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SUMMARY

Similarities between microbial and cancer cells were noticed in recent years and
serve as a basis for an atavism theory of cancer. Cancer cells would rely on the re-
activation of an ancestral ‘‘genetic program’’ that would have been repressed in
metazoan cells. Here we argue that cancer cells resemble unicellular organisms
mainly in their similar way to exploit cellular stochasticity to produce cell special-
ization andmaximize proliferation. Indeed, the relationship between low stochas-
ticity, specialization, and quiescence found in normal differentiated metazoan
cells is lost in cancer. On the contrary, low stochasticity and specialization are
associated with high proliferation among cancer cells, as it is observed for the
‘‘specialist’’ cells in microbial populations that fully exploit nutritional resources
to maximize proliferation. Thus, we propose a model where the appearance of
cancer phenotypes can be solely due to an adaptation and a speciation process
based on initial increase in cellular stochasticity.

INTRODUCTION

Parallels between cancer cells and microbial organisms have been noticed in past years, based either on

various ecological and evolutionary considerations (Sprouffske et al., 2012; Thomas et al., 2017; Vincent,

2012) or on gene expression data (Trigos et al., 2017, 2018). Especially, some gene categories associated

with multicellularity (extracellular matrix and adhesion) are downregulated in cancer, whereas those asso-

ciated with unicellularity are upregulated (Trigos et al., 2017). These works favor the atavism hypothesis

suggesting that cancer cells adopt a ‘‘selfish’’ unicellular mode of life through an active and directed pro-

cess driven by selection (Thomas et al., 2017). This hypothesis proposes that cancer cells reactivate an

‘‘ancestral’’ gene expression program allowing survival in the highly stressful conditions such as low oxygen

and pH found in cancer and resembling the pre-Cambrian environment, in which only cancer cells could

flourish. In that sense, cells would return to a ‘‘pseudo-unicellular state’’ corresponding to the acquisition

of phenotypes required in these primitive conditions. Coincidentally, these adaptations to cope with envi-

ronmental stressors would provide an evolutionary explanation for the current difficulties of treating and

curing cancer using aggressive treatments like radiation and chemotherapeutic drugs (Vincent, 2016).

Besides the acquisition of this ability to survive highly toxic environments, cancer cells are characterized by

de-differentiation (loss of cellular characteristics mediating specialized somatic function) and de-speciali-

zation (loss of specialized somatic functionality by a tissue). Coupled with unlimited proliferation, these ob-

servations lead to the ‘‘reversion’’ concept where cancer cells deconstruct the metazoan phenotype and

replace it by a behavior that recapitulates early life forms (Vincent, 2012). Cancer cells would be sufficiently

autonomous to be considered unicellular. Nevertheless, cancer cells, although certainly losing their initial

normal specialization, acquire during cancerization other specialized features that create intra-tumoral het-

erogeneity and enable various degrees of cooperation in a tumor between specialized subpopulations

(Egeblad et al., 2010) (besides the general picture during cancer progression, where progression from

benign to advanced stages of the disease is invariably linked with increased loss of differentiation). It ap-

pears that cancer cells remain able to specialize despite an initial and partial dedifferentiation. Only a

particular subpopulation called cancer stem cells (CSCs) remain ‘‘de-specialized’’ and harbors high plas-

ticity and stochasticity (Capp, 2019; Lee et al., 2016). Thus, although the malignant phenotype initiation

might have links with loss-of-function ailments, tumorigenesis itself relies on cancer cells that acquire novel

states that can be defined as abnormal cell types due to reshaping of the epigenetic landscape, making
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cancer a good example of disease with new combinations of cellular functions (Huang et al., 2009). This has

been presented by proponents of the field of complex dynamical systems theory in their ‘‘cellular attractor’’

concept in the cancer context (Huang et al., 2009; Li et al., 2016).

In this article, we aim at giving a fresh look at the atavism hypothesis by reconsidering the way cancer cells

lose their initial characteristics and acquire new ones allowing optimal growth in the tumoral microenviron-

ment. To renew the parallelism between microbial and cancer cells, we propose to focus on cellular sto-

chasticity (especially gene expression variability) and the way such stochasticity is exploited in microbial

populations to produce specialized subpopulations with optimal growth capacity and better adaptation

in a given environment. Indeed, cancer cells seem to revert the relationship between stochasticity, special-

ization, and proliferation found for normal metazoan cells. In metazoans, specialization and phenotypic sta-

bility are acquired in normal differentiating cells from unspecialized stem cells characterized by high

proliferation ability and high intracellular stochasticity (see below). The process ends with proliferation ar-

rest in mature tissues. In cancer cell populations, the same process of specialization associated with

decrease cellular stochasticity occurs from similarly less specialized cells (the CSCs). However, instead of

leading to proliferation arrest, it generates subpopulations with optimized capacity to proliferate and to

benefit from both available nutritional resources and surrounding abnormal cooperating cells. This new

relationship between specialization and proliferation in cancer cells is exactly what is observed in microbial

populations that contain both less variable subpopulations specialized in the exploitation of a given envi-

ronment but penalized if the environment changes and more variable subpopulations less adapted in this

given environment but able to resume growth more rapidly after environmental changes (as the CSCs in a

tumor). As specialization is, on the contrary, associated with proliferation arrest in normal metazoan organ-

isms, cancer cells seem closer to microbial cells in the exploitation of cellular stochasticity to produce cell

specialization and high proliferation.

After detailing the different situations briefly mentioned in this introduction, this article will finally discuss

the potential origin of this new situation during oncogenesis, with an emphasis on the disruption of the

normal micro-environment in cancer that is no more able to reciprocally interact with cellular stochasticity

to ensure the specialization process of differentiating cells. In this tissue disruption-induced cell stochas-

ticity (TiDiS) theory, being released from these environmental constraints that normally limit and canalize

cellular stochasticity, pre-cancer cells would be free to explore all the possible combination of phenotypes

thanks to their high plasticity. If heritable (see, for instance, Flavahan et al., 2017), the non-genetic hetero-

geneity produced would yield a suitable substrate fueling the somatic evolution of tumors (Brock et al.,

2009), and thus produce fully malignant cells. This return of cancer cells to a behavior based on a heritable

cellular stochasticity resembling the one of unicellular organisms is radically different from an explanation

based on an existing ‘‘ancestral’’ genetic program that would need to be reactivated. Indeed, no activation

of pre-existing ‘‘program’’ is required here. Finally, this hypothesis based on tissue disruption suggests new

therapeutic perspectives: the restoration of relationships with the microenvironment resembling the ones

that occur in healthy tissues should be able to revert the abnormal phenotypes of cancer cells.

DIFFERENT LEVELS OF SPECIALIZATION CORRESPONDS TO DIFFERENT LEVELS OF

GENE EXPRESSION STOCHASTICITY ACROSS KINGDOMS

Microbial Cells: Generalists (High Stochasticity) versus Specialists (Low Stochasticity)

Genetically identical microbial cells display heterogeneity in their morphology, the composition of their

cellular components, and their growth dynamics (Ackermann, 2015). Previous works have demonstrated

that growth rate heterogeneity can serve as a bet-hedging mechanism, providing a benefit to the popula-

tion across changing environments, especially in yeast. Clonal Saccharomyces cerevisiae populations

display broad distributions of growth rates with slow growth being predictive of resistance to heat killing

in a probabilistic manner (Levy et al., 2012). A large component of growth rate heterogeneity is metastable

and epigenetic in nature (Cerulus et al., 2016; Levy et al., 2012). Markers of slow versus fast growth are sto-

chastically switched in yeast (Levy et al., 2012).

On the one hand, the fast-growing cells, that can be called ‘‘specialists,’’ express a restrained part of their

genome with a small number of genes expressed at high level (van Dijk et al., 2015), allowing them to fully

exploit the nutritional environment in which they grow thanks to the adequate strong expression of few

genes (Siegal, 2015). Therefore they maximize proliferation in this environment through a specialized

behavior, but they are heavily penalized when there is an environmental (especially nutritional) change.
2 iScience 23, 101531, September 25, 2020
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They do not resume growth because they do not harbor the adequate enzymatic andmetabolic tools, even

at low levels, to start growing in the new environment. This does not exclude the possibility that these

specialist cells can collaborate with other microbial species in consortia for the reciprocal benefit of

each species. However, they are still specialized in the present environment without bet-hedging antici-

pating potential uncertain futures.

On the other hand, the slow-growing subpopulation in S. cerevisiae expresses more genes in general, sug-

gesting a more permissive chromatin and a more stochastic and plastic gene expression that may, in turn,

allow them to explore a larger phenotypic space (van Dijk et al., 2015). This is detrimental for single cells in

terms of growth rate in constant environments but advantageous when the cells need to shift to alternative

carbon sources (faster transcriptional reprogramming and shorter lag phases) (Venturelli et al., 2015). In this

so-called generalist strategy, more genes involved in alternative carbon and nitrogen source metabolism

(less stringent catabolite repression) are expressed, and these cells are capable of growing on more het-

erogeneous environments (van Dijk et al., 2015). Only cells expressing ‘‘by chance’’ these genes allowing

metabolization of the second nutritional resource continue growing, what is contrary to the classical

models of progressive and general adaptation during these shifts (Siegal, 2015). Gene expression vari-

ability of catabolically active enzymes gives phenotypic heterogeneity in S. cerevisiae (New et al., 2014;

Venturelli et al., 2015; Wang et al., 2015), Escherichia coli (Kotte et al., 2014), or Lactobacillus lactis (Solo-

pova et al., 2014), which is an advantage when nutritional sources change compared with more homoge-

neous populations. This bet-hedging strategy of some cells allows better anticipation of environment

changes. Finally, in microbial populations, the combinations high stochasticity/generalist strategy/low pro-

liferation for the slow-growing cells and low stochasticity/specialist strategy/high proliferation for fast-

growing cells are observed.
Normal Metazoan Cells: Stem Cells (High Stochasticity) versus Differentiated Cells (Low

Stochasticity)

The same dichotomy is observed in metazoan organisms with stem cells and differentiated cells harboring

high and low gene expression variability, respectively (for a review see Capp and Laforge, 2020). When

examining embryonic stem cells (ESCs), an unusual nuclear structure where DNA is arranged in a less com-

pacted chromatin structure and that allows rapid turnover of chromatin proteins is observed compared

with differentiated cells (Meshorer et al., 2006). ESCs are enriched in epigenetic marks associated with

elevated gene expression and possess less marks that compact chromatin enough to prevent any gene

expression (Spivakov and Fisher, 2007). This is associated with the presence of high levels of proteins

involved in chromatin remodeling and gene transcription (Efroni et al., 2008) and allows widespread, gener-

alized, pervasive, and highly variable (stochastic) gene expression (Efroni et al., 2008; Fisher and Fisher,

2011; Gaspar-Maia et al., 2011). Especially, tissue-specific genes are sporadically expressed at low level,

whereas they were not expected in ESCs (Efroni et al., 2008).

Stem cells cannot be defined as a cell type characterized by stable phenotypes. Pluripotency would be

more a state of dynamic heterogeneity of a population driven by transcriptional noise than a discrete state

dependent on the fixed expression of a small set of genes (Kalmar et al., 2009). Moreover, the function of

the gene regulatory network centered on Nanog might be to generate this dynamic heterogeneity (Kalmar

et al., 2009). Works that have tried to ‘‘deconstruct’’ expression heterogeneity in pluripotent stem cells

found that genes involved in metabolic or other pathways common to all cells exhibit less variability

than genes involved in development and signaling pathways (Kumar et al., 2014). When thousands of

ESCs were analyzed using powerful microfluidics devices, thousands of genes were observed as highly var-

iable from cell to cell, especially those linked to metabolism and transcriptional regulation, as well as the

targets of the pluripotency regulators (Klein et al., 2015). These regulators themselves together with line-

age-specific transcription factors and epigenetic regulators are also among the highly variable genes. This

study revealed the intriguing observation that ESC populations cannot be simply divided into two distinct

subpopulations of naive and primed states with higher and lower levels of pluripotency factors, respectively

(for reviews on the different pluripotent states, seeWare, 2017; Weinberger et al., 2016). Some of these fac-

tors indeed fluctuate in a coordinate fashion, but not all of them. There is a continuum of states from high to

low pluripotency (Klein et al., 2015).

Moreover, subsequent single-cell genomics studies were performed to decipher the different pluripotent

states that can be found in ESC populations and how individual pluripotent cells function. Cultivation in
iScience 23, 101531, September 25, 2020 3
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media favoring or not maintenance of the naive state suggested that the levels of overall intercellular gene

expression heterogeneity are comparable in both cases (Kolodziejczyk et al., 2015; Messmer et al., 2019).

Only specific subsets of genes uniquely defines each pluripotent state, with pluripotency genes being

remarkably more variable in conditions allowing priming and more homogeneously expressed in condi-

tions favoring the naive state (Kolodziejczyk et al., 2015). This was also confirmed in other works showing

higher heterogeneity in cellular hierarchy (a mix of naive, primed, and differentiated cells), higher bivalency

in the epigenetic status, and higher variability in gene expression among ESCs grown in conditions allow-

ing priming (Guo et al., 2016). The same phenomenon is observed for induced pluripotent stem cell pop-

ulations that contain various states from naive to late primed, with genes and pathways that define differ-

ences in pluripotent cell states (Nguyen et al., 2018). In that case, the primed subpopulations were found to

harbor higher transcriptional heterogeneity compared with the remaining cells, in coherence with other

single-cell studies showing that the transition from pluripotency to lineage commitment phase is charac-

terized by high gene expression variability (Semrau et al., 2017).

Thus, pluripotency rather seems to be a statistical property of stem cell populations (MacArthur and Le-

mischka, 2013). Functional pluripotency spontaneously emerges from the dynamic variability intrinsic to

the pluripotent state (MacArthur and Lemischka, 2013). The whole-genome expression in ESCs creates

early, stochastic, and reversible commitments toward differentiation (Hough et al., 2009; Trott et al.,

2012). This phenomenon is probabilistic because it depends on the stochastic expression of some plurip-

otency factors such as Nanog (MacArthur et al., 2012): cells that ‘‘by chance’’ express less Nanog, for

instance, differentiate more easily (Kalmar et al., 2009), which is related to more frequent stochastic and

reversible commitments to a cell type (MacArthur et al., 2012).

In adult stem cells, as exemplified by hematopoietic stem cells (HSCs), different regulators of differentia-

tion vary independently and stochastically in multipotent cells, what has been linked to random priming

toward different cell types (Giladi et al., 2018; Moignard et al., 2015; Pina et al., 2012). For instance, the

erythroid lineage is primed while many markers of other lineages are also expressed (Pina et al., 2012). Dur-

ing cell fate specification of hematopoietic multipotent progenitor cells, mixed-lineage intermediates with

concurrent expression of factors finally associated with different lineages seem to be obligatory (Olsson

et al., 2016). Thus there is no coordination in the HSC expression pattern. Transcriptional heterogeneity

in stem cells is thus considered as an advantage for diversifying phenotypes in populations that require

diverse potentialities (Torres-Padilla and Chambers, 2014).

On the opposite, a large-scale repression of gene expression occurs during differentiation with expression

profiles becoming more discontinuous and stable in differentiated cells (Capp and Laforge, 2020). Differ-

entiation would be above all the suppression of this widespread stochastic gene expression (SGE) (Efroni

et al., 2009), which is linked to transition of the chromatin from a dynamic and open state to a more stable

and closed state (Ram and Meshorer, 2009). Multiscale analyses revealed that differentiation starts with the

release of previous constraints that maintained SGE at relative lower levels in progenitors cells, followed by

peak of variability that occurs before a reduction of SGE at lower levels than initially because new con-

straints are applied (Moussy et al., 2017; Richard et al., 2016). From initial widespread and highly variable

expression when growth conditions ensuring the maintenance of the stem state are released, cellular en-

tropy progressively decreases from this transient unstable state with the highest SGE to the final stable

differentiated state where gene expression profiles are more homogeneous, coordinated, and restricted

(Gao et al., 2020; Richard et al., 2016). While a recent study suggested that the number of expression genes

is a better indicator than entropy-based metrics in describing developmental potential, it confirmed the

global reduction in chromatin accessibility and/or plasticity during lineage commitment by quantitatively

linking it to single-cell gene counts (Gulati et al., 2020). Differentiating cells transit from a looser chromatin

that permits wider gene expression to a restricted chromatin accessibility and reduced transcriptional di-

versity. As in microbial cells, specialization is also associated with decrease in cellular stochasticity in meta-

zoan organisms, but instead of leading to optimal proliferation, full differentiation finally leads to prolifer-

ation arrest and integration in a tissue through the establishment of a complete cell-cell interaction

network. In that case, the relationships are high stochasticity/generalist/proliferation for stem/progenitor

cells and low stochasticity/specialist/low proliferation for differentiated cells.

Finally, it is worth noting that stochastic dedifferentiation events also occur in metazoan when a tissue is

injured, for instance, or even in normal tissue from differentiated cells during rejuvenation (Chaffer et al.,
4 iScience 23, 101531, September 25, 2020
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2011; Stange et al., 2013; Tata et al., 2013). It then allows production of specialist cells as during develop-

ment, a process that is associated with proliferation arrest (quiescence) because cells contribute to the

functioning of the multicellular organism through a collaborative behavior.
Cancer Cells: Cancer Stem Cells (High Stochasticity) versus Other Cells (Low Stochasticity)

In cancer, a subset of cells called CSCs (also known as ‘‘cancer-initiating cells’’ or ‘‘cancer stem-like cells’’) is sus-

pected to maintain tumor growth and confer therapeutic resistance (Capp, 2019). These cells possess key char-

acteristics of normal stem cells, namely, self-renewal, unlimited proliferation, but infrequent divisions. Also, they

are intrinsically associatedwith increasedphenotypic instability and tumor plasticity as demonstrated inglioblas-

toma (Dirkse et al., 2019). It seems that the CSC state could be acquired by any cell at any time as dedifferen-

tiation is common in the cancerous population (Rios et al., 2019). Such experimental evidences led to stochastic

models of CSC to explain how each cell of a tumor could act as CSC (Beck and Blanpain, 2013; Nguyen et al.,

2012). Cancer stem-like cells can arise de novo from non-stem-like cells at a low but significant rate (Gupta et al.,

2011). Variations in this ability would be due to intrinsic stochastic variations, especially in terms of gene expres-

sion, and environmental conditions (Beck and Blanpain, 2013; Nguyen et al., 2012). CSCs would represent a less

differentiated subpopulation with generalist strategy with increased variability in tumor, low proliferation, and

high plasticity and evolvability (Csermely et al., 2015) allowing cell adaptation to new environmental conditions,

especially in case of therapeutic treatment.

In that perspective, the process of epithelial-to-mesenchymal transition (EMT), whose regulation has been

largely deciphered (Lu et al., 2013; Zhang et al., 2014), is worth to consider. This transition plays crucial roles

in embryonic development, wound healing, and tumorigenesis. EMT generates mesenchymal-like cells

and a variety of intermediate cell states between the epithelial and the mesenchymal state (Dongre and

Weinberg, 2019). Especially, hybrid EMT states can be observed in lung cancers and constitute a source

of tumor heterogeneity (Udyavar et al., 2017). It also contributes to acquire stemness and cell plasticity

(Jolly et al., 2014), and EMT cells can function as CSCs (Dongre and Weinberg, 2019). Moreover, whereas

EMT was supposed to be a rare event among cancer cells, this event frequently occurs in breast cancers

(Rios et al., 2019), suggesting that the differentiation state of tumor cells is inherently unstable or plastic.

Energymetabolism is another critical aspect that impacts epigenetics and plasticity in cancer cells (Kinnaird

et al., 2016). Many connections exist between pluripotency and metabolic activity (Paldi, 2013; Perestrelo

et al., 2018). The general trend is that ESC differentiation is associated to a metabolic switch from a glyco-

lytic type to an oxidative type (Yanes et al., 2010): stimulation of glycolysis favors dedifferentiation of differ-

entiated cells into pluripotent cells, whereas inhibition of glycolysis or stimulation of oxidative phosphor-

ylation induces differentiation (Folmes et al., 2012; Zhu et al., 2010). In cancer, some works suggested that

CSCs preferentially use glycolysis, whereas others reported a propensity for mitochondrial oxidative phos-

phorylation, suggesting a possible metabolic plasticity (De Francesco et al., 2018; Snyder et al., 2018). Can-

cer cells actually seem to possess a hybrid metabolic state where cells can use both glycolysis and oxidative

phosphorylation (Jia et al., 2019). This would allow cancer cells to adapt to various microenvironments (Yu

et al., 2017). The relationship between this hybrid state and stem-like properties is not deciphered yet, but

one might expect that it contributes to metabolic plasticity, and possibly to epigenetic plasticity of CSCs.

Disruption of normal epigenetic marks is now considered as the primary source of the CSC behavior. Thus

epigenetic events might initiate cancer, as genetic events do (Flavahan et al., 2017). A common explanation

evokes that genetic alterations initiating cancer would induce a ‘‘tumor reprogramming’’ that would reset

the epigenetic status and gene expression in initially healthy cells (Vicente-Duenas et al., 2015). Oncogenes

would cause ‘‘developmental reprogramming’’ of the epigenome (Sanchez-Garcia, 2015) that would allow

them to aberrantly differentiate and pathologically proliferate. The developmental epigenetic status is

indeed lost in oncogenesis, and cells revert to a ‘‘pseudoprimitive’’ state that combines regulatory DNA

features of embryonic stem cells and of other developing lineages (Stergachis et al., 2013). Stochasticity

of gene expression appears to be increased in cancer cells at higher levels than normal stem cells because

of a less organized and less stable chromatin structure (Jenkinson et al., 2017). Diverging chromatin states

and transcriptional heterogeneity are produced by corrupted coordination of epigenetic modifications as

exemplified in chronic lymphocytic leukemia (Pastore et al., 2019). Moreover, this increased stochasticity in

cancer cells would facilitate acquisition of novel states as suggested in complex dynamical systems theory

(Huang et al., 2009; Li et al., 2016). Cancer cell populations interconvert between these phenotypic states

on a stochastic basis (Gupta et al., 2011).
iScience 23, 101531, September 25, 2020 5
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Also, CSCs have the ability to produce cells capable of differentiation, but only partially because differen-

tiation appears to be stopped at intermediate stages. Thesemore differentiated cells harbors strongly pro-

liferate and acquire ‘‘specialized’’ functions that allow full exploitation of the available nutritional resources

and co-evolution with surrounding cells, either other tumors cells that acquire other specialized functions

that enable intratumoral cooperation or cells from the tumoral microenvironment that can also collaborate

with tumors cells for mutual benefit. In this pathological system, cooperation occurs for the benefit of the

proliferation and survival of the cancer cells, whereas cell-cell cooperation in metazoans occurs for the

benefit of the whole organism. The main difference is that they are no more integrated in a normal cell-

cell interaction network that is the result of developmental processes.

The now well-established intratumoral phenotypic heterogeneity shows that from initially plastic CSCs,

cells with more stable phenotypes can be generated. However, they keep the ability to easily revert to a

more variable stem state on a stochastic basis depending on intrinsic and extrinsic factors (Gupta et al.,

2011). Finally, a generalist subpopulation with higher stochasticity and weak proliferation (the CSCs) and

another specialist population with weak stochasticity and strong proliferation (more differentiated cells)

are observed in cancer. There is a clear analogy with microbial populations. On the contrary, in normal

metazoan organisms, subpopulations that are specialist with weak stochasticity stop proliferating because

they are progressively integrated in a functional tissue. In all cases, generalists are highly plastic and the

specialist state is fully reversible, the transitions between the generalist and specialist states being

stochastic.

SIGNIFICANCE FOR ONCOGENESIS: RETURN OF METAZOAN CELLS TO UNICELLULAR

BEHAVIOR

A Renewed Atavism Theory of Cancer Based on Cellular Stochasticity

The atavism theory of cancer stipulates that cancer is due to a reversion to phylogenetically prior capabil-

ities, namely, an accidental reactivation of a highly conserved survival program encrypted in every eukary-

otic cell (and hence in every metazoans) (Davies and Lineweaver, 2011). During the last years, the atavism

model has received an increasing attention both because it appears conceptually and chronologically

appealing and also because it seems now empirically supported by molecular evidence. For instance,

multicellular organisms indeed derive from unicellular ones, and selfish cells responsible for malignancies

also appeared during this major transition in the tree of life (see Aktipis et al., 2015; Domazet-Loso et al.,

2007; Grosberg and Strathmann, 2007; Michod and Roze, 2001). By suggesting that cancer is a form of

ancestral legacy among metazoans, the atavism theory of cancer could provide an explanation to the com-

monality of traits displayed by malignant cells from different organs and/or species (Thomas et al., 2017).

Assuming that ancestral unicellular organisms evolve under adverse and stressful conditions, the atavism

theory also provides a plausible explanation to the fact that malignant cells may well proliferate in anoxic/

hypoxic and/or unstable conditions (Gravenmier et al., 2018), and also why they can sometimes survive to

aggressive treatments like chemotherapeutic drugs and radiation (Vincent, 2016). Finally, in accordance

with the hypothesis that cancer derives from an inappropriate re-expression of ancestral toolkits in first uni-

cellular organisms, Trigos et al. (2017) recently showed that malignant cells both overexpress genes and

processes with a unicellular cell origin, and underexpress the multicellular cell pathways that have been

selected later on to promote cellular cooperation in metazoans.

However, instead of invoking an ancestral program that would be accidentally reactivated in malignant

cells, would it be possible that cancer cells could simply resemble microbial cells by the way they exploit

cellular stochasticity to generate specialized cells with optimal capacity to exploit nutritional resources

for proliferation, while keeping a subpopulation in a more plastic and generalist state? Contrary to the at-

avism model, tumor adaptations may also result from a somatic evolution occurring, each time (except in

the case of transmissible cancers, Ujvari et al., 2016), under strong convergent selective pressures because

the microenvironments in which this evolution occur are governed by the same ecological constraints (i.e.,

the multicellular body). Given that we detect only ‘‘successful’’ tumors (i.e., those that select adaptations

allowing their persistence and growth), we propose that selection would retain malignant cells that adopt

a microbial cell lifestyle because this strategy, if heritable, could be the most adapted given the new envi-

ronmental constraints (that are no more the stabilizing constraints that were present in the healthy tissue).

Akin to the atavism model, this hypothesis would account for several cancer characteristics without the

need to invoke an ancestral legacy. For instance, the genomic instability, which is one of the best-known

hallmarks of cancer, could derive from the selection of a unicellular lifestyle (e.g., Yerlici and Landweber,
6 iScience 23, 101531, September 25, 2020
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2014) rather than an atavistic reexpression per se. Alternatively, one could argue that an ancestral program,

if finely tuned and adaptive, is unlikely to generate the large amount of aberrant, even non-viable, malig-

nant cells that are commonly produced during the tumorigenesis, while this fact is not surprising in the

context of our hypothesis.

The two aforementioned hypotheses are, in fact, not mutually exclusive because the genetic basis yielding by

selection (rather than by an accidental reactivation of a program) to a microbial lifestyle in malignant cells

may at least partially rely on genes selected before multicellularity evolved. Said differently ancestral genes

would allow the cells’ evolvability through a microbial lifestyle without strictly corresponding to specific adapta-

tions of ancestral unicellular organisms. At present it appears challenging to determine which scenario and/or

their relative contributions, if both occur, is more likely to explain tumorigenesis, because both seem to be

capable of accounting for malignant adaptive traits. Also, we cannot exclude that certain cancers could mostly

be governed by atavism sensu stricto, whereas others would rely on the selection in malignant cells for a micro-

bial lifestyle, relying on ancestral genes and/or de novo mutations (e.g., Thomas et al., 2017).
Disruption of Tissue Equilibrium at the Origin of Cell of a Unicellular-like Behavior and

Speciation Process

Recently, Gatenby et al. proposed a novel hypothesis for carcinogenesis that integrates genetic and non-

genetic drivers of somatic evolution (Gatenby et al., 2020). Although the initial genetic state of a cancer cell

is the result of mutations that occurred throughout the lifetime of the host, they propose that this tumor-

igenesis starts only when cells carrying these oncogenic mutations are in an environment promoting their

proliferation (Gatenby et al., 2020). Indeed, most of the time cells, even when they harbor oncogenic mu-

tations, remain under control by local tissue constraints (Martincorena et al., 2015; Yizhak et al., 2019; Yo-

koyama et al., 2019), being also involved in the cooperative functioning that governs the multicellular host

as the unit of natural selection. Somatic evolution is likely to occur when those cells become free from these

host constraints, because they can have their own Darwinian dynamics. This can happen following various

phenomena, e.g., of injury, inflammation, or infection resulting in dysfunctional local controls. According to

Gatenby et al. (Gatenby et al., 2020), the mutations accumulated over the lifetime of the host can subse-

quently serve as the ‘‘‘genetic heritage’’ of the malignant cell, viewed as a novel evolutionary unit of selec-

tion. Said differently, the jump to malignant proliferating cells yielding to cancer is equivalent to a speci-

ation event that must be preceded by a set of mutations representing opportunities for normal cells to

become self-defined fitness functions on which natural selection can act in an altered environment.

We agree with this model, but we also propose that for cells becoming insensitive to host controls, self-

defined fitness functions allowing them to evolve may also rely on the exploitation of a heritable cellular

stochasticity to resemble microbial cells. Based on this idea, a more radical model envisages that cellular

stochasticity is initially globally increased because of a disruption of tissue equilibrium (Capp, 2005, 2012a,

2017; Capp and Bataille, 2018, 2020). Several studies have shown that disruption of cell-cell interactions can

enhance SGE and phenotypic heterogeneity among differentiating cells. In the rat pituitary tissue, direct

cell contacts through gap junctions spatially coordinate prolactin gene expression, whereas enzymatic

digestion of extracellular proteins or pharmacological inhibition of gap junctions reduced transcriptional

coordination between cells (Featherstone et al., 2016). In Drosophila, loss of epidermal growth factor re-

ceptor (EGFR) signaling prevents eye cells from differentiating through a prolonged noisy expression of

a transcription factor important in the balance between multipotency and differentiation, suggesting

that its dynamic heterogeneity is a necessary element of cell-state transitions in the eye, and that cell states

are stabilized through noise reduction by EGFR signaling (Pelaez et al., 2015). A similar mechanism was

already described in Caenorhabditis elegans embryos where strong signaling is essential to maintain

low expression variability and to ensure reliable neuroblast development (Ji et al., 2013). In embryos

that do not have some of the four Frizzled receptors of the Wnt pathway, partial penetration migration de-

fects are observed. The authors showed that this phenotypic heterogeneity has its origin in the increased

variability ofmab-5 expression in the absence of certain receptors. Thus the transcription ofmab-5 appears

to be inherently highly stochastic, with a modulation of this variability obtained by Wnt signaling: strong

signaling reduces its SGE and is needed for proper cell segregation. An example of such phenomenon

in cancer could be EMT because it leads to loss of cell-cell contact and increased cellular plasticity, which

makes cells become motile and invasive. It is entirely possible that EMT cells increase cellular plasticity and

stochasticity by losing cell-cell contact, although it can be also considered as a gain of a specific cellular

function.
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Thus, in what can be called the TiDiS theory, increased cellular stochasticity and phenotypic instability (that

would correspond to a CSC behavior, Capp, 2019) might originate from an initial loss of environmental con-

trol by the normal tissue structure, which could be considered as the sole required event to start cancerous

transformation (Capp, 2005, 2012a, 2017; Capp and Bataille, 2018, 2020). If genetic alterations are already

present, they would accelerate the process, but it can be considered that the process can start without

driver mutations. Multiple examples showed that oncogenic mutations are not sufficient to start transfor-

mation (Martincorena et al., 2015; Yizhak et al., 2019; Yokoyama et al., 2019), that oncogenesis can initiate

from disruption of the micro-environment (Kode et al., 2014; Maffini et al., 2004; Raaijmakers et al., 2010;

Walkley et al., 2007), and that cancer cells harboring multiple mutations can be controlled and reverted

by a healthy tissue environment (Booth et al., 2011; Bussard et al., 2010; Hochedlinger et al., 2004; Rubin,

2006; for review, see Solary and Lapane, 2020).

Therefore, the unicellular-like behavior of cancer cells and the speciation process would start from cells that

do not fully differentiate (from normal stem cells) or dedifferentiate (from differentiated cells) and remains

proliferative, because there are no longer in the tumor the ‘‘stabilizing’’ constraints present in the healthy

tissue. This would be the original cause for the loss of the association weak stochasticity/specialist/no pro-

liferation and thus the loss of the cell behavior characteristic of multicellularity. Therefore, cellular behavior

would return to that of unicellular cells because cell phenotypes are no more stabilized and cells are no

more integrated into a multicellular organism with multiple collaborative differentiated cell types. They

would start a speciation process that ultimately leads to new collaborative behavior that is pathological

because it only serves the development of the tumor, and that is characterized by the association weak sto-

chasticity/specialist/proliferation found for microorganisms.
CONCLUSION/PERSPECTIVES

Our objective here was to propose an alternative viewpoint to the atavism theory, without excluding the

possibility that the two hypotheses, instead of being mutually exclusive, potentially represent the two ex-

tremes of a continuum in which the diversity of cancers can emerge. Discriminating between our hypothesis

and the atavism one sensu stricto will require in the future the development of methodologies that allow to

determine whether cancer adaptations result from the reactivation of ancient programs or from the selec-

tion of a microbial lifestyle relying on the stochastic activation of ancestral genes and/or novel mutations.

We propose looking with phylogenetic/phylogenomic analyses for characters that are homologous and/or

convergent in microbes and unicellular and multicellular organisms, and are also activated in malignant

cells. Reciprocally, we propose to explore the proximate/molecular determinants of adaptive traits in ma-

lignant cells from various metazoan species, and then comparing them to those acting in the case of mi-

crobes. For instance, the detection in microbial genomes of areas displaying strong similarities with those

specifically expressed in malignant cells at key stages of the tumorigenesis would be a crucial information.

The atavism scenario predicts that the biological function(s) of these areas in microbes should possess a

form of ‘‘oncogenic value’’ when transposed in a cancer metazoan context (e.g., resistance to adverse envi-

ronmental conditions, proliferation, bet hedging strategy,.). Conversely, our hypothesis does not predict

such a correspondence in case of similarities. Comparing the proximate determinants of bet-hedging in

microbes that regularly express this strategy in case of adverse conditions to those acting in the malignant

cells is another promising direction. Converse to our hypothesis, the atavism hypothesis suggests that

exacerbated mutation rates in malignant cells should derive from the same precursors than in microbes,

as a programmatic adaptation in case of environmental stress.

Traits others than bet-hedging also appear promising to compare, for instance, the motility acquisition in

archaic eukaryotes (Friedl, 2004) with the re-acquisition of motility in malignant cells. Traits like pinocytosis

or phagocytosis, which are shared by both protozoans and malignant cells (see Coopman et al., 1998;

Lewis, 1937) would be promising to explore with this approach. It would be also relevant to explore if

the stochasticity expressed by malignant cells is reinforced by mutations associated with tumor suppressor

genes or to other parts of the genomes involved in natural cancer defense. Because these protective mech-

anisms appeared and evolved withmulticellular organisms, they are presumably posterior to the unicellular

period. Therefore, it could help to discriminate between the two theories.

Finally, further studies will be also necessary to study the extent to which discriminating between our theory

and the atavistic model is relevant for elaborating novel therapies. In lines with our model, an innovative
8 iScience 23, 101531, September 25, 2020
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therapeutic strategy would consist in returning to the ‘‘normal’’ relationship for cells of multicellular organ-

isms: low stochasticity/specialist/no proliferation. This would be achieved through mimicking the ‘‘normal’’

microenvironment (Capp, 2012b; Capp and Bataille, 2018, 2020; DeGregory, 2018; Kenny and Bissell, 2003)

and allowing cells to interact with this ‘‘therapeutic’’ micro-environment to stop their behavior that resem-

bles the one of unicellular cells. Only the restoration of relationships with themicroenvironment resembling

the ones that occur in healthy tissues would revert the cancer cells and stop the speciation process that in

other cases can only result in propagation in the surrounding tissues.

Limitations of the Study

Additional articles may have been published on the topic since submission of the manuscript.

Resource Availability
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Contact, Jean-Pascal Capp, capp@insa-toulouse.fr.
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