therapy responses in patients
with ccRCC or breast cancer, establishing the clinical significance of convergent
events requires validation in a large cohort of
patients and in other malignancies. Thus, the
braided river model—based on observation
of pathway-convergent events—is limited by
the cohort of patients studied. Moreover, the
model cannot, at this time, provide temporal
information regarding sequential mutations.
Still, the paradigm offers many advantages in
comparison with the trunk–branch model.
As many studies are beginning to show,
convergence of mutations on the gene and
pathway level are not uncommon events.
The current trunk–branch model, although
useful in describing the abundance of subclonal populations, cannot represent these
convergent events, which occur between,
and sometimes within, subclones. These convergent events, as the exceptional responders demonstrate, might have critical roles in
clinical decision making and response to targeted therapy. Through analysing convergent
events and recognizing the functional inter
connections between tributaries of the river,
the ability to bridge the gap from phenotype
to genotype and vice versa can be achieved.

Human Oncology and Pathogenesis Program,
1275 York Avenue, Box 20, New York,
NY 10065, USA (E.Y.W.). Genitourinary
Oncology Service, Department of Medicine,
Memorial Sloan Kettering Cancer Center,
353 East 68th Street, New York, NY 10065, USA
(J.J.H.).
Correspondence to: J.J.H.
hsiehj@mskcc.org
1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

Druker, B. J. et al. Efficacy and safety of a
specific inhibitor of the BCR-ABL tyrosine
kinase in chronic myeloid leukemia. N. Engl.
J. Med. 344, 1031–1037 (2001).
Heinrich, M. C. et al. Kinase mutations and
imatinib response in patients with metastatic
gastrointestinal stromal tumor. J. Clin. Oncol.
21, 4342–4349 (2003).
Leemans, C. R., Braakhuis, B. J. &
Brakenhoff, R. H. The molecular biology of head
and neck cancer. Nat. Rev. Cancer 11, 9–22
(2011).
Brockstein, B. E. & Vokes, E. E. Head and neck
cancer in 2010: Maximizing survival and
minimizing toxicity. Nat. Rev. Clin. Oncol. 8,
72–74 (2011).
Kris, M. G. et al. Efficacy of gefitinib, an
inhibitor of the epidermal growth factor receptor
tyrosine kinase, in symptomatic patients with
non–small cell lung cancer: a randomized trial.
JAMA 290, 2149–2158 (2003).
Kwak, E. L. et al. Anaplastic lymphoma kinase
inhibition in non‑small‑cell lung cancer. N. Engl.
J. Med. 363, 1693–1703 (2010).
Flaherty, K. T. et al. Inhibition of mutated,
activated BRAF in metastatic melanoma.
N. Engl. J. Med. 363, 809–819 (2010).
Chapman, P. B. et al. Improved survival with
vemurafenib in melanoma with BRAF V600E
mutation. N. Engl. J. Med. 364, 2507–2516
(2011).
Cobleigh, M. A. et al. Multinational study of the
efficacy and safety of humanized anti-HER2
monoclonal antibody in women who have HER2overexpressing metastatic breast cancer that
has progressed after chemotherapy for
metastatic disease. J. Clin. Oncol. 17,
2639–2648 (1999).
Vogel, C. L. et al. Efficacy and safety of
trastuzumab as a single agent in first-line
treatment of HER2-overexpressing metastatic
breast cancer. J. Clin. Oncol. 20, 719–726
(2002).
Hudes, G. et al. Temsirolimus, interferon α,
or both for advanced renal-cell carcinoma.
N. Engl. J. Med. 356, 2271–2281 (2007).
Motzer, R. J. et al. Pazopanib versus sunitinib in
metastatic renal-cell carcinoma. N. Engl. J. Med.
369, 722–731 (2013).
Ko, J. J. et al. The International Metastatic Renal
Cell Carcinoma Database Consortium model as
a prognostic tool in patients with metastatic
renal cell carcinoma previously treated with firstline targeted therapy: a population-based study.
Lancet Oncol. 16, 293–300 (2015).
Bhatt, J. R. & Finelli, A. Landmarks in the
diagnosis and treatment of renal cell
carcinoma. Nat. Rev. Urol. 11, 517–525 (2014).
Motzer, R. J. et al. Sunitinib versus interferon α
in metastatic renal-cell carcinoma. N. Engl.
J. Med. 356, 115–124 (2007).
Motzer, R. J. et al. Activity of SU11248, a
multitargeted inhibitor of vascular endothelial
growth factor receptor and platelet-derived
growth factor receptor, in patients with
metastatic renal cell carcinoma. J. Clin. Oncol.
24, 16–24 (2006).

NATURE REVIEWS | UROLOGY

17. National Comprehensive Cancer Network®.
NCCN categories of evidence and consensus
[online], http://www.nccn.org/professionals/
physician_gls/categories_of_consensus.asp
(2015).
18. National Comprehensive Cancer Network®.
Kidney Cancer Version 3.2015 [online],
http://www.nccn.org/professionals/
physician_gls/pdf/kidney.pdf (2015).
19. Cooke, S. L. et al. Genomic analysis of genetic
heterogeneity and evolution in high-grade
serous ovarian carcinoma. Oncogene 29,
4905–4913 (2010).
20. Li, X. et al. Intrinsic resistance of tumorigenic
breast cancer cells to chemotherapy. J. Natl
Cancer Inst. 100, 672–679 (2008).
21. Hiley, C., de Bruin, E. C., McGranahan, N.
& Swanton, C. Deciphering intratumor
heterogeneity and temporal acquisition of
driver events to refine precision medicine.
Genome Biol. 15, 453 (2014).
22. Shah, N. P. & Sawyers, C. L. Mechanisms
of resistance to STI571 in Philadelphia
chromosome-associated leukemias. Oncogene
22, 7389–7395 (2003).
23. Gerstung, M. et al. Reliable detection of
subclonal single-nucleotide variants in tumour
cell populations. Nat. Commun. 3, 811 (2012).
24. Yap, T. A., Gerlinger, M., Futreal, P. A., Pusztai, L.
& Swanton, C. Intratumor heterogeneity: seeing
the wood for the trees. Sci. Transl. Med. 4,
127ps10 (2012).
25. Gerlinger, M. et al. Intratumor heterogeneity
and branched evolution revealed by multiregion
sequencing. N. Engl. J. Med. 366, 883–892
(2012).
26. Jiang, F. et al. Construction of evolutionary tree
models for renal cell carcinoma from
comparative genomic hybridization data.
Cancer Res. 60, 6503–6509 (2000).
27. Martinez, P. et al. Parallel evolution of tumour
subclones mimics diversity between tumours.
J. Pathol. 230, 356–364 (2013).
28. Gerlinger, M. et al. Genomic architecture and
evolution of clear cell renal cell carcinomas
defined by multiregion sequencing. Nat. Genet.
46, 225–233 (2014).
29. Cancer Genome Atlas Research Network.
Comprehensive molecular characterization
of clear cell renal cell carcinoma. Nature 499,
43–49 (2013).
30. Swanton, C. Intratumor heterogeneity: evolution
through space and time. Cancer Res. 72,
4875–4882 (2012).
31. Hakimi, A. A., Pham, C. G. & Hsieh, J. J. A clear
picture of renal cell carcinoma. Nat. Genet. 45,
849–850 (2013).
32. Brugarolas, J. Molecular genetics of clear-cell
renal cell carcinoma. J. Clin. Oncol. 32,
1968–1976 (2014).
33. Hakimi, A. A. et al. Clinical and pathologic
impact of select chromatin-modulating tumor
suppressors in clear cell renal cell carcinoma.
Eur. Urol. 63, 848–854 (2013).
34. Hakimi, A. A. et al. Adverse outcomes in clear
cell renal cell carcinoma with mutations of
3p21 epigenetic regulators BAP1 and SETD2:
a report by MSKCC and the KIRC TCGA
Research Network. Clin. Cancer Res. 19,
3259–3267 (2013).
35. Fisher, R., Pusztai, L. & Swanton, C. Cancer
heterogeneity: implications for targeted
therapeutics. Br. J. Cancer 108, 479–485 (2013).
36. Merlo, L. M., Pepper, J. W., Reid, B. J.
& Maley, C. C. Cancer as an evolutionary
and ecological process. Nat. Rev. Cancer 6,
924–935 (2006).

VOLUME 12 | DECEMBER 2015 | 711
© 2015 Macmillan Publishers Limited. All rights reserved

PERSPECTIVES
37. Carter, S. L., Eklund, A. C., Kohane, I. S.,
Harris, L. N. & Szallasi, Z. A signature of
chromosomal instability inferred from gene
expression profiles predicts clinical outcome
in multiple human cancers. Nat. Genet. 38,
1043–1048 (2006).
38. Zhang, J. et al. Intratumor heterogeneity in
localized lung adenocarcinomas delineated
by multiregion sequencing. Science 346,
256–259 (2014).
39. Gillies, R. J., Verduzco, D. & Gatenby, R. A.
Evolutionary dynamics of carcinogenesis and
why targeted therapy does not work. Nat. Rev.
Cancer 12, 487–493 (2012).
40. Su, K.‑Y. et al. Pretreatment epidermal growth
factor receptor (EGFR) T790M mutation
predicts shorter EGFR tyrosine kinase
inhibitor response duration in patients with
non‑small‑cell lung cancer. J. Clin. Oncol. 30,
433–440 (2012).
41. Inukai, M. et al. Presence of epidermal growth
factor receptor gene T790M mutation as a
minor clone in non–small cell lung cancer.
Cancer Res. 66, 7854–7858 (2006).
42. Roche-Lestienne, C. et al. Several types of
mutations of the Abl gene can be found in
chronic myeloid leukemia patients resistant to
STI571, and they can pre-exist to the onset of
treatment. Blood 100, 1014–1018 (2002).
43. Shah, N. P. et al. Multiple BCR-ABL kinase
domain mutations confer polyclonal resistance
to the tyrosine kinase inhibitor imatinib
(STI571) in chronic phase and blast crisis
chronic myeloid leukemia. Cancer Cell 2,
117–125 (2002).
44. Sankin, A. et al. The impact of genetic
heterogeneity on biomarker development
in kidney cancer assessed by multiregional
sampling. Cancer Med. 3, 1485–1492 (2014).
45. Shen, C. & Kaelin, W. G. Jr. The VHL/HIF axis in
clear cell renal carcinoma. Semin. Cancer Biol.
23, 18–25 (2013).
46. Voss, M. H., Hsieh, J. J. & Motzer, R. J. Novel
approaches targeting the vascular endothelial
growth factor axis in renal cell carcinoma.
Cancer J. 19, 299–306 (2013).
47. Albiges, L. et al. Complete remission with
tyrosine kinase inhibitors in renal cell
carcinoma. J. Clin. Oncol. 30, 482–487 (2012).

712 | DECEMBER 2015 | VOLUME 12

48. Gerlinger, M. & Swanton, C. How Darwinian
models inform therapeutic failure initiated by
clonal heterogeneity in cancer medicine. Br. J.
Cancer 103, 1139–1143 (2010).
49. Katayama, R. et al. Mechanisms of acquired
crizotinib resistance in ALK-rearranged lung
cancers. Sci. Transl. Med. 4, 120ra17 (2012).
50. Voss, M. H. et al. Tumor genetic analyses of
patients with metastatic renal cell carcinoma and
extended benefit from mTOR inhibitor therapy.
Clin. Cancer Res. 20, 1955–1964 (2014).
51. Cheng, D. T. et al. Memorial Sloan Kettering–
Integrated Mutation Profiling of Actionable
Cancer Targets (MSK–IMPACT): a hybridization
capture-based next-generation sequencing
clinical assay for solid tumor molecular
oncology. J. Mol. Diagn. 17, 251–264 (2015).
52. Hanahan, D. & Weinberg, R. A. Hallmarks of
cancer: the next generation. Cell 144, 646–674
(2011).
53. Linehan, W. M., Srinivasan, R. & Schmidt, L. S.
The genetic basis of kidney cancer: a metabolic
disease. Nat. Rev. Urol. 7, 277–285 (2010).
54. Fidler, I. J. & Poste, G. The “seed and soil”
hypothesis revisited. Lancet Oncol. 9, 808
(2008).
55. Campbell, P. J. et al. The patterns and dynamics
of genomic instability in metastatic pancreatic
cancer. Nature 467, 1109–1113 (2010).
56. Torres, L. et al. Intratumor genomic
heterogeneity in breast cancer with clonal
divergence between primary carcinomas and
lymph node metastases. Breast Cancer Res.
Treat. 102, 143–155 (2007).
57. Marusyk, A., Almendro, V. & Polyak, K.
Intra‑tumour heterogeneity: a looking glass for
cancer? Nat. Rev. Cancer 12, 323–334 (2012).
58. Canfield, K. et al. Receptor tyrosine kinase
ERBB4 mediates acquired resistance to ERBB2
inhibitors in breast cancer cells. Cell Cycle 14,
648–655 (2015).
59. Tvorogov, D. et al. Somatic mutations of ErbB4:
selective loss‑of‑function phenotype affecting
signal transduction pathways in cancer. J. Biol.
Chem. 284, 5582–5591 (2009).
60. Williams, C. S. et al. ERBB4 is over-expressed
in human colon cancer and enhances cellular
transformation. Carcinogenesis 36, 710–718
(2015).



61. Iwasa, Y., Nowak, M. A. & Michor, F. Evolution of
resistance during clonal expansion. Genetics
172, 2557–2566 (2006).
62. Lee, C.‑H., Pham, C. G. & Hsieh, J. J. in Renal
Cell Carcinoma: Molecular Targets and Clinical
Applications 3rd edn (eds Bukowski, R., Figlin,
R. A. & Motzer, R.) 111–151 (Springer, 2015).
63. Juric, D. et al. Convergent loss of PTEN leads to
clinical resistance to a PI(3)Kα inhibitor. Nature
518, 240–244 (2015).
64. US National Library of Medicine. ClinicalTrials.gov
[online], https://clinicaltrials.gov/ct2/show/
NCT01219699 (2014).
65. Ojha, J. et al. Deep sequencing identifies
genetic heterogeneity and recurrent convergent
evolution in chronic lymphocytic leukemia.
Blood 125, 492–498 (2015).
66. Melchor, L. et al. Single-cell genetic analysis
reveals the composition of initiating clones and
phylogenetic patterns of branching and parallel
evolution in myeloma. Leukemia 28,
1705–1715 (2014).
67. Misale, S., Di Nicolantonio, F.,
Sartore‑Bianchi, A., Siena, S. & Bardelli, A.
Resistance to anti-EGFR therapy in colorectal
cancer: from heterogeneity to convergent
evolution. Cancer Discov. 4, 1269–1280 (2014).
68. Gatenby, R. A. & Gillies, R. J. A
microenvironmental model of carcinogenesis.
Nat. Rev. Cancer 8, 56–61 (2008).
69. Gatenby, R. A., Gillies, R. J. & Brown, J. S.
Of cancer and cave fish. Nat. Rev. Cancer 11,
237–238 (2011).
Acknowledgements
We thank our patients for donating their tumours
and the team members of the Memorial Sloan
Kettering Cancer Center Translational Kidney Cancer
Research Program for the advancement of kidney
cancer research. The originally submitted
illustrations were provided by Ms Wenjing Wu. This
work is supported by the J. Randall & Kathleen L.
MacDonald Kidney Cancer Research Fund.
Author contributions
Both authors researched data for the article,
substantially contributed to discussion of the
content, wrote and reviewed and/or edited
the article before submission.

www.nature.com/nrurol
© 2015 Macmillan Publishers Limited. All rights reserved

