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Introduction

Cancer is a complex, dynamic disease that is under permanent study by
basic scientists, oncologists, pathologists, and other specialists. The dif-
ferent ways by which cancers evolve need to be understood if we are to
improve the implementation of successful therapeutic responses based
on precision medicine. There has been huge investments in massive
genomic analyses in recent years, seeking to decipher the intricacies of
this disease. However, current evidence shows a need for wider scien-
tific assessment extending beyond knowledge of cancer itself. Here, we
introduce medical specialists working on cancer to some new insights
into the disease which may eventually improve treatments in the near
future.

Ecology

Ecology, for example, has improved our understanding of how intratu-
mor heterogeneity develops. Indeed, the term eco-oncology has been
coined as a result of this new integration of science from different are-
as '. Considering tumors as communities of individuals (cells) which are
able to cooperate or not depending on specific contexts or interests is a
significant step forward in this process 2. This has led some authors to
suggest that deciphering cancer’s secrets is more than a pure techno-
logical problem and that cancer should be also thought of as a sort of
social dysfunction3. This approach opens up promising new prospects
for envisaging the evolutionary dynamics of tumors under ecological
principles *°.

Pathologists analyze and diagnose tumors exactly when they are sam-
pled or removed from patients. Knowing where a tumor comes from,
where it is going in terms of evolution and how is not part of a patholo-
gist’s remit. Evolutionary studies have shown that two different tumors
may be identical at a precise time of their respective evolutions ¢, so the
histological images observed by a pathologist and the molecular land-
scape detected by next-generation sequencing, for example, should be
considered as mere static snapshots of a unique moment in evolution.
The design of mathematical algorithms for inferring phylogenetic events
in the past seeks to overcome this limitation 7. The application of such
tools to a whole genome sequencing of 95 biopsies of 33 clear cell re-
nal cell carcinomas has demonstrated the timing of events in the devel-
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opment of such tumors & More specifically, this work
shows that the oncogenesis of this neoplasm begins
with a simultaneous 3p loss and 5q gain in one allele
as early as childhood and adolescence. Dormant cells
affected by this initial chromothripsis alteration, usual-
ly no more than a few hundred in number, develop the
neoplasm 50 or 60 years later when the VHL gene in
the other allele mutates®.

From an eco-evolutionary viewpoint, three tumor
models following Darwinian-type patterns have been
described: Linear, branching, and punctuated °. Linear
evolution is a step-wise process in which new driver
mutations confer stronger selective advantages to the
tumor at every successive step. Branching evolution
refers to the different clones generated from a com-
mon ancestor evolving in parallel. In punctuated evo-
lution, however, a clone with high fitness fixes early in
the tumor evolution, dominating future tumor expan-
sion. We know that Darwinian forces impact the phe-
notypic diversity of tumors through microenvironmen-
tal pressures, for example via hypoxia. However, such
forces do not act directly on tumor genotypes, and in
this there is a fundamental difference that may explain
the divergences observed between phenotypic and
genotypic intratumor heterogeneities. A paradigmat-
ic example of this phenotypic/genotypic divergence
is neutral tumor evolution, the fourth, non-Darwinian
model of tumor evolution °, where a huge number of
passenger mutations occur with no apparent pheno-
typic variations. For example, an exhaustive genomic
study of 286 regions in a single hepatocellular carci-
noma has found more than 100 million mutations in
codifying regions °.

Interestingly, the same tumor type may evolve differ-
ently in different patients. Clear cell renal cell carci-
nomas, for example, may follow either punctuated,
branching, or even neutral evolutionary patterns "'. As
recently proved, this issue matters in terms of progno-
sis because punctuated tumors have been shown to
behave aggressively with early multiple metastases,
whereas tumors displaying a branching-type evolution
follow an attenuated clinical course with late solitary
metastases, and neutral-type tumors behave indo-
lently, without metastasis .

Fitness is an ecological concept that defines the ca-
pacity of an individual to transmit their genes to their
progeny. In cancer, fithess describes the capacity of a
malignant cell to grow, invade, and metastasize. These
are all mechanisms that ensure cancer cell survival,
so in clinical practical terms, the greater the fitness,
the greater the tumor malignancy. Increasing aggres-
siveness, however, increases the metabolic cost, i.e.
energy expenditure. Energy is a finite resource in na-
ture which can be quantified in biological systems by

calculating the Atkinson level '2. In normal conditions,
malignant cells spend all their energy on increasing
their fitness, i.e. on fueling cellular growth, mitotic di-
vision, and motility abilities to carry out programmed
processes such as tumor invasion and metastasis.

At this point, ecological principles provide new in-
sights into cancer treatment . Under conventional
treatment conditions, drugs are administered follow-
ing the maximum tolerable dose strategy. As a result,
malignant cells are forced to deviate all their energy
from increasing their fithess to developing drug resist-
ance. The practical conclusion using the maximum
tolerable dose strategy is that resistance will soon be
reached and the tumor will transform inevitably into a
resistant-to-therapy neoplasm with dire consequenc-
es for the patient. However, a theoretical approach
to the problem indicates that a dose below the maxi-
mum tolerable will push cells to choose between the
two decisive, mutually exclusive tasks of developing
the malignant phenotype (invasion, metastases) and
generating resistance to therapy. If this is so, cells ex-
posed to doses below the maximum tolerable will slow
down in both tasks due to the finite amount of energy
available in the cell. The conclusion is that dividing en-
ergy expenditure into two different tasks delays both
of them, so aggressiveness and tumor resistance are
both expected to appear later.

Parrondo’s paradox ™ is an anti-intuitive algorithm
initially developed in physics and engineering which
states that two losing strategies may win when com-
bined. This paradox, it has been applied to evolution-
ary biology ™ and cancer '® with interesting results.
Applied to cancer therapy, for example, the strategy
consists of two games played by a tumor cell after suc-
cessively tossing a coin (head/tail) to make decisions.
Strategy A (head) means the administration of a fake
drug while strategy B (tail) indicates the administration
of the correct drug. The use of a fake drug in strategy A
introduces the concept of an ersatzdroge (from the late
19"-century German ersatz, meaning replacement)
proposed by Kim et al. 17 in 2015. This term refers to the
use of a non-toxic drug that competes with the cyto-
toxic agent in the ATP-binding cassette transportation
system which in physiological conditions externalizes
the cytotoxic agent present in the cell, thus reducing its
intracellular concentration. The result of such compe-
tition between fake and real drugs to secure the trans-
porter for themselves generates a higher intracellular
concentration of the real drug. The stochastic chaos
underlying the application of Parrondo’s paradox to
cancer therapy suggests that tossing a coin repeatedly
to decide whether to apply strategy A or B will lead to
a successful result. In the context of cancer, success is
measured as longer survival.
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In the end, Parrondo’s paradox proposes a sort of tu-
mor containment through the administration of doses
below the maximum tolerable via the alternating of
fake and real drugs. In the same sense, a tumor con-
tainment strategy has been supported very recent-
ly by mathematical analyses ™. In brief, the authors
show that the promotion of ecological competition
between resistant- and sensitive-to-drug tumor cells
via the administration of doses below the maximum
tolerable delays the arrival of tumor resistances, thus
prolonging patient survival 8.

Games

Game theory is a branch of applied mathematics that
analyzes bilateral or multilateral interactions between
individuals to predict collective behaviors, usually in
the field of political and economic science. This math-
ematical tool has also been applied to analyze biolog-
ical problems, and lately to explore the complexity of
cancer. The hawk-dove game ', the prisoner’s dilem-
ma 2°, coordination games 2!, and multiplayer public
good games such as the volunteer’s dilemma 22, for
example, are different theoretical scenarios that have
been applied to cancer analysis in recent years.

The hawk-dove game explores the dynamics gener-
ated between two individuals (cancer cells) belonging
to the same group (cancer) when they play either ag-
gressively (hawk) or passively (dove). Each cell plays
one of these roles depending on the opponent’s type
because they do not recognize their own type 2. The
game seeks to identify evolutionarily stable strate-
gies (ESS) in the group studied. An ESS is a strate-
gy adopted by all the components of a community in
response to specific environmental conditionings by
which every element of the group maximizes its payoff
when the other elements adopt the same strategy 4.
This collective situation is called a symmetric equilibri-
um (Nash equilibrium). It is impermeable by definition
and cannot be modified by the actions of external in-
dividuals. The payoff is an increase in fitness, i.e. the
capacity to increase the cell reproduction rate, a direct
measure of tumor aggressiveness. In the game, cells
may cooperate or fight, but they always behave in the
context of ESS within the group. The context includes
the securing of a resource on one hand, and the pay-
ment of the cost for securing it on the other. Using this
game, some authors 2> have proposed encounters
between two different epithelial phenotypes in pros-
tate cancer in which survival rests on their depend-
ence on or independence of the microenvironment. In
pathological terms, the game includes stromogenic
low-grade versus non-stromogenic high-grade pros-

tate adenocarcinomas. The authors conclude that a
hawk-dove game underlines the importance of the
microenvironment in prostate cancer prognosis and
evolution.

The prisoner’s dilemma, another well-known game,
has been extensively applied in political science and
economics, and latterly also in cancer®. The game
poses a situation in which two prisoners may choose
to cooperate or not, even though they know that the
cooperation is advantageous for both. Concerning
cancer, imagine the interactions between two cell
populations to get a payoff useful for both cells. Group
A is composed of non-tumor cells, and group B of tu-
mor cells. Very importantly, A cells do not know what
the attitude of B cells in the game will be, and vice
versa, but they both know that cooperating will provide
the maximum payoff. Also, A and B cells know that if
neither of them cooperates they will get only a minimal
payoff. Finally, both cell types know that the coopera-
tion of only one of them (for example, A) will provide a
payoff for the other (for example, B). Since the prison-
er’s dilemma is a paradigmatic game to analyze inter-
actions between selfish individuals, the probable final
result will be non-cooperation, with a minimal benefit
for both players. However, the result of this game may
be different in biology in specific situations quite com-
mon in cancer, e.g. metastasis. Imagine a colon ad-
enocarcinoma metastasizing to the liver. In this case
hepatocytes will cooperate by default because they
are basally programmed to do so; however, as a result
of any deprogramming somatic mutation, metastatic
colon cancer cells will not. In this context, the coop-
eration of hepatocytes will provide a payoff for meta-
static colon cancer cells, which will increase tumor cell
fitness and, hence, cancer aggressiveness.
Coordination games analyze methods to incentivize
uniformity in a group in such a way that any individual
deviation from that uniformity will lead to decreasing
payoffs for the whole group. There are several de-
grees of astringency to this rule. For example, pure
coordination games necessarily require absolute pos-
itive uniformity in the group to get the best collective
payoff, but an absolute negative uniformity will result
in a smaller payoff, while divergencies in uniformity
between individuals within the group will produce a
payoff of zero. The choosing-sides game, proposes
an all-or-nothing reward for individuals, e.g. if and on-
ly if all car drivers choose to drive on the same side
of the road will the payoff be maximum, and any oth-
er possible alternative will provide a benefit of zero.
A less astringent variant of this type of games is the
so-called stag hunt game. Here, non-coordination be-
tween individuals provides low payoffs whereas coor-
dination provides high payoffs. Using a modification
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of the Lotka-Volterra model of competition, coordina-
tion games have been proposed to improve current
cancer treatments by hypothesizing on a comparison
between two different therapeutic strategies: one that
increases tumor cell deaths and another that increas-
es tumor cell mutation rates 2'.

The best example of N-player public good games is
the so-called volunteer’s dilemma, which models so-
cial dilemmas not only in communities of unicellular or-
ganisms (bacteria, amebae, etc.) and vertebrates 2627
but also in cancer cell communities 28. The volunteer’s
dilemma arises when some individuals in a communi-
ty are needed to produce a public good. Volunteering
has a cost that is paid only by volunteers while the rest
share in the benefit by doing nothing. The absence of
the public good is also costly for the community, so
a stable equilibrium between collaborators and free
riders appears while the number of individuals in the
community remains unchanged. The dilemma arises
when the number of individuals in the group changes,
because the social benefit decreases as group mem-
bership increases as a result of a proportionally smaller
possibility of volunteering. This evidence has led Ar-
chetti 2 to define the optimal size of a group in social
dilemmas as that which maximizes the possibility of
producing the public good. A typical scenario to explain
the volunteer’s dilemma is a group of antelopes in the
African savanna under threat from predators. Here, the
benefit for the antelopes is to survive and the cost for
the volunteer is to take the risk of being hunted first. The
dilemma for an individual in this context lies in deciding
to announce the imminent risk to the group. This is a
choice that will put the individual animal at risk or, if it
decides to cheat, will put the whole group at risk.

Free riders, however, can be beneficial for the group
under specific circumstances. In other words, a com-
bination between collaborators and free riders is the
perfect situation for group survival against a common
enemy. Such social dilemmas have been applied to
analyze interactions between tumor cells and immune
system cells considering tumor cells as antelopes and
immune cells as predators?®. Under these experimen-
tal conditions, using this game, the authors elegantly
demonstrate that the presence of free riders helps the
tumor overcome the effects of the immune system 28,
an interesting and paradoxical finding that once more
connects cancer with ecological principles, thus clos-
ing the link between ecology, games, and cancer,
which was the intention of this narrative.

Conclusions

Current studies are largely dominated by the identify-

ing of targetable genomic signatures and by precision
medicine. Pathologists and oncologists should con-
sider incorporating a broader perspective of analysis
to strengthen knowledge of cancer and open up new
opportunities for therapy. This brief overview high-
lights the importance of considering the sociological
side of cancer as a potential method of analysis for
understanding why tumors behave as they do.
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