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SUMMARY

Cancer has been described as a genetic disease that clonally evolves in the face of
selective pressures imposed by cell-intrinsic and extrinsic factors. Although clas-
sical models based on genetic data predominantly propose Darwinian mecha-
nisms of cancer evolution, recent single-cell profiling of cancers has described un-
precedented heterogeneity in tumors providing support for alternative models
of branched and neutral evolution through both genetic and non-genetic mecha-
nisms. Emerging evidence points to a complex interplay between genetic, non-
genetic, and extrinsic environmental factors in shaping the evolution of tumors.
In this perspective, we briefly discuss the role of cell-intrinsic and extrinsic factors
that shape clonal behaviors during tumor progression, metastasis, and drug resis-
tance. Taking examples of pre-malignant states associated with hematological
malignancies and esophageal cancer, we discuss recent paradigms of tumor evo-
lution and prospective approaches to further enhance our understanding of this
spatiotemporally regulated process.

CLONALITY AS A CANCER CELL-INTRINSIC PROPERTY

Cell-intrinsic differences between cancer cells can emerge from a range of genetic sources including point

mutations, copy number changes, and large structural variations.1 Differences can also result from several

non-genetic mechanisms, including transcriptional fluctuations,2 epigenetic reprogramming,3 metabolic

plasticity,4 and altered protein conformations.5 Unlike the duality (presence or absence) of genetic

alterations that could justify classical models of selection, non-genetic mechanisms can exist on multiple

continua, further providing conceptually rich frameworks for newer models of tumor evolution, metastases,

and responses to anti-cancer therapies.6–24

Cell-intrinsic non-genetic differences can either be pre-existing within a population or can be induced by

the selective pressures (e.g., anti-cancer therapies).6–8,25–28 These modes are not necessarily mutually

exclusive and are often attributed to phenotypic plasticity, such as the well-established paradigm of

epithelial-mesenchymal transition.29 Collectively, genetic and non-genetic variabilities can impart fitness

advantage to a cell, enhancing its survival, proliferation, and dominance over other cells in both pre-malig-

nant lesions and cancerous tissues.30–36 Cell-intrinsic differences driving the clonal expansion of cancer

cells are shown to impact clinically relevant outcomes, including tumor progression, metastasis, and

drug resistance.1,9,12–14,37–52 The wide breadth of cell-intrinsic factors driving diverse clonal architectures

have been investigated in great depth in hematological cancers, which we discuss later.

Cell-intrinsic differences have been particularly implicated in driving differential responses in single cancer

cells within a tumor when exposed to anti-cancer therapies, leading to drug resistance. Although few dur-

ing the early stages of treatment, the treatment-resistant clones escape therapy and rapidly proliferate, ul-

timately leading to clinical relapse in patients. Response to therapy is heterogeneous within and across

cancers and treatments, and several models have been proposed as potential resistance mecha-

nisms47,51,53,54 (Figure 1). Indeed, studies have highlighted the role of both genetic alterations and non-ge-

netic heterogeneity in enabling a rare subset of tumor cell clones to bypass therapies and develop

resistance.1,9,12–14,37–48,50,55,56

Although classical experiments have largely relied on measuring the spectrum of changes after the tumors

have progressed, recent advent of quantitative imaging, single-cell profiling, and barcode-based lineage

tracing techniques are facilitating longitudinal tracking of clones at an unprecedented resolution. For

example, quantitative studies of therapy resistance in cancers have identified a new class of cell-intrinsic

properties, i.e. transient, yet heritable non-genetic fluctuations in a rare subset of cancer cells, that enable
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Figure 1. Tumor evolution is shaped by intrinsic and extrinsic factors

(left) Intrinsic genetic and non-genetic variations together with extrinsic tumor microenvironmental factors dynamically interact to shape fate responses and

tumor evolution to selective pressures. Diversity within tumors can result from a number of factors, including but not limited to pre-existing genetic/non-

genetic diversity; may be acquired as a response to selective pressures; as a result of reprogramming or phenotypic switching from one state to another; or

perhaps as a consequence of clonal competition. Tumor composition has a bidirectional interaction with the microenvironment and response to selection

pressures. (right) These various modes of tumor evolution are responsible for the changing clonal trajectories and structure in tumors. Models depicted are

representative of detectable clonal formation and collapse over time. In the top pane, several successive waves of dominant clones drive the growth of the

tumor, as might be seen in response to different therapeutic interventions. In the middle pane, a single clone outcompetes the founding clone and holds

dominance for the majority of the tumor’s development, as might be seen in a tumor with low heterogeneity. In the bottom pane, several clones coexist and

expand over time without completely outcompeting each other.
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them to escape therapies and adopt diverse drug-resistant fates.2,9,11–13,42,52,54,57,58 Such rare and herita-

ble cell-intrinsic states have been associated with the emergence of dominant clones underpinning resis-

tance to a variety of treatment regimens (e.g., targeted therapy, cytotoxic chemotherapy, and immuno-

therapy) and across cancers including melanoma, acute myeloid leukemia, triple-negative breast cancer,

and lung adenocarcinoma.9,12,13,43,57 In metastasis, recent studies have integrated lineage tracing and

computational algorithms in mouse models to quantitatively track properties of metastatic clones.59–61

Similar to the findings reported in therapy resistance, pre-existing, heritable cell-intrinsic states predicted

the metastatic potential of individual clones.59,60 The clonal differences driving resistance and metastasis

likely originate as a consequence of interplay between genetic alterations and non-genetic mechanisms,

but the precise sequence of events remains to be elucidated.

Mathematical models of clonal evolutionary dynamics across spatial and temporal scales have played a

major role in rationalizing experimental and clinical observations and, importantly, providing in silico

predictions of tumor dynamics.27,62–69 For instance, seminal data-inspired mathematical models of so-

matic evolution in colon cancer demonstrated that selective advantage plays a more important role

than either the cell population size or the mutation rate in driving malignancy.66 Other, more recent,

computational frameworks are facilitating a finer and robust inference of cancer (sub)clone phylogenies

from careful integration of spatial, bulk, and single-cell sequencing datasets. Similarly, dynamical systems

models—both at molecular (e.g., gene regulation and signaling dynamics) and population scale—have

revealed the origins and dynamics of relatively shorter timescale cell state transitions underlying pheno-

typic plasticity in cancer drug resistance and metastasis.2,7,24,70–73 Collectively, as computational capabil-

ities continue to increase, both theoretical and data-driven modeling of clonal dynamics will play a pivotal

role in informing rational experimental design and making testable predictions.
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Together, a plethora of experimental and computational studies have established roles of cell-intrinsic fac-

tors in regulating clonal trajectories during therapy resistance, metastases, and more broadly tumor pro-

gression. However, several fundamental questions remain unanswered and stall progress toward durable

cures. Yet to be answered are the origins of intrinsic determinants, their precise nature, interactions be-

tween determinants often separated by timescales, and how they bidirectionally communicate with their

environment. These parameters remain critical for developing predictive computational models of cancer

origin, progression, and responses to treatments.
CLONALITY INFLUENCED BY TUMOR CELL-EXTRINSIC FACTORS

Cancer cells evolve in intricate association with many non-cancer cell types that constitute the tumor micro-

environment (Figure 1). In the past decade, whereas there is a greater appreciation of microenvironmental

cues that could shape tumor cell evolutionary dynamics, studies have often relied on static snapshots which

reveal little about how tumors genetically and non-genetically co-evolve with its microenvironment over

space and time. Developing a comprehensive understanding of the co-evolution of tumors with their

microenvironment necessitates performing longitudinal studies. Spatial transcriptomic and epigenomic

measurements in clinical samples and animal models over time can identify the organization and relative

contributions of non-cancer cells to altered tumor cell dynamics. Defining such dynamics over the course

of tumor progression or during metastases or response to therapies can further highlight mechanisms that

contribute to macro-evolutionary, saltatory events often thought to encompass the emergence of tumor

heterogeneity22 (Figure 1).

Among various parameters that contribute to the tumor microenvironment, changes in immune system

activity have been one of the best characterized and linked to critical steps during oncogenesis, such as

initiation, progression, metastasis, and therapy resistance.74–77 The immune system by itself represents a

diverse array of cell types, often with contrasting functions. For instance, although the infiltration of tumors

by cytotoxic T cells and natural killer cells is associated with efficient anti-tumor responses and smaller tu-

mor sizes, presence of regulatory T cells and myeloid-derived suppressor cells correlates with an immuno-

suppressive milieu and enhanced tumor burden.78 Besides, the role of other immune cell subsets such as B

cells, macrophages, neutrophils, and T helper cell subsets is less well-characterized.78 Clinical and pre-clin-

ical models have predominantly taken a ‘‘cell-centric’’ approach to describe the roles of distinct immune

cell populations in cancers; however, a systems-level view to study the immune cell dynamics and their

co-evolution with cancers is largely missing. Recent studies have begun to unravel systems level changes

in the immune compartment in response to cancers.79–82 Application of contemporary lineage tracing

approaches9,13,42,59,60,83,84 to simultaneously label both immune and cancer cells in pre-clinical models

will be critical in examining how peripheral and tumor-associated immune cell populations change over

time and may influence clonal dynamics within tumors.

Aging is another microenvironmental variable that naturally affects cancer initiation, progression, metastasis,

and therapy resistance. Indeed,most cancers are thought to originate from temporal, age-associated accumu-

lation of cellular damage that may in turn promote intrinsic cellular variability to both tumor and neighboring

non-cancer cells.74–77,85 In general, aging can be seen as a multifactorial driver of oncogenesis, which impacts

many critical body functions, including changes in metabolism, regenerative capacity, and immune surveil-

lance.86,87 Each of these processes, in principle, could impose unique selective pressures. In addition, low-

grade chronic inflammation, which is commonly associated with aging in many tissues, may lead to an altered

cytokine and chemokine milieu that can itself function as growth stimuli to orchestrate clonal selection.75–77,88

More broadly, aging is a complex trait that may aggravate underlying cellular diversity to shape the clonal ar-

chitectures during cancer initiation and progression. Systems level computational synthesis of experimental

data offers a great opportunity to curate high-resolution interaction networks.89–91 These networks may help

uncover theprecisemechanismsofmultifacetedprocesses such as agingduring tumor formation andprogres-

sion. Measuring how the age-associated local and systemic changes contribute to cancer cell-intrinsic vari-

ability is important to delineate the etiologies of age-linked malignancies.
CONCEPTUALIZING CLONALITY THROUGH HEMATOLOGICAL CANCERS AND OTHER

TUMORS

In non-human primates and humans, steady state hematopoiesis is estimated to be sustained by 50,000–

200,000 hematopoietic stem cells (HSC) that give rise to many trillions of blood cells over the lifetime of an
iScience 26, 106574, May 19, 2023 3
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Figure 2. Key discoveries and scientific advances in the area of tumor clonality

The timeline depicts three eras – Cytogenetics & Karyotyping, Pre-genomics, and Genomics – when research was guided by the prevailing philosophies and

experimental tools. We postulate that in the near future, clonality analysis by deep sequencing and mathematical modeling may have broad implications in

diagnosis and therapeutics. WES (whole exome sequencing); CHIP (Clonal Hematopoiesis of Indeterminate Potential).15,23,94,95,99,151,166–177
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individual.92 These estimations mean that at any given time, thousands of peripheral blood cells can be

traced back in their lineages to a few bonafide HSCs. Moreover, compared to other systems, the hemato-

poietic system is readily amenable to granular investigation of evolutionary trajectories in the context of

hematological malignancies. In fact, the first evidence of clonality in cancers was described by coarse

use of karyotyping methodologies in the hematopoietic compartment (Figure 2).93 The recent advent of

next-generation sequencing technologies and computational approaches has further afforded interroga-

tion of this system at an extraordinary resolution and scale. Notably, several studies in recent years have

described that clonal attributes are associated with aging in the hematopoietic compartment and are pre-

sent in a large proportion of seemingly healthy individuals. This condition, commonly known as Clonal He-

matopoiesis of Indeterminate Potential (CHIP), is characterized by over-representation of clones harboring

certain somatic mutations in peripheral blood of individuals that otherwise have no overt hematological

disorder, and is considered a genuine pre-malignant state94,95 (Figures 2 and 3A). Furthermore, CHIP is

highly prevalent in aging individuals; when defined with a variant allele fraction of 0.5%, it manifests in

�20% of all individuals at age 50, and further increases to�50% by 70 years of age.96,97 More recent studies

using very high-depth sequencing have shown that the incidence of age-associated CHIP could be even

higher than previously reported. Although there is no current consensus on what variant allele frequency

defines CHIP of clinical significance, advanced genomics methodologies could further aid in tracking

the origins and progression of mutant clones over extended timescales.98

CHIP is suspected to emerge when hematopoietic stem cells (HSCs) acquire somatic mutations that confer

a fitness advantage, consequently producing clones which account for a disproportionately large fraction

of mature peripheral blood cells.99,100 Mutations identified in CHIP are commonly thought of as drivers of

cancer and predominantly include epigenetic modifiers (DNMT3A, TET2), and less frequently, splicing fac-

tors (U2AF1, SRSF2, SF3B1), DNA repair regulators (TP53, PPM1D), and signaling pathways (JAK2,

CBL)94,95,101–103 (Figure 3A). Moreover, recent studies have shown that the somatic mutations associated

with CHIP arise at different ages and appear to be biased by gender in some instances.104 Though not

as well-studied, additional non-genetic programs associated with transcriptional control, RNA splicing,

and chromatin and DNA states can further diversify the gamut of cell-intrinsic variabilities that may in

turn impart clonal fitness.13,105 Therefore, the genetic and non-genetic diversity reported in CHIP is a
4 iScience 26, 106574, May 19, 2023
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Figure 3. Clonal hematopoiesis development shares similarities with tumor evolution

(A) The most commonly mutated genes in clonal hematopoiesis, categorized by the major pathways that they are associated with as reported by Kar et al.104

Among the common genetic alterations associated with CHIP, epigenetic modifiers such as DNMT3A, TET2, and ASXL1 are the top most recurrently

mutated genes. Other known cancer associated genes and pathways such as TP53, ATM, and JAK2 also feature prominently.

(B) A model for clonal selection and progression of CHIP. Changes in HSC clonal diversity in CHIP is influenced by cell-intrinsic and extrinsic factors that wax

or wane as an individual ages. Certain genetic mutations serve as initiating events and confer selective advantage to a clone that may skew HSC diversity and

function. The initiating genetic events may cause further selection through genetic and non-genetic mechanisms leading to enhanced clonal diversity. The

genetic alterations and skewed clonal architectures would in turn promote immune dysfunction leading to increased risk of infections and chronic

inflammatory states that could further drive the clonal selection and eventual transformation.
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multiscale process, likely operating through a combination of changes on molecular, cellular, and chrono-

logical levels (Figure 3B). These changes may be a direct consequence of aging or could themselves be

drivers of the ‘‘aging phenotype’’; decoupling these cell-intrinsic and extrinsic scenarios will be critical

to pursue in future studies.

Although the causal relationship between CHIP and myeloid malignancies has been recognized, interest-

ingly, only 0.5–1% of all individuals with CHIP progress further to develop hematological malignancies each

year despite its high prevalence.96,106 Thus, the progression of CHIP to malignancies appears to be a rela-

tively slow, stepwise process punctuated by iterative rounds of positive selection via several cooperating

parameters.107–111 These parameters include contributions from both cell-intrinsic determinants (genetic
iScience 26, 106574, May 19, 2023 5
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and non-genetic) and cell-extrinsic factors (e.g., persistent infections driving chronic inflammation and im-

mune cell regulation of developmental niches) which simultaneously steer the clonal selection pro-

cess.106,112–117 The exact identity of such parameters and the combinatorial effect of the selective forces

that shape the ultimate clonal architecture underlying an overt malignancy remains to be fully understood.

Moreover, CHIP is not the only bonafide pre-malignant state associated with hematological malignancies;

other well-studied examples include pre-malignant conditions like monoclonal B cell lymphocytosis118 and

monoclonal gammopathy of undetermined significance119 with pre-dispositions to chronic lymphocytic

leukemia andmultiple myeloma, respectively. It would be interesting to study how these pre-malignant he-

matological states are conceptually related in their origin and eventual progression to frank neoplasms.

Advancement in single-cell multi-omic profiling approaches have introduced new paradigms wherein

certain molecular states of cells are preferentially selected in pre-malignant conditions such as CHIP.

Importantly, such cellular states likely arise from integration of multiple parameters and represent a

more robust and stable readout than features influenced by individual parameters. Therefore, longitudinal

identification and tracking of cellular states–similar to lineage tracing approaches recently used in the

hematopoietic system120–could offer complementary approaches in defining the evolutionary history of

pre-malignant conditions and the associated malignancies. Moreover, such clonal states could be more

generalizable besides characterizing clonality by mutational spectra alone.121 In summary, the hematopoi-

etic compartment offers an attractive and tractable system to perform longitudinal studies to monitor the

progression of CHIP to hematological neoplasms for revealing quantitative and systems-level principles

that underlie clonal evolution in cancers.

Beyond hematological malignancies, another well-studied example of pre-malignant clonal evolution is

the pre-cancerous state called Barrett’s esophagus. In Barrett’s esophagus, squamous cell lining in the

esophagus acquires stochastic genomic alterations and clonal expansion which could transform into

esophageal adenocarcinomas.30,33,122,123 Similar to CHIP, multiple clones in Barrett’s esophagus can

coexist over long periods of time and could accumulate additional mutations and copy number variations,

eventually leading to development of esophageal adenocarcinomas.124,125 However, in contrast to CHIP,

the progression of Barrett’s esophagus to esophageal adenocarcinomas appear to be much less frequent

and intriguingly associated with genetic architecture that is distinct between pre-malignant and malignant

states.126 Therefore, unique modes of clonal evolution associated with distinct pre-malignant states may

be operational in different tissue types. Future studies could test the broad relevance of the conceptual

frameworks developed in particular systems to unrelated tissue and cancer types.
NEXT FRONTIERS

The continued progress in developing links between clonality and clinical ramifications may pave the way

for systematic and periodic monitoring of clonality in individuals with clinically defined pre-malignant

states. In the near future, high-risk individuals such as those with chronic systemic inflammation, persistent

infections, or familial history of cancers could be monitored for clonality changes, at least in the hemato-

poietic compartment, as routine care. In general, recent progress in cell-free DNA technologies could

also allow identification of robust biomarkers that can faithfully track origins and progression of cancers

across multiple tissue types.127 Among the various challenges that remain, simultaneous measurement

of multiple modalities to identify traceable early biomarkers—beyond curated gene sets—will be

important towards unbiased and robust monitoring. Furthermore, universal or perhaps system-specific in-

terventions must be defined that consider the functional relevance of clones regardless of their profusion.56

On the technological front, advances across disciplines provide promising new toolkits for addressing the

open questions in tumor clonality (Table 1). For example, advanced spatiotemporal lineage tracing

coupled with computational modeling may resolve whether clonal states eventually selected for during tu-

mor evolution are pre-existing or newly acquired during adaptation. Moving forward, defining clonality

through surrogate means which go beyond the introduction of synthetic lineage tracers would be ideal

to infer evolutionary trajectories emerging via genetic and non-genetic mechanisms. For instance, natural

barcodes arising from the mitochondrial genome enable lineage inference in both health and dis-

ease.128,129 Rapid advances in automated image analysis with machine learning also offer complementary

tools to leverage phenotypic differences–such as cellular and subcellular morphology and localization–to

infer clonality.130–133 Similarly, computational methodologies relying on transcriptional memory between

progenies may also enable barcode-free lineage tracing with single cell RNA-sequencing datasets
6 iScience 26, 106574, May 19, 2023



Table 1. Recent advances in the study of clonality

Publication Type Specifics System

Rodriques et al.137 Sequencing Spatial Brain

Payne et al.138 Development

Zhao et al.139 Various

Young et al.140 Error-corrected Leukemia

Martelotto et al.141 Single-cell genome Fixed

Dong et al.142 N/A

Chu et al.143 N/A

Biezuner et al.144 Scalable Various

Tao et al.145 Melanoma

Nam et al.146,147 Multiomics MPN, CHIP

Wagner et al.148 Barcoding Transposase Development

Pei et al.149 Cre Recombination Hematopoiesis

Biddy et al.150 Retrovirus Stem Cell Reprogramming

Goyal et al.9 Drug resistance

Fennell et al.13 AML

Weinreb et al.91 Hematopoiesis

Gutierrez et al.151 CLL

Oren et al.11 Drug resistance

Umkehrer et al.42 Drug resistance

Ludwig et al.128 Mitochondrial Various

Miller et al.129 Hematopoiesis

Klahor et al.152 CRISPR/Cas9 Development

Spanjaard et al.153 Development

Zhang et al.154 Metastasis

Simeonov et al.155 Metastasis

Yang et al.60 NSCLC

Chan et al.156 Development

Alemany et al.157 Development

McKenna et al.158 Development

Frieda et al.159 N/A

Raj et al.160 Brain

Clark et al.161 Rabies virus Brain

Loveless et al.162 CRISPR/Cas9 and TdT Various

Quinn et al.59 Hybrid (Retrovirus and CRISPR) Metastasis

Satas et al.163 Computational Phylogeny Various

Eisele et al.135 Various

Gao et al.164 Various

Yang et al.45 Imaging Timelapse Drug resistance

Tian et al.133 Various

Chakrabarti et al.165 Drug resistance

Wehaveprovided recent studies of technological advances, including new hardware, computational frameworks, and experimental designs. The publications are pri-

marily grouped by type of technology developed. Sequencing refers to technological advances in sample preparation and sequencing data acquisition that increase

resolution for studying carcinogenesis and clonality. Barcoding refers to the use of synthetically introduced or endogenous inheritable DNA sequences for identifica-

tion of cellular lineage. Computational refers to analytical methods and frameworks for interpreting clonal evolution over time. Imaging refers to microscopy-based

tracking of tumor evolution using either reporter or label-free systems. The specifics of the technology are further described and similar technologies are presented

together. Lastly, themodel system in which the technology was applied in the cited publication is listed wherever relevant. Publications cited are not comprehensive,

rather are representative examples; an omission from this list does not reflect the potential importance nor impact of that publication, but merely an oversight.

Abbreviations: MPN, myeloproliferative neoplasms; AML, acute myeloid leukemia; CLL, chronic lymphocytic leukemia; and NSCLC, non-small cell lung cancer.
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alone.134,135 However, although clonality in some cancers can be well-described by single cell RNA-

sequencing, others may require multi-parameter approaches.136 Furthermore, it will be critical to perform

simultaneous evolutionary measurements of cell-intrinsic factors and extrinsic environments, and identify

the chronological order of molecular and cellular events to unravel unifying and cancer-specific systems-

level control principles (Figure 1). This will entail development of not just experimental multimodal

biochemical and imaging techniques, but also computational and analytical frameworks to complement

such rich and composite datasets.

ACKNOWLEDGMENTS

We thank Karun Kiani and themembers of the Goyal and Shukla labs for helpful discussions and comments.

Y.G. and E.I.G. acknowledge support from the Career Award at the Scientific Interface from BWF

(1020614.01), startup funds from Northwestern University, and the NSF NRT 2021900-Synthesizing Biology

Across Scales. V.S. and A.A. are supported by the R00 award from National Cancer Institute (CA248835),

startup funds from Northwestern University and developmental funds from the Lurie Comprehensive Can-

cer Center at Northwestern University (P30CA060553). ‘‘Tumor microenvironment’’ depiction in Figure 1

was created with BioRender.com.

AUTHOR CONTRIBUTIONS

V.S. and Y.G. conceived the project and E.I.G., A.A., V.S., and Y.G. wrote the manuscript.

DECLARATION OF INTERESTS

Y.G. received consultancy fees from the Schmidt Science Fellows and the Rhodes Trust. All other authors

declare no conflict of interest.
REFERENCES

1. ICGC/TCGA Pan-Cancer Analysis of Whole

Genomes Consortium (2020). Pan-cancer
analysis of whole genomes. Nature
578, 82–93.

2. Schuh, L., Saint-Antoine, M., Sanford, E.M.,
Emert, B.L., Singh, A., Marr, C., Raj, A., and
Goyal, Y. (2020). Gene networks with
transcriptional bursting recapitulate rare
transient coordinated high expression
states in cancer. Cell Syst. 10, 363–378.e12.

3. Su, Y., Bintz, M., Yang, Y., Robert, L., Ng,
A.H.C., Liu, V., Ribas, A., Heath, J.R., and
Wei, W. (2019). Phenotypic heterogeneity
and evolution of melanoma cells associated
with targeted therapy resistance. PLoS
Comput. Biol. 15, e1007034.

4. Kim, J., and DeBerardinis, R.J. (2019).
Mechanisms and implications of metabolic
heterogeneity in cancer. Cell Metabol. 30,
434–446.

5. Mooney, S.M., Jolly, M.K., Levine, H., and
Kulkarni, P. (2016). Phenotypic plasticity in
prostate cancer: role of intrinsically
disordered proteins. Asian J. Androl. 18,
704–710.

6. Bhang, H.-E.C., Ruddy, D.A., Krishnamurthy
Radhakrishna, V., Caushi, J.X., Zhao, R.,
Hims, M.M., Singh, A.P., Kao, I., Rakiec, D.,
Shaw, P., et al. (2015). Studying clonal
dynamics in response to cancer therapy
using high-complexity barcoding. Nat.
Med. 21, 440–448.

7. Gupta, P.B., Fillmore, C.M., Jiang, G.,
Shapira, S.D., Tao, K., Kuperwasser, C., and
Lander, E.S. (2011). Stochastic state
transitions give rise to phenotypic
8 iScience 26, 106574, May 19, 2023
equilibrium in populations of cancer cells.
Cell 146, 633–644.

8. Sharma, S.V., Lee, D.Y., Li, B., Quinlan, M.P.,
Takahashi, F., Maheswaran, S., McDermott,
U., Azizian, N., Zou, L., Fischbach, M.A.,
et al. (2010). A chromatin-mediated
reversible drug-tolerant state in cancer cell
subpopulations. Cell 141, 69–80.

9. Goyal, Y., Dardani, I.P., Busch, G.T., Emert,
B., Fingerman, D., Kaur, A., Jain, N., Mellis,
I.A., Li, J., Kiani, K., et al. (2021). Pre-
determined diversity in resistant fates
emerges from homogenous cells after anti-
cancer drug treatment. Preprint at bioRxiv.
https://doi.org/10.1101/2021.12.08.471833.

10. Rambow, F., Rogiers, A., Marin-Bejar, O.,
Aibar, S., Femel, J., Dewaele, M., Karras, P.,
Brown, D., Chang, Y.H., Debiec-Rychter, M.,
et al. (2018). Toward minimal residual
disease-directed therapy in melanoma. Cell
174, 843–855.e19.

11. Oren, Y., Tsabar, M., Cuoco, M.S., Amir-
Zilberstein, L., Cabanos, H.F., Hütter, J.C.,
Hu, B., Thakore, P.I., Tabaka, M., Fulco, C.P.,
et al. (2021). Cycling cancer persister cells
arise from lineages with distinct programs.
Nature 596, 576–582.

12. Shaffer, S.M., Dunagin, M.C., Torborg, S.R.,
Torre, E.A., Emert, B., Krepler, C., Beqiri, M.,
Sproesser, K., Brafford, P.A., Xiao, M., et al.
(2017). Rare cell variability and drug-induced
reprogramming as a mode of cancer drug
resistance. Nature 546, 431–435.

13. Fennell, K.A., Vassiliadis, D., Lam, E.Y.N.,
Martelotto, L.G., Balic, J.J., Hollizeck, S.,
Weber, T.S., Semple, T., Wang, Q., Miles,
D.C., et al. (2022). Non-genetic
determinants of malignant clonal fitness at
single-cell resolution. Nature 601, 125–131.

14. Tirosh, I., Izar, B., Prakadan, S.M.,
Wadsworth, M.H., 2nd, Treacy, D.,
Trombetta, J.J., Rotem, A., Rodman, C.,
Lian, C., Murphy, G., et al. (2016). Dissecting
the multicellular ecosystem of metastatic
melanoma by single-cell RNA-seq. Science
352, 189–196.

15. Tirosh, I., Venteicher, A.S., Hebert, C.,
Escalante, L.E., Patel, A.P., Yizhak, K., Fisher,
J.M., Rodman, C., Mount, C., Filbin, M.G.,
et al. (2016). Single-cell RNA-seq supports a
developmental hierarchy in human
oligodendroglioma. Nature 539, 309–313.

16. Litzenburger, U.M., Buenrostro, J.D., Wu, B.,
Shen, Y., Sheffield, N.C., Kathiria, A.,
Greenleaf, W.J., and Chang, H.Y. (2017).
Single-cell epigenomic variability reveals
functional cancer heterogeneity. Genome
Biol. 18, 15.

17. LaFave, L.M., Kartha, V.K., Ma, S., Meli, K.,
Del Priore, I., Lareau, C., Naranjo, S.,
Westcott, P.M.K., Duarte, F.M., Sankar, V.,
et al. (2020). Epigenomic state transitions
characterize tumor progression in mouse
lung adenocarcinoma. Cancer Cell 38, 212–
228.e13.

18. Williams, M.J., Werner, B., Barnes, C.P.,
Graham, T.A., and Sottoriva, A. (2016).
Identification of neutral tumor evolution
across cancer types. Nat. Genet. 48,
238–244.

19. Hanahan, D. (2022). Hallmarks of cancer:
new dimensions. Cancer Discov. 12, 31–46.

http://refhub.elsevier.com/S2589-0042(23)00651-X/sref1
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref1
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref1
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref1
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref2
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref2
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref2
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref2
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref2
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref2
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref3
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref3
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref3
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref3
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref3
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref3
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref4
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref4
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref4
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref4
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref5
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref5
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref5
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref5
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref5
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref6
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref6
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref6
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref6
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref6
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref6
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref6
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref7
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref7
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref7
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref7
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref7
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref7
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref8
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref8
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref8
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref8
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref8
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref8
https://doi.org/10.1101/2021.12.08.471833
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref10
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref10
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref10
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref10
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref10
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref10
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref11
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref11
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref11
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref11
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref11
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref11
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref12
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref12
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref12
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref12
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref12
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref12
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref13
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref13
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref13
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref13
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref13
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref13
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref14
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref14
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref14
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref14
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref14
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref14
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref14
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref15
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref15
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref15
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref15
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref15
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref15
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref16
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref16
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref16
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref16
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref16
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref16
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref17
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref17
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref17
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref17
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref17
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref17
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref17
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref18
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref18
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref18
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref18
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref18
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref19
http://refhub.elsevier.com/S2589-0042(23)00651-X/sref19


ll
OPEN ACCESS

iScience
Perspective
20. McGranahan, N., and Swanton, C. (2017).
Clonal heterogeneity and tumor evolution:
past, present, and the future. Cell 168,
613–628.

21. Black, J.R.M., and McGranahan, N. (2021).
Genetic and non-genetic clonal diversity in
cancer evolution. Nat. Rev. Cancer 21,
379–392.

22. Vendramin, R., Litchfield, K., and Swanton,
C. (2021). Cancer evolution: Darwin and
beyond. EMBO J. 40, e108389.

23. Navin, N., Kendall, J., Troge, J., Andrews, P.,
Rodgers, L., McIndoo, J., Cook, K.,
Stepansky, A., Levy, D., Esposito, D., et al.
(2011). Tumour evolution inferred by single-
cell sequencing. Nature 472, 90–94.

24. Pillai, M., Hojel, E., Jolly, M.K., and Goyal, Y.
(2023). Unraveling non genetic
heterogeneity in cancer with dynamical
models and computational tools. Nat.
Comput. Sci. 3. https://doi.org/10.1038/
s43588-023-00427-.

25. Russo, M., Pompei, S., Sogari, A.,
Corigliano, M., Crisafulli, G., Puliafito, A.,
Lamba, S., Erriquez, J., Bertotti, A.,
Gherardi, M., et al. (2022). A modified
fluctuation-test framework characterizes the
population dynamics and mutation rate of
colorectal cancer persister cells. Nat. Genet.
54, 976–984.

26. Salgia, R., and Kulkarni, P. (2018). The
genetic/non-genetic duality of drug
‘‘resistance’’ in cancer. Trends Cancer 4,
110–118.

27. Househam, J., Heide, T., Cresswell, G.D.,
Spiteri, I., Kimberley, C., Zapata, L., Lynn, C.,
James, C., Mossner, M., Fernandez-Mateos,
J., et al. (2022). Phenotypic plasticity and
genetic control in colorectal cancer
evolution. Nature 611, 744–753. https://doi.
org/10.1038/s41586-022-05311-x.

28. França, G.S., Baron, M., Pour, M., King, B.R.,
Rao, A., Misirlioglu, S., Barkley, D., Dolgalev,
I., Ho-Tang, K., Avital, G., et al. (2022). Drug-
induced adaptation along a resistance
continuum in cancer cells. Preprint at
bioRxiv. https://doi.org/10.1101/2022.06.
21.496830.

29. Kalluri, R., and Weinberg, R.A. (2009). The
basics of epithelial-mesenchymal transition.
J. Clin. Invest. 119, 1420–1428.

30. Murai, K., Dentro, S., Ong, S.H., Sood, R.,
Fernandez-Antoran, D., Herms, A., Kostiou,
V., Abnizova, I., Hall, B.A., Gerstung, M., and
Jones, P.H. (2022). p53 mutation in normal
esophagus promotes multiple stages of
carcinogenesis but is constrained by clonal
competition. Nat. Commun. 13, 6206.

31. Yoshida, K., Gowers, K.H.C., Lee-Six, H.,
Chandrasekharan, D.P., Coorens, T.,
Maughan, E.F., Beal, K., Menzies, A., Millar,
F.R., Anderson, E., et al. (2020). Tobacco
smoking and somatic mutations in human
bronchial epithelium. Nature 578, 266–272.

32. Yokoyama, A., Kakiuchi, N., Yoshizato, T.,
Nannya, Y., Suzuki, H., Takeuchi, Y.,
Shiozawa, Y., Sato, Y., Aoki, K., Kim, S.K.,
et al. (2019). Age-related remodelling of
oesophageal epithelia by mutated cancer
drivers. Nature 565, 312–317.

33. Martincorena, I., Fowler, J.C., Wabik, A.,
Lawson, A.R.J., Abascal, F., Hall, M.W.J.,
Cagan, A., Murai, K., Mahbubani, K.,
Stratton, M.R., et al. (2018). Somatic mutant
clones colonize the human esophagus with
age. Science 362, 911–917.

34. Martincorena, I., Roshan, A., Gerstung, M.,
Ellis, P., Van Loo, P., McLaren, S., Wedge,
D.C., Fullam, A., Alexandrov, L.B., Tubio,
J.M., et al. (2015). Tumor evolution. High
burden and pervasive positive selection of
somatic mutations in normal human skin.
Science 348, 880–886.

35. Colom, B., Herms, A., Hall, M.W.J., Dentro,
S.C., King, C., Sood, R.K., Alcolea, M.P.,
Piedrafita, G., Fernandez-Antoran, D., Ong,
S.H., et al. (2021). Mutant clones in normal
epithelium outcompete and eliminate
emerging tumours. Nature 598, 510–514.

36. vanNeerven, S.M., and Vermeulen, L. (2023).
Cell competition in development,
homeostasis and cancer. Nat. Rev. Mol. Cell
Biol. 24, 221–236. https://doi.org/10.1038/
s41580-022-00538-y.

37. Li, S., Garrett-Bakelman, F.E., Chung, S.S.,
Sanders, M.A., Hricik, T., Rapaport, F., Patel,
J., Dillon, R., Vijay, P., Brown, A.L., et al.
(2016). Distinct evolution and dynamics of
epigenetic and genetic heterogeneity in
acute myeloid leukemia. Nat. Med. 22,
792–799.

38. Duy, C., Li, M., Teater, M., Meydan, C.,
Garrett-Bakelman, F.E., Lee, T.C., Chin,
C.R., Durmaz, C., Kawabata, K.C., Dhimolea,
E., et al. (2021). Chemotherapy induces
senescence-like resilient cells capable of
initiating AML recurrence. Cancer Discov.
11, 1542–1561.

39. Duchmann, M., Laplane, L., and Itzykson, R.
(2021). Clonal architecture and evolutionary
dynamics in acute myeloid leukemias.
Cancers 13, 4887. https://doi.org/10.3390/
cancers13194887.

40. Sandén, C., Lilljebjörn, H., Orsmark Pietras,
C., Henningsson, R., Saba, K.H., Landberg,
N., Thorsson, H., von Palffy, S., Peña-
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M., Hoffmann, D., Kaiser, R., Selbig, J., and
Lengauer, T. (2004). Learning multiple
evolutionary pathways from cross-sectional
data. In Proceedings of the eighth annual
international conference on Research in
computational molecular biology RECOMB
’04 (Association for Computing Machinery),
pp. 36–44.

66. Beerenwinkel, N., Antal, T., Dingli, D.,
Traulsen, A., Kinzler, K.W., Velculescu, V.E.,
Vogelstein, B., and Nowak, M.A. (2007).
10 iScience 26, 106574, May 19, 2023
Genetic progression and the waiting time to
cancer. PLoS Comput. Biol. 3, e225.

67. Sottoriva, A., Kang, H., Ma, Z., Graham, T.A.,
Salomon, M.P., Zhao, J., Marjoram, P.,
Siegmund, K., Press, M.F., Shibata, D., and
Curtis, C. (2015). A Big Bang model of
human colorectal tumor growth. Nat.
Genet. 47, 209–216.

68. Tari, H., Kessler, K., Trahearn, N., Werner, B.,
Vinci, M., Jones, C., and Sottoriva, A. (2022).
Quantification of spatial subclonal
interactions enhancing the invasive
phenotype of pediatric glioma. Cell Rep. 40,
111283.

69. Maley, C.C., Galipeau, P.C., Finley, J.C.,
Wongsurawat, V.J., Li, X., Sanchez, C.A.,
Paulson, T.G., Blount, P.L., Risques, R.-A.,
Rabinovitch, P.S., and Reid, B.J. (2006).
Genetic clonal diversity predicts
progression to esophageal
adenocarcinoma. Nat. Genet. 38, 468–473.

70. Chauhan, L., Ram, U., Hari, K., and Jolly,
M.K. (2021). Topological signatures in
regulatory network enable phenotypic
heterogeneity in small cell lung cancer. Elife
10, e64522. https://doi.org/10.7554/eLife.
64522.

71. Udyavar, A.R., Wooten, D.J., Hoeksema, M.,
Bansal, M., Califano, A., Estrada, L., Schnell,
S., Irish, J.M., Massion, P.P., and Quaranta,
V. (2017). Novel hybrid phenotype revealed
in small cell lung cancer by a transcription
factor networkmodel that can explain tumor
heterogeneity. Cancer Res. 77, 1063–1074.

72. Rehman, S.K., Haynes, J., Collignon, E.,
Brown, K.R., Wang, Y., Nixon, A.M.L., Bruce,
J.P., Wintersinger, J.A., Singh Mer, A., Lo,
E.B.L., et al. (2021). Colorectal cancer cells
enter a diapause-like DTP state to survive
chemotherapy. Cell 184, 226–242.e21.

73. Risom, T., Langer, E.M., Chapman, M.P.,
Rantala, J., Fields, A.J., Boniface, C.,
Alvarez, M.J., Kendsersky, N.D., Pelz, C.R.,
Johnson-Camacho, K., et al. (2018).
Differentiation-state plasticity is a
targetable resistance mechanism in basal-
like breast cancer. Nat. Commun. 9, 3815.

74. Kaur, A., Webster, M.R., Marchbank, K.,
Behera, R., Ndoye, A., Kugel, C.H., 3rd,
Dang, V.M., Appleton, J., O’Connell, M.P.,
Cheng, P., et al. (2016). sFRP2 in the aged
microenvironment drives melanoma
metastasis and therapy resistance. Nature
532, 250–254.

75. Bottazzi, B., Riboli, E., and Mantovani, A.
(2018). Aging, inflammation and cancer.
Semin. Immunol. 40, 74–82.

76. Coussens, L.M., and Werb, Z. (2002).
Inflammation and cancer. Nature 420,
860–867.

77. Greten, F.R., and Grivennikov, S.I. (2019).
Inflammation and cancer: triggers,
mechanisms, and consequences. Immunity
51, 27–41.

78. Galon, J., and Bruni, D. (2020). Tumor
immunology and tumor evolution:
intertwined histories. Immunity 52, 55–81.
79. Hiam-Galvez, K.J., Allen, B.M., and Spitzer,
M.H. (2021). Systemic immunity in cancer.
Nat. Rev. Cancer 21, 345–359.

80. Allen, B.M., Hiam, K.J., Burnett, C.E.,
Venida, A., DeBarge, R., Tenvooren, I.,
Marquez, D.M., Cho, N.W., Carmi, Y., and
Spitzer, M.H. (2020). Systemic dysfunction
and plasticity of the immune
macroenvironment in cancer models. Nat.
Med. 26, 1125–1134.

81. Wu,W.-C., Sun, H.-W., Chen, H.-T., Liang, J.,
Yu, X.-J., Wu, C., Wang, Z., and Zheng, L.
(2014). Circulating hematopoietic stem and
progenitor cells are myeloid-biased in
cancer patients. Proc. Natl. Acad. Sci. USA
111, 4221–4226.

82. Riaz, N., Havel, J.J., Makarov, V., Desrichard,
A., Urba, W.J., Sims, J.S., Hodi, F.S., Martı́n-
Algarra, S., Mandal, R., Sharfman, W.H.,
et al. (2017). Tumor and microenvironment
evolution during immunotherapy with
nivolumab. Cell 171, 934–949.e16.

83. Mold, J.E., Weissman, M.H., Ratz, M.,
Hagemann-Jensen, M., Hård, J., Eriksson,
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