
ll
OPEN ACCESS
iScience
Perspective
The many faces of cancer evolution

Giovanni Ciriello1,2,4,* and Luca Magnani3,4,*
1Department of
Computational Biology,
University of Lausanne,
Lausanne, Switzerland

2Swiss Cancer Center Leman,
Lausanne, Switzerland

3Department of Surgery and
Cancer, Imperial College
London, London, UK

4These authors contributed
equally

*Correspondence:
giovanni.ciriello@unil.ch
(G.C.),
l.magnani@imperial.ac.uk
(L.M.)

https://doi.org/10.1016/j.isci.
2021.102403
SUMMARY

Cancer cells acquire genotypic and phenotypic changes over the course of the dis-
ease. Aminority of these changes enhance cell fitness, allowing a tumor to evolve
and overcome environmental constraints and treatment. Cancer evolution is
driven by diverse processes governed by different rules, such as discrete and irre-
versible genetic variants and continuous and reversible plastic reprogramming. In
this perspective, we explore the role of cell plasticity in tumor evolution through
specific examples. We discuss epigenetic and transcriptional reprogramming in
‘‘disease progression’’ of solid tumors, through the lens of the epithelial-to-
mesenchymal transition, and ‘‘treatment resistance’’, in the context endocrine
therapy in hormone-driven cancers. These examples offer a paradigm of the fea-
tures and challenges of cell plastic evolution, andwe investigate how recent tech-
nological advances can address these challenges. Cancer evolution is a multi-
faceted process, whose understanding and harnessing will require an equally
diverse prism of perspectives and approaches.

INTRODUCTION

Human solid tumors can be described as a population of molecularly and/or phenotypically heterogeneous

cancer cells. The genetic component of this intrinsic diversity was initially defined as intra-tumor heteroge-

neity (ITH) (Greaves and Maley, 2012; Swanton, 2012). ITH has been studied through sampling multiple re-

gions (Jamal-Hanjani et al., 2017; Turajlic et al., 2018) or even single cells (Gaiti et al., 2019; Klein et al., 2002;

Suva et al., 2013) from the same tumor. These studies demonstrated the existence of multiple cancer cell

populations (or clones) sharing common molecular features, proof of a common ancestor, but also

harboring distinctive alterations acquired during tumor progression. In the context of species evolution,

analysis of common and distinct traits allowed tracing the evolutionary history of different species, i.e., their

phylogeny. Similar approaches applied to ITH can be used to reconstruct cancer evolution in individual pa-

tients (Schwartz and Schäffer, 2017). Tracing cancer evolution in human tumors has so far mostly focused on

DNA mutations (here intended with the broad meaning of alterations of the DNA sequence) treated as

‘‘passive’’, ‘‘discrete’’, ‘‘irreversible’’, and ‘‘inheritable’’ molecular features. From this perspective, models

inspired by Darwinian species evolution have provided a suitable framework to study cancer evolution:

DNAmutations passively and randomly emerge as a consequence of diverse mutational processes (Degas-

peri et al., 2020), by chance a minority will provide some sort of advantage to the cells where they occurred

(generally thought as a proliferative or survival advantage), which will outgrow the siblings lacking the ad-

vantageous mutations (Greaves and Maley, 2012). Based on this model, cancer evolution is thus deter-

mined by random emergence and functional selection of somatic DNA mutations. Although powerful,

this model has a fundamental limitation: genotype is not necessarily phenotype.

The proper homeostasis of the human body, intended as coordinated interactions of specialized cell com-

munities, is a reflection of pervasive phenotypic heterogeneity. As such, human cells can access a series of

mechanisms which allow inheritable phenotypical changes in the absence of somatic DNA changes. Cancer

originates from cells which share this multicellularity heritage but proliferate via asexual cell division. In this

context, vertical transmission through the germline is bypassed, and epigenetic modifications become the

primary constrain on cell identity but also function as an inheritable unit of information which can be actively

encoded (as a direct response to microenvironment cues) and transmitted from mother to daughter cells.

Therefore, in cancer, ITH is not exclusively a genetic phenomenon, and cancer cell populations within a tu-

mor often exhibit great epigenetic and transcriptional diversity (Filbin et al., 2018; Gaiti et al., 2019; Landau

et al., 2014; Patel et al., 2014; Puram et al., 2017; Tirosh et al., 2016). Histonemodifications and DNAmethyl-

ation can indeed sustain inheritable and heterogeneous gene expression among cancer cells that can be in

itself a substrate for Darwinian selection. Additionally, epigenetic reprogramming can result in changes of
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Figure 1. Cancer cell plasticity and cancer evolution

(A) Schematic representation of the space of cell plasticity trajectories: a cancer cell (colored sphere) moves along two major axes: differentiation status (Y

axis) and lineage commitment (X axis).

(B) Cell plasticity features. Change of cell state for a cancer cell is color coded (initial state: blue, new state: red).

(C) Challenges to address in the study of cell plasticity.
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cell state, sometimes identity, and enable ‘‘cell plasticity’’. Cell plasticity is the ability of a cell to change its

identity by altering its differentiation status and/or lineage commitment (Suva et al., 2013). Importantly, cell

plasticity is not necessarily driven or associated with specific genetic modifications and is a reversible pro-

cess. Plastic reprogramming in cancer has been categorized into two broad classes: ‘‘de-differentiation’’,

i.e., the acquisition by a fully differentiated cell of features observed in progenitor or stem cells, and ‘‘trans-

differentiation’’, i.e., the acquisition by a cell of a given lineage of features characteristic of a distinct lineage

(Figure 1A) (Magnen et al., 2017). In contrast to DNAmutations, plastic reprogramming can hardly be cate-

gorized into discrete units (or phenotypes), and it can be reverted, and its emergence is often not random,

as it can be induced by intrinsic or extrinsic factors, such as interactions with the tumor microenvironment or

drug treatment (Figure 1B). Nonetheless, similarly to DNAmutations, cell plasticity influences the evolution

of the disease through heritable transcriptional and/or epigenetic changes. In this perspective, we will

discuss a few representative examples of epigenetic heterogeneity and cell plasticity, which exemplify

these features, and we will examine the molecular tools that can be used to deconvolute plasticity and

explore its role in cancer evolution and adaptation.
THE PLASTIC IDENTITY OF CANCER CELLS

The most evident and possibly most studied example of ‘‘cancer cell plasticity’’ is the epithelial-to-mesen-

chymal transition (EMT) and its reverse, mesenchymal-to-epithelial transition (MET). The dynamic acquisi-

tion (and loss) of epithelial and mesenchymal markers is a key property of cells during embryonic develop-

ment and wound healing (Park et al., 2018). Therefore, cell plasticity is pre-built in the system as a required

physiological process that can be hijacked by cancer cells. Downregulation of the epithelial marker and

adherent junction molecule E-cadherin leads to loss of cell adhesion and together with expression of

mesenchymal markers (such as vimentin and N-cadherin) is associated with increased migratory potential.

This program is frequently rebooted by cancer cells where it increases their invasive and possibly metasta-

tic potential (Thiery, 2002), although the latter has sometimes been debated (Bornes et al., 2019; Fischer

et al., 2015; Stanger et al., 2017). In epithelial tumors, EMT features are associated with tumor grade,

discriminating between poorly and well-differentiated histology. Interestingly, during cancer evolution,

EMT is possible and has been studied at multiple phases of disease progression, from initiation (Rhim

et al., 2012) to metastatic invasion. Through these phases, partial EMT states have been documented,

with cells concurrently exhibiting epithelial and mesenchymal markers (Brabletz et al., 2018). These inter-

mediate and heterogeneous states highlight the non-discrete nature of EMT.

Importantly, EMT is ‘‘reversible’’, and the same cell lineage can undergo EMT and MET; it is not associated

with the acquisition of specific genetic alterations, but it involves complex epigenetic and transcriptional

reprogramming that can be induced by interactions with the tumor microenvironment (Hanahan andWein-

berg, 2011; Thiery, 2002; Tsai and Yang, 2013). EMT plastic reprogramming involves the coordinate actions

of several transcription factors (TFs) (most notably Snail, Zeb, and Twist), whose activation is coordinated

and not necessarily simultaneous. For example, mutually exclusive and subsequent expression of Snail and
2 iScience 24, 102403, May 21, 2021
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Prrx1 has been show to first repress epithelial markers (by Snail) and then activate mesenchymal markers (by

Prrx1) (Fazilaty et al., 2019). It should be noted that cancer cells from different tissues have been shown to

express different EMT-associated TFs and EMT dependencies. For example, Snail and Zeb have been

shown to have a different role in breast and pancreatic tumors (Brabletz et al., 2018). Transcriptional

changes during EMT are tightly associated with epigenetic ones, especially concerning histone post-trans-

lational modifications (McDonald et al., 2017; Peixoto et al., 2019). Here, tissue-specific chromatin accessi-

bility might confer different EMT potentials associated with the cell of origin. For example, squamous cell

carcinomas of the skin driven by KRAS oncogenic mutations and p53 loss led to epithelial tumors when

originating from the interfollicular epidermis, whereas acquired mesenchymal features when derived

from hair follicles (Latil et al., 2017). In these contexts, bivalent chromatin states might be indicative of plas-

tic potential. Indeed, concurrent activating and repressing histone modifications have been reported at

promoters of both Snail (Fazilaty et al., 2019) and Zeb (Chaffer et al., 2013). The extent to which bivalent

marks characterize other critical genes involved in cancer progression is currently unknown, but it is

tempting to speculate that a similar arrangement could offer a great deal of flexibility to cancer cells in

time of need. Overall, altered histone modifications and transcriptional programs driven by microenviron-

mental cues, e.g., as a result of inflammation, or stochastic epigenetic changes lead to heterogeneous cell

states and tissue dependencies. This heterogeneity makes it hard to univocally define the EMT transition.

Consistent with a progressive rewiring of epigenetic and transcriptional programs orchestrated bymultiple

factors, EMT does not occur as a switch from one stable state to another, i.e., it cannot be modeled as a

discrete or, even less, binary event. In recent years, this process has been shown to encompass a continuum

of cell states between two archetypal epithelial and mesenchymal cell identities (Park et al., 2018; Zhang

and Weinberg, 2018). Gene expression signature approaches have been proposed to quantify this contin-

uum (Chakraborty et al., 2020; Li et al., 2017). However, when applied to bulk RNA-seq, these approaches

face two main challenges: (1) expression of EMT markers might come from tumor and non-tumor cells (e.g.

cancer-associated fibroblasts) and the latter might lead to misinterpret the state of the former (Li et al.,

2017), and (2) it is impossible to determine whether a given EMT score reflects the intrinsic state of individ-

ual tumor cells or the average state emerging from a heterogeneous cancer cell population. Indeed, single-

cell analyses by either RNA-seq or mass cytometry data have confirmed heterogeneous EMT states within

individual tumors (Karacosta et al., 2019; McFaline-Figueroa et al., 2019; Puram et al., 2017), and such het-

erogeneity was also observed spontaneously emerging in vivo (Beerling et al., 2016). Similarly, specific

chromatin states, such as bivalent promoters, will need to be assessed in single cells (Cheung et al.,

2018) to determine when these are intrinsic or emergent properties of the cancer cell population. Induction

of EMT in distinct cancer cell lines has been recently shown to drive heterogeneous transcriptional

changes, in a tissue-dependent manner, although converging on EMT-like cell phenotypes (Cook and Van-

derhyden, 2020). These results challenged again the notion of a universal, i.e. tissue independent, EMT pro-

gram. Hence, similarly to heterogeneous genetic variants converging on deregulating the same pathway

(Sanchez-Vega et al., 2018), the same plastic phenotype might be implemented through heterogeneous

transcriptional and epigenetic modifications.

EMT in cancer has been directly linked with the emergence of cancer stem cells (CSCs) (Shibue and Wein-

berg, 2017). CSCs have been defined as tumor cells with unlimited self-renewal and tumor initiating/regen-

erating capacity, although their molecular features may differ across tumor types (Wainwright and Scaffidi,

2017). Initial CSC models posited a unidirectional differentiation trajectory: CSCs give rise to both CSCs

and non-CSCs, vice versa the differentiated offspring of CSCs cannot return into a stem-like state. Recent

evidence disproved this theory. Indeed, similarly to normal differentiated cells (Takahashi and Yamanaka,

2006), intrinsic and extrinsic cues can lead more differentiated tumor cells to acquire stem features and

generate novel CSCs (Chaffer et al., 2013; Guen et al., 2017; Li et al., 2019; Mani et al., 2008). This de-dif-

ferentiation trajectory has been shown to partly overlap with EMT, as exemplified by Zeb transcriptional

program and Wnt signaling (Shibue and Weinberg, 2017). Intriguingly, given the continuum of cell states

that defines EMT, the CSC model might actually encompass a similar continuum of differentiation states,

which are for the most part yet to be characterized.

Instances of plastic evolution have been observed in multiple tumor types, often associated with morpho-

logical changes of cancer cells. In lung adenocarcinomas, the tumor tissue architecture is often heteroge-

neous, especially in early-stage diseases, and it gives rise to histologic patterns recognized by histopathol-

ogy analyses (Travis et al., 2015). Recent evidence from histopathology-guided multiregional sampling has
iScience 24, 102403, May 21, 2021 3
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shown that this heterogeneity does not correspond to emergence of specific genetic variants, but it rather

reflects epigenetic and transcriptional reprogramming associated with cell de-differentiation and

increased proliferation (Tavernari et al., 2021). Additional examples include reprogramming to a progen-

itor state of luminal breast cancer cells (Domenici et al., 2019; Poli et al., 2018), intermixing and transition

between differentiated and progenitor states inmelanoma (Cheli et al., 2011; Roesch et al., 2010), epithelial

plasticity in pancreatic cancer (Genovese et al., 2017; Reichert et al., 2018), de-differentiation trajectories in

glioblastoma (Gallo et al., 2015), or lineage reprogramming from adeno to neuroendocrine carcinoma in

prostate and lung cancer (Park et al., 2018), which, similarly to EMT, shows evidence of a continuum of

states along which individual tumors may transition and evolve (Ireland et al., 2020). Several examples of

plastic reprogramming have been associated with cancer progression; however, pre-cancerous lesions

can arise through similar processes. Indeed, injury or inflammation can lead to change of cell identity

and organization of normal tissues, a condition referred to as ‘‘metaplasia’’. Metaplasia is accompanied

by profound epigenetic changes and increased risk of cancer development, potentially by favoring activa-

tion and tolerance of oncogenic signaling (Yuan et al., 2019). A notable example of cancer predisposing

metaplasia is Barrett esophagus. Here, inflammation driven by gastroesophageal reflux leads to trans-dif-

ferentiation of esophageal squamous cells into columnar cells (Que et al., 2019) and increased risk of devel-

oping esophageal carcinoma. Although driven by different transcriptional programs, often dependent on

the tissue or cell of origin, all these instances of cell plasticity involve de-differentiation and trans-differen-

tiation trajectories (Figure 1A). These trajectories represent therefore a common denominator of cell plas-

ticity and determine phenotypic heterogeneity among cancer cells in a rather dynamic and reversible

manner, enabling rapid adaptation during the evolution of the disease.

Under the light of these findings, the epigenetic landscape originally proposed by Conrad Waddington in

1957 (Goldberg et al., 2007) appears flatter than initially imagined for many malignancies. Pushed by

intrinsic and extrinsic forces, cancer cells move in a space whose dimensions are broadly defined by differ-

entiation status and lineage commitment (Figure 1A) but whose features vary among tumor types and

evolutionary pressures. In this context, EMT can be thought as a subgroup of trajectories along these di-

mensions. Importantly, plasticity features are likely to depend on the cell of origin, oncogenic variants, in-

teractions with the tumor microenvironment, and therapeutic intervention. In addition, as a cancer cell

population evolves toward the achievement of different objectives (Hanahan and Weinberg, 2011), evolu-

tionary trade-offs might be required, e.g., between cell growth and survival (Hausser et al., 2019; Shoval

et al., 2012). These objectives are likely to change during tumor progression requiring adaptive reprogram-

ming of gene expression (Aktipis et al., 2013). This is particularly critical for treatment efficacy. Indeed, cell

plasticity programs, such as EMT and CSC, have been for long associated with resistance to therapy (Shi-

bue and Weinberg, 2017) (Byers et al., 2013), and treatment strategies are in development and trial to pre-

vent the adaptive transitions (Sheridan, 2013). Overall, to understand the contribution of cell plasticity to

cancer evolution, several questions remain to be answered (Figure 1C): How does plastic reprogramming

depend on the tumor cell of origin and/or selected genetic variants? Are plastic phenotypes the result of

intrinsic cell changes or emergent properties of a heterogeneous cell population? Do they correlate with

spatial feature and interactions? Finally, is cell plasticity the result of feature selection or adaptive

response? Critically, addressing these questions will not only inform on tumor evolution but also help us

understand how cell plasticity influences response to therapy.
EVOLUTIONARY TRAJECTORIES UNDER CLINICAL INTERVENTION

Systemic therapies are essential for the management of patients with cancer. Their goal is to prevent or

delay tumors progression, often by targeting cancer-specific vulnerabilities (personalized medicine).

This creates significant bottlenecks which cancer cells have to evade (Acar et al., 2020). Therefore, we

believe it is essential to differentiate between the evolutionary ark of cancer before and after treatment,

with a particular consideration on the anticipated effect of the therapy on individual cancer cells within

the tumor ecosystem. Most patients with solid tumors undergo surgery with curative intent, but almost

all cancer types receive additional layers of treatments. Some treatment modalities (surgery and radio-

therapy) aim to physically eradicate cancer cells, thus precluding future adaptation/evolution. On the other

hand, the vast majority of neo-adjuvant (before surgery) or adjuvant (after surgery) intervention relies on the

systemic delivery of therapeutics. The ambition of precision medicine is to develop chemotherapy strate-

gies that restrict ‘‘collateral casualties’’, by leveraging cancer-specific functional, or ‘‘driver’’, alterations. In

the last 20 years or so, the field has focused mostly on genetic drivers with the hope of developing an array

of silver bullets. Unfortunately, only a minor set of cancer drivers can be targeted (Tannock and Hickman,
4 iScience 24, 102403, May 21, 2021
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2016), and the benefit of targeted therapies is invariably limited in time. Indeed, genetic ITH and evolution

foster disease relapse through either pre-existing or emergent mechanisms of resistance (Tannock and

Hickman, 2016). Efforts such as TRACERx (Jamal-Hanjani et al., 2017) aim at tracking genetic evolution

of cancers treated with targeted therapies, with the hope of predicting resistance and eventually anticipate

it altogether (Turajlic et al., 2019). Yet, we believe it is important to highlight that genetic heterogeneity is

not the only player in the evolutionary arm race between the oncologist and the disease. Cancers might be

thought as populations of single cancer cells sharing a multicellular past: each cancer cell has been devel-

oped via a series of plastic developmental stages before the onset of the tumor, and it is unlikely that these

memories are completely eradicated by tumor initiation. Multicellularity and cell identity are governed by

epigenetic processes and chemical modifications decorating the DNA and associated with inheritable

gene expression (Consortium et al., 2015). Of note, epigenetic processes are perfectly suited for quick

and stable phenotypic switches during normal development, even if epigenetic modifications are by defi-

nition reversible. It is worth mentioning that epigenetic changes have been linked to trans-generational ef-

fects in response to sudden and drastic changes in the environment such as famine in humans (Horsthemke,

2018). Therefore, transcriptional plasticity and epigenetic memory represent two instruments cancer cells

inherit from their cell of origin and are likely to play a role in adaptation and evolutionary processes in

response to rapid disruptive changes in the tumor microenvironment (therapy and metastasis).

Several groups have now started to explore how cancer cells treated with targeted therapies might exploit

developmental strategies to ‘‘persist and adapt’’ to treatment in addition to classical mutational processes

(Acar et al., 2020; Echeverria et al., 2019; Gaiti et al., 2019; Hinohara et al., 2018; Hong et al., 2019; Kim et al.,

2018; Sharma et al., 2010). These mechanisms might explain, for example, the evolutionary trajectories of a

vast subset of patients diagnosed with hormone-dependent cancers (breast and prostate cancers) where

relapsing tumors can occur decades after surgery (Pan et al., 2017). In these instances, expansion via

Darwinian selection of genetically defined clones appears at odds with clinical records.
NONGENETIC ADAPTATION IN DORMANT CELLS

A striking example of this paradigm comes from the study of patients with estrogen receptor-positive (ERa)

breast cancer. ERa breast cancer is the most common form of the disease (70%), and it is generally treated

with surgery. These patients then receive various forms of adjuvant targeted therapies (endocrine treat-

ment) designed tode-activate ERa, the hormone receptor drivinggeneproliferation in these cells in dissem-

inated tumors cells, which are thought to leave the primary tumor from the early stages of transformation

(Hüsemann et al., 2008; Klein, 2009; Sosa et al., 2014). Of note, the receptor is rarely mutated at the onset

of the disease (~1%), providing an interesting example of a targeted treatment designed against a devel-

opmental program rather than an actionable mutation. In only about 40% of returning tumors, the field

has managed to identify genetic events possibly linked to treatment resistance (Razavi et al., 2018), and

even in these cases, there was little evidence for selective processes favoring de novo pre-existent genetic

clones, strongly suggesting that resistance in most instances is acquired. These observations lead to a crit-

ical question: since endocrine therapies act mostly in a cytostatic fashion (i.e. inducing/extending

dormancy), how do they acquire mutations in absence of significant cycling? One possibility could be

stress-induced adaptive mutability (Cipponi et al., 2020; Russo et al., 2019), a situation in which cells tran-

siently lower DNA repair and increase DNA replication errors. Nevertheless, it is not known if these pro-

cesses are directly responsible in originating resistance-associated mutations, and the clinical timeline of

relapse does not appear to fit with this mechanism. A second possibility is that cells undergo nongenetic

phenotypic transitions while dormant.

Several groups including ours have hypothesized that acquired resistance has significant nongenetic com-

ponents. For example, in vitro studies have highlighted how epigenetic reprogramming occurs during the

acquisition of resistance (Hinohara et al., 2018; Magnani et al., 2013; Nguyen et al., 2015; Perone et al.,

2019). These studies provide a theoretical framework for adaptation, where only certain epigenetic clones

could efficiently enter in a dormant state and begin an adaptive journey toward epigenetic-mediated awak-

ening. Currently, we do not know if dormancy is one epigenetic state, a set of directional transition similar

to normal development, or a continuum of states navigated stochastically by cancer cells. In one particular

model, epigenetic awakening is ascribed to metabolic rewiring, with cells acquiring the ability of autono-

mously producing cholesterol ligands carrying estrogenic activity (Nguyen et al., 2015; Perone et al., 2019;

Perone and Magnani, 2016; Simigdala et al., 2016). Epigenetic reprogramming has been also documented

in vivo by comparing patients with primary and metastatic ERa breast cancer (Patten et al., 2018). Many
iScience 24, 102403, May 21, 2021 5
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Figure 2. Dormancy in the context of clonal evolution

(A) Many alternative models have been proposed to explain emergent genetic heterogeneity commonly observed in

newly diagnosed cancers (gray subclones). By definition, curative surgery would remove the substrate for future evolution

in the primary lesion. Further evolution of minimal residual disease (MRD) might be dependent on ‘‘nongenetic

mechanisms’’, especially under cytostatic treatment (gray/color transition). In this particular example, the color gradient

represents phenotypic adaptation (multiple state transitions, i.e., dormancy entrance to tumor awakening) which can

occur while mutational processes and generation of additional ITH are disfavored. Once cells resume proliferation,

classical clonal evolution resumes on the backbone of a reprogrammed epigenome.

(B) An example of nongenetic adaptation is the selection/induction of dormancy under therapeutic stress. During periods

of low circulating hormone (before puberty and after menopause), estrogen-dependent cells appear to survive in a

prolonged dormancy status (dark gray dots). We hypothesize that the transcriptional programs underlying endocrine

therapies, which effectively mimic hormone deprivation, might possibly be a reboot of tissue-specific developmental

pathways (i.e. preservation of hormone-sensing ERa during periods of low hormone circulation via induced/selected

dormancy).
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in vitro studies have also repeatedly shown that resistance emerges only after months of treatment (Aguilar

et al., 2010; Yue et al., 2003), strongly implicating the existence of treatment-induced dormancy (Aguirre-

Ghiso, 2007). One of the immediate outcomes of these observations is that non-cycling cells would involve

a dramatically reduced ability of cementing new mutations, similar to lung quiescent cells (Yoshida et al.,

2020). It is less clear however how dormancy would impact on DNA damage and if adaptive mutability

(Russo et al., 2019) could still occur during extended G0-G1 intervals.

These studies however could not determine if the changes in the epigenome leading to transcriptional

changes and cell identity switch were truly induced by the treatment (true plasticity) or are more accurately

modeled by Darwinian selection of epigenetic subpopulations. This limitation is exacerbated by the nature

of these studies which tend to measure the start and the end of the adaptive journey. With the advent of

single-cell technologies, this question is finally becoming accessible, by mapping epigenetic and transcrip-

tional features longitudinally, in single lineages within a population under therapeutic stress (see next sec-

tion for technical details). Using some of these emerging approaches, it has been shown that transcriptional

(nongenetic) heterogeneity is common even in ERa breast cancer cell lines cultured in the absence of ther-

apeutic challenges (Chen et al., 2020; Hong et al., 2019). More importantly, these studies have shown that

the initial phases of drug resistance invoke the selection of a well-defined set of cells, which rely on a

dormant developmental program to avoid cell death. The transcriptome of these ‘‘pre-adapted cells’’ is

nevertheless vastly different from the final proliferative stages of resistance and lacks the mutational fea-

tures that characterize these latter stages (Magnani et al., 2017). Altogether, these reports suggest that

ERa breast cancer cells might adapt to treatment, while being dormant at a minimal residual disease stage,

initially exploiting nongenetic mechanisms. These data advocate for a refined mutational timeline for hor-

mone-dependent cancers, where resumed proliferation (awakening) would re-instate more conventional

mutational processes that could feed classical Darwinian evolution (Figure 2).
6 iScience 24, 102403, May 21, 2021
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Is this paradigm confined to patients with ERa breast cancer and endocrine therapies? And how does adap-

tation play out? The idea of drug-tolerant persister cells (conceptually compatible with the idea of

dormant), i.e., cells characterized by adaptive features that transcend simple genetic mechanisms, has

been scrutinized in several other cancer types. For example, Sharma and colleagues described quite

some time ago how PC9 lung NSCLC cancer cells contain a persister population that plays a central role

in the development of resistance toward a targeted EGFR inhibitor (gefitinib) (Sharma et al., 2010). More

recently, a similar phenomenon was documented in a melanomamodel system (Shaffer et al., 2017). Shaffer

and colleagues show how transient transcriptional programs associated with BRAF inhibitor (vemurafenib)

ultimately can be fixed and inherited. In this case, the cell of origin of the resistant epigenetic clone did not

show a classical dormant/persister phenotype raising an interesting point: What is the balance between

stable/inheritable and transient/reversible transcriptional and epigenetic programs associated with de

novo drug resistance? Is it possible that epigenetic inheritance and stochastic fate switching depend on

cell or tissue of origin? For example, it is conceivable that endocrine treatments might induce a clinical

response down to a minimal residual disease approaching the development stage of adult breast progen-

itor cells (ERa positive, capable of sensing estradiol but quiescent in hormone-deprived animals: pre-pu-

berty [Dall et al., 2018]). These ERa cells are developmentally programmed to respond to hormonal chan-

ces and contribute to continuously remodeling the breast in response to developmental changes (after

puberty, during menstrual cycle, pregnancy, and after labor), while they must also be capable of with-

standing a long period of physiological hormone deprivation (before puberty and possibly after meno-

pause Figure 2B). Individuals with ERa breast cancer might have variable numbers of cells capable of re-

turning to a dormant, progenitor cell phenotype which could progressively adapt to the new conditions

until these cells awaken and resume proliferation and mutational processes. On the other hand, non-inher-

itable plasticity might also occur in certain contexts, with therapy tilting the balance of coordinated TF

levels up until the fixation of a drug-resistant phenotype (Shaffer et al., 2017). Lineage tracing transcrip-

tional profile and single-cell longitudinal assays will surely advance our understanding of these processes.

Additionally, introducing these molecular strategies in clinically relevant models, especially in patient-

derived organoids or xenografts, will potentially reveal nongenetic vulnerabilities which are currently un-

derappreciated considering the strong focus on actionable mutations.
SINGLE CELL IN THE FOURTH (TIME) DIMENSION

Evolutionary studies focusing on genetic events can leverage the waves of expansion and contraction of

single nucleotide variants in the cell population to reconstruct the history and possibly predict the future

of the disease (Werner et al., 2020). DNA changes can be accurately tracked by next-generation

sequencing. High-depth sequencing of (possibly) multiple samples per tumor allowed us to accurately

reconstruct the history of a tumor represented by clone phylogenies (Williams et al., 2018). Within this

context, a clone can be defined as a population of genetically identical cells or cells exhibiting the same

set of functional mutations. Under the (reasonable) assumption that DNA mutations are discrete and irre-

versible, it is possible to time these events from themost recently acquired back to the last emerging clonal

mutation, i.e., observed in all tumor cells.

The non-discrete and reversible nature of transcriptional and epigenetic changes makes similar analyses

and definitions considerably more challenging, if not impossible. How can a ‘‘clone’’ be defined from dy-

namic and reversible features? As discussed in the previous sections, cell populations found in distinct

meta-stable states by single-cell experiments could fit the definition. Although, these should be consid-

ered as distinct populations (or ‘‘clones’’) only at the specific time point of the measurement (Patten

et al., 2018). Indeed, gene transcription is in itself a continuous process, in which genes can be expressed

at variable levels, for certain period of times, and the mRNA degraded at variable rates (Fukaya et al., 2016;

Larsson et al., 2019; Rodriguez et al., 2018). Even in post-mitotic, well-differentiated tissues, it is expected

to observe oscillating changes in gene expression when sampling many thousands of cells. Hence, appar-

ently distinct clones at a given time point might actually reflect transition states of a dynamically changing

population of cells.

To track dynamic evolution of transcriptionally defined cell populations, an important advance is the recent

implementation of genetic (Ba et al., 2019) or lentiviral delivery-based (Biddy et al., 2018) barcode strate-

gies. These approaches can be coupled with transcriptomics profiles andmodified fluctuation analysis (e.g.

Memory-seq (Shaffer et al., 2018)) to either directly (transcribed barcodes) or indirectly (genetic barcodes)

monitor the transcriptomes of individual lineages at different time points. Importantly, these technologies
iScience 24, 102403, May 21, 2021 7
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Figure 3. New technologies can disentagle nongenetic selection from trancriptional reprogramming

(A) Nongenetic inheritance can operate as classical genetic Darwinian selection (i.e. a fitter phenotype is randomly

generated before a change in the environment and sweeps through the population) or could be interpreted in a more

Lamarckian way (i.e. a change in the external environment elicits a series of coordinate transcriptional responses which

can then be fixed and inherited via epigenetic changes).

(B) Feature selection or adaptive response (or a combination of thereof) can be tracked and traced by transforming

classical genetic barcodes into transcriptional barcodes (inner colors) which can be captured at the same time of single-

cell transcriptional profiles (outer colors). By matching lineages and transcriptomes at multiple time points, scientists can

potentially deconvolute intermediate states driving the final resistant phenotype.
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might allow us to address what is in our opinion a central issue in the field: measure and disentangle the

contribution of feature selection and plastic reprogramming in cancer evolution. In principle, by coupling

lineage tracing with single-cell RNA-seq profiles of longitudinal samples, it could be possible to estimate

whether transcriptional reprogramming observed at the population level is driven by selection of a sub-

population of cells (barcodes tracking persistent phenotypes) or plastic reprogramming within a cell pop-

ulation (modified transcriptional program of cells with identical barcodes) (Figure 3). These strategies must

be coupled with epigenetic annotation, which might mitigate some of the issue related to transcriptional

noise while providing evidence on how epigenetic memory is transferred through the population. One of

the first attempts in this direction leveraged the notion that histone occupancy at a given time has a discrete

nature (normally, one histone for each DNA copy) (Patten et al., 2018). Since epigenetic modifications are

thought to contribute to inheritable transmission of transcriptional statuses, they are considered more sta-

ble and potentially trackable. Patten and colleagues have exploited these concepts to deconvolute bulk

tumor ChIP-seq signal for the histone 3 lysine 27 acetylation mark into clonal and subclonal signals and

showed that epigenetic clonal landscapes of tumors evolve during progression and treatment (Probert

and Curtis, 2018). While most epigenetic analyses are not yet available at the single-cell level, chromatin

occupancy is (scATAC-seq). Tracking adaptation via scATAC-seq analysis might reveal the transcriptional

driver of state transitions and measure epigenetic memory in adapting cells. A recent study on lung cancer

progression aptly shows the feasibility of these strategies (LaFave et al., 2020).

Implementing these experimental designs and interpreting the data generated through themwill not how-

ever be straightforward, as the data might be cofounded by a number of factors. For example, when exam-

ining changes in barcode representation in a cell pool, neutral drifts of cell populations and sampling

biases occurring both in vitro and in vivo need to be taken into account. Furthermore, both plastic reprog-

ramming and feature selection might concurrently affect shifts of cell populations, especially in highly dy-

namic environments (after cell migration or during therapy switching). Integrating mathematical models

and data from these experiments could alleviate these issues. So far, there have only been a few in vivo at-

tempts in limited model organisms with similar technologies owing to a number of technical limitations

(Wagner et al., 2018).

Importantly, characterization of cell populations by lineage tracing and single-cell experiments still fails to

capture interactions among these populations. These interactions might play a key role in adaptive behav-

iors, as is the case of EMT driven by interactions between tumor cells and the surrounding microenviron-

ment. In this context, integrating spatial genomics analyses or updates in single-cell technologies such
8 iScience 24, 102403, May 21, 2021
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as physically interacting cells with single-cell RNA-sequencing (Giladi et al., 2020) could provide the pos-

sibility of mapping cell populations to their physical location in the tumor [refs] and thus observe how

distinct cell populations co-localize and change over time.

In the future, we anticipate that cancer researchers will be able to measure dynamic changes in real time via

alternative methods. Parallelized reporter assays have the inconvenience of being limited by the emission/

excitation spectra and thus will not be applicable to a large set of genes. An alternative might be the devel-

opment of single-cell biopsies from previously developed nanotechnologies. For example, Edel, Ivanov

and colleagues have already implementedminiaturized nanotweezers capable of performing nano-surgery

on cells with the added value of leaving them viable for additional intervention (Nadappuram et al., 2019).

In the same publication, they showed how these instruments can be used to subsample the mRNA from

living cells (Nadappuram et al., 2019). It is conceivable that similar approaches could be scaled up to

perform RNA-seq studies on individual cellular biopsies on cancer cells exposed to any number of

perturbations.
CONCLUSIONS

Cancer evolution can be fueled by nongenetic mechanisms adding complexity, challenges, but also oppor-

tunities to our hope of solving the cancer puzzle.

Recurrent genetic mutations driving tumor initiation and progression have been reported in most tumor

types. The majority of these ‘‘driver’’ mutations have been proposed to be early events, whereas a minor

fraction of subclonal drivers have been identified across tumor types (McGranahan et al., 2015). Although

these observations vary among tumor types, possibly in association with clinical management of the dis-

ease (Iacobuzio-Donahue et al., 2020), evolution of advanced and treatment-naive tumors could be heavily

influenced by nongenetic mechanisms. For example, cancer cell reprogramming to stem-like states or met-

astatic spread cannot be traced back to specific genetic mutations but is rather sustained by transcriptional

and epigenetic rewiring. In this context, interactions between tumor cells and the surrounding microenvi-

ronment, as well as among heterogeneous cancer cell populations, are likely to play a key role.

Strong evolutionary bottlenecks, such as treatment administration, have the power to reshape the cell

fitness landscape and, therefore, the rules of selection. Here, subclonal genetic variants might become a

critical asset for tumor survival conferring resistance to therapy (Schmitt et al., 2015). It should be noted

that, even if pre-existing, these events might had not been providing a selective advantage in untreated

tumors, assuming the role ‘‘subclonal driver’’ only upon therapeutic intervention. Even in this setting,

nongenetic alterations can implement rapid adaptation and survival strategies.

Adaptation might also offer additional insights around our limited capacity to achieve full curative status

despite extremely successful targeted therapies in prevalent pathologies such as hormone-dependent

cancers. Indeed, it might be that established therapeutic strategies (endocrine therapies) and new ones

(CDK4/6i) are simply not suitable for this particular job. Upon treatment, certain cancers might regress

to persister stages that strongly mimic resilient development programs, requiring a completely new

approach to drug discovery. Understanding the nongenetic vulnerabilities of minimal residual disease

might prove successful. It is not clear if similar developmental regression to dormant, persister cells hap-

pens in other malignancies, but it is not unlikely that other carrying the relic of the developmental processes

of the tissue of origin (i.e. glioblastoma and colon cancer) might also benefit from the study of nongenetic

inheritance in treatment adaptation. Is there a common thread between all these cancers? Is minimal resid-

ual disease in solid tumor the epicenter on developmentally borrowed adaptation processes? Which pro-

cesses should we target to steer adaptation? A plethora of epigenetic drugs have been already designed

with some in clinical use already, but they all have the limitation of targeting all cells and the entire epige-

nome (Morel et al., 2019). Ultimately, is plasticity a cell autonomous/constant feature that could be

measured (the same way we measure the constant of deformation on a spring) or is this property a function

of the cell population that requires active information transfer across the ecosystem?

In recent years, technological advances are providing new ways of interrogating cancer evolution. Single-

cell multi-omics, spatial genomics, and lineage tracing approaches are among the most promising to study

the balance and interplay of tumor evolutionary mechanisms: genetic and nongenetic, intrinsic and emer-

gent, selection and adaptation. On the one hand, these technologies will need to be coupled with
iScience 24, 102403, May 21, 2021 9
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theoretical and data-driven frameworks to convert high-throughput data into information. On the other

hand, new perspectives and questions need to be advanced to exploit the potential of these approaches.

Overall, to understand, predict, and steer tumor evolution will require integrating the many fragmented

views of a rather heterogeneous scientific community into a new coherent and comprehensive picture.
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