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Clonal evolution, the process of expansion and di-
versification of mutated cells, plays an important role in
cancer development, resistance, and relapse. Although
clonal evolution is most often conceived of as driven by
natural selection, recent studies uncovered that neutral
evolution shapes clonal evolution in a significant pro-
portion of solid cancers. In hematological malignancies,
the interplay between neutral evolution and natural se-
lection is also disputed. Because natural selection selects
cells with a greater fitness, providing a growth advan-
tage to some cells relative to others, the architecture of
clonal evolution serves as indirect evidence to distinguish
natural selection from neutral evolution and has been
associated with different prognoses for the patient.
Linear architecture, when the new mutant clone grows
within the previous one, is characteristic of hematological

malignancies and is typically interpreted as being driven
by natural selection. Here, we discuss the role of natural
selection and neutral evolution in the production of linear
clonal architectures in hematological malignancies. Al-
though it is tempting to attribute linear evolution to
natural selection, we argue that a lower number of
contributing stem cells accompanied by genetic drift can
also result in a linear pattern of evolution, as illustrated
by simulations of clonal evolution in hematopoietic stem
cells. The number of stem cells contributing to long-term
clonal evolution is not known in the pathological context,
and we advocate that estimating these numbers in the
context of cancer and aging is crucial to parsing out
neutral evolution from natural selection, 2 processes that
require different therapeutic strategies. (Blood. 2021;
137(14):1862-1870)

Introduction
During cancer development, mutations accumulate over time,
leading to the expansion and diversification of clones, cancer
cells that share a specific set of mutations inherited from a
common ancestor (Box 1). This process, known as clonal evo-
lution, plays an important role in cancer development, pro-
gression, therapy resistance, and relapse.1,2

Clonal evolution is increasingly depicted as an evolutionary
process driven by natural selection (Box 1). In this framework,
clones expand and outcompete other clones as a result of the
fitness advantage conferred by their mutations. The mutations
that increase fitness and confer a clonal growth advantage are
called driver mutations. They represent a crucial target for cancer
treatment and are subject to many clinical and biological
investigations.3-5 Of note, a driver mutation can be selected
through tumorigenesis but need not be required for cancer
maintenance. In parallel, cells also accumulate neutral muta-
tions, called passenger mutations, which do not confer any fit-
ness advantage and, therefore, are not subject to natural
selection. Neutral evolution of these passenger mutations can
also shape clonal evolution, notably by a phenomenon called
genetic drift, in which the allele frequencies of a mutation
change over time because of mere chance (Box 1). Additionally,

when passenger mutations occur in the same cells as driver
mutations, the passenger mutations increase their allele fre-
quency with the driver mutations. This phenomenon, called
hitchhiking (Box 1), can also participate in clonal evolution.
Exactly how the interplay between neutral evolution and natural
selection shapes clonal evolution in cancer is disputed. Indeed,
although natural selection is the dominant view, different studies
have uncovered that neutral evolution shapes clonal evolution in
more cases of cancer than expected.6-8 Although it seems
counterintuitive that malignant hematological phenotypes, such
as aberrant growth, could be associated with neutral evolution, it
is possible that mutations that are neutral in the stem cells gain a
selective advantage in other hematopoietic compartments,
resulting in cancerous aberrant growth. For example, in some
patients with chronic myelomonocytic leukemia (CMML), certain
mutated clones expand more in myeloid differentiating cells
than in stem cells as a result of increased sensitivity to
granulocyte-macrophage colony-stimulating factor.9,10 In he-
matological malignancies, the role of neutral evolution has been
less investigated with the exception of multiple myeloma, in
which it has been linked to a poor prognosis.11

Distinguishing driver mutations from passenger mutations is not
always straightforward. Functional assays to test the impact of
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mutations on cell fitness are the gold standard, but they are
cumbersome to carry out on each mutation. Alternatively, re-
current mutations across patients with the same cancer type is a
sign of natural selection but difficulties in mutation calling12-14

and neutral mutational hotspots complicate this inference.15,16 In
other words, some recurrent mutations can look like driver
mutations because they are occurring more frequently. Lastly,
the architecture of clonal evolution can serve as indirect evi-
dence of natural selection or neutral evolution. Clonal archi-
tecture is described as linear when the new mutant clone grows
within the previous one (Figure 1A) and branched when multiple
mutant clones arise independently and grow in parallel
(Figure 1B). Of note, classification as linear or branched archi-
tecture might vary if the mutations are detected using targeted
sequencing or whole-exome sequencing, because more mu-
tations are recovered with whole-exome sequencing, resulting in
more complex architecture. A linear architecture is typically
interpreted as the output of natural selection, whereas neutral
evolution has been described as an extreme case of branched
evolution.6,7,17-19 Intriguingly, although branched evolution has
been reported in solid tumors and hematological malignancies,

most, if not all, cases of linear evolution reported so far are in
hematological malignancies.10,20-28

Importantly, clonal architecture has been associated with dif-
ferent prognoses and impacts clinical outcome. In chronic
lymphocytic leukemia, an increased number of subclonal driver
mutations was associated with an inferior failure-free survival,
whereas an increase in clonal drivers was not.29 In acute myeloid
leukemia (AML), clonal dominance has been associated with a
worse prognosis,30 whereas branched evolution of signaling
mutations conveyed an inferior event-free survival compared
with linear evolution.31 These various associations between
clonal architecture and clinical outcomes highlight the impor-
tance of understanding the underlying processes that drive
clonal architecture. Although most reports of linear evolution
implicitly assume natural selection, the role of neutral evolution
in shaping linear clonal architectures has not been investigated.

Here, we discuss the role of natural selection and neutral evo-
lution in the production of linear clonal architectures in hema-
tological malignancies. Although it is tempting to attribute linear

BOX 1

Definitions

Clone: Cells that share a specific set of mutations inherited from a common ancestor.

Linear evolution: A Russian doll organization of clones whereby each new mutant clone grows within the previous one.

Branched evolution: Multiple mutant clones arise independently and grow in parallel.

Natural selection: Process that changes allele frequencies across generations as the result of better-adapted clones contributing
more offspring to the next generation compared with less well–adapted clones.

Neutral evolution: Evolution without natural selection (ie, the mutations introduced do not confer a functional advantage or
disadvantage).

Genetic drift: Stochastic process in which allele frequencies change across generations purely by chance (eg, because 1 clone
randomly has more cell death than another). It occurs in all finite populations but has the largest effect in small populations.

Hitchhiking: Process that allows neutral or weakly deleterious mutations to reach high frequency as a result of their presence in a
clone that also has $1 driver mutation.

Effective population size: The cells that effectively contribute to clonal evolution.

LINEAR

A

BRANCHED

B

Figure 1. Clonal architecture can follow 2 types of orga-
nization: linear and branched evolution. (A) Linear evolution
refers to a Russian doll-like organization where each new clone
occurs inside the previous one. Thus, each new clone inherits
all of the previous mutations. (B) Branched evolution refers to
parallel evolution of different clones. These 2 clonal archi-
tectures can be represented in various ways, including phy-
logenetic trees that reconstruct the occurrence of mutations
through time (top), fishplots that, in addition, represent the
growth of each new clone through time (middle), or slices that
capture the clonal architecture similarly to the fishplot but at a
particular time point (bottom).
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evolution to natural selection, we argue that a smaller number of
contributing stem cells (SCs) accompanied by drift can also result
in a linear pattern of evolution, as illustrated by simulations of
clonal evolution in hematopoietic SCs (HSCs). The number of
SCs contributing to long-term clonal evolution is not known in
the pathological context, and we advocate that estimating these
numbers in the context of cancer and aging is crucial to parsing
out neutral evolution from natural selection, 2 processes that
require different therapeutic strategies.

A role for neutral evolution in linear architecture of
hematological malignancies?
Although linear evolution seems to be a hallmark of hemato-
logical malignancies, linear and branched evolution have
been reported for patients with the same hematological
malignancies,10,20,23,24 and patients sometimes transition from
1 type to the other.32-34 Little is known about what differs
between patients with linear and branched evolution, and un-
derstanding whether natural selection or neutral evolution
mechanistically drives linear evolution has never been discussed.
Given that linear evolution can result in more favorable out-
comes for patients,29,31 this discussion is of importance for the
design of therapeutic interventions.35

Linear evolution follows a pattern that intuitively looks consistent
with a model of natural selection (Figure 1A): each new driver
mutation provides a selective advantage, enabling those cells to
outcompete previous clones, resulting in sequential dominant
clones that expand and sometime sweep the whole compart-
ment. Figure 2 illustrates this scenario using a toy model to
simulate clonal evolution in the HSC population (supplemental
Information, available on the Blood Web site). When the fitness
advantage conferred by each mutation increases (here their
probability to self-renew), the linearity index and the final clone
sizes increase (Figure 2A-B). When mutations confer a strong
selective advantage, the result is linear evolution, similar to that
observed in patients (Figure 2C).

However, we argue that the hypothesis that linear evolution
could also come from neutral evolution must not be discarded
too rapidly. The neutral evolution model is usually presented as
an extreme case of branched evolution,6,19 in which random
mutations with no fitness advantage accumulate over time,
driving clonal evolution in the absence of any natural selection.36

Nevertheless, this representation results from the hidden as-
sumption that the population of cells that effectively contributes
to clonal evolution, called the “effective population size” in
population genetics, is large. Indeed, in large populations, in the
absence of natural selection, clones rarely expand to a large
frequency; therefore, it is likely that newmutations occur outside
of preexisting clones. In contrast, it is well established that ef-
fective populations of small size are more susceptible to genetic
drift, in which some clones expand more than others by mere
chance (ie, the expansion of clones is not due to an increased
fitness).37,38 In hierarchical models, such as blood, in which only
SCs can self-renew and give rise to all other cells, clonal evo-
lution is driven by cancer stem cells (CSCs),39 a small fraction of
the cancer cells (in evolutionary terms, the effective population
size is incredibly small compared with the census population
size). Therefore, it is possible that a low number of contributing
SCs in blood cancer could favor linear clonal evolution as the
result of clones being more subject to genetic drift (ie, a

particular case of neutral evolution in a roughly constant-sized
population in which some clones grow bigger by mere chance).
Figure 2D-F illustrate this point using the same toy model as
before, this time removing the selective advantage conferred by
mutations and, instead, varying the number of SCs. The linearity
index increases with a smaller number of contributing SCs
(Figure 2D). Simulations of small SC compartments frequently
develop sizable clones (Figure 2E) and, in some cases, present
examples of linear evolution similar to the patterns observed in
patients (Figure 2F).10,21,22,24-26 When the number of SCs in-
creases, the impact of genetic drift becomes minor. In summary,
although linear evolution seems to be driven by natural selec-
tion, it can also result from neutral evolution through genetic drift
if the number of contributing SCs is sufficiently low.

In practice, other investigators have reported a role for neutral
evolution in 17% to 20% of patients with multiple myeloma, and
this was associated with a shorter survival.11 However, in that
study, neutral evolution was not linked to clonal architecture,
which is complex in that disease.40 Applying the same approach
and R2 threshold8 to 17 whole genome–sequenced CMML
patient samples,23 a type of leukemia in which linear evolution is
frequent,10,21 we found that 4 of the 17 patients fit the neutral
evolution model (UPN57, UPN62, UPN64, UPN65; Figure 3A;
supplemental Information), similar to the proportion in multiple
myeloma.11 In this CMML cohort, patient UPN62 had 6 exonic
mutations, among which 5 potential drivers (Figure 3B) orga-
nized in a linear clonal architecture (Figure 3C), making it a good
candidate for clonal evolution driven by natural selection. Yet,
the R2 value of 0.9967 also indicates that the mutations sub-
sequent to the TET2 mutation occurred through neutral evo-
lution. This example illustrates that neutral evolution is a
plausible interpretation of clonal evolution in some patients with
myeloid malignancies. Separating neutral evolution and natural
selection is an oversimplification, because both mechanisms
occur in parallel. It is possible that neutral evolution and natural
selection successively drive clonal evolution.41 For example, in
linear evolution, the first mutation could be a driver and increase
the fitness of the clone, and subsequent mutations could be
neutral and confer no growth advantage over that of the first.
Many combinations of natural selection and neutral evolution
can be envisaged.

Is the number of contributing HSCs compatible
with genetic drift?
Because neutral evolution can produce linear architecture when
the population of long-term contributing SCs is small, estimating
the number of contributing SCs is crucial to assess the potential
role of neutral evolution in hematological malignancies. More
precisely, for genetic drift to play a significant role in SCs within
the timescale of a human lifetime, it is not the absolute number
of SCs that matters, rather it is the number of SCs multiplied by
the time between symmetric divisions.42,43 Of course, to con-
tribute to cancer, the SCs that have undergone genetic drift also
need to differentiate into blasts or more mature cells.

In healthy individuals, current estimates of HSCs are derived
from indirect evidence (eg, the detection of somatic mutations in
downstream cells in 1 individual),42 and range from as few as 385
active HSCs in steady-state44 to as many as 50000 to 600 000
HSCs in adult hematopoiesis.42,43,45,46 Although the former
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estimates leave room for neutral linear evolution, the latter
renders it implausible.

In hematological malignancies, a number of unknowns should
make us cautious before ruling out neutral evolution. First,

although there are a few estimates of HSC number for healthy
individuals, they are not necessarily applicable to clonal evo-
lution in cancer. In the context of hematological malignancies, it
is unknown whether the number of CSCs contributing to clonal
evolution is similar to the number of HSCs in healthy hematopoiesis
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Figure 2.Mathematical modeling of clonal evolution illustrates that linear evolution requires natural selection to occur in large populations but can occur through drift
in small populations. (A-C) Simulations of a Moran model with 1000 cells and with increasing selective strength (increasing probability to self-renew upon acquisition of a
mutation, a). When a5 0, evolution is neutral, and all cells have equal probability to self-renew whether mutant or not. When a. 0, mutated cells have an increased probability
to expand (ie, mutations increase their fitness). (A) Linearity indices at t5 100 for selective strengths a5 0, a5 0.05, and a5 0.1. (B) Final clone frequency for all remaining clones
across all simulations at t5 100 for selective strengths a5 0, a5 0.05, and a5 0.1. (C) Representative examples of clonal evolution in these simulations. The text above indicates
the numbers of cells remaining and the linearity index at the end of the simulation. (D-F) Simulations with neutral evolution (a5 0) for 100, 1000, and 5000 SCs. (D) Linearity indices
at t5100 for 100, 1000, and 5000 SCs. (E) Final clone frequency for all remaining clones across all simulations at t5 100 for 100, 1000, and 5000 SCs. (F) Representative example of
clonal evolution for 100 cells, and 1 example of an outlier with a high linearity index.
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and how this depends on the type of malignancy. In addition,
cancer clones start from single mutated cells that multiply and
expand over time; therefore, the early disease stage necessarily
consists of a small number of cells. Therefore, genetic driftmay play
a sizeable role during this time period. Second, age and personal
medical history may also, transiently or permanently, have a
considerable impact on the size of the relevant HSC compartment.
Several studies suggest decreased clonal diversity,47,48 exhaustion
of HSC functionality,49-51 and increased functional heterogeneity
among HSCs with age.48 The number of HSCs contributing to
hematopoiesis in the elderly, the group most likely to develop
myeloid malignancies, is unknown. In addition, the specific bi-
ological challenges encountered by an individual can also impact
the number of HSCs. Some of the challenges shown to reduce the
number ofHSCs or inducequiescence includeobesity,52,53 viral and
bacterial infection,54,55 autoimmune disease (eg, acquired aplastic
anemia),56 total body irradiation, and radiotherapy and chemo-
therapy used in the treatment of solid cancers.57

All of these challenges that reduce HSC numbers have been
associated with the occurrence of clonal hematopoiesis: the
overrepresentation of a single clone in the blood or bone
marrow.58-60 However, the respective role of natural selection
and neutral evolution in these clonal expansions has yet to be
fully elucidated. The fact that synonymous (nonfunctional) mu-
tations are rarely observed at high allele frequency in the blood
of healthy people is good evidence in favor of natural selection in

clonal hematopoiesis.43 However, whole-genome sequencing
has shown that clonal hematopoiesis in some patients occurs
with no known driver mutations.61,62 This observation has led to
different interpretations, depending on the size of the SC
population assumed or inferred. Assuming a relatively small
number of SCs and relying on low-depth sequencing, Zink et al
concluded that the allele frequencies of mutations were con-
sistent with genetic drift.62 Conversely, Poon et al concluded that
there must be hidden driver mutations to explain the allele
frequency distribution of synonymous mutations.63 In conclu-
sion, current evidence points to a role for natural selection in
clonal hematopoiesis, but more evidence is needed before
ruling out a role for neutral evolution.

Another interesting case is HSC transplantation, which results in
a bottleneck in SC number. Only a limited number of cells ini-
tially seed and expand to regenerate the whole hematopoietic
system, a situation that could be favorable to drift. Using the
insertion site of the lentiviral vector used for gene therapy in
HSCs from patients with Wiskott-Aldrich Syndrome, Biasco and
colleagues estimated that 1600 to 4300 transduced HSCs were
actively contributing to long-term hematopoiesis,64,65 a range
that, particularly at the lower end, could allow a role for genetic
drift. Interestingly, clonal hematopoiesis from donors can be
engrafted in patients,66-69 the likelihood of a clone persistently
engrafting is not dependent on the donor allele frequency,66 and
there is no clear relationship between clone size in the recipient
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and that in the donor.66,68 These discrepancies between donor
and recipient can be attributed to a change in the selection
pressure due to transplantation or variability due to drift.

In addition to uncertainties in the number of HSCs in various
physiological contexts, it has been extensively shown that HSCs
are heterogeneous in their functional properties (eg, in their
differentiation potential,70-72 cell cycle time,73 downstream cel-
lular output,73-76 and level of quiescence70,77). The heterogeneity
in HSC properties has several implications for the estimation of
the SC effective population size. SCs (CSCs or HSCs) that exhaust
their self-renewal potential because of a limit on the number of
divisions78 or SCs that stay quiescent throughout the period of
interest cannotmake relevant contributions to clonal evolution.79

If SCs have stable, but heterogeneous, output, the relevant SC
pool may be different for different malignancies.72 More fun-
damentally, recent studies have led to intense debate over the
contribution of HSCs in homeostatic hematopoiesis, with some
studies suggesting that they are largely dispensable.80-84 Similar
investigations remain to be performed in hematological ma-
lignancies. Lastly, although progress in live imaging has started
to shed light on the spatial distribution and motility of SCs in the
bone marrow,85 the impact of cell-mixing dynamics on clonal
evolution remains unexplored and is likely to impact our in-
terpretation of genomic data.

Although the effective population size in HSCs and CSCs re-
mains difficult to address and is largely unknown, it is clear that it
can vary widely depending on context and life history. These
variations might impact the processes that drive clonal evolution
and the resulting clonal architecture by making linear evolution
more or less likely to occur through genetic drift. To determine
whether and when clonal evolution in hematological malig-
nancies is mainly driven by natural selection or neutral evolution,
it is crucial to determine the number of SCs actively contributing
to clonal evolution.

Implications of potential genetic drift for
cancer treatment
Distinguishing whether natural selection and/or neutral evolu-
tion plays a role in clonal evolution has some consequences for
the design of therapeutic interventions. In particular, it might be
important in the case of minimal residual disease and relapse to
determine whether the residual clone is made of cells that are
intrinsically resistant to the treatment or escape for some other
reason.86 Some therapeutic strategies to handle these issues rely
on the assumption of natural selection. For example, adaptive
therapies aim at maintaining clonal competition to avoid therapy
escape,87,88 and evolutionary steering strategies aim at steering
the tumor evolution with a first drug and then use a second drug
to target Darwinian adaptation trade-off (ie, specific sensitivity
associated with resistance to the first drug).89 Both are elegant
solutions to avoid the issue of therapy escape, but both also rely
on exploiting selective pressures or competition between clones
and, thus, would be ineffective in cases in which intratumor
diversity is dominated by neutral evolution. It is unclear whether
neutral evolution can persist during treatment, whether treat-
ment always introduces selective pressure that can be exploited
to design treatment, or whether it creates a bottleneck even
more favorable to genetic drift. In the context of natural se-
lection, understanding the selective pressures and associated
fitness advantage of cancer cells can help us to predict future

clonal evolution and choose the appropriate treatment. In
contrast, clones undergoing neutral evolution in small pop-
ulations are subject to stochastic amplification or reduction in
a less predictable way, which complicates the design of
therapeutic intervention. It is possible that patients with the
same hematological malignancies undergo different evolu-
tionary processes, some driven primarily by natural selection
and others undergoing neutral evolution. These different
underlying processes, which might be hidden by apparent
similarities in the clonal evolution architecture, could partially
account for the observed clinical heterogeneity that cannot be
fully explained by genetics.90 Developing tools to stratify
patients based on natural selection or neutral evolution could
help us to understand and better anticipate these different
clinical paths.

In addition to cancer treatment, the role of neutral evolution
might impact the interpretation of, and intervention, in clonal
hematopoiesis.91 Although clones have been retrospectively
identified several years before the diagnosis of AML,92,93

suggesting a potential window of therapeutic intervention to
avoid transformation of clonal hematopoiesis to AML, most
instances of clonal hematopoiesis remain benign (AML driver
mutations are ubiquitously found in adults94). Being able to
discriminate clonal hematopoiesis emerging by neutral evo-
lution from that emerging because of natural selection could
contribute to a better understanding of the various natural
histories and a better identification of patients at risk for ma-
lignant transformation.

Conclusions and perspective
Although it is tempting to assume that the linear evolution
observed in blood cancers is caused by natural selection acting
on fitter clones, we should not ignore the possibility that linear
evolution can result from neutral evolution through genetic drift
if the number of contributing SCs is sufficiently low. To dis-
criminate whether natural selection or genetic drift is causing
linear architecture in blood cancer, further investigations into the
number of SCs contributing to clonal evolution in the long-term
in different contexts (aging, cancer) are required.

In cancers, in the absence of mechanistic studies demonstrating
a gain of fitness, natural selection can only be inferred indirectly,
from the observation of large clones and/or from the recurrence
of mutations across patients. However, in the case of indirect
evidence for positive selection, alternatives causes are also
possible. When large clones are observed, they could also result
from genetic drift if the population of SCs is small enough. When
recurrent mutations are observed across patients, the mutations
could be selected for; alternatively, they could occur more
frequently (passenger hotspot).15,16

In practice, genetic drift could explain the presence of clones with
no candidate driver mutations observed in some hematological
malignancies (eg, 10% of myeloproliferative neoplasms),95,96 al-
though it is always possible that genetic or epigenetic driver
alterations have been undetected.63 In addition, genetic drift
could explain growth of clones with mutations providing no clear
fitness advantage to stem cells, such as JAK2V617Fmutations97 and
SRSF2P95Hmutations98; however, others factors could be involved,
such as the microenvironment, epimutations, or noncoding
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mutations. To evaluate the plausibility of genetic drift among
these possibilities, a better knowledge of the number of con-
tributing SCs and of the personal history of the patient (whether
they might have suffered SC exhaustion) seems crucial.

Importantly, genetic drift can indirectly increase the risk of
malignancies. Genetic drift could allow a mutation with no
selective advantage in SCs, but a malignant phenotype in
downstream cells, to expand in the SC compartment. When
genetic drift is strong enough to favor linear evolution, it in-
creases the likelihood of accumulating mutations, including
potentially malignant combinations of mutations. Both processes
might have important implications for cancer risk and
management.

To conclude, weencourage the community to question thegeneral
assumption that clonal evolution by natural selection is the only
possible driving force of blood cancer. It is important to consider
other hypotheses to avoid the potential misinterpretation of ob-
served phenomena, such as large clones. In addition, such as-
sumptions have consequences for patients. For example,
evolutionary steering strategies try to predict the course of evo-
lution to avoid therapy escape, but they may not work well for
neutrally evolving tumors. These hypotheses could also be relevant
in the interpretation of minimal residual disease, the late reoc-
currence of clones, and the phenomenon of clonal hematopoiesis.
Thus, it is important to acknowledge that clonal evolution can occur
without natural selection, even in instances of linear evolution and/
or the presence of recurrent mutations, and to be able to distin-
guish clones that have expanded as a result of genetic drift from
those that have expanded as a result of selection.
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Curie, CNRS UMR 168, 11 rue Pierre et Marie Curie, 75005 Paris, France;
e-mail: leila.perie@curie.fr.

Footnotes
Submitted 27 July 2020; accepted 5 December 2020; prepublished
online on Blood First Edition 11 December 2020. DOI 10.1182/
blood.2020008407.

*L.L. and L.P. are joint last authors.

The online version of this article contains a data supplement.

REFERENCES
1. McGranahan N, Swanton C. Clonal hetero-

geneity and tumor evolution: past, present,
and the future. Cell. 2017;168(4):613-628.

2. Andor N, Graham TA, Jansen M, et al. Pan-
cancer analysis of the extent and conse-
quences of intratumor heterogeneity. Nat
Med. 2016;22(1):105-113.

3. Bailey MH, Tokheim C, Porta-Pardo E, et al;
Cancer Genome Atlas Research Network.
Comprehensive characterization of cancer
driver genes and mutations [published cor-
rection appears in Cell. 2018;174(4):1034-
1035]. Cell. 2018;173(2):371-385.e18.

4. Tamborero D, Dienstmann R, Rachid MH,
et al; Cancer Core Europe consortium.
Support systems to guide clinical decision-
making in precision oncology: The Cancer
Core Europe Molecular Tumor Board Portal.
Nat Med. 2020;26(7):992-994.

5. Steensma DP. How I use molecular genetic
tests to evaluate patients who have or may
have myelodysplastic syndromes [published
correction appears in Blood. 2018;132(22):
2419]. Blood. 2018;132(16):1657-1663.

6. Ling S, Hu Z, Yang Z, et al. Extremely high
genetic diversity in a single tumor points to
prevalence of non-Darwinian cell evolution

[published correction appears in Proc Natl
Acad Sci USA. 2016;113(5):E663]. Proc Natl
Acad Sci USA. 2015;112(47):E6496-E6505.

7. Sottoriva A, Kang H, Ma Z, et al. A big bang
model of human colorectal tumor growth.
Nat Genet. 2015;47(3):209-216.

8. Williams MJ, Werner B, Barnes CP, Graham
TA, Sottoriva A. Identification of neutral tu-
mor evolution across cancer types. Nat
Genet. 2016;48(3):238-244.

9. Itzykson R, Solary E. An evolutionary per-
spective on chronic myelomonocytic leuke-
mia. Leukemia. 2013;27(7):1441-1450.

10. Itzykson R, Kosmider O, Renneville A, et al.
Clonal architecture of chronic myelomono-
cytic leukemias. Blood. 2013;121(12):
2186-2198.

11. Johnson DC, Lenive O, Mitchell J, et al.
Neutral tumor evolution in myeloma is as-
sociated with poor prognosis. Blood. 2017;
130(14):1639-1643.

12. ICGC/TCGA Pan-Cancer Analysis of Whole
Genomes Consortium. Pan-cancer analysis
of whole genomes. Nature. 2020;578(7793):
82-93.

13. Bohannan ZS, Mitrofanova A. Calling variants
in the clinic: informed variant calling

decisions based on biological, clinical, and
laboratory variables. Comput Struct Bio-
technol J. 2019;17:561-569.

14. Plutynski A. The Cancer Genome Atlas
Project: Data-driven, Hypothesis-driven or
Something In-Between? In: Donohue C,
Love AC, eds. Perspectives on the Human
Genome Project and Genomics. Minnesota
Studies in the Philosophy of Science.
Minneapolis: University of Minnesota Press;
2021.

15. Buisson R, Langenbucher A, Bowen D, et al.
Passenger hotspot mutations in cancer
driven by APOBEC3A and mesoscale ge-
nomic features. Science. 2019;364(6447):
eaaw2872.

16. Hess JM, Bernards A, Kim J, et al. Passenger
hotspot mutations in cancer. Cancer Cell.
2019;36(3):288-301.e14.

17. Sun R, Hu Z, Curtis C. Big bang tumor growth
and clonal evolution. Cold Spring Harb
Perspect Med. 2018;8(5):a028381.

18. Cross WC, Graham TA, Wright NA. New
paradigms in clonal evolution: punctuated
equilibrium in cancer. J Pathol. 2016;240(2):
126-136.

19. Davis A, Gao R, Navin N. Tumor evolution:
linear, branching, neutral or punctuated?

1868 blood® 8 APRIL 2021 | VOLUME 137, NUMBER 14 LYNE et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/137/14/1862/1804681/bloodbld2020008407.pdf by guest on 19 M

ay 2024

https://orcid.org/0000-0002-1779-8392
https://orcid.org/0000-0003-0185-3323
https://orcid.org/0000-0003-0185-3323
https://orcid.org/0000-0003-0798-4498
mailto:lucie.laplane@univ-paris1.fr
https://doi.org/10.1182/blood.2020008407
https://doi.org/10.1182/blood.2020008407


Biochim Biophys Acta Rev Cancer. 2017;
1867(2):151-161.

20. Chesnais V, Arcangeli M-L, Delette C, et al.
Architectural and functional heterogeneity of
hematopoietic stem/progenitor cells in non-
del(5q) myelodysplastic syndromes. Blood.
2017;129(4):484-496.

21. Merlevede J, Droin N, Qin T, et al. Mutation
allele burden remains unchanged in chronic
myelomonocytic leukaemia responding to
hypomethylating agents. Nat Commun.
2016;7(1):10767.

22. Hirsch P, Zhang Y, Tang R, et al. Genetic
hierarchy and temporal variegation in the
clonal history of acute myeloid leukaemia.
Nat Commun. 2016;7(1):12475.

23. Potter N, Miraki-Moud F, Ermini L, et al.
Single cell analysis of clonal architecture in
acute myeloid leukaemia. Leukemia. 2019;
33(5):1113-1123.

24. da Silva-Coelho P, Kroeze LI, Yoshida K, et al.
Clonal evolution in myelodysplastic syn-
dromes. Nat Commun. 2017;8(1):15099.

25. Makishima H, Yoshizato T, Yoshida K, et al.
Dynamics of clonal evolution in myelodys-
plastic syndromes. Nat Genet. 2017;49(2):
204-212.

26. Lundberg P, Karow A, Nienhold R, et al.
Clonal evolution and clinical correlates of
somatic mutations in myeloproliferative
neoplasms. Blood. 2014;123(14):2220-2228.

27. Melchor L, Brioli A, Wardell CP, et al. Single-
cell genetic analysis reveals the composition
of initiating clones and phylogenetic patterns
of branching and parallel evolution in mye-
loma. Leukemia. 2014;28(8):1705-1715.

28. Caye A, Strullu M, Guidez F, et al. Juvenile
myelomonocytic leukemia displays muta-
tions in components of the RAS pathway and
the PRC2 network. Nat Genet. 2015;47(11):
1334-1340.

29. Landau DA, Carter SL, Stojanov P, et al.
Evolution and impact of subclonal mutations
in chronic lymphocytic leukemia. Cell. 2013;
152(4):714-726.

30. CerranoM, DuchmannM, Kim R, et al. Clonal
dominance is an adverse prognostic factor in
acute myeloid leukemia treated with in-
tensive chemotherapy [published online
ahead of print 24 June 2020]. Leukemia. doi:
10.1038/s41375-020-0932-8.

31. Itzykson R, Duployez N, Fasan A, et al. Clonal
interference of signaling mutations worsens
prognosis in core-binding factor acute my-
eloid leukemia. Blood. 2018;132(2):187-196.

32. Ding L, Ley TJ, Larson DE, et al. Clonal
evolution in relapsed acute myeloid leu-
kaemia revealed by whole-genome se-
quencing. Nature. 2012;481(7382):506-510.

33. Jacoby MA, Duncavage EJ, Chang GS, et al.
Subclones dominate at MDS progression
following allogeneic hematopoietic cell
transplant. JCI Insight. 2018;3(5):e98962.

34. Theocharides A, Boissinot M, Girodon F,
et al. Leukemic blasts in transformed JAK2-
V617F-positive myeloproliferative disorders
are frequently negative for the JAK2-V617F
mutation. Blood. 2007;110(1):375-379.

35. Venkatesan S, Swanton C. Tumor evolu-
tionary principles: how intratumor hetero-
geneity influences cancer treatment and
outcome. Am Soc Clin Oncol Educ Book.
2016;35(36):e141-e149.

36. Sottoriva A, Barnes CP, Graham TA. Catch
my drift? Making sense of genomic intra-
tumour heterogeneity. Biochim Biophys Acta
Rev Cancer. 2017;1867(2):95-100.

37. Lynch M, Ackerman MS, Gout J-F, et al.
Genetic drift, selection and the evolution of
the mutation rate. Nat Rev Genet. 2016;
17(11):704-714.

38. Sottoriva A, Verhoeff JJ, Borovski T, et al.
Cancer stem cell tumor model reveals in-
vasive morphology and increased pheno-
typical heterogeneity. Cancer Res. 2010;
70(1):46-56.

39. Greaves M. Cancer stem cells as “units of
selection”. Evol Appl. 2013;6(1):102-108.

40. Lohr JG, Stojanov P, Carter SL, et al; Multiple
Myeloma Research Consortium. Widespread
genetic heterogeneity in multiple myeloma:
implications for targeted therapy. Cancer
Cell. 2014;25(1):91-101.

41. Bozic I, Paterson C, Waclaw B. On measuring
selection in cancer from subclonal mutation
frequencies. PLOS Comput Biol. 2019;15(9):
e1007368.

42. Lee-Six H, Øbro NF, Shepherd MS, et al.
Population dynamics of normal human blood
inferred from somatic mutations. Nature.
2018;561(7724):473-478.

43. Watson CJ, Papula AL, Poon GYP, et al. The
evolutionary dynamics and fitness landscape
of clonal hematopoiesis. Science. 2020;
367(6485):1449-1454.

44. Dingli D, Pacheco JM. Allometric scaling of
the active hematopoietic stem cell pool
across mammals. PLoS One. 2006;1(1):e2.

45. Wu S, Powers S, Zhu W, Hannun YA.
Substantial contribution of extrinsic risk fac-
tors to cancer development. Nature. 2016;
529(7584):43-47.

46. Abkowitz JL, Catlin SN, McCallie MT,
Guttorp P. Evidence that the number of
hematopoietic stem cells per animal is con-
served in mammals. Blood. 2002;100(7):
2665-2667.

47. Holstege H, Pfeiffer W, Sie D, et al. Somatic
mutations found in the healthy blood com-
partment of a 115-yr-old woman demon-
strate oligoclonal hematopoiesis. Genome
Res. 2014;24(5):733-742.

48. de Haan G, Lazare SS. Aging of hemato-
poietic stem cells. Blood. 2018;131(5):
479-487.

49. Goodell MA, Rando TA. Stem cells and
healthy aging. Science. 2015;350(6265):
1199-1204.

50. Ganuza M, Hall T, Finkelstein D, et al. The
global clonal complexity of the murine blood
system declines throughout life and after
serial transplantation. Blood. 2019;133(18):
1927-1942.
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