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Abstract

The origin and progression of cancer is widely viewed as “somatic evolution” driven by the
accumulation of random genetic changes. This theoretical model, however, neglects fundamental
conditions for evolution by natural selection, which include competition for survival and a local
environmental context. Recent observations that the mutational burden in different cancers can
vary by 2 orders of magnitude and that multiple mutations, some of which are “oncogenic,” are
observed in normal tissue suggests these neglected Darwinian dynamics may play a critical role in
modifying the evolutionary consequences of molecular events. Here we discuss evolutionary
principles in normal tissue focusing on the dynamical tension between different evolutionary
levels of selection. Normal somatic cells within metazoans do not ordinarily evolve because their
survival and proliferation is governed by tissue signals and internal controls (e.g. telomere
shortening) that maintain homeostatic function. The fitness of each cell is, thus, identical to the
whole organism, which is the evolutionary level of selection. For a cell to evolve, it must acquire a
self-defined fitness function so that its survival and proliferation is determined entirely by its own
heritable phenotypic properties. Cells can develop independence from normal tissue control
through randomly accumulating mutations that disrupt its ability to recognize or respond to all
host signals. A self-defined fitness function can also be gained non-genetically when tissue control
signals are lost due to injury, inflammation, or infection. Accumulating mutations in cells without
a self-defined fitness function will produce no evolution - consistent with reports showing
mutations, including some that would ordinarily be oncogenic, are present in cells from normal
tissue. Furthermore, once evolution begins, Darwinian forces will promote mutations that increase
fitness and eliminate those that do not. Thus, cancer cells will typically have a mutational burden
similar to adjacent normal cells and many (perhaps most) mutations observed in cancer cells
occurred priorto somatic evolution and may not contribute to the cell’s malignant phenotype.
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Introduction

Since proposed by Nowell [1], the conceptual model of carcinogenesis as an evolutionary
process has become widely accepted [2]. Typically, the transition from normal cells to
cancer, illustrated by the classic Fearon-Vogelstein model [3], is assumed to require a
sequence of accumulating genetic or epigenetic changes that produce corresponding pre-
malignant phenotypes. Eventually a threshold is crossed and a fully-transformed population
of cancer cells emerges. Thus, “somatic evolution” in cancer biology is established as a
fundamentally genetic process governed by random accumulating mutations. This gene-
centric model of cancer is almost universally accepted [2, 4, 5].

Clearly, cancer is associated with accumulating genetic mutations and targeting the protein
products of key (“driver”) mutations can significantly alter tumor growth and progression.
On the other hand, several observations seem at odds with the standard genetic mutation
model [6, 7]. For example, the number of observable mutations in cancers from different
organs can vary by 2 orders of magnitude [8]. Defects in DNA repair genes such as BRCA1
and 2 increase the risk of cancer in some organs but not in others [9, 10]. Normal, non-
cancerous cells may possess multiple genetic mutations, some of which would ordinarily be
viewed as oncogenic [11, 12] and apparently normal cells with “oncogenic mutations” have
been observed adjacent to tumors [13]. In this edition, Liggett et. al. point out additional
issues and possible inconsistencies. For instance, the incidence of cancer increases late in
life even though most replications and mutations occur early in life. Furthermore, there is a
lack of clear correlations between cancer rate and longevity or body size across the Animal
Kingdom [14]. Whether these are resolved with future investigations or are what Thomas
Kuhn labelled “anomalies’ [15] that usher in a new view of cancer evolution remains to be
seen.

To address these issues, we will conceptually divide the key components of carcinogenesis
into 1) genetic and epigenetic changes and 2) cell proliferation and cell turnover via cell
mortality and replacement. The former defines the molecular mechanisms that are, of
course, critical for the transition from normal to cancer. However, cell proliferation and cell
turnover, which ultimately determine the clinical significance of any cancer cell, are
determined by complex and often subtle evolutionary dynamics that govern the survival,
reproduction and ultimately growth of cancer populations within the context of an often
spatially and temporally heterogeneous environment.

Darwinian Dynamics, a review

Evolution by natural selection requires three conditions [16, 17]: 1. A population of
individuals with heritable phenotypic variation. 2. A potential for population growth that
exceeds ecological limits so that not all individuals can survive and proliferate (a “struggle
for existence”) and 3. The heritable phenotypic properties influence survival and
proliferation.

It is commonly assumed that evolution in cancer cells is simply an extension of the
conventional view of cancer as “a disease of the genes.” In the sense that mutations
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contribute to “heritable phenotypic variation,” this connection is accurate but incomplete. It
is important to recognize that a cancer cell has access to the entire human genome to deploy
adaptive strategies that use the molecular technology in normal processes. Thus, increased or
decreased expression of normal genes involved in, for example, wound healing, fetal
development, and xenobiotic metabolism also contribute to the “heritable phenotypic
variation.” These epigenetic events can produce evolution in the absence of mutations [2].

Interestingly, during the 100 years following Darwin’s seminal observation, students of
evolution did not know that the “mechanism of inheritance” was molecular genetics.
Nevertheless, they established a sophisticated understanding of evolution exclusively by
defining the interactions between environmental properties which comprise selection forces
and the organism’s phenotypic properties which serve as adaptive strategies. While arguably
less quantitative than modern molecular studies, this approach had the advantage of forming
logical and clearly discernible cause-effect links between an evolving organism and its
competitors, predators, and [19] environment. In these fundamental studies, investigation of
genetics was unnecessary and, in fact, may have caused confusion because of the complex
inter-relationships of individual genes and organismal adaptive strategies. It is an interesting
exercise to ask if a modern Darwin sitting in the Beag/e performing microarrays on tissue
samples of finches from the different Galapagos Islands could have produced “On the Origin
of Species.”

Here we focus on the roles of the “struggle for existence” and “environmental context” in
Darwinian dynamics and the resulting distinction between somatic evolution of cancer and
the Somatic Mutation Theory. Indeed, because of their uniquely important role in the
transition from normal somatic cells to cancer, these dynamics ultimately play a critical role
in both somatic evolution and the conventional view of cancer as a disease of the genes.

The evolutionary unit of selection

Evolution is the change in the heritable characteristics of a population with time. In response
to natural selection it is the population that evolves, not the individual. Yet, the population is
composed of individuals which represent the “units of selection”. The individual’s
phenotypes are subject to evolutionary triage so heritable changes that increase fitness
become more common while those that decrease fitness are typically lost. Importantly, the
fitness contribution of each gene is not fixed but rather is dependent on local environmental
selection forces which can vary over time and space.

Consider a population of single cell protists such as Paramecium. The individual cell is the
primary level of selection, and each individual Paramecium is the unit of selection and all of
the Paramecium within the population compete with each other. Natural selection favors
those with heritable traits that survive and proliferate better in this struggle for [20]
existence. Thus, each Paramecium cell possesses a self-defined fitness function because its
survival and proliferation is dependent on its own heritable phenotypic properties. The
organelles, cell membrane and molecular structures that comprise the Paramecium represent
heritable traits that contribute to its fitness but the whole cell remains the unit of selection.

Biochim Biophys Acta. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gatenby and Brown

Page 4

In normal human tissue, like all metazoans (multi-cellular organisms), the cells are not
normally the unit of selection. That is, the whole organism is the level of biological
organization shaped by natural selection. The cells of the multi-cell organism are
components of the traits that contribute to the fitness of this whole organism. The organism
in total possesses a fitness function but its constituent cells do not so that their proliferation
and survival is governed entirely by tissue control mechanisms (Figure 1).

We propose that a necessary condition for carcinogenesis is the evolutionary transition of
somatic cells from a functioning member of a multicellular society to a single cell protist.

Evolution and the Somatic Cell

“Somatic evolution” is a term frequently applied to cellular-environmental interactions that
lead to carcinogenesis. But, do somatic cells evolve? The answer is generally no — because
normal cells proliferate only in response to tissue signals. As noted above, evolution by
natural selection requires a direct link between the individual’s heritable properties and its
survival, proliferation and success at increasing in numbers relative to other cells. Normal
human cells survive and proliferate only when directed to do so by tissue signals. While
some immune cells proliferate at the expense of others based on their stimulation by foreign
antigens [21], normal epithelial and mesenchymal cells do not appear to compete with each
other in a “struggle for existence”, and their proliferation is governed by the tissue
collective. Thus, in conventional evolutionary formalism, the evolutionary unit of selection
is the multicellular organism, which relies on the homeostatic functioning of multiple organs
and their constituent cellular populations to survive and reproduce. In other words, the
fitness of normal somatic cells is identical to that of the whole organism.

Somatic evolution during carcinogenesis appears to be a special case of Darwinian dynamics
because it requires a transition from non-evolving cells to ones that are capable of evolution.
That is, highly-regulated, integrated, “normal” cells that form functioning multicellular
tissue cannot evolve since their proliferation is entirely governed by normal tissue signals. In
contrast, cancers are chaotic populations (chaotic in the sense of not following the
homeostatic directives of the whole organism) of cells that compete with each other for
limited resources and evolve phenotypes that maximize fitness given these environmental
circumstances. Between the states of normal and truly cancerous cells exists an intermediate
series of steps in which the normal cells must develop independence to all of the probably
several tissue growth constraints that control its proliferation. That is, evolution by natural
selection cannot occur until a normal mammalian cell becomes capable of evolving.

Although at first glance this appears to be a tautology, we propose that, in fact, it represents
an extraordinary transition in the evolutionary unit of natural selection. That is, somatic
evolution will not occur until a cell’s survival and proliferation is no longer governed by
tissue signals and is instead directly and solely linked to its own heritable phenotypic
properties. This is a “self-defined fitness function”.

Biochim Biophys Acta. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gatenby and Brown Page 5

Tension between levels of selection

In most organisms, one level of biological organization becomes the primary unit of
selection — the level that most completely exhibits a self-defined fitness function [22, 23]
But, in all metazoans, a suppressed tension exists. Because many individual cells within the
organisms have the capacity to proliferate and survive, they also have the potential to evolve
but only if they acquire a self-defined fitness function. That is, an individual cell may
become a unit of selection within the whole organism only if it becomes isolated from the
control mechanisms of the surrounding tissue so that its survival and proliferation is
governed not by tissue commands but by its own properties interacting with the
environment. This somatic cell isolated from normal tissue controls can now evolve toward
cancer.

Interestingly, tension between levels of selection are observed in [24] nature. Slime molds
(Dictyostelium discoideum) provide a prime example [25]. Much of the time slime molds
exist as free-ranging, haploid, single cell amoeba that can divide mitotically (asexual
reproduction) or on occasion sexually by two cells fusing as a diploid complete with
crossing over and recombination [26]. The free-ranging cells compete among themselves for
resources and survival. But, for dispersal and persistence during inclement conditions, these
cells gather together into mobile “slugs” that both move and later produce a stalk topped by
a fruiting body. The stalk is built of individuals that forgo reproduction and differentiate into
cells that provide structure. Only a small fraction of the original cells reach the top of the
stalk and become spores that disperse by wind and water to become the next generation of
free-ranging cells. During the free-ranging phase, the single cells are shaped by natural
selection based on their competition for resources and ability to survive and reproduce --
they are a unit of selection. But, as slugs, these collectives of cells are competing to produce
more successful spores than other slugs. These collectives exhibit specialized cells with
division of function, and the whole slug acts as the level of biological organization subjected
to natural selection. That is, the slug is now the unit of selection so that the life history of
slime molds represents a balance between two levels of selection [27].

Further, multicellular organisms themselves can function as components of a higher level of
selection. Consider the eusocial insects such as ants and honeybees. An individual ant is not
a self-defined fitness function. It is a component of the whole colony. Natural selection
operates to maximize colony fitness (the survival and proliferation of colonies) and the
various castes of ants represent the heritable traits of the colony [28]. A society may be
composed of individuals that are the units of selection. The individual’s fitness maximizing
strategy is to contribute to and gain from the society. Examples of such tight societies
include naked mole [29] rats, colonially nesting birds such as sociable weavers,[30][31] -
sponges are even described as “parazoan” rather than metazoans like mammals. This mean
that sponges do not have tissues and organs and some or all of the component cells can
reproduce asexually and/or sexually (not unlike the slime molds in some[32] respects).
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Transition to self-defined fitness function in somatic cells

How does a normal cell develop a self-defined fitness function? In general, we propose that
this state requires a substantial if not total loss of communication between the cell and its
local environment. Clearly, one mechanism is driven by intracellular events in which all of
the cell’s receivers or processors of tissue signals become defective — consistent with the
Somatic Mutation Theory.

Although it is not clear how many tissue control pathways exist (and they may vary from
tissue to tissue) we might reasonably expect them to be redundant and robust to
perturbations so that the accumulation of all of the necessary mutations by random events
would likely be rare. Indeed, it is evident that, during a lifetime, normal cells in virtually
every organ (particularly those subject to a mutagen such as skin exposed to UV light) will
accumulate a significant number of diverse mutations while maintaining normal morphology
and function. This is readily explained - because they lack a self-defined fitness function,
they will not evolve as a result of the mutations and will remain phenotypically normal. This
is, in fact, observed in normal epithelial cells [8, 33, 34]. Clearly, exposure to a mutagenic
environment, such as radiation, will increase the number of mutations and, thus, the
probability of achieving some threshold of inborn errors sufficient to achieve isolation from
tissue controls and a self-defined fitness function. In a non-mutagenic environment, one
would have to assume that this threshold is achieved only through an improbable distribution
of random events that just happen to cause cellular isolation.

Is there an alternative to slowly accumulating somatic mutations as a mechanism to confer a
self-defined fitness function? Yes. The equivalent dynamics can develop through a
perturbation of the local tissue. Interestingly, this could be due to an extension of the
Mutational Theory if genetic defects occur in surrounding cells that result in, for example,
continuous over-expression of growth factors. However, it seems more likely that a cell’s
environment can be globally disrupted by inflammation, injury, or infection. The local
epithelial cells will become isolated not because of internal mutations but due to absent or
uncoordinated signals from the surrounding host tissue. Thus, apparently normal epithelial
cells will be cast adrift through disruption of the usual control signals from the extant local
tissue. This also results in a self-defined fitness function and permits the cell to evolve at
least until normal tissue function is restored.

It is likely that re-establishment of tissue control over each remaining epithelial and
mesenchymal cell will usually occur as the tissue disruption resolves and healing progresses.
However, during the period in which the cell possesses a self-defined fitness function,
sufficient evolution may have occurred due to pre-existing mutations or accumulation of new
heritable events so that it can adapt and overcome the control signals emerging from the
healing tissue. Furthermore, because the cell is evolving, each new gene mutation becomes
subject to “evolutionary triage” [35] so that favorable mutations will result in increased
proliferation and unfavorable mutations will be lost and therefore not observed within the
population. Because this Darwinian optimization eliminates mutations that negatively affect
fitness, the number of observable genetic changes in an evolving population will be fewer
than the number that would be found if the cell was not subject to evolutionary forces. Thus,
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many of the genetic changes found in cancer cells may have occurred prior to the onset of
somatic evolution and actually have no role in the cancer formation.

Re-interpreting initiation and promotion experiments

It is interesting to re-interpret the classical initiation- promotion carcinogenesis experiments
[36] in light of these evolutionary principles. Initiation requires application of a mutagen that
increases local mutation burden but does not typically lead to tumor formation [37, 38]. This
requires a promotion event that typically disrupts local tissue through injury or
inflammation[38]. In the Somatic Mutation Theory, this wounding event is thought to
promote cancer formation by increasing cellular proliferation during healing. In our model, a
critical role of inflammation and wound healing is the disruption of local tissue signals
which allows some cells to transiently develop a self-defined fitness function. Importantly,
because this cell can now evolve, its fitness is affected by the genetic changes that occurred
during the previous applications of mutagens. Furthermore, the inflammatory changes in the
tissue during this time provide harsh environmental conditions that may accelerate mutation
both by establishing a steep fitness gradient and increasing the mutation rate. This, along
with any increased proliferation during healing, greatly increases the probability that a tumor
population will emerge at the site.

Clinical relevance

Our model of carcinogenesis makes a number of predictions that should be testable. Notably,
it is likely that many, perhaps most, mutations observed in cancer cells will have occurred
prior to somatic evolution. That is, they accumulated randomly when the cell did not possess
a self-defined fitness function. Furthermore, since somatic cells begin evolving with a legacy
of mutations from their time as a normal cell, many mutations observed in cancer cells will
have little if any role in their malignant phenotype. However, once the cell begins evolving,
the optimization of Darwinian dynamics (evolutionary triage) will efficiently select for
favorable mutations while unfavorable mutation will be lost because less fit cells are
eliminated. As a result, we anticipate that the mutational burden of cancer cells will likely be
very similar to the adjacent normal tissue. And, many (but not all) of the mutations in the
cancer cells will also be observed in their adjacent normal counterparts. These predictions
are generally consistent with clinical observations of a significant mutational burden in
normal skin and breast cells that are similar to that of corresponding cancers. Furthermore,
we propose that the large variations in mutational burdens in different cancers may be due
primarily to molecular events that occurred prior to the events that allowed local cells to
evolve.

Conclusion

Necessary and sufficient conditions for evolution by natural selection include: heritable
phenotypic variability, a “struggle for existence”, and conditions such that the former
governs the outcomes of the latter. In the context of normal and cancer tissues, a useful
shorthand is that evolution will occur only in a somatic cell with a “self-defined fitness
function.” While somatic evolution is an accurate description of carcinogenesis it is
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important to recognize the critical first step is transition from a cell that cannot evolve to one
that can.

By self-defined fitness function, we mean that the cell’s survival and proliferation is
determined solely by its own heritable properties. In contrast, normal somatic cells are
controlled by tissue signals so that their survival and proliferation are governed by external
signals. Until a cell acquires self-defined fitness function, any mutations that occur within it
will not result in evolution so that normal cells in normal tissue may contain multiple
mutations without any apparent effect.

Of course, randomly accumulating mutations can interrupt each of the control pathways
resulting in the necessary transition to independence. However, we note that individual cells
may become the unit of selection when tissue perturbations due, for example, to injury,
infection or inflammation result in loss of normal controls. Thus, while mutations may
render the cell deaf and blind to external messages, a similar state may result when tissue
damage temporarily interrupts the formation of those messages. In the cellular transition
from normal to malignant cells there is a likely interplay between normal and perturbed
tissue dynamics with the latter being sufficient and perhaps necessary to permit the
accumulation and triaging of heritable variation via periods of cell turnover. Finally, we note
that inflammation is viewed as a “hallmark” of primary and metastatic cancer. Thus, it is
possible that cancer cells may actively induce an inflammatory “niche” as an ongoing
strategy to disrupt normal tissue control mechanisms and maintain the self-defined fitness
function.

More generally, cancer has been described as a “disease of the genes” and, indeed, heritable
phenotypic variation is a necessary condition for natural selection. But, a “disease of the
genes” is sufficient only if these variations govern cellular survival and proliferation. When
mutations occur in a cell that does not possess a self-defined fitness function, no evolution
will result. Cancer has also been described as a disease of “unregulated or unlimited
proliferation [39]”. The capacity to proliferate indefinitely is necessary for a cell to evolve.
But, it is sufficient only in if there is heritable phenotypic variation within the population
that affects their survival and proliferation. Thus, neither of the conventional paradigms is
complete but the two together, heritable variation and indefinite proliferation, do provide the
necessary and sufficient conditions for cancer initiation and cancer progression via evolution
by natural selection.
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Figure 1.
A normal epithelial cell (left) is non-evolving because its survival and proliferation are

entirely governed by tissue controls acting though intracellular pathways. Somatic evolution
toward cancer requires a self-defined fitness function meaning that the cell’s survival and
proliferation are determined by its own heritable phenotypic properties. One route to a self-
defined fitness function (right) is the accumulation of random mutations which cumulatively
turn off the cell’s reception or response to tissue messages. A second pathway (center) is
loss of tissue signal due to inflammation, wounding, or infection. In this case, cells within
the tissue are rendered independent and have an opportunity to evolve so that any prior
mutations are suddenly relevant to its survival and proliferation. This cell now can
potentially evolve toward a cancer phenotype before the tissue recovers and restores normal
control signals.
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