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An Evolutionary Approach to Clonally 
Complex Hematologic Disorders 
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Review

abstRact Emerging clonal complexity has brought into question the way in which we perceive 
and, in turn, treat disorders of the hematopoietic system. Former models of cell-

intrinsic clonal dominance driven by acquisition of driver genes in a stereotypic sequence are often 
insufficient in explaining observations such as clonal hematopoiesis, and new paradigms are in order. 
Here, we review the evidence within the hematologic malignancy field and also borrow from perspec-
tives rooted in evolutionary biology to reframe pathogenesis of hematologic disorders as dynamic 
processes involving complex interplays of genetic and nongenetic subclones and the tissue microenvi-
ronment in which they reside.

Significance: Hematopoietic malignant and premalignant syndromes exhibit vast clonal diversity 
that is subject to selection imposed by the tissue microenvironment, as well as artificial selection by 
therapy. Tackling these disorders requires an appreciation of heterogeneity at both genetic and nonge-
netic levels, which can be borrowed from evolutionary biology principles. Models and drug development 
strategies that veer away from targeting solely dominant clones and, instead, embrace this complexity 
to outsmart it are required for long-term remission.
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iNtRODUctiON
Hematopoietic malignancies, such as myelodysplastic syn-

dromes (MDS) and acute myeloid leukemia (AML), are noto-
riously heterogeneous groups of diseases impacting myeloid 
lineages of the hematopoietic system within the bone marrow. 
Typically penetrating in the late years of life, these diseases 
are defined not only by uncontrolled, invasive proliferation 
but also uniquely by a block in the ability to differentiate, 
or effectively reconstitute the various lineages of the blood. 
In fact, this differentiation block can be the predominant 
disease feature, particularly in low-risk MDS in which 70% 
of patients lose their ability to form red cells, platelets, and/
or an effective immune system and die from bone marrow 
failure rather than progression to secondary leukemia (1).

Importantly, the hematopoietic system comprises all cel-
lular components of the blood and is, therefore, uniquely 

dynamic, diverse, and tightly responsive to the host’s environ-
ment. Classically thought to differentiate unidirectionally 
and governed by strict hierarchical rules, it is now appreci-
ated that hematopoietic stem and progenitor cells (HSPC) 
comprise a highly plastic continuum of cell states and popu-
lations, exhibiting more plasticity than previously thought 
and providing an elegant model for evolutionary adaptability 
(2–4). Hematopoiesis is maintained throughout life despite 
an onslaught of genetic and environmental insults; however, 
certain molecular footprints exist that may mark the early 
stages of its derailment.

Over the past decade, sequencing advances have led to 
seminal findings in both individuals with overt disease as 
well as healthy individuals exhibiting clonal expansion of 
hematopoietic cells but lacking symptoms typical of hema-
tologic disorders. The latter phenomenon is now known as 
clonal hematopoiesis (CH) and has brought into question 
our conventional understanding of the biology underlying 
clonally complex diseases. Clonality in the bone marrow, 
defined by expansion of one or more genetically distinct cell 
populations, is now seen as inevitable with aging. Discovered 
initially due to observations of X-chromosome inactivation, 
CH has exposed the inevitability of somatic nongenetic and 
genetic changes within the bone marrow with aging that, 
in some cases, lead to a fitness advantage and consequent 
clonal expansion (5). Strikingly, mutations in classic onco-
genes like TP53 are found in hematopoietic cells of seem-
ingly healthy individuals (6, 7). Moreover, the most common 
genes mutated in CH are also implicated in animal models 
of leukemia—DNMT3A, TET2, and ASXL1—yet often lack a 
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clear, consistent link to overall survival in humans (7). This 
new knowledge begs the reevaluation of traditional views 
of hematologic malignancy defined by “clonal dominance” 
or the predominance of a single clone that has acquired 
classic “driver” mutations in a stereotypical sequence and 
consequently appropriated the bone marrow. Even if clonal 
dominance is observed, increasing bodies of evidence sup-
port preexisting diversity in the form of both genetic and 
nongenetic variation that are often only brought to light in 
the face of substantial environmental perturbation, including 
selection imposed by treatment (8–15).

As such, the hematologic malignancy community is faced 
with somewhat of a conundrum: how to reconcile con-
ventional wisdom of somatic mutation theory—or specific 
mutated genes “driving” disease in a direct, causal manner— 
with the now undeniable evidence that many of these muta-
tions can occur without the expected consequences. We argue 
that context matters, and, while a mutation in an oncogene 
may very well have “driving” effects, those effects are subject 
to a slew of buffering mechanisms both within and sur-
rounding a cell that favor a “wild-type” outcome and vary 
with existing genetic, nongenetic, and environmental varia-
tion. Moreover, underlying clonal heterogeneity should be 
assumed even in the absence of its detection, which is inher-

ently limited by standard diagnostic sequencing strategies. 
Deciphering the highly dynamic and nonlinear nature of 
clonal evolution requires systems-based perspectives rooted 
in evolutionary biology principles. This review will investigate 
the complex, multifactorial nature of clonal competition in 
the bone marrow, as well as consider in silico approaches to 
aid in its investigation.

DeciPHeRiNG evOLUtiON: tHe iMPORtaNce 
OF UNDeRLYiNG GeNetic vaRiatiON aND 
siMULtaNeOUs PHeNOtYPic RObUstNess

The existence of relatively consistent phenotypes in the 
face of vast genetic diversity was initially described in 1942 
by C.H. Waddington in his published works on the develop-
mental epigenetic landscape (16). Waddington introduced 
the idea of canalization, or the tendency of organisms to 
adopt homogeneous intermediate phenotypes with minimal 
variation despite considerable environmental and genotypic 
variation (Fig. 1). These intermediate phenotypes have since 
been coined “attractor states,” which are largely attributed to 
the existence of gene regulatory networks, and are discussed 
in-depth in the following sections. Waddington noted that 

Glossary of terms

Term Definition
Attractor state A particularly stable transcriptional state that attracts cells in less stable states toward it, that is, cells 

exhibiting violations of regulatory rules will tend to gravitate toward the nearest attractor state; a modern 
descriptor of a canalized state attributed to transcriptional networks

Canalization The process of producing phenotypic constancy in the presence of varying conditions

Capacitor Gene product involved in maintaining robustness to environmental stress

Chromothripsis Multiple chromosomal rearrangements occurring within a single event either within a single chromosome or 
across multiple chromosomes; chromosome shattering

Epigenetic landscape A metaphor describing the regulation of developmental trajectories by buffering mechanisms that  
dictate which phenotypes cells are likely to adopt; the shape of the landscape is derived in part due  
to the cell-intrinsic action of gene regulatory networks and is not equivalent with the modern term 
“epigenetics”

Evolvability An organism’s capacity to generate heritable phenotypic variation

Fitness The propensity of an individual to exhibit reproductive success (if the individual is a cell, it is the number of 
daughter cells a parent cell is likely to produce); a quantitative metric for selection representing how  
well adapted an organism is to its environment

Gene regulatory  
network, or GRN

A collection of regulatory molecules that work in concert to determine expression of gene products,  
the transcriptional state, and, in turn, the final phenotype of a cell; a mechanistic descriptor for  
the buffering interactions within a cell that contribute to the final shape of Waddington’s epigenetic 
landscape

Mutator phenotype A phenotype exhibiting higher than normal mutation rates

Punctuated equilibria An alternative hypothesis to gradualism, or slow and steady evolutionary change, in which periods of equilibria 
are disturbed by “rapid and episodic events of speciation”

Purifying selection Selection resulting in reduction in frequency of individuals; negative selection

Robustness The ability of a cell, tissue, or organism to maintain a constant phenotype despite various genotypic and  
environmental perturbations

Selection A force that acts upon phenotype and results in preferential survival of individual organisms due to greater 
relative fitness within an environment; the key deterministic mechanism of evolution
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Figure 1.  Waddington’s epigenetic landscape depicts the process of development as balls rolling down a hill that tend toward more stable pheno-
types (represented by valleys or “canals”). Waddington’s epigenetic landscape depicts cell fate (differentiation) trajectories as balls rolling down a 
rugged landscape. The likelihood of a cell adopting a given state is represented by the elevation or depression of the landscape, that is, a likely, stable 
cellular state (as determined by its gene expression profile) is depicted as a valley and unlikely states are represented by elevated hilltops. More 
recently, mathematical modeling of transcriptional dynamics has, in part, provided the mechanistic underpinnings of this phenomenon of canaliza-
tion. For a cell to change its phenotype, the cell must transition from an original phenotype that is evolutionarily adaptive (and, therefore, very stable, 
e.g., attractor state 1) to a new stable phenotype (e.g., attractor state 2). This transformation is driven by the gene regulatory network (GRN), or the 
overarching architecture between all gene products that orchestrates gene expression profiles and, in turn, determines the final cellular “state” or 
phenotype. While a given cell can adopt different states along its differentiation trajectory, it can also undergo a state transition or exhibit plasticity 
between states at a given time point in its development.
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State transition/
plasticity

Attractor state

Unstable state
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(GRN)

wild-type animals typically seen in nature are “amazingly con-
stant… [like] peas in a pod,” while individuals of the “mutant 
races” exhibit much higher-order phenotypic variation (ref. 
16, p. 564). He attributed the constancy of the wild type to 
“buffering of the genotype against minor variations not only 
in the environment in which the animals developed but also 
in its genetic make-up” (ref. 16, p. 564). Individuals deviating 
from wild type have, accordingly, experienced either extreme 
genetic or environmental variation, such that the system of 
buffering mechanisms has deteriorated.

A decade later, citing seminal experiments in Drosophila, 
Waddington and Paton illustrated that extreme environmen-
tal perturbation via temperature shock appeared to induce 
a change in wing morphology that the authors referred to 

as “crossveinless” (17). While, initially, the majority of these 
changes were plastic and limited to the somatic life span of 
the organism, the authors observed that, after five genera-
tions, phenotypes could be inherited, that is, persist in the 
progeny of flies despite removal of the stressor. In an elegant 
display of artificial selection, they showed that a complex, 
multicellular organism could “evolve” at a remarkable pace in 
the face of environmental stress, adapting with heritable phe-
notypic changes within only a few generations (17). The speed 
at which this process occurred and the heritable nature of  
the features suggest an interplay between genetic diversity 
and transient transcriptional changes in precipitating evolu-
tionary change. The degree to which environmental pressures 
induce nongenetic changes that are eventually replaced with 
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genetic changes, or simply expose a reservoir of existing rare 
genetic subpopulations, remains incompletely resolved.

As a corollary to Waddington’s findings, Rutherford and 
Lindquist put forth Hsp90 as a capacitor, or gene product that 
plays a fundamental role in maintaining robustness to environ-
mental stress. In an elegant series of Drosophila genetic models, 
they showed that mutating Hsp90 reveals preexisting vari-
ability (18) in a wide array of detectable traits across multiple 
tissues. They conclude that Hsp90 acts as an interface between 
the environment and fundamental signaling processes within 
a cell—specifically, that Hsp90 is a crucial environmental sen-
sor that maintains homeostasis via buffering genetic variability 
(18). Rutherford and Lindquist parallel Waddington’s findings 
in describing not only expression of cryptic variation but also 
its important consequence: When the source of the expressed 
trait is heritable and occurs in germline tissue, it can lead to 
Hsp90-independent expression across a lineage. This process, 
coined genetic assimilation, is the result of inheritance (verti-
cal transmission from parents to offspring) of stress-induced 
phenotypic variation. Thus, transition from cryptic variation 
(lacking phenotypic consequence) to an expressed trait sur-
renders the organism to the mercy of natural selection, thereby 
losing its adaptive neutrality.

In short, genetic variation is not a mere byproduct of 
stochastic genotoxic insult, but an essential source of evolu-
tion and adaptability. Importantly, mutations depend upon 
both external environmental context and internal regulatory 
networks in their translation to phenotype. Applying these 
concepts to hematopoiesis will aid in our interpretation of 
phenomena like CH, mechanisms of transformation to hema-
tologic malignancies, and the role of mutations in cancer. 
While germline context undoubtedly plays a role in shaping 
phenotypes, this review will focus on de novo somatic changes 
involved in cancer, as they represent a major factor in malig-
nant transformation and source of variability in clonal selec-
tion. Germline impacts are discussed in detail elsewhere (19).

aPPLYiNG evOLUtiONaRY cONcePts tO 
cLONaLitY iN tHe bONe MaRROw

Because the median ages of AML and MDS diagnoses are 
68 and 71, respectively, patients suffering from myeloid disor-
ders have experienced a lifetime of environmental exposures, 
including progression of natural biological mechanisms 
associated with aging, as well as direct genotoxic exposures 
from chemotherapy and radiation (20). In somewhat of an 
oversimplification, the molecular events leading to the symp-
tomatic consequences of hematologic malignancy comprise 
three essential, interdependent elements: mutations, nonge-
netic aberrations, and changes to the microenvironmental 
milieu (13, 21). While the relative contributions of these 
events may differ between patients, it has become clear that 
malignant transformation requires more than any individual 
mutation or even combination of mutations; transformation 
is, rather, a more insidious and global breakdown of the very 
mechanisms that protect hematopoietic integrity and ensure 
production of properly differentiated blood cells.

The hematopoietic system is, by design, beautifully struc-
tured and buffered to ensure maintenance of healthy hemat-
opoiesis throughout most of life. For one, the hierarchical 

nature of the system ensures that the differentiated cells 
comprising the functioning immune system, red blood cells, 
and platelets have a limited life span (22–24). Therefore, a pre-
meditated inverse relationship exists between differentiation/ 
proliferation and self-renewal, such that the most rapidly 
dividing cells with the highest mutation rates will be cleared 
from the body within hours to weeks (with some exceptions). 
Long-term hematopoietic stem cells (HSC) at the apex of this 
hierarchy are largely quiescent, protected by the stem cell 
niche, and reserved for reconstituting the blood only in the 
presence of specific cues, leaving the more proliferative multi-
potent progenitors to do the majority of the heavy lifting (25).

The interdependency of hematopoietic cells with one 
another as well as their surrounding stroma (extrinsic fac-
tors), therefore, can be seen as one layer of a protective 
buffering mechanism. Internal epistatic networks within the 
HSCs themselves (intrinsic factors) form another layer. An 
increasing body of evidence has illustrated that each layer 
of buffering is slowly disrupted with aging (26). Over time, 
HSCs respond more aberrantly to mutation, heritable non-
genetic, and microenvironmental changes, ultimately, being 
remodeled into their leukemic counterparts (26, 27). While 
this suggests that disease-relevant stem cells and stroma bear 
little resemblance to healthy bone marrow by the time of 
clinical presentation of myeloid neoplasms, it also presents 
the field with opportunity to approach our understanding of 
leukemogenesis in a new light.

Overall, striking congruences exist between evolutionary 
theory and hematopoietic malignancies, the original exam-
ples of cancer stem cells. One can intuit clonal competition 
as Darwinian evolution on a microscopic scale: Long-lived 
stem cells in the microcosm of the bone marrow acquire 
genetic and nongenetic diversity over time, adding hetero-
geneous subpopulations to the overall stem cell pool upon 
which selection can act, in a manner not unlike competition 
between organisms of the same species in natural selection. 
In fact, the fitness of clonal populations of cells, or their 
propensity to replicate, can be depicted as Sewall Wright’s 
fitness landscape, which is a historic visualization illustrat-
ing the relationship between an organism’s genotype and 
its reproductive success (Fig. 2). In these representations, 
cells move across the x, y-plane (or genotypic space) as they 
acquire mutations. Certain combinations of mutations may 
result in greater fitness, represented as an upward inflection 
on the z-axis, that is, a hilltop. Of note, this convention is 
the opposite of Waddington’s epigenetic landscape, in which 
more favored states are depicted as valleys rather than hill-
tops. In a healthy microenvironment, the vast majority of 
mutations will not produce an immediate phenotype and 
remain at low frequencies precluding detection, but this 
shifts over time with environmental stress, such as aging, 
inflammation, chemotherapy, and targeted interventions. 
Ultimately, underlying genetic variation is exposed pheno-
typically, selected for, and, if occurring in a stem cell, goes on 
to persist in all daughter cells. Just as Drosophila can evolve a 
crossveinless wing phenotype in the presence of heat, stem 
cells can evolve phenotypes consistent with relapse in the 
presence of therapy (17, 18).

The learnings from this analogy are three-fold: (i) Stem 
cells or cells acquiring stem-like properties are the source 
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Figure 2.  Clonal evolution can be visualized as a fitness landscape, 
in which individual somatic mutations are minor deviations in genotypic 
space toward a local fitness optimum. The fitness, or propensity of an 
individual clone to successfully divide into daughter cells, is depicted 
here in reduced dimension as a three-dimensional fitness landscape, 
first described by Sewall Wright in 1931 (113). A mutation causes an 
individual cell to travel across genotypic space (depicted as the x,y-axes), 
which can impact fitness (depicted as the z-axis). Certain combinations of 
mutations may result in greater fitness and subsequent clonal expan-
sion, represented as an upward inflection on the z-axis, that is, a hilltop. 
An actively adapting population will climb uphill by a sequence of minute 
genetic changes until a local optimum is achieved. Clonal expansion may 
occur if evolution slows as these optimums are reached, that is, condi-
tions stabilize. Of note, this convention is the opposite of Waddington’s 
epigenetic landscape, in which more favored states are depicted as val-
leys rather than hilltops.
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of persistent genetic diversity; (ii) this underlying genetic 
variation should be assumed, is often cryptic (i.e., does not 
produce a phenotype), and contributes to the capacity for 
clonal adaptation; and (iii) understanding how perturbations 
of the system produce malignant transformation presents a 
unique opportunity to approach therapeutic management as 
not just targeting any individual mutation but rather shifting 
or resetting the entire fitness landscape.

MicROeNviRONMeNtaL cONteXt GOveRNs 
ceLL-iNtRiNsic MUtatiONs

Conventional genomic sequencing strategies frequently 
present with two fundamental limitations: (i) Studies 
have largely focused on either dominant clones or sub-
clones that have sufficiently expanded in the bulk tumor, 
largely ignoring early and rare events, and (ii) the sole 
evaluation of genomic alterations in tumor cells does not 
take into account transcriptional states, as well as sig-
nificant alterations to the surrounding microenvironment 
that are fueling clonal expansions (7, 28, 29). To gain a 
more complete understanding of the processes leading up 
to leukemogenesis, one must appreciate the impact of a  
given mutation as a function of the selective pressures  
surrounding it.

By the time of clinical presentation, tumors have sub-
stantially metamorphosed into malignant tissues that, at 
times, hardly resemble their wild-type precursors (30). While 
impacts of mutations at this stage are well studied, the early 
and very rare mutations that do not produce immediate 
expansion or symptomatic consequences are poorly under-

stood (Fig. 3; ref. 31). However, sequencing advancements 
and the discovery of CH provide a window of opportunity 
during which we can study very early “premalignant” events, 
including the paradigm-shifting discovery that healthy indi-
viduals can harbor TP53 mutations in the bone marrow 
(7). Our understanding of why TP53 loss of function leads 
directly to malignant transformation in some individuals but 
exhibits relatively slow growth in others remains limited.

One possible explanation for this is the differential selec-
tion pressures imposed by the surrounding microenviron-
ment, including both stromal cells as well as additional 
HSPCs competing within the same pool. In patients with 
bone marrow failure syndromes, such as Fanconi anemia, 
Diamond–Blackfan anemia, and 5q- syndrome (MDS), p53 is 
upregulated in response to defective DNA repair or ribosomal 
biogenesis (32–34). Evidently, erythroid progenitor cells are 
particularly sensitive to DNA repair and ribosomal defects, 
consequently activating apoptotic signaling via p53, reducing 
the pool of cells capable of erythropoiesis, and producing a 
macrocytic anemia (33, 34). In an effort to abate this process, 
cells that lose function of a single TP53 allele might “rescue” the 
proapoptotic phenotype, and, in turn, undergo positive selec-
tion. The bone marrow microenvironment, responding to the 
reduced pool of red blood cells and consequent insufficient 
oxygen delivery to tissues, may provide a minor fitness advan-
tage to clones harboring heterozygous loss of TP53 (Fig. 4;  
ref. 34). In fact, TP53 loss has been shown to be a rescue 
mechanism for a variety of developmental diseases in which 
TP53 is pathogenically activated (35, 36).

In the bone marrow of a healthy young individual, on the 
other hand, the predominant selective pressure on a heterozy-
gous TP53 clone may be negative, for example, acquisition of 
minor DNA damage might result in subsequent clearance by 
the immune system. Furthermore, given p53’s role in mainte-
nance of genomic integrity, its loss of function can result in a 
“mutator phenotype,” which generally reduces fitness of cells 
due to the bias in favor of mutations resulting in detrimental 
effects in a stable microenvironment (37). This scenario is 
somewhat speculative given the lack of data on extremely rare 
clones as well as accompanying microenvironmental data, 
but it nevertheless supports a fundamental theme that is fre-
quently ignored by solely cell-intrinsic perspectives: One bone 
marrow does not fit all. Roughly estimating, if the total pool 
of HSCs is 50,000 in humans (a conservative estimate), the 
per base mutation rate per cell division is 10−8, and the coding 
length of TP53 is 1,180 bases, there is a 0.59 probability that 
a coding base will be mutated with each round of division in 
any one of the 50,000 stem cells [Eq. (A); ref. 31]. It is, there-
fore, reasonable to deduce that the likelihood of accruing a 
detrimental TP53 mutation within a given person’s lifetime 
is far greater than the fraction of individuals who will go on 
to develop TP53-driven malignancies; therefore, either small 
such clones may simply be tolerated in the absence of further 
aberrations, or negative or purifying selection is likely to play 
a critical role in curbing somatic evolution and ridding the 
body of cells with mutated oncogenes or tumor suppres-
sors throughout life (38, 39). While this calculation neglects 
precise quantitation of the number and probability of transi-
tions or transversions at a given base producing functional 
consequence, as well as rates of cell division–independent 
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Figure 3.  Dynamic selective pressures imposed by the microenvironment with aging and disease pathogenesis result in differential expansion of 
clones. In early life, immune surveillance results in purifying selection and effective removal of (pre-)malignant clones, thereby preventing their expan-
sion and, in turn, detection. Immune clearance of malignant cells evidently declines with age in the phenomenon known as immunosenescence, in part, 
providing an explanation for the greater incidences of myeloid malignancies in the elderly (114). For a number of reasons, including thymic involution 
and increasing ratios of regulatory T cells to cytotoxic T cells, (pre-)malignant cells expressing neoantigens that would otherwise be eliminated by 
immune surveillance are permitted to persist and expand in old age (115–119). Later in life, the increasing selective pressure of inflammaging can lead 
to clonal expansions and clonal hematopoiesis. Finally, in leukemia, malignant clones are selected for and completely consume the bone marrow, leading 
to symptomatic consequences. The upper range depicted in red represents the threshold at which the buffering by remaining healthy hematopoietic 
clones is no longer sufficient to achieve a canalized healthy phenotype and clinical symptoms emerge. The lower range depicted in dark peach represents 
the sequencing limit of detection. The green represents phenotypically wild-type clones, while the other colors represent (pre-)malignant clones with 
pathogenic mutation(s). In the aging microenvironment, the wild-type clones retain enough of a selective advantage to sustain hematopoiesis and prevent 
any clinical consequences; however, upon progression to leukemia, the bone marrow microenvironment has been remodeled to favor mutated clones over 
wild-type (green). The wild-type clones can no longer sustain healthy hematopoiesis, and the patient will present with symptoms of leukemia.
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Using publicly available human SNP data, Chu and Wei 
have illustrated that mutations in cancer-related genes 
undergo strong purifying selection when compared with 
other genes (40). From an evolutionary perspective, cells 
within healthy and stable microenvironments are more likely 
to be optimally adapted; consequently, the few mutations 
that do produce a functional impact (the vast majority of 
mutations will be selectively neutral) are overwhelmingly in 
favor of producing a detrimental impact on fitness given that 
the surrounding environment maintains relative stability and 
retention of normal tissue structure (37, 40). The phenome-
non of cells harboring mutations faring worse than wild-type 
cells has also been illustrated in a competitive bone marrow 
transplantation model. Bondar and Medzhitov showed that 
irradiated transplanted HSCs were outcompeted by nonir-

radiated HSCs (41). Furthermore, IDH1 mutations have been 
shown to paradoxically reduce HSC self-renewal (37, 42). Evi-
dently, cell competition is itself an evolutionary strategy for 
tissue fitness. In a Drosophila model, another group described 
the mechanistic underpinnings of cell competition, in which 
cells with lower division rates engage specific transcriptional 
programs that, ultimately, result in their programmed death, 
thereby, providing a basis for the systematic elimination of 
comparatively “less fit” cells (43). These findings have pro-
found implications on interpretation of classic monogenic 
mouse models of hematopoietic malignancies. If all cells 
within the bone marrow harbor a mutation in a given can-
cer gene, the pool of wild-type cells to compete against the 
mutated cells is effectively nonexistent. Notably, the fitness 
landscape bears little resemblance to that of a healthy human 
for the majority of life.

In addition to the character and quantity of competing 
stem cells, increasing bodies of evidence support a crucial 
role of inflammation in sculpting the fitness landscape. The 
phenomenon known as inflammaging contributes to bone 
marrow clonal expansion, epigenetic aging signatures, and 
consequent myeloid bias and is reviewed in detail elsewhere 
(26, 44–46). In the context of inflammation, cells that were 
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Figure 4.  Fitness landscapes are themselves dynamic and can change in the context of a healthy versus aberrant microenvironment. In the healthy 
microenvironmental context (left), the nonmutated, wild-type clone exhibits the greatest fitness advantage as compared with TP53-mutated clones with 
mono- and biallelic loss-of-function mutations. The endogenous bone marrow microenvironment favors wild-type clones as an evolutionary mechanism to 
maintain intact hematopoiesis, a feature essential for viable life during reproductive years. In contrast, an anemic microenvironment (right) may sustain 
aberrant growth signals in an effort to boost erythropoiesis, perhaps providing a selective advantage to the more proliferative TP53-mutated clones. WT, 
wild-type.

once optimally adapted are no longer the fittest and clones 
with previously neutral or even mildly detrimental pheno-
types can now be positively selected for. By this logic, it is 
perhaps not surprising that bone marrow failure syndromes 
that paradoxically present with hypocellularity of the bone 
marrow are risk factors for hematopoietic malignancies (47). 
Healthy individuals producing normal blood counts are 
unlikely to accommodate abnormal cues favoring sustained 
proliferation of aberrant clones, opting for maintenance of 
an evenly distributed HSC pool and elimination of clones 
exhibiting early signs of malignancy. Opposingly, anemic 
patients are likely to sustain a milieu with chronic growth 
signals that grants greater fitness advantages to specific 
clones. In an effort to replete cell counts lost to apoptosis, 
the TP53 clone that would have typically been cleared is 
permitted to persist and expand long enough that it may 
eventually acquire complete loss of function of TP53 and 
produce a secondary leukemia.

The profound significance of microenvironmental influ-
ence on (pre-)malignant syndromes was recognized in 1889, 
when Paget first described the seed and soil hypothesis (48). 
Very important work by Beatrice Mintz and Mina Bissell in 
1975 and 1984, respectively, has illustrated that cancer is 
indeed as much a product of greater tissue architecture as it 
is one of cell-intrinsic mutations (49–52). Through elegant 
experiments involving injection of malignant mouse terato-
carcinoma into blastocysts, Mintz and Illmensee were able 
to generate phenotypically wild-type mice that were effective 
mosaics of the tumor-derived cells and those of the host blas-
tocyst (49). Strikingly, cells originating from the teratocarci-
noma successfully recapitulated developmentally unrelated 
tissues that were phenotypically normal in spite of their malig-
nant origins, which was also elaborated on by Bissell in a Rous 
sarcoma virus (RSV) model of malignancy (49). Echoing prior 
findings by Duran-Reynals, Dolberg and Bissell illustrated 
that RSV is neither tumorigenic nor teratogenic when injected 
into a 4-day-old chicken embryo despite elevated activity of 
the suspect v-Src oncogenic kinase (50, 53). Interestingly, they 
found that the inoculated embryonic cells exhibited delayed 
transformation when placed in culture, suggestive of some 

inhibitory quality of the embryonic microenvironment on 
tumorigenesis. In other words, the endogenous embryo was 
simply not the correct soil. They summarized that, despite 
v-Src kinase being necessary for RSV-mediated transforma-
tion, “there are one or several other developmentally related 
criteria that must be met before expression of the malignant 
phenotype is possible” (ref. 50, p. 556).

In 1985, Bissell took her RSV studies a step further and 
began to tease out the precise qualities of the soil that led 
to malignant transformation, beginning with the logical 
acknowledgment that the process of injection of RSV into 
the body of an animal created local wounding (51). Fur-
thermore, the ubiquitous presence of nonmalignant hemor-
rhagic lesions characteristic of RSV infection throughout 
the body but rarity of sarcomas distal to the injection site 
led her to deduce that the wounding process itself was one 
of the aforementioned “developmentally related criteria” 
required for transformation. The authors illustrated that 
infliction of injury to the wing opposite the injection site 
was sufficient to cause formation of tumors that were 
indistinguishable from those at the original site within 8 to  
9 days (51).

In short, the impact of a mutation is not fixed and often 
not predictable in the absence of understanding context; even 
the most malignant leukemic stem cell (LSC) does not exist 
in a vacuum and is, rather, part of a hierarchical multicellular 
tissue. Clonal fitness leading to cancer is as much a function 
of the higher-order ecosystem of the bone marrow as it is a 
disease of mutation (37). Instead of focusing on late-stage, 
largely “cell-intrinsic” expansion of clones harboring com-
plete TP53 loss of function, greater focus should be placed 
on the mechanisms that ensure that this does not happen 
for most of life despite the constant onslaught of stochastic 
mutations and genotoxic exposures (27, 30, 37). In fact, we 
understand very little of the early processes governing how 
genetic variation eventually produces a malignant phenotype 
and why certain phenotypes are selected for or against. Taken 
together, it is perhaps not surprising that even the most sinis-
ter mutations can be compatible with normal hematopoiesis 
and that this property is by design.
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tHe ROLe OF tHe GeNe ReGULatORY 
NetwORK aND NONGeNetic DiveRsitY 
iN NORMaL HeMatOPOiesis aND 
LeUKeMOGeNesis

Nongenetic factors, including transcription factors, DNA 
methylation, and histone modifications, play a key role in 
phenotypic diversification in normal hematopoiesis, as well 
as in MDS and AML (4, 54, 55). Essential features in the 
development and physiology of multicellular organisms, 
nongenetic phenomena are highly plastic and often tightly 
responsive to the environment, rendering them ideal mecha-
nisms to be misappropriated by cancer. The aspects of non-
genetic heterogeneity as an unintentional consequence of 
tumor evolution, as a buffer against shifting selective pres-
sures, and as a reflection of hierarchical multicellular organi-
zation remain to be resolved (56). Adapting the paradigm of 
normal development, the role of nongenetic factors in main-
taining higher-order tissue architecture provides an intuitive 
explanation for self-sustaining microenvironmental changes 
and differentiation hierarchies within tumors.

Herein lies a notable paradox in current paradigms: The 
production of diverse cellular phenotypes during normal 
development is almost universally attributed to nongenetic 
phenomena, independent of genomic alteration; yet, pheno-
typic diversification during tumorigenesis has overwhelm-
ingly been attributed to genetic events, that is, mutations 
(57). Both processes ultimately require generation of a sta-
ble cellular phenotype by means of heritable and succes-
sive directional changes from parent to daughter cell, yet 
our understanding of the underlying mechanisms has been 
incongruous. Traditionally, neoplastic transformation has 
been viewed as a cell-intrinsic, linear process of acquiring 
driver mutations in a small number of “oncogenes” and 
“tumor suppressor genes.” Yet, mutations are components 
of a much greater system. A mutation altering gene regula-
tory or amino acid–coding sequence feeds into a gene regu-
latory network (GRN; ref. 57), which orchestrates the gene 
expression profile. This, in turn, determines the final cellular 
“state” or phenotype that the cell will adopt: either a stable 
expression state compatible with normal phenotype or one 
compatible with uncontrolled proliferation characteristic 
of malignancy. Put simply, just as external cues from the 
microenvironment impact the phenotype of a clone, so 
do internal elements of the GRN, such as the presence or 
absence of transcription factors or histone marks necessary 
for a mutated gene product to be transcribed or exert its 
function within the cell.

To understand the role of nongenetic heterogeneity in 
leukemia, we must first understand its evolutionary signifi-
cance in maintenance of normal hematopoiesis. One group 
showed that transcriptional stochasticity previously viewed 
as inconsequential harbors subpopulations bearing distinct 
and meaningful biological properties (58). Using Gaussian 
mixture modeling, they inferred that stochastic transcrip-
tional fluctuations can generate stable phenotypes. They 
observed that over extended culture, isolated Sca-1highest and 
Sca-1lowest HSPCs populations tended to relax toward central 
populations not only in terms of Sca-1 levels but also gene 
profiles and differentiation potential, supporting the notion 

of a noncommitted HSPC attractor state. Attractor states are 
a product of the GRN and represent highly stable expression 
states to which cells in more unstable states (that is, those 
violating regulatory interactions) spontaneously gravitate 
(59). Frequently depicted as “valleys” in Waddington’s epige-
netic landscape, they account for the existence of distinct cel-
lular phenotypes, are a necessary manifestation of nonlinear 
dynamics, and have been shown by in silico experiments to be 
an inevitable consequence of increasing network complex-
ity with evolution (see Fig. 1; ref. 60). More recent work by 
Wheat and colleagues directly illustrated that transcriptional 
dynamics of several identity-defining transcription factors in 
HSPCs exhibit infrequent and stochastic burst–like behav-
ior by means of imaging single mRNA molecules (4). This 
suggests a model by which HSPCs reside in a “transcrip-
tional space” rather than a fate-determined “transcriptionally 
primed” state with restricted directionality and limited fate 
potential. As such, hematopoietic cell fate transitions in early 
HSPCs may be fluid and reversible. By allowing HSPCs to 
continuously sample a number of stable expression states, 
homeostatic robustness of the HSC and early progenitor cell 
pool may be in fact aided by nongenetic heterogeneity (4). 
This work has elucidated properties of the hematopoietic 
system that leverage inevitable biophysical stochasticity as 
a fundamental tool enabling physiologic choices, suggest-
ing that nongenetic heterogeneity is an essential feature of 
multicellular tissues rather than simply unwanted “noise” 
in the system or a byproduct of natural diversification with 
time. Similar to the role of genetic heterogeneity in evolution, 
nongenetic heterogeneity is integral to normal development 
and tissue homeostasis.

While phenomena supporting transcriptional plasticity  
in cancer have long been appreciated (such as epithelial-to-
mesenchymal transition, dedifferentiation, and drug-induced 
tolerance), direct experimental evidence for the existence of 
heterogeneous and dynamic transcriptional states in cancer 
has been lacking until recently. Novel insights are begin-
ning to shed light on the processes by which robust malig-
nant cell states (e.g., treatment-resistant LSC phenotypes) 
are produced by noise-driven transcriptome dispersion 
(59). Recently, Shaffer and colleagues used bulk transcrip-
tome sequencing of single-cell–derived isogenic colonies to  
document the existence of distinct and heritable transcrip-
tomic states in melanoma cell lines (55). Through direct 
observation by means of single-molecule RNA fluorescence 
in situ hybridization and time-lapse microscopy, they also 
functionally linked heritable transcriptional states to treat-
ment resistance.

Another group sought to derive how certain cells transi-
tion into specific transcriptional states. By means of in silico  
modeling, they illustrated that cancer cells are capable 
of entering therapy-resistant states of transient, coordi-
nated high expression of several genes (61). Interestingly, 
entry into these high expression states is dependent upon 
transcriptional bursting, a well-described phenomenon of 
genes switching between on and off states and is independ-
ent of any specific gene or pathway. This suggests that the 
inherent stochasticity of GRNs is sufficient in explaining 
nongenetic heterogeneity and plasticity in cancer (reviewed 
in ref. 62).
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Notably, mutations in gene products involved in DNA 
methylation, demethylation, and chromatin-modifying 
enzymes are highly frequent in MDS and AML (28, 29). The 
impact of these mutations on the availability of transcrip-
tional states upon which selection can act remains largely 
unresolved. Recently, one group showed that loss of a histone 
acetyltransferase, Kat2a, enhances transcriptional noise and, 
in turn, depletes LSCs (63). It is intriguing to speculate that 
targeting transcriptional noise as a therapeutic strategy may 
destabilize leukemic transcriptional programs and cause dif-
ferentiation and, therefore, depletion of LSCs; however, addi-
tional studies are needed.

evOLvabiLitY OF tHe bONe MaRROw: 
PUNctUateD veRsUs cONtiNUOUs?

Overall, genetic and nongenetic heterogeneity work 
together to produce a remarkable diversity of cells within the 
bone marrow in disease states, as well as preceding stages. 
The inevitability of such diversity warrants discussion of the 
concept of evolvability, defined as “an organism’s capacity to 
generate heritable phenotypic variation” (ref. 64, p. 8240).

The most widely accepted mechanism of accelerated evolv-
ability in cancer is mutator phenotype. It is well described in 
colon and breast cancers with mutations in DNA mismatch 
repair genes and BRCA1/2 (65, 66). In addition, complete loss 
of function of TP53 is associated with complex karyotypes and 
copy number changes in AML and is a well-studied mecha-
nism of leukemic transformation in both MDS and MPN 
(67–70). Intuitively, loss of DNA repair function or genomic 
integrity accelerates the rate of somatic mutation acquisi-
tion, and, in turn, resident cells will more rapidly diversify 
on the level of the genome. More recently, the phenomenon 
known as chromothripsis or “chromosome shattering,” in 
which isolated chromosomal regions undergo catastrophic 
rearrangements, has gained attention (71). Interestingly, two 
studies of pan-cancer whole-genome sequencing elucidated 
that chromothripsis is pervasive, arising in over 50% of all 
cancers, and frequently occurs as an early event in oncogen-
esis (71). Initially described in chronic lymphocytic leukemia 
and osteosarcoma, chromothripsis has been shown to occur 
in 6.6% of AML cases (72, 73). The gravity of this phenom-
enon is in the rate at which genomic change can occur: In a 
single instance, chromosome(s) can undergo profound rear-
rangements and somehow maintain cell viability. This bears 
uncanny resemblance to the theory of punctuated equilibria, 
or the periodic rapid bursts of evolution demonstrated by the 
fossil record (74). While there is a tendency to view evolution 
as gradual, history has illustrated that sweeping changes to 
the environment can engender mass extinctions and simul-
taneous rapid evolution of species (74). In this manner, chro-
mothripsis can be viewed as an attractive mechanism by which 
cells can immediately adapt in the face of substantial selective 
pressures (e.g., therapy). However, whether chromothripsis 
directly promotes cancer evolution or is largely a consequence 
of telomere crisis remains to be resolved.

While mutator phenotypes are an intuitively appealing 
mechanism of acquired evolvability, it is important to note 
that they can reduce fitness and are not a requirement for 
malignant transformation (75). Importantly, healthy indi-

viduals exhibit linear mutation acquisition throughout life, 
which suggests that mutator phenotypes are naturally out-
competed or actively removed by the immune system in 
normal physiologic states (31). Because mutator phenotypes 
appear to be more of an exception than a rule in AML, 
nongenetic heterogeneity has gained traction as a pertinent 
source of evolvability in leukemogenesis. In fact, studies have 
linked acquisition of relapse characteristics with differences 
in chromatin structure (76). Furthermore, the shorter time 
frame in which heritable nongenetic fluctuations occur make 
them more attractive in explaining rapid plasticity, such as 
that observed in resistance to targeted therapies—time scales 
often unlikely to accommodate occurrence of novel muta-
tions (though not precluding selection of preexistent ones).

Li and colleagues described the distinct kinetics of genetic 
and epigenetic heterogeneity via a single-cell multi-omics 
approach (13). They defined “epiallelic burden” (EPM) as 
a metric for changes in genomic DNA methylation sites at 
specific loci (“epialleles”) and compared EPM and tumor 
mutational burden (TMB) shifts in AML during relapse. They 
describe alternating patterns in epigenetic- or genetic-derived 
heterogeneity, that is, patients exhibiting high TMB tend to 
have low EPM and vice versa. Inferior outcomes were evident 
in patients with greater EPM burden, which could be traced 
to specific promoter regions, suggestive of a role of tran-
scriptional regulation in disease progression. Interestingly, 
different treatments result in distinct epigenetic patterns as 
exhibited by differential patterns in de novo acquisition of 
epigenetic hypervariability (13).

While Li and colleagues demonstrated orthogonal evo-
lution of TMB and EPM, Shlush and colleagues demon-
strated orthogonal evolution at the level of hematopoietic 
cell populations contributing to relapse (10). Through both 
sequencing and functional studies, they showed that relapse 
can originate either from bona fide immunophenotypic stem 
cells or more committed non-stem cells that retain stem-like 
properties via transcriptional reprogramming. While these 
populations have disparate origins, they nevertheless evolve 
to bear considerable resemblance to one another. This illus-
tration of distinct events leading to functional similarities—
in this case, relapse phenotypes—supports the notion of vast 
preexisting heritable heterogeneity.

Some studies have taken the concept of evolvability to the 
next step, attempting to explain the mechanisms by which 
developmentally responsive epigenetic variability can pro-
duce long-lasting genetic variability (a putative model for 
genetic assimilation). An in silico study described a model by 
which phenotypic changes are initially epigenetically driven 
and subsequently replaced with incremental genetic muta-
tions over time (77). This model is attractive due to epige-
netic alterations compensating for the generally longer time 
frame by which genomic mutations are acquired and, in turn, 
allowed to persist. Another group described a biochemical 
mechanism by which epigenetic adaptation can be translated 
into genetic adaptation. Their model involves enrichment 
of G-quadruplexes in abnormally hypomethylated regions, 
which can act as mutagenic factors in driving tissue-specific 
mutational landscapes (78). In short, stable G-quadruplexes 
reside in regions with methylated CpGs and can stall DNA 
polymerase, introducing DNA breaks and concomitant gain 
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or loss of genomic material (78). Although the prevalence of 
a direct causative relationship between epigenetic and genetic 
variation in leukemogenesis remains unclear, understanding 
and targeting the capacity of a clone to evolve may be a useful 
therapeutic or preventative strategy.

taRGetiNG caNceR evOLUtiON
Lessons from the Past: Convergent Patterns of 
Therapeutic Resistance and the Need for Adaptive 
Therapy Regimens

Over the past few decades, many therapeutic strategies 
have been attempted for MDS and AML, ranging from more 
broadly acting hypomethylating agents (HMA) to exquisitely 
specific small molecules targeting not only individual gene  
products but their mutated variants. Targeted FLT3, IDH1, and 
IDH2 inhibitors midostaurin, ivosidenib, and enasidenib, on 
one hand, have been shown to induce hematologic responses 
and prolong remission, but patient responses rarely extend 
past a single year and are often isolated to small subsets of 
patients with AML harboring specific molecular or cytoge-
netic characteristics (79, 80). Evidently, both intra- and inter-
patient heterogeneity complicate response rates, warranting 
in-depth discussion of patient eligibility and appropriate 
metrics for therapeutic efficacy (81). In addition to clinical 
endpoints, targeted therapy efficacy is established by molecu-
lar responses, or (cyto-)genetic evidence of reduction of the 
dominant clone; however, the preexistence of rare genetic 
clones and nongenetic subpopulations that contribute to 
relapse as well as the potential induction of novel pathogenic 
subpopulations with treatment are often overlooked.

In fact, IDH inhibitor resistance mechanisms are complex 
and frequent, including, but not limited to, isoform switch-
ing and cis dimer-interface mutations (82–84). In the case 
of isoform switching in IDH1-mutated leukemias treated 
with ivosidenib, rare IDH2-mutated clones emerge to sus-
tain production of oncometabolites and consequently propel 
leukemogenesis (82). This remarkable adaptability speaks to 
the extent of preexisting heterogeneity and evolvability of 
hematologic malignancies. Currently, relapse in the clinic is 
largely dealt with ad hoc, with therapies often administered 
only after substantial clonal expansion enables detection in 
the bulk. In the case of IDH inhibitors, it seems sensible to 
closely monitor patients for isoform switching or acquisition 
of additional point mutations in IDH enzymes in the stem 
cell population and treat resistant clones early rather than 
waiting for them to expand. As more data emerges on the 
prevalence of isoform switching and other resistance mecha-
nisms, various combination therapies should be explored, 
including potential oscillatory administration of ivosidenib 
and enasidenib to relieve the selective pressure of any single 
agent and prolong time to relapse (82).

Resistance mechanisms are also common and complex for 
lenalidomide, a therapy targeting the del(5q) clone frequently 
administered to patients with low-risk MDS. Lenalidomide 
produces initial hematologic responses in 70% of patients; 
however, approximately half of those patients will become 
resistant to therapy in less than 2 years (85). Because the 
mutations that confer resistance to lenalidomide therapy 
are similar with those causing transformation to second-

ary leukemia (namely TP53, NRAS, and KRAS mutations), 
strategies to prevent expansion of resistant subclones are 
urgently needed (67, 86, 87). Importantly, the consequences 
of altering the fitness environment by means of drug admin-
istration, including the possibility of selecting for increas-
ingly malignant clones, must be considered in the design of 
therapeutic regimens. The particularly well-known preva-
lence of TP53 resistance mechanisms during lenalidomide 
therapy warrants investigation of oscillatory administra-
tion of lenalidomide and drugs effective against cells har-
boring TP53 mutations. For example, HMAs or low-dose 
chemotherapy might select against phenotypes with existing 
genomic instability. In fact, patients given hypomethylat-
ing agents shortly after lenalidomide therapy failure exhib-
ited significantly longer survival rates than those treated  
with standard supportive therapy (88). As the repertoire of 
agents that selectively kill certain clones continues to expand, 
so should the ways and combinations with which we use 
these agents.

In an effort to epigenetically target hematologic malignan-
cies, bromodomain and extra-terminal (BET) protein inhibi-
tors have also been developed. BET inhibitors have high 
affinity for acetylated histones within chromatin and have 
been shown to repress c-Myc expression; however, resistance 
is frequent (89). The mechanisms of action and resistance 
are broader than initially established. For one, the emerging 
evidence supports much broader action of BET inhibitors 
encompassing a multitude of superenhancer regions rather 
than sole c-Myc repression (90–92). Furthermore, Guo and 
colleagues illustrated a role of genome-wide enhancer remod-
eling in acquisition of resistance (21, 91). In particular, they 
showed that enhancer remodeling results in compensatory 
expression of oncogenes, and that, importantly, this can be 
overcome with combination therapy. In a clever demonstra-
tion of synergistic lethality, repressing Cdk7 RNA polymerase 
II (RNAPII) activity with a CDK7 inhibitor in conjunction with 
a BET inhibitor effectively prevented compensatory RNAPII 
recruitment at a key enhancer–promoter loop (21).

As a comparison to agents targeting specific molecular 
pathways, the HMAs azacytidine and decitabine are more 
broadly acting, have been relatively successful in treating 
myeloid malignancies, and are now standard of care, with 
two thirds of patients with MDS achieving transfusion inde-
pendence (93). This success is, in part, attributed to reduc-
tion in intrapatient genetic and nongenetic heterogeneity. 
While the precise contribution of each remains unclear, these 
agents are particularly efficacious in AML patients exhibiting 
adverse cytogenetics, suggestive of their role in induction 
of genomic instability as a mechanism for cell killing (94). 
Furthermore, identification of specific promoter regions 
involved in HMA response has been altogether unsuccessful, 
implicating global hypomethylation and collapse of nonge-
netic diversity as contributing mechanisms in the efficacy of 
these agents (95, 96).

Overall, the failures and successes of the past few decades 
support the necessity for adaptive therapies. In light of ever-
increasing clonal complexity and nongenetic plasticity, the goal 
of developing “blockbuster” targeted monotherapies against 
specific mutated gene products has become increasingly 
distant. Despite initial therapeutic responses, the adaptive 
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strategies evolved by malignancies are numerous, leading 
to almost invariable resistance (8). Consideration of more 
nuanced concepts of clonal balance and relative fitness may 
be required to outsmart rapidly evolving myeloid malignan-
cies. Herein lies an opportunity to reevaluate both drug devel-
opment strategies as well as metrics for drug efficacy toward 
the goal of achieving long-term response rates.

Game Theory–Based Adaptive Therapy Regimens 
Model Dynamic Fitness Landscapes

Because appreciation of the true extent of subclonal het-
erogeneity is inherently restricted by current sequencing lim-
its of detection and clinical diagnostic capabilities, in silico 
modeling of clonal evolution can be instrumental. To this 
end, various mathematical models of resistance have been 
put forth, inspired by seminal work on bacterial antibiotic 
resistance that dates back to 1943 (97). Birth rates of novel 
subclones, for instance, can be modeled by stochastic acquisi-
tion of mutations and death rates determined by drug admin-
istration and competition for nutrients (97).

Variations of the classic Luria-Delbrück model have been 
successful in depicting numerous applications of drug resist-
ance; however, they often disregard the dynamic nature of 
fitness landscapes. That is, while the environment shapes the 
fitness landscape and selects for certain adaptations, these 
adaptations simultaneously alter the environment itself (98). 
This concept is most intuitive in situations in which clones 
are in direct competition with each other for microenviron-
mental resources. For instance, one clone’s successful prolif-
eration is likely to coincide with depletion of local resources 
and paracrine signals, which, in turn, can fundamentally alter 
the fitness landscape for competing clones. This principle 
warrants the use of game theory in modeling Darwinian 
clonal dynamics over more classic optimization-based theo-
ries that operate under the assumption of a more constant 
environment (98).

Originating in economics, game theory has been employed 
to model Darwinian competition between both individuals of 
the same species and those of contending species since John 
Maynard Smith and George Price first described the concept 
of evolutionary stable strategies in 1973 (99). More recently, 
these efforts have themselves adapted, shifting from habitat-
scale ecologic environments to the microcosm of the tumor 
microenvironment (100, 101). For instance, Vincent and 
Gatenby developed the first mathematical framework recon-
ciling greater tissue-level changes with gradual (sub-)cellular  
genotypic and phenotypic events. In their model, they describe 
clonal evolution of epithelial cancers in response to microen-
vironmental selective pressures, with the cancer adopting 
a strategy of optimized proliferation. Their results capture 
the adaptive landscapes in which (sub-)clonal populations 
compete as a result of random mutations and, importantly, 
describe the evolutionary potential of cells through mutual 
interactions with their environment (100).

Another group added an additional layer of complexity 
by incorporating the clinician as well as competing clonal 
dynamics in a predator–prey model (102). In this model, the 
physician plays in opposition to the malignant clones. While 
the clones are, again, optimizing their own proliferation, the 
physician oncologist strives to balance therapeutic efficacy 

with toxicity for the patient. Notably, only the clinician is 
capable of playing rationally and begins by playing first, 
exhibiting leader–follower or “Stackelberg” dynamics. These 
critical asymmetries do indeed reflect reality, in which scien-
tists and clinicians have the capacity to use past knowledge of 
relapse patterns to guide rational therapeutic targeting, while 
a cancer can merely adapt to an environment that it is already 
experiencing. Although it is tempting to view evolution as 
trending intentionally toward some greater “optimum,” in 
reality, it possesses neither directionality nor greater step-
wise plan (98). As demonstrated by Stankova, these subtle-
ties can be modeled and used to our advantage in the clinic 
(102). Notably, they illustrated that standard-of-care repeated 
administration of monotherapies is equivalent to a “fixed” 
strategy played by the physician that allows for the cancer 
to progressively adapt. Furthermore, the act of waiting for 
substantial tumor progression prior to revision of therapy 
effectively relinquishes leadership to the malignancy, precipi-
tating inevitable therapeutic relapse. This important work 
illustrates the necessity of adopting dynamic therapeutic 
strategies in achieving long-term remission.

The application of game theory in cancer evolution extends 
far beyond modeling therapies targeting specific clones. 
Designed to quantify stability of equilibria and dynamics 
resulting from perturbation, game theory provides a means 
to study the ways in which perturbing the environment 
impacts evolutionary strategies employed by cancers (103). As 
our understanding of the reciprocal interplay of malignant 
clones and their environments increases, so will our capacity 
to consider treatment strategies that focus not only on tar-
geting malignant clones in a cell-intrinsic manner but rather 
shifting the entire fitness landscape in which they reside. 
Ideally, it would be possible to rejuvenate the bone marrow 
microenvironment to ensure longevity and robustness of the 
most benign HSCs that retain the capacity to differentiate 
and repopulate the diverse array of cells within the hemat-
opoietic system. The microenvironment could hypothetically 
be recalibrated such that healthy HSCs exhibit optimum fit-
ness, as is the case in early life during which phenotypically 
wild-type cells are favored by design (37).

The mechanisms by which we can target the microen-
vironment are as diverse as those employed by cancers to 
sustain their proliferation. By virtue of the reliance of LSCs 
on external cues and nutrients, the microenvironment repre-
sents a key vulnerability for leukemia. Examples of ways in 
which we can drug the microenvironment include targeting 
the inflammatory milieu of MDS and AML, in which key 
secreted factors such as IL1, IL6, IL8, and TGFβ (among 
many others) supply aberrant growth signals to LSCs (104–
107). CXCR4 and its ligand CXCL12, for example, play an 
essential role in the survival of LSCs and their homing to the 
bone marrow (108, 109). LSCs are conveniently protected 
by the stem cell niche, leading to frequent chemoresist-
ance (110). Accordingly, we stand to benefit from optimiz-
ing treatment paradigms that “prime” leukemic clones by 
means of removing them from the niche, thereby reducing 
their fitness advantages upon exposure to therapy. In fact, 
CXCR4 inhibition has exhibited synergy with chemotherapy 
preclinically and is currently being investigated in clinical 
trials (110, 111).
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In addition to inflammation, metabolic adaptations of 
leukemic cells could be targeted strategically. For example, 
previous studies have demonstrated reprogramming of lipoly-
sis in response to leukemic blasts (112). With normal aging, 
bone marrow adiposity increases from about 15% in younger 
years to up to 60% in older age, resculpting the overall fitness 
landscape and providing opportunity for leukemic clones 
to emerge. AML cells take advantage of surrounding adipo-
cytes via activating lipolysis, liberating fatty acids for ATP 
production, and creating a milieu that supports sustained 
leukemogenesis (112). This dependency opens a window of 
vulnerability for therapeutic intervention. Pharmacologic 
reduction of available fatty acids could decrease the survival 
advantage of LSCs, thereby favoring more benign clones with 
lesser dependency on abundant ATP production. Perhaps with 
the emergence of autologous cellular therapies, one could even 
engineer a therapeutic defector cell to consume local nutrients 
and render the environment unfavorable to highly aggressive 
clones. In fact, using a mixed population game theory model, 
Archetti showed that defector cells reached an evolutionarily 
stable state of coexistence with benign clones that was robust 
to invasion by resistant clones (Fig. 5; ref. 103). This approach 
could be utilized to disrupt the reliance on intrinsic oncome-
tabolites in the case of IDH-mutated leukemias as well.

FUtURe DiRectiONs aND  
OveRaLL taKeawaYs

Malignant stem cells can be thought of as possessing an 
arsenal of deadly weapons: They are long-lived, are tran-
scriptionally heterogeneous, and possess underlying cryp-
tic genetic variability. If we are to continue with current 
treatment paradigms and neglect the extensive mechanisms 
underlying this evolvability, malignancies will always be a 
few steps ahead. Overall, genetic variability is an essential ele-
ment of evolution, while nongenetic variability is essential for 
higher-order tissue organization. Therefore, we must embrace 

heterogeneity to outsmart it and view targeted therapies as a 
form of artificial selection that will expose underlying genetic 
diversity but not eliminate it.

The true extent of genetic, nongenetic, and microenviron-
mental diversity and their roles in initial leukemogenesis 
and therapeutic resistance remain incompletely explored. 
An improved understanding of related mechanisms will be 
instrumental in increasing predictive capabilities and devel-
opment of adaptive treatment regimens, including for pos-
sible prevention of transformation or relapse.
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