CrossMark
& click for updates

Toward an evolutionary model of cancer: Considering
the mechanisms that govern the fate of

somatic mutations

Andrii I. Rozhok? and James DeGregori®?<d!

2Department of Biochemistry and Molecular Genetics, PIntegrated Department of Immunology, “Department of Pediatrics, and “Section of Hematology,
Department of Medicine, University of Colorado School of Medicine, Aurora, CO 80045

Edited by Francisco J. Ayala, University of California, Irvine, CA, and approved April 3, 2015 (received for review February 11, 2015)

Our understanding of cancer has greatly advanced since Nordling
[Nordling CO (1953) Br J Cancer 7(1):68-72] and Armitage and Doll
[Armitage P, Doll R (1954) Br J Cancer 8(1):1-12] put forth the
multistage model of carcinogenesis. However, a number of obser-
vations remain poorly understood from the standpoint of this par-
adigm in its contemporary state. These observations include the
similar age-dependent exponential rise in incidence of cancers
originating from stem/progenitor pools differing drastically in
size, age-dependent cell division profiles, and compartmentaliza-
tion. This common incidence pattern is characteristic of cancers
requiring different numbers of oncogenic mutations, and it scales
to very divergent life spans of mammalian species. Also, bigger
mammals with larger underlying stem cell pools are not propor-
tionally more prone to cancer, an observation known as Peto’s
paradox. Here, we present a number of factors beyond the occur-
rence of oncogenic mutations that are unaccounted for in the cur-
rent model of cancer development but should have significant
impacts on cancer incidence. Furthermore, we propose a revision
of the current understanding for how oncogenic and other func-
tional somatic mutations affect cellular fitness. We present evi-
dence, substantiated by evolutionary theory, demonstrating that
fitness is a dynamic environment-dependent property of a pheno-
type and that oncogenic mutations should have vastly different
fitness effects on somatic cells dependent on the tissue microen-
vironment in an age-dependent manner. Combined, this evidence
provides a firm basis for understanding the age-dependent inci-
dence of cancers as driven by age-altered systemic processes reg-
ulated above the cell level.
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Cancer is believed to develop as a multistage disease driven by
oncogenic mutations (also called driver mutations) that oc-
cur in stem cells (SCs) or progenitor cells. Each such mutation is
thought to confer to the recipient cell a certain fitness advantage
over other cells in a competitive stem/progenitor pool, leading to
proliferation of the cell’s progeny (clone) in the pool. The suc-
cessive clonal expansions driven by oncogenic mutations multiply
the number of cells representing an oncogenic mutation-bearing
clone, and thus increase the odds of the occurrence of the sub-
sequent driver mutations in the premalignant genetic back-
ground. In this way, carcinogenesis is viewed as a Darwinian
process of successive rounds of selection leading to the forma-
tion of a malignant cell phenotype produced by a certain number
of driver mutations (1-7). SC fitness, being the ability of a SC of
a particular genotype/epigenotype to be maintained, expand, or
contract within the SC compartment, is thus a central phenom-
enon determining somatic evolution. Because cancer incidence
increases exponentially with age, successive clonal expansions
are thought to follow the occurrence of oncogenic mutations and
increase the likelihood of subsequent drivers over time, such that
carcinogenesis is rate-limited by the occurrence of oncogenic
mutations over a lifetime (Fig. 1). Based on this model, in-
vestigators have used curves of cancer incidence with age to
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calculate the number of driver mutations needed to form a
certain type of cancer (2, 8, 9), as well as the magnitude of the
fitness effects conferred by some typical drivers (10). Since early
published ideas (2, 6), this model has been advanced but largely
held within the framework of this general scheme [an extended
summary of the development of the theory of carcinogenesis is
provided by Frank (11)].

Although the general multistage oncogenic mutation-driven
nature of cancer development is generally accepted and sup-
ported by experimental evidence, a number of observations have
so far been difficult to explain within this paradigm. First, evi-
dence from mammalian tissues and genomes indicates that a
substantial portion (40-50%) of mutations and epigenetic
changes accumulate early in life before body growth stops (12—
15), consistent with a rapid slowdown in SC division rates after
body maturation (16, 17) (Fig. 2). Because most cancer di-
agnoses happen at advanced ages (roughly after the age of 50y in
humans; www.seer.cancer.gov), cancer development is largely
delayed for several decades from the time when a substantial
portion of oncogenic mutations occur. Delayed cancer incidence
is particularly difficult to explain in cancers, such as acute mye-
loid leukemia, that are known to develop quickly (within 1-2 y).
Another conundrum appears from the observation that various
types of cancers in humans exhibit exponential incidence in-
creases at similar ages. Some cancers, such as colon carcinomas
and leukemia, originate from vastly different underlying SC
pools, having (i) different numbers of SCs (thus different target
sizes for oncogenic mutations), (ii) different rates of cell division
and mutagen exposure (both engendering differences in the
speed of mutation accumulation), and (iii) different SC pool
compartmentalization (differentially limiting early expansions of
oncogenically initiated clones). These, and perhaps some other,
parameters should clearly have an impact on the absolute in-
cidence of cancers, and they should likewise affect the timing of
disease onset with age. Nevertheless, the majority of cancers
have similar late-age timing for the onset of elevated incidence.
The late-life exponential age-dependent incidence of chronic
myeloid leukemia that appears to develop with a single onco-
genic mutation (18) represents the most difficult case to explain
within the current multistage paradigm.

Furthermore, increased cancer incidence seems to be largely
universally postponed until the postreproductive portion of life
spans across mammalian taxa. Mice demonstrate an exponential
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Fig. 1. Armitage and Doll’s model of sequential oncogenic mutation ac-
cumulation over time (2). Each oncogenic mutation is thought to add a
certain fitness advantage to the recipient cell, which is believed to explain
the exponential increase in cancer incidence. General mutation accumula-
tion probability over time is considered. The effect of tissue-specific clonal
dynamics on the probability of sequential mutation accumulation in one cell
(Fig. 4 and Eq. 3), necessary for multistage carcinogenesis, as opposed to the
general probability of oncogenic mutations over time, is not accounted for.
Dynamic, microenvironment-dependent fitness effects of mutations (Fig. 3),
which should affect clonal dynamics of premalignant contexts in an age-
dependent manner, are not considered.

rise in cancer rates starting around 1.5 y of age (19), which is
~30-fold earlier than humans. Partially, this difference can be
ascribed to different rates of SC division, which are faster in mice
(16, 17, 20, 21). However, the target sizes of murine SC pools for
mutations in most tissues are likely manifoldly smaller than their
human counterparts due to body size. Various mechanisms have
been proposed to suppress cancer incidence in larger mammals
(22-24), such as the possible evolution of multiple copies of
tumor suppressor genes or suppression of telomerase activity
with the evolution of larger body size. These mechanisms could
help explain Peto’s paradox, whereby larger mammals having
much larger SC pool sizes do not develop proportionally more
cancers. However, these mechanisms doubtfully explain the
temporal scaling of elevated cancer incidence to the post-
reproductive portion of vastly different life spans, such as the
30-fold difference between humans and mice.

Below, we will address a number of factors beyond the oc-
currence of oncogenic mutations that have not been thoroughly
explored. These factors should greatly affect the odds of cancer
development and should be considered in building a new evolu-
tionary model of cancer that could explain the above-mentioned
quandaries.

Fitness Effects of Mutations

Because carcinogenesis is thought to be a Darwinian process of
multiple rounds of selection within SC and progenitor cell pools,
the concept of cell fitness applied to intercellular competition
within self-renewing tissues is central to the theory of cancer
development. At the SC population level, fitness can thus be
defined as the ability of a cell to persist within a competitive
pool. Cells with lower fitness will decrease in representation in
the pool, either by dividing less or by increased rates of cell
differentiation or death. Cells with higher fitness will, on aver-
age, increase in frequency in the pool either by dividing more
and/or differentiating and dying less. Fitness thus will ultimately
depend on a cell’s rate of division and its likelihood to differ-
entiate or die. Oncogenic mutations are generally thought to
increase cellular fitness and lead to clonal expansions of the

Rozhok and DeGregori

recipient cells. However, there exists a marked discrepancy be-
tween cancer theory and evolutionary biology in how the concept
of fitness is understood. Selection acts on phenotype and is blind
to mutations that have no phenotypic manifestations. Likewise,
oncogenic mutations can have defined phenotypic effects, mak-
ing oncogenically initiated cells pliable to selection. However,
fitness effects are not a fixed attribute of phenotype-altering
mutations. Instead, fitness is a dynamic property of a phenotype
imposed by environment and is determined by the match be-
tween the current environmental demand and the phenotypic
manifestation of mutations (how fitness is defined is reviewed in
refs. 25, 26) (Fig. 3). A hypothetical example in terms of cancer
development would be a mutation that confers to a cell better
resistance to hypoxia. This resistance is a cellular phenotype that
can be measured by the difference in tolerance to reductions in
oxygen concentration. However, in a normoxic tissue, such a
mutation is likely to be selectively neutral (zero effect on cell
fitness) or even disadvantageous, whereas it will be advantageous
in a hypoxic tissue of a developing tumor. The effect of such a
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Fig. 2. Nonlinear changes in genetic damage accumulation, cancer in-
cidence, and SC dynamics with age. (A) Accumulation of neutral mutations
(tier 3 genome) in acute megakaryoblastic leukemia (early postnatal phase)
and acute myeloid leukemia (adult ages) genomes (15, 68). (B) Accumulation
of DNA methylation in hematopoietic tissues (a similar pattern was found
for other tissues as well) (14). (C) Accumulation of mutations in mouse tissues
(combined data for spleen, intestine, heart, brain, and liver) (13, 61, 69).
(D) Total cancer incidence in humans (www.seer.cancer.gov). (E) Rapid in-
crease in the size of HSC pools during body growth in humans (21, 64).
(F) HSC division rates slow down dramatically before body maturation in
humans (17); a similar pattern has been found in mice (16).
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Fig. 3. Definition of fitness in natural populations based on the Shelford’s law of tolerance and the Sprengel-Liebig law of the minimum. (A) lllustration of
Shelford’s law of tolerance (70). Every factor in the environment has the optimum intensity that a species (or a phenotype) is best adapted to; the optimum
intensity ensures highest fitness of the phenotype, and extreme intensities of the factor (also called pessima) lead to a decrease in the phenotype’s fitness
within the range of the phenotypes’s tolerance to the factor. (B) lllustration of two phenotypes’ adaptation to environmental factors A and B based on
Shelford’s law of tolerance. Evolution leads to higher adaptation (here called “evolved cell phenotype”), reducing the probability of a randomly mutated
phenotype improving its adaptation relative to evolved phenotypes. (C) Following the Sprengel-Liebig law of the minimum, a phenotype’s fitness is limited
by the environmental factor the phenotype is worst adapted to (phenotypes’ adaptations in this example are shown in B). (D) In an altered environment
(degraded/aged tissue microenvironment in this example), environmental factor intensities change relative to the ones that the evolved phenotype is best
adapted to, thus changing the adaptation of both phenotypes in this example to factors A and B. (E) Altered tissue microenvironment increases the
probability that a randomly mutated phenotype will have higher fitness relative to the evolved phenotype. Note that in a normal microenvironment (C),
the fitness of both phenotypes is limited by factor A; in an altered environment (E), the fitness of the evolved phenotype is now limited by factor B, whereas
the fitness of the mutant phenotype still remains limited by factor A. Alteration of the environment a phenotype is adapted to may lead to changes in its
fitness-limiting factors. The term “evolved microenvironment” signifies the tissue microenvironment during early and reproductive portions of the life span

shaped by evolution at the germ-line level for optimal tissue performance.

mutation on the cell’s relative fitness will be proportional to the
severity of hypoxia, and thus is not a stationary attribute of a
given mutation. Similarly, a mutation producing a cell phenotype
with enhanced sensitivity to proliferative cues will have a defined
phenotypic effect, but its selective value may depend on the
concentration of specific proliferative cues within the SC niche,
as well as potential consequences of enhanced proliferation to-
ward cell differentiation and survival.

In line with these theoretical examples, multiple studies have
shown that oncogenic mutations indeed confer varying selective
advantage/disadvantage to recipient cells, depending on external
environment (27-34). Given the complexity of tissue microen-
vironments, with multiple chemical cues governing SC fate de-
cisions, and the dramatic changes in tissues with age, it can be
reasoned that the fitness effects of one and the same mutation
producing one and the same cellular phenotype can dynamically
change with age based on the current state of its niche. Other
contexts that change tissue microenvironments, such as smoking,
other carcinogenic exposures, or certain inherited syndromes,
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should have a similar impact on the fitness value of somatic
mutations. Indeed, a number of studies demonstrate that selec-
tion differentially acts on an oncogenically initiated SC under
different microenvironmental conditions, such as altered in-
flammatory status (32, 35, 36), irradiation (27, 29-31), and
general tissue fitness decline with age (28, 33, 34). This dynamic
fitness phenomenon leads to the hypothesis that delayed cancer
incidence may be due, in part, to the reduced fitness value of
oncogenically initiated cell phenotypes in young and healthy SC
pools. Their fitness advantage may be promoted later by aging-
altered microenvironments (Fig. 3). This concept is consistent
with evolution and adaptation at the germ-line level, whereby the
selective (fitness) value of a given phenotype in a complex and
changing environment is dynamic and depends on the degree of
deviation of particular environmental factors from the optimum
at any given time (25).

Consideration of the mechanisms of how fitness is determined
therefore calls for the question as to how much somatic evolution
is affected by cell-autonomous processes, such as the occurrence
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of oncogenic mutations per se, relative to the role of external
factors. Stochastic modeling of somatic evolution in hemato-
poietic stem cell (HSC) pools provides evidence that tissue mi-
croenvironmental determinants prevail in their effect on somatic
evolution over pure cell-intrinsic processes (37).

Fitness in SCs

Although cell fitness is a central notion to the theory of car-
cinogenesis, there is no consistency in its use so far. Some-
times the notion is only applied to transformed malignant and
premalignant cells (38). However, clonal competition in SC
pools is a well-established phenomenon (39, 40), indicating that
somatic evolution is a continuous process in normal tissues beyond
carcinogenesis. From this perspective, carcinogenesis driven by
differences in SC and progenitor cell fitness is just one particular
type of somatic evolution.

Capitalizing on early ideas by Fischer (41), Haldane (42) and
Wright (43), absolute fitness in population genetics is generally
viewed as the likelihood that a given genotype will be transmitted
to subsequent generations, and is the product of the probability
of survival and the rate of reproduction. Another expression of
fitness is the ratio of the frequency of a given genotype in the
population after selection to its frequency before selection,
usually measured per generation. This general principle can be
applied to SCs, for which [1 — (differentiation rate + death rate +
senescence rate)| would reflect the “probability of survival” in an SC
pool and cell division frequency would represent the reproduction
rate. However, some adaptation of this general principle to SCs and
progenitor cells is needed for a number of reasons. Fitness in
populations is considered to be an averaged measure that relates to
groups or populations, and it is generally measured in a temporally
discrete manner. In cancer biology, specific effects of many onco-
genic mutations on cell cycle and self-renewal are known, and it is
therefore more interesting to know what would be the fitness effects
of these mutations from a single-cell perspective to predict the
likelihood and timing of the ensuing clonal expansion. We have
previously shown that the following equation can provide a useful
measure of fitness in SCs (29):

F'= (1-2D)C, [

where F’ reflects a measure of fitness; D is the combined prob-
ability of SC differentiation, death, and senescence per cell per
division; and C is cell division rate. Essentially the equation
measures the rate at which new SCs of a given genetic descent
appear or disappear. From Eq. 1, it can be inferred that D = 0.5
leads to a stationary clone size irrespective of cell division rates.
It should be noted, however, that the use of Eq. 1 is largely
limited to comparative experimental studies, such as when com-
paring the fitness of oncogenically initiated cells vs. normal cells
under certain conditions. Its applicability to natural in vivo pro-
cesses may be limited in some cases. For example, body growth
early in life leads to an increase in the SC pool capacity, providing
room for clonal expansions unrelated to fitness but resulting from
increased niche space due to body growth. This expansion may
affect the accuracy of fitness measurement in vivo using Eq. 1
during early periods before animal maturity. Cells in such clones
will demonstrate a different ratio between differentiation and cell
division rates, which can lead to incorrect conclusions about fitness
if judged by Eq. 1. Nonetheless, relative fitness of SCs in adult
pools is suitable for comparison using this equation.

We have shown that this approach to measuring SC fitness can
generally be applied and is easily transferrable to in vitro ex-
periments to elucidate the net fitness of oncogenic mutations
under various contexts (29). The cell cycle rate can be measured
by traditional methods, and D can be calculated using the fol-
lowing equation:
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where S is the initial number of SCs, S, is the number of SCs at
the time of measurement, and P, is the total number of cells
(SCs + differentiated/committed to differentiate + dead cells)
at the time of measurement. This equation could also be used in
vivo, where such parameters can be measured or estimated.
Methods of measuring SC fitness, as well as the underlying
theory, are important as a tool to investigate further how somatic
evolution actually works in animal tissues. For example, from the
observation that they often positively regulate the cell cycle, it is
tempting to speculate that oncogenic mutations lead to fitness
gain in recipient cells (44). However, a summary of a large
number of studies demonstrates that many typical cancer driver
mutations decrease SC self-renewal capacity in vivo by elevating
the cell’s proclivity to differentiate (45). These observations,
combined with the dynamic evolutionary concept of mutation
fitness effects discussed above (Fig. 3), provide clues toward
an evolutionary explanation for why most cancer incidence is
delayed until the postreproductive portion of life spans across
mammalian taxa. The mechanism underlying such an explana-
tion could lie in the microenvironment-dependent definition of
mutation fitness effects. SCs are subject to two levels of selec-
tion, at the germ-line level for optimally maintaining high body
fitness and at the somatic/tissue level through competition for
niche space. Selection at the germ-line level for body fitness
during the reproductive portion of the life span drives co-
evolution of SCs and the tissue microenvironment for optimal
tissue maintenance. Just how effective selection at this level is
can be inferred from substantial differences in the life spans of
some species within closely related groups. Such differences can
be substantial even within one species, such as the ~1.5-fold
difference in rates of aging between the mainland and island
populations of Virginia opossums (Didelphis virginiana) that have
been separated only for several thousand years (46).
Coevolution of SCs and the tissue microenvironment at the
germ-line level does not automatically mean that SCs are at peak
fitness at the somatic/tissue level of selection. However, based on
the fitness definition shown in Fig. 3, adaptation of SCs to their
tissue niches should still reduce the probability that any random
genetic change can improve SC fitness relative to that probability
in aged tissues for which decline is not “visible” to natural se-
lection. As SCs become better adapted to their microenviron-
ment, the probability that a random mutation can improve the
adaptation becomes progressively reduced. Thus, stabilizing
selection should favor the evolved phenotype (the inherited
phenotype not phenotypically affected by somatic mutations)
through reproductive periods, thus inhibiting somatic evolution.
In contrast, being substantially less directed by natural selection,
aging processes during the postreproductive period have a greater
stochastic (random) component. It follows then that irrespective of
the general frequency of the occurrence of mutations capable of
driving somatic evolution, their abundance within somatic cell
populations should increase during postreproductive periods of life
spans by means of the increasing fitness value of some previously
accumulated mutations. In other words, SCs do not have means of
adapting to a degraded aged microenvironment other than via
somatic evolution, and the frequency of somatic cell clones bearing
such adaptive mutations will increase in old age. Just as changes in
environments can stimulate organismal evolution (by promoting
adaptation to the new environment), microenvironmental changes
in tissues in old age will engender positive selection for adaptive
mutations (whether oncogenic or not), thus promoting somatic
evolution (and, in some cases, cancer). Such an explanation also
predicts that SC pools should become progressively more clonal
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during the postreproductive period, because increased positive
selection should lead to increased rates of somatic evolution
(clonal expansions) and elimination of many small nonadaptive
clones. Evidence actually corroborates this prediction. For exam-
ple, in HSC pools, clonality (when the major portion of hemato-
poiesis derives from one or a few expanded clones) has recently
been shown to increase exponentially with age, resembling the
cancer incidence curve (47-51).

Tissue Architecture: Drift vs. Selection

The organization of SC pools has been argued to affect pro-
cesses, such as mutation accumulation and carcinogenesis, sig-
nificantly via differences in cell division and self-renewal (52, 53).
The architecture of SC and progenitor cell pools, which serve as
the initial targets for oncogenesis, in different tissues should also
have a significant impact on selection processes, and is thus an
important consideration toward building an evolutionary model
of cancer. HSC pools, for example, have been effectively shown
to be one large population (with estimates ranging from 11,000
to hundreds of thousands of cells) competing for a limited niche
space (20, 54, 55). Parabiosis experiments with mice (using
shared blood circulation) confirm that HSCs do intermix to a
substantial degree (56). Just as for other mammalian SC systems,
HSCs are thought to make cell fate decisions stochastically, with
some probability of asymmetric vs. symmetric cell division (at
least at homeostasis). A similar model would likely apply to
mesenchymal SCs, because they are known to migrate and to
have a similar spatial geometry of their pool organization in the
bone marrow (57). In contrast, epithelial tissues exhibit a dif-
ferent compartmental organization for their SCs. For example,
intestinal epithelia are continuously renewed from isolated
clusters (~14-20 cells each in mice) of SCs sequestered in intestinal
crypts (Fig. 4). This striking difference in SC pool architecture has
been proposed to impose drastic effects on selection processes (58).
Whereas the large adult HSC pools potentially allow for significant
clonal expansions driven by selection for beneficial mutations, the
fate of mutations in intestinal SC, including oncogenic mutations,
such as in the gene encoding the p53 tumor suppressor protein
(TP53), has been shown to be greatly affected by random drift (32,
59, 60). These findings are in accord with data on evolution at the
germ-line level, whereby population size is known to determine the
drift-selection balance. The smaller the effective population size,
the larger the change in phenotype need be to be “visible” to se-
lection. Thus, in large enough populations, the drift-selection barrier
is low and minute phenotypic changes produced by mutations can be
acted on by selection. In small or fragmented populations, such as
intestinal crypt SC pools, oncogenic mutations would have to have
substantially greater fitness effects to be influenced by selection
compared with pools of HSCs or mesenchymal SCs.

Moreover, the expansion of an oncogenically initiated, pre-
malignant clone is typically limited by the crypt niche capacity.
This limitation should effectively render many functional muta-
tions “neutral” in terms of selection, at least if their impact on
SCs is relatively small. However, given the vast expanses of
mammalian gut epithelia, mutations that have a similar impact
on the same gene or pathway should appear over time in many
crypts independently. Therefore, the effective size of an onco-
genically initiated context may well exceed the limits of a crypt.
Unlike in HSCs, however, where an exponential increase in the
size of advantageous clones can be expected, the intestinal SC
system architecture will probably allow only linear increases over
time for premalignant contexts that are not capable of breaking
through the crypt (Fig. 4). Given that the accumulation of mu-
tations in the mouse intestine (61) and epigenetic changes in the
human intestine (14) slow down with age, explanation of the
exponential age-dependent cancer incidence for gut carcinomas,
where positive selection is limited, becomes problematic. How-
ever, if positive effects on cell fitness by oncogenic mutations
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Fig. 4. lllustration of the effect of tissue architecture on sequential onco-
genic mutation accumulation in SC pools. (A) Schematic representation of
fragmented SC pools, such as those fragmented SC pools in gut epithelia. (a)
Schematic section of the gut epithelium with three crypts shown as circles
containing green (nonmutated) cells and one red (mutant) cell. (b—e) Stages
of somatic evolution within the three crypts. The power of random drift is
increased in each crypt due to the small SC pool size in the crypts, leading to
drift-driven clonal dynamics. The chances of mutation « (red cells) fixation in
a crypt are heavily influenced by drift, and the total number of the mutation
a-affected cells depends on the rate of mutation « fixation and the number
of crypts in which mutation « independently occurred; the black cell in e
represents a double mutant that bears mutation o and has acquired a second
mutation B. (B) In large nonfragmented pools, such as HSCs, the power of
drift is limited by the large population size and clonal dynamics are mostly
governed by selection driven by fitness differences between normal cells
(green cells) and cells bearing mutation « (red cells). Following Eq. 3, the
selection-enriched pool of mutant « cells increases the chances that muta-
tion B will occur in a cell already bearing mutation o; selection can further
enrich the pool of af mutants (black cells in c) to promote the next selection
rounds of multistage carcinogenesis.

increase in aged microenvironments, this effect could overcome
drift in intestinal crypts. With the large area of gut epithelia, an
improved fitness value conferred by a given mutation, if suffi-
cient to overcome the drift barrier, will lead to a faster and
nonlinear total expansion of cells containing a similar mutation
(in terms of phenotypic impact, an effective intestinal “clone”),
because a supposedly linear increase in the number of crypts
containing such mutations will be amplified by more frequent
fixations of the mutations in particular crypts. Because tissue
decline is progressing exponentially after reproductive ages, the
frequency of fixation of adaptive mutations within crypts should
thus also increase exponentially and determine a similar curve
for the probability of sequential acquisition of oncogenic driv-
ers. This dynamic fitness phenomenon would thus be able to
generate an exponential rise in gut carcinomas with age. Such
factors as increasing inflammation, a hallmark of aging (62),
have actually been shown to increase the positive effect on fit-
ness by mutant TP53 in SC pools in the crypt (32). Moreover,
aging-associated conditions, such as inflammation, might also
increase mutation rates and/or increase selection for cells with
mutator phenotypes (e.g., mismatch repair deficiency in colon
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cancers), further fueling somatic evolution (63). In contrast, the
simple model of multiple rounds of oncogenic event-limited
positive selection leading to multistage carcinogenesis will
likely fail when one considers the complexities of intestinal SC
organization.

However, another discrepancy between SC systems, such as
HSCs and intestinal SCs, might be a difference in their total
pool sizes in mammals with different body sizes. There is evi-
dence that HSC pool size may be conserved across mammalian
taxa (64) (i.e., HSC pool sizes do not appear to scale to body
size). However, the total number of intestinal SCs should be
proportional to the surface area of gut epithelia, which is im-
mensely different for mammals of different sizes. If the de-
scribed effect of SC pool architecture is operative in affecting
cancer odds, the different ratios of the HSC pool size to the
epithelial SC pool size between small and large mammals could
explain the relative rarity of carcinomas in small mammals like
mice (with a greater frequency of hematopoietic malignancies),
which contrasts with the prevalence of carcinomas in humans
(and perhaps other large animals having much larger total ep-
ithelial surfaces) (65).

SC Divisions and the Odds of Accumulating Multiple
Oncogenic Mutations

The characteristics considered above, such as SC pool size and
fragmentation, which determine the relative roles of drift and
selection (the drift-selection barrier), as well as the state of the
tissue microenvironment, which should alter mutation fitness
effects, and thus the balance of stabilizing and directional (pos-
itive) selection, should have significant effects on SC clonal
dynamics and somatic evolution in general. However, the mech-
anisms that translate somatic evolutionary processes into the ac-
tual cancer risk need to be addressed.

Most cancers are known to require multiple genetic and/or
epigenetic changes in cells. Thus, a series of oncogenic events
needs to occur in one cell to lead to full malignancy. Mutations
appear over time, mostly as cells divide, and specific types of
cancers require certain sets of oncogenic mutations as the basic
condition for cancer to develop. However, the current cancer
paradigm likely oversimplifies the probabilities that govern
mutation accumulation in particular cells, assuming that their
probability simply rises with time and cell divisions (Fig. 1). The
current paradigm of cancer development is based on the view
that the occurrence of oncogenic mutations is inevitably followed
by rounds of positive selection leading to expansion of the re-
cipient clones. These expansions are thought to multiply the
probability of the next oncogenic mutation occurring within the
clone, which further promotes selection for these clones. This
general scheme is believed to explain the exponential increase in
cancer incidence with age (Fig. 2D). However, a growing body of
experimental data indicates that a substantial portion of muta-
tions and epigenetic changes (up to 40-50%), and thus a similar
share of oncogenic mutations, occur before adulthood (14, 15,
66) (~18 y for humans or 2 mo for mice). This pattern can be
explained by evidence from both humans and mice at least for
some SCs, such as HSCs, that the frequency of SC divisions is
substantially reduced postnatally as body growth slows (16,
17). This pattern is drastically discrepant with the typical age-
dependent curve of cancer incidence.

As we have argued earlier (37), the probability of multiple
oncogenic mutations occurring in a single cell is a function of the
product of mutation rate and the number of cell divisions, and
can be summarized in the following equation:
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where P,y 4,(t) is the probability of acquiring » drivers in one
cell by time ¢, D(¢) is the total number of cell divisions within a
clonal context by time #, and p; is the probability of acquiring a
driverd; € {d;, . .., d,} per cell per division as a linear function of
the effective mutation rate. Eq. 1 indicates that fitness/selection-
driven proliferation/shrinkage of clones will exponentially de-
pend on rates of SC differentiation per cell division (as long as
D # 0.5), thus ensuring that fitness/selection has an exponential
effect on clonal size. Based on Eq. 3, the character of selection
should thus have a far greater effect on the odds of multidriver
cancers than the mutation rate by exponentially increasing the
number of dividing cells, and thus the total number of cell di-
visions within a proliferating clone [D(¢) in Eq. 3] by a certain
time ¢. Evidence for the effects of generally increased positive
selection on cancer risk comes from the above-mentioned studies
that reveal a greater risk for hematopoietic malignancies in aged
people with clonal hematopoiesis (47, 48, 50, 51, 67). Increased
clonality in HSC pools is expected to result from clonal expan-
sions driven by positive selection. Consistent with Eq. 3, this
clonal expansion should lead to an elevated probability of se-
quential oncogenic mutation accumulation, because some of the
expanding clones already contain initiating oncogenic mutations,
and thus propagate these genetic contexts. However, following
the same logic, if positive fitness effects of oncogenic mutations
are reduced in the healthy (evolved) microenvironment during
reproductive ages relative to the older degraded microenviron-
ment, positive selection and somatic evolution will be suppressed
before postreproductive age, thus reducing the probability of ac-
cumulating multiple cancer drivers in one cell.

Combining this logic with theory addressed in previous sec-
tions, we can conclude that such factors as SC pool structure
(tissue architecture) and aging (deviation from evolved/optimal
state of microenvironment/SC niche), which affect the balance of
drift vs. selection and stabilizing vs. directional selection, re-
spectively, should have dramatic effects on the net probability
and timing of the appearance of cells that contain multiple on-
cogenic drivers (premalignant or malignant cells) in a tissue.
However, fitness alteration-driven selection is not the only force
that can affect the probability of multiple driver accumulation.
Given the evidence of much faster SC division rates during early
life before body maturation (16, 17) (Fig. 2F), child SC clones of
much smaller size compared with adult clones can thus generate
significantly higher total numbers of cell divisions per clone of a
given size. However, individual clones should be smaller in
children due to the generally smaller size of SC pools and the
body (Fig. 2E). These two factors counteract in producing the
D(t) parameter in Eq. 3. We do not yet know the net result of
this counteraction for any SC system in the human body, but one
can speculate, based on this logic, that the relative role of clonal
expansions (selection) in affecting the odds of multidriver can-
cers by affecting D(f) will differ between children and adults.
Thus, the nonlinear change in SC division rates and pool size
from ontogeny into adulthood is another factor that should act to
determine the risk of cancer throughout life.

Conclusions

The recognition of cancer as a somatic evolutionary process re-
quiring multiple rounds of selection for adaptive oncogenic
mutations has armed cancer modeling with parametric ap-
proaches and led to the foundation of the current multistage
model of carcinogenesis operating with mutation fitness effects
as the pivotal element of the theory. Although the general model
of multistage carcinogenesis has been corroborated, it still lacks
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consideration of a number of known evolutionary phenomena
that could help explain experimental evidence. Since its origin,
the multistage model has operated with the assumption that
mutations accumulate linearly with age, which is now known not
to be true. It also assumes that cancer driver mutations confer a
fixed fitness advantage to recipient cells, which is in conflict with
the evolutionary mechanism of fitness definition, whereby fitness
is a dynamic property imposed on phenotype and modulated by
environment, and thus is not a cell-intrinsic stationary charac-
teristic imposed by mutations. By assuming that rounds of pos-
itive selection follow each occurrence of oncogenic mutations,
the multistage model of carcinogenesis overlooks population
parameters that affect selection as a phenomenon. The factors
that govern the balance of drift and selection (e.g., SC pool size
and structure) or the balance of stabilizing and positive selection
(which should depend to a large extent on the state of tissue
microenvironment) need to be incorporated into an evolutionary
theory of cancer.

What from the perspective of the predominant cancer para-
digm appear as conundrums, such as Peto’s paradox and the
scaling of cancer to vastly different mammalian life spans, is
easier to explain by recognizing that the power of stabilizing
selection depends on population size (SC pool size) and that the
magnitude of positive selection, which drives somatic evolution,
depends to a large extent on the state of the tissue microenvi-
ronment. In the case of SCs, these dependencies entail that a
healthy (evolved state) tissue microenvironment within the re-
productive period of a mammal’s life span should act to prevent
somatic evolution and the selective advantage conferred by on-
cogenic mutations within such a microenvironment should be re-
duced relative to an older, degraded state. In a postreproductive
microenvironment deviating from the evolved one, the balance
shifts from stabilizing to positive selection, and thus, irrespective of
life span, this aging-induced change should trigger somatic evolution
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driven by previously accumulated mutations. The exponentially in-
creasing clonality shown to develop during human postreproductive
ages in the hematopoietic system (47, 48, 50, 51, 67), in fact, pro-
vides a strong line of evidence that the balance between stabilizing
and positive selection changes in SCs pools in an age-dependent
manner in normal tissues, irrespective of carcinogenesis. It also
supports the idea that the selective value of oncogenic mutations
should change (increase) with age. From this perspective, Peto’s
paradox is also easier to explain, because stabilizing selection should
be more powerful in larger SC pools, which should counteract the
increased risk of oncogenic mutations conferred by larger SC pools
and more lifetime divisions for larger long-lived animals.
Understanding the principles of somatic evolution could have
profound implications for cancer therapy and drug design. The
key transition here should be from therapies and drugs targeting
malignant cellular phenotypes to therapies and drugs targeting
cell fitness. For example, inflammation has been shown in mul-
tiple studies to promote carcinogenesis. Inflammation essentially
represents altered tissue microenvironmental signaling and is
likely to affect SC fate decisions. Thus, identification of the most
important inflammation-related signaling molecules, which are
critical in elevating the fitness of malignant cell phenotypes, could
lead to novel approaches in therapy, whereby drugs targeting
malignant phenotypes could be combined with strategies target-
ing/suppressing specific microenvironmental factors promoting
somatic evolution in specific types of cancer or tissue. One addi-
tional advantage of targeting the microenvironment is that, unlike
the cancer, the resident tissue cells will not be under selective
pressure to evolve escape mechanisms from the therapy.
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